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Preface

This book aims at teaching modern particle physics. The goal of particle physics is to understand
what are the fundamental laws of Nature. These are grand, yet true, words.

Particle physics is also known as high energy physics (HEP). Particle physics experiments have
probed energy scales as high as 10 TeV (ten thousand times the mass of the proton) and distance
scales as small as 1072 meters. We find it amazing that by now there is a deep understanding of
how Nature works down to such distances. The framework that we use in order to describe the
phenomena at this distance scale is based on Quantum Field Theory (QFT), which is different from
quantum mechanics (QM) that we use to deal with atomic physics, and which is in turn different
from classical mechanics that we apply to explain most of the macroscopic world. While these
frameworks are very different from each other, the underlying principles of physics are surprisingly
similar across all these scales. Specifically, in all of them we use the principle of minimal action
and symmetry arguments to construct the theory.

It is often stated that the aim of particle physics is to describe the elementary particles and the
fundamental interactions among them. While this is true, particle physicists aim higher. In some
sense, the particles and their interactions constitute a tool for us to obtain insights into deeper
principles that describe Nature. Our current understanding of the basic laws of Nature is based
on very elegant symmetry principles. Once we know the symmetries of the Universe and how the
fundamental fields respect them, much of Nature is explained. In a way, the deeper we understand
Nature, the simpler and more abstract are the basic principles which we use to formulate this
understanding.

The currently accepted theory of particle physics is called the Standard Model (SM). The basic
ingredients of the SM were conceived in the late 1960s and early 1970s by Weinberg, Glashow, and
Salam. At that time, many of the particles that now constitute part of it were yet to be discovered.
By 2012, the full list of the SM particles have been directly produced and detected, and the full list
of the SM parameters have been measured with impressive accuracy. The SM has been tested by
numerous experimental measurements, and it has passed almost all of them in flying colors. The
very few failures constitute the starting point for the road to an even deeper level of understanding
Nature.

It is customary to say that there are four forces in Nature: the gravitational, electromagnetic
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(EM), weak and strong forces. The SM does not deal with gravity but does include the three
other forces. As you read the book, it becomes clear that, while these three forces seem very
different from each other, they all arise at the fundamental level from a QFT incorporating gauge
symmetries. We can think of this as a generalization of Quantum Electrodynamics (QED), that
leads to very different phenomenology. It is this unification of the underlying principle — gauge
symmetries — that makes the theory so elegant.

Significant breakthroughs in physics were often achieved when realizing that phenomena that
seem very different are, in fact, connected. One example is the understanding that the movement
of the planets around the Sun and the falling of an apple from a tree are both explained by the
same law of gravity. Another example is the realization that electricity and magnetism are two
manifestations of the unified electromagnetic theory. Particle physics keeps in the same path and
provides a unified description of phenomena that seem very different from each other.

The way the SM has been developed was based on data that became available along the
process. It took many years to reach the present status of the theory, as it took time to develop
new experiments and collect all the data. In this book, however, we do not follow a historical
approach, but rather describe things as we understand them today. We only briefly mention
historical facts as we go along. Given that all the particles of the SM have been discovered and all
the parameters measured, we can explain the SM in a comprehensive and pedagogical way that
captures the main points.

Most of the data that is relevant for particle physics came from collider experiments. In the
book we focus on the theory side and do not elaborate on the way experiments are carried out.
The various colliders differ in energy and luminosity, and in the particles that collide. It is the
synergy of all of them that led to the construction of the SM. At the time of writing this book, the
highest energy accelerator is the Large Hadron Collider (LHC) that collides protons at center-of-
mass energy of 13 TeV. It is the energy of the LHC that sets the upper bound on the mass scale of
particles that can be probed directly by being produced on-shell. High luminosity machines help
us search for quantum effects, that is, loop effects that probe indirectly physics at even higher
scales.

The data that is relevant to particle physics is collected by the Particle Data Group (PDG) in
the Review of Particle Physics (RPP) [I] (we loosely refer to this collection of data as “the PDG”).
When we quote experimental data it is from the PDG, unless we explicitly state otherwise. For the
untrained eye, the PDG may look like an (old fashioned) phone book. There are numerous tables
with data on decay rates and other properties of particles. Browsing through this data, you see
large variations: some particles are stable, others have long lifetimes, yet others have very short
lifetimes before they decay. Some particles have masses almost a million times heavier than the
electron, yet others are more than a million times lighter. The decay products of various particles

are very different, as are the corresponding branching ratios.
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The task of particle physicists is to identify the patterns in this raw data, and to organize
them in such a way that the principles that explain this variety emerge. The language that we use
to do so is QFT, and the main tool within this framework is the Lagrangian (which depends on
fundamental fields and their couplings). Once organized in this way, we can extract the symmetry
principles that dictate the Lagrangian, and explain the rich phenomena observed.

In writing the book we had in mind that it will serve as a textbook, accompanying a one-
semester course. Thus, we omit many details and focus mainly on the phenomenological aspects.
This means that we skip a few interesting topics. We hope that our book will motivate you to go
on and explore these on your own.

The book, although very much self-contained, is written assuming pre-knowledge of basic QFT.
It is aimed at students who have already taken a one semester course of QFT, have an understand-
ing of the topic, but may be unfamiliar with advanced topics. To gauge this statement, students
familiar with the first part of the book by Peskin and Schroeder [2] have the pre-knowledge nec-
essary to follow our book. Some other books that we find useful and complementary to ours are
[3, 4., [5, 6], 7, 8, ©, 10, [11].

At the end of a course that follows this book, the student should gain knowledge and under-

standing in two directions:

e Good knowledge of the SM: the symmetry principles that define it, the fundamental inter-
actions and elementary particles that it describes, the ways in which it has been tested, its

many successes and its very few failures.

e Good understanding of the principles of model building in particle physics: the tools that
are used to interpret new experimental results and, in particular, to extend the SM if future

measurements cannot be explained by it.

Actually, in our minds, there is a third goal for this book. We think that the SM is a scientific
masterpiece, beautiful and elegant, and we hope to convey this sense of appreciation and intellectual

joy to our readers.
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Chapter 1
Lagrangians

In this chapter, we review the basic tools that we use in the book. In particular, we present the
Lagrangian as our basic tool and review some simple Lagrangians involving scalar and fermion

fields.

1.1 Introduction

Modern physics encodes the basic laws of nature in the action S, and postulates the principle of
minimal action in its quantum interpretation. In Quantum Field Theory (QFT), the action is
an integral over spacetime of the “Lagrangian density” or Lagrangian, £, for short. For most of
our purposes, it is enough to consider the Lagrangian, rather than the action. In this chapter we
explain how Lagrangians are “constructed”. Later in the book we discuss how the numerical values
of the parameters that appear in the Lagrangian are determined, and how to test if a Lagrangian
provides a viable description of nature.

The QFT equivalent of the generalized coordinates of classical mechanics are the fields. The
action is given by

S:/d4x£ (1.1)

where d*z = dx%dx'dx?dz? is the integration measure in four-dimensional Minkowski space. In

general, we require the following properties for the Lagrangian:
(i) It is a function of the fields and their derivatives only.
(ii) It depends on the fields taken at one spacetime point z* only, leading to a local field theory.
(iii) It is real, so that the total probability is conserved.

(iv) It is invariant under the Poincaré group, that is under spacetime translations and Lorentz

transformations.
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(v) It is an analytic function in the fields. This is not a general requirement, but it is common to
all field theories that are solved via perturbation theory. In these cases, we expand around

a minimum, and this expansion means that we consider a Lagrangian that is a polynomial
in the fields.

(vi) It is invariant under certain internal symmetry groups. The invariance of S (or of L) is
in correspondence with conserved quantities and reflects basic symmetries of the physical

system.
(vii) Every term in the Lagrangian that is not forbidden by a symmetry should appear.
We often impose an additional requirement:

(viii) Renormalizability. A renormalizable Lagrangian contains only terms that are of dimension

less than or equal to four in the fields and their derivatives.

The requirement of renormalizability ensures that the Lagrangian contains at most two 9, oper-
ations, and leads to classical equations of motion that are no higher than second order derivatives.
If the full theory of nature is described by a QF'T, its Lagrangian should indeed be renormalizable.
The theories that we consider, however, and, in particular, the SM, are only low energy effective
theories, valid up to some energy scale A. Therefore, we must include also non-renormalizable
terms. These terms have coefficients with inverse mass dimensions, 1/A", n = 1,2,.... For most
purposes, however, the renormalizable terms constitute the leading terms in an expansion in E/A,
where FE is the energy scale of the physical processes under study. Therefore, the renormalizable
part of the Lagrangian is a good starting point for our study. Thus, in Chapters [II0] we consider
only renormalizable Lagrangians, unless otherwise explicitly stated. In Chapters [I1H15, where we
describe searches for physics beyond the SM, we consider also non-renormalizable Lagrangians.

Properties (i)—(v) are not the subject of this book. You should be familiar with them from
your QFT course(s). We do, however, deal intensively with the other requirements. Actually, the
most important message that we would like to convey is the following: (Almost) all experimental
data for elementary particles and their interactions can be explained by the standard model of a
spontaneously broken SU(3) x SU(2) x U(1) gauge symmetryll]

Writing down a specific Lagrangian is the endpoint of the process known as “model building,”
and the starting point for a phenomenological interpretation and experimental testing. In this

book we explain both sides of this modern way of understanding high energy physics.

L Actually, the great hope of the high-energy physics community is to prove this statement wrong, and to find

an even more fundamental theory.
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1.2 Examples of simple Lagrangians

We next show a few examples of simple Lagrangians of scalar and fermion fields. They are simple
in the sense that we do not yet impose any internal symmetry. We use ¢(z) for a scalar field and
Y (x) for a fermion field. When we consider vector fields, as is first done in section we will use
A(z) for a vector field. We do not consider higher spin fields, as it is not simple to construct a
QFT where they are fundamental.

Two comments are in order:

e All fields that we consider are functions of spacetime coordinates, ¢(x), ¥(x), A(z). We

leave this spacetime dependence implicit, except in cases where it is relevant.

e We use the notations ¢, 1 and A for the discussion of generic cases. When we refer to specific
cases, we use a different notation. For example, for the electron field, we use the notation e

instead of the generic 1.

1.2.1 Scalars

The Lagrangian for a real scalar field ¢ is given by

1 ; m? n A
Ls= 5(3/@)(3 o) — 7?152 - ﬁ@bg - 14254- (1.2)

The Lagrangian Lg of Eq. ([1.2) is the most general renormalizable £(¢) for a single real scalar
field. We emphasize the following points:

1. The term with derivatives is called the kinetic term. It is necessary if we want ¢ to be a

dynamical field, namely to be able to describe propagation in spacetime.

2. The terms without derivatives are collectively denoted by —Vj;. We then write Lg =
2(0,0)(0"¢) — Vs, and V}, is called the scalar potential.

3. We work in the “canonically normalized” basis where the coefficient of the kinetic term is
1/2. (This is true for a real scalar field. For a complex scalar field, the canonically normalized

coefficient of the kinetic term is 1.)
4. We do not write a constant term since it does not enter the equation of motion for ¢.

5. We do not write a term linear in ¢ because, when expanding around a minimum, the linear

term vanishes.
6. The quadratic term (¢?) is a mass-squared term. (It is often called simply “a mass term.”)
7. The trilinear (¢*) and quartic (¢*) terms describe interactions.

8. Terms with five or more scalar fields (¢™, n > 5) are non-renormalizable.
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1.2.2 Fermions

The basic fermion fields are two component Weyl fermions, 1y and ¥ g, where L and R denote,
respectively, left-handed and right-handed chirality. Each of ¢, and 1 has two degrees of freedom

and is a complex field. They are related to the four-component Dirac field v via

14 75
2

L =5
2

v, Y =Py =
It is useful to define related left-handed Weyl fermion v, and a right-handed Weyl fermion v¢§ via
c ——T . —T

wR = CwR ) wL = CwL ) (14)

where C'is the charge conjugation matrix. (The reason for this name becomes clear once we define
charge in Chapter [2])

The Lagrangian for a single left-handed fermion field ¢y, and a single right-handed fermion field
Wg is given by

Lo = iGrdr + iOndtn — (szRz/J‘j%wR + %wfzm + mpPis + h.c.) . (1.5)

The Lagrangian Lp of Eq. (1.5)) is the most general renormalizable L£(1,1r) for a single left-
handed and a single right-handed fermion fields. We emphasize the following points:

1. The derivative terms are the kinetic terms. They are necessary if we want ¢y r to be

dynamical fields.
2. We work in the canonically normalized basis where the coefficient of the kinetic term is 1.

3. Terms with an odd number of fermion fields violate Lorentz symmetry, and so they are
forbidden.

4. The quadratic terms are mass terms. The mj; terms are called Majorana masses and the

mp terms are called Dirac masses.

5. The relative factor of 1/2 between Majorana and Dirac mass terms is the analog of the similar

factor between the mass-squared terms for a real and complex scalar fields.
6. Terms with four or more fermion fields are non-renormalizable.

7. Given the fact that Majorana mass terms are made out of a pair of identical fields, we often

write

mgm@% — %QMR YR. (1.6)
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In case that the Majorana masses vanish, my;;, = my g = 0, Lr can be written in terms of the
Dirac fermion field :

Lp(my = 0) = ipdp — mppy). (1.7)

Since ¢, and ¥ are different fields, there are four degrees of freedom with the same mass, mp.
In contrast, if the Majorana masses do not vanish, there are generally only two degrees of freedom
that have the same mass. In Section [2.1.5 we discuss these issues in more detail, and explain why

it is often the case that Majorana masses vanish.

1.2.3 Fermions and scalars

Consider the case of a single left-handed fermion vy, a single right-handed fermion 15 and a single
real scalar field ¢. The Lagrangian includes, in addition to terms that involve only the scalar,
Eq. , and terms that involve only the fermions, Eq. , terms that involve both the scalar
and the fermions. They can be obtained by replacing the mass parameters for the fermions with

a coupling times the scalar field:

Yy — Yur ——
Ly = S0VitR+ =5 R YR+

Yvur —
7@% Y, +h.c. (1.8)
These terms are called Yukawa interactions. The Y parameters are dimensionless and are called
the Yukawa couplings. Note that in Eq. (1.8) we quote —£. This is a common practice when we

do not write the kinetic terms.

1.3 Symmetries

We always seek deeper reasons for the laws of nature that have been discovered. These reasons are
often closely related to symmetries. The term symmetry refers to an invariance of the equations
that describe a physical system. The fact that a symmetry and an invariance are related concepts
is obvious enough — a smooth ball has a spherical symmetry and its appearance is invariant under
rotation.

Symmetries are built into physics as invariance properties of the Lagrangian. If we construct
our theories to encode various empirical facts and, in particular, the observed conservation laws,
then the equations turn out to exhibit certain invariance properties. For example, if we want
to implement energy conservation into the theory, then the Lagrangian must be invariant under
time translations (and therefore cannot depend explicitly on time). From this point of view, the
conservation law is the input and the symmetry is the output.

Conversely, if we take the symmetries to be the fundamental rules, then various observed
features of particles and their interactions are a necessary consequence of the symmetry principle.

In this sense, symmetries provide an explanation of these features. In modern particle physics
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(and, in particular, in this book), we often take the latter point of view, in which symmetries are
the input and conservation laws are the output.

In the following we discuss the consequences of imposing a symmetry on a Lagrangian. This is
the starting point of model building in particle physics: One defines the basic symmetries and the
field content, and then obtains the predictions that follow from these imposed symmetries.

There are, however, symmetries that are not imposed and are called accidental symmetries.
They are outputs of the theory rather than external constraints. Accidental symmetries arise
due to the fact that we truncate our Lagrangian. In particular, the renormalizable terms in the
Lagrangian often have accidental symmetries that are broken by non-renormalizable terms. Since
we study mostly renormalizable Lagrangians, we will often encounter accidental symmetries.

There are various types of symmetries. First, we distinguish between spacetime and inter-
nal symmetries. Spacetime symmetries include the Poincaré group of translations, rotations and
boosts. They give the energy—momentum and angular momentum conservation laws. As mentioned
above, we always impose this symmetry. The list of possible spacetime symmetries includes, in
addition, space inversion (also called parity) P, time-reversal T, and charge conjugation C'. (While
C' is not truly a spacetime symmetry, the way it acts on fermions and the C'PT theorem make
it simpler to include C' in the same class of operators.) The discrete spacetime symmetries are
usually covered in QFT courses, but for completeness we discuss them briefly in Appendix [I.A]

Internal symmetries act on the fields, not directly on spacetime. In other words, they act in
internal spaces which are mathematical spaces that are generated by the fields. These are the
kind of symmetries that we discuss in detail. In Chapter 2] we introduce Abelian symmetries. In

Chapter 4] we introduce non-Abelian symmetries.

1.4 Model building

As stated above, writing a Lagrangian is the endpoint of model building. Our procedure of

constructing lagrangians goes as follows. We start by defining the following inputs:
(7) The symmetry;

(74) The transformation properties of the various scalar and fermion fields under the symmetry

operation.

Then we write down the most general Lagrangian that depends on the fields and is invariant under
the symmetry.

A renormalizable Lagrangian (or a non-renormalizable one truncated at a certain order) has a
finite number of parameters. For a theory with N parameters, we need to perform N appropriate

measurements such that additional measurements, from the (N + 1)’th and on, test the theory.

18



In principle, we do not really need to determine the values of the parameters, and just use exper-
imental inputs to make predictions. In practice, however, it is usually convenient to use the N
measurements to determine the values of the Lagrangian parameters and use these parameters to
make further predictions. It is important to remember that the values of the parameters are not
inputs to model building.

At this point, the above procedure may seem abstract, but it becomes clear and concrete as we
work out examples. Along this book, we repeat the process of model building several times. We see
how QED (the theory of electromagnetic interactions), QCD (the theory of strong interactions), the
LSM (the theory of electroweak interactions among leptons), and the SM itself, can be understood

in this way of thinking, starting from a postulate of symmetry principles.

For further reading

There are many books that discuss in detail the QFT-related aspects relevant to our book. For
example, some of the standard textbooks are by Peskin and Schroeder [2], Zee [12], Srednicki [13],
and Schwartz [I4]. Other textbooks that explain many of the relevant issues include Ramond [15],
Dine [16] Nagashima [I7, 18], and Petrov and Blechman [19].

With regard to some specific points, we mention the following sources:

e For a formal discussion of C' and P see, for example, Section 3.6 of Ref. [2], or Sections
11.4-11.6 of Ref. [14].

e For a discussion of the issues with quantizing theories with higher-spin fields see, for example,
Ref. [20].

e For discussion of Majorana fermions see, for example, Section 11.3 in Ref. [14].

e For the C'PT theorem see, for example, Ref. [21].
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Appendix

1.A Discrete spacetime symmetries: C', P and T

The discrete spacetime symmetries, C', P, and T, play an important role in our understanding of
nature. Each of these three symmetries has been experimentally shown to be violated in nature,
as discussed in detail further below. The C'PT combination seems, however, to be an exact
symmetry of nature. On the experimental side, no sign of C'PT violation has been observed. On
the theoretical side, C'PT must be conserved for any Lorentz invariant local field theory. Since we
only consider such theories, we assume that C'PT holds. In this case, CP and T are equivalent.

Thus, we usually refer to C'P.

1.A.1 (C and P

We only consider C' and P in theories that involve fermions. Under C, particles and antiparticles
are interchanged by conjugating all internal quantum numbers, e.g., reversing the sign of the
electromagnetic charge, ) — —@Q. Under P, the handedness of space is reversed, ¥ — —&, and
the chirality of fermion fields is reversed, ¥y, <> ¥r. For example, a left-handed (LH) electron e,

transforms under C' into a LH positron e}, and under P into a right-handed (RH) electron ej.

1.A.2 (P violation and complex couplings

The C'P transformation combines charge conjugation C' with parity P. For example, a LH electron
ey transforms under C'P into a RH positron, ef. C'P is a good symmetry if there is a basis where
all the parameters of the Lagrangian are real. We do not prove it here but provide a simple
intuitive explanation of this statement.

Consider a theory with a single complex scalar, ¢, and two sets of N fermions, ¥} and %

(1=1,2,...,N) (we define a complex scalar in Chapter . The Yukawa interactions are given by
— Ly = Yijridvr; + Y Urio s, (1.9)

where we write the two hermitian conjugate terms explicitly. The C'P transformation of the fields

is defined as follows:

o= o, Y= Yn,  Ur— Vg (1.10)
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Therefore, a C'P transformation exchanges the operators

Yripbpj<— Vrid Vi, (1.11)

but leaves their coefficients, Y;; and Y7,
Yij = Yij.
In practice, things are more subtle, since one can define the C'P transformation in a more

general way than Eq. ((1.10)):

unchanged. This means that C'P is a symmetry of L if

R T S (1.12)

with 6, 0;;, Or; convention-dependent phases. Then, there can be complex couplings, yet C'P would
be an exact symmetry. The correct statement is that C'P is violated if, using all freedom to redefine

the phases of the fields, one cannot find any basis where all couplings are real.
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Problems

Question 1.1: Algebra

1. Draw the Feynman rules for the interaction terms in the Lagrangian of Eq. (1.2]).

2. Starting from Eq. (1.5) and using Eq. (1.3)), derive Eq. (1.7).

3. Draw the Feynman rules for the Yukawa interaction terms in the Lagrangian of Eq. (1.8]).

Question 1.2: Using Natural units

In high energy physics, since relativity and quantum mechanics are essential, it is convenient

to use units where
I~ 6.58 x 1072 MeVs = 1, cr~3x10ms ! =1, hea2x 107 MeVm =1. (1.13)

One can think of this convention as a choice of a unit system where the basis is {%, ¢, eV} instead
of, for example, the {cm, g, sec} of the cgs system. In addition, it is common to make the factors
of i and ¢ implicit and measure everything in powers of eV. We reinstate the factors of i and ¢
only when converting to a different unit system. The aim of this exercise is that you gain some

practice in using these natural units.

1. The width of a particle is defined as the inverse of its lifetime. The mean lifetime for the B
meson is 7 ~ 1.64 x 1072 s. What is its width in eV?

2. Consider a particle with a width of I' = 2.3 eV. Recall that in the lab frame t = v7. What is
the average distance that such a particle travels with v = 100 before decaying (since v > 1

you can use J ~ 1.)
3. Quantum gravity effects cannot be neglected at very short distances. This happens when
the energy scale is of the order of the Planck mass,

he
Mpy = 4| — 1.14
Pl GN’ ( )
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where Gy is the Newtonian gravitational constant. (The Planck scale constitutes an upper
bound on the cut-off scale of all QFTs relevant to Nature.) Express Mp in GeV, and the
Planck length, Lp; = Mp;', in cm.

4. In oscillation experiments for neutrinos, it is important to know the oscillation length, Los. =
4 E/Am?, where Am? is the mass-squared difference between the two neutrino states. For
an experiment conducted with neutrinos of E = 1.3 GeV, find the value of Am? in units of

eV? that corresponds to Los. = 140 meters.

Question 1.3: Dimensions of terms

It is useful to understand what we refer to as the “dimension of operators” or the “dimension
of Lagrangian terms.” The action has dimensions of angular momentum. Therefore, in the natural
unit system, the action is dimensionless, and the Lagrangian has a mass-dimension of four (or,

more generally, of the number of spacetime dimensions).

1. Based on the Lagrangians of Eqs. (1.2)) and (1.5)), show that canonical scalar fields have

dimension d = 1 and canonical fermion fields have dimension d = 3/2.

2. Find the dimensions of the m? parameter in Eq. (1.2) and of the mpr, mar, and mp
parameters in Eq. (1.5).

3. What are the dimensions of  and X in Eq. (1.2) and of Y in Eq. (1.8))?

Question 1.4: Accidental symmetries

In this question, we study a classical system in order to show examples of accidental symmetries.
Consider a classical one-dimensional pendulum of length ¢. The one degree of freedom can be
chosen to be @, the angle of the pendulum. Then, the Lagrangian is given by

I me26?
2

—mgl[l — cosb)], (1.15)

Assuming small oscillations (6 < 1), we can expand the potential. Keeping only terms up to
second-order, we get '
ml20?  mglh?
L= — ,
2 2
which is the Lagrangian of a simple harmonic oscillator. It is well known that the frequency of a

(1.16)

simple harmonic oscillator does not depend on its amplitude. Below we aim to understand how

this result is related to accidental symmetries.
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. Show that the EoM derived from the Lagrangian of Eq. (1.16]) is invariant under dilation,
0 — M0, for any finite X\. (We are then saying that £ of Eq. (1.16) has dilation symmetry,
despite the fact that it is only the EoM that is invariant.)

. Does the Lagrangian of Eq. (1.15]) also have dilation symmetry?

. Expand the Lagrangian of Eq. (1.15) up to O(6*). Show explicitly that the * term breaks

the dilation invariance. Explain why this implies that this symmetry is accidental.

. Without a formal proof, argue that dilation symmetry implies that the frequency cannot

depend on the amplitude.
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Chapter 2
Abelian symmetries

In Section we explained the importance of symmetries in physics and presented the various
types of symmetries we encounter. In this chapter we introduce various concepts and definitions
concerning internal symmetries. In particular, we distinguish global from local symmetries, discrete
from continuous symmetries, and chiral from vectorial symmetries. We further introduce the notion
of charge and its relation to symmetries. In this chapter we only discuss Abelian symmetries, that
is, symmetries that correspond to commuting symmetry groups. Non-Abelain symmetries are
discussed in Chapter [4

2.1 Global symmetries

The term global symmetries refers to symmetries under transformations that are constant in space-
time. This is in distinction to local symmetries, which are introduced in Section where the

symmetry transformation is x,-dependent.

2.1.1 Global discrete symmetries

We start with a simple example of imposing an internal global discrete symmetry. Consider a real
scalar field ¢. The most general Lagrangian we can write is given in Eq. (1.2), which we rewrite

here:

1 m? N A
—— w a2 3 a4
£ = 5(0°0)(0,0) = 507 = S0 = T (2.1)
We now impose a symmetry: We demand that £ is invariant under ¢ — —¢, namely
L(¢) = L(=9). (2.2)

L is invariant under this symmetry if n = 0. Thus, by imposing the symmetry we force n = 0.

The most general L£(¢) that is invariant under ¢ — —¢ is then
1 m? A
L= 5(0"0)(0,0) — 56>~ 76" (23)
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What conservation law corresponds to this symmetry? We note that the number of ¢-particles
in a system that is described by the Lagrangian of Eq. can change, but only by an even
number. Therefore, if we define ¢-parity as (—1)", where n is the number of ¢-particles in the
system, this ¢-parity is conserved. If we do not impose the symmetry and n # 0, then the number
of particles can change by any integer and ¢-parity is not conserved.

It is a useful exercise to describe the symmetry in terms of group theory. Here the relevant
group is Zy. It has two elements that we call even (+) and odd (—). The multiplication table is
very simple:

Z | (1) ()
)| () =) (2.4)
(=) | (=) )

When we say that we impose a Z; symmetry on £, with the Z, transformation law ¢ — —¢, what

we mean is that £ belongs to the even representation of Z,, and ¢ belongs to the odd representation
of Z,. Clearly, for n an integer, ¢*" belong to the even representation and ¢?"*! belong to the odd
representation. For £ to be Zs-even, each term in £ must be Z,-even, and we must omit all terms
with odd powers of ¢. Then we can construct the most general £, and it is given by Eq. .
At this point, using the language of group theory may seem cumbersome and unnecessarily
complicated. Later, however, we use the language of group theory to deal with more elaborate

situations, where it has proven to be very useful.

2.1.2 Global continuous symmetries

We now extend our discussion to global continuous symmetries. The idea is that we demand that
L is invariant under rotation in some internal space. While (some of) the fields are not invariant
under rotation in that space, the combinations that appear in the Lagrangian are.

The fact that we can rotate between fields should not come as a surprise. This is nothing
but the idea of generalized coordinates. Any linear combinations of the fields can be used as our
coordinates, not just the one we choose to start with.

Our first example is that of a complex scalar field, ¢. A complex scalar field has two Degrees
of Freedom (DoF). There are two useful ways to write the two DoF explicitly. First, we can use a

Cartesian form:

1
= +i¢r), 2.5
¢ NG (or +i¢1) (2.5)
with ¢r and ¢ real scalar fields. The most general renormalizable L(¢g, ¢r) is given by
i oy \, N
L(bn. 01) = 50 (9"6) (9u05) = =2 0u6y — "2 6i6,00 — SEE6iy6ude, ikl = R, 1 (26)

We consider rotations in the complex plane:

(gbR) —>O<¢R>, Oz( co§9 SiIlQ)' (2.7)
¢r b1 —sinf cosf
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When we say that we impose a global symmetry, we mean that 6 is a number that does not depend
on z,. Imposing that L(¢g, ¢;) is invariant under the transformation of Eq. forbids many
terms and relates others:
1 1 m? A/ A 5 o
L(r, ¢1) = 5 (0"0rOudr) + 5 (0"010,01) — =~ (PrOR + $101) — (0% + 01 +2070%) . (2.8)

In the language of group theory, the imposed symmetry — rotations in a two dimensional real
plane — is called SO(2).

Second, we can formulate the transformation law directly in terms of the complex field ¢:
p—e’p, ol = e Pl (2.9)
Imposing that £(¢, ¢!) is invariant under the transformation of Eq. leads to
L(g,0") = (0"0") (0u0) —m?éTo — Mo'9)" (2.10)

In the language of group theory, the imposed symmetry — rotations in a one dimensional complex
plane — is called U(1). (Mathematically SO(2) and U(1) are equivalent. The different names
represent the way we think about the underlying space.) It is easy to check that the Lagrangians
in Egs. and are equivalent. Eq. is, however, more compact. We emphasize the
following points regarding Eq. :

e The three terms that appear in this equation and, in particular, the mass term, do not
violate any internal symmetry. Thus, there is no way to forbid them by imposing an internal

symmetry.

e We would obtain the same result if we scale # by any non-zero number. Explicitly, we would

obtain the same Lagrangian with a transformation law
é— e (2.11)

for any finite ¢q. Since ¢ is arbitrary, we can choose it to be one, as we did. The situation is

different when we have more than one complex field, as we discuss next.

In terms of group theory, the situation is explained as follows: we impose a U(1) symmetry, and

assign the ¢ field into the ¢ = 1 representation of that U(1).

2.1.3 Charge

We are now ready to define charge. We are accustomed to the notion of charge from the specific
case of electromagnetism. In electromagnetism, charge has two aspects: (i) It sets the strength of
the interaction of the fermions with the photon; (i7) It is a conserved quantity. In this section we

deal with the latter point, while the aspect of interaction strength will emerge when we generalize
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our discussion to local symmetries in Section[2.2] Charge conservation is related to symmetry. The
general relation between internal global continuous symmetries and conserved charges is known as
Noether’s theorem. Here we provide a simple example.

Consider a theory with two complex scalar fields, ¢; and ¢,. To each field ¢; we assign a real

number ¢;. We impose a symmetry under the simultaneous phase rotation of both fields:
¢1 = €101, Gy — €0y (2.12)
The conjugate fields transform as follows:
of = e 0ol o] = e, (2.13)

We say that ¢; is the charge of the field ¢;. The charge of the conjugate field ¢ZT is —g;. While we
can always set one of the charges to 1, we cannot do it for both. The ratio of charges, ¢2/¢1, is a
physical quantity.

The charge ¢; is an input to model building: We assign charges to the fields and write down the
Lagrangian that is invariant under the above rotations. As a concrete example, consider a model

with two complex scalar fields of charges ¢; = 1 and g2 = 3. Then the most general renormalizable
Lagrangian that is invariant under Eq. (2.12) is

L= (0"61) (0u01) + (9"6}) (9u0r2) — midlor — m3ghen
_)\11(¢1¢1)2 - )\22(¢£¢2)2 - )\12(¢1¢1)(¢£¢2) — (ngb:f(b; + h.c.). (2.14)

A few comments are in order:

For a term to be allowed, the sum of the charges of the fields in this term must be zero.

e All the interactions that are allowed by the symmetry conserve the charge. This can be seen
formally (and most generally) by the Noether’s theorem. It can also be seen for our specific
example. Each term in the Lagrangian of Eq. carries an overall charge zero. Therefore,
it corresponds to creation and annihilation of particles such that the sum of charges of the

initial particles equals the sum of charges of the final particles.

e Since charge is related to the phase shift of a field, it can only be assigned to complex fields.
That is, real fields have ¢ = 0.

e There are two terms that are often used in the physics jargon instead of charges: quantum
numbers (QN’s) and representations. The use of the term QN’s might be confusing, as in
quantum mechanics charge is assigned to a particle while QN is assigned to a state. In QF'T,
however, we use QN to describe the charges that are assigned to a field. The use of the term

representations becomes clear when we discuss non-Abelian symmetries.
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2.1.4 Product groups and accidental symmetries

In our discussion above, we introduced the simplest continuous Abelian symmetry, U(1). We can
generalize this idea and impose a larger symmetry, [U(1)]. This gives us another tool for model
building. Consider, for example, a model with two complex scalar fields, where we require invari-
ance of the Lagrangian under two independent rotations by phases 6, and 6,. Such a symmetry is
called U(1), x U(1). The two fields transform as follows:

¢1 — expli(qibs + @10)]d1, B2 — expli(g5a + ¢56;)]do. (2.15)

The rotation of the conjugate fields is done with the replacement ¢ by —q; b,
Consider the assignment (¢%,¢%) = (1,0), and (¢%,¢5) = (0,1). In such a case, the n term of
the Lagrangian of Eq. (2.14) is forbidden, and we have (repeated indices are summed over)

L = 0"}, — midldr — miadhos — Aij(0160) (810;) (2.16)

We see again how imposing a symmetry can be used to forbid terms in the Lagrangian.

The U(1), x U(1), symmetry can be defined in various ways: Instead of having 6, and 6, as
the independent rotation angles, we can use linear combinations of them. For example, we can use
0+ = 0, £+ 0, as the two independent angles. The corresponding charges are qz?IE = ¢% £+ ¢¢ and the
symmetry is denoted by U(1)y x U(1)_. In Question and in Section you encounter cases
that demonstrate the usefulness of such a redefinition.

It is illuminating to ask if there is a way to obtain the Lagrangian of Eq. by imposing
a single U(1) symmetry as in Eq. (2.12)). The answer is in the affirmative. For example, we can
assign charges ¢; = 1 and ¢ = 4. Note that this choice allows a term of the form gb‘llqb; The reason
we do not write it is that it is a dimension-five term and therefore non-renormalizable.

This is in fact our first example of an accidental symmetry. The symmetry we impose is a
U(1) symmetry with certain charge assignments, and the resulting Lagrangian has a U(1) x U(1)
symmetry, that is, there is an extra U(1) symmetry that is accidental. In fact, the Lagrangian of
Eq. would be the same for any U(1) symmetry with ¢; and ¢, positive integers, co-prime to
each other, and ¢; + g2 > 5. To each such assignment corresponds a different non-renormalizable
term, ¢, that breaks the [[/(1)]? symmetry down to the U(1) that we imposed.

2.1.5 Symmetries and fermion masses

We can define a U(1) phase transformation of Weyl fermions:

Y — exp(iqrd)Yr, Vg — exp(iqrt)Yr. (2.17)

The conjugate fields transform as
Y — exp(—iqrf)Pr, g — exp(—igrd)Vr. (2.18)
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Note that g and 9% transform in the same way under all symmetries. In particular, if
Y — exp(iqrf)r, then ¥4 — exp(iqrf)y%. This is the reason we often write ¢%ip instead
of ¥%1r: The charge in both expressions is the same. Similarly, we often write 11 instead of
ViYL

To understand the consequences of imposing such a U(1) symmetry on the Lagrangian, re-
call that the combination of renormalizability and Lorentz invariance allows only terms with two
fermion fields (or no fermion fields at all), see Eq. . We here focus on the fermion mass terms.
There is a classification of symmetries applied to fermions that is relevant for our discussion.

Consider a theory with a single left-handed fermion field and a single right-handed fermion

field and an imposed U(1) symmetry:
e The symmetry is chiral if q;, # qg.
e The symmetry is vectorial if q;, = qg.

e More generally, if there are several fermion fields, the symmetry is vectorial if all left-handed
fields and all right-handed fields can be matched into pairs with the same charge, q; = qg;

for each i, and chiral otherwise.

e If we include any non-Abelian group, to be discussed later, the generalization of the above

is that we replace the word charge with the word representation.

A result that is important for our purposes is that C' and P are violated in any chiral theory.
Note that imposing a chiral symmetry is sufficient but not necessary for a theory to violate C'
and P: Vectorial theories can conserve or violate C' and/or P. (For an explicit example, see

Question [3.3])

Consider a theory with one or more U(1) symmetries, a single left-handed field and a single
right-handed field:

e To allow a Dirac mass, the charges of 17, and 1 under these symmetries must be opposite,
which is the case when ¢(¢1) = q(¢r). (If we include any non-Abelian group, to be discussed
later, a fermion field can have a Dirac mass only if it is in a vector representation of the

symmetry group.)

e Since the transformations of 1% and g are the same, a fermion field can have a Majorana
mass only if it is neutral under all U(1) symmetries. In particular, as we discuss below, fields
that carry electric charges cannot acquire Majorana masses. (If we include any non-Abelian
group, to be discussed later, a fermion field can have a Majorana mass only if it is in a real

representation of the symmetry group.)

Consider a theory with m left-handed fields and n right-handed fields:
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Table 2.1: Dirac and Majorana masses

Dirac Majorana
# of degrees of freedom 4 2
Representation vector neutral
Mass matrix m X n, general (m+n) x (m + n), symmetric
SM fermions quarks, charged leptons neutrinos (?)

e If all of these (m + n) fields carry the same charges, ¢ # 0, the Majorana mass terms vanish,

while the Dirac mass terms form an m x n general complex matrix mp:

(mp)i(¥L)i(¥Yr); + hec.. (2.19)

The mass eigenstates are, for m < n, m Dirac fermions and (n —m) massless right-handed
fermions or, for m > n, n Dirac fermions and (m — n) massless left-handed fermions. In the
SM, as we discuss later, charged fermion fields are present in three copies (m = n = 3) with

the same quantum numbers, and the Dirac mass matrices are 3 x 3.

e If all of these (m + n) fields are neutral, ¢ = 0, the mass terms form an (m +n) x (m + n)
symmetric complex matrix M,. This matrix consists of an m x m block of Majorana mass
terms for the left-handed fields, an n x n block of Majorana mass terms for the right-handed

fields, and an m x n block of Dirac mass terms:

o (i mE (v
(¢L ¢R) T(nxm) (nxn) : (220)
mp MyR Vg

The (m + n) mass eigenstates are Majorana fermions. In the SM, neutrinos are the only
neutral fermions with m = 3 and n = 0. If they have Majorana masses, then their mass

matrix is 3 x 3.

We summarize these differences between Dirac and Majorana masses in Table
An important lesson that we can draw from these observations is the following: charged fermions
in a chiral representation are massless. In other words, if we encounter massless fermions in nature,

there is a way to explain their masslessness from symmetry principles.

2.2 Local symmetries

2.2.1 Introducing local symmetries

So far we discussed global symmetries, that is, symmetries where 6 is independent of spacetime.

In this section we discuss local symmetries (also called gauge symmetries), that is, continuous
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symmetries where the transformation can be different at different space-time points 0(x), where
x stands for z,, the spacetime coordinates. (We discuss only continuous local symmetries, and
not discrete local symmetries.) Local symmetries have far reaching consequences. All the internal
symmetries that are imposed in defining the SM are local.

We generalize Eq. (2.9) and define a local transformation of a complex scalar field:
d(x) = D), ¢l(x) = TPl (). (2.21)

(From here on, we do not write explicitly the transformation of the conjugate field.) All terms
in the Lagrangian that do not involve derivatives of fields and which are invariant under a global
symmetry are also invariant under the corresponding local symmetry. This is, however, not the

case for derivative terms. The local transformation of ¢ is given by
0"¢(x) = M "D g(x)] = D G(x) + ige D[940 ()] () (2.22)
Consequently, the kinetic term of a scalar is not invariant under the local symmetry:

061 () Du(x) — [0"01 (x) — igl0"6(a)]0} (2)] [0,6(x) + iq[0,0(x) ()] # 001 (2)D,6(x). (2.23)

The kinetic term violates the local symmetry also in the case of fermion fields (see Question .
We learn that in a theory that includes only scalars and fermions, a local symmetry acting on these
scalar and fermion fields forbids the kinetic terms. A field without a kinetic term is not dynamical
and cannot describe the particles we observe in nature.

Can we have a theory of dynamical scalars and fermions that is invariant under a local sym-
metry? The answer is in the affirmative. To do that, we have to “correct” for the extra terms that
arise in the transformation of the kinetic terms, while keeping in the kinetic terms themselves.
These two requirements give us an idea of how to solve the situation for the local case. We should
replaceﬂ 0"¢ with a so-called “covariant” derivative D#¢, with D* transforming in such a way that
the transformation law for D*¢ under the local symmetry is similar to the transformation law of

0"¢ under the global symmetry, i.e.
DF¢p — ¢ DF g, (2.24)

If we have a globally invariant £(9*®, ¢), and the transformation law (2.24]) applies, then £(D"¢, ¢)
is guaranteed to be invariant under the corresponding local symmetry.
How do we find what D* is? Given the transformation law (2.21]), and the desired transforma-

tion law ([2.24), let us try
Dt = 0" +igqA* | (2.25)

'From this point on, we leave the = dependence implicit. We add it only when we introduce new x dependent

entities.
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where g is a dimensionless constant, which we take to be positive, and A*(z) is a vector field with
the following transformation law:

1
A= Ay = 0,0, (2.26)

We leave it as a homework (Question to check that Eqgs. and indeed lead to
Eq. . We thus achieved our goal of obtaining a locally invariant Lagrangian with dynamical
scalar and /or fermion fields. We do so by taking a Lagrangian £ that is invariant under the global
symmetry, and replacing O* with D*. The “price” to pay is that we must add vector fields to the
model.

The field A* is called a gauge field. The constant g is called the coupling constant (for reasons
that will become clear below). Following our principle that we include all the terms that are
allowed, we add a kinetic term for A*. To do that, we define the field strength F*":

[D¥, D¥] = igqF™*", (2.27)
which leads to the familiar definition:
¥ = gt AV — 9" A+, (2.28)

The Lorentz invariant kinetic term for the gauge field is given by

1 v
L= —ZF“ E,. (2.29)
The Lagrangian of Eq. (2.29) is the most general renormalizable one that involves only the vector
field and is invariant under the local symmetry.

Note the following points:

e Given the kinetic term, A* is a dynamical field and its excitations are physical particles. For

example, as we show later, the photon is associated with such excitations.
e We work in the canonically normalized basis where the coefficient of the kinetic term is 1/4.

e While a kinetic term is invariant under the local phase transformation, a mass-squared term,
sm?ArA,, is not. You will prove it in your homework (Question 2.5). Here we just emphasize
the result: Local invariance implies massless gauge fields. Gauge bosons have only two

degrees of freedom.

e One may wonder why we do not include a term of the form F, Wﬁ’ o (with ﬁm, = €upeF77).
The reason is that such a term is a total derivative which for Abelian symmetries is unphys-

ical.

e A gauge field related to an Abelian symmetry does not couple to itself, that is, there is no

term in the renormalizable Lagrangian that involves more than two gauge fields.
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e You may be puzzled by the fact that the transformation law for the gauge field is additive,
and not multiplicative, as is the case for the scalar and fermion fields. You should not be
entirely surprised. When we write the transformation law for a scalar field as ¢ — €?¢, the
phase of the field is shifted, arg(¢) — arg(¢) + igf. The A* field transforms like a phase.

e Consider Lagrangian terms involving only scalar and/or fermion fields and no derivatives of
fields. If such a term is invariant under the global symmetry then it is also invariant under the
corresponding local symmetry. This is not the case for the terms involving the gauge fields.
Indeed, a mass-squared term and a quartic interaction term are invariant under the global
U(1) but not under the local U(1). This is related to the fact that the U(1) transformation
law for scalars and fermions involves a multiplicative phase factor, while the one for gauge

fields involves an additive shift.

e The transformation of Eq. is familiar from classical electromagnetism, where A, is just
the vector potential. In that context, the invariance of the vector potential under Eq.
is often stated as the fact that only & and B are physical, while A, is redundant, and thus
we have an extra freedom that we call the gauge freedom. Here we reverse the logic: we
impose the gauge symmetry and the result is that the photon is massless and that only E

and B are physical.

e If a local symmetry decomposes into several independent factors, each factor requires its
corresponding gauge field and has its own independent coupling constant. For example, if
the symmetry is a local U(1), x U(1),, we must include two massless gauge fields, A% and A?,
and their transformation laws involve two independent coupling constants, g, and g,. (Note
that the sub-indices @ and b on the symmetry groups are just labels that do not change the
mathematical properties. In the example here these are arbitrary labels, but later on, similar
sub-indices are more meaningful. For example, we use U(1)gy to denote the symmetry group

that corresponds to the electromagnetic (EM) interaction.)

2.2.2 Charge

The notion of charge under a global symmetry was introduced in Eq. (2.12)). The global symmetry
implies charge conservation. In this subsection we show that, in the case of a local symmetry, there
is an additional implication to the charge: it sets the strength of the interaction with the gauge
boson.

Consider a local U(1) symmetry. The covariant derivative of a field of charge ¢ is given by
Dt = 0" +igq A" . (2.30)
Take, for example, a fermion field with charge ¢ under the local U(1). Its kinetic term is
WPy = WP — gqp A (2.31)
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The second term is an interaction term between the fermion and the vector fields. The strength
of the interaction is given by the gauge coupling constant g times the charge ¢. In particular, the

larger the charge, the stronger the coupling to the gauge boson.

Two comments are in order with regard to Egs. (2.30) and (2.31)):

1. Unlike the derivative 0", the covariant derivative D* depends on the charge ¢ of the field on
which it acts. It is different for fields of different chargesﬁ

2. What appears in a Lagrangian is the combination gq, and not g and ¢ separately. Indeed,
for the Abelian case, one can re-scale the coupling constant g and the charge ¢ such that gq
remains the same, and the physics of the model is unaffected. When we have several fields of
different charges, one should re-scale all of them in the same way. The ratio between different
charges, say ¢2/qi, is physical and sets the relative strength of the interactions of ¢, and ¢,
with the gauge field A,. As we discuss later, the situation is different in the non-Abelian

case.

We can summarize this section as follows. To have a Lagrangian of dynamical scalar and/or
fermion fields that is invariant under a local U(1) symmetry requires the introduction of a vector
boson. The vector boson necessarily interacts with all scalars and fermions that are charged under
the symmetry. Conversely, the gauge boson does not couple to fields that are neutral (¢ = 0) under
the symmetry. The global symmetry implies charge conservation. The local symmetry implies, in

addition, that the charge sets the strength of the interaction with the corresponding gauge field.

2.3 Summary

We described the first steps in the process of model building for scalars and/or fermions. We need

to provide as input the following two ingredients:
(1) The symmetry;
(73) The charges of the fermions and scalars.

Then we write down the most general renormalizable Lagrangian that depends on the scalar and
fermion fields and is invariant under the symmetry. If the imposed symmetry is local, corresponding
vector fields must be added.

The most general renormalizable Lagrangian with scalar, fermion and gauge fields can be

decomposed into
,C == »Ckin + »Cw + £¢ + Eyuk. (232)

2Perhaps it would have been helpful to denote a U(1)-related covariant derivative by DY, emphasizing the g-
dependence. It became, however, customary to keep the ¢-dependence implicit and write just D*. We comply with

this norm of the community.
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Here Ly, describes the free propagation in spacetime of all dynamical fields, as well as the gauge
interactions, £, gives the fermion mass terms, Lyyx describes the Yukawa interactions, and V, =
—L, is the scalar potential. In all the examples we will study, our task will be to find the specific
form of each of these four parts of the renormalizable Lagrangian.

In the SM, only local symmetries are imposed. Similarly, in most of the extensions of the
SM, only local symmetries and global discrete symmetries are imposed. While it is possible,
in principle, to impose also global continuous symmetries, this is rarely done in current model
building. The reason for that is twofold. First, there are arguments that suggest that continuous
global symmetries are always broken by gravitational effects and thus can only arise as accidental,
rather than imposed symmetries. Second, there is no obvious phenomenological motivation to
impose such symmetries. Thus, in all the models presented in this book that aim to describe
nature, global continuous symmetries are not imposed.

In the next chapter we show how QED, the theory of electromagnetic interactions, can be

derived by starting from the above principles.

For further reading

A discussion of Noether’s theorem can be found, for example, in Section 3.3 of Ref. [14] and
Chapter 3 of Ref. [11].
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Problems

Question 2.1: Algebra

1. Show that the Lagrangians in Eqgs. (2.8)) and (2.10]) are equivalent.

2. Using Egs. (2.25)) and (2.27)), derive Eq. (2.28).

3. Consider a kinetic term of a fermion field, i@, and show that it is not invariant under a

local transformation: 1 — @),

4. Explain why, for terms that do not involve derivatives, the § — 6(z) substitution has no

effect on the symmetry properties.

5. Show that the covariant derivative of the field, defined in Eq. (2.25)), transforms in the same
way as the field itself:
D¢ — €@ D,6. (2.33)

6. Show that Eq. (2.33) can be written equivalently as

D, — @D, em0), (2.34)

7. Show that a mass term for A,, that is, m*A,A* is not invariant under the transformation

law of Eq. ([2.26)).

8. Show that F*, defined in Eq. (2.28)), is gauge invariant.

9. Show that F‘“’FW (with F;w = €0 F77) is a total derivative.

Question 2.2: Charges
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Consider a system with three complex fields, ¢, ¢35, and ¢4, where ¢, carries a charge ¢ under

a U(1) symmetry. Write all the allowed interaction terms with three and four fields.
Question 2.3: Imposing a symmetry

The most general mass-squared terms for a theory with two real scalar fields, ¢, and ¢, are

1
Ly = 5 (M7 + M0 + 2mihonds) (2.35)

1. Show that one can always rotate to a basis where m?2, = 0.
2. Find a symmetry that you can impose in order to get a universal mass term, that is,
2
m
~Ln = (67 +¢3) - (2.36)
In other words, the symmetry forces m2, = m3, and m?, = 0.

3. Define a complex field
¢1 + iy

¢ - \/§ )
and write the Lagrangian of Eq. (2.36)) in terms of this field.

(2.37)

4. Argue, based on the above, that a simple way to talk about fields that transform non-trivially

under an Abelian symmetry is in terms of complex fields.

Question 2.4: Gauge boson interactions

1. Explain why a gauge boson associated with a local symmetry necessarily interacts with all

fermions and scalars that are charged under the symmetry.

2. Explain why the gauge boson necessarily does not couple to fields that are neutral under the

symmetry (¢ = 0).

Question 2.5: Gauging a symmetry

The process of gauging a symmetry is one where we take a theory that is invariant under a
global symmetry and modify it to make it invariant under the corresponding local symmetry. This
is done by making the symmetry transformation parameter z-dependent, § = #(x) and adding a
gauge field.

In this question we consider a simple theory with a single complex scalar field ¢ that carries

charge ¢ = 1 under a U(1) symmetry.
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1. Write the most general Lagrangian, taking the U(1) symmetry to be global.

2. Write the most general Lagrangian, taking the U(1) symmetry to be local. In other words,
gauge the theory by adding a gauge field, denoted by A,, and replacing the derivative with

a covariant derivative.

3. Writing the kinetic term with the A, field appearing explicitly, obtain all the interaction

terms involving A,,.

Question 2.6: Chiral symmetry

The Lagrangian for a single, massless, free Dirac fermion field is given by
L=ip . (2.38)
Consider the following two transformations:
Ve, ey, (2.39)
1. Show that under these two transformations, the conjugate field transforms, respectively, as
) — e, W — et (2.40)

2. The 9 — €4 transformation is clearly vectorial, that is, 1’7 and ¥ transfrom in the same
way:

Y — el = e + e g (2.41)

The ¢ — €7 ) transformation, on the other hand, is chiral. That is, ¢, and 15 transfrom

diferently under it:
= e =P+ e g, (2.42)

Prove Eq. (2.42)).

3. Show that the Lagrangian (2.38)) is invariant under both transformations of Eq. (2.39).

4. Add a Dirac mass term to the Lagrangian, mi1), and show that it breaks the chiral symmetry,

1 — €75 4), and conserves the vectorial one, 1) — e 1.

The above result is the source of the statement that we can use chiral symmetries to forbid mass

terms for fermions.

Question 2.7: Vectorial and chiral symmetries
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Consider a system with N Dirac fermion fields 1,15, ..., ¥y, and one real scalar field, ¢. The

most general part of the Lagrangian that involves the fermions is

L=, [iddi; — mij — Nijol; . (2.43)

Generally, the symmetry of (2.43)) is a U(1) under which all the fermions carry the same charge

and the scalar carries charge zero.
1. Show that, if \;; oc m;;, the symmetry is larger, [U(1)]V.

2. Find a symmetry to impose on the Lagrangian in Eq. (2.43]) that sets m;; = 0 but allows for
Aij # 0. Explain why this symmetry must be chiral.

Question 2.8: Canonical normalization

According to the rules of writing Lagrangians, listed in Section [1.1] we should be writing the
most general Lagrangian, consistent with the imposed symmetry and the field content. Yet, we
always use canonically normalized fields, rather than the most general kinetic terms. Consider, for

example, a theory with N real scalar fields:
L = Lyin — V. (2.44)

The most general scalar potential is given by

Vo = 20005 + "2 $u0i00 + S s dnoe (2.45)
2 6 24
For the kinetic terms, we use the canonically normalized form:
1
*Ckin == 5%8”@8”@ (246)
Yet, the most general Ly, is given by
*Ckin = Zzgaugblaugb]a (247>

where Z is a general, symmetric and real matrix.

1. Show explicitly how to perform a change of basis by which Ly, of Eq. (2.47) assumes the
form of Eq. (2.46).

2. Taking the scalar potential of Eq. (2.45]) to apply in the basis of Eq. (2.47)), obtain the scalar
potential in the basis of Eq. (2.46)).

3. Based on the results above, argue that there is no loss of generality when choosing to work

with canonically normalized fields.
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Question 2.9: Accidental symmetries

Consider a variation of the model discussed in Subsection (2.1.4). We impose a U (1), symme-

try. The model has two complex scalar fields, ¢; and ¢, that carry charges ¢ = 1 and 2™ = 5.

The most general Lagrangian for this model is given by Eq. that we rewrite here:
£ = 0" §l0udn — migloi = Xij (916:)(6]6;)- (2.48)
1. Show that £ has a U(1), x U(1), symmetry, where the the charges of the fields are
¢ = (1,0), g2 = (0,1). (2.49)
Here the first [second] number in the parenthesis refers to the charge under U(1), [U(1)s).

The U(1), x U(1), symmetry is partially accidental, that is, we imposed a single U(1) and ended
up with a [U(1)]? symmetry. We can rewrite the symmetry as a product of U(1)inp X U(1)acc such
that U(1)imp is the imposed symmetry (with ¢;™® = 1 and ¢3™ = 5) and U(1)ac is an accidental
one. While there are many possible choices for U(1),.., the one we consider below is particularly

useful.
2. We choose U(1)ac such that the charges under U(1)iy, and U(1)ae are orthonormal:
WG G =0, (a) + (7)) = @) + (@) (2.50)
Find one possibility for ¢i“ and ¢5°°.
3. A generic [U(1)]? transfromation can be written in the two bases as
v — ei(qa9a+qb9b)¢ _ ei(qimpﬁimerqa“@acc)q/, (2.51)
The angles, 0inp and 0,c., can be expressed in terms of ¢, and ;. Find that relation.

4. Write a dimension six operator that breaks the U(1), x U(1), symmetry into U(1)imp.
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Chapter 3

QED

You are familiar with Quantum ElectroDynamics (QED) from QFT courses, where the QED
Lagrangian is given and its implications are studied. In this chapter we introduce QED using tools
of model building: We postulate a symmetry principle and the transformation properties of the
fields, and derive the Lagrangian.

This is also our first example of a model that describes Nature. QED is an effective theory
describing electromagnetic interactions at low energy. It encompasses, however, very important
and well known phenomena like the Coulomb potential, the anomalous magnetic moment (g — 2)

of the leptons, Compton scattering, and many more.

3.1 QED with one fermion

3.1.1 Defining QED

The simplest version of QED is defined as follows:

(1) The symmetry is a local
U(1em- (3.1)

(77) There are two fermion fields,
er(—1), er(—1). (3.2)

The sub-indices L, R denote the chirality: left-handed and right-handed, respectively. The

number in parenthesis is the U(1)gy charge.

(#7) There are no scalars.
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3.1.2 The Lagrangian

As discussed in Section [2.3], the most general renormalizable Lagrangian with scalar, fermion, and

gauge fields can be decomposed into
L = Lyin + Ly + Ly + Lo (3.3)

It is now our task to find the specific form of the Lagrangian made of the fermion fields e;, and eg
subject to the U(1)gym gauge symmetry.
The imposed U(1)gm gauge symmetry requires that we include a single gauge boson, A* (of

charge ¢ = 0) that we call the photon field. The corresponding field strength is given by

Fr = 0oFAY — 0" A*. (3.4)
The covariant derivative is
Dt = 0" + ieqA*, (3.5)
where e is the coupling constant and, specifically for the ey, p fields, ¢ = —1.

Liin includes the kinetic terms of all the fields:
Loin = e Des, + iEiDen — iFWFW. (3.6)
Ly includes a Dirac mass term for the electron fields:
—Ly = meereg + h.c.. (3.7)
Finally, since there are no scalar fields in the model,

Lyac =0,  Ly=0. (3.8)

3.1.3 The spectrum

The spectrum of the model defined above consists of a massive Dirac fermion of mass m., and a
massless gauge boson — the photon. We call the Dirac fermion “the electron,” and denote it by
e. (It is somewhat unfortunate that the QED coupling constant and the electron field are both
denoted by e. Which of the two options is meant should be clear from the context.)

We emphasize the following points:

e The electron is a Dirac field, which has four DoF.

e The reason we can write a Dirac mass term for the electron is that QED is vectorial, that is,

the ey, and eg fields are assigned the same charge.

e The reason that we cannot write Majorana mass terms for the e, g fields is that they carry
charge ¢ # 0.

e The masslessness of the photon is a consequence of the gauge symmetry.

43



3.1.4 The interactions

Expanding D*, we obtain the photon—fermion interaction term:

L = eede, (3.9)
where the coupling constant e is positive, and we used ¢ = —1 for the electrons. When the charge
of the electron is set by convention to ¢ = —1 (as we do in our definition of the model), the coupling

constant e is related to the fine structure constant as
a=—. (3.10)
We emphasize the following points:

e The photon is not charged under QED (g4 = 0) and consequently, at tree level, photons do

not interact with photons.
e The QED interaction is vector-like.

e QED conserves ', P and C'P. That is, C', P and C'P are accidental symmetries of the
theory.

3.1.5 Parameter counting

The QED Lagrangian has two free parameters that can be chosen to be the electron mass, m., and

the coupling constant, e or, equivalently, . Both have been measured with impressive accuracy:
me = 0.51099895000(15) MeV, o~ = 137.035999084(21). (3.11)

This model has no internal accidental symmetry.

3.2 QED with more fermions

3.2.1 Two Dirac fermions

We study a generalization of QED where we add a second fermion to the theory. We obtain

interesting lessons regarding symmetries. Our definition of the model is as follows:

(1) The symmetry is a local
U(1) g (3.12)

(7i) There are four fermions fields,
G(-1),  f(-1)  (i=12). (3.13)
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(731) There are no scalars.

The Lagrangian is a simple extension to the previous model. Since the model has no scalars,

we still have Ly = L4 = 0. The canonically-normalized kinetic terms for the fermions read
Ly = il DU, + i3 DO + il R Pl + 103 DU, (3.14)
The fermion mass terms read

. - 0
Ly = Bl + e, = (% ) (m” m12> ( R) +he. (3.15)

2
mo1 Moo KR

We can, however, transform to a different basis for the fermion fields, such that in the new basis

the mass matrix is diagonal (see Question [3.5)). Consider two unitary matrices, V;, and Vg, which

m m Me
Vi ( H 12) Vi= ( ) . (3.16)
mMo1 M2 my,

Then, inserting the unit matrix twice and rewriting £, of Eq. (3.15)) as

diagonalize the mass matrix:

—Ly = O VIVEmy VAV, (3.17)
it is clear that these two matrices are the rotation matrices from the original basis to the new one:
0 e 0 0 e 0
(2)G)=ule) (g)-C)m(g) oo
5 1222 53 lx HR lx
In terms of these new basis states, the Lagrangian reads
—Ly = meee + my,fip. (3.19)

Since we work with canonical kinetic terms, the above rotation keeps the kinetic terms invariant.
The basis where the mass matrix is diagonal is called the mass basis. The fermion states in this
basis are called mass eigenstates. We call the two mass eigenstates the electron, e, and the muon,
. By definition, the muon is heavier than the electron, m, > m..

In the language of the e and p Dirac fields, the full QED Lagrangian reads
1
GEp = 1€Pe +ifDu — ZFWF’W — meee — my . (3.20)

The QED model with two Dirac fermions has thus three parameters: a and m., whose experi-
mental values are given in Eq. (3.11]), and my,:

m,, = 105.6583745 4= 0.0000024 MeV. (3.21)
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3.2.2 Accidental symmetries

An interesting feature of this model is that it exhibits an internal accidental symmetry. The
imposed symmetry is local U(1)gy symmetry. The Lagrangian is, however, symmetric under a
global [U(1)]* symmetry which we choose to denote as U(1), x U(1),, symmetry. The conventional

charge assignment under this symmetry is
e(+1,0), p(0,+1). (3.22)

The symmetry is manifest in Eq. (3.20]), where there is no term that involves both e and p fields.
Thus, an independent phase rotation of each of them represents a symmetry. The global U(1)gy
(which is automatically imposed when imposing local U(1)gwm) is, however, part of U(1). x U(1),.

We can rephrase our findings in the following way. Equivalently to U(1). x U(1),, we can use
U)pm X U(1)e—y, (3.23)

with the charges
=g — ol g = L (3.4

U(1)gm is the imposed symmetry, while U(1)._, is an accidental symmetry.

The experimental implication of the accidental symmetry is that QED conserves the muon and
electron numbers. In any QED process, the number of electrons minus the number of positrons is
conserved, and the number of muons minus the number of anti-muons is conserved. The symmetry
we impose — electric charge conservation — is the sum of the above two conservation laws.

The accidental symmetry is broken by higher dimension operators. For example, the dimension-

six term,

GueeeqeRQﬂI% (3 25)

where G cce is a dimensionful constant, breaks the accidental symmetry (it carries U(1)._, charge
of —2), but is still invariant under the imposed local symmetry (its U(1)gy charge is zero). This
term allows processes that are forbidden by the accidental symmetry. For example, the decay
process 1~ — e~ ete”, which is allowed by the imposed U(1)gy but violates the accidental U(1)._,
symmetry, occurs if Geee # 0. In Question you are asked to work out the details.

So far no decay process that violates the U(1)._, symmetry has been observed. In neutrino

oscillation experiments, however, such violation has been observed. We discuss it in more detail

in Chapter [14]

3.2.3 Even more fields

We can add more fields to QED. As long as we add pairs of LH and RH fields with the same charge,

the situation is similar to the model of two Dirac fermions described above. There is always a
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basis where the mass terms are diagonal, and thus each pair of LH and RH fields can be combined
into a Dirac field that does not interact with the other fields. In this basis

J J

where j = 1,..., N runs over all the Dirac fields. This model has a [U(1)]"¥ symmetry, which in
this form, is manifest.

Note that not all fields necessarily carry the same U(1)gy charge. (The charge of each field is
implicit in the covariant derivative.) Indeed, the charged elementary fermions known to us come
in three different charges: The charged leptons (the electron, muon, and tau) with ¢, = —1, the
up-type quarks (up, charm, and top) of charge ¢, = +2/3, and the down-type quarks (down,
strange and bottom) of charge ¢4 = —1/3. There are three Dirac fermions of each of these three
types. The QED Lagrangian for these nine Dirac fields has a global [U(1)]? symmetry. In other
words, the number of fermions minus the number of anti-fermions of a given charge and a given

mass is conserved.

3.3 Experimental tests of QED

QED had been tested to a very high degree of precision by numerous experiments. QED passed
these tests successfully, that is, the QED calculations agree very well with the experimental results.
In fact, the tests go well beyond tree level calculations, and often require a very high loop level
calculation. Moreover, some of the experiments are precise enough that tiny contributions from
beyond-QED need to be incorporated into the corresponding calculations.

The masslessness and charge-neutrality of the photon are prediction of QED, independent on

the values of its parameters. The experimental upper bounds are
my < 1x107'% eV, lga] < 1x107% e. (3.27)

The massless photon field should generate a long range potential of the form eq/r. This is indeed
the form of the Coulomb potential.

Below we mention a few of the processes that were used to form the theory of QED and to
further test it. Some of the well known tests of QED include the Lamb shift, g — 2 of the muon,
positronium decays, Compton scattering (ye~ — ve™), Moeller scattering (e”e~ — e~ e~ ), Bhabha
scattering (ete™ — ete™), muon pair production (e*e” — ptp™), and photon pair production
(ete”™ — 7). You should have encountered most of these processes in your QFT course but, if

you did not, you are encouraged to study them and carry out some of the calculations yourself.

47



For further reading

The phenomenology of QED is discussed in many textbooks and reviews. In particular, see Chapter
5 of Ref. [2] and Chapter 13 of Ref. [14].
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Problems

Question 3.1: Algebra
1. Draw the Feynman rules for the gauge interaction of Eq. (3.14)).

Question 3.2: Non-renormalizable terms in QED

In this question we discuss aspects of non-renormalizable terms in QED. Consider the model
defined in Section [3.2.1 where we impose C' and P symmetries, and add the following non-
renormalizable term:

—Lnr = Geeep. (3.28)

Here G is a coupling of mass dimension d = —2, and we use Dirac field notations for the electron

and muon fields.

1. Draw all the tree level diagrams that contribute to the decay u™ — eTe~e™ and obtain the

resulting amplitude. Denote the amplitude as Ayg.

We now study a renormalizable model that generates the term of Eq. (3.28). Add to the model
defined in Section a scalar field S with EM charge ¢ = +2.

2. Write down the covariant derivative D,S as well as the scalar potential £g. Denote the

scalar mass-squared term by m% and assume that it is positive.
3. Write down the Yukawa coulings in this model.

4. Draw all the tree level diagrams that contribute to the decay ut — ete~et and obtain the

resulting amplitude. Denote the amplitude as Ayy.

5. Consider the case where mg > m,,. Identify G in terms of the model parameters such that

Auv = Ang to leading order in mi /m%.
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This model provides an example of how non-renormalizable terms, made of light degrees of freedom,

can be generated from a full theory that includes also much heavier degrees of freedom.

Question 3.3: A mirror world

Consider the following model:

(4)

(i)

(iid)

The symmetry is a local U(1)gy X U(1)p. We denote the corresponding gauge bosons by A,
and C),, and their field strengths by F),, and C,,,, respectively.

There are four Weyl fermion fields:
6L<—1,0), GR(—l,O), dL(()?—l), dR(O,—l), (329)

where the first number in the parenthesis is the charge under U(1)gy and the second is the

charge under U(1)p.

There are no scalars.

Write down the covariant derivative D,, for a generic field with charge (gma, ¢p), and then
write it specifically for the four fermion fields. Use a normalization such that the coupling

constants of the two groups is the same, that is, gen = gp = €.

Draw the Feynman rules for this theory, i.e. draw all vertices from the interaction terms in
the Lagrangian and write down their corresponding rules. Be sure to label the fields and

take care of particle flow.
Find £, and state what are the masses of the fermions and how many DoF each has.

Consider the term C,,, F*. (A term of this form is called “kinetic mixing” term.) Argue

that this term is gauge invariant, Lorentz invariant, and has mass dimension d = 4.

Despite the fact that the kinetic mixing term is allowed we do not write it since we use canonical

normalization. (It is a similar argument for why we do not write a term of the form év,D"p.)

Thus, we can write L = Lgyv + Lp and the two sectors are completely decoupled. In particular,

the process ee — dd is not allowed as it connects the two sectors.

d.

We now add a scalar field S(—1,+1) to the theory. Write down explicitly the covariant

derivative D,,S.

Write down the most general coupling of S to the fermions (up to dimension-four terms).

Write down the hermitian conjugate terms explicitly.

Explain why the theory violates parity. What are the consequences of imposing parity?
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From now on assume that parity is imposed, and we use Dirac fields.
8. Draw the Feynman rules of the gauge and Yukawa interactions involving S.

9. With the addition of the field S, the process ee — dd is allowed. Draw a tree level Feynman

diagram for this process.

10. We assume that the mass of the scalar, Mg, is much larger than E, the center of mass energy

of the incoming electron, that is: Mg > FE. In this limit, how does o(eé — dd) scale with
Mg?

11. We now add another Dirac fermion field, 6(0,—2). Write down its couplings to the gauge
bosons, the scalar, and other fermions, and draw the corresponding Feynman rules (again,

up to dimension four).

12. The process eé — bb does not occur at tree level, but it does at the one loop level. Draw one

such loop diagram.

The model that we considered in this question is representative of a class of models where, in
addition to a sector with the particles and interactions known to us, one adds a sector that is
either completely decoupled from the first sector, or coupled to it only via very heavy degrees of
freedom. The (almost) decoupled sector is often called a “dark sector.” Thus, C,, would be called

a “dark photon”, and its interactions can be termed as “dark QED.” We return to this model in

Question [6.4]

Question 3.4: Light by light scattering

One of the well known properties of waves is the superposition principle that states that two
electromagnetic waves do not interact with each other. The superposition principle is, however,
only a classical approximation and it does not hold at the quantum level. In order to understand
this statement, we discuss the cross section for the scattering process 7y — . We only consider

photons that have center of mass energy smaller than 2m,.
1. Explain why at tree level (also referred to as the classical level),
a(yy —vy) =0. (3.30)

2. Within the framework of QED with only an electron field, draw a one loop diagram that

contributes to the above process.
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3. The cross section was calculated to leading order in £/m,. (where E is the photon energy)
in the 1930s by Euler and Kockel. In the center of mass frame, the differential cross section
is given by

do 1390t E® 2
— = —s—1(3 20)" . 3.31
dQ (1807TE)2 mg ( -+ cos ) ( )

Without explicit calculation, explain why the cross section depends on o* and on 1/m}.

4. Calculate the total cross section, that is, integrate over €2 and show that

973 Ea?
10125 md

o

(3.32)

Remember to include a factor of half due to having identical particles at the final state.

5. The above result takes into account only an intermediate electron. Estimate the effect of

including the muon. Consider only the case where F < m,.

6. The cross section is numerically very small for visible light. Calculate the probability to have
at least one light by light interaction when two laser beams of visible light (of 500 nm) cross
each other for one second. Assume that the beam area is 1 mm? and that the flux of photons

F is 10?! photons per second per m?. Recall that the event rate is given by

dN
yr Lo = F?ATo, (3.33)

where A is the beam area and T is the overlap time. For colliding beams, the luminosity L
is given by L = F2AT.

7. At what photon energies do you expect the effect to become significant?

Question 3.5: Matrix diagonalization

Consider a 2 x 2 Hermitian matrix:

M= (“ C)) (3.34)

with a and b real.

1. Show that the eigenvalues are

TeM % \/(TeM)? — A det M
A2 = 5 : (3.35)
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2. Prove that
(TrM)2 > 4 det M. (3.36)

This is needed in order to ensure that the eigenvalues are real.

3. Assume that c is real. In this case, the matrix M can be diagonalized by an orthogonal

matrix O: ‘
cosf@ siné
0= ( | ) | (3.37)
—sinf cos@
We call 6 the mixing angle. Show that
2c
tan 20 = 3.38
an T ( )

4. Consider a general matrix

M:C 9. (3.39)

In general, it can be diagonalized by a bi-unitary transformation, as we did in Eq. (3.16]).
That is
Mgiag = VLMV (3.40)

In order to find V;, and Vg, first show that MMT and MM are Hermitian and that they
are diagonalized by V; and Vjg, respectively. Then use the above formalism to find the

diagonalization angle in the case where M is real.
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Chapter 4
Non-Abelian symmetries

In previous chapters, we discussed Abelian symmetries, such as U(1). For this type of symmetries,
also known as commutative symmetries, the result of applying two symmetry transformations does
not depend on the order in which they are applied. In this chapter, we discuss non-Abelian sym-
metries, such as SU(2) and SU(3). For this type of symmetries, also known as non-commutative
symmetries, the result of applying two symmetry transformations might depend on the order of
which they are applied. Within the SM, and in models that extend it, both Abelian and non-

Abelian symmetries play an important role.

4.1 Introduction

In order to discuss non-Abelian symmetries, we use the language of Lie groups (we provide a short
review of the topic in Appendix . For the sake of concreteness, we focus on SU(N) groups, but
most of the results are generic and apply to any Lie group.

We are interested in internal symmetries where the symmetry transformation is unitary:
¢ — Ud, UUt=U'U =1. (4.1)

We now emphasize some of the differences between transformation laws for Abelian and non-
Abelian symmetries. Specifically, we list differences between U(1) and SU(N) symmetries.
Consider a U(1) symmetry and a field ¢ that carries charge ¢ # 0.

e The field ¢ is necessarily complex.

e The transformation law for this field is

b — %%, (4.2)

e The charge, ¢, is a real number.
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e Thus, for an Abelian symmetry, the transformation law is defined for each single complex
field separately. A U(1) symmetry operation changes the phase of the field proportionally to
the charge.

e For a Lagrangian to be invariant under a U(1) symmetry, each term must consist of a product

of fields such that the sum of their charges is zero.

Consider an SU(N) symmetry and a field ¢ in a representation R of dimension M > 1. Here

¢ is a vector with M components, ¢; with i =1,..., M.
e If R is a complex representation, ¢ is complex. If R is a real representation, ¢ can be real.

e The transformation law for this field is

Cbi N (eiTaOa)ij ij- (43)

Here i,j = 1,...,M and a = 1,...,(N? — 1). The T,’s are the generators of the SU(N)
algebra:
[Ta; Tb] - ifabcTc- (44)

For the field ¢ in the M-dimensional representation R, the T,’s are represented by M x M

matrices.

e Thus, for a non-Abelian symmetry, the transformation law is defined for each multiplet of
fields separately. The SU(N) symmetry operations consist of rotations among the various

components within each multiplet.

e For a Lagrangian to be invariant under a non-Abelian symmetry, each term must consist of
a product of fields such that the various representations are contracted into a singlet of the

symmetry group.

If the symmetry group is not simple, we can consider an independent rotation within each
simple subgroup. Then, it is convenient to represent the field as a vector under each of the simple
Lie subgroups. When a field undergoes a transformation under one simple subgroup, it is not
affected by the other subgroups. For example, consider an SU(3) x SU(2) group, and a field
that is a triplet under SU(3) and a doublet under SU(2). We can denote the field by ¢,;, where
a = 1,2,3 is the SU(3)-triplet index, and i = 1,2 is the SU(2)-doublet index. We can write
separately the transformation laws under an SU(3) symmetry transformation and under an SU(2)
symmetry transformation:

Boi — (e(i/maea)aﬁ i, bai — (6(1‘/2)7,,9,))”%]" (4.5)

v
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Here A, are the eight 3 x 3 Gell-Mann matrices, which are (twice) the SU(3) generators in the
triplet representation, and 7, are the three 2 x 2 Pauli matrices, which are (twice) the SU(2)
generators in the doublet representation.

The notation that we use is best explained by examples. For the case of an SU(3) x SU(2)
symmetry, we write the representation of a field ¢ that is an octet under SU(3) and a singlet
under SU(2) as ¢(8,1): The first number in parenthesis is the representation under SU(3), and
the second one under SU(2). When we consider product groups that include both non-Abelian
and Abelian factors, the charges under U(1) symmetries are written as sub-indices. For example, if
the symmetry is SU(3) x U(1), a field that is a triplet under SU(3) and has charge +1 under U(1)
is written as ¢(3),;. As a final example we take the symmetry to be SU(3) x SU(2) x U(1), with
a field ¢ that is an SU(3)-triplet, an SU(2)-doublet and carries U(1) charge of +1/6: ¢(3,2)41/6.

4.2 Global symmetries

As described above, in each Lagrangian term, the product of the various representations must
be contracted into a singlet of the imposed symmetry. The way we combine representations is
presented in Appendix[A.8 In most of the upcoming sections, we only make sure that the product
of representations contains a singlet, and keep the group indices of the various fields implicit. (We
can do so because, in all cases discussed in this book, there is a single way to combine the product
of representations into a singlet. In other cases, where there is more than one way to do so, it is
important to write the contraction explicitly.)

In this Section, we present three models:
1. A model that demonstrates that mass-squared terms for scalars cannot be forbidden.
2. A model that demonstrates that fermions in vectorial representations have Dirac masses.

3. A model that demonstrates that fermions in chiral and complex representations are massless.

4.2.1 Scalars and SO(N)

Consider the following model:

(1) The symmetry is a global
SO(N), (4.6)

with N > 2.

(73) There is a single scalar field in the fundamental representation,
¢(N). (4.7)
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(737) There are no fermions.

Note that there are N scalar DoF in this model, but we combine them into an N representation
and thus we refer to it as a single scalar field.

The most general renormalizable Lagrangian is given by
1 1 1
L=3 ! O — §m2¢T¢ - ZA(¢T¢)2- (4.8)

What we mean by ¢7 ¢ is the contraction of an (N) x (N) into a singlet of SO(N). Explicitly, the
contraction of the SO(N) indices is given by ¢;¢;.
We note the following points:

1. There is no internal symmetry that one can impose to set m? = 0 or A\ = 0.

2. In the case of N = 2 the symmetry is Abelian, and the model is the same as the one discussed
in Section 2.1.2]

4.2.2 Vectorial fermions and U(N)

Consider the following model of vectorial fermions:

(7) The symmetry is a global
U(N)=SU(N)xU(1), (4.9)

with N > 2.
(73) There are two fermion fields in the fundamental representation:

Yr(N) 41, Yr(N)41. (4.10)

(77i) There are no scalars.

Here, similar to the model of Section |4.2.1] many DoF are combined into an irreducible represen-
tation. Given that each Weyl fermion has two DoF, the model has a total of 4N DoF. The most

general renormalizable Lagrangian is given by

L =ity P+ ivr D — (Mg + hoc.), (4.11)

where the group indices are implicit.

Note the following points:

e We cannot write Majorana mass terms since the fermions are charged under U(1).

e Since this model is vectorial, that is, the left-handed v, and right-handed g transform in
the same way, we can combine them into a Dirac fermion ¢ and rewrite Eq. (4.11]) as follows:

L =iy — mip. (4.12)
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4.2.3 Chiral fermions and U(N) x U(N)

Consider the following model of chiral fermions:
(1) The symmetry is a global
UN)L xU(N)r=SU(N)L x SUN)rxU(1), x U(1)g, (4.13)
with N > 2.

(7i) There are two fermion fields:
YN, D)o, Yr(L, N)o,1. (4.14)

(737) There are no scalars.

The most general renormalizable Lagrangian has only kinetic terms:

L =iy v +ibg P g (4.15)
A few comments are in order:

e As discussed in Section[2.1.5|and demonstrated here, fermion mass terms can be forbidden by
a symmetry. This stands in contrast to scalar mass-squared terms which cannot be forbidden
by a symmetry, as demonstrated in the model of Section [1.2.1]

e The reason that the mass term vanishes in the Lagrangian of Eq. is that the fermion
fields of the model are in a chiral representation of the symmetry. This stands in contrast to
the model of Section 4.2.2, where the fermion fields are in a vectorial representation of the
symmetry, and therefore the Lagrangian of Eq. includes a Dirac mass term.

e The U(N) symmetry of Eq. (4.9)) is a subgroup of the U(N ), xU(N ) symmetry of Eq. (4.13]).

It is often called “the vectorial” subgroup.

4.3 Local symmetries

Abelian local symmetries were discussed in Section 2.2 Here we discuss non-Abelian local sym-
metries, commonly called “Yang-Mills theories.” The following properties apply for both Abelian

and non-Abelian local symmetries:

e Terms that depend on scalar and/or fermion fields only, but not on their derivatives, and
which are invariant under a global symmetry, are also invariant under the corresponding

local symmetry.
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e The kinetic terms are not invariant under the local symmetry.

From here on, we consider specifically the case of SU(N), but the main points apply to all Lie
groups. To achieve invariance under a local non-Abelian symmetry, we must add gauge fields, that
we denote by G, and replace the derivative 0*¢ with a covariant derivative D¢, such that D¢

and ¢ transform in the same way:
¢ — Tl Drp — Tl D, (4.16)

The T,’s are the N2 — 1 generators of the SU(N) algebra and, for ¢ in an M-dimensional repre-
sentation, they are represented by M x M matrices.

The gauge bosons that we introduce must restore the local symmetry for N2 — 1 independent
rotations. Therefore, they themselves must carry an index a = 1,2, ..., N? — 1, in contrast to the
single gauge boson needed for an Abelian local symmetry. Furthermore, the fields in an SU(N)-
symmetric theory must transform in a well-defined way under the symmetry. It is suggestive then
that the gauge bosons G* are in the adjoint representation of SU(N). You are asked to prove that
this is indeed the case in Question [£.6l We conclude that the covariant derivative is given by

D = 9" + igT,G* (4.17)

where g is the dimensionless positive coupling constant. The transformation law for G* is given

by (see Question
1
Gt — G — furcthG — ;8"%. (4.18)

The fact that the non-Abelian gauge field is in the adjoint representation of the gauge group and,
in particular, that — unlike the Abelian case — it is not a singlet, has significant consequences:
It leads to self-interactions of the gauge fields, as we discuss below.

To promote G* to a dynamical field, we must introduce a kinetic term. Similar to our treatment
of the U(1) case, Eq. (2.27), we now define the field strength G# as

[D*, D" = igT,G"". (4.19)
Inserting Eq. into Eq. , and using the SU(N) algebra, we obtain
TGy = To(0"Gy — 0"Gly — g fanc Gy GY), (4.20)
Further using tr(7,7}) o 045, we can rewrite Eq. as follows:
Gy = 0"GL — "Gl — gfanc Gy GE - (4.21)

Compared to the Abelian case, Eq. (2.28]), the non-Abelian case, Eq. (4.21)), has an extra term.

This term is the source of self-interactions of the gauge fields.
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The kinetic term of non-Abelian gauge fields is given by
1
Ly = —ZGQ“’G@W. (4.22)
Note the following points with regard to Eq. (4.22)):

e Given the kinetic term, G* is a dynamical field and its excitations are physical particles. For

example, as we show later, the gluon is associated with such excitations.
e We work in the canonically normalized basis where the coefficient of the kinetic term is 1/4.

e While a kinetic term is invariant under the gauge transformation, a mass-squared term —
%m2ijGa“ — is not. Local invariance under non-Abelian symmetry implies massless gauge

fields in the adjoint representation.

e A total derivative term of the form Gg”éw (with éa/“, = €u,0G??) is Lorentz invariant,
gauge invariant and dimension-four. For the Abelian case, we did not include such a term
in Eq. because it is not physical. For the non-Abelian case, we still do not include it
in Eq. because it is not physical at the classical level. Yet, at the quantum level, it
is physical. We briefly present the physical implications within the SM of such a term for a
local SU(3) symmetry in Section 8.A1]

The non-Abelian gauge fields couple to themselves. This can be seen by replacing G#* in Eq. (4.22))
with the explicit expression in Eq. (4.21)), which leads to interaction terms that are trilinear and
quartic in the gauge fields:

1
‘Cselffinteractions = gfabc<a,uGa1/>GlbLGZ - 192 (fachgGZ) (fadeGd,uGez/) . (423)

The self-interactions of the non-Abelian gauge fields stand in contrast to the Abelian gauge fields
which have no self-interactions. As mentioned above, the source of this difference is the fact
that U(1) gauge fields are neutral under the U(1), while SU(N) gauge fields are in the adjoint
representation of the SU(N), and thus are charged under their own group.

If the symmetry group decomposes into several commuting factors, each factor has its own
gauge fields in the corresponding adjoint representation and an independent coupling constant.
For example, if the symmetry is SU(3) x SU(2) x U(1), we must introduce three irreducible
representations of gauge fields: (8,1), representation, with coupling constant gs, to make the
Lagrangian invariant under the local SU(3); (1, 3)o, with coupling constant go, to achieve invariance

under local SU(2); and (1, 1), with coupling constant g, to achieve invariance under local U(1).

4.4 Running coupling constants

In QFT, the coupling constants depend on the energy scale. In the Physics jargon, we say that

the coupling constants run. Here we do not discuss the theoretical background for this effect
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and assume that the reader is familiar with it from a QFT course. We just present the relevant
equations and mention several important consequences.

The running — namely, the energy dependence — of a coupling g is given by the beta function:

dg
= Blo). (1.21)

where p is the relevant energy scale. The beta function depends on the field content of the theory.
The leading order effects depend only on fields that are charged under the symmetry. The fact
that an Abelian gauge boson is neutral under the Abelian symmetry, while a non-Abelian gauge
field is charged under the corresponding non-Abelian symmetry, has important implications on the
running of the respective coupling constants.

Consider a local U(1) theory, with n; chiral fermion fields with charge |¢| = 1. The beta

function for the coupling constant g; is given, to leading order, by

3
Blg1) = ;ii; . (4.25)

(This result is often quoted for the case of ny Dirac fermions, where the 24 is replaced by 12.)
Consider a local SU(N) theory, with n; fermion fields in the fundamental representation N
and n; fermion fields in the anti-fundamental representation N. The beta function for the coupling

constant gy is given, to leading order, by

_ (2ny — 1IN g3

Blaw) = ( 3 ) 1672
The important difference between the running effects of the Abelian case, Eq. (4.25), and non-
Abelian case, Eq. (4.26)), is in the sign of the beta function. In the U(1) case, the beta function is

always positive. Consequently, the lower the relevant energy scale, the smaller the coupling. In the

(4.26)

SU(N) case it can assume either sign. If the number of fermions in not too large, ny < (11N/2)
(and in particular in the pure gauge case, ny = 0), the sign is negative. In this case, the lower the
relevant energy scale, the larger the coupling. The phenomenon that couplings become smaller at
higher energies goes under the name of “asymptotic freedom.”

When using perturbation theory, reliable calculations of experimental observables are possible
only in the perturbative regime. If a coupling grows large, one loses the ability to make accurate
predictions using perturbation theory with the coupling as the small parameter. For U(1) theories,
we can use perturbative calculations to make accurate predictions at low enough energy (often
called “the IR”). For SU(N) theories, if the number of charged fermions is small, ny < (11N/2),
we can use perturbative calculations to make accurate predictions only at high enough energies
(“the UV”), while in the IR perturbativity is lost. We discuss the implications of this situation in
the next chapter where we present QCD — the theory of strong interactions — as a specific and

important example.
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Table 4.1: Abelian vs Non-Abelian symmetries

Abelian Non-Abelian

Field P, dn)=d;, i=1,...,n
Transformation O — 9P b, — (eiTaea)ij D,

with ¢ a real number with T}, in the irrep of ®
The gauge field A, G},
irrep of the gauge field q=0 Adjoint
Covariant derivative D, =0, +igqA, D, =0, +igl*A;
Field strength tensor Fre = grAY — Q" AF | G = OFAY — OV AP — g fapc Al AY
Gauge kinetic term —iFWFW —iGng”
Gauge boson self-interactions No Yes
Sign of the beta function Positive Can assume either sign

4.5 Summary

We summarize the main differences between the Abelian and non-Abelian cases in Table A1

For further reading

QFT aspects of non-Abelian symmetries can be found, for example, in Chapters 15 and 16 of

Ref. [2]. More on running coupling constants can be found in, for example, Chapter 23 of Ref. [14].
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Problems

Question 4.1: Algebra

1. Insert Eq. (4.17) into Eq. (4.19) and use the SU(N) algebra to obtain Eq. (4.20).
2. Use the definition in Eq. (4.21)) to derive Eq. (4.23)).

3. Derive the Feynman rules for the self-interactions of the gauge fields.

Question 4.2: Constructing invariants

Consider the following model:
(¢) the symmetry is a global SU(3) x SU(2) x U(1).
(77) There are three complex scalars:

A(3,2).,  B(T,3)s  C(3,2).. (4.27)

(737) There are no fermions.

1. Find all possible values of x and of T" such that the term ABC is allowed.

2. Repeat the question for a term of the form ABCT.

Question 4.3: SU(3) and a flavor symmetry

Consider the following model:

(1) The symmetry is a global
SU(3)c. (4.28)
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(7i) There are N complex scalar fields that transform as

$:(3), i=1,..,N. (4.29)

(737) There are no fermions.

We call the index 7 “a flavor index”

1. What is the number of real scalar DoF in this model?

2. Take N = 3. Write the most general renormalizable Lagrangian. For each term state explic-
itly if it is symmetric or antisymmetric in its flavor indices. Note that there are quadratic,

cubic, and quartic terms.

3. We now impose an additional global symmetry that we call flavor SU(3)r, such that the
three flavors constitute an SU(3)p-triplet (¢1, ¢a, ¢3). In other words, the scalars of this
model are in the (3,3) representation of SU(3)¢ x SU(3)r. What are the implications of
imposing the SU(3)r symmetry on L7

Question 4.4: Scalar Lagrangians

Consider a model with four real scalar fields ¢; (i = 1,...,4).

1. Write the kinetic terms for this model. Argue that Ly, has an SO(4) symmetry where the

four real scalars form the fundamental representation of SO(4).

2. Impose an SO(4) symmetry, with the four real scalars in the fundamental representation of
SO(4), that is, they form a vector in 4-dimensional real space, ® = (¢4, ... ,¢4)T. Write the
most general renormalizable Lso). Explain why the mass terms must be proportional to

unit matrix in that space.

3. Impose a U(1) symmetry (instead of the SO(4) above, not in addition). To do so, pair the four
real scalar fields into two complex scalar fields, ¢, = (¢1 +igo)/Vv/2 and ¢y = (d3 +igs)/ V2.
The U(1) charges are g, = 1 and ¢, = 4. Write the most general renormalizable Lya)-

4. Ly has an accidental symmetry. What is it and what are the charges of ¢, and ¢, under
it?

5. Write a non-renormalizable term that breaks the accidental symmetry.
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Question 4.5: Discrete sub-symmetries

Consider the following Lagrangian for two Dirac fermions:

L = 0,[(i) — m)dliy, (4.30)

where the flavor indices 7,7 run from 1 to 2. This Lagrangian is manifestly invariant under
some discrete symmetries in flavor space. These symmetries, however, are part of the U(2) flavor
symmetry under which (¢4, ) form a doublet. For example, the symmetry operation ; — —1;
can be generated by the U(1) transformation: U = €' with o = w. Find the U(2) = SU(2) x U(1)

rotations for the following two symmetries:

(4) Yy =1, b — = (4.31)
(i) (IR

Hints: You can write your answer as a series of several rotations. The following identity can be
useful

exp(iao,) = I cosa + io, sina (4.32)

Question 4.6: Non-Abelian gauge bosons

In this question you are asked to prove that the gauge bosons belong to the adjoint represen-

tation. Consider a field ¢ that transforms as an M-dimensional representation, R:
¢ — Ud, U = ¢'Taba, (4.33)

where a runs from one to the dimension of the group (for SU(N), a = 1,2,...,N*> — 1) and U
and T are M x M matrices. We take 0, to be independent of z,,. This may seem weird, as the
whole reason to introduce the gauge fields is to let 6, depend on z,. Yet, once the gauge fields
are introduced, they must transform also under the global symmetry, so 6, = const(z,) is just a

special case. The covariant derivative is
D, = 0, +19G,, G, =G T, (4.34)
1. Show that the infinitesimal transformation is

U=1+iT,0,+0(6?). (4.35)

2. Write the infinitesimal transformation of ¢, explicitly with the group indices.
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3. In order to promote a global symmetry to a local one, D, ¢ must transform the same way as
¢, that is,
D, = UD,¢. (4.36)

Show that Eq. (4.36)) implies that

1
G, — UG,U" — ;Ta(?,ﬂa. (4.37)

4. Show that Eq. (4.37)), together with the algebra of the group, imply that for an infinitesimal
gauge transformation
a a C faoc 1 a
Go — G5+ 0°f"° G, — ga,ﬂ : (4.38)

5. Using Eq. (4.35]), argue that the irrep of the gauge field is
(T)* = —ife. (4.39)

Using this result argue that the gauge fields transform as the adjoint.
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Chapter 5

QCD

Quantum ChromoDynamics (QCD), the theory of strong interactions, is our first example of a
non-Abelian theory. The theory exhibits various interesting aspects. In particular, at low energy
(often called “the IR”), the perturbative approach that we use cannot be applied. In this chapter
we define the theory at high energy (“the UV”) in a perturbative way. We discuss IR aspects in
Chapter [I0] QCD is a successful theory that has passed many experimental tests. We defer the
discussion of these successes to Chapter [10]

5.1 Defining QCD

QCD is defined as follows:

(1) The symmetry is a local
SU(3)c. (5.1)

(7) There are six left-handed and six right-handed fermion fields,
QLi(3)7 QRz(B)a 1= 1,...,6. (52)
From here on, we call fermions in the triplet representation of SU(3)x “quarks.”

(731) There are no scalars.

5.2 The Lagrangian

The most general renormalizable Lagrangian is given in Eq. (2.32)). For a model with fermion fields

and no scalar fields we have
L= Lyin + Ly. (5.3)
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It is now our task to find the specific form of the Lagrangian made of the fermion fields (), and
Qr;i subject to the SU(3)c gauge symmetry.

The imposed SU(3)c gauge symmetry requires that we include a gauge field in the adjoint
representation of SU(3)c, G, that we call the gluon field. The corresponding field strength is
given by

Gl = 0'G = Gl — g fure GLG. (5.4)

Here, g4 is the coupling constant, and f,. are the structure constants of SU(3). The covariant

derivative is
DV = 0" +1ig,GH L, (5.5)

where L,, a =1,...,8, are the SU(3) generators, [Lg, Ly| = ifapcLc. In the triplet representation,
Lo = 34, where A, are the eight 3 x 3 Gell-Mann matrices given explicitly in Eq. (A.26)). The

covariant derivative is the same for all the fermions in the theory and is given by
D= o + ;gngAa. (5.6)
Ly includes the kinetic terms of all the fields:
Lion = 1QuDQus + iQrPQni — (G G (5.7)
Ly, includes Dirac mass terms for the quarks:
—Ly = mg@QRj +h.c.. (5.8)
We can always, however, make a unitary transformation of the quark fields,
Qri = (V1)i;Qr;, Qri = (VRr)ijQrj, (5.9)
such that in the new basis the mass matrix is diagonal (this basis is called the mass basis):
VLmQVg = diag(my, ma, Mg, Me, My, My). (5.10)

The transformation by unitary matrices preserves the canonical normalization of the kinetic
terms. We call the six mass eigenstates the up (u), down (d), strange (s), charm (c), bottom (b),
and top (t) quarks where, by definition, m, < mg < ms < m. < my, < my.

In the language of the quark Dirac mass eigenstate fields, ¢; = (Q%,Q%)T, the full QCD

Lagrangian reads

1 o _
EQCD - _ZGZVGG'U,I/ + Z(ZszQz - qu%(]z); qgi = u, d7 S, C, ba t. (511)

qi
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5.3 The spectrum

When discussing the spectrum of QCD, the energy scale at which it is probed makes a significant
difference. The reason is that the strong coupling constant gs (uniquely among the SM coupling
constants) becomes stronger at lower energy or, equivalently, the larger the distance between
quarks. This leads to confinement: quarks bind into SU (3)¢-singlet states (“color-singlets”). Here
we discuss the UV spectrum. The IR spectrum is discussed in Chapter [10]

At short distance, the spectrum of QCD consists of six massive Dirac quarks ¢ of masses m,
in the color-triplet representation, and a massless gluon, in the color-octet representation. We

emphasize the following points:
e The masslessness of the gluon is a consequence of the gauge symmetry.

e The reason that we can write mass terms for all six quarks is that QCD is vectorial, that is,

the six (0, and six Qg fields are all color-triplets.
e Since each of the six quarks is a color-triplet Dirac fermion, it has twelve DoF.

e The situation where the the theory has six fermion mass eigenstates that carry the same
quantum numbers and differ only in mass is described, in the physics jargon, by the statement

that the model has six flavors.

5.4 The interactions

Expanding D*, we obtain the quark—gluon interaction term:

£int = _%@)‘a$a% . (512>

Expanding GG, we obtain the gluon self-interactions:
ﬁself—int = gsfabc(auGZ)GgGZ - gs(fachgGZ)(fadeGgGg) . (513>
We emphasize the following points:

e Both the quark—gluon interaction and the gluon self-interaction depend on one and the same

coupling constant, gs.
e The quark—gluon interaction is vector-like, diagonal and universal in flavor space.

e The strong interaction conserves P, T', C, and any combination of them.
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5.5 The parameters

The QCD Lagrangian has seven free parameters: the six masses, m,,, and the coupling constant,

gs or, equivalently,
2

ay = =2 5.14
Y ( )
The values of the parameters depend on the scale where they are measured, and on the renormal-
ization scheme that is used. We do not discuss these issues here, and just quote the values from

the PDG:

m, = 2.210% MeV, mg = 4.7705 MeV,  m, =931 MeV, (5.15)
me =1.2740.02 GeV, m, =4.181005 GeV, m, =172.9+0.4 GeV.

The coupling constant is given by
as(m%) = 0.1181 4 0.0011, (5.16)

where mz ~ 91 GeV is the mass of the Z boson that we discuss in Chapter [7]

5.6 Confinement

The confinement hypothesis states that quarks, which are SU(3)¢ triplets, must be confined within
color-singlet bound states. This implies that all asymptotic states are singlets of SU(3)¢. This
prediction is confirmed as we do not observe free quarks in Nature.

While there is no formal proof of this phenomenon, there are many indications that it is true.
In particular, the confinement hypothesis is consistent with the way the strong coupling runs. The
beta function for the SU(N) coupling constant is given in Eq. ({£.26). For QCD, where the gauge

group is SU(3) and the number of relevant quarks at p > m, is six, we have

g8
1672

B(gs) (> my) = < 0. (5.17)

For lower energy scales, where the number of relevant quarks is smaller, 5(gs) becomes even more
negative, 8(gs) = —(33 — 2n#") g3 /(487%), where nj&" is the number of quarks with mg < p.
The fact that the beta function is negative is very important. It implies that the strong coupling
constant becomes larger for lower energies. This behavior is what leads to confinement: when a
quark and an antiquark are traveling away from each other, at some point it becomes energetically
favorable to pop-up a quark—antiquark pair from the vacuum. The result is that we do not observe
free quarks at the IR. All quarks are confined into color-singlet objects.

The scale where the transition between the UV and IR description of QCD occurs is called

Aqcp. Roughly speaking, it is the scale where the coupling constant becomes strong, g5 ~ 4. It
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occurs around Agep =~ 300 MeV (the value depends on the renormalization scheme). We can treat
QCD as a perturbative theory when considering processes where ¢ > AQQCD.
Note that Agcp is not a fundamental parameter of the theory but an emergent one. Its value

is determined by the masses of the quarks and the coupling constant. See Question [5.3]

5.7 Accidental symmetries

The kinetic term of QCD has a large accidental global symmetry, U(6); x U(6)g. The mass terms
break it, in general, to [U(1)]°:

U1)y xU(1)g xU(1)s x U(1), x U(1) x U(1),. (5.18)

In the mass basis, Eq. (5.11)), this symmetry is manifest.

The following comments are in order:

e The [U(1)]® symmetry predicts that the quarks are stable. This is because under each of the
U(1)’s there is just a single particle that is charged, so it must be stable.

e More generally, the accidental symmetry implies that quark flavor is conserved. For example,

uu — cc is allowed, but u¢ — cu is not.

e Both predictions are violated in Nature. In fact, the weak interaction breaks the [U(1)]°
symmetry down to a single U(1) called baryon number. This U(1)p is one where all quarks
rotate with the same phase. It is also called the diagonal U(1). The [U(1)]5-breaking by the
weak interactions allows the QCD-forbidden processes to be mediated by weak interactions.
We discuss this point in Chapter

e At and below the scale of present experiments, the weak interactions are considerably weaker
than the strong interactions. Thus, the QCD Lagrangian and its accidental [U(1)]® symmetry

constitute a good approximation.

e At low energies, the QCD Lagrangian has even larger approximate accidental symmetries:

isospin, SU (3)-flavor, and heavy quark symmetry. These are discussed in Section m

e Similarly to QED, QCD conserves C, P, and C'P since it is a vectorial theory with masses

and gauge interaction only.

5.8 Combining QCD with QED

In this section we combine QCD, the local SU(3)¢ theory of strong interactions, with QED, the
local U(1)gm theory of electromagnetic interactions. The model describes the quark spectrum and

interactions in Nature, neglecting the weak and Yukawa interactions.
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The model is defined as follows:

(1) The symmetry is a local

(7i) There are six left-handed and six right-handed quark fields,

ULi(3)+2/3, Uri(3)+2/3 Dri(3)-1/3, Dri(3)-1/3, 1=1,..,3. (5.20)

(737) There are no scalars.

The resulting Lagrangian combines QED with QCD. The imposed symmetry requires that we
include the following gauge fields:
G*(8)o, A*(1)o. (5.21)

The covariant derivative acting on the quark fields is given by
D=0+ %gng‘)\a +ieqA”, (5.22)

where ¢ = +2/3 for the Uj; fields and ¢ = —1/3 for the D; fields.
Liin includes the kinetic terms of all the fields:
1

1
L in — _7Gl“’Ga v
k 4 a o 4

F™ Foy + iU DU 4 iUgi PUg;. + iDpiPDy; + iDgiPDps. (5.23)

The gauge interactions are extracted from the kinetic terms. The gluon interactions are identical to
the pure QCD Lagrangian and the photon interactions are identical to the pure QED Lagrangian,
except that the quark charges are different from those of the electron. The mass terms are the

same as in the QCD Lagrangian. In terms of the Dirac mass eigenstate quark fields, they read
— Ly = mytiu + mecc + mytt + madd + ms5s + mybb, (5.24)

where u, ¢, t are the three ¢ = 42/3 fields and d, s, b are the three ¢ = —1/3 fields.

The resulting theory is not much different from just putting together Lqoop + Lqep. The global
symmetry of the kinetic terms is now [U(3)]* (instead of the [U(6)]? symmetry of the pure QCD
case), but the mass terms break it to the same symmetry as that of QCD, [U(1)]°.

We can also add the three charged leptons to this model. They are in the (1)_; representation

of SU(3)c x U(1)gm. The terms that involve them are the same as in Eq. (3.20).

For further reading

QFT aspects of QCD can be found, for example, in Chapter 17 of Ref. [2]. The issue of quark

masses is discussed in the PDG review on quark masses.
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Problems

Question 5.1: Algebra

1. Draw the Feynman rules for the quark-gluon gauge interaction of Eq. (5.12]) and the gluon
self interaction of Eq. (5.13).

Question 5.2: Testing QQCD with the ratio R

Consider the following model:

(1) The symmetry is a local

(7i) There are four quark fields,
AL(Na)gor  Ar(No)a,  Br(No)g,  Br(Nb)g, (5.26)
and four lepton fields (in fact, the electron and muon fields):

er(1)-1, er(1)-1, pr(1) -1, pr(1)-1. (5.27)

(77i) There are no scalars.

We assume that the masses of the fermions are much smaller than the energy scale /s of the

scattering processes that we consider.
1. Draw the diagrams of ete™ — ff for f = p and for f = A.
2. Show that

olete” — AA)
olete” = ptu)

= N,q2. (5.28)

3. Calculate o o
o(ete” — AA) 4+ o(ete” — BB)

olete” = ptu)

(5.29)
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Consider now the model defined in Section 5.8

4. We define the ratio -
R o ZqoleTe” = qq)
olete” = ptp~)’

(5.30)

where the sum runs over all quarks with 4m§ < s. Calculate R for the following two cases:
m? < s/4 < m? and m? < s/4 < mi.

We discuss the ratio R in more detail in Section [10.5.11 The measurements of R constitute an

important test of QCD, which the theory passes successfully.
Question 5.3: The ( function

In Section [4.4] we presented the idea that coupling constants run, that is, that higher order
corrections can be absorbed into the definition of the coupling constants. Consider, for example,
the cross section for ete™ — pp~. In the CM frame and to leading order, this is given by (up to

normalization factors)

o= (5.31)

where E is the energy of the electron. Higher order effects change this result. Most of the effect

can be absorbed into the running of «, that is

ap)?
B

(5.32)

o =

where p ~ F is the energy scale in the problem, and «(u) is a running coupling constant that

satisfies a differential equation:
Oa
= f(a). 5.33
Floa(1) (@) (5.33)

The beta function can be calculated to the desired precision in perturbation theory. In QED at

one loop, with only electrons in the loop, we have
B(a) = Ba?, B=_—. (5.34)
This equation is valid for u > m..

1. Verify that the solution of the beta function equation is

1 B 1 o Ha
a(p) a a(pz) + Blog <M1> ' (5.35)

2. Use a(m,) ~ 1/137.0 to calculate a(my), where myz ~ 91 GeV.
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The fact that the coupling constant becomes larger for higher energy scale raises the possibility
that it diverges at some scale, which would be an indication that the theory breaks down. The
energy scale at which it diverges is called the Landau pole. That is, the Landau pole is upp where

alpupp) — oo.

3. Find the Landau pole for a. How does it stand with respect to the Planck scale, which

constitutes an upper bound on the cut-off scale of all QFT?

Measurements find that a(myz) ~ 1/128. The reason for the disagreement with your result above
is that there are other particles in the loop besides the electron. The generalization of Eq. (5.35))

to that case is . .
= +BY Q2N}log (max(m’“)> (5.36)

a(p)  alps) i1
where N}, = 1(3) for leptons (quarks), and @Q; is the electric charge. The sum is over all the

charged particles with mass below ;.
4. Use the physical masses and charges of the known fermions,
q=—-1: me,,~ (0.5100,1777) MeV,
q=+2/3: my. ~(0.3,1.4,174) GeV,
qg=—1/3: mgsp~(0.3,0.4,4.2) GeV, (5.37)

to calculate a(my). How close is your result to the measured value? (Note that the values
of m,, mg and m, are much larger than the values quoted in PDG. The reason is that we
use the “valence quark masses” rather than “running quark masses”, which is what the PDG
quotes. We discuss this point in Chapter )

We now move to QCD. The beta function is given by 8(a) = Ba? with
27”Lf 1

B—— (11 _ 3) = (5.38)

where ny is the number of quark flavors with masses below the relevant scale. Below we use the
input as(myz) =~ 0.12.
5. The sign of the beta function depends on the number of flavors. How many flavors are needed

to change the sign of the beta function? We denote this number as N¢g,,;.

6. Sketch the shape of the function a,(u) for u between 1 and 10* GeV for (i) a theory with

ny < nerg, and (ii) a theory with ny > ney;. Use log scale for p.

7. Estimate Aqcp, that is, the scale where oy = 4m. For simplicity, you can neglect all quark

masses except my.

8. The proton mass is roughly m, ~ 3Aqcp. Can you tell if the mass of the proton would be
lighter or heavier if we did not have the third generation, assuming the same measured value

of as(myz)?
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Chapter 6
Spontaneous Symmetry Breaking

Spontaneously broken symmetries play an important role in physics, and in particle physics in
particular. In this chapter we introduce the idea of spontaneous symmetry breaking and discuss
its consequences. The role of such symmetries in the weak interaction part of the SM is discussed
in Chapter [7]

6.1 Introduction

The notion of broken symmetries may seem strange: In what sense is there a difference between
the case that we call “a broken symmetry” and the case of not having the symmetry at all? The

idea of a broken symmetry is however meaningful in two scenarios:

e Explicit breaking of a symmetry by a small parameter. The Lagrangian includes terms
that break the symmetry, but these terms are characterized by a small parameter. The small
parameter can be either a small dimensionless coupling, or a small ratio between mass scales.

The symmetry is then approximate, and one can expand around the symmetry limit.

e Spontaneous Symmetry Breaking (SSB). The Lagrangian is symmetric, but the vacuum state
is not. Even though with SSB the symmetry is not manifest but rather hidden, the number
of parameters is the same as in the case of unbroken symmetry. In this sense, the predictive

power of a spontaneously broken symmetry is as strong as that of the unbroken symmetry.

SSB is based on the following ingredients. Symmetries of interactions are determined by the
symmetries of the Lagrangian. The states, however, do not have to obey these symmetries. Con-
sider, for example, the hydrogen atom. While the Lagrangian is invariant under rotations, an
eigenstate does not have to be. Specifically, a state with a finite m quantum number is not invari-
ant under rotation around the z-axis. The fact that there are eigenstates that are not invariant

under the symmetry of the system is a generic feature when there are degenerate states.
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In perturbative QFT we expand around the lowest energy state. This lowest state is called the
“vacuum” state. When the vacuum state is degenerate, the fact that the physics would remain
the same for any choice of vacuum to expand around is a consequence of the symmetry. Yet, when
we expand around a specific vacuum state out of the degenerate set of vacua, we expand around
a state that does not conserve the symmetry.

The name “spontaneously broken” indicates that there is no preference as to which of the
states is chosen. A very simple example is that of a hungry donkey. Consider a donkey that stands
exactly halfway between two stacks of hay. Symmetry tells us that it costs the same amount of
energy to go to either stack. Thus, we may expect that the donkey is unable to choose and would
starve! Yet, in reality, the donkey would make an arbitrary choice and go to one of the stacks to
eat. We say that the donkey spontaneously breaks the symmetry between the two sides.

In previous chapters we encountered the predictive power of imposed symmetries. In this
chapter we show that spontaneously broken symmetries are no less predictive than exact ones,
though the predictions are different. While the symmetry is no longer manifest, in the sense that
processes that are forbidden in the symmetry limit may become allowed if it is spontaneously
broken, there are subtle relations between these ‘forbidden’ processes and the allowed ones. These
relations reveal that the Lagrangian does have this symmetry. This is why a spontaneously broken

symmetry is also called a hidden symmetry.

6.2 Global discrete symmetries: 7,

Consider a model with an imposed Z, symmetry, similar to the one discussed in Section [2.1.1]

There is a single real scalar field ¢, which is odd under the symmetry:

O — —0o. (6.1)

Thus, the symmetry is simply ¢-parity. The Lagrangian reads

1 n lu2 2 A 4
L= 35(0u0)(0")) — —¢" — 10" (6.2)
2 2 4
In particular, the symmetry forbids a ¢3 term. Hermiticity of £ requires that p? and \ are real,
and we must have A > 0. (A < 0 leads to a “run-away” potential, that is, one that is not bounded
from below.) As for the p? term, we can have either py? > 0 or u? < 0. The p? > 0 case is
considered in Section [2.1.1 It corresponds to an ordinary ¢* theory, and ;2 is the mass-squared

of ¢. The case of interest for our purposes is
p? < 0. (6.3)

The minimum of the scalar potential should satisfy

oV
0= 55 = 0l + 2%, (6.4)
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Thus, the potential has two possible minima:

bs = i,/‘f = +0. (6.5)

The classical solution would be either ¢, or ¢_. We say that ¢ acquires a Vacuum Expectation
Value (VEV):

() = (0]]0) # 0. (6.6)

Perturbative calculations should involve expansion around the classical minimum. Since the
two solutions are physically equivalent, the physics cannot depend on our choice, but we must
make a choice. Let us choose — without loss of generality — to expand around ¢,. We define a

field ¢’ with a vanishing VEV:

¢ =¢—w. (6.7)
In terms of ¢’, the Lagrangian reads
1 / / 1 2 /2 /3 A 14
£ = 20,0)@"6) — LM% — g = 247 ©5)
where we used 12 = —M\v? and discarded a constant term.

We recall that the most general Lagrangian of a scalar field is given in Eq. (1.2)) and we rewrite
it here in terms of ¢’
1 m? n A
£ I /au/_7/2_7/3_7/4. 69
5= G000 — 50 = ST~ G (6.9
Examining the Lagrangians of Egs. (6.2)), and raises the following points:

1. The Lagrangian includes all possible terms for the real scalar field ¢/. In particular,
it has no ¢'-parity symmetry. Thus, the ¢ — —¢ symmetry is hidden. It is spontaneously
broken by our choice of the ground state (¢) = 4wv.

2. Yet, the Lagrangian is not the most general renormalizable Lagrangian for a scalar field.
While the most general one, Eq. , depends on three independent parameters, Eq.
depends on only two. In terms of the parameters of the general Lagrangian Eq. , the
relation is

n? = 4 m?. (6.10)
This relation is the clue that the symmetry is spontaneously, rather than explicitly, broken.

3. The two parameters can be chosen to be v and ), or u? and \. The first choice is the one we
made in writing Eq. . The second choice employs the same parameters of the original,
manifestly symmetric £(¢), see Eq. (6.2). It demonstrates that the SSB does not introduce

additional new parameters.
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4. The coefficients of the quadratic and trilinear terms in are different from those of the
quadratic and trilinear terms in Eq. (6.2). In contrast, the coefficients of the quartic terms
are the same. This is a general result: as long as we consider only the renormalizable terms,

SSB changes dimensionful parameters, but not dimensionless ones.

5. While the symmetry is manifest in Eq. (6.2), the phenomenological interpretation of this
model should start from Eq. . Specifically, the model describes a scalar particle of

mass-squared 2 \v? = —2p2. This particle is an excitation of the ¢’ field.

6. Hypothetical particles with negative mass-squared are called tachyons and they travel faster
than light. The example above shows why tachyons do not appear in QFT. To make a
physical interpretation, we have to expand around the minimum, and thus physical particles
have positive mass-squared. Fields with negative mass-squared terms are sometimes referred

to as tachyonic fields.

7. In non-relativistic quantum mechanics, the analogous case — a particle in a double-well poten-
tial — does not have a degenerate vacuum due to tunneling effects. Such tunneling effectively
vanishes in QFT.

6.3 Global Abelian continuous symmetries: U(1)

Consider a model with an imposed U(1) symmetry, similar to the one discussed in Section [2.1.2]
There is a single complex scalar field ¢, with ¢ = +1, so the theory is required to be invariant

under

¢ — €. (6.11)

The Lagrangian reads
L= (0,0")(0"¢) — 1*'d — Mo'9)”. (6.12)

Equivalently, we can rewrite the Lagrangian in terms of two real scalar fields, as in Eq. (2.5)),

¢

= (Gn+i6), (6.13)

and impose an SO(2) symmetry,

0 in 6
AN oSy S or) (6.14)
o1 —sinf cosf o1
The Lagrangian reads, see Eq. (2.8)),

£ = 00 ond,0m + 204610, —’“‘2(¢2+¢2)—A(¢2+¢2)2 (6.15)
=3 ROWPR T 5 10,91 B R T 4 \PR ) - :
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The p? and A parameters are real, and we must have A > 0. We consider the case that pu? < 0.
(The p? > 0 case is considered in Section [2.1.2l) We define v* = —u?/\. The scalar potential can

be written (up to a constant term) as

2\ 2
V =\ <¢T¢ _ 1;) ' (6.16)

Thus, ¢ acquires a VEV:
2
1

2(0%0) = (S +07) =" = - (6.17)

In the (¢g, ¢r) plane, there is a circle of radius v that corresponds to minima of the potential. We
have to choose a specific vacuum to expand around. We choose the real component of ¢ to carry
the VEV:

(Or) = v, (¢1) = 0. (6.18)
We define the real scalar fields
h=oér—v,  §=0r, (6.19)
with vanishing VEVs:
(hy = (&) = 0. (6.20)

We obtain the Lagrangian in terms of h and &:
1 1
L= L(@h)(0N) + (D6 (D) — MR — Noh(1? + &) ~ Z(h? L) (6.21)
Note the following points:

1. The SO(2) symmetry is spontaneously broken. This can be seen from the presence of the
h(h? + £2) term.

2. Since the symmetry is spontaneously broken, the Lagrangian is not invariant under a trans-
formation similar to the one in Eq. (6.14]). Explicitly,

h cosf sinf h
()= (S o) () 622
& —sinf cos6 &

3. The Lagrangian describes one massive scalar, h, with m? = 2 \v?, and one massless scalar, &.

is not a symmetry of L.

If the symmetry were not broken, it would be impossible to distinguish the two components
of the complex scalar field. With the symmetry spontaneously broken, these two DoF are

distinguishable, for example, by their different masses.

4. The Lagrangian of Eq. (6.21)) is not the most general Lagrangian for two real scalar fields.
Many terms are missing, while others, that would have been independent in the general case,

are related. In particular, there are only two independent parameters, as for a Lagrangian
with an unbroken SO(2).
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Figure 6.1: The Mexican hat potential. The masses of the two DoF correspond to the second
derivative of the potential around the minimum. One direction (left) is flat, while the other
(center) is not. The plot on the right shows the symmetric point. Yet, it is unsable and does not
correspond to a particle. In the case of a global symmetry, the flat direction corresponds to the
massless Goldstone boson, while the non-flat direction corresponds to the massive DoF'. In the case
of a local symmetry, the flat direction corresponds to the longitudinal component of the vector

boson, while the non-flat direction corresponds to the massive Higgs boson.

5. The quartic terms, with dimensionless couplings, are the same in Eqs. (6.15) and (6.21]).

Only dimensionful couplings are modified.

6. We chose a basis by assigning the VEV to the real component of ¢. This is an arbitrary

choice. We made it since it is convenient. The physics does not depend on this choice.

7. We write the VEV as (¢r) = v or equivalently as (¢) = v/v/2. The factor of v/2 between
the two VEVs is just the one that we encounter many times when moving between real and

complex fields.

One of the most interesting features of the model presented here is the existence of a massless
scalar field. This feature is not particular to our specific model, but rather the result of a general
theorem called The Goldstone Theorem: The spontaneous breaking of a global continuous sym-
metry is accompanied by massless scalars. Their number and quantum numbers equal those of the
broken generators. The massless scalars are called Nambu-Goldstone Bosons.

While we do not prove here the theorem, we briefly describe the intuition behind it. SSB is
possible only when the vacuum is degenerate. For a continuous symmetry, the set of degenerate
vacua is also continuous. In the case of a U(1) symmetry, the shape of the potential is usually
called “a Mexican hat,” see Fig. [6.1], When expanding around any point in the “valley,” it can
be seen that one direction is flat. A flat direction in the potential corresponds to a massless DoF.

The Goldstone theorem is a generalization of this simple picture. Fig. demonstrates the point.
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6.4 Global non-Abelian continuous symmetries: SO(3)

Consider a model with an imposed SO(3) symmetry, and a real scalar field, ¢, that transforms as

a triplet under the symmetry:
¢ — el (6.23)

The three L, matrices, (Lg)pe = i€ape, constitute the triplet representation of the SO(3) algebra.
They are given explicitly in Eq. (6.50). This model provides an intuitive picture of spontaneous
symmetry breaking. The triplet constitutes a vector in a real three-dimensional (3d) space. Once
a vector is fixed in space, the symmetry under 3d rotations breaks, but not completely, as the
symmetry under rotations in the plane that is perpendicular to the vector remains. Here we
translate this intuitive picture into a rigorous analysis.

The Lagrangian reads

2
L= L (0,6)(0%0) ~ L6~ 2(67 o) (6.24)

We take p? < 0, and define v? = —p2/\. Then ¢ acquires a VEV: | (¢) | = v. The triplet ¢ has
three DoF. We choose the direction of the VEV to lie in the ¢3 direction:

o1
o=1 o2 |, (6.25)
v+ @3

such that (¢;) =0, i =1,2,3. The SO(3) symmetry is only partially broken,
SO(3) = SO(2), (6.26)

where the SO(2) symmetry refers to rotations in the (¢1, ¢2) plane.
The Lagrangian for the ¢; fields can be written as

L= Lin+ Lo+ Ls+ Lo, (6.27)

where £,, includes terms that are n’th power in the ¢; fields. Let us comment on the significance

of each of these parts of the Lagrangian:

e Quadratic terms:
—Ly = 23, (6.28)

The model has one massive scalar, ¢3, of mass-squared m3 = 2 \v?, and two massless scalars,
m? = m3 = 0. This is a manifestation of the Goldstone theorem. Spontaneous symmetry
breaking requires the appearance of massless Goldstone bosons in correspondence to the
broken generators. Since SO(3) has three generators, and it is spontaneously broken to

SO(2) that has one generator, our model must have two Goldstone bosons.
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e Trilinear terms:
—L3 = Mvdz(p161 + 202 + P303). (6.29)
The fact that £3 # 0 is a manifestation of the SO(3) breaking.

e The quartic terms:
L= (gt s+ ) 6.30
v= (0 ) (6.30)
This part of the Lagrangian has dimensionless couplings and therefore it is unchanged from

the symmetric form.

The model presented here is an example of partial breaking of the symmetry. In general, a
generator corresponds to a spontaneously broken symmetry if the vacuum is not invariant under an
operation of the corresponding group element. Conversely, a generator corresponds to an unbroken
symmetry if the vacuum is invariant to an operation by the corresponding group element. Given the
fact that the group element is the exponent of the generator, these conditions can be represented
in terms of the generators as follows. We denote the the vacuum state by (¢). A broken generator
gives

To(d) # 0. (6.31)

An unbroken generator gives
To(p) = 0. (6.32)

More details are given in Question (6.3

6.5 Fermion masses

Spontaneous symmetry breaking can give masses to chiral fermions. We explain this statement by
an explicit example.
Consider a model with a U(1) symmetry. The field content consists of a left-handed fermion

Yy, a right-handed fermion g, and a complex scalar ¢ with the following U(1) charges:

q(Wr)=+1,  q@Wr)=+2,  q(¢)=+1 (6.33)

The most general Lagrangian we can write is

L= Lin — 120'6 — A\(91)* — Yo Priby, + hic.. (6.34)

Since the fermions are charged and chiral, we cannot write mass terms for them (£, = 0).

We take p? < 0, so that the scalar potential is the one given in Eq. , leading to a VEV
for ¢: |(¢)| = v/v/2 # 0. As in Section we choose (¢r) = v, (¢;) = 0 and define the real fields
h and & in such a way that they have vanishing VEVs:

h+v+i&
\/5 )
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Expanding around the chosen vacuum we find

’&;WL - jg(h i)t + hec., (6.36)

where V' (h,£) can be read off Eq. (6.21). We learn that ¢, and 1z combine to form a Dirac

fermion with mass

L= Lyin —V(h,§) —

Yo

This is possible because the symmetry under which the fermion is chiral is broken.

(6.37)

In a more general case, the symmetry might be only partially broken, namely a subgroup of the
original group remains unbroken. In this case, necessary conditions for generating fermion masses

are the following:
e Dirac mass: the fermion representation is vector-like under the unbroken subgroup.

e Majorana mass: the fermion is neutral under unbroken U(1) groups and in a real represen-

tation of unbroken non-Abelian subgroups.

6.6 Local symmetries: the Higgs mechanism

In this section we discuss spontaneous breaking of local symmetries. We demonstrate it by studying
a U(1) gauge symmetry. One of the main results is that the breaking of a local symmetry generates
mass terms for the gauge bosons that correspond to the broken generators. At first sight, this result
might seem surprising, since the spontaneous breaking of a global symmetry gives massless Nambu-
Goldstone bosons. In the case of a local symmetry, however, these would-be Nambu-Goldstone
bosons are “eaten” by the gauge bosons and become the longitudinal components of the resulting
massive vector-bosons.

Consider a theory similar to the one discussed in Section [6.3, where we have a single scalar

field that is charged under a U(1) symmetry. The difference is that here we impose a local U(1)

symmetry:
¢ — @y, (6.38)
The Lagrangian is given by
L D. o) (D* 1 v 247 T4)2
= (Du9) (D) = 2 EwF™ — 1766 — A¢'9)". (6.39)
The covariant derivative is given by
DHtp = (0" +igA*)o. (6.40)

AF is the gauge field, F),, is defined in Eq. (2.28)), and g is the coupling constant.
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We consider the case of 2 < 0, leading to SSB via a VEV of ¢:
(@) = (6.41)
= — Ve = —1—. :
V2’ A
We choose the real component of ¢ to carry the VEV. We again write the complex scalar in terms
of two scalar fields with vanishing VEVs, (h) = (£) = 0, but, unlike the global case, it is convenient
to write the two DoF as a phase, £(z) and a magnitude, h(z):
pié(@)/v Y + h(z) _
V2

Note that we normalized £(x) such that it has mass dimension one. To leading order in &£(x)/v,

Eq. (6.42) is the same as Eq. (6.35)). We usually refer to Eq. (6.42)) as a non-linear realization and
to Eq. (6.35)) as a linear realization.

When a symmetry is spontaneously broken and we write the Lagrangian in terms of the VEV-

o) = (6.42)

less fields, the Lagrangian is no longer manifestly invariant under the broken symmetry transfor-
mation. Instead, the transformation constitutes a change of basis. We can use this change of basis
to our advantage, by choosing a basis that makes the physics of the model more transparent. This
is what we do here by choosing a specific gauge: 0(x) = —&(x)/v. (It is fully legitimate to choose
the phase to be related to a field.) This gauge is called the unitary gauge.

With this choice of gauge,

1 1
¢— ¢ = ﬁ(h + ), A= Vi=Au+ 97}8#& (6.43)
such that ¢’ has one DoF and V), three. The Lagrangian in terms of h and V), reads
1 1 1 1
L=~ JEW ™ 4 SOM0D) + (V" — S (200 (6.44)

g° A
5 VVER(20 4 h) — Avh® — Zh‘*.

Note the following points:

1. The elementary particles of this model are a massive vector boson of mass-squared m? =
(gv)? and a massive scalar of mass-squared mi = 2\v?. (The sign of a mass-squared term

for a vector-boson is opposite sign to that of a mass-squared term for a scalar.)

2. The source of the mass-squared term for the vector bosons is the kinetic term of the Higgs
field.

3. A propagator of a massive gauge boson depends on the gauge choice. In the unitary gauge

it is given by

L (k"k") fmy

(6.45)
k? —m3,

We do not discuss in detail the issues of gauge fixing for massive gauge bosons.
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4. The kinetic term of the gauge boson is independent of the gauge fixing. This can be seen
from the fact that
oV, = oV, =0,A, —0,A,. (6.46)

5. The ¢ field is “eaten” in order to give mass to the gauge boson. It was a convenient choice
to make the phase to be the “eaten” DoF. The total number of degrees of freedom does
not change: instead of the scalar &, we have the longitudinal component of a massive vector

boson.

6. In the limit ¢ — 0 we have my — 0. This situation describes a massless gauge boson
and a massless scalar. We see that in that limit the longitudinal component is the massless

Nambu-Goldstone boson as expected.

7. The field that acquires a VEV, in our case ¢, is called the Brout-Englert-Higgs (BEH) field
or the Higgs field. The h scalar is called “a Higgs boson.”

8. The Lagrangian (6.39)) depends on three parameters. They can be taken to be g, v, and .
The Lagrangian (6.44) has two mass terms and four interaction terms which depend on the
same three parameters. Thus, the six relevant terms, which would be independent in the

absence of a symmetry, obey three relations among them. This is a sign of SSB.
9. The hV'V coupling is proportional to the mass-squared of the vector boson.
10. The dimensionless V'V hh and hhhh couplings are unchanged from the symmetric Lagrangian.

In the example above, we consider SSB of a local U(1) symmetry. The basic ingredients are,
however, much more generic and apply also to non-Abelian symmetries and to product groups.
In fact, the SM incorporates SSB of a local SU(2) x U(1) symmetry. The following lessons are

generic to all cases of spontaneous breaking of a local symmetry:

1. Spontaneous symmetry breaking gives masses to the gauge bosons related to the broken

generators.

2. Gauge bosons related to an unbroken subgroup remain massless, because their masslessness

is protected by the symmetry.

3. The field that acquires a VEV (the BEH field) must be a scalar field. Otherwise its VEV

would break Lorentz invariance.

We close this section with two remarks. First we note that spontaneous breaking of a local
symmetry can give masses also to fermions, as is the case for a spontaneously broken global

symmetry. To see this, we add to our model fermions with q(v¥g) — q(¢r.) = q(¢), as in the model
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Table 6.1: Symmetries and some of their main consequences

Type Consequences

Spacetime Conservation of energy, momentum, angular momentum
Discrete Selection rules

Global (exact) Conserved charges

Global (spon. broken) Massless scalars
Local (exact) Interactions, massless spin-1 mediators

Local (spon. broken)  Interactions, massive spin-1 mediators

of Section[6.5] Working in the physical gauge, 6(z) = —£(z)/v, we learn that Eq. (6.36) is modified

to
Yovu Y

V2 V2

Similarly to the global case, the fermions are massive and their Yukawa couplings to h are propor-

L= Ekin — V(h) %wL - h%@DL + h.c.. (647)

tional to their masses.

Second, one consequence of SSB is that states with different QNs under the broken symmetry
but with the same QNs under the unbroken subgroup can mix. By “mixing” we mean that a mass
eigenstate can be a linear combination of such states. We do not elaborate on it here. Chapter [7]
provides an example of mixing among vector bosons. Chapter [14] provides an example of mixing

among fermions.

6.7 Summary

Symmetries in QFT have a strong predictive, or explanatory, power. The main consequences of
the various types of symmetries are summarized in Table [6.1]

To construct a model, we provide as input the following ingredients:
(i) The symmetry;
(7i) The transformation properties of the fermions and the scalars.

Then we write the most general Lagrangian that is invariant under the symmetry up to some order
in the fields. Unless explicitly stated otherwise, we truncate the Lagrangian at the renormalizable
level, that is, at dimension four in the fields.

The resulting Lagrangian has a finite number of parameters that we need to determine by

experiment. In principle, for a theory with N independent parameters, we need to perform N
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appropriate measurements to extract the values of the parameters. Additional measurements test
the theory.

The values of the parameters can have minor or major implications. In particular, variation
of values of parameters can lead to different patterns of SSB, which result in very different phe-
nomenology. Thus, often, when we define a theory, the various SSB branches of it are given
different names.

Our process of building some model X starts with defining the imposed symmetry and the
transformation properties of fermions and scalars under this symmetry, and writing the most
general Lagrangian consistent with these definitions. At this stage, we can obtain the predictions
of model X that are independent of the values of the model parameters. Additional predictions
can be made when the values of the parameters are determined experimentally. We sometimes
use the term “a model X” for the class of models that are described by the Lagrangian, with any
possible values of its parameters, and “the model X” for the specific model with the values of the
parameters as realized in Nature (namely, as determined by experiments). In particular, we use
the terminology of “a SM” and “the SM” in this sense later in the book.

For further reading

More on the formal aspects of SSB can be found, for example, in Section 2.2 in Ref. [16], Chapters
20 and 21 of Ref. [2], Chapter 28 in Ref. [14], and Section 4 of Ref. [20].
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Problems

Question 6.1: Algebra

1. Show that to leading order in £(z)/v, Eq. (6.42) leads to Eq. (6.35).
2. Use Egs. (6.39)), (6.42), and (6.43]) to derive Eq. (6.44]).
3. Based on the definition of V,, in Eq. (6.43)), derive Eq. (6.46]).

4. Derive Eq. (6.47)).

Question 6.2: SSB with many scalars

Consider the following model. The symmetry is global SO(N). There is a real scalar fields ®,
in the N representation, so there are N real scalar DoF ® = (¢y, ¢, ...,¢x)T. The Lagrangian is
given by

1 1

1
,C = 5(9#@3’@) — 5,&2(1)2 — Z)\qfl, (648)

with u? < 0 and X > 0. This Lagrangian is a generalization of Eq. (6.12)).

1. Show that £ describes a theory with a single massive scalar of mass-squared m? = —2u2,

and N — 1 massless scalars.
2. What is the unbroken symmetry group?

3. The Goldstone theorem states that the number of massless bosons is equal to the number of

broken generators. Show this explicitly for this model.

Question 6.3: Broken and unbroken symmetries
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In this question we elaborate on Eqs. (6.31)) and (6.32)) that state that an unbroken generator
T, annihilates the vacuum, 7,(¢) = 0, while a spontaneously broken one does not, T,(¢) # 0. For

this consider the operation of a group element on the vacuum:
(@) = ee%(0). (6.49)

1. Explain why the symmetry is unbroken if (¢’) = (¢) for any 6, and that it is broken if there
is a 0, such that (¢') # ().

2. Explain why the above implies that T,(¢) = 0 if T, corresponds to an unbroken symmetry.

3. A familiar example is the case of a vector in 3d, that breaks the symmetry from SO(3) to
SO(2), that is, from rotations in 3d to rotations in the plane perpendicular to the vector.
Consider a case where we choose the normalized vector to be ¥ = (0,0,1)T. Show that L, is
still a symmetry while L, and L, are not. It is useful to recall the explicit representation of

L; for a vector, in the basis that corresponds to rotations in real space:

0 0 0 00 —1 0
L,=—i|l0 0 1 L,=—i|0 0 0 L.=—i| -1 0 0]|. (6.50)
0 -1 0 10 0 0 0 0

4. Now consider a generic normalized vector, @ = (a, b, ¢) such that a* + b* 4+ ¢ = 1. Show that
[aL, +bL, + cL.) 7 = 0. (6.51)

The above shows that there is always one generator that is not broken, so indeed the unbroken

symmetry is SO(2).

5. Consider SU(2) transformations. The previous question demonstrates that a vector, that is
a 3, breaks SU(2) to U(1). Here you are asked to show that a spinor, that is a 2, breaks
SU(2) completely. In order to show this, we need to prove that there is no combination of
generators which annihilates a spinor. The SU(2) generators in the spinor representation
are the Pauli matrices. Consider the spinor § = (0,1) and show that any non-zero linear

combination with real coefficients of the Pauli matrices does not annihilate it.

Question 6.4: More on the dark photon

We consider a model that is an extension of the one discussed in Question [3.3}

(¢) The symmetry is a local U(1)gm x U(1)p. We denote the gauge bosons by A, and C,,,

respectively.
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(7i) There are four fermion fields:

GL(—l,O), €R(—1,0), dL(O7—1), dR(O,—l). (652)

(737) There is a single complex scalar:

¢(grM; gp)- (6.53)

We assume no kinetic mixing and use a normalization such that the coupling constants of the two

groups is the same, that is, ggpm = gp = e.

1. There are five specific charge assignments that allow Yukawa interactions, that is, couplings
between ¢ and the fermions. What are these charge assignments? From this point on we
do not consider any of the above options, that is, we consider only cases where all Yukawa

interactions are forbidden.

2. Write the scalar potential. What is the condition for ¢ to acquire a VEV? From here on,

assume that this condition is satisfied.

3. One way to make the model possibly consistent with Nature is to have partial SSB, such
that the photon A, is massless but the dark photon C), is massive. Explain why this is the

case when gy = 0 and ¢gp # 0.

4. In the above case, that is with ggy = 0 and gp # 0, write the mass of the dark photon in

terms of the model parameters.

5. We now consider a case where both ggy # 0 and gp # 0. In this case both U(1)gy and
U(1)p are broken. Show, however, that the breaking pattern is [U(1)]*> — U(1). We denote

the massless gauge boson Aj, and the massive one C',.
6. Write the couplings of the fermions to A}, and CJ,.

7. We now assume that ¢gmq < ¢p (and ggy = gp). In this case, we can think of AL as a
small deviation from A,, and still call it the photon. We further assume that mg ~ m..
Experimentally, a particle with a mass of order the electron mass and with EM charge larger
than about 1073 that of the electron, is ruled out. Obtain the resulting constraint on the

parameter space of this model.

Question 6.5: Physics of the Higgs boson

We consider the model of Section with the Lagrangian of Eq. (6.21]).
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1. Draw the tree-level diagrams for the hh — hh scattering and write down the amplitude.

Note that there ia more than one diagram.

2. Calculate (up to numerical constants and phase space) the differential cross section in the
limit where F > v and € ~ 1. Here E is the center of mass energy of the collision and € is

the scattering angle such that § = 0 corresponds to forward scattering.

3. Consider the same model but with g > 0. Calculate (again, up to numerical constants and
phase space) the ¢p¢* — ¢¢* differential cross section in the limit where E? > p? and 6 ~ 1.
Explain the similarity to the result of the hh — hh scattering cross section obtained in the

previous item.

Question 6.6: The Sigma model

A classic example of spontaneous symmetry breaking with Nambu—Goldstone bosons is pro-
vided by the o-model. It pre-dated QCD, and we now think of it as an effective theory of the
strong interactions at low energies. It aims to describe the effective strong interactions between
the nucleons — the proton p and the neutron n — via the exchange of three scalars — the pions
™ (a=1,2,3).

Consider the following model:
(i) The symmetry is a global SU(2), x SU(2)r x U(1)p.

(73) There are two fermion fields:

No(2,1) 41 = (pL> . Ne(L,2) = (pR> . (6.54)

nr nr

(737) There is a single scalar field:

%(2,2),. (6.55)
The most general Lagrangian can be written as
L = iNLJNL, + iNgNg + iTr 0,210"%] = [g(NLENR + he))] = V(5). (6.56)
The infinitesimal symmetry transformations on the fermion fields are chiral and given by
ONp, =1eT" Ny, ONg = i€ T"Np. (6.57)

1. L is invariant under the above chiral symmetries. The fermion kinetic terms can be written
in terms of the Dirac field N = (N, Ng)T. Write the infinitesimal symmetry transformations

in the form
ON = 1e"T*N, ON = iyses TN, (6.58)

and express €* and €7 in term of €} and €.
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What you showed is that we can write the symmetry in a different basis. Instead of SU(2), X
SU(2)r we can write SU(2)y x SU(2)4. The SU(2)y group is also called the “diagonal SU(2)”
or “isospin symmetry”, while SU(2), is usually called the “axial SU(2)”.

2. Show that a mass term mN N is invariant under SU(2)y but not under SU(2)4. We learn

that it is the axial symmetry that forbids fermion masses.

The ¥ field has four DoF, so we can write it in terms of four real scalar fields, o and 7* (a = 1, 2, 3):
Y=o +it,m, a=1,2,3, (6.59)

where 7, are the Pauli matrices. We aim to have a model that describes Nature, so we need to
provide masses to the proton and the neutron. This is done via spontaneous breaking of the chiral

symmetry by the ¥ field acquiring a VEV.

3. The scalar potential, V(X), can be written as

V@»:igﬁm2—if@53 (6.60)

What are the conditions for V(X) to be bounded from below and for 3 to acquire a VEV?

4. Show that, up to a constant term, the potential in Eq. is equivalent to
1 2
wmziﬂ#+#—ﬁ], (6.61)

with A\ and F; real and positive. F} is the so called “pion decay constant” and it is the only

mass scale in the theory.

5. What are the minima of V(X)? Find a minimum where only o acquires a VEV, but the 7,’s

do not.

6. Rewrite £ in terms of fields that do not carry a VEV, that is, Ny, Ng, 7, and s = o — F.

What are the masses of these fields? How many DoF are massless?

7. How many generators are broken? Check your result against the Goldstone theorem, that is,

check that the number of massless scalars is the same as the number of broken generators.

8. We denote the N N7 intecation coupling by g,yn. Show that the following relation between
masses and couplings holds:

my = gWNNFw- (662)

This relation is known as the Goldberger-Treiman relation. It is satisfied in Nature to a good
accuracy. Such a relation between masses and couplings is a signal of SSB, as discussed in the

main text.
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9. In Nature the pions have small masses (compared to the nucleon), which reflect a small

explicit breaking of a symmetry. What is this broken symmetry: SU(2)y or SU(2)4?

10. In Nature there is a very small mass splitting between the proton and the neutron, while the
model predicts that they are degenerate. Thus the model provides a very good approximation
to Nature. What symmetry has to be broken to generate the splitting, SU(2)y or SU(2)47

We conclude that the Sigma model has some nice predictions: the degeneracy of the proton
and neutron and the masslessness of the pions. These predictions are approximately fulfilled in
Nature. The model also predicts the existence of the s particle, which can be identified as the
fo(500) resonance. We discuss low energy QCD in more detail in Chapter [10}
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Chapter 7

The Leptonic Standard Model

The Leptonic Standard Model (LSM) incorporates the three aspects of imposed symmetries that
are discussed in previous chapters: Abelian symmetries, non-Abelian symmetries, and spontaneous
symmetry breaking. Moreover, the model is relevant to Nature. It accounts for the weak, electro-
magnetic and Yukawa interactions of the leptons. The LSM is part of the SM, which adds quarks
and strong interactions to the LSM. We discuss it in Chapter [§

7.1 Defining the LSM

In Section we presented the ingredients that are required to define a model. For the LSM,

these ingredients are defined as follows:
(1) The symmetry is a local
(74) There are three fermion generations, each consisting of two different representations:

Ly(2)-12,  Eg(l)-1, =123 (7.2)

(7i7) There is a single scalar multiplet:
O(2)11/2. (7.3)

What we define as the LSM is the theory where SSB occurs. Given the scalar representation of
Eq. (7.3)), the pattern of spontaneous symmetry breaking is

We use the notation (N)y such that N is the representation under SU(2), and Y is the charge
under U(1)y, which we call hypercharge. What we mean by Eq. is that there are nine Weyl
fermion degrees of freedom that are grouped into three copies (“generations”) of the same gauge
representations. The three fermionic degrees of freedom in each generation form an SU(2)-doublet
(of hypercharge —1/2) and an SU(2)-singlet (of hypercharge —1).
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7.2 The Lagrangian

The most general renormalizable Lagrangian with scalar, fermion and gauge fields can be decom-

posed into [Eq. (2.32))]
L =Ly + ﬁw + £¢ + Lyvuk. (75)

It is now our task to find the specific form of the Lagrangian made of the L} and FE% fermion fields

of Eq. (7.2)), and the ¢ scalar field of Eq. ([7.3)), subject to the gauge symmetry of Eq. (7.1) and
leading to the SSB of Eq. ([7.4).

7.2.1 Ly, and the gauge symmetry

The gauge group is given in Eq. (7.1)). It has four generators: three T,’s that form the SU(2)
algebra
[Ta, Tb] = ’iEabcTc, (76)

where a,b,c = 1,2, 3, and a single Y that corresponds to the U(1) group. The SU(2) generators
commute with the U(1) generator as they belong to different gauge groups:

[T,,Y] = 0. (7.7)

The local symmetry requires four gauge boson DoF, three in the adjoint representation of
SU(2) and one related to the U(1) symmetry:

Wi (3)o, B*(1)o. (7.8)

The corresponding field strengths are given by [see Eqs. (2.28) and (4.21))]

W:V _ 8“W;’ i éV’W(f’ . g€achszch7 BHY = O BY — OY B*. (79)

The covariant derivative is
DF = 9" + igWHT, + ig' B*Y. (7.10)

Thus there are two independent coupling constants in Ly,: there is a single g for all the SU(2)
couplings and a different one, ¢, for the U(1) coupling. (We choose both to be positive.) The
SU(2) couplings must all be the same because they mix with one another under SU(2) rotations.
The U(1) coupling can be different from that of the SU(2) because the generator Y never appears
as a commutator of SU(2) generators.

We define Ly, to include the kinetic terms of all the fields:

1 1 _ _
Liin = —ng‘”ww — ZB*"’B,W +iLli PLY +iERDEY + (D ¢)'(D,¢). (7.11)
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For the SU(2). doublets T, = 0,/2 (0, are the Pauli matrices), while for the SU(2), singlets,
T, = 0. Explicitly,

Dt = (8" + %gWﬁaa + ;g'B“) o,
DI, = (a“ + SgWho, - ;g’B“> L,
D'El, = (0" —ig' B*) El,. (7.12)

7.2.2 ,Cw

There are no mass terms for the fermions in the LSM. We cannot write Dirac mass terms for the
fermions because they are assigned to chiral representations of the gauge symmetry. We cannot

write Majorana mass terms for the fermions because they all have Y # 0. Hence,
Ly =0. (7.13)

We learn that the LSM is a chiral theory, that is a theory without bare mass terms for the fermions.

7.2.3 Ly
The Yukawa part of the Lagrangian is given by
— Ly = YSLLEY ¢+ hec., (7.14)

where 7,7 = 1,2,3. The Yukawa matrix Y is a general complex 3 x 3 matrix of dimensionless

couplings.

7.2.4 L4 and spontaneous symmetry breaking
The Higgs potential, which leads to the spontaneous symmetry breaking, is given by
2
—Ly = pi? (610) + A (0%0) " (7.15)

The discussion follows the same lines as the U(1) and SO(3) models presented in Chapter [6] The
quartic coupling A is dimensionless and real, and we consider the case that it is positive so the
potential is bounded from below. The quadratic coupling x? has mass-dimension 2 and is real. If
the gauge symmetry is to be spontaneously broken, Eq. , we must take p? < 0. Defining
1
V' = -5 (7.16)
we can rewrite Eq. as follows (up to a constant term):

02\ 2
—Lg=\ <¢T¢ — 2) . (7.17)
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The scalar potential in Eq. (7.17)) implies that the scalar field acquires a VEV, | (@) | = v/v/2. We
choose the VEV to lie in the real direction of the T3 = —1/2 component:

(9) = (v/(i@) : (7.18)

This VEV corresponds to the following breaking:
SU2)xU((1) = UQ1). (7.19)

This statement corresponds to the fact that there is one (and only one) linear combination of
generators that annihilates the vacuum state. With our specific choice, Eq. , itis T3 +Y
(you are asked to prove it in Question . The unbroken subgroup is identified with U(1)gy, and
hence its generator, (), is identified as

Q=T;+Y. (7.20)

(We could equally well choose the VEV to lie in the direction of the T3 = +1/2 component. In
this case we would identify ) = T3 — Y, and the physics would remain the same.)

Let us denote the four real components of the scalar doublet as three phases, 6,(z) (a = 1,2, 3),
and one magnitude, h(z). We choose the three phases to be the three “would be” Goldstone bosons,
in a way that is similar to the case we discuss in Section [6.6] In our case, the broken generators

are 11, Ty, and T35 — Y, and thus we write

1 i (0404(x) — 103(x)) 0
() = 7 exp 5y ] (U N h(x)) : (7.21)

The spontaneously broken SU(2). x U(1)y symmetry allows one to rotate away the explicit depen-

dence on the three 6,(x). They represent the three would-be Goldstone bosons that are eaten by
the three gauge bosons that acquire masses as a result of the SSB. See the discussion in Section [6.6]
In this gauge, ¢(z) has one DoF:

o(x) = ¢1§ <U :;(g:)) . (7.22)

7.2.5 Summary

The renormalizable part of the LSM Lagrangian is given by

1

4
YL Bl é+he) — A (oo —0?/2)°

~ (YSLLER o +he) = A (of0 —v*/2) (7.23)

1 N -
Cism = — ;We Wapy — 1 B" By, + (D*¢) (D) +iLy LY + i ERPEY,

where 7,7 = 1,2, 3.
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7.3 The Spectrum

7.3.1 Scalars: back to L

The scalar sector contains one real scalar field that we denote by h. It is a color-singlet and

electromagnetically neutral. This is the Higgs boson of the LSM. Its mass can be obtained by

plugging Eq. (7.22)) into Eq. (7.17)), and is given by
my = V2\v. (7.24)

Experiments give
mp, = 125.10 £ 0.14 GeV. (7.25)

7.3.2 Vector bosons: back to Ly, (¢)

Since the symmetry that is related to three out of the four generators is spontaneously broken,
three of the four vector bosons acquire masses, while one remains massless. Taking into account
the SSB, the term that leads to gauge boson masses can be read from the kinetic term of ¢ [see
Eq. (7.11)]:
Ly = (D, ()" (D" (9))- (7.26)
Using Eq. for D¢, we obtain:
D* () = A (gWhoo + g'B") <O> - ( oW + ‘?IBM g(WE —ilvs) ) <O> . (7.27)
Ve T v) VB \gW +aW§) —gWi +g'B"

The mass terms for the vector bosons are thus given by

(0 v) ( gWsa, +9'B,  g(Wy — iW2)u> ( gW4 +¢'B* g(W; — iWa)“) <0>
gWi +iWs),  —gWa, +9'B, ) \g(Wi +iWp)*  —gWe' + g'B* '

v

—_

Lan,

zg y

We define an angle 6y, via

~

Q
—~
I
[\
N}
~—

tan Oy =

@ |

We define four gauge boson states:

1 . . .
Wj = E(W1$ZW2)M, ZS = cos Oy Ws, —sin Oy B,,, Ag = sin Oy W3, +cos by B, (7.30)

such that Wj form a complex field while A, and Z,, are real fields. In terms of the vector boson

fields of Eq. (7.30)), the mass term, Eq. (7.28)), reads

1 _ 1
Ly, = Zg2U2W+“WM - §(92 + §*)W*ZHZ,. (7.31)
We learn that the four states of Eq. (7.30]) are the mass eigenstates, with masses-squared
1 1
my = 790", mz =g+ g% mi =0 (7.32)
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(Recall that for a complex bosonic field ¢ with mass m, the mass term is m?|¢|*> while for a real
field it is m?¢?/2.) Furthermore, these four states have well-defined charges under the unbroken

U(1)gm symmetry:
qWwh=+1, qW,)=-1, q(Z,)=0, q(A,)=0. (7.33)

f
Thus, the super-indices in Eq. (7.30]) stand for the respective electromagnetic charges. In most
cases, unless there is ambiguity, we do not write these indices.

Four points are worth emphasizing;:

1. As anticipated, three vector bosons acquire masses.
2. m% = 0 provides a consistency check on our calculation.

3. When a symmetry is partially broken, G — H, mass eigenstates can be linear combinations
of states that come from different representations of GG as long as they transform in the same
way under the unbroken subgroup H. The mass eigenstates Z, and A, provide an explicit

example.

4. The angle Oy represents the rotation angle of the two neutral vector bosons from the inter-
action basis, where fields have well-defined transformation properties under the full gauge

symmetry, (W3, B), into the mass basis for the vector bosons, (Z, A).

In Chapter [6] it is emphasized that SSB leads to relation between observables that would have
been independent in the absence of a symmetry. One such important relation involves the vector-

boson masses and their couplings:
2 2

my, Y
= . 7.34
m% g%+ g2 (7:34)
This relation is testable. The left hand side can be derived from the measured spectrum, and the

right hand side from interaction rates. It is conventional to express this relation in terms of 0y,

defined in Eq. (7.29):
=1 (7.35)

The p = 1 relation is a consequence of the SSB by SU(2)-doublets. (See Question for other
possibilities.) It thus tests this specific ingredient of the LSM.

The experimental values of the weak gauge boson masses are given by

my = 80.379 £ 0.012 GeV; myz = 91.1876 + 0.0021 GeV. (7.36)
We can then use the p = 1 relation to determine sin? fyy:
"W _ 08815 +0.0001 = sin? Ow = 1 — (my /mz)* = 0.2230 £ 0.0003. (7.37)
myz

Below we describe the determination of sin? fy by various interaction rates. We will see that p = 1
is indeed realized in Nature (within experimental errors, and up to calculable quantum corrections
that we discuss in detail in Chapter .
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7.3.3 Fermions: back to Ly

Since the fermions in the LSM are chiral and charged under the SU(2);, x U(1)y symmetry, the
model has £, = 0, and fermion masses can only arise from the Yukawa interaction as a result of
the SSB. The terms that lead to fermion masses can be read from Ly [see Eq. (7.14))]:

—Ly, =YL EY () + hec.. (7.38)

We write explicitly the two components of the SU(2);, doublets L :
, Ni
Li=(""). (7.39)
Ly
The various states have well-defined charges under the unbroken U(1)gy symmetry:
e £ have T3 = —1/2, and Y = —1/2, while F% have T3 = 0 and Y = —1. Hence, their

electromagnetic charges are
o(E) = q(ER) = 1. (7.40)

e N! have T3 = +1/2 and Y = —1/2. Hence, they are neutral under U (1)gy:

g(Nj,) =0. (7.41)

If SU(2);, x U(1)y were an exact symmetry of Nature, there would be no way of distinguishing
particles that are members in the same SU(2); multiplet. The SSB makes N? distinguishable
from E%.
Using the above definitions in Eq. (7.38)), and replacing ¢ by its VEV, Eq. (7.18)), we obtain
the following mass terms:
0 }/z.?y
v/V/?2 V2
Without loss of generality (see discussion in Section [7.5.2]), we can choose a basis where Y€ is

diagonal and real:

Eh+he = "L FE Fl+he.. (7.42)

Ly =YE(N] B} (

. 0 0
ve=10 gy, 0|, (7.43)
0 0 yr

with the convention that y. < vy, < y,. In the basis defined by Eq. ([7.43)), we denote the left-handed

fermion fields as follows:
Ve U VT
LLe: ( L) s LL,u: ( NL> y LLT: < L) y (744>
€r, Hr TL
and the right-handed fermions fields as follows:
€R, HR, TR- (745)
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The charged lepton mass terms are given in this basis by

Ly, = L Il it + Lo 7 + hec. (7.46)

€r er + +
\/§LR \/i,uLR\/i

We conclude that the charged leptons, e, u, 7 are Dirac fermions of masses

Yev Y Y

\/§, mu—ﬁ7 m, = \/5

We often refer to them as the three lepton flavors. We also see that the mass basis for the fermions

me =

(7.47)

is the one where Y¢ is diagonal and real, Eq (7.43]). The charged lepton masses have been measured:

me = 0.5109989461(31) MeV, m,, = 105.6583745(24) MeV, m, = 1776.86(12) MeV.
(7.48)
The crucial point is that while the leptons are in a chiral representation of the full gauge
group SU(2);, x U(1)y, the charged leptons — e, u, 7 — are in a vectorial representation of the
subgroup that is not spontaneously broken, that is U(1)gy. This situation is the key to opening
the possibility of acquiring masses as a result of the SSB, as realized in Eq. .

Unlike the charged leptons, the neutrinos v.,v,, v, are massless Weyl fermions:
my, = my, =m,, = 0. (7.49)

(We drop the explicit index L from the neutrino fields.) Their masslessness in the LSM can be
understood as follows. The LSM has no RH fields in the (2)_;/, representation, so there are no
Dirac mass terms for the neutrinos. The LSM has neither (1)y fermion fields nor (3); scalar fields,
so the neutrinos can acquire neither Dirac nor Majorana mass as a result of the SSB. A-priori,
since the neutrinos have no charge under U(1)gy, the possibility of acquiring Majorana masses is
not closed, but the neutrinos do not acquire Majorana masses from renormalizable terms. Thus,
lepton number is an accidental symmetry of the theory (see Section . Since the masslessness
of the neutrinos is protected by a symmetry, the neutrinos are exactly massless, not only at tree
level.

Experimentally, the neutrinos were found to have very small masses, much smaller than all the
other masses in the LSM spectrum. Thus, the LSM prediction of massless neutrinos is violated,
yet it constitutes a very good approximation to Nature. We discuss neutrino masses and possible

ways to generate them in Chapter

7.3.4 Summary

We presented the details of the spectrum of the LSM. These are summarized in the Table [7.1} All
masses are proportional to the VEV of the scalar field, v. For the three massive gauge bosons,
and for the three charged leptons, this must be the case: In the absence of spontaneous symmetry

breaking, the former would be protected against acquiring a mass by the gauge symmetry and the
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Table 7.1: The LSM particles

particle spin charge mass (theoretical)

W= 1 +1 gu/2
A 1 0 Va*+ g7 v/2
A° 1 0 0

h 0 0 V2 v
€ 12 -1 Yev/ V2
H 1/2 —1 Yyuv/ V2
T 12 -1 yrv/v/2

Ve 1/2 0 0
Vy 1/2 0 0
vy 1/2 0 0

latter by their chiral nature. For the Higgs boson, the situation is different, as a mass-squared
term does not violate any symmetry. Here it is just a manifestation of the fact that the LSM has
a single dimensionful parameter, which can be taken to be v, and therefore all masses must be

proportional to this parameter.

7.4 The interactions

In this Section, we obtain the interactions among the mass eigenstates of the LSM. The scalar
potential of Eq. leads to Higgs boson self-interactions. The Yukawa terms of Eq.
lead to Higgs-mediated Yukawa interactions among the charged leptons. The kinetic terms of
Eq. lead to three types of interactions that are mediated by vector bosons: The photon-
mediated electromagnetic interactions (QED), the Z-mediated weak interactions (neutral current
weak interactions), and the W*-mediated weak interactions (charged current weak interactions).

To obtain these three types of interactions, we need to rewrite the covariant derivative given in
Eq. (7.10) in terms of the vector boson mass eigenstates, A, Z and W* defined in Eq. (7.30):

Dy =0, +igW,STH + W, T") (7.50)
+ i(gsinby Ts+ ¢ cosbw Y)A, + i(gcosbw Ts — ¢'sinby Y)Z,,

where
T = (Ty +iTy) /V2. (7.51)
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7.4.1 The Higgs boson
The interactions involving the Higgs boson, h, are given by

Ly =Lh+ LY+ L)

int

2 2
R Mhys | Myoy

—L}=—"h —h

£ 20 + Su2 7

_ 1 2h  h?
ﬁh = (m%/VWu VV“Jr + 2m2ZZuZ“> <U + U2> y
h

_ﬁh:;(meqeR+mMMLuR+mTﬁTR—I—h.C.). (7.52)

We write £!

int

of the masses of the particles to which it couples.

in a way that demonstrates that all of the Higgs couplings can be expressed in terms

The Higgs boson self-couplings are proportional to its mass-squared, mi = 2\v?. The dimen-

sionless h* coupling,

2
my é
h = (7.53)
is unchanged from the quartic coupling of ¢ in Eq. (7.15). The h3 coupling,
2
mpy
— = 7.54
20 v (754)

arises as a consequence of the SSB.
The Higgs couplings to the weak interaction vector bosons are proportional to their masses-

squared. The dimensionless hhV'V' couplings,

2 2 2 2 2
Mv _ 9 Mz 99 (7.55)
02 4 20?2 8
are unchanged from those of ¢ in Eq. (7.11)). The hV'V couplings,
2miy _g'v - my (g 4% (7.56)
v 2 v 4

arise as a consequence of the SSB.

There is neither hAA nor hhAA coupling. One can understand the absence of these couplings
in two ways. First, the Higgs boson is electromagnetically neutral, so it should not couple to the
electromagnetic force carrier. Second, the photon is massless, so it should not couple to the Higgs
boson.

The Yukawa couplings of the Higgs bosons to the charged leptons are proportional to their
masses. The h{T¢~ couplings,

My Y

s = (7.57)

are unchanged from Eq. (7.14)).
There is no coupling of the Higgs to the neutrinos. This is related to the masslessness of the

neutrinos.
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7.4.2 QED: Electromagnetic interactions

Here we study the photon interactions to fermions and show that we recover QED. Using Eq. ([7.50))
and the definition of fy in Eq. (7.29)), we find that the photon coupling is proportional to

99 99
— (T3 +Y) = ———0). 7.58
/—92+g/2( 3 ) /—g2+g/2Q ( )

This is what we should have obtained. The coupling is proportional to T35 + Y, which we defined

gsinOy Ty + g cosOy Y =

as @, the generator of U(1)gy. We conventionally define
99'

6= —, 7.59
/g2 +g/2 ( )
such that
e , e
— = 7.60
9= Sin Ow’ 9= cos Ow’ (7.60)

Thus, the electromagnetic interactions are described by
Las; = el Al (7.61)

The 193 = e, u, 7 fields are the Dirac fermions with ) = —1 that are formed from the 75 = —1/2
component of a left-handed lepton doublet and from a right-handed lepton singlet, for example
7 = (11,7r)T. Note that the interaction in Eq. is the same as the one from the QED
Lagrangian, Eq. . QED is now understood as the part of the LSM Lagrangian that involves
the photon field, A, and the massive charged Dirac fermions /;.

The QED interactions are discussed in Chapter [3] Here we only emphasize again some impor-
tant features that arise from Eq. ((7.61)):

1. The photon couplings are vector-like: Since the left-handed and right-handed fields carry the

same charge, the photon couples to them in the same way.
2. The electromagnetic interactions are P, C', and T' conserving.

3. Diagonality. The photon couples to ete™, u*u~ and 7777, but not to e*u¥, e*7F or p*rF
pairs. Thus, electromagnetic interactions do not change leptonic flavor. This is a result of

the unbroken local U(1)gy symmetry.

4. Universality: the couplings of the photon to the different generations are universal. This is

a result of the U(1)gy gauge invariance.

7.4.3 Neutral current weak interactions

Here we study the Z-boson interactions with fermions. Using Eq. (7.50) and the definition of fy,
in Eq. (7.29), we find that the Z-boson coupling is proportional to

gcosby Ty — ¢'sinfy YV = (T3 — sin? Oy Q). (7.62)

cos Oy
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This leads to the following interactions between the Z-boson and the fermions:

) . _ 1
g 3 {— <2 — sin? 0W> (70 +sin? Oy (RZlR + 3 VMZWL] : (7.63)

cos b 2=

Interactions mediated by Z-exchange are called neutral current weak interactions (NCWI). Eq. (7.63))

reveals some important features of the NCWI:

1. Unlike the photon, the Z-boson couples to neutrinos.

2. Parity violation: The Z-boson couplings are chiral. Since left-handed and right-handed
fields carry different T3, the Z-boson couples to them with different strength. Thus, the

Z-interactions violate parity.

3. Diagonality: The Z-boson couples to, for example, e*e™, u*u~, Uegver and 7,1, but not
to, for example, e*uF and T,zv,;, pairs. The diagonality holds to all orders in perturbation
theory, due to an accidental [U(1)]> symmetry of the LSM, see Section [7.5.1]

4. Universality: the couplings of the Z-boson to the different generations within each of the
three sectors (v, {1, {r) are universal. This is a result of a special feature of the LSM: all
fermions of given chirality and given charge come from the same SU(2) x U(1) representation
(more details are given in Section [9.4)).

The above points have been experimentally tested:

1. The branching ratio of Z decays into invisible final states which, in the LSM, is interpreted

as the decay into final neutrinos, is measured to be

BR(Z — vir) = (20.00 % 0.06)%. (7.64)

From Eq. (7.63]), we obtain

BR(Z — (t¢7)  (1/2 —sin?Oy)? + sin Oy 9 4
BR(Z = ) /1 sin” Oy + 8sin” Oy (7.65)

2. As an example of parity violation we consider the 7 polarization P, (also denoted as A;) in
the Z — 7777 decay. It is given by

0L —OR

P, (7.66)

)
o1+ ORr

where og(oy) is the cross section of producing a RH (LH) 7~ in Z decay. Experimentally,
P, =0.143 + 0.004. (7.67)
In a parity invariant theory, P, = 0, and thus the measurement of P, # 0 demonstrates

parity violation. From Eq. (7.63]), we obtain

(1/2 — sin? Oy )? — (sin? Oy )?
(1/2 — sin® Oy )2 + (sin® Oy)2”

P = (7.68)
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3. Diagonality has been tested by the following experimental searches:

BR(Z = efpu™) <75x1077, (7.69)
BR(Z —et77) < 9.8 x 1075,
BR(Z — pt77) < 1.2 x 107°.

4. Universality has been tested by Z-boson decays into charged lepton pairs:

BR(Z — ete™) = (3.363 & 0.004)%, (7.70)
BR(Z — ptp™) = (3.366 & 0.007)%,
BR(Z — 7777) = (3.370 & 0.008)% .

These results confirm universality:

T(up)/T(ete) = 1.0009 £ 0.0028, (7.71)
I'(r+t77)/T(ete™) = 1.0020 & 0.0032.

Z decays provide additional ways to determine sin® fy, as demonstrated by the following two
examples. Using Eq. ((7.65) and the central values from Egs. ((7.64)) and (7.70]), we obtain:

sin? Oy = 0.226. (7.72)
Using Eq. (7.68]) and the central value from Eq. (7.67)), we obtain:
sin? Oy = 0.232. (7.73)

Both determinations are in agreement with Egs. . An additional determination, from W-
mediated decay, is given in Eq. . We discuss the various determinations of sin? fy, in more
detail in Chapter

We end this subsection with some definitions. There are several ways to write the coupling of
the Z-boson to the fermions. Eq. gives the couplings of the Z-boson to LH and RH charged

leptons:

g eyp ey
L= cos Oy [gLEiLZ&'L + QR&‘RZ&R] .
1
g9; = —3 + sin? Oy, 95 = sin? Oy . (7.74)

One could write these Z-boson couplings in terms of the Dirac fermions:

_ g 0( A€ e
Lz = 2 cos Oy [ﬁ(gv + 9475) Zq ;
1

e (& e 1 : e e (&
gV:gR+gL:_§+2SHl28W7 gA:gR_ngi' (7-75)
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In Section 8] we consider additional fermions of various () and T3 assignments. Generalization of

the definitions of g; r and gy 4 to such fermions in straightforward

- QV;FQA — TR Qsin?fy, g1 = w = TE — Qsin2 0y, (7.76)

where the flavor index is implicit, and

gV:gR—i—gL:T:gR—l—TSL—ZQsiﬁew, gA:gR—gL:TgR—T:sL. (7.77)

7.4.4 Charged current weak interactions

Here we study the W*-bosons interactions with fermions. Using Eq. (7.50]), and the explicit form
of the T* matrices from Eq. (7.51]), we find that the W-boson couplings to fermion pairs are given
by

_ 9 —— 1t
Ly = -7 e:%;:m 7z W +he] (7.78)

The interactions mediated by the W* vector-bosons are called charged current weak interactions
(CCWI). They are unique among the interactions of the LSM, as the fermion pairs to which the
W-boson couples consist of two different fermions, a neutrino and a charged lepton. This must be
the case as the WW-bosons are charged, so they must change the identity of the particle with which
they interact.

Eq. reveals important features of the CCWI:

1. Parity violation: The W-boson couplings are chiral. More specifically, only left-handed fields
take part in the CCWI. Thus, the W-interactions violate parity.

2. Universality: the couplings of the W-boson to 77;, to uv, and to e, are equal. This is a
result of the local nature of the imposed SU(2): a global symmetry would have allowed an

independent coupling to each lepton pair.
These predictions have been experimentally tested:

1. Consider polarized u~ — e v,V decay. We define 6 to be the angle between the muon
polarization and the electron. Parity transformation does not change the spin direction but
reverses the momentum direction of the electron, leading to § — © — #. We learn that a
parity invariant spectrum must be even in cosf. Experiments are consistent with the LSM
prediction for the differential decay rate in the muon rest frame,

d*T
dx d(cos )

where z = E./EM, P, is the polarization of the muon. The cosf dependence proves that

o 22 [3 — 22 + P,(2z — 1) cos 6], (7.79)

parity is violated.

Parity violation was first established in 1956 in an experiment conducted by Chien-Shiung
Wu, using 3 decays of polarized cobalt-60 (%°Co).
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2. Universality has been tested by W-boson decays into lepton pairs:

BR(W* — etv,) = (10.71 £ 0.16) x 1072,
BR(W' — utv,) = (10.63 £0.15) x 1072,
BR(WT — 771,) = (11.38 £ 0.21) x 1072 (7.80)

These results confirm universality:

C(utv)/T(etr) = 0.993 £ 0.015,
T(r+v)/T(e*v) = 1.062 + 0.024. (7.81)

7.4.5 The Fermi constant

When discussing low energy effects of the weak interaction, it is useful to define the Fermi constant:

lye’ 2

_ g
V2sin? Oym2,  4v2m2,’
where we use g2 = 4w/ sin® Oy based on Eqgs. (3.10) and (7.60)).

To demonstrate the usefulness of this definition, consider the =~ — e"v, 7. decay. At low

Gr = (7.82)

energy (¢*> < mj;), the W-mediated interaction is well approximated via a four fermion coupling:

g* g* Ao

e ~ 9 - = 126, 7.83
A evum. m¥, —q*  m¥  sin®Oymi, V20 (7.83)

The measured muon lifetime,
7, = (2.196981 +£ 0.000002) x 107% s, (7.84)

determines G via

b T, 19278

(m2/m2)(1 + drc), f(z) =1—8x+82* — 2* — 122% log 7, (7.85)

where f(x) is the phase space function for a three body decay with two massless final particles
(it is normalized to 1 in the case when all final particles are massless) and drc encodes radiative

corrections, and is known to O(a?). One gets:
Gr = 1.1663787(6) x 107° GeV 2 (7.86)
We note the following points:

1. The Fermi constant G can be used as yet another independent way to determine sin? fyy .

Using Eq. (7.83), and the central values of « in Eq. (3.11)), my in Eq. (7.36), and G in

Eq. (7.86]), we obtain
sin® Oy = 0.215, (7.87)

in good agreement with Eqs. (7.37) and (7.72). Differences between the three values are

accounted for by higher order radiative corrections. They are discussed in Chapter [12]
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2. The Fermi constant Gr determines also the VEV of the Higgs field. Using the expression
for Gr in Eq. (7.82) and the expression for my, given in Eq. ((7.32), we obtain

v=(V2Gr)V? ~ 246 GeV. (7.88)

3. Historically, G was used as the effective four fermion coupling well before the LSM was
conceived. The LSM reveals that G is a not a fundamental constant, but rather a quantity
that is derived from the parameters of the LSM.

7.4.6 Gauge boson self-interactions

The gauge boson self-interactions that are presently most relevant to experiments are the W+W -V
(V = Z, A) couplings which, in the LSM, have the following form:

Lyvwy = iecot Oy [(WL, W — W, W 2% + W, 2]
e [(Wh W — W W) AY 4 WEW, ] (7.89)
Here W/f, = 8“1/1/3E — 8,,Wj, Zy = 0,2, — 0,4, and F,, = 0,A, —0,A,. (Do not confuse the
definitions we use here for the mass eigenstates to the ones we use in Eq. for the interaction
eigenstates.)
The WWYV interactions depend on only two parameters, e and #y,. Moreover, these parameters
can be measured from other sectors of the theory. Thus, it can be used to test the theory. To

date, the LSM has passed all such tests.

Last we present the quartic vector-boson couplings within the LSM:
Liv = g*cos O (W, W, 212" = WiW"27,2")
+g? (WW, AMAY — W+ A, A%)
2
9 + - + —v +v —
+5 (Wiwy ) (Wew - W)
+e” cot O [(WIW, ) (ZHAY — ZVAF) — 2W, W+ Z, A" (7.90)

The experimental precision is not yet good enough to significantly probe these couplings.

7.4.7 Summary

Leptons have four types of interactions. These interactions are summarized in Table [7.2

The name weak interactions is somewhat misleading. In fact, the weak coupling ¢ is larger
than the electromagnetic coupling e. The more important feature is that the weak interactions are
mediated by massive vector bosons, and consequently they are short range, while the electromag-
netic interactions are mediated by the massless photon and hence they are long range. It is the

short range of the weak interactions which suppresses the related cross sections.
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Table 7.2: The LSM lepton interactions.

Interaction Force carrier Coupling Fermions
Electromagnetic ~y e e
NC weak A (g/ cosOw) (T3 — sin 03,Q) e,v
CC weak W+ (9/V2) ve
Yukawa h Ye e

7.5 Global symmetries and parameters

In Section [7.5.1] we identify the accidental global symmetries of the kinetic terms and of the full
Lagrangian, and give examples of the resulting predictions. Preparing for the identification of the
physical parameters, we describe the interaction and mass bases and the relation between them
in Section [7.5.2] and explain the symmetry-related method for counting the number of physical

parameters in Section [7.5.3] The LSM parameters are counted and identified in Section [7.5.4]

7.5.1 Accidental symmetries

If we set the Yukawa couplings to zero, Lyy = 0, the fermion sector of the LSM gains a large

accidental global symmetry:
GERXA (Y =0)=UB), x UB)g = SU3)L x SUB)g x U(1), x U(1)g. (7.91)

Under this symmetry, the L} fields transform as (3,1),, 0, the E% fields transform as (1,3)g 4,
and all other fields are singlets, (1,1)90. Concerning the U(1) factors, the choice of ¢ and ¢g is
arbitrary (except that both must not equal zero). It is customary to normalize these charges to
+1.

The Yukawa couplings break this symmetry into the following subgroup:

GE = U(1), x U(1), x U(1),. (7.92)

The U(1) factors are called electron number, muon number, and tau number, respectively. The
charges of v, and e are (1,0,0), of v, and p are (0,1,0), and of v, and 7 are (0,0, 1). Thus, electron
number, muon number, and tau number are conserved charges in the LSM. This situation allows,
for example, the muon decay mode y~ — e~ 7, but forbids u~ — e~y and = — e~ ete. Also
scattering processes such as ee™ — putu~ are allowed, but et~ — pte™ is forbidden.

It is useful to define total lepton number, which is the sum of the three lepton flavor numbers
and corresponds to a U(1), symmetry. (This U(1)y symmetry is different from the U(1)y of
Eq. . From here on, U (1), refers to total lepton number.) Clearly total lepton number is also
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an accidental symmetry of the LSM. Since all neutrinos are charged under U(1), the conservation
of total lepton number explains why Majorana masses for them are not allowed within the LSM.

These accidental symmetries are, however, all broken by nonrenormalizable terms, such as

1
XLELLJ'CW- (7.93)

(As explained in Section for the sake of simplicity, we write LY instead of L$.) If the scale
A is high enough, these breaking effects are very small. It means that the “forbidden” processes
mentioned above are expected to occur, but at very low rates. It also implies that we should expect

very small Majorana masses. We discuss these points in detail in Chapter [14]

7.5.2 The interaction basis and the mass basis

e The interaction basis is the one where all fields have well defined transformation properties
under the imposed symmetries of the Lagrangian. In particular, in this basis, the gauge

interactions are universal.

e The mass basis is the one where all fields have well defined mass. In this basis all fields have
well defined transformation properties under the symmetries that are not spontaneously
broken. The fields in this basis correspond to the particles that are eigenstates of free

propagation in spacetime.

For the LSM, the interaction eigenstates that have well defined transformation properties under

the SU(2), x U(1)y symmetry are:
Wa(3)o, B(L)o, Lp(2)-1/2, Er(1)-1, 0(2)41/2, (7.94)
with ¢ = 1,2, 3. The mass eigenstates that have well defined electromagnetic charge and mass are:
W, 20 A% em, w77, Ve, vy vy BC. (7.95)

The number of degrees of freedom is the same in both bases. To verify this statement one has to

take into account the following features:
1. W, and B have only transverse components, while W+ and Z° have also a longitudinal one.
2. Ly and Eg are Weyl fermions, while e, i, 7 are Dirac fermions.
3. ¢ is a complex scalar, while h is a real one.

In Section [7.3 we show how to transform from the interaction basis to the mass basis for the
LSM bosons. Here we discuss this basis transformation for the LSM fermions or, more generally,

for cases where there are several copies of fields with the same representation.
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If there are several fields with the same quantum numbers, f;, then the interaction basis is not
unique. The kinetic and gauge terms are invariant under a global unitary transformation among
these fields. On the other hand, the Yukawa terms and the fermion mass terms are, in general, not
invariant under a unitary transformation among fermion fields with the same quantum numbers,
fi = Uji fi. Thus, by performing such transformations, we are changing the interaction basis.

In the LSM, there are three copies of (2)_; /o LH fermions, Ly, = (L}, L7, L})", and three copies
of (1)1 RH fermions, Egr = (E}L, %, E3)T. Let us rewrite Ly of Eq. in the following way:

LiY°Er¢ = Le(ViV )Y (VR Vir) Erd = (LVE) (Ve YV (Ver Er) 6, (7.96)

€

where V., and V_i are unitary matrices and in the first equality we simply inserted unit matrices.
We can choose V., and V_.g to be the ones that are used in the bi-unitary transformation that

would make Y real and diagonal:
YO = VYVl = Yi,, = diag(ye g, ur). (7.97)

While in a generic basis Y¢ is a 3 X 3 complex matrix and thus has, in general, nine complex
parameters, Eq. demonstrates that, without loss of generality, one can find a basis where
the Yukawa matrix depends on only three real parameters. Often one chooses a basis where the
number of Lagrangian parameters is minimal, as is the case with the diagonal basis of Eq. .
One could work in any other basis. However, when calculating physical observables, only the
eigenvalues of Y'Y, would play a role. Using the diagonal basis just provides a shortcut to this
result.

As explained in Section [7.3.3] the basis where the Yukawa matrix is diagonal constitutes the
mass basis. We thus identify (Lye, Ly, Li,)" = Vo Ly and (er, pr, Tr)T = Vg Eg as the charged
lepton mass eigenstate fields.

The case for the neutrinos is different since, at the renormalizable level, they are massless and,
in particular, degenerate. Thus, there is freedom in choosing the mass basis for the neutrinos. We
choose the basis where the W= couplings to the charged lepton mass eigenstates are diagonal. One
could choose a different mass basis, related to the one we chose by a unitary transformation of the

three neutrino fields,

Ve 41 Ve
vl = |wl| =0"|v|. (7.98)
UV, Vs Vr

Let us see how the decay rate of the W-boson into an electron and a neutrino is calculated in this
basis. Since the experiment does not distinguish between 1, 15, 3, one has to sum over all three
species:

Wt = efv) = LWT = ety) =T(WT = et ) (|Uat)® + |Uea|?* + |Ues|?)

i=1,2,3

=T(W*t = efv,). (7.99)
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Thus, if the neutrinos are degenerate, the elements of the matrix U have no physical significance;
They cannot appear in any physical observable. Our choice of basis (v, v, v-) provides a shortcut
to this result.

In Chapter it is shown that non-renormalizable terms provide the neutrinos with non-

degenerate masses, and then the neutrino mass basis becomes unique.

7.5.3 Parameter counting

Before we discuss the LSM parameters in detail, we explain the basics of identifying the number
of physical parameters. The Lagrangian written in a general interaction basis might include a
number of parameters that is larger than the number of physical parameters. This means that
when we express physical observables in terms of the Lagrangian parameters, only a subset of
these parameters (or combinations of them) appears. It also means that there exists a specific
basis where the number of Lagrangian parameters is minimal and equals the number of physical
parameters. For the purpose of testing a model, it is important to count and identify its physical
parameters. In this subsection, we explain how to determine the number of physical parameters.

We start with a simple example: The hydrogen atom. It is invariant under spatial rotations,
which are described by the SO(3) group. Furthermore, there is an energy eigenvalue degeneracy
of the Hamiltonian: states with different angular momenta have the same energy. This degeneracy
is a consequence of the symmetry of the system.

Switching on a magnetic field changes the situation. Without loss of generality, we can define
the direction of the magnetic field as the positive z direction. Consider this choice more carefully.
A generic uniform magnetic field is described by three real numbers: the three components of
the magnetic field (B,, By, B.). The magnetic field breaks the SO(3) symmetry of the hydrogen
atom system down to an SO(2) symmetry of rotations in the plane perpendicular to the magnetic
field. The one generator of the SO(2) symmetry is the only valid symmetry generator now; the
remaining two SO(3) generators in the orthogonal planes are broken. These broken symmetry

generators allow us to rotate the system such that the magnetic field points in the z direction:
0..0y.(B:, By, B.) = (0,0, B), (7.100)

where O, and O, are rotations in the xz and yz planes, respectively. The two broken generators
were used to rotate away two unphysical parameters, leaving us with one physical parameter, the
magnitude of the magnetic field. We learn that, when turning on the magnetic field, all measurable
quantities in the system depend on only one new parameter, rather than the naive three.

These results apply more generally. In particular, they are useful in studying the flavor physics
of quantum field theories. Consider a gauge theory with matter content. The kinetic and gauge
terms (Lyn) have a certain global symmetry, Gy. In adding terms (L + L4 + Lyui) that respect

the imposed gauge symmetries, the global symmetry may be broken down into a smaller symmetry
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group. In breaking the global symmetry, there is an added freedom to use the broken G generators
to transform from one interactions basis to another and, in particular, rotate away unphysical
parameters, as when a magnetic field is added to the hydrogen atom system.

We are interested in obtaining the number of parameters affecting physical measurements,
Nphys- In a general basis, the added terms depend on Ngeneral parameters. The global symmetry
of £, Hy, has fewer generators than the global symmetry of Lyi,, G . We call the difference in the

number of generators Nyyoken. Then Nppy is given by
Nphysical - Ngeneral - Nbroken‘ (7101)

Furthermore, the rule in Eq. applies separately to real parameters and to phases. A
general n x n complex matrix can be parameterized by n? real parameters and n? phases. Imposing
restrictions like Hermiticity or unitarity reduces the number of parameters required to describe the
matrix. A Hermitian matrix can be described by n(n+1)/2 real parameters and n(n—1)/2 phases.
A unitary n x n matrix, that corresponds to U(N) symmetry, has n(n — 1)/2 real parameters and
n(n + 1)/2 phases. Thus, a U(1) transformation (that is not a symmetry) can be used to remove
a single phase, while an SU(N) transformation (that is not a symmetry) can be used to remove

n(n —1)/2 real parameters and n(n + 1)/2 — 1 phases.

7.5.4 The LSM parameters

We are now ready to discuss the parameters of the LSM. As a first step, we count the number
of physical parameters. The situation is rather simple with regard to the gauge (Lyn) and the
scalar (L) sectors: Each of them is described by two real parameters. As concerns the Yukawa
interactions (Lyyuy), the rule given in Eq. should be applied. The kinetic terms for the
fermions have a global [U(3)]* symmetry, defined in Eq. . A U(3) algebra has 9 generators,
so the total number of generators of G is 18. The Yukawa matrix Y, defined in Eq. (7.14)), is a
3 x 3 complex matrix, which contains a total of 18 parameters. These parameters break the [U(3)]?
down to the [U(1)]® accidental symmetry of Eq. (7.92). Using Eq. (7.101), the number of physical

parameters in the Yukawa sector is given by

Nphys =18 — (18 — 3) = 3. (7102)

A more detailed calculation implies that the three parameters are real.

We conclude that the LSM has seven parameters. This implies that, in principle, we need to
perform seven appropriate measurements and then we can make predictions for any other processes
involving the leptons and the Higgs boson that are mediated by the EM, weak or Yukawa interac-
tions. It is convenient to think of these experiments as measurements of the seven parameters.

There are various ways in which we can choose the seven independent parameters. For example,
we can choose the parameters that appear in the Lagrangian in the basis with the diagonal
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Yukawa matrix (|7.43)):
9 95 v A Ve Yuy Yre (7.103)

Another example would be
mw, Mz, My, Me, My, Mg, Q. (7.104)

This example shows that by measuring the spectrum of the LSM and the fine structure constant,
all other interaction rates are predicted.
A good choice of parameters would be one where the experimental errors in their determination

are the smallest. As of now this set is the following:
a, Gp, Me, My, Mg Mz, My (7.105)

By now, all seven parameters have been measured, with my, (or, equivalently, A in the list above)
the latest addition.

Finally, let us comment that the fact that the seven LSM parameters can be chosen real, as
demonstrated explicitly in Eqs. (7.103)) or (7.105)), implies that C'P is conserved by the LSM.

7.6 Low Energy Tests

Nowadays, experiments produce the W and Z bosons and measure their properties directly. It
is interesting to understand, however, how the LSM was tested at the time before experiments
achieved such high enough energies. It is not only the historical aspect that is interesting, it is also
an important demonstration of how we can use low energy data to understand shorter distances.

We consider neutrino—electron scattering processes. These processes are useful for our purpose
as they are mediated by the weak interaction only, that is, by W and/or Z exchange. The strong
and electromagnetic interactions do not contribute at tree level, as the neutrino carries neither

color nor electromagnetic charge. We distinguish four classes of processes:
e Processes that are forbidden due to the accidental symmetries, for example v,e~ — v.e™.
e Processes that are mediated by W exchange only, for example v,e™ — veu™.
e Processes that are mediated by Z exchange only, for example v,e™ — v,e”.
e Processes that are mediated by both W and Z exchange, for example v.e™ — vee™.

The relevant tree level diagrams are given in Fig. [7.1] We work in the electron rest frame and

define

DPe - \Dv — De
S = (pl/ +pe)27 Yy = ]f p )7 (7106)
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Figure 7.1: Tree level diagrams for neutrino—electron scattering.
such that p, is the momentum of the outgoing charged lepton and p, is the momentum of the
incoming neutrino or antineutrino. We consider only the case where
m: <K s < miy, (7.107)

and keep terms that are first order in s/m¥, and zeroth order in mi /s. The results for the

differential and total cross sections are given by

do Gisr, 5 4G3s [ 5, V?
The dimensionless constants a and b depend on the process:
ve” —vee a=0, b=0, (7.109)
_ _ 1
Ve = Veft a:§, b=0,
1
v,em = e a= 3 sin? @y, b= —sin® by,
1
Ve — Ve : a= 5~ sin?@y, b= —sin?0y,

and the same with ¢ — 7. For the corresponding v — e scattering processes, a < b:

v,e —=ve b=0, a=0, (7.110)
V€ — Uppl” - b:;, a=0,

ve — e b= ; —sin? Oy, a= —sin® Oy,

veT — v b= —; —sin? Oy, a= —sin®Oy.

These results can be used to test the LSM in many ways. Below we give two examples.
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7.6.1 Charged current neutrino—electron scattering

A comparison between the two W-mediated scattering processes, v,e~ — vep~ and v.e™ — v,u”,

provides a test of the vectorial nature of CCWI. (Here vectorial means that the intermediate boson

has spin one.) Using Egs. (7.109) and (7.110]), we obtain:
do(Dee™ = Dupu™)/dY

do(vye= — vep™)/dQ 1-v)" (7.111)

O'(Dee_ — Ile“LL_) — } (7 112)
o(ve” > vep~) 3 '

If the Dirac structure of the CCWI were not vectorial (for example if the mediator were a scalar),
these ratios could be different. Here we give the intuition behind this result.

In the center of mass frame 1—y = (14-cos ) /2, where 6 as the angle between the outgoing muon
and the incoming neutrino or antineutrino. Backward scattering of the beam particle corresponds
to 1 —y = 0 or, equivalently, cos = —1. Since only left-handed fields couple to the W boson,
and we consider the ultra-relativistic limit, for the v.e™ scattering, 77 and ¢; have positive and
negative helicities, respectively. Thus, in the center of mass frame, their spins are in the same
direction. Therefore, for the initial state, (J,); = +1. When the scattering is backward, the
respective momenta of the antineutrinos and the charged leptons are reversed, and consequently
their helicities are reversed: (J,); = —1. We conclude that backward v¢ scattering is forbidden
by angular momentum conservation. This explains the (1 — y)? = (1 — cosf)?/4 factor in the
numerator of Eq. . In fact, the process v.e — v,p proceeds entirely in a J = 1 state
with net helicity +1. That is, only one of the three states is allowed. In contrast, in v,e — v.u,

backward scattering has (Jz); = (Jz)s = 0 and all helicity states are allowed. This explains the

factor of 1/3 in Eq. (7.112)).

7.6.2 Neutral current neutrino—electron scattering

A comparison between the two Z-mediated scattering processes, v,e~ — v,e” and v,e” — Ve,
provides yet another way to determine sin® fy,. We first note a historical aspect of these processes.
When the SM was proposed, there were experimental pieces of evidence for the W-mediated CCWI,
but not for the Z mediated NCWI. The experimental discovery of neutral current processes came
from the observation in 1973 of the v,e — v,e process in the Gargamelle experiment. This

constituted a great triumph for the SM.
Using Eqs. ([7.109)) and (7.110)), we obtain:
o(vue = vue)  3(—1/2+ sin®Oy)? + sin' Oy
o(ve — ve)  (—=1/2+sin? Oyy)2 + 3sin® Oy

(7.113)

The experimental result leads to

sin? Oy = 0.230 £ 0.008. (7.114)
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in good agreement with other determinations, Eqgs. (7.37)), (7.72), (7.87)), and ([7.73).

For further reading

e For further details on vector-boson self-interactions see, for example, Ref. [22].
e For reviews and more details on low energy tests see, for example, Ref. [23].

e More details on charged lepton — neutrino scattering can be found, for example, in Ref. [24].
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Problems

Question 7.1: Algebra

1. Write explicitly the h.c.-term in Eq. ((7.14)).

2. Starting from Eq. ((7.28)) and using the definitions of Eqs. (7.29) and ([7.30)), derive Eq. ((7.31)).

3. Starting from Eq. ((7.50) and using the definitions of Ay, in Eq. (7.29)) and of @ in Eq. ((7.20)),
derive both sides of Eq. (7.62)).

4. Derive Eq. (7.65)) and discuss what approximations are made in the derivation.

5. Using the gauge boson kinetic terms form Eq. (7.23)), and the definitions in Egs. (7.29)),
[30), and (760), derive Eq. (759).

6. Draw the Feynman rules of all the interctions in the LSM in the mass basis.

Question 7.2: The broken generators

Below Eq. ([7.18]) we make the statement that our choice of VEV keeps T3 + Y unbroken, while

the other three generators are broken. Here you are asked to prove this statement.

1. With the choice of VEV in Eq. ([7.18]), show that T3 + Y annihilates the vacuum. That is,
write T3+ Y explicitly as a 2 x 2 matrix, apply it to the vector (¢), and show that the result
is zero. This result proves that this operator is not broken (see Question .

2. The other three generators correspond to 717, T3, and T3 — Y. Show that any non-vanishing
linear combination of them (with real coefficients) does not annihilate the vacuum. This is

a proof that there is no other unbroken generator.

Question 7.3: The would-be Nambu-Goldstone bosons
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The spontaneous breaking of a global symmetry entails Nambu—Goldstone bosons. If we now
modify the model such that the spontaneously broken symmetry is a local one, these scalar DoF
become the longitudinal components of the gauge bosons that correspond to the broken generators.
To see this explicitly, we consider the Higgs sector of a modified LSM, such that the spontaneously
broken symmetry is global.

We consider the Higgs potential of Eq. . Instead of Eq. we write ¢ as

b = ( g' ) (7.115)
(v+h+ig°)/V2
where g* = (g1 — i¢s)/V/2.

1. Write ¢! in terms of g=, ¢° and h. Recall that g~ = (¢7).

2. Plug ¢ and ¢! of Eq. (7.115) into Eq. (7.15) and find the spectrum. One way to get the

spectrum is to define the mass-squared matrix as

2
Z?j = 0 VT . (7.116)
0¢:09; $i=¢I=0
Explicitly, for example,
0?V
M?(g*) = 7.117
)= g | (7117)

3. Check that the spectrum has three massless DoF, the g* and ¢°, and one massive DoF, h.

Check that the mass of h is the same in the global and local cases.
Question 7.4: Lepton decays

1. Find in the PDG the main decay mode of the muon, and obtain the corresponding decay
width.

2. Draw the tree level Feynman diagram for the leading muon decay.

3. Find in the PDG the bound on
BR(u — ev). (7.118)

What is the LSM prediction for this mode? Explain.

4. Based on lepton universality, predict the following ratio:

(1 — evp)

L(r — pvw)’ (7.119)

Compare your results with the PDG and explain any deviations.
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5. Show that the LSM predicts (up to small phase space factors)

(pu— ev) m),
_—— = —. 7.120
['(1 — evv) 5 ( )
Compare the prediction to the data.
Question 7.5: A modified LSM
Consider the following model:
(1) The symmetry is a local
spontaneously broken to U(1)g.
(77) There is a single fermion generation:
Lr(3)-1, ERr(2)_32, . (7.122)
(77i) There is a single scalar multiplet:
S(2T + 1) 412 (7.123)

1. Can we have a bare mass term for the leptons?
2. What values of T allow a Yukawa term of the form LjEr ¢? Write all the possibilities.

3. From now on we assume 7' = 1/2. By considering the components of the fields and the
Yukawa term, argue that the fermionic content of the model consists of a massless ) = 0
state (the neutrino v), a massive () = —1 state (the electron e), and a massive ) = —2 state

(that was not observed in nature) that we denote as A.
4. Show that my = v2m..

5. Write down the fermionic charged current weak interaction terms in the Lagrangian, that is,

the coupling of the W boson to the fermions. Keep track of factors of 2.

6. Is A stable? Explain.

7. Calculate the ratio
(W~ —egtAz)
FT(W- —etA\;7)

(7.124)

8. Is this a viable model that can replace the LSM? Explain.
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Question 7.6: p for general scalar representations

In the LSM, the Higgs field transforms under SU(2); x U(1)y as (2)41/2. However, any scalar
that is charged under the gauge group and acquires a VEV will break the LSM gauge symmetry.
We assume that the scalar potential is given by Eq. (7.17)).

1.

Consider a scalar ¢ that transforms as (27'+1)y. Since SU(2) is a non-Abelian group, 27+ 1
has to be a positive integer, that is, 7" is a non-negative half-integer. Since U(1) is Abelian,
a-priori Y can assume any real value. Yet, we require that (¢) breaks SU(2), x U(1)y —
U(1)gm, with @ = T3 + Y. This definition restricts the possible values for Y. Find these

values.

Show that ) T(T + 1) 2
= = ) 7.125
P m2, cos? Oy 2Y2 ( )
Hint: Use the following 27" + 1 dimensional representation of SU(2):
T3 = diag{T, T — 1,7 —2,...,-T}, (7.126)
0 a 0 ... 0 0 aq 0 o 0
aq 0 (05} 0 : —a 0 a9 0 :
T1 = 0 as . . : T2 = —1 0 —a2 . . .
0 . 0 aoT 0 . 0 Qo
0 ce. ... Qor 0 0 ... —Qor 0
where
TT+1)—(T-k(T-k+1
. VT(T + 1) = (T = k)( ) 7127

2
For T'> 0 and Y = 0 one can see from Eq. (7.125]) that p — oo independent of T". Explain

this result using symmetry arguments.

Suppose that there exist several scalar representations (i = 1,..., N) whose neutral members

acquire VEVs v;. Find p in terms of v;, T; and Y;.

Assume that, in addition to the standard Higgs doublet {T"=1/2,Y = 1/2} with VEV vy,
there exists one other multiplet {75, Y5}, whose EM-neutral member acquires a much smaller

VEV, v, < vy. Find dp = p — 1 to first order in (vy/vyy)?.

Assume that experimentally —0.01 < §p < 40.005. Find the constraint on (v;/vy/)? for the
following multiplets: (3)41, (5)—1 and (4)13/2.
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7. From Eq. it is clear that p = 1 for all 3Y2 = T(T + 1) multiplets. The fact that
experimentally p ~ 1 motivates the choice of one of these multiplets to spontaneously break
the symmetry, but from the consideration of p alone, there is no difference which of these
multiplet we take. Yet, in the LSM, we do make the specific choice of T = 1/2 and Y = 1/2.
What is the advantage of the LSM Higgs field compared to the other possible choices?

Question 7.7: Forward-backward asymmetry

We consider ee™ — puTpu~ scattering. This process is mediated at tree level by both photon
and Z-boson exchange. The photon exchange is parity conserving while the Z exchange is parity
violating. The interference between them leads to a forward-backward asymmetry, which is a

manifestation of parity violation. The forward-backward asymmetry is defined as follows:

1 d 0 d
=) op = 27r/ d(cos0) 7 op = 27r/ d(cosf) 7 (7.128)
0

dcosf’ -1 dcosf’

where 6 is the angle between the incoming e~ and the outgoing 1~ and o represents a cross-section.

1. Draw the photon-exchange and Z-exchange diagrams and evaluate the corresponding ampli-

tudes.

2. We define s = (po+ + p.-)* where p.+ (p.-) is the four-momentum of the incoming e™ (e™).
Consider the range mi < s < m%, and neglect contributions that are proportional to

1 — 4sin® Oy Show that, to leading order in s/m%,

;lg = Zz 1+ cos® 0 + 40%;12” . —8m2Z cosf|, (7.129)

where %, = cos? Oy and s, = sin® Oy

3. Show that, within our approximations,
Arg 3 i (7.130)

= 2 2"
32 cos? Oy sin® Oy s — m7,

4. One of the data point is given by Apg[s = (35 GeV)?] = —(9.9 £ 1.6) x 1072, What is the

LSM prediction for this point, and how does it stand in comparison to experiment?

Question 7.8: Flavor symmetries

In this question you are asked to use broken generators to transform to a basis with fewer

parameters.
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Consider a theory where we impose a global U(1) symmetry and have two Dirac fermions that

have the same charge under that U(1). The most general Lagrangian is

L = Pi(i@di; — mig)i; (7.131)

where ¢, 7 = 1,2. The matrix m;; must be Hermitian and thus it depends on four real parameters.

1.

The flavor symmetry of this Lagrangian is U(1) x U(1). However, this symmetry is not

manifest. To make it manifest proceed as follows. Write
Maiag = diag(my, mo) = UmUT. (7.132)
Define ¢' = Ut and show that £ in is equal to
L = j[iddi; — (Maiag)ij V] (7.133)

In Eq. (7.133)), the two U(1) symmetries are manifest. They are the independent rotations
of each flavor,
Ul — ey for i=1,2, (7.134)

that we denote as U(1); and U(1),. Show that the U(1); x U(1); symmetry can also be
written as a U(1)g x U(1)3 symmetry with

e G A e I (7.135)

)

and find o and a3 in terms of a; and as.
Identify the imposed U(1) in terms U(1)y and U(1)s.

In case that m is proportional to the unit matrix, the flavor symmetry is SU(2) x U(1). In
the most general case, the symmetry is U(1) x U(1). In the basis where m = magiag, the
two broken generators correspond to o; and gs. Show by explicit calculation that they are

broken (it is enough to show it for one of them).

The two broken symmetry generators can be used to generate U of Eq. ((7.132)):
U = e'o272¢l1o1 (7.136)

with oy and s given in terms of the parameters of m;;. Find o; and as.
Hint: it may be easier to perform the two rotations one after the other. First use U; = e'®11

to make m real and symmetric, and then use U, = €272 to diagonalize it.
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Question 7.9: 2HDM

The LSM includes a single Higgs doublet. Here we study the scalar sector that has two Higgs
doublets. We return to other aspects of the Two Higgs Doublet Model (2HDM) in other chapters
of this book.

We define the 2HDM as follows:

(1) The symmetry is
SU@). x U(l)y x Zs (7.137)

(73) There are two scalar multiplets:

$1(2) 1172, $2(2)11/2- (7.138)
Under the Z, symmetry, ¢; is even and ¢5 is odd. For simplicity, we impose CP conservation.

The Higgs potential is given by
V = miolon+ miskos + 3610 + 2 (k)
A
+Xa(011) (6h02) + Aa(olea) (@hon) + T [(0102)" + (6on)’] (7.139)

We are interested in a model where both doublets acquire a VEV.

1. We need to ensure that the potential is bounded from below (the equivalent of the A > 0
condition in the LSM) and that at the origin we have a maximum (the equivalent of the
©? < 0 condition in the LSM). Argue that if all \; >0 (i = 1,...,5) and all m? < 0 (i = 1, 2),

the symmetry is spontaneously broken.

2. Assume that

(¢1) = <U1/0ﬁ> , o (¢2) = <U2/O\/§). (7.140)

Show that the minimum equations, 0V /dv; = 0 and 9V/dvy = 0, give

A
3 345 2

2
A A
mvy + ?%g + %vgv% =0, (7.141)

A
mfvl + Elv

where >\345 = )\3 + )\4 + )\5.

3. Find v?, v3 and tan 8 = vy /v; as a function of the model parameters. What extra assumptions

on the model parameters are needed in order to ensure that both VEVs are real?
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4. In the limit, A345 = 0, Eqgs. (7.141)) decouple. In that case, each of the doublets should have
a potential like the one in the LSM. Show that the solution reduces to the LSM one in that

case.

We now obtain the scalar spectrum. Since each doublet has four real DoF, the 2HDM has a total
of eight. We denote them as follows (see Question :

_ i _ s 7.142
o= ((v1+h1+z‘x?)/ﬂ)’ 0= ((vz+hz+z‘x8)/x/§>’ (7.142)

where 77{ » are complex, and hy o and x; o are real fields. To obtain the spectrum, we use

, OV

Y 06,00!

: (7.143)
$i=0]=0

The mass-squared matrix M? can be divided to three 2 x 2 matrices: One for the charged fields,
ni (denoted as M2), one for the h; fields (denoted as M2), and one for the y; fields (denoted as
M?3).

5. Write down MZ, M3, and M3.

6. Show that each of MZ and M3 has a zero eigenvalue. Show that the corresponding eigenstates
are given by
g = comy + spiy 9° = caxa + spxa (7.144)

Explain why we should have expected three massless and five massive DoF.

7. The orthogonal combinations are a physical charged scalar and a physical CP-odd neutral
scalar:

H* = —sﬁmf + 0,87];:7 A = —sgx1 + caxo. (7.145)

Find their masses, my+ and my.

8. The eigenstates of M § are two neutral CP-even scalars. Write them as H = c,n; + s,72 and
h = —sam1 + cane, with the convention that m; < mpy. Find the two masses and express «

in terms of the model parameters.

We return to this model in Question [9.9
Question 7.10: The Leptonic Left Right Symmetric Model

Here we study the Leptonic Left Right Symmetric Model (LLRSM), which extends both the
gauge group and the lepton content of the LSM. It is motivated partly by allowing parity to be a
(spontaneously broken) symmetry of the Lagrangian. More importantly, in contrast to the LSM,

it predicts small neutrino masses.

The model is defined as follows:
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(1) The symmetry is a local

GLRS = SU(Q)L X SU(Q)R X U(l)X (7146)

(77) There are N, fermion generations, each consisting of two different representations:

Li(2,1).1,  Lg(1,2)_1. (7.147)

(77i) There are three scalar multiplets

0(2,2)0,  AL(3, 142,  Agr(1,3)4 (7.148)

We start with NV, = 1. We label the different components of the doublets as

LL:<VL>, LR:<VR>. (7.149)

The gauge fields are denoted by W (3,1)o, Wr(1,3)e and C(1,1)y, and the respective coupling

constants by g1, gr and gx.

1.

2.

In what spaces are the doublets in Eq. (7.149)) written?
Write down the commutation relations between the various generators [the analog of Eq. (7.6))].

Write down the covariant derivative of a general field and of all the fermions and scalars of
the model [the analog of Eq. (7.10))].

Let us assume that only Ag acquires a VEV, and assign the VEV to its T4* = —1 component.
What is Gprs broken into [the analogue of Eq. (7.19))]7

Find the linear combinations of the LLRSM generators which give the LSM generator Y and
the EM generator @) [the analogue of Eq. (7.20])].

What are the SU(2), x U(1)y QNs of vg?

Write ® in components that are distinguishable after this stage of the breaking. Denote the
two components as ¢; and ¢ and write their SU(2), x U(1)y QNs.

The B* field of the LSM must be a linear combination of Wg,; and C*. The orthogonal
linear combination is called Z"*. Write the expression of B* and Z’* in terms of Wj, and
C* [the analogue of Eq. (7.30)]. Denote the mixing angle by 6, and express it in terms of
the LLRSM couplings.

Find the masses of the massive gauge bosons, Wi and Z’, after this stage of breaking [the

analogue of Eqs. (7.31]) and (7.32))].
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10. Find the electric charges of the massive gauge bosons, Wi and Z’ [the analogue of Eq. (7.33))].

11. Express gr and gx in terms of ¢’ and g [the analogue of Eq. (7.60))]. Here ¢’ is the coupling
constant of U(1)y.

12. Find the coupling of the Z’-boson to fermions in terms of T3 and Y [the analogue of

Eq. (7.63)].

13. Write down explicitly the charged current interactions of the leptons with the massive Wf{—
bosons [the analogue of Eq. (7.78))].

We now assume that all three scalars acquire VEVs, with the following hierarchy:
(AR) > (®) > (Ar). (7.150)
Then, we can think about breaking the symmetry in two stages:
SU2)L x SUR2)gxU(l)x = SU12), x U(1)y = U(1)gum. (7.151)

The previous items referred to the first stage of the breaking. We now consider the second stage
of the breaking due to (®) # 0.

14. Explain why we must require that only the neutral components of ® acquire VEVs.

15. We denote the VEV of ¢, by k; and that of ¢, by ky. Calculate the mass of the W bosons
in terms of k; and ko (provisionally putting (Ar) = 0), and relate it to the LSM parameter
v. We identify Wit with W* of the LSM.

Our last step is to understand why we choose the hierarchies of VEVs as in Eq. ((7.150)).

16. Experiments established that p = 1 to a very good approximation. Show that this implies
that | (Ap) [ < [{®) ]

What you have shown is that the LLRSM constitutes a viable extension of the LSM. We return
to this model in Question [14.5]
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Chapter 8

The Standard Model

The Standard Model (SM) accounts for the strong, weak, electromagnetic, and Yukawa interactions
of the fermions. It combines the LSM, presented in Chapter [7, and QCD, presented in Chapter [5]
In this Chapter we define the model, and obtain its spectrum, interactions, accidental symmetries
and parameters. The rest of the book is dedicated to the study of the SM beyond tree-level and

beyond the renormalizable level.

8.1 Defining the Standard Model

The Standard Model (SM) is defined as follows:

(7) The symmetry is a local
SU@B)e x SU2), x U(1)y. (8.1)

(7i) There are three fermion generations, each consisting of five different representations:

QLi(372)+1/6a URi(3a1)+2/37 DRi(Ba]-)fl/?n LLi(laQ)fl/Qa ERi(]-al)—la = 17273'
(8.2)

(73i) There is a single scalar multiplet:
O(1,2)41/2- (8.3)

Similar to the LSM, the presence of a scalar allows for SSB. We define the SM as the model
that exhibits the following breaking pattern:

We use the notation (A, B)y where A is the representation under SU(3)¢, B is the representa-
tion under SU(2), and Y is the hypercharge. The fermions that transform as triplets of SU(3)¢

are called quarks, while those that transform as singlets of SU(3)¢ are called leptons.
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8.2 The Lagrangian

As explained in previous chapters, the most general renormalizable Lagrangian with scalar and

fermion fields can be decomposed into
L= Lyn + Lw -+ £¢ + Lyvuk. (85)

It is now our task to find the specific form of the Lagrangian made of the fermion fields Qr;, Ug;,

Drg;, Li;, and Eg; (8.2), and the scalar field ¢ (8.3)), subject to the gauge symmetry (8.1)) and
leading to the SSB of Eq. (8.4).

8.2.1 Ly, and the gauge symmetry

The gauge group is given in Eq. (8.1). It has twelve generators: eight L,’s that form the SU(3)
algebra, three T},’s that form the SU(2) algebra, and a single Y that corresponds to the U(1) group:

[Lm Lb] = ifabch [Taa Tb] = Z‘EabcT’ca [Laa Tb] — [Lm Y] = [Tba Y] = 0. (86)

The local symmetry requires twelve gauge boson degrees of freedom, eight in the adjoint repre-
sentation of SU(3)¢, three in the adjoint representation of SU(2)r, and one related to the U(1)y
syminetry:

G%(8,1)o, WH(1,3)o, B*(1,1). (8.7)

The corresponding field strengths are given by

G = "G — 0"G" — gy farc GG
WH = QWY — 9" WH — geae WEWY,
B"™ = 9"BY — 9" B", (8.8)

where fu. are the structure constants of SU(3), and €4, are the structure constants of SU(2).

The covariant derivative is given by
DF = 0" 4+ ig,GH L, + igW['T, + ig'Y B*. (8.9)

There are three independent coupling constants in Ly,: gs related to the SU(3)¢ subgroup, ¢
related to the SU(2), subgroup, and ¢’ related to the U(1)y subgroup. For the SU(3)¢ triplets
Lo = 3Aq (Aq are the Gell-Mann matrices), while for the SU(3)¢ singlets L, = 0. For the SU(2),
doublets T, = 10y, (03 are the Pauli matrices), while for the SU(2),, singlets 7}, = 0. Explicitly, the
covariant derivatives acting on the scalar and various fermion fields are given by

DF¢ = <8u + EQWZA% + ZQ,BM) ®,

2 2
DrQy = (" + S9.Gid + SoWlav + (o' B") Qu.
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2
DAUR = (aﬂ + ;gsG At o g B“) U,

DDy = (0" + L 0.Gi ;g’B“) D,

DLy = <8“+ Zng oy — %93 >LL>

DMER = (8“ Zg BM) ER. (810)

Liin includes the kinetic terms of all the fields:

1 . 1
Ekin = - ﬁ Ga,uu - ?j{l,u wa/ _LBM B;w - -
+iQriPQri + Ui PUg;i + iDpiDDp; + iL;,DL1; + iER DER;

+ (D"$)(D,9). (8.11)

8.2.2 [,1/)

There are no mass terms for the fermions of the SM,
Ly =0. (8.12)

In Chapter [7] we have seen that this is the case for leptons. Note that a larger symmetry means
stronger constraints, hence it is impossible that lepton masses would become allowed when the
gauge symmetry is extended to include SU(3)s. As concerns the quarks, we cannot write Dirac
mass terms because they are assigned to chiral representations of the SU(2); x U(1)y gauge
symmetry. We cannot write Majorana mass terms for the quarks because they all have Y # 0 and

because they are in a complex representation of SU(3)c.

8.2.3 L, and spontaneous symmetry breaking

The scalar field is a singlet of the SU(3)¢ group. Thus, the form of L, is the same as in the
LSM. Since ¢ is an SU(3)¢ singlet, the SU(3)¢ subgroup remains unbroken, and the pattern of
spontaneous symmetry breaking is as required by Eq. (8.4)).

One contraction that is important in the SM is

ba = €ardi (8.13)

where a, b are the SU(2)-indices. Thus, we can denote (1, 2)_1/2. When considering the VEV we

can write Eq. (7.18) as
te BEq. (7.18 - (U/(i/?) <¢~5>: (v/(;/i) (8.14)
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8.2.4 Ly

The Yukawa part of the Lagrangian is given by
—Lyux = YiQriUrj ¢ + Y1Q1:Drj ¢ + Y L1;Er;j 6 + h.c., (8.15)

where 7, j = 1,2, 3 are flavor indices. Note that the Yukawa couplings of Ug involve ¢. The Yukawa

matrices Y%, Y% and Y¢ are general complex 3 x 3 matrices of dimensionless couplings.

8.2.5 Summary

The renormalizable part of the SM Lagrangian is given by

1  — Lo
Lom = — ZGZWGa/w - ZWbﬂ Wi — ZB“ By, — (D"$)'(Dyu9)

+ 1QriPQri + tUpiPUp; + iDg;PDp; + iL1;PLy; + iEgi DER;
- (ny@URj &+ YIQrDpj &+ YL Ep; ¢ + h.c.)
2
— A(¢fo —0?/2)" (8.16)

where 7,7 = 1,2, 3.

8.3 The Spectrum

8.3.1 Bosons

Given the spontaneous breaking of the SU(2), x U(1)y symmetry to the U(1)gm subgroup, the
spectrum of the electroweak gauge bosons remains the same as in the LSM: three massive vector
bosons, W* and Z°, and a massless photon, A°. Furthermore, since the breaking is induced by an
SU(2)-doublet, the p = m%,/(m?% cos? Oy) = 1 relation holds.

The new ingredient is QCD and the existence of a gluon in the octet representation of SU(3)c.
Since the SU(3)c gauge symmetry remains unbroken, the gluon is massless.

As concerns scalars, the three would-be Goldstone bosons become the longitudinal components
of the three massive vector bosons. The fourth scalar degree of freedom is the Higgs boson h, a

real massive scalar field.

8.3.2 Fermions

Since the SM allows no bare mass terms for the fermions, their masses can only arise from the
Yukawa part of the Lagrangian, which is given in Eq. (8.15)). The resulting lepton spectrum is the
same as in the LSM, discussed in Chapter [7]
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The terms that lead to quark masses are given by

— L, = Y QuiUr; (6) + YiQuiDr; (¢) + hc.. (8.17)
In what follows, we use '
i U i i
QL - DZ ) UR7 DR7 (818)
L

to denote the quark interaction eigenstates in a generic basis. The various states have well-defined

charges under the unbroken U(1)gy symmetry:

e Uj have Ty = +1/2 and Y = +1/6, while U} have T3 = 0 and Y = +2/3. Hence, their
electromagnetic charges are
q9(UL) = q(Ug) = +2/3. (8.19)

e D! have Ty = —1/2 and Y = +1/6, while D, have T3 = 0 and Y = —1/3. Hence, their

electromagnetic charges are

¢(Dy) = q(Dy) = —1/3. (8.20)
Using Eq. (8.14)), we obtain
Yiv_— -
_;CMq = WULiURj + WDLiDRj + h.c.. (821)

Without loss of generality, we can use a bi-unitary transformation,
YUY, =V, YUV, (8.22)

to transform the basis to one where Y is diagonal and real:

Yo 0O 0
Ye=10 g 0][. (8.23)
0 0 w

Eq. (8.21)) implies that the basis defined in Eq. (8.23)) is the mass basis for the up-type quarks.
In this basis we denote the components of the quark SU(2)-doublets, and the up-type quark

SU(2)-singlets, as follows:
ur, Cr, tL
Qru = ( > , Qre = < > , Qri = ( ) ; UR, CR, R, (8.24)
duL ch dtL
with the convention that vy, < y. < y:. The up-type quark mass terms are given in this basis by

—Lar, = Pl upun + Yoo + %mR +he. (8.25)

V2 V2
We conclude that the up-type quarks u, ¢, t are Dirac fermions of masses

YV _Yev

9 mc— )
V2 V2
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We can use yet another bi-unitary transformation,

Y9 Yy =V YV, (8.27)
to transform the basis to one where Y? is diagonal and real:
ya 0 0
vi=10 vy, 0. (8.28)
0 0 w

Eq. (8.21)) implies that the basis defined in Eq. (8.28) is the mass basis for the down-type quarks.
In this basis we denote the components of the quark SU(2)-doublets, and the down-type quark

SU(2)-singlets, as follows:
u Us u
QLd - ( dL) ) QLS = ( L) ) QLb = < bL) ; dRa SR, va (829>

dr, 5L br
with the convention that y4 < ys < yp. The down-type quark mass terms are given in this basis by
Ly = g 4 B P pbg + hec.. (8.30)

YR NG R NG

We conclude that the down-type quarks d, s, b are Dirac fermions of masses
mg = w mg = M my = M
V2 V2 V2

We conclude that all charged fermions acquire Dirac masses as a result of the spontaneous

(8.31)

symmetry breaking. The key to this feature is that, while the charged fermions are in chiral repre-
sentations of the full gauge group SU(3)c x SU(2), x U(1)y, they are in vector-like representations
of the SU(3)¢ x U(1)gm group:

e The LH and RH charged lepton fields, e, ;1 and 7, are in the (1)_; representation.
e The LH and RH up-type quark fields, u, ¢ and ¢, are in the (3)2/3 representation.
e The LH and RH down-type quark fields, d, s and b, are in the (3)_/3 representation.
On the other hand, as discussed in Section [7.3.3] the neutrinos remain massless:
my, =my,, =m, =0. (8.32)
The experimental values of the charged fermion masses are

me = 0.5109989461(31) MeV, m,, = 105.6583745(24) MeV, m, = 1776.86(12) MeV,

m, = 2.2755 MeV, me = 1.27 4 0.02 GeV, my = 172.9 + 0.4 GeV,

mg = 4.7705 MeV, ms = 937 MeV, my = 4.187003 GeV. (8.33)
For ¢ = u,d, s we quote the MS masses m,(u = 2 GeV). For @ = ¢,b we quote the running mass
mg(u = mg), while m; is extracted from the kinematics of ¢ events. The issue of how quark

masses are defined and extracted are complicated by the fact that QCD is confining. We do not

elaborate on this here.
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8.3.3 The CKM matrix

In the derivation above of the quark spectrum there is an important difference from the analysis
of the lepton spectrum. For the leptons, there exists a basis that is simultaneously an interaction
basis and a mass basis for both the charged leptons and the neutrinos, that is the Y, basis. In
contrast, for the quarks, in general there is no interaction basis that is also a mass basis for both
up-type and down-type quarks. To see that, we denote u’ = (u,c,t) and d' = (d, s,b), and write

the relation of these mass eigenstates to the interaction eigenstates:
up = (Var)isU,  up = (Vur)isU, L= (Var)y D1, % = (Var)i; Dy (8.34)

If V,p # Vyr, as is the general case, then the interaction basis defined by Eq. (8.23) is different
from the interaction basis defined by Eq. (8.28)). In the former, Y'¢ can be written as a unitary
matrix times a diagonal one,

ye=y",  y'=vye (8.35)
In the latter, Y* can be written as a unitary matrix times a diagonal one,
yi=v?  yv=viyw (8.36)
In either case, the unitary matrix V' is given by
V=V Vi, (8.37)

where V,;, and Vy, are defined in Eqs. (8.22) and ({8.27)), respectively. Note that each of V, 1, Vyr,

Vyr and Vyg depends on the basis from which we start the diagonalization. The combination V =
V. LVdTL, however, does not. This is a hint that V' is physical. The matrix V is called the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. Its physical significance becomes clear in Section .

We discuss additional aspects of the CKM matrix in Chapter [0

8.3.4 Summary

The mass eigenstates of the SM, their SU(3)¢ x U(1)gm quantum numbers, and their masses in
units of the VEV v, are presented in Table 8.1 As it is the case in the LSM, all masses are
proportional to the VEV of the scalar field, v.

8.4 The interactions

In this section, we discuss the electromagnetic, strong, weak and Yukawa interactions of the fermion

and scalar mass eigenstates of the SM.
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Table 8.1: The SM particles

particle spin color @ mass [v]
W= 1 (1) 41 19
21 W
A° 1 (1) 0
g ) 0
h 0 (1) 0 V2\
e 12 (1) =1 yeus/V2
Ve,V Vr  1/2 (1) 0 0
wet 1/20 (3) 42/3 Yuer/V2
d,s, b 1/2 (3)  —1/3  yass/V2

8.4.1 Electromagnetic (QED) and strong (QCD) interactions

The photon-mediated electromagnetic interactions are described by QED, which is part of the SM.
The discussion in Section leads straightforwardly to following Lagrangian terms for the SM

Dirac fermions:
Lys7 = eeide; — (2/3)eu; Au; + (1/3)ed; Ad;. (8.38)

The gluon-mediated strong interactions are described by QCD, which is part of the SM. The
discussion in Section leads straightforwardly to following Lagrangian terms for the SM quarks:

EGq(j = _gs@$a()‘a/2)qi' (839)

8.4.2 The Higgs boson interactions

The only novelty in the Higgs boson interactions with respect to the LSM, lies in its couplings to
quarks. As concerns its couplings to bosons, £ and L% are unchanged from Eq. . Note that
the Higgs does not couple to the gluon. As concerns its couplings to fermions, they are given by
the following extension of L’} of Eq. :

h
_Eh = ; (meqeR + mpﬁﬂR +mM:TL TR
+mulTLuR+mCQCR+mtEtR+mdﬂd3+m5§sR+mbEbR+h.c.>. (8.40)

Since the couplings of the Higgs boson are proportional to the mass of the particle to which
it couples, the Higgs decay is dominated by the heaviest particle which can be pair-produced in
the decay. For mj, ~ 125 GeV, this is the bottom quark. More generally, the SM predicts the
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following branching ratios for the leading decay modes:
BRy, : BRww+ : BRyg : BR+— : BRzz+ : BRee = 0.58:0.21: 0.09 : 0.06 : 0.03 : 0.03, (8.41)
where BR; = BR(h — f). The following comments are in order with regard to Eq. (8.41):

1. The WW* and ZZ* modes stand for the three-body tree-level decays (W ff' and Zff,

respectively), where one of the vector bosons is on-shell and the other off-shell.

2. The Higgs boson does not have a tree-level coupling to gluons since it carries no color (and
the gluon is massless). The decay into final gluons proceeds via loop diagrams. The dominant

contribution comes from the top-quark loop.

3. From the six branching ratios, three (bb, 7777, c¢) stand for two-body tree-level decays. Thus,
at tree level, the respective branching ratios obey BRy, : BRy+,- : BRee = 3m?2 : m2 : 3m?.
QCD radiative corrections are significant and suppress the two modes with the quark final

states (b, ¢) compared to one with the lepton final state (7).

4. The Higgs boson does not have a tree-level coupling to photons since it carries no EM charge
(and the photon is massless). The decay into final photons proceeds via loop diagrams with
small (BR,, ~ 0.002), but observable, rate. The dominant contributions come from the

W-boson and the top-quark loops which interfere destructively.

Experimentally, the decays into final 777~ bb, ZZ*, WW* and ~v have been established with

rates that are consistent with the SM predictions.

8.4.3 Neutral current weak interactions

The expression for the Z couplings to fermions is the same as in the LSM, Eq. (7.62)), and the
quarks follow the same pattrens as the leptons. Using the T3 and Y assignments of the various
fermion fields, we find the following types of Z couplings:

1 — — 1 —_ .
L 7 fermions = g [— ( — 3%,) et Ze\ + S%V enfen+ = vi vy (8.42)
Cw 2 2
1 1

1 2 — . 2 — i i 1 i i
+ <2 — 33%,) ul fuy — §S%’V Upfup — <2 - 3312/V> pady + 53%4/ rLdR|

where sy = sinfy, e = cosOw, €' = e, u, 7, V' = Ve, Uy, Vr, u' = u, ¢, t, and d' = d, s,b. We learn
that the Z couplings are chiral, parity-violating, diagonal, and universal.

Eq. implies that the Z-boson couplings in each fermion sector are universal. While
universality is a necessary feature of the couplings of gauge bosons corresponding to unbroken
generators, it is not an obvious feature of the couplings of vector bosons corresponding to sponta-
neously broken generators. We discuss this point in Section [9.4.2]
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Omitting common factors and phase-space factors, we obtain the following predictions for the

Z decays into a one-generation fermion-pair of each type:
INZ = vp) x 1,
(Z — 0) oc 1 — 4s3y, + sy,
8 32
INZ — uu) x 3 (1 - 58%4/ + 95?,[,) ,

. 4
[(Z — dd) o 3 <1 — gs%,v + Ssév) : (8.43)

Putting s%, = 0.225, we obtain

r,:.r,:r,:Ty=1:051:1.74:2.24. (8.44)

Experiments measure the following average branching ratio into a single generation of each fermion
species [PDG 2019]:

BR(Z — vi) = (6.67 £ 0.02)%,

BR(Z — ¢0) = (3.366 & 0.002)%,

BR(Z — ui) = (11.6 & 0.6)%,

BR(Z — dd) = (15.6 = 0.4)%, (8.45)

which, using central values, give
r,:Ty:T,:Ty=1:0505:1.74:2.34, (8.46)

in very nice agreement with the predictions.

8.4.4 Charged current weak interactions

We now study the couplings of the charged vector bosons, W=, to fermion pairs. For the lepton
mass eigenstates, things are simple, because there exists an interaction basis that is also a mass

basis. Thus, the W interactions must be universal also in the mass basis:

Ly, = -2 (@ Wher + VnL Whup + o W, + h.c.) . (8.47)

V2

As concerns quarks, things are more complicated, since there is no interaction basis that is also

a mass basis. In the interaction basis, the W interactions have the following form:

Ly = —\%Ui W*Di +hee.. (8.48)

Using Eq. (8.34) to write Ui = (V.);;u}, and D} = (V]}).;d%., we can rewrite Ly, in terms of the

mass eigenstates:

WE(Var)ws WH (VI adh + he. = — 9 WbV WHd, + hee., (8.49)

Lwg=—2%
V2 V2

139



where V' is the CKM matrix defined in Eq. (8.37)).
Eq. (8.49) reveals some important features of the model:

1. Only left-handed particles take part in charged-current interactions. Consequently, parity is

violated by these interactions.

2. The W couplings to the quark mass eigenstates are not universal. The universality of gauge

interactions is hidden in the unitarity of the CKM matrix, V.

3. The W couplings to the quark mass eigebstates are not diagonal. This is a manifestation of
the fact that no pair of an up-type and a down-type mass eigenstates fits into an SU(2),
doublet. For example, the d and u mass eigenstates are not members of a single SU(2),
doublet.

Omitting common factors and phase-space factors, we obtain the following predictions for the

W decays:
T(WH — 0ty o« 1,
DW* = wdy) o< 3[Vy[? (1=1,2; j=1,2,3). (8.50)

The top quark is not included because it is heavier than the W boson. Taking this fact into

account, and the CKM unitarity relations
|‘/ud|2 + |Vus|2 + |Vvub|2 - |‘/cd|2 + |‘/cs|2 + |‘/cb|2 = ]-) (851>

we obtain
I'(W — hadrons) ~ 2I'(W — leptons). (8.52)

Experiments give
BR(W — leptons) = (32.58 + 0.27)%, BR(W — hadrons) = (67.41 £+ 0.27)%, (8.53)

leading to
I'(W — hadrons)/T'(WW — leptons) = 2.07 £ 0.02, (8.54)

which, when including radiative corrections, is in good agreement with the SM prediction. The

(hidden) universality within the quark sector is tested by the prediction

(W —uX)=T(W = cX) = ;F(W — hadrons). (8.55)
Experimentally,
BR(W — ¢X) = (33.3 +2.6)%, BR(W — hadrons) = (67.41 £+ 0.27)%, (8.56)
which leads to
I'(W — ¢X)/T(W — hadrons) = 0.49 4+ 0.04. (8.57)
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Table 8.2: The SM fermion interactions

Interaction Force carrier Coupling Fermions
Electromagnetic y e u,d, e
Strong g Js u,d
NC weak Z0 (g/ cos Ow ) (T — sin® O Q) u,d, e, v
CC weak for quarks W= (9/V/2)Vij w;d,
CC weak for leptons W+ (9/V?2) ve
Yukawa h Ys u,d, e

8.4.5 Gauge boson self-interactions

The electroweak vector boson self-interactions are the same as in the LSM, and the gluon self-
interactions are the same as in QCD. There are no interactions that involve both the gluon and

electroweak bosons. Thus, the vector boson self interactions of the SM are given by the combination

of the terms given in Egs. (5.13)), (7.89), and ([7.90)).

8.4.6 Summary

Within the SM, fermions have five types of interactions. These interactions are summarized in

Table B2

8.5 Global symmetries and parameters

8.5.1 Accidental symmetries

If we set the Yukawa couplings to zero, Ly = 0, the SM gains a large accidental global symmetry

in the fermion sector:
G (Y = 0) = UB)g x UB)y x UB)p x UB)1 x U(3), (8.58)

where U(3)g has (Q1, @2, Qs) transforming as an SU(3)q triplet, and all other fields singlets,
U(3)y has (Uy, Us, Us) transforming as an SU(3)y triplet, and all other fields singlets, U(3)p has
(D1, Dy, D) transforming as an SU(3)p triplet, and all other fields singlets, U(3)., has (L1, Lo, L3)
transforming as an SU(3), triplet, and all other fields singlets, and U(3)g has (E, Es, E3) trans-
forming as an SU(3)g triplet, and all other fields singlets.

The Yukawa couplings break this symmetry into the following subgroup:

GEXP =U(1)g x U(1)e x U(1), x U(1),. (8.59)
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Under U(1) g, all quarks (antiquarks) carry charge +1/3 (—1/3), while all other fields are neutral. It
explains why proton decay has not been observed. Possible proton decay modes, such as p — e,
are not forbidden by the SU(3)c x U(1)gm symmetry. However, they violate U(1) g, and therefore
do not occur within the SM. The lesson here is quite general: The lightest particle that carries a

conserved charge is stable.

8.5.2 The SM parameters

On how many physical parameters does the SM depend? The gauge, scalar and lepton sectors are
very similar to the case of the LSM, discussed in Section [7.5.4] Taking into account the one extra
gauge coupling of the SM, g;, these sectors depend on eight physical parameters. What is left to
be obtained is the number of physical parameters in the quark sector. To do so, we follow the
procedure presented in Section [7.5.3]

The two Yukawa matrices defined in Eq. , Y* and Y, are 3 x 3 complex matrices, which
contain a total of 36 parameters (18 real parameters and 18 phases) in a general basis. The kinetic

terms for the quarks have a global symmetry,
G, = UB)g x UB)w x U(3)p, (8.60)

which has 27 generators. The Yukawa terms break this symmetry down to baryon number, H, =
U(1)p, which has a single generator. Thus Nyyoken = 26. This broken symmetry allows us to rotate
away a large number of the parameters by moving to a more convenient basis. Using (7.101]), the

number of physical parameters in the quark sector is given by
Nphys = 36 — 26 = 10. (8.61)

These parameters can be split into real parameters and phases. The three unitary matrices
generating G, have a total of 9 real parameters and 18 phases. The symmetry is broken down to

a symmetry with only one phase generator. Thus,

NP =18-9=9, N§ =18-17=1. (8.62)

hys

Let us now identify these parameters. Of the 9 real parameters, 6 are the quark masses and three
are real parameters in the CKM matrix, which are called mixing angles. The one phase is a C' P-
violating phase in the CKM matrix, which is called the Kobayashi-Maskawa (KM) phase. We give
examples of explicit parameterizations of the CKM matrix in Section [9.2.1

We conclude that the SM has 18 parameters: three gauge couplings, two parameters of the
Higgs potential, three charged lepton masses, six quark masses and four CKM parameters. Of
these, seven parameters are the LSM parameters, discussed in Section , and seven (g, and the
six quark masses) were introduced in previous sections of this chapter. The four CKM parameters

are discussed in Chapter [0
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8.5.3 “A SM” vs. “The SM”

We would like to distinguish “a SM” from “the SM”. The properties of the former depend only on
the definition of the model, i.e. its imposed symmetry and particle content. The properties of the
latter depend also on the specific values of the parameters. Thus, our discussion so far deals with
“a SM”. Once we present the values of the parameters, we can move on to discuss “the SM”. This

distinction is particularly useful when we discuss flavor physics in Chapter [13]

8.5.4 Discrete symmetries: P, C' and C'P

Similarly to the LSM, the SM violates C' and P, as it is a chiral theory. As concerns C' P, however,
the SM differs from the LSM: while C'P is a good symmetry of the LSM , it is not a good symmetry
of the SM. The single phase of the CKM matrix is a source of C'P violation within the SM. C'P
violation in the SM is closely related to the number of fermion generations: Three is the minimal
number that exhibits a CP violating phase.

Note, however, that unlike the case of P and C, that are violated in the SM (and in any
chiral theory) already by the definition of the particle content, C'P can be violated only by the
interactions. For a generic case, the SM W¥ interaction with the quarks violate C'P. We specify
the exact conditions on the model parameters for C'P to be violated in Chapter [9] Here we just

mention that it is experimentally established that C'P is indeed violated in Nature.

For further reading

e A collection of original papers that set the stage for the SM can be found in Ref. [25].

e More on the issue of anomalies (discussed in the appendix) can be found, for example, in
Chapter 30 of Ref. [14].

e More on the strong C'P problem (discussed in the appendix) can be found, for example, in
Ref. [26].
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Appendix

8.A Anomalies and non-perturbative effects

The issues of anomalies and non-perturbative effects are usually discussed only in advanced QFT
courses. Moreover, for almost all phenomenological implications of the SM, these issues are irrel-
evant. Thus, we mention them in this section for the sake of completeness. Readers that do not

have the required background can skip this section at first reading.

8.A.1 The strong C' P parameter

The counting of parameters described above is done at the classical level. Usually, when quantizing
a system, the number of parameters is not changed. Yet, there are exceptions that are related to
non-Abelian gauge groups. It turns out that in the SM there is one more renormalizable parameter
that is unphysical at the classical level but is physical at the quantum level. This parameter is

called Oqcp:

qcp v apo
Logen = ﬁewngQL G (8.63)

This term violates P and C'P. In particular, it leads to an electric dipole moment (EDM) of the

neutron d,. The experimental upper bound on the EDM of the neutron,
d, < 1.8 x107%° ¢ cm, (8.64)

implies that
0 CD S_, 1079. 8.65
Q

The question of why 6qcp is so small is known as the strong C'P problem. We do not discuss it
any further here. We just conclude that the number of independent parameters in the quantum

SM is nineteen: the eighteen mentioned above and fqcp.

8.A.2 Anomalies

For a theory to be consistent, its gauge symmetry must be anomaly-free. This issue was not raised

so far, because an anomalous theory can be “fixed” by adding appropriate degrees of freedom to
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it. Yet, it is interesting to note that QED, QCD and the SM are all free of gauge anomalies. In
contrast, the LSM is an anomalous theory and thus could not be a complete theory of Nature.
Indeed, the addition of the quark representations of the SM removes the LSM anomalies.

A point to note is that vectorial theories are anomaly free, and thus QED and QCD are. For
chiral theories, some conditions on the fermion QNs have to be satisfied. These conditions are
satisfied within each generation of the SM.

Concerning global symmetries, a theory is consistent even if its accidental symmetries are
anomalous. An anomaly in a global symmetry implies that the symmetry is violated by non-
perturbative effects. Each of the four accidental U(1) symmetries of Eq. is anomalous.
which

are anomaly free but a fourth independent combination, such as U(1)p4r, is unavoidably anoma-

However, one can always define three combinations, such as U(1)_r, U(1),—. and U(1),_,,
lous.

Due to the anomalies, baryon and lepton number violating processes occur non-perturbatively.
However, the non-perturbative effects obey a selection rule, AB = AL = 3n, with n =integer,
and thus do not lead to proton decay. Moreover, the non-perturbative B and L violating effects
are negligibly small in all processes we study, except in the context of cosmology, as we discuss in
Section [15.3

The accidental symmetries of the renormalizable part of the SM Lagrangian explain the van-
ishing of neutrino masses. A Majorana mass term violates not only the anomalous L symmetry,
but also the non-anomalous B — L symmetry. Thus, the symmetry prevents neutrino mass terms
not only at tree level, but also to all orders in perturbation theory, and even — due to the non-
anomalous B — L symmetry — at the non-perturbative level. We conclude that the renormalizable
SM gives the ezact prediction:

m,, = 0. (8.66)
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Problems

Question 8.1: Algebra

1. Using Eq. (7.18)), derive Eq. (8.14]).
2. Using Eq. (8.17) and the definitions in the text, derive Egs. (8.21)), (8.25), and (8.30)).

3. Using Eq. (8.34)), derive Eqgs. (8.35) and (8.36)). Show that indeed in both cases V' is the one
defined in Eq. (8.37).

4. Using Eqs. (8.34)) and ({8.48)), derive Eq. (8.49).

5. Draw the Feynman rules for quark-W interactions making sure to include the relevant CKM

factors.

Question 8.2: The NV, generation SM

Calculate the number of physical parameters related to Lyy in a SM with N, generations.
Separate them into masses, mixing angles and phases. In particular, show that C'P is violated

only with three or more generations.
Question 8.3: The four generation SM

Consider an extension of the SM with an additional (4th) generation of quarks and leptons:
L4(172)*1/27 E4(1a]-)—17 Q4(372)+1/67 U4(371)+2/37 D4(371)71/3' (867)
We denote the fourth generation mass eigenstates by ¢/, ¥, 7/, and v+ in an obvious notation.

1. Write down the Yukawa interactions. Use matrix notation, e.g., use L; where i = 1,2, 3,4 to

denote the lepton doublets.
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2. What is the global symmetry of the model? What is the number of physical parameters

related to the Yukawa terms? Separate them into masses, mixing angles and phases.
3. Is C'P violated in the quark sector? Is it violated in the lepton sector?

4. Assuming that m, < my, my, my and my, < m < myy, list the possible tree level decay
processes of the 7/-lepton. Estimate the branching ratio of each mode in terms of the elements

of the 4 x 4 CKM matrix. Neglect the outgoing fermion masses.

5. Explain why the measured value of the invisible width of the Z-boson, I'y,, = 499.4 + 1.7
MeV, rules out the model.

Question 8.4: Leptoquarks and lepton flavor violation

A leptoquark (LQ) is a hypothetical bosonic field which transforms as a triplet of SU(3)¢, and
consequently (with appropriate SU(2);, x U(1)y QNs) can couple to quark—lepton pairs. In this
question, we add to the SM a single scalar field, F(3,2)y,.

1. We require that the following couplings are allowed:
NOFQ, ER F. (8.68)
Determine Y.

2. Restore the color, SU(2)., and flavor indices in Eq. (8.68]).

3. We denote the components of the F-doublet as

F= (1;;) (8.69)

What are the electric charges of F, and Fy?

4. The model is ruled out if (F) # 0. Explain why this is the case. In what follows we then
assume that (F) = 0.

5. Based on Eq. (8.68]) find the baryon and lepton numbers of F'? (Recall that quarks carry
B = +1/3 and leptons carry L = +1.)

6. Starting from Eq. (8.68) write explicitly the Yukawa terms of F,, and Fj in the mass basis.

)\Edé

Denote the Yukawa matrices by /\fgue and A;;%,

respectively.

7. Find the relation between )\fjdé and )\5“3 in terms of the CKM matrix.

147



8.

The Higgs VEV introduces splitting between the masses of F, and F,;. Write the mass-
squared term for F' and the couplings to the Higgs field. Calculate the masses-squared of
F,, and Fj, and explicitly write the mass-squared splitting. Note that there are two ways to
contract the SU(2), indices in the terms that involve the ¢ and the F fields, and that you

can also use ¢ to have a third term. Make sure you include all of them.

From this point on, assume that the splitting between F), and F} is negligible.

9.

10.

11.

In the SM, the b — su™e™ decay is forbidden. Explain shortly why.

F mediates the b — sute™ decay. Draw the tree-level Feynman diagram for this decay and

estimate the amplitude.

Estimate the F-mediated amplitude of b — setu™.

Next we obtain a lower bound on mg. To do so, we compare the rate of the F-mediated b — su™e™

decay rate to that of the W-mediated b — ce™ v decay.

12.

13.

14.

Draw the tree-level diagram for b — ce™ v.

Estimate the ratio
['(b— sute)

L'(b — ce )

(8.70)

in terms of MY mp, g, my, and the CKM matrix elements. Assume that mp > my
and neglect phase space effects. Make sure you write explicitly the flavor structure of the

couplings.

We now assume that AZQE

~ ¢ for all 7 and j. Using the experimental data
BR(b — ce v) ~ 1071, BR(b — sute™) <1077, (8.71)

and |V| = 0.04, estimate a lower bound on mp.

We conclude that the mass of such a hypothetical LQ cannot be at the weak scale, that is, close

to the W mass, if its Yukawa couplings are of order the weak couplings.

Question 8.5: Leptoquarks and proton decay

We continue to study hypothetical leptoquarks, but here we encounter LQ fields with much

stronger lower bounds on their mass scale than the one we consider in Question [8.4 Specifically,
we add to the SM a single scalar field, R(3,1)y,.
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1. We require that the following couplings are allowed:
APE(dR)i(eh); R (8.72)

(Recall that ¥ is a left-handed field with opposite charges compared to ¢ g. In particular,
€%, is a left handed field which transforms as (1,1);; and carries lepton number of —1.)

Determine Y.

2. R couples also to pairs of quarks. For example, we can have
APV (uG)i(ug); R. (8.73)

Show that this term is indeed a singlet under the SM gauge group. Recall that u$ is a left
handed field which transforms as (3,1)_9/3. As for SU(3) algebra, recall that 3 x 3 =6 + 3
and 3 x 3 =1+38.

3. Explain why Af!’Y has to be antisymmetric with respect to i and j.

4. Adding R to the SM breaks both baryon and lepton numbers. That is, one cannot assign
lepton and baryon numbers to R such that B and L are respected by the couplings of both

Eq. (8.72) and Eq. (8.73). Show that this is indeed the case.

5. One combination of B and L is still conserved. Find this combination and determine the

charge of R under it.

6. R can mediate proton decay. Draw a Feynman diagram for the decay
pt —etn? (8.74)

and give a rough estimate of the amplitude in terms of the couplings and mpg. Write explicitly
the flavor dependence of the couplings. You can assume that the proton is made out of uud,

the neutral pion is made of dd, and mp > 1 GeV.

7. Experiments put a lower bound on the proton lifetime, 7, > 10%% years. Taking all the
couplings of R to be of order one, estimate the lower bound on mpg. Express your result
in units of GeV. Do not worry about factors of order one. Recall that 7 = 1 = 6.58 x

10722 MeV s.

We learn that if R exists, either its mass is very large, or its couplings are very small.
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Chapter 9
Flavor Physics

The appearance of the CKM matrix in the interactions of the W-boson with quarks introduces two
new qualitative ingredients in the SM as compared to the LSM: Flavor changing interactions and
CP violation. Thus, the physics of the CKM matrix deserves a more detailed discussion, which is

provided in this chapter.

9.1 Introduction

The term “flavors” is used to describe several mass eigenstates with the same quantum numbers.
Within the SM, each of the four different types of fermions (namely different SU(3)c x U(1)gm

representations) comes in three flavors:
e Up-type quarks in the (3);2/3 representation: wu,c,t;
e Down-type quarks in the (3)_;/3 representation: d, s, b;
e Charged leptons in the (1)_; representation: e, u, ;
e Neutrinos in the (1)y representation: vy, vy, V3.

In this section we discuss only quark flavor physics. (We discuss lepton flavor physics in Chap-

ter [14])

The term “flavor physics’ refers to interactions that distinguish between flavors. Within the
SM, these are the W-mediated weak interactions and the Yukawa interactions. The term “flavor
parameters’ refers to parameters that carry flavor indices. Within the quark sector of the SM,
there are ten flavor parameters: the six quark masses and the four CKM parameters. The term
“flavor-universal’ refers to interactions with couplings (or to parameters) that are proportional to
a unit matrix in flavor space. Within the SM, the strong, electromagnetic, and Z-mediated weak
interactions are flavor-universal. The term “flavor-diagonal’ refers to interactions with couplings

(or to parameters) that are diagonal, but not necessarily universal, in flavor space (i.e. in the mass
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basis). Within the SM, the Yukawa interactions are flavor-diagonal. Note that all flavor-universal
interactions are also flavor-diagonal.

The term “flavor-changing” refers to processes where the initial and final flavor-numbers (that
is, the number of particles of a certain flavor minus the number of anti-particles of the same flavor)
are different. A central role in testing the flavor sector of the SM is played by flavor changing
processes. In “flavor changing charged current” (FCCC) processes, both up-type and down-type
flavors are involved. Examples of FCCC decays include s — wup~v, transition, and b — ccs
transition. Within the SM, these processes are mediated by the W-bosons and occur at tree level.
In “flavor changing neutral current” (FCNC) processes, either up-type or down-type flavors but
not both are involved. Examples of FCNC decays include s — du*p~ transition, and b — s3s
transition.

In Nature, FCNC processes are strongly suppressed compared to FCCC processes. This situa-
tion is well accounted for in the SM, as discussed in detail in Section and Chapter [13]

9.2 The CKM Matrix

Among the SM interactions, the W-mediated interactions are the only ones that are not diagonal
in the mass basis. Consequently, all flavor changing processes depend on the CKM parameters.
The fact that there are only four independent CKM parameters, while the number of measured
flavor changing processes is much larger, allows for stringent tests of the CKM mechanism for

flavor changing processes.

9.2.1 The standard parametrization

The CKM matrix is defined in Eq. (8.37)). Its explicit form is not unique. First, there is freedom
in defining V' in that we can permute between the various generations. This freedom is fixed
by ordering the up quarks and the down quarks by their masses, i.e. (uy,us,us3) — (u,c,t) and
(dy,ds,d3) — (d, s,b). We then write the W interaction of Eq. as

dr,
Lw,q = - (wpeptn) VW™ | sp | +he. (9.1)
V2
br
The elements of V' are therefore written as follows:
Vud Vus Vub
V=V Ves Va [. (9.2)
Vie Vis Vi

Second, we can redefine the phases of the quark fields in such a way that the masses remain

real but the phase structure of the CKM matrix changes. This freedom can be used to choose an



explicit parametrization that depends on three real and one imaginary parameters. For example,
the standard parametrization, used by the PDG, is given by

0

C12C13 $12C13 S13€
_ ) is
V = | —si12c23 — C12523513€ C12C23 — 512523513€ 523C13 ) (9-3)
6 1)
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

where ¢;; = cos0;; and s;; = sinf,;;. The three 0;; are the three mixing angles while ¢ is the
Kobayashi-Maskawa phase. With the fixed mass ordering explained above, we have 6,;; € {0, 7/2}
and 0 € {0,27}. The mixing angles 6;; are often referred to as the real parameters, and ¢ as the
imaginary one, or the C'P violating one.

The fitted values of the four parameters are given by

sin 015 = 0.22650 + 0.00048,
sin fy3 = 0.04053 000083,
sin 013 = 0.0036115- 5005,
§ = 11967005, (9.4)
This translates into the following ranges for the magnitude of the CKM elements:

0.97401 £ 0.00011  0.22650 4 0.00048  0.00361 4 0.00010
|V| =] 0.22636 4 0.00048 0.97320 £ 0.00011  0.04053%5:0008% | . (9.5)
0.0085470:00923 0.0397875:00082  0.999172+5:500024

We discuss some of the ways in which these entries are determined below.

9.2.2 The Wolfenstein parametrization

Eq. (9.5)) implies that the CKM matrix is numerically close to a unit matrix, with small off-diagonal
terms that obey the following hierarchy:

V|, [Vial < Vs, [Vis| < [Vass], [Veal (9.6)

This situation inspires an approximate parametrization, known as the Wolfenstein parametrization.
The Wolfenstein parameters consist of the three real parameters A\, A and p, and the imaginary

(C'P violating) parameter in. The expansion is in the small parameter,
A = |Vis| = 0.23. (9.7)

The order of magnitude of each element can be read from the power of A. To O(A\?), the CKM

matrix is written in terms of the Wolfenstein parameters as follows:

1—2)2 A AN (p —in)
V = ) 1—1)2 AN? : (9.8)
AN(1—p—in) —AN 1
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The relations between the standard parameters and the Wolfenstein parameters are given by
A = 519, AN = 593, AN (p —in) = s13e7 %, (9.9)
The fitted values of the four parameters can be read from Eq.
p=0.14175017,
n = 0.357 £ 0.011,
A =0.79055917,
A = 0.22650 % 0.00048. (9.10)

In Section [8.5.3] we distinguished the SM from a SM. The experimental fact that the CKM
matrix is close to a unit matrix is one of the ingredients of the SM that are far from a generic SM.

The hierarchy in the quark masses constitutes another such ingredient.

9.2.3 (CP violation

Various parameterizations differ in the way that the freedom of phase rotation is used to leave a
single phase in V. One can define, however, a C'P violating quantity in V' that is independent of

the parametrization. This quantity, the Jarlskog invariant, Jokw, is defined through

3
Im (VigViVi Vi) = Jexn Y. €bme€im, (5., 1 =1,2,3). (9.11)

m,n=1
(There is no sum over the 7, j, k,[ indices.) In terms of the explicit parameterizations given in
Eqgs. (9-3) and (0.8)), the Jarlskog invariant is given by

JoKM = C12023C1 5512523513 8in 0 &~ A0 A%, (9.12)
Note that |Joxm| is bounded from above,
1
J. < —=~0.1. 9.13
The current best fit for Joky is given by
Joxwm = (3.0075:55) x 1072, (9.14)

which is much smaller than the upper bound of Eq. . More significantly, the experimental
value is much smaller than the value it would have if all relevant parameters were O(1). This is
one more demonstration that, within the flavor sector, the SM has non-generic features.

While a generic SM violates C'P, specific realizations of it could still conserve C'P. In order

that the SM violates C'P, the following necessary and sufficient condition must be fulfilled:

Xop = AmZAmZ, Am?2 Ami Ami,Am?,Joxu # 0, (9.15)

/L'_

where AmZ; = m7 —m?. Eq. (9.15)) puts the following requirements on the SM in order that C'P

is violated:

153



1. Within each quark sector, there should be no mass degeneracy;
2. The Jarlskog invariant does not vanish.

These conditions can also be written as a single requirement on the quark mass matrices in any

interaction basis:
Xcp=Im {det [MdMU}L, MHMH} %0 < CP violation. (9.16)

This is a convention independent condition.

9.2.4 Unitarity triangles

A very useful concept with regard to C'P violation is that of the unitarity triangles. The unitarity
of the CKM matrix leads to various relations among its elements. Of particular interest are the

six relations:

> Vi Vi = (qq' = ds, db, sb),

1=u,c,t

> VaVii = (qq' = uc,ut, ct). (9.17)
i=d,s,b

Each of these relations requires the sum of three complex quantities to vanish. Therefore, they can
be geometrically represented in the complex plane as triangles and are called “unitarity triangles.”
It is a feature of the CKM matrix that all six unitarity triangles have equal areas. Moreover, the
area of each unitarity triangle equals |Jogn|/2 while the sign of Jexwm gives the direction of the
complex vectors around the triangles.

The triangle which corresponds to the relation
Vuvab + %dvb + ‘/td 0, (918)

has its three sides of roughly the same length, of O(\3) — see Eq. . Furthermore, both the
lengths of its sides and its angles are experimentally accessible. For these reasons, the term “the
unitarity triangle” is reserved for Eq. .

We further define the rescaled unitarity triangle. It is derived from Eq. by choosing a
phase convention such that (V.4V};) is real and dividing the lengths of all sides by [V.4V|. The
rescaled unitarity triangle is similar to the unitarity triangle. Two vertices of the rescaled unitarity
triangle are fixed at (0,0) and (1,0). The coordinates of the remaining vertex correspond to the
Wolfenstein parameters (p,n). The rescaled unitarity triangle is shown in Fig.[9.1} The lengths of

the two complex sides are

Vuqub
VeaVen

ViaViy _
VeaVen

R, =

\/P + 7?2, Ry =
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(1—p)2+n2 (9.19)




(p;sm)

Figure 9.1: The rescaled unitarity triangle.

The three angles of the unitarity triangle are defined as follows:

a = arg [— {‘//tz‘/;i] , B = arg [— ‘;CZ Cf] , v = arg [— “//uj lf] : (9.20)
ud Vb tdVtb ca v ch

They are physical quantities and can be independently measured, as we discuss below. Another
commonly used notation is ¢1 = 8, ¢2 = «, and ¢3 = . Note that in the standard parametrization

v =0.

9.3 Tree level determination of the CKM parameters

In this section, we describe the determination of CKM parameters from tree level processes. There
is an inherent difficulty in determining the CKM parameters: While the SM Lagrangian has the
quarks as its degrees of freedom, in Nature they appear only within hadrons. There are various
tools to overcome this difficulty, some of which are discussed in Chapter [10}

At tree level, the W-mediated interactions lead to only FCCC processes. These suffice, however,
to over-constrain the CKM parameters. The most useful processes are semileptonic ones. We
discuss in more detail some of these processes in Chapter (and in Question . Here we give

a short summary of the results:
e Processes related to d — ul~ v transitions give |V,4| = 0.97370 £ 0.00014.

e Processes related to s — ul~ transitions give |V,s| = 0.2245 £ 0.0008.

Processes related to ¢ — d¢*v or to v, +d — ¢+ p~ transitions give |Voq| = 0.221 £ 0.004.

Processes related to ¢ — sl or to ¢§ — (Tv transitions give |V.s| = 0.987 £ 0.011.

e Processes related to b — ¢/~ transitions give |V| = 0.0410 £ 0.0014.
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Figure 9.2: Allowed region in the (p,n) plane from SM tree level processes (taken from Ref. [27]).

e Processes related to b — ul~ v transitions give |V,;| = 0.00382 4 0.00024.
There are two additional classes of tree level processes that depend on the CKM parameters:
e Processes related to single top production in hadron colliders give |V;,| = 1.013 £ 0.030.

e Processes related to b — scu and b — suc transitions give v = (72 £ 5)°. (See Subsec-

tion [13.C.1| for details.)

These eight distinct classes of processes depend on only four CKM parameters. The system is thus
over-constrained and tests the SM.
The values of A and A can be straightforwardly extracted from the measurements of |V,,| and
|Vip|, respectively:
A = 0.2245 4+ 0.0008, A =0.837+0.016. (9.21)

The values of p and 7 are extracted mainly from combining the measurements of |V,;| and ~, as
shown in Fig. (9.2
p=0.13 £ 0.03, n = 0.38 = 0.02. (9.22)

The fact that the ranges of the four parameters in Eqs. (9.21)) and (9.22)) are consistent with all
the measurements means that the SM passes the test successfully.

Note that the error bars on the determination here, Eqgs. (9.21) and (9.22)), is larger than the
one in Eq. (9.10). The reason is that here we only consider tree level processes.

9.4 No FCNC at tree level

Historically, the strong suppression of FCNC played a very important role in constructing the
SM. At present it continues to play a significant role in testing the SM and in searching for new

physics. In this section we explain why, within the SM, there are no tree level contributions to
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FCNC processes. Since there is no symmetry that forbids FCNC in the quark sector, there are
loop contributions to these processes. These are discussed in Chapter [13]

The W-boson cannot mediate FCNC processes at tree level, since it couples to up-down pairs,
or to neutrino-charged lepton pairs. Only neutral bosons could mediate FCNC at tree level. The
SM has four neutral bosons: the gluon, the photon, the Z-boson and the Higgs-boson. As derived
explicitly in Chapter|8| within the SM all of them couple diagonally in the mass basis, and therefore
cannot mediate FCNC at tree level. Here we explain the qualitative features of the SM that lead

to this situation.

9.4.1 Photon- and gluon-mediated FCNC

As concerns the massless gauge bosons, the gluon and the photon, their couplings are flavor-
universal and, in particular, flavor-diagonal. This is guaranteed by gauge invariance. The uni-
versality of the kinetic terms in the canonical basis requires universality of the gauge couplings
related to the unbroken symmetries. Hence neither the gluon nor the photon can mediate flavor
changing processes at tree level. Since we require that extensions of the SM respect the local

SU(3)c x U(1)gy symmetry, this result holds in all such extensions.

9.4.2 /-mediated FCNC

The Z-boson, similarly to the W-boson, corresponds to a broken gauge symmetry (as manifest in
the fact that it is massive). Hence, there is no fundamental symmetry principle that forbids flavor
changing Z couplings. Yet, as we explicitly find in Section [8.4.3] in the SM the Z couplings are
universal and diagonal.

The key point is the following. The Z couplings are proportional to T — @ sin®fy,. A sector
of mass eigenstates is characterized by spin, SU(3)¢c representation and U(1)gy charge. While @

must be the same for all the flavors in a given sector, there are two possibilities regarding 75:

1. All mass eigenstates in this sector originate from interaction eigenstates in the same SU(2), x

U(1)y representation, and thus have the same T3 and Y.

2. The mass eigenstates in this sector mix interaction eigenstates with the same ) = T3 + Y

but different SU(2), x U(1)y representations and, in particular, different 73 and Y.

Let us examine the Z couplings in the interaction and mass bases for several flavors of (hypothet-

ical) fermions in the same SU(3)¢ x U(1)gym representation:

1. In the first class, the Z couplings in the fermion interaction basis are universal, namely
they are proportional to the unit matrix (times T3 — @ sin® @y of the relevant interaction

eigenstates). The rotation to the mass basis maintains the universality:

Viu x1xVfy, =1, (f=udM=L,R). (9.23)
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2. In the second class, the Z couplings in the fermion interaction basis are diagonal but not
universal. Each diagonal entry is proportional to the relevant T3 — Qsin®fy,. Generally in

this case, the rotation to the mass basis does not maintain the diagonality:
VfM X édiagonal X VfTM - Gnon—diagonah (f = u, du M = L7 R) (924)
Question provides a specific example of a model of this type.

The SM fermions belong to the first class: All fermion mass eigenstates with a given chirality
and in a given SU(3)c x U(1)gm representation come from the same SU(3)c x SU(2), x U(1)y
representation. For example, all the left-handed up quark mass eigenstates, which are in the
(3)42/3 representation, come from interaction eigenstates in the (3,2)11/6 representation. This is
the reason that the SM predicts universal Z couplings to fermions. If, for example, Nature had
also left-handed quarks in the (3,1),9/3 representation, then the Z couplings in the left-handed
up sector would be non-universal and the Z-boson could mediate FCNC, such as t — ¢Z decay,

at tree level.

9.4.3 Higgs-mediated FCNC

The Yukawa couplings of the Higgs boson are not universal. In fact, in the interaction basis, they
are given by completely general 3 x 3 matrices. Yet, as explained in Section [8.4.2] in the fermion
mass basis they are diagonal. The reason is that the fermion mass matrix is proportional to the
corresponding Yukawa matrix and, consequently, the mass matrix and the Yukawa matrix are
simultaneously diagonalized. The general condition for the absence of Higgs-mediated FCNC at
tree level is that the only source of masses for any fermion type is a single Higgs field.

The relevant features of the SM are the following:

1. All the SM fermions are chiral, and therefore there are no bare mass terms.

2. The scalar sector has a single Higgs doublet.

In contrast, either of the following possible extensions would lead to flavor changing Higgs cou-

plings:

1. There are quarks and/or leptons in vector-like representations, and thus there are bare mass

terms.

2. There is more than one SU(2)-doublet scalar that couples to a specific type of fermions.

Question provides an example of the first case. Question provides an example of the second
case.

We conclude that, within the SM, all FCNC processes are loop suppressed. However, in exten-
sions of the SM, FCNC can appear at the tree level, mediated by the Z-boson, the Higgs boson,

or by new massive bosons.



For further reading

There are many useful reviews on the CKM matrix and flavor physics. See, for example, Refs. [28]
29, 30] and the PDG review of the CKM matrix [I].
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Problems

Question 9.1: Algebra

1. Using Egs. and (9.3) and working to O(\?), derive Eq. (9.8).

2. Using the definition of Joky in Eq. (9.11)), show that

Joxm = Im (VuaVes Vi Vi) (9.25)

us ¥V ed

3. Using Eq. (9.25)) and the standard parametrization, Eq. (9.3), show that [see Eq. (9.12))]

2 .
JCKM = C12C23C13512523513 S111 (5 (926)

4. Using Eq. (9-25)) and the Wolfenstein parametrization, Eq. (0.8)), show that [see Eq. (9.12))]
JCKM =~ )\6A27’]. (927)

5. Using Eq. (9.26)), show that [see Eq. (9.13)]

1

J < —. 9.28

Question 9.2: The bs unitarity triangle

In the main text, we discuss the UT, that is the bd triangle, Eq. (9.18]). We mention that each
of its sides is of O(A3), and each of its angles is of O(1). Here we discuss another unitarity triangle,

the bs triangle.

1. Write the equation for the bs UT [the equivalent of Eq. (9.18])].

2. Draw the rescaled bs UT and label the angles as ay, 85 and 7., in a similar way to our

discussion of the rescaled bd triangle [the equivalent of fig. |9.1].
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3. Estimate, in terms of powers of A, the size of each side and each angle of the bs UT.

4. Eq. (9.12) tells us that Joxy = O(N%). Verify that the area of the bs UT is also of the same

order.

5. Using the standard parametrization, show explicitly that the bs and bd triangles have the

salne area.

Question 9.3: Semileptonic decays and the CKM matrix

A semileptonic decay is one where the final state has both hadrons and leptons. Here we

consider semileptonic b decays.

1. Draw the tree-level diagram for b — we and estimate the size of the amplitude.

2. Estimate the ratio

['(b — uev)
) 9.29
['(b — cev) (9:29)
as a function of CKM matrix elements. Neglect m, and use
e v03, 2 ~o. (9.30)
my my

The phase space function for a three-body decay with one massive and two massless final

particles is given by

flrg) =1—8x5+ 8:103)’@ — lee — 12x3¢ logxy, zp = (my/my)?. (9.31)

3. The experimental value is
I'(b — ulw)

['(b— clp)

Estimate the relevant ratio of CKM matrix elements. Comment on the agreement between

~2x 1072, (9.32)
your estimate and the best fit value for that ratio.

Question 9.4: 7 decays to hadrons

The tau-lepton decays either leptonically or semileptonically.

1. List the possible tree level decay processes of the tau-lepton in terms of leptons and quarks.
(Note that, while m. < m,, what is relevant to this question is the mass of the lightest

hadron containing a c-quark, the D meson, and mp > m,.)
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2. In terms of CKM elements, estimate the branching ratio of each mode. Remember to include

color factors.

3. Estimate the SM prediction for BR(7~ — e~ v,7.). Compare your prediction to the data and

discuss any disagreement between the two.

Question 9.5: W decays

In this question we study decays of the W-boson. Neglect all fermion masses, except m;. At

tree level,

2 G m3
T(W+ — uty,) = LW _ ZETW 997 MeV. 9.33
W = pitn,) = Lt - SO : (9.33)

1. What is the SM prediction for T(W* — etv,) and T(W* — 771,)?

Ly

2. Write down all the hadronic decays of the WW-boson in terms of quarks, that is, W — ¢¢’, and

estimate their widths in terms of I',, the CKM elements and the number of colors, N, = 3.

3. Estimate I'y, the total width of the W. Write your answer in GeV, to a precision of two

decimal points.

4. Experimentally 'y, = 2.12 £ 0.04 GeV. Explain the difference between your result and the

experimental measurement.
Question 9.6: Exotic light quarks

In this question, we discuss a model of historical importance. Before the charm quark was
discovered, only three quarks were known: the up, down, and strange quarks. One of the reasons
to predict the existence of a fourth quark, the charm quark, was that a three quark model predicts
large rates for FCNC, in contradiction to experimental bounds.

Consider the following model:

(7) The symmetry is a local

SUBB)e x SU(2), x U(1)y. (9.34)

(7i) The quark fields are
Qr(3,2)41/6, St(3,1)-1s3, Ur(3,1)42/3, Dr(3,1)_1s3, Sr(3,1)_1/3. (9.35)

The lepton fields are
Lii(1,2) 1 Er(1,1)y, =12 (9.36)
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(7i1) There is a single scalar field,
P(1,2) 4172 (9.37)

with (¢°) = v/V/2.

We denote the components of the SU(2);-doublets as follows: Qr = (Ur, Dp)”, L1 = (Ver,er)7,
LL2 = (V,uLnuL)T7 and (b = (¢+7 (/bO)T'

1. Consider the interaction basis of the quarks. Write down:

a) The covariant derivative for each of the quark fields.

(
(b) The charged current weak interactions.
(
(d

)
)
c) The Yukawa interactions of ¢°.
) The bare mass terms.

)

(e) The quark mass matrices, taking into account the SSB.

2. How many physical flavor parameters are there in the quark sector of this model? Separate

the parameters into masses, mixing angles and phases.

3. Are there photon- or gluon-mediated FCNCs? Base your answer on symmetry-related argu-

ments.

4. Write down the Higgs couplings to the quarks in the mass basis. Are there Higgs-mediated
FCNC? Give a separate answer to each set of fermions with the same SU(3)c x U(1)gym QNs.

5. Write down the gauge interactions of the quark mass eigenstates with the 1W-boson.

6. In the SM, the rate of § — @u*y, is used to determine |V,,| ~ 0.2245. Use this result to

obtain the value for the mixing angle in Ly .

7. Write down the gauge interactions of the quarks with the Z-boson in both the interaction
basis and the mass basis. Are there tree level Z-mediated FCNC? Answer separately for

each set of fermions with the same chirality and QNs.

8. Consider the FCNC process 5 — dutpu~. Explain why the Z-mediated contribution is

quantitatively more significant than the h-mediated one.

9. We define I(s — dut)
s—app

R, = . 9.38

T T(s = apty,) (9.38)

Calculate R, as a function of the model parameters, keeping only the leading effects.
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10. Historically, the model was tested in kaon decays. While we did not yet discuss mesons, all

you need to know for this question is that R, ~ Ry, where

_ (K = p'p”)
R = iy i) (9.39)

Find in the PDG the experimental value of Ry and explain why this result rules out the
model. (While the data on Ry before the charm quark was discovered were not as good as

they are today, they were good enough to exclude the model even then.)

The fact that, once a charm quark is added to the model, the tree level value is Ry = 0 provided

the motivation to suggest the existence of the charm quark.
Question 9.7: Even more exotic light quarks

Repeat Question [9.6] item 1-5 and 7, for a model where we assign Ur and Dy into a doublet
of SU(2), that we denote as Qg.

Question 9.8: The SM+y

This is a generalization of the model presented in Question We add to the SM a pair of
quarks fields x7(3,1)_1/3 and xg(3,1)-1/3. The xr is distinguished from the three Dg; by defining
it to be the only RH field that has a Dirac mass term with xz: m,,Xzxr. We assume that

My 2> V.

1. Write down for the quarks in the interaction basis:

a) The covariant derivative for each of the quark fields.

b
(c

(d) The quark mass matrices, taking into account the SSB.

(
(b) The Yukawa interactions.
The bare mass terms.

)
)
)
)

2. Write down the gauge interactions of the quarks with the Z- and W-bosons in the interaction

basis.

3. Write down the gauge interactions of the quarks with the Z- and W-bosons in the mass
basis. Write the W couplings using a suitably defined 3 x 4 mixing matrix V, and write the
Z couplings using, for LH down quarks, a suitably defined 4 x 4 matrix U.

4. Argue that, in general, there are off-diagonal Z couplings to the down type quarks.

5. The bd UT is not a triangle in this model. Write the generalization of Eq. (9.18)) and plot it.
What is the geometrical shape of it?
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In Question you are asked to derive bounds on the parameters of this model.
Question 9.9: FCNC in the 2HDM

Consider the two Higgs doublet model (2HDM) extension of the SM. In Question we
discussed the scalar sector. Here, we add the quark sector to the discussion. The model is defined

as follows:

(1) The symmetry is
SU@B)e x SU(2), x U(1)y. (9.40)

(7i) There are three fermion generations, each consisting of three different representations:
Qri(3,2)11/6, Uri(3,1)42/3, Dri(3,1)_1y3, i=1,2,3. (9.41)
(737) There are two scalar multiplets:

01(2) 412, P2(2)41/2- (9.42)

We make two simplifying assumptions with regard to the scalar potential:
I: CP conservation. Thus, all couplings are real.

IT: The Higgs potential is invariant under the Zy symmetry defined in Question [7.9 Thus, we

can use the results of Question [7.9| regarding the scalar spectrum.

These assumptions simplify the computations without affecting the main results.

1. Write down (in matrix notation) the most general Ly for the quarks.
2. Find the masses of the quarks in term of the Yukawa couplings and of the VEVs v; and v,.
3. Find the couplings of the W- and Z-bosons to the quark mass eigenstates.

4. Find the couplings of h, H, and A to quarks in the mass basis for the quarks, in terms of the
Yukawa couplings, and the angles o and § defined in Question [7.9} Show that the couplings
are generally non-diagonal. This implies that the 2HDM has tree-level FCNC.

5. Impose the Z; symmetry defined in Question [7.9) with @, and Dg even and Ug odd under
the symmetry. Show that there are no Higgs mediated FCNCs.
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Question 9.10: b and c lifetimes

In this question we study decay rates and the lifetimes of the b and ¢ quarks. We only consider
tree level decays. We denote by @) the b or ¢ quark and by ¢ the u, d and s quarks. We also
approximate in the phase space factors my = me = m, = 0.

The phase space factor for three-body decay with one massless particle is given by

flay, 22) = Vg [1 — T(@1 + ) — T(x] + 23) + 2f + 25 + 2122(12 — T(z; + :cg))}

419 x%ln (1 +x1 — 22+ \/X12)2 +l‘gln (1 + 22— 21+ \/X12)2
Ax4 479
(1 — To — I1 —+ \/X12>2
— 122325 In yr : (9.43)
with
m? 9
T = —, A2 =1—=2(z1 + o) + (27 — x2)°. (9.44)
mq

For two massless particles, Eq. (9.43)) reduces to the phase space factor in Eq. (9.31).

1. Consider semi-leptonic decays, () — ¢fv. Draw the tree-level diagram and estimate the

amplitude.
2. The decay width can be written as
g = Cm’é|\/;j|2f(xq, Tp). (9.45)

such that C' is a constant, Vj; is the relevant CKM matrix element, z; = m7/mg, and f is

a dimensionless phase space factor (given for two massless and one massive final particles in

Eq. (7.85)), with f(0,0) = 1. Find n.
3. Draw the diagram of the ) — ¢;q;q decay, and modify Eq. to this case.
4. List the leading (in the CKM parameter \) decay modes for the ¢ and b quarks.
5. Estimate the BRs of the semi-leptonic modes

b — cev, c — sev. (9.46)

For the rough estimate in this question, use the masses from Eq. (8.33)): m. = 1.27 GeV,
my = 4.18 GeV, m, = 1.79 GeV. For b decays, negelecting the electron, muon, up, down

and strange quark masses, the relevant phase space factors are
flze,zr) = 0.06,  f(xe,xe) =018, f(z.,0)~0.51, f(0,0)=1. (9.47)
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For ¢ decays, neglecting the electron, up and down quark masses, the relevant phase space

factors are
f(zs,0) = 0.96, f(xs,2,)~0.91. (9.48)

. Using the value of the CKM elements from Eq. (9.5)), estimate the ratio of the b and ¢

lifetimes, 7, /7.

. Compare your estimates for the lifetimes and for the semi-leptonic BRs to the PDG values.
To do so, assume that the b and c lifetimes and decay modes are given by those of the corre-
sponding mesons, BT and D*. (We discuss the validity of this assumption in Chapter )
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Chapter 10

QCD at the IR

In Chapter |5 we presented QCD in the high energy (UV) regime, where the theory is perturbative.
We mentioned that in the low energy (IR) regime, QCD is strongly coupled. Consequently, on the
theoretical side, there is no perturbative expansion. On the experimental side, we do not observe
free quarks and gluons, but rather bound states which we call hadrons. (Bosonic hadrons are called
mesons and fermionic hadrons are called baryons.) In this chapter we discuss low energy aspects
of QCD and relate it to the theory that we define at the UV.

10.1 Introduction

In order to understand the implications of QCD at the IR, and to connect experiments to theory,
we need to find ways to overcome the absence of a perturbative expansion. There are indeed ways
that aim to solve QCD at the IR from first principles. We mention here two examples. First, lattice
QCD is a non-perturbative approach, based on discretizing spacetime. As of now, while providing
relevant and useful results, lattice QCD is still not at the level of fully solving QCD. Second, chiral
perturbation theory is an effective theory, with hadrons as its DoF, which is applicable at very low
energies, £ < Aqep. It provides a systematic expansion in powers of E/Aqcp. We do not discuss
these approaches any further.

One may use a less rigorous (but still useful) approach, by employing a model. Indeed, in
the next section we introduce the quark model, but let us first comment on our use of the terms
theory vs. model. A theory is based on first principle axioms that are assumed to be exact. Any
approximations made should be controlled, that is, there is an expansion in a small parameter.
(From this point of view, the SM is in fact a theory.) For a model, on the other hand, the starting
point is a set of assumptions that are known not to be exact. It is impossible to quantify the errors
on the predictions of a model. A familiar example is that of the Bohr model for the hydrogen atom
compared to the Schrodinger equation, where the latter is an output of a well defined theory of

quantum mechanics.
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10.2 Hadronic properties

Hadrons are formed due to the confining nature of QCD and therefore cannot be treated pertur-
batively within QCD. In this section, we discuss some general properties of hadrons and define the

quark model that enables us to understand more of the dynamics.

10.2.1 General properties

There are some properties of hadrons that can be determined independently of our ability to de-
scribe their internal structure. What is measured directly by experiments is obviously generic. The
measurable properties are the hadron mass, lifetime, spin, and electric charge. Other properties

are not exact, but still generic. We distinguish three classes of hadronic quantum numbers:
e Exact QNs:

— The electromagnetic charge, Q.
— The spin, J.
— Baryon number, B.
e QNs that are respected by QCD and QED but broken by the weak interaction:
— The charges under the global [U(1)]® flavor symmetry of the QCD and QED Lagrangian,
discussed in Section [5.8] often referred to as flavor QNs.
— Parity, P.

— For neutral mesons, charge conjugation, C'
e QNs under approximate symmetries of QCD:

— SU(2)-isospin and SU(3)-flavor, discussed in Section [10.4.1]
— Heavy quark symmetry, discussed in Section [10.4.2]

10.2.2 The quark model

The basic idea behind the quark model is that hadrons are color-singlet combinations of quarks
and anti-quarks. In particular, we assume that the quantum numbers of the hadrons are dictated
by the quantum numbers of the constituent quarks and antiquarks. This is clearly a model, as it
assumes a minimum quark content of the hadron, while the structure of the hadron is unavoidably
more complex. Yet, the model works surprisingly well and provides many insights into the IR
properties of QCD. It is difficult, however, to estimate the related uncertainties.

We first use the quark model to understand the spectroscopy of the hadrons. The fact that

QCD is confining results in an infinite spectrum of bound states. Their names and Quantum
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Numbers (QNs) are discussed in Appendix [10.A} In the quark model, the simplest hadrons belong

to one of three types:

e Mesons, which have quark-antiquark constituents, M = qq

e Baryons, which have three quark constituents, B = qqq;

o Antibaryons, which have three antiquark constituents, B = §gq.

The lightest mesons are the pions:

1 B
= ud, = ﬁ(uﬂ —dd), 7 =du. (10.1)

The lightest baryons are the proton and the neutron:
p = uud, n = udd. (10.2)

Mesons carry no baryon number, baryons carry baryon number that we normalize to B = 41, and
anti-baryons carry baryon number B = —1. Note that the letter B is used to denote a baryon
and baryon number (as well as mesons that contain a b quark). Which of these options is meant
should be clear from the context.

Some of the properties of the hadrons described in the previous subsection can be interpreted
using the quark model. For example, the total spin of a meson J can be interpreted as a combi-
nation of the spins of the quark and the anti-quark, S (that can be zero or one), and the orbital
angular momentum, L.

As an example of the use of the quark model, consider 7", the charged pion, and p™*, the
charged rho-meson. The pion is a pseudo-scalar (J = 07) with mass of about 140 MeV, while
the p-meson is a vector (J¥ = 17) with a mass of about 770 MeV. Within the quark model we
interpret both as ud states. They are the ground state (n = 1 and L = 0) and are distinguished
by their different combination of spins. The pion is the S = 0 combination, while the rho-meson is
the S =1 one. Using J =S5+ L and P = — (—1)L (fermion pair exchange carries an extra minus
sign), we see how the spin and parity of a meson come out from the properties of the constituent
quarks.

One should be comfortable thinking about the plethora of mesons in analogy to excited hy-
drogen atoms in quantum mechanics. The main difference is that for the hydrogen atom we can
analytically obtain the eigenvalues from the Schrodinger equation, while in QCD, since we do not
know the potential, we cannot calculate the spectrum. Yet, the basic formalism is similar in that
it is a two-body bound state system.

The quark model contains states that involve more than two or three quarks and anti-quarks,
that are referred to as exotics. These include tetraquarks (¢gqq) and pentaquarks (gqqqq). While
usually not described as part of the quark model, there are also states involving gluons, in particular
the glueballs made of gluons only. Some of these states have recently been discovered. We do not

elaborate on them any further.
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10.2.3 Hadron masses

The mass of a hydrogen atom comes from the masses of its constituent proton and electron plus
a potential energy (V' = —13.6 ¢V). To make this statement, it is crucial that we are able to
pull an electron and proton apart and measure their masses independent of their mutual electric
field. For hadrons the situation is more complicated. We can think about the mass of a hadron
as a combination of the constituent quark masses and the binding energy that is of order of
Aqcp. Confinement implies, however, that we cannot separate quarks and measure their masses
in isolation. It is a-priori not clear then how we can separate the contributions to the hadron mass
from the constituent quark masses and the binding energy.

In principle, we can measure quark masses at high energy, where the couplings are small and can
be treated perturbatively. The result, like any parameter in the Lagrangian, is scale dependent.
However, while RGE effects are very small for the lepton masses, they are dramatic for quark
masses. In fact, we cannot calculate the running quark mass below the confinement scale. (For

4

some purposes, it is useful to define a “valence quark mass,” which is just the mass of the hadron
divided by the number of constituent quarks. For example, the valence mass of the u and d can
be extracted from the mass of the proton and the neutron, and is roughly m,/3.)

We then split the six quarks into three groups: Light quarks, ¢ = u,d, s, heavy quarks, ) =
¢,b, and the very heavy quark, t. The distinction between light and heavy quarks is based on
my < Aqep (light quarks) or mg > Aqep (heavy and very heavy quarks). Very heavy quarks are

distinguished by their large width, I', > Aqep.

e ¢ = u,d,s: For hadrons made from only light quarks, the binding energy is the main contri-

bution to the hadron mass.

e () = ¢,b: Hadrons that have at least one heavy quark acquire their masses mainly from

the heavy quark mass(es), and the binding energy is a small correction of relative order

AQCD/mQ.

e t: The decay width of the top quark is very large, I't > Aqcp. This situation is often
described by saying that the top quark “does not form hadrons.” Thus, to leading order,
we treat the top quark as a free particle, and it is irrelevant to the discussion of the quark

model of hadrons.

10.2.4 Hadron lifetimes

With some abuse of language, we classify hadrons as either stable particles or unstable resonances.
In this context, stability is not meant in the absolute sense. (The only truly stable hadron is
the proton.) We can define what we mean by stability in two ways: experiment-related and

theory-related.
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Experimentally, we can determine the lifetime in two ways: By measuring a decay width, that
is, by the energy of the decay products, or directly by measuring the distribution of the decay
times. We characterize a particle as stable if its lifetime is large enough to be measured by the
latter method (or even larger, so that it escapes the detector before decaying). Theoretically, the
definition is that a stable particle is one that does not decay through QCD or QED interactions but
only via the weak interaction. These are the hadrons whose decays violate the accidental flavor
symmetry of QCD and QED. Resonances are the particles which are not stable. In fact, some
resonances are so broad, with a width of the order of their mass, that it becomes questionable
whether or not it is a bound state at all. In the PDG, with a few exceptions, particles whose name
contains their mass in parenthesis, for example p(770), are resonances, while those that do not,
are particles.

As an example of a resonance, consider the p™ meson. The p* meson decays via QCD, almost
always to two pions, p™ — 7wt7%. Its width is large, T', & 150 MeV, just a factor of five smaller
than its mass. As an example of a stable particle, consider the 7™ meson. Its main decay is via the
weak interaction to leptons, 7+ — putv. Its width is of order 1078 eV, clearly much smaller than
its mass. The ratio I',/T'; ~ 10'% demonstrates the difference between a resonance and a stable
particle, and explains why the weakly decaying hadrons are called stable.

When discussing the difference between stable hadrons and resonances, tritium, a hydrogen
isotope with two neutrons, provides a useful analogy. The excited 2P tritium state emits a photon
and decays to the 1.5 ground state at a time scale of the order of a nanosecond. The 15 state decays
into helium-3 with a lifetime of about 18 years. The 2P state is the equivalent of a resonance,

while the 1.5 is the equivalent of a stable particle.

10.3 Combining QCD with the weak interaction

When we aim to extract from experiments the weak interaction parameters for quarks, we face the
problem that our Lagrangian is written in terms of quarks and gluons, while experiments observe
hadrons. When analyzing physical processes in QFT, one uses asymptotic free states, but quarks
and gluons cannot be free at infinity. The way we deal with this problem is to “parameterize
our ignorance.” We isolate the parts of the amplitudes that are non-perturbative and then use
whichever relevant method we have at our disposal (approximate symmetries, lattice QCD, models,
etc.) to calculate them or relate them to another measurable process. The aim of this section is

to describe this procedure.

10.3.1 Factorization

The starting point of factorization is the assumption that we can factorize a process to a QCD part

and a non-QCD part. Then we treat the non-QCD parts, that is, the leptonic and electromagnetic
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part, perturbatively.
Consider first a purely leptonic decay, such as W — fv. The amplitude, or the matrix element,
is written as

Aw o = g(lv|O|W), O ~ Ly Whyy, (10.3)

where O is the operator that mediates the process in the SM at tree level. The calculation is simple
in that the operator creates and annihilates the particles of the external states and the amplitude
is trivially A o g.

Next consider a hadron decay, such as 7= — ¢~ 7. In the SM the matrix element is given by
Ar o = GpVg(lv|Olr™), O ~ Uy viury,de. (10.4)

The leptonic part of this matrix element is simple. Just like in the purely leptonic case, we have
asymptotic external states which are contracted with the creation and annihilation operators in
O. The complication is with the pion. In the quark model the charged pion is made out of ud
and thus we can think about the uy,d combination in the operator as the part that annihilates
the pion. Yet, this is not the whole story since the operator annihilates a free d quark and a free
u anti-quark, while inside the pion the quark and the anti-quark are bound and not free.

The factorization hypothesis states that we can treat the leptonic and hadronic parts of the
matrix element separately, and write the result as a product of the two terms. The leptons do not

participate in the strong interaction and therefore they can be factored out. We then write
((o|O|n~) = (tv]|O,]0) x (0|Ox|7™), (10.5)

with

Oy ~ E’V“VL, Oy ~ ﬁ”yﬂdb (106)
The leptonic part is simple to calculate perturbatively but the hadronic part, that is, (0|Og|7™),
is the one that we cannot calculate perturbatively. It is this “hadronic matrix element” that we

parameterize, and use non-perturbative methods to calculate.

The next example is semi-leptonic kaon decay, KT — 7% *v. The matrix element in the SM is
Ak sney = GpVI (70T V|OIKT), O ~ vy" STy (10.7)

Once again we appeal to factorization and write
(T V|O|K ) = (070]|0,]0) x (7°|Oy|KT). (10.8)

The result is similar to the previous example, but here the hadronic part involves two mesons
compared to the one meson in Eq. ((10.6)).
Hadronic matrix elements with one hadron, such as in Eq. (10.5)), are parameterized by decay

constants, and are discussed in Section [10.3.2 Hadronic matrix elements with two hadrons, such
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as in Eq. (10.8), are parameterized by form factors, and are discussed in Section [10.3.3, We do
not discuss here matrix elements with more than two hadrons.
Before we turn to discuss these specific examples, we present some guidelines that apply to all

hadronic matrix elements. In the most general case involving mesons, we can write

(HflqUq'|H;) = f(pse), (10.9)

where H; and H; stand for hadronic states (including the vacuum), I' represents some Dirac
structure, p represents momenta and € polarizations. We can always write [ as some combination
of S, P,V, A, T (scalar, pseudo-scalar, vector, axial vector, tensor) structures. The crucial point
is that the two sides of Eq. must transform in the same way under parity and Lorentz
transformations. As we see below, there is usually a small number of combinations of momenta
and polarizations that satisfy this requirement. This situation leads to considerable simplification

in the analysis.

10.3.2 The decay constant

Considering pion decay, Eq. (10.5)), we need to evaluate

0|0y |m~ (pr)) ~ (0|VF — A*|7™ (pr)), VH = urytd, Al = aryFysd. (10.10)
where we use )
OH ~ uiLqudL = 5(‘/“ — A’u) (1011)

The pion is a pseudo-scalar and the vacuum is parity-even. Thus, the matrix element of V* must
transform as a pseudovector, and the matrix element of A* must transform as a vector. The only
available physical observable is the pion momentum, p,, which is a vector. It is impossible to

construct a product of any number of p# that transforms like as a pseudovector. We conclude that
(O|[VH|m)y = 0. (10.12)

(Similar considerations imply that the matrix elements of I' = S, T vanish as well. The matrix

element for I' = P is not zero. Since it is irrelevant to the SM, we defer a discussion of it to

Question [10.7])

We do not know how to calculate the hadronic matrix element (0| A#|7). Instead, we parame-

terize it. From the considerations above, we must have
(0| A7) o ph. (10.13)

The proportionality constant could depend on Lorenz scalar quantities only. In our case there is
only one such quantity, p2 = m?2, which is, however, not a dynamical variable. We can then define

the proportionality constant as the a decay constant, f,:
(0[A¥|m) = —ifxpf, (10.14)

174



where —i is a commonly used normalization factor. While the decay constant cannot be calculated,

it can be extracted from measurements. For example, the decay rate for 7= — 7, is given by

(see Question [10.3)

GEVial® m?\* 2
From the measured decay rate, one extracts
fr=130.4+0.2 MeV. (10.16)

(In some of the literature, a different normalization is used, F, = f;/v2 ~ 93 MeV.) Similar
decay constants are defined for other mesons.

To gain intuition with regard to the physics of the decay constant, we consider a perturbative
system, such as the positronium, as a useful analog. Positronium is an ete™ bound state that decays
into photons. One can define then a positronium decay constant. Unlike the pion, however, here
the decay constant is calculable using QED. Semiclassically, the decay occurs when the electron
and positron annihilate. In order that this happens, they must be in the same place. Quantum
mechanically the decay amplitude is proportional to the wave function ¥ at » = 0 (r is the distance
between the electron and a positron). The above intuition carries over to QCD bound states. The

physics of a decay constant has to do with the wave function at the origin:
fr o |U(r =0)|. (10.17)

While we cannot calculate the wave function perturbatively, for some cases we know general scaling
properties of it. Moreover, lattice QCD provides precise non-perturbative calculations of decay

constants.

10.3.3 Form factors

Considering kaon decay, Eq. (10.7), we need to evaluate
(m(po) |V — AP K (pK)),  VF=5y"u, A" =5y ysu. (10.18)

The available variables are pf and p#. Both K and m mesons are pseudo-scalars. Thus, under
Lorentz and parity, the matrix element of V#* must transform as a vector, and the matrix element
of A* must transform as an axial-vector. It is impossible, however, to construct a combination of

P and p” that transforms like an axial-vector. We conclude that
(7°(pr) |[AM| K (pxc)) = 0. (10.19)
For the vector current we write
(7" (pr) [VH| K (pi)) = apl + bph. (10.20)
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The coefficients a and b are known as form factors. The form factors can depend on Lorentz scalars
only. In the case of K — mev there are three relevant Lorentz scalars: p% = m%, p2 = m?2, and
PK - Px- The first two are mass parameters and therefore not dynamical. We are left with a single

dynamical variable. It is customary to define

Q=P —Prn @ =Dk + P2~ 2k Pr, (10.21)

and use the form factors fi(¢?) defined as follows:

(T (p=)IVHIK* (pk)) = [+(0*) (px + pe)* + f=(0°) (K — pr)" (10.22)

A similar procedure applies to the other cases.

The form factors are where the non-perturbative physics plays a role. As noted above, they
can be calculated by lattice QCD. In many cases we can use approximate symmetries of QCD to
learn about some properties of them and to relate them to each other.

The physical intuition with regard to the form factor is that it corresponds to the wave function
overlap of the two hadrons. This intuition is borrowed from the sudden approximation in quantum
mechanics. The probability of a fast transition between an initial and a final state depends on the
overlap of the initial and final wave functions. In semi-leptonic hadron decay there is a sudden
transition due to the weak interaction. The form factors provide a formal way to encode the wave

function overlap.

10.4 The approximate symmetries of QCD

Approximate symmetries of QCD are useful to relate hadronic matrix elements, or even determine
their value at a specific kinematic point. Results obtained from symmetry properties of QCD
are model independent. Corrections to the symmetry limit (which we do not discuss here) are,

however, often evaluated in a model dependent way, e.g. using the quark model.

10.4.1 Isospin

Consider the Lagrangian for a two-flavor (up and down) QCD [see Eq. (5.11))]:
1 _ _
Lqcp = —ZGZVGWV — > (igPq + mqqq). (10.23)
q=u,d

Since m,, # my, this Lagrangian has a [U(1)]? flavor symmetry. If, however, we had m, = myg,
the flavor symmetry would be U(2) = SU(2); x U(1)p, where the U(1)p symmetry is baryon

number. The SU(2); part is called isospin symmetry. Under isospin the up and down quarks form

a doublet: _
U _ d

Q= , Q=1 _|. (10.24)
d U



We emphasize that the isospin-SU(2); is different from the gauge-SU(2),. The u and d quarks
in the doublet are the Dirac fermions, and not only the left-handed components, as for SU(2)-
doublet quarks. Furthermore, all quarks except the up and the down are singlets of SU(2);.

The up and down quarks are much lighter than Aqcp and thus SU(2); is an approximate
symmetry of the QCD interactions, broken by a small parameter:

mq — My,

€= ~ 1072 (10.25)

Aqep
One might wonder why the QCD scale enters here. In general, we have to compare the mass
difference of the quarks to the relevant energy in the event. Due to confinement the energy is
at least of order the QCD scale, thus the symmetry breaking parameter may be smaller, but not
larger than e;.

In addition to €;, the isospin symmetry is broken by QED due to the different charges of the
up and down quarks. The size of this breaking is of order o ~ 0.01, similar to ¢;. The weak
interaction also breaks isospin but, for most applications, its effects are negligible compared to the
er- and a-related breaking effects.

The approximate SU(2); symmetry implies that the hadron mass eigenstates can be assigned
into well defined representations of isospin, where the hadrons within an isospin multiplet are
approximately degenerate. This statement is based on a symmetry of the QCD Lagrangian and
not on any quark model. We use the quark model to assign the hadron mass eigenstates into quark
representations.

The expected approximate degeneracies are indeed manifest in the baryon spectrum. The two
lightest baryons are the neutron and the proton which are almost degenerate: m, = 938.272 MeV
and m, = 939.565 MeV. It is natural to assume that they form an isospin doublet (I = 1/2).
At somewhat higher scale, ma ~ 1.23 GeV, there are the four nearly degenerate A states with
charges @ = —1,0,+1, 42, which fit into an isospin quartet (I = 3/2). Within the quark model a
baryon is made of three quarks. Thus, in terms of isospin, the baryons that are formed from u and
d quarks are a product of three isospin doublets. This product of three identical doublets gives

1 1 1 1 3

§x§x§:§+§. (10.26)
(The other isospin-half in the combination of three doublets is antisymmetric and thus vanishes
for identical doublets.) The quark model charge assignment fits as well: these baryons are made
out of the u and d quarks. The quark assignment for the nucleons is given in Eq. (10.2)), while for
the A baryons it is given by

A~ = ddd, A = ddu, A = duu, AT = uuu. (10.27)

The quasi-degeneracy within each multiplet is a result of the approximate symmetry. The splitting
of O(Aqep) between the masses of the nucleon doublet and the A quartet is a result of the very

different binding energy from QCD interaction for different representations of the isospin group.
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The approximate degeneracies are also manifest in the meson spectrum. Among the JZ = 0~
mesons, we identify the three pions, which are quasi-degenerate (m,+ = 139.57 MeV, m o = 134.98
MeV), as an isospin-triplet (I = 1), and the heavier n meson (m, = 547.86 MeV) as an isospin

singlet (I = 0). Indeed, the combination of two isospin doublets gives

=0+1. (10.28)

N | —
X
N | =

The quark model assignment of the pions is given in Eq. (10.1)), while that of 7 is given by

o uu-+dd

In addition to spectroscopy, isospin plays an important role in weak decays. It relates form

(10.29)

factors, and even allows to predict their values in specific kinematic points. In Section we
provide an example of a matrix element whose value is predicted in the isospin limit.

One can also treat the s quark as light compared to Aqcp. In the limit of degenerate u, d,
and s quarks, the QCD Lagrangian gains an approximate SU(3)r symmetry, that is usually called
“Havor SU(3),” with (u,d, s) forming a triplet. The breaking of this symmetry is much larger than
that of isospin, of order (mys — mgy)/Aqcp ~ 0.3, but the symmetry considerations are still very

useful. We do not discuss it any further.

10.4.2 Heavy quark symmetry

Heavy quark symmetry applies to hadrons that contain one heavy quark. When the heavy quark
mass goes to infinity the theory gains extra symmetries. This symmetry does not manifest itself
in Lqcep, as one cannot simply take parameters to infinity. Yet, it is rigorously defined and gives
definite and useful predictions.

Most of the essential physics associated with heavy quark symmetry can be demonstrated by
the quantum mechanics of the hydrogen atom. Consider the difference between the hydrogen
isotopes: hydrogen, deuterium, and tritium. Even though they have different masses and spins,
their chemical properties are approximately the same. The reason to this similarity among isotopes
is that, to a very good approximation, the electrons are largely insensitive to the mass and the
spin of the nucleus. To put it in more general terms, the light DoF are insensitive to the heavy
DoF that source the potential, and it is the former that determine the chemistry. To zeroth order
in the inverse mass of the nucleus, the potential is insensitive to the mass and spin of the actual
nuclear source of the electromagnetic field. At order m./ma (m4 is the mass of the nucleus), there

are two leading corrections:

e The difference in the reduced mass of the system:

meina

“ ~ m, <1 - m‘f) . (10.30)

Me + Ma ma
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e The hyperfine splitting:

m
AFEM ~ moat—=<

10.31
e (1081

The extra m./m4 suppression of the hyperfine splitting is a manifestation of the fact that, in

the limit of infinite nucleus mass, one cannot rotate the nucleus to reverse its dipole moment.

We now return to our discussion of hadrons. Consider, for example, mesons that, in the quark
model, are made of a b quark and a light, d or u, quark. The analogy is that the heavy quark,
the b, is like the heavy nucleus, and the light DoF, the u or d, are like the electron. The binding,
however, comes from QCD rather than from QED, and thus we need to overcome the confining
nature of QCD. What is at help here is the fact that m; > Aqcp and thus we can get some
rigorous results in the symmetry (m, — co) limit.

Specifically, consider the B (J = 0) and the B* (J = 1) mesons which, in the quark model,
are the singlet and triplet states of the hyperfine structure. In the m;, — oo limit, the B and B*
mesons are degenerate. The mpg+ —mp mass spitting is the analog of the hyperfine splitting in the

hydrogen system. To leading order, the splitting scales like the inverse mass of the heavy quark,

const
mpgs — Mg X ———. 10.32
b i mp+ +Mmp ( )
Thus, the prediction is that for any heavy quark @
(mq- —mq)(mg+ + mqg) = mg. — mg, = const. (10.33)
This prediction of the heavy quark symmetry is experimentally confirmed:
my. —my ~ 047 GeV?,  mh. —m3, =~ 0.55 GeV?>. (10.34)

The small difference between the two is attributed to higher order effects.

The situation is similar in other mesons, like the D, D, and By, and their excited states. You
may wonder if indeed m, > Aqcp. While m, is only a factor of a few larger than Aqcp, and
corrections can be large, we still formally work in this limit.

Another useful feature that arises in the heavy quark limit is that the wave function repre-
senting the internal structure of the B and the D mesons does not depend on the color source.
Consequently, for B — D/v decay, in the kinematic point where the two mesons are relatively at
rest, the wave function of the light DoF is not affected by the B — D decay, and we have (up to
some normalization)

(B(p)|O|D(p)) = 1. (10.35)
We use this result in Appendix [10.C]
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10.5 High energy QCD

In the previous section we explained how we can interpret hadronic processes in terms of quark
transitions using form factors and decay constants. This method is most useful when we have a
small number of hadrons. Specifically, we discussed processes involving one or two hadrons. In this
Section we discuss the opposite limit: processes that involve many hadrons. In such processes, the
relative momenta between the underlying quarks and gluons are very large, that is, much larger
than Aqcp. In such processes, which we call high energy QCD processes, interpretation in terms
of quarks and gluons is possible if one integrates over large parts of the parameter space. It is this
integration that makes it possible to connect the calculation in terms of quarks and gluons to the

experiments that measure hadronic rates.

10.5.1 Quark-hadron duality

The notion of “quark-hadron duality” states that inclusive hadronic observables at high energies,
when integrated over large enough part of phase space, can be described by the calculation in
terms of quarks and gluons. (The generic name for a quark or a gluon in such processes is “a
parton.”)

The quark-hadron duality works well in many cases. Despite this success, the notion of the
quark-hadron duality is often vague. Yet, the intuition is clear: at short distance, QCD is per-
turbative. The strong interaction results in energy shifts of order of Agcp between the various
partons. By integrating over a large enough interval, that is, much larger than Aqcp, we average
over these hadronic processes and recover the underlying results. In practice there are instances
where instead of performing a simple integration, we can smooth out the hadronic distribution at
scale of order Aqcp or larger.

To demonstrate the idea, consider the following two cross sections that can be measured,

*e~ — hadrons)|s],

e” — utuT)s], (10.36)

on(s) =o(e

ou(s)=o(e"

and the following two cross sections that can be calculated,
o.(s) = / o(ete” — hadrons)[s'|F(s, s')ds’,
0
Tem = qq)[s], (10.37)

o,(s) =ole

where s = (p. +p_)? ps (p_) is the four momenta of the positron (electron), and F(s,s’) is a
function that smoothes o,(s) over a scale of order Aqep. (04(s) is calculable given the measured

on(s).) We further define the three ratios of cross sections:

(10.38)




7 ‘2.‘0‘ - ‘2.‘5‘ - ‘310‘ - ‘315‘ - ‘410‘ - ‘4.‘5‘ - ‘5.‘0‘ | \/g [Ge\/]

Figure 10.1: The ratios Ry(s), Re(s), and Ry(s), defined in Eq. (10.38). The blue curve provides
a schematic description of the data for R;,, where we do not present the error bars and omit, for
the sake of demonstration, the .J/¢ peak. The orange curve is R,, where, for the smearing, we use
a Gaussian function with a width of 0.35 GeV. The dashed curve is R,.

The ratio R,(s) can be calculated perturbatively for /s > Aqcp:
Ry(s) =3> Q2. (10.39)
q

Here 3 is the number of colors, @), is the electric charge of the quark ¢, and the sum goes over
all quarks ¢ with masses 2m, < /s. Eq. applies at leading order in perturbation theory.
Specifically, we neglect higher order QCD and QED effects, put the phase space factor to 1, and
do not consider weak interaction effects.

The idea is to measure Ry(s), then calculate R,(s) and compare it to R,(s). Quark-hadron
duality tells us that R, ~ R, as long as the smoothing in R, is done on a region that is large
enough, that is, larger than Agcp. Fig. demonstrates the validity of this prediction. We plot
Ry, R,, and R, below and above the charm threshold. It can be seen that while R, is very different
from R,, the agreement between the smoothed-R, and R, is impressive. The deviations between
R, and R, are attributed to higher order effects, experimental errors, and the fact that the duality
is not exact.

The situation is more complicated when the initial state involves hadrons, for example, in ep or
pp collisions. Then it is not clear what is the initial state in terms of quarks and gluons. In these
cases one defines a “Parton Distribution Function” (PDF) that describes the distributions of the
quarks, antiquarks and gluons inside the initial hadrons as functions of the energy transfer. The
PDF is a non-perturbative quantity that cannot be calculated from first principles perturbatively.
We determine it by measuring it in one process and then using it in another. Once we have the PDF,

we perform calculations in terms of the partons and compare with the integrated measurements
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of hadronic processes.

10.5.2 Jets

When particles collide at high energy, the hard scattering process can be described by the UV
part of QCD. Consider, for example, the hard scattering process of ete™ — ¢g. Confinement
tells us that our detectors will not observe quark-antiquark pair going back to back (unlike the
case for muons in e"e” — pTp7). Instead, the detectors observe a variety of hadrons. This is
semiclassically understood as having ¢¢ pairs popping-up from the vacuum to combine with the
original partons in order to form color-singlet final states.

The number of ¢q pairs that are created depends on the relative momentum of the original
partons. The higher this momentum, the more qg pairs are likely to be created. The point to
emphasize is that, as long as many hadrons are produced, most of them are traveling roughly in
the same direction as the original partons. The collection of hadrons related to a single original
parton comes under the name of a jet.

While there is no practical first principle way to relate jets to the UV properties of QCD, the
fact that jets are formed gives us ways to probe QCD at short distance. To a good approximation,
the ete™ — ¢q transition appears as e"e” — 2j (here j represents a jet), while the ete™ — ¢gg
transition appears as ete” — 37.

The main challenge is to relate the jets to the underlying parton process. The source of the
problem is that a jet constitutes a finite size object and there is inherent ambiguity in defining
it. For every definition, there is some probability that the jets do not directly correspond to the
underlying process that we assume. For example, if we have two partons that are produced almost
collinearly, such that the separation between them is much smaller than a typical jet size, we will
interpret the set of resulting hadrons as a single jet. There is no simple solution to this problem.
What is done in practice is to use simulations, determine the probability that such a situation
occurs and correct for it. There is then an intrinsic theoretical error in translating an experimental
measurement of, say, ete™ — 27, to the calculated eTe™ — ¢q.

Beyond the identification of jets, we can learn more about the short distance physics by the
internal properties of the jet. Some of the properties depend on the parton that generates the jet.
For example, one can, statistically speaking, tell a quark jet from a gluon jet. Other properties are
universal. For example, the most likely mesons to be produced in the jet are pions, since they are
the lightest. Baryons are less likely than mesons to be created within a jet. We can understand
this fact by the need to pop-up two ¢q pairs from the vacuum, and the combinatorics is such that

the three ¢q pairs are more likely to end up in three mesons rather than in two baryons.
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For further reading
e For general review of properties of hadrons, see the PDG.
e More on the notion of “quark-hadron duality” can be found, for example, in Ref. [31].
e Reviews of heavy quark symmetry can be found, for example, in Refs. [32], [33], and [34].

e For a review of jets see, for example, Ref. [35].
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Appendix

10.A Names and QN for hadrons

The naming scheme for all the particles is nicely summarized by the PDG. Here we discuss only
the hadrons that we use in the book, which are usually the lightest of a given flavor composition.

We start with the mesons. Each meson is described by its total spin (J), internal parity (P),
and the principal quantum number. Neutral mesons are also characterized by their internal charge
conjugation parity (C). Mesons made of v and d (anti)quarks are characterized also by their
isospin.

The lightest state of a given quark composition is the pseudoscalar meson (J¥ = 07). Those
who carry a flavor QN (like the 7T) are stable (in the sense explained in Section [10.2.4]). The stable
pseudoscalar mesons play an important role in the investigation of flavor physics as they decay
via the weak interaction. Their list is given in Table [I0.1] Note that the four neutral meson pairs
with well defined U(1)s x U(1), x U(1), QNs are not mass eigenstates. In fact, each pair mixes
into a pair of mesons of well defined masses and decay widths. This phenomenon is discussed in
detail in Section The unflavored pseudoscalar mesons are unstable: they decay via QCD or
QED. The ones that involve only light quarks are 7° and 7.

The next-to-lightest mesons are the vector mesons (J© = 17). In the quark model they have
L = 0 and their spin comes from the spin of their constituents. Those with only light quark (u
and d) constituents include the isospin-triplet p(770), and the isospin singlet w(782). The flavored
vector mesons are indicated by stars relative to the pseudoscalars: K*, D*, B*, B%. The unflavored
vectors that do not have light quarks are ¢(1020) (made of s5), J/1¢ (made of ¢¢), and T (made of
bb). Their excited states are denoted in a way very similar to atomic physics. For example, T(45)
is the S-wave state with the principal QN n = 4.

Last we briefly consider the names of some of the stable baryons, that is those that cannot
decay via QCD or QED. Those with three light quarks (u,d combinations) are the proton p and
the neutron n. Baryons with two u and/or d quarks include the A, A., A,. The sub-index is in

correspondence with the single heavy quark, with no index implying a single strange quark.
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Table 10.1: List of the weakly decaying J* = 0~ mesons with their quark decomposition, U(1), x
U(1). x U(1), charge, mass and lifetime. For the neutral K-meson mass eigenstates, K¢ and K,
the respective lifetimes are 7¢ = 9.0 x 107 s and 77, = 5.1 x 107% s. See also Section m

Meson  ¢q (S,C,B) Mass [GeV] 7 [s]
7t wud,ad  (0,0,0) 0.140 2.6 x 1078
K* wusas  (£1,0,0) 0.494 1.2 x 1078

K% K% ds ds (£1,0,0) 0.498 See caption
D*  cd,ed  (0,%£1,0) 1.87 1.0 x 1071

D°, DY cu,eu (0,%£1,0) 1.87 4.1 x 10716
D* cs s (£1,41,0) 1.97 5.0 x 1071°
B*  wb,ub  (0,0,41) 5.28 1.6 x 10712

B BY db,db (0,0,%1) 5.28 1.5 x 10712

Bs, B, sb,sb  (F1,0,41) 5.37 1.5 x 10712
Bf  cebyeb  (0,£1,4+1) 6.28 5.1 x 1071

10.B  Extracting |V,

In this section we give an example of how we use the approximate symmetries of QCD to extract a
weak interaction parameter. Specifically, we use the isospin symmetry, discussed in Section [10.4.1},
to extract the value of |V,4|. The key processes to measure are d — u transitions in 3 decay where
the quark level amplitude has a factor of |V,4|, see Fig. We briefly discuss one way to do it
with nuclear g decay.

Consider the rate of nuclear beta decay

I'(C — Bew.) = N; |A(C — Bev,)|?, (10.40)

Figure 10.2: Beta decay at the quark level. At the upper vertex we have a factor of V4.
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where C and B are nuclei, and the proportionaly factor, V¢, includes phase space effects and other
numerical factors and it is known for each specific decay. The tree level contributions are presented

in Fig. [10.2] The amplitude for the nuclear beta decay can be written as
A(C = Ber) o< Vig M*, M = (B(ps)|V" — A*|C(pc)), (10.41)
where V#* = vy d and A* = uy"ysd. We obtain
I'(C — Bew,) = Ny |Vyal® x |MH2. (10.42)

We learn that, in order to extract |V,4| from the experimental measurment of the decay rate, we
need to know the magnitude of the hadronic matrix element, M*.

Cases where the matrix element of either A, or V), vanishes are much simpler to handle. If, for
example, both C' and B are J¥ = 0% nuclei, then (B|A#|C) = 0, and we have [see Eq. (10.22)]

M" = (B(pp)|V*IC(pe)) = f+(¢*)(pe +pe)’ + f-(¢*)¢", ¢ =Dpc— Db (10.43)

We now invoke considerations related to the isospin symmetry of QCD. We consider cases
where C' and B are members of the same isospin multiplet. Thus, in the isospin limit, m¢c = mp

and consequently pZ = p%. Let us invoke the Ward identity related to the isospin symmetry:

0= qM" = [1(*)WE —pE) + [-(")d® = [-(6))d, (10.44)
where, for the second equality, we used p? = p%. We conclude that, for finite ¢* in the isospin
limit,

f-(¢®) =0. (10.45)
Thus, we need to find only the value of f, (¢?). In the isospin limit, pg = pc = p and therefore ¢ =

0. Since isospin breaking is a very small effect, the physical values of ¢* satisfy 0 < ¢*/Agcp < 1,
and thus

f(@®) = £1(0). (10.46)
The final step is then to find the value of f,(0). To do that, we note that, in terms of the isospin

SU(2) algebra, the vector operator uy*d is just the raising operator which changes I3 by one unit.
Thus,

(B()|VH[C(p)) = 29" f1(0) = 29" (G, m + 1T |j,m) = 20"/ (j — m) (j +m + 1), (10.47)
where J, is the usual ladder operator of SU(2) and m is the I3 QN of C. Plugging The value of
the matrix element ((10.47)) into Eq. ((10.42]), we obtain

[(C — Bew,) = 4m&(j —m) (5 +m + 1) N¢ [Vaal?, (10.48)

where we used p? = m.
We learn that by using Lorentz invariance and isospin we can overcome the challenges of QCD.
Concretely, we use the measured nuclear beta decay rate to extract |V,4|, up to the small theoretical

uncertainties that come from isospin breaking effects.
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Figure 10.3: Semileptonic b decay at the quark level. At the upper vertex we have a factor of V.

10.C Extracting |V

In this section, we give another example of how we use the approximate symmetries of QCD to
extract a weak interaction parameter. Specifically, we use the heavy quark symmetry, discussed in
Section , to extract |Vg.

Consider the semileptonic B-meson decay. The tree level contributions are presented in Fig.[10.3]
The discussion goes along similar lines to the discussion in Section [10.B| The decay rate is given
by

(B~ — D v) = N; |A(B~ — D%m,)[?, (10.49)

where Ny is a known normalization factor. We learn that, to extract |V| from the measured decay
rates, we need to obtain the hadronic matrix elements.

The matrix element of B — D/ depends on two form factors, just like the case of K — wlv

[see Eq. [10.22]:

(D°(pp)IV¥|B~ (pB)) = f+(@®)(ps +pp)* + () o5 —DD)", V" =", (10.50)

The contribution of f_(¢?) to the decay rate is proportional to m?. Thus, this contribution is

suppressed by m?/m% and can be safely neglected for the cases of £ = e, u. Our task is then to
find £, (¢%).

In order to make progress, we use heavy quark symmetry, and consider the specific kinematic
point of no D recoil. At this point, the outgoing D is at rest in the B rest frame, which corresponds
to the maximal momentum transfer, (¢)max. In the mg — oo limit (with @ = b, ¢), the velocity
of the b quark is the same as the velocity of the B~ meson, and the velocity of the ¢ quark is the
same as the velocity of the DY. Thus, in the heavy quark limit, at the zero recoil point, the light
DoF are insensitive to decay of the b quark since there is no change in the source of the color field.

Thus, the wave function overlap at that point is just one:

Fl(@®)max] = 1. (10.51)
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One uses this result to extract |V,| from the B — D decay rate.

Ideally we would make the measurement at the zero recoil point, but the rate vanishes at this
point. Thus we must use some models for the ¢>-dependence of the form factor and fit it to the
data, which introduces another source of uncertainty, on top of the corrections to the heavy quark

limit. The current total theoretical uncertainty is estimated to be at the few percent level.

188



Problems

Question 10.1: Using the PDG

Find the PDG entries of B, D, and A. For each of them write down their quark composition,

mass, lifetime, charge, and spin.
Question 10.2: Using the PDG even more

Read the quark model review from the PDG. Answer the following questions using the data

from the light meson summary table.

1. Explain what P, C, J, I, and G stand for. For each of these QNs, indicate if they are (7)
exact in Nature; or (i7) exact in QCD and QED; or (ii7) approximately conserved in QCD.

2. Find the mass, width, and the above mentioned QNs of the 7°, n, p°, and w.
3. Find the Branching Ratios (BRs) of the 7, p°, and w decays to two pions and to three pions.

4. From the answer to item 3, it is evident that the n does not decay to two pions, the w decay
rate to two pions is highly suppressed, while the p decays dominantly to two pions. Based

on the QNs listed in item 2, explain these results.

Question 10.3: Leptonic pion decay
Consider the purely leptonic pion decays
7t — (ty,. (10.52)

1. Based on the masses of the relevant particles, what final state leptons are allowed?

2. Draw the diagram for this decay. To take into account that the initial state is a pion, we
need to write the amplitude using the relevant hadronic matrix element. Using Eq. (10.14]),
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show that the amplitude is given by
2

A7r~>[zz = _Z;;LIQ/VVudpr;: [EZV,U,PL'UU}, (1053)

where u and v are the standard notation for the spinors and P, is a projection operator

defined in Eq. (1.3)). Explain why you can approximate the W propagator as 1/m3;.

. Using the amplitude in Eq. ((10.53)), show that the decay width is given by Eq. ({10.15)):

2 2 2\ 2
[(r — pv) = 7GF|VM| # (1 — m)

8 m2

f2 (10.54)

The decay rate of a particle of mass M and momentum p into two particles of masses my

and my is given by

M2—m1 m22M2—m1—m22
po Bl aoyiap, = VRO S o

where the sum goes over the outgoing particle polarizations.

. For massless neutrinos,

INC & +u, . 2 2 _ 2\ 2
R= (7T+ — e+7/ ) _ <m> (m;rm§> , (10.56)
I'(rt — pty,) my m2 —m?

Repeat the calculation of R for massive neutrinos. (We discuss ways that neutrinos can
be massive in Chapter ) Specifically, assume that v, and v, are mass eigenstates with
masses mp and my, respectively. Check that your result agrees with Eq. (10.56|) in the case

of massless neutrinos.

. Using experimental data derive bounds on m; and my. To do so, assume that m? < m? and

that m3 < mi, expand the ratio R to first order in m?/m? and in m3/ mi, and write

R m? m3

Rio =1 + (7712> Qe — (7”12 a,,u (1057)
where Ry is the value of R for massless neutrinos. Find the expression for a. and a,.

. Find the numerical values of a. and a, and show that they are both positive. Argue that

there is a “flat direction,” i.e. a curve in the (m;, ms) plane where R = R.
. The experimental data give
R = (1.2327 £ 0.0023) x 10*, (10.58)

Using Eq. (10.56)) would give the theory prediction of Ry = 1.2833 x 10~*. However, to obtain

the bound, we have to take into accound higher order corrections, which shift the result:

Ry = (1.2352 4 0.0001) x 10~*. (10.59)
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Working to 20, derive numerical bounds on my for my = 0, and on my for m; = 0. Explain
why the bound on m; is much stronger than the one on msy. For each of the two cases check if
the leading order expansion that was used is valid. (Note: these bounds are not very strong
compared to other bounds on neutrino masses, see Section )

Question 10.4: Form Factors in B decays

Consider the semi-leptonic B — D*{v decay. The differences between the D-meson case of
Eq. and the D*-meson case that we discuss here is that the D-meson is a pseudo-scalar and
the D*-meson is a vector. We define € to be the D* polarization vector (that satisfies €,p}). = 0),
ps (pp+) to be the B (D*) momentum, ¢ = (pp — pp+) and P = (pg + pp+).

The way we construct the form factors here follows simlar arguments that we use in Sec-
tion [10.3.3 The dynamical variables that we can use are the various momenta. Note that the
amplitude must be proportional to the polarization of the outgoing particles. For an outgoing
spin-1 particle, this results in a factor of €*. (For an outgoing spin-0 particle, this factor is a scalar,

which is normalized to be just the number 1.)

1. Show that the vector form factor can be written as
(D*(pp, €)[V*|B(ps)) = 9(¢*)e" €, Pags, (10.60)

where ¢ is the totally antisymmetric tensor.

2. Show that the axial vector form factor can be written as

(D*(pp, €)|A*|B(pr)) = f(¢°)e™ + €.p [a+(q2)P” + a_(q2)q“} ) (10.61)

Question 10.5: Pseudoscalar decay constant

Consider the matrix element of the pseudoscalar operator P:
P = (K (p)|575ul0). (10.62)
We aim to relate it to the matrix element of the axial vector operator A*:
Al = (K[sy"y5ul0) = —i fxp" (10.63)

1. Using the Equation of motion, ifdg = mgq, show that

10, (57,75u) = —(ms + my,)575u. (10.64)
2. Using Eq. (10.64) and 0, = p, show that
2
m
P=ifp—5 . 10.65
i My + M (10.65)
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Chapter 11

Beyond the Standard Model

In spite of the enormous experimental success of the SM, we know that the SM is not a complete
theory of Nature. In this chapter, we explain this statement and discuss the formalism and the
experimental probes to be used in case that the physics that extends the SM takes place at a high

energy scale.

11.1 Introduction

One obvious reason that we know that the SM is not the full theory of Nature is that it does
not include gravity. There are, however, reasons to think that, beyond gravity and the SM list of
elementary particles and fundamental interactions, there must exist degrees of freedom that are

yet unknown to us. These reasons can be roughly divided into four classes:
1. Experiments: measurements that are inconsistent with the SM predictions.
2. Cosmology and astrophysics: observations that cannot be explained by the SM.

3. Fine-tuning: parameters whose values can be explained in the SM only with accidental

fine-tuned cancelations among several contributions.

4. Clues: various non-generic features that are just parameterized in the SM, but not explained.

We elaborate on this list with specific examples in Sections and [11.3]

Models that extend the SM by adding DoF, and often by imposing larger symmetries, come
under the general name of “Beyond the SM,” or BSM for short. The fact that experiments have
not observed any particles related to such hypothetical new fields tells us that either these new
particles are very heavy, or that their couplings to the SM particles are very weak. In light BSM
scenarios, where the new DoF are at or below the weak scale, the SM is not a good low energy
effective theory. Each such feebly coupled BSM scenario requires a specific discussion of how to

probe it. We do not discuss such theories any further.
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The situation is different for heavy BSM scenarios, where the new DoF are much above the
weak scale. There is a unified framework that allows one to understand the possible probes of
heavy BSM scenarios, while remaining agnostic about the details of the new degrees of freedom.
We present this framework in Section [I11.5] and employ it in the next four chapters.

Direct searches for BSM physics aim to produce the new particles on-shell and study their
properties. Numerous such searches have been conducted but, as of now, no BSM particle has
been discovered. Instead, these searches have set combination of lower bounds on the masses and
upper bounds on the couplings of such states to SM states. Roughly speaking, the lower bounds
on the masses of particles with order one couplings to the SM particles are of order 1 TeV. What
sets this scale is the center of mass energy of the most powerful accelerator in action (the LHC).
Indirect searches for BSM physics aim to observe virtual effects of the new states at low energies.
We discuss this method below.

11.2 Experimental and observational problems

There are several experimental results and observational data that cannot be explained within the
SM. They provide the most direct evidence that we need to extend the SM. Here we present the
three that are the most robust.

Neutrino masses. There are several, related, pieces of experimental evidence for BSM physics
from the neutrino sector. All of these measurements prove that the neutrinos are massive, in
contrast to the SM prediction that they are massless. First, measurements of the ratio of v, to
v, fluxes of atmospheric neutrinos and the directional dependence of the v, flux are different from
the SM predictions. Both facts are beautifully explained by neutrino masses and mixing which
lead to v, — v; oscillations. Second, measurements of the solar neutrino flux find that, while the
Sun produces only electron-neutrinos, their flux on Earth is significantly smaller than the total
flux of neutrinos. This puzzle is beautifully explained by v, — v, ; mixing. Both the atmospheric
neutrino result and the solar neutrino result are now confirmed by terrestrial accelerator and
reactor neutrino experiments. We discuss neutrino physics in detail in Chapter

The baryon asymmetry of the universe (BAU). There exists observational evidence
for BSM physics from cosmology. The features of the Cosmic Microwave Background (CMB)
radiation imply a certain baryon asymmetry of the Universe. Similarly, the standard Big Bang
Nucleosynthesis (BBN) scenario is consistent with the observed abundances of light elements only
for a certain range of the baryon asymmetry, consistent with the CMB constraint. Baryogenesis,
the dynamical generation of a baryon asymmetry, requires CP violation. The CP violation in
the SM generates baryon asymmetry that is smaller by at least ten orders of magnitude than the
observed asymmetry. This implies that there must exist new sources of CP violation, beyond the

SM. Furthermore, baryogenesis requires a departure from thermal equilibrium at a very early time
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after the Big Bang, and the one provided by the SM is not of the right kind. We elaborate on this
in Section [15.3

Dark matter (DM). The evidence for dark matter — particles that are EM neutral and do
not carry the color charge of the strong interactions — comes from several observations: Rotation
curves in galaxies, gravitational lensing, the CMB, and the large scale structure of the Universe.
The neutrinos of the SM do constitute dark matter, but their abundance is too small to be all the
dark matter abundance. Thus, there must exist DoF beyond those of the SM. We elaborate on
this in Section [[5.21

11.3 Theoretical considerations

Some of the SM parameters are small. We distinguish between two classes of small parameters.
“Technically natural” small parameters are those that, if set to zero, the theory gains an extra
symmetry. The small parameters that are not technically natural are those where the symmetry
of the theory is not enlarged when setting them to zero. An equivalent way to distinguish the
two classes is based on their renormalization properties: For technically natural parameters the
renormalization is multiplicative, while for non-technically natural parameters it is additive. For a
technically natural parameter, loop corrections are proportional to the parameter itself, and if the
parameter is set to be small at tree level, it remains small to all orders in perturbation theory. For
a non-technically natural parameter, the radiative corrections are not proportional to the tree level
parameter, and in cases where the radiative corrections are much larger than the measured value
of the parameter, the smallness of the parameter can only be maintained by fine-tuned cancelation
between the tree level and loop level contributions.

The existence in the SM of small parameters that are not technically natural is suggestive
of BSM frameworks, where the smallness of the parameters is protected against large radiative
corrections by some symmetry. There are two parameters of this kind in the SM: mj and Oqgcp.

The Higgs fine-tuning problem. Within the SM, the mass-squared of the Higgs u? defined
in Eq. , gets additive, quadratically divergent, radiative corrections (see Question .
Given that the SM is an effective theory, the radiative corrections must be finite and proportional
to the scale above which the SM is no longer valid. The higher the cutoff scale above the weak
scale, the stronger the fine-tuned cancelation between the tree-level mass-squared term and the
radiative corrections must be. In particular, if there is no BSM physics below mp, the bare mass-
squared term and the loop contributions have to cancel each other to an accuracy of about thirty
four orders of magnitude. Among the theories that aim to solve the Higgs fine-tuning problem,
supersymmetry and composite Higgs have been intensively studied and searched for.

The strong CP problem. The CP violating qcp parameter contributes to the electric

dipole moment of the neutron dy. The experimental upper bound on dy puts an upper bound on
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fqcp of O(107°) (see section [8.A.1)). The smallness of fqcp is not technically natural. Among the
theories that aim to solve the strong CP problem, the Peccei-Quinn mechanism, and its prediction
of an ultra-light pseudoscalar, the axion, have been intensively studied and searched for.

Other features of the SM parameters provide hints for the existence of BSM physics because
they are non-generic, but they are not related to non-technically natural small parameters. We
mention two of them below.

The flavor parameters. The Yukawa couplings are small (except for y,;) and hierarchical.
For example, the electron Yukawa is of O(107°). These are technically natural small numbers, but
their non-generic structure — smallness and hierarchy — is suggestive of BSM physics. Among
the theories that aim to solve this puzzle, the Froggatt-Nielsen mechanism, U(2) flavor models,
and models of extra dimensions, have been intensively studied.

Grand unification. The three gauge couplings of the strong, weak, and electromagnetic
interactions seem to converge to a unified value at a high energy scale (see Question . The
SM cannot explain this fact, which is just accidental within this model. Yet, it can be explained
if the gauge group of the SM is part of a larger simple group. This idea is called Grand Unified
Theory, or GUT, and among the relevant unifying groups, SU(5) and SO(10) have been intensively
studied.

11.4 The BSM scale

The SM has a single mass scale that we call the weak scale and denote by Agw. It can be
represented by the masses of the weak force carriers, my, or my, or by the VEV of the Higgs field,
v. As an order of magnitude estimate, we take Agw ~ 10 GeV.

Some of the problems of the SM presented above are suggestive of where the BSM scale lies.
We present these well-motivated scales in decreasing order. Of course, there could be more than
one scale for the BSM physics.

The Planck scale, mp; ~ 10 GeV. The Planck scale constitutes a cut-off scale of all QFTs.
At this scale, gravitational effects become as important as the known gauge interactions and cannot
be neglected.

The GUT scale, Agur ~ 10 GeV. The GUT scale is the one where the three gauge
couplings of the SM roughly unify (see Question . It is an indication that at that scale, the
GUT symmetry group is broken into the SM symmetry group. For example, in SU(5) GUT models,
Agur can be represented by the VEV of the scalar field that breaks SU(5) — SU(3)xSU(2)xU(1),
or by the masses of the gauge bosons that correspond to the broken SU(5) generators.

The seesaw scale, A, ~ 10! GeV. As explained in Chapter the value of the neutrino
masses m,, hints that new degrees of freedom appear at or below the so-called seesaw scale, A, ~

v?/m,,. This scale is intriguingly close to the GUT scale, and thus the two might be in fact related
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to the same BSM physics.

The Higgs fine-tuning scale Apr ~ 1 TeV. No fine tuning is necessary to explain the
smallness of m? if radiative corrections are cut-off at a scale Apr of order 4wmy, /y; ~ TeV.

The WIMP scale Apy ~ 1 TeV. If the DM particles are weakly interacting massive particles
(WIMPs) (see section [7.15), the cross section of their annihilation that is required to explain the
DM abundance is of order 1/(20 TeV)?2. If the relevant coupling is of order ayy, the relevant scale
is of order 1 TeV.

11.5 The SMEFT

As argued above, the SM is not a full theory of Nature. If the BSM degrees of freedom are at a
scale A > Agw, then the SM is a good low energy effective theory which is valid below A. In such
a case, the SM Lagrangian should be extended to include all nonrenormalizable terms, suppressed
by powers of A:

1

1
Lsverr = Lsm + AOd:S + =

A2

Here Lg)\ is the renormalizable SM Lagrangian and O,4—,, represents operators that are products

Odeg + - (11.1)

of SM fields, of overall dimension n in the fields, and transforming as singlets under the SM gauge
group. The SM extended to include such non-renormalizable term is called the SM effective field
theory, or SMEFT for short. For physics at an energy scale E well below A, the effects of operators
of dimension n > 4 are suppressed by (E/A)"~*. Thus, in general, the higher the dimension of an
operator, the smaller its effect at low energies.

Nonrenormalizable operators are generated by extensions of the SM, which introduce new de-
grees of freedom that are much heavier than the electroweak scale. By studying nonrenormalizable
operators, we allow the most general extension of the SM and remain agnostic about its spe-
cific structure. At the same time, constraints on nonrenormalizable terms can be translated into
constraints on specific BSM models.

The low energy effects of nonrenormalizable operators are small. Thus, when we study them,
we have to consider also loop effects in the SM. In the previous Chapters, we studied the SM at
tree level and with only renormalizable terms. From this point on, we extend our discussion to
include the effects of loop corrections and of nonrenormalizable terms.

We can classify the effects of including loop corrections and nonrenormalizable terms into three

broad categories:

1. Forbidden processes: Various processes are forbidden by the accidental symmetries of the SM.
Nonrenormalizable terms, but not loop corrections, can break these accidental symmetries

and allow the forbidden processes to occur. Examples include neutrino masses, discussed in
Chapter [14] and proton decay.
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2. Rare processes: Within the SM, various processes that are not forbidden do not occur at tree
level. Here both loop corrections and nonrenormalizable terms can contribute. Examples
include FCNC processes, discussed in Chapter [13]

3. Tree level processes: Often tree level processes in a particular sector depend on a small subset
of the SM parameters. This situation leads to relations among different processes within this
sector. These relations are violated by both loop effects and nonrenormalizable terms. Here,
precision measurements and precision theory calculations are needed to observe these small

effects. Examples include electroweak precision measurements discussed in Chapter [12]

As concerns the last two types of effects, where loop corrections and nonrenormalizable terms
may both contribute, their use in phenomenology can be divided into two eras. Before all the SM
particles have been directly discovered and all the SM parameters measured, one could assume
the validity of the renormalizable SM and indirectly measure the properties of the yet unobserved
SM particles. Indeed, the masses of charm quark, the top quark, and the Higgs boson were
first indirectly measured in this way. Once all the SM particles have been observed and the
parameters measured directly, the loop corrections can be quantitatively determined, and the
effects of nonrenormalizable terms in the SMEFT can be unambiguously probed. Thus, at present,

all three classes of processes serve to search for BSM physics.

For further reading

e For general review of BSM see, for example, Ref. [36].

e For general review of the Higgs fine tuning problem see, for example, the first chapter of
Ref. [37].
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Problems

Question 11.1: Radiative corrections to the Higgs mass

In this question, we discuss the Higgs fine tuning problem. We explore the quadratic divergences
in the Higgs mass-squared and show an explicit example of a BSM model that can make the
radiative corrections small.

For simplicity, we consider only the correction to m? due to a top loop. The relevant term in

the Lagrangian is

L=y, (fl\;r;) fotr +he.. (11.2)

The top mass is given by m; = y,v/v/2.

1. Draw the one loop correction to the two-point function of the Higgs boson due to the top

quark.

2. This diagram corresponds to correction to the Higgs mass-squared, Ay, where we put the
sub-index f to remind you that it comes from internal fermion loop. Evaluate the diagram

and show that

1 2m?
ih ] : (11.3)

A= -2 2N/ dk +
=T ) et R —md T (k2 —md)e

where No = 3 is the number of colors. Remember to include the minus sign due to the

fermion loop. (The factor of —i is just a convention that is canceled after a Wick rotation.)

3. Using the general formula

d*k 1 i(—1)" o wdy
/(27r)4 Ay~ tone A L(4) = | EEWT (11.4)

write Ay in terms of I; and I, and show that

2Nc|y |
Ap="o 5 [2mih(m]) - L(m})] (11.5)
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4. Both I; and I, diverge. To regulate the divergencies, we cut off the the integrals inside I;

and I, at A2, that is, we write

I, (A, A?) :/0A2( vda (11.6)

T+ A
Evaluate I;(m?2, A?) and I,(m?, A?). What are the degrees of divergence in A (logarithmic,

linear, quadratic, etc.) for [; and I?

5. Find A; as a function of A. Denote the answer as A;(A?). What is the degrees of divergence
in A (logarithmic, linear, quadratic, etc.) for Ap(A?).

6. Assuming that the cutoff is the Planck scale, A = mp; ~ 10 GeV, find A;(m?,) and the
ratio Ap(m#,)/m3. The fact that the numerical value of the ratio is so large is refered to as

the Higgs fine tuning problem.

7. We now move to find an explicit model that effectively generates the cutoff. We add a scalar

field to the model, ¢, with the following coupling to the Higgs field:
_ Ath 1712 7.2 712
Lo = JER"+ et h, (11.7)

where the coupling )y, is dimensionless and g has mass dimension one. Draw the two i-

mediated one-loop diagrams that contribute to the Higgs mass-squared.

8. Calculate each of the diagrams and denote them as A{) (for the one proportional to Ay)
and A® (for the one proportional to x?). Denote the sum of these two diagrams as A, (s

stands for scalar) and show that

1
A= o [Mnli(mf) = W2 La(mf)] (11.8)

9. Consider a system with N, such scalars. Show that, for N, = 2Ng, my = mg, A = |ye]%,
and p? = 2m?|y;|?, the sum of the fermion and scalar loops vanishes, that is, show that in
this case

A+ 2NcA, = 0. (11.9)

10. Keep N, = 2N¢ and Ay, = |y]?, but allow arbitrary values for p? and m;. Show that for

i, m; < A, the quadratic divergence cancels.

What we learn is that adding to the SM scalars with masses that are not much above the weak
scale, and with specific couplings, results in a theory where the Higgs mass-squared does not have

quadratic divergence. This is important as logarithmic divergent are fundamentally different than
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the quadratic one, they are renormelizable, and the exact low energy properties are not sensitive to

the details of the UV physics. In particular, models of supersymmetry provide such a mechanism.
Question 11.2: Coupling unification

The three gauge couplings of the SM roughly meet (that is, assume the same value) at a high
scale. This fact could be a hint that the three gauge groups unify into a GUT. In this question
you are asked to investigate this aspect of GUT. We assume that the GUT group is SU(5). It is
spontaneously broken into SU(3)c x SU(2) x U(1)y at the GUT scale Agyr. Thus, at Agur,

gGut = g1 = G2 = G3; (11.10)

where
5
g1 = gga g2 =9, g3 = gs- (11-11>

(The factor of 1/5/3 above arises from embedding the U(1)y group into the SU(5) group.)
We discuss RGE running in Section [£.4] and Question We assume that there are no fields
with masses between Agw and Agyr. Then the solution for the RGE is given by Eq. (5.35)), that

in our case can be written as

1 1 B;
= +log<'uEW> . (11.12)
« (MGUT) Oéz‘(MEW) 27 HGuT

where a; = g?/(47). The difference between the running of the various couplings is encoded in the
By’s. For the running of ¢/, B is given by a generalization of Eq. (4.25)):

1
f b

where the sum over f (b) is a sum over all Weyl fermions (complex scalars), Y is the hypercharge,
and ny indicates the number of internal DoF', for example ng = 6 and ng = 1. For the running of
the SU(N) gauge couplings (go and g3), By is given by a generalization of Eq. (4.26)):

1 1
By=2 D> ng+ 5> m—11N|. (11.14)
3\5 24

1. Calculate the B; coefficients for «; (i = 1,2,3). Remember to take into account the normal-

ization of ¢g; with respect to ¢'.

2. Using a~(myz) =~ 128, and (7.60), (7.73), and (5.16)), find the central values of a;(my) for
i=1,23.

3. Using one loop RGE running and the central values of a;(mz), calculate the scale where each

pair of couplings meet, MgUT, with i # j.
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4. We can define a measure of “missing” a grand unification by

_ AMgur

T = , (11.15)

Mgur

where AMgyr is the difference between the largest and smallest MgUT, and Mgyt is their

average. Find r,,.

5. We used one loop RGE and central values of the couplings. What do you expect to be the
relative effects on r,,, due to higher order corrections and due to the experimental uncertainties
of a;7 Taking into account these uncertainties, is it possible that r,, = 0, in which case the

SM is consistent with GUT with no additional degrees of freedom between Agw and Mgyr?

6. A smaller value for r,, is obtained once an extra (1,2),1/, scalar field with weak scale mass

is added to the SM. Calculate r,, in this case. Is r,,, = 0 consistent within this model?

What we learn is that GUT is an attractive idea based on couplings unification. There are
more aspects of GUT that make it a well-motivated extension to the SM. Yet, to date, there is no

direct experimental evidence for it.
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Chapter 12
Electroweak Precision Measurements

In this chapter, we discuss Electroweak Precision Measurements (EWPM). They provide us with
a test of the SM beyond tree level and a probe of BSM physics in the gauge and scalar sectors of
the theory.

12.1 Introduction

Consider a situation where a class of processes is described at tree level by only one sector of a
theory, and where this sector depends on only a small number of parameters. If the number of
observables is larger than the number of parameters, relations among the observables are predicted.
At the quantum level, however, the tree level relations are violated, and the processes depend on
all parameters of the theory. In some cases, the tree level predictions follow from a symmetry
which is respected by the relevant sector but not by other sectors of the theory. Violations of such
symmetry-based relations are particularly sensitive to loop effects. The program of EWPM takes
advantage of these features of quantum theories.

At tree level, all flavor diagonal electroweak processes depend on only three parameters of the
renormalizable SM Lagrangian. In the language of the SM Lagrangian, the three parameters are
g, ¢', and v. Alternatively, one can work with the combinations of these parameters that are
measured most precisely: «, myz, and Ggr. The number of relevant observables is much larger
than three. Thus, at tree level, a large number of relations among these observables are predicted.
These predictions are, however, violated by SM loop effects, and possibly by nonrenormalizable
operators that are generated by BSM physics.

The full SM has eighteen parameters. The EWPM allow us to probe some of the additional
fifteen parameters through their modification of the tree level relations. Eleven of the fifteen
parameters (eight of the Yukawa couplings and the three CKM mixing angles) are small, and
consequently have negligible effects on deviations from the tree level relations. The four large

parameters are the Kobayashi-Maskawa (KM) phase, the strong coupling constant, the Higgs self-

202



coupling (or, equivalently, the Higgs mass, my,), and the top Yukawa coupling (or, equivalently, the
top mass, m;). The KM phase has negligible effects on flavor diagonal processes. As concerns the
strong coupling constant, its universality and the absence of direct couplings of the electroweak
vector bosons to gluons combine make its effect on the relevant parameters very small. Thus, in
practice, there are only two additional SM parameters that have significant effects on the EWPM:
m; and my. In the past, when these masses had not yet been directly measured, the EWPM
were used to determine their values. Now, that the top quark and the Higgs boson have been
discovered and their masses are known from direct measurements, the EWPM are used to probe
nonrenormalizable operators, that is, BSM physics.

As concerns the experimental aspects of the EWPM program, the relevant processes can be
divided to two classes: low-energy and high-energy. The “low-energy” observables involve processes
with a characteristic energy scale well below my, and my, so that the intermediate 1W-boson or
Z-boson are far off-shell. The “high-energy” observables are measured in processes where the W-
boson or the Z-boson are on-shell. The low-energy EWPM include measurements of Gr and «,
as well as data from neutrino scattering, deep inelastic scattering (DIS), atomic parity violation
(APV), and low energy ete™ scattering. The high-energy EWPM include measurements of the
masses, the total widths, and partial decay widths of the W and Z bosons.

12.2 The weak mixing angle

12.2.1 The weak mixing angle at one loop

As an example of the way EWPM are used, we consider three definitions of the weak angle. Each

definition involves a different set of observables. At tree level, all three definitions are equivalent,
and correspond to [see Eq. (7.29)]

/

9

tanf = =. (12.1)
g
At the one loop level, however, they differ.
(i) Definition in terms of o, Gy and my:
Ao
c20p
sin220p = —— (12.2)

Quantitatively, 0y is defined in terms of the best measured observables and thus has the

smallest experimental uncertainties.

(ii) Definition in terms of my, and my:

sin? Oy =1 — —2-. (12.3)
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This definition is based on the tree level relation p = 1 discussed in section see
Eq. (7.35)).

(iii) Definition in terms of gi,, the vectorial couplings of the Z to fermion,

" — gl
2Q7 7
where g{; is defined in Eq. (7.77) and we used the fact that all SM fermions have TE = 0.

In principle we have here nine different definitions of 6,, one for each charged fermion type.
See Question for one of the ways to obtain experimental sensitivity to g{;—.

sin? 67 = (12.4)

For any given model, that is, the SM or BSM, one can compute all the relevant corrections to
the tree-level SM predictions as functions of the model parameters. For pedagogical and practical
purposes, we, however, work in a simple framework that represents a large class of models. To do

so, we make the following working assumption:

e The only significant effects are in the electroweak gauge boson propagators. These effects

are called oblique corrections.

This assumption implies that all #/ are equal and the relevant one loop effects are flavor universal.
Thus, from now on we do not write the f super-index of 6,. In some models the assumption that
all corrections are oblique does not hold, yet the corrections are flavor universal.

We denote the oblique corrections to the electroweak gauge boson propagators by I14p(q?).

The propagators P,p are defined as follows:

—1 —iHAB(QQ)
P N= o |0 — - 12.5
a5(q°) @ — AB T Z—m} (12.5)

Taking charge conservation into account, we learn that there are four Il 45’s that do not vanish.
We can choose the set Iy w, Iz, IL,,, and 1L, (= IIz,), corresponding to the mass eigenstates.
Alternatively, we can use 11, _, Tls3, 1y, and Il3q (where the B* gauge boson is denoted by the
zero subindex) corresponding to the interaction eigenstates. The transition between the two sets
is straightforward.

At ¢*> = m?, the relevant IT45 can be identified as correction to the mass of the corresponding

gauge boson. Thus, gauge invariance (specifically, mi = () guarantees that
IL,(¢* = 0) = I,z(¢* = 0) = 0. (12.6)

To proceed further, we note that the following two points which lead to considerable simplifi-

cations:

e High-energy EWPM depend on Iy (miy,), zz(m%) and IL,z(m%).
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e For low-energy EWPM, we can expand I145(¢*> < m3¥,) in ¢, and assume that terms of

order (¢*)? and higher can be neglected:

ag(q® < myy) = Hap(0) + ¢°1I4 5(0), II'(¢*) =

(12.7)

Thus, the four functions IT4p(¢?) are replaced by nine numbers.

We now present the effects of the various corrections to the propagators on the three differently-
defined #’s. Instead of considering each of the three definitions separately, we consider the two
independent differences between them. This has two advantages: First, these differences depend
only on the loop corrections and are independent of the tree level contribution. Second, a loga-
rithmic divergence that appears in the SM loop corrections to each of the sin?#’s cancels in the
difference. (Naively, one may expect quadratic divergences, but these are prevented by the Ward
identities.) We have:

in? 26 11 11 2 I 2
SiIl2 00 . Sil’l2 9* _ S [ / (O) WW(O) . ZZ(mZ)‘| + sin @ cos QM

~ 4cos20 | may, m2 ms
1 2 IT 2
sin” Oy — sin® 0, = —— [wa(miv) - mVQVHZZ(mQZ)} + sin § cos Qw. (12.8)
mz mz mz

In the first equation, the terms in parenthesis on the RHS correspond to corrections to «, Gg
and my, respectively. In the second equation, the terms in parenthesis on the RHS correspond to

corrections to the tree level heavy gauge boson masses,
AmZ, = Tyw(md,),  Am% = Tzz(m%). (12.9)

The corrections to the gr coupling arise from the mixing between the off-shell photon and the
Z-boson. We learn that, as anticipated, the loop effects are different for the three definitions.
Once we extract the values of sin § from each of the three sets of observables, we can probe these

effects.

12.2.2 The weak mixing angle within the SM

Our analysis so far applies to all models with only oblique corrections. In this subsection we discuss

the specific case of the SM. We make the following approximation:
e We consider only one loop diagrams involving the top and bottom quarks.

Within the SM, these diagrams provide the leading oblique corrections. We thus need to calculate
diagrams of the general form that can be seen in Fig. [12.1]

We do not reproduce the details of the calculation here, but only quote the final results:

. . 3a m? —m?
sin? 0y — sin? 6, = 5 t 5 b ,
16mcos?20  my

—3a  m?—m}

.2 .2 t b

sin” Oy, — sin” 6, = , . (12.10)
167sin®0  m%
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qj

Figure 12.1: A general form of an oblique correction diagram.

On the RHS of these equations we do not specify which of the three 8’s we use, since the difference
accounts for a higher order correction.

Eqgs. demonstrate the main point of this section: One can use the observables of the
EWPM to determine parameters outside the pure electroweak sector. Before the discovery of the
top quark, the measured values of the observables on the left-hand side of these equations were
used to determine m; (see Question . Moreover, the SM was tested by examining whether
the ranges allowed for m; from the two sets of observables overlap.

Let us explain the various factors in Egs. (12.10)). The factor of a/(167) is typical of electroweak
one-loop effects. The factor of 3 is the color factor of the quarks in the loop. The 6 dependence is
different in the two cases, reflecting the specific combination of observables involved in each case.
The factor of (m? —m})/m?% deserves a more detailed discussion that is provided in Section m

An interesting aspect of Egs. has to do with the quadratic dependence on the top
mass, which seems to violate the so-called decoupling theorem. This theorem states that the effect
of heavy states on low energy observables must go to zero as their mass goes to infinity. The
intuition behind this theorem is straightforward. The heavier a state is, the smaller its effects
(when off-shell) become. This can be understood based on the uncertainty principle, or on second
order perturbation theory, or simply by considering the form of propagators in QFT. Yet, the
theorem does not apply to the top contribution to EWPM. The solution to the puzzle lies in the
fact that the SM quarks acquire their masses from the Higgs mechanism. Consequently, their
Yukawa couplings are proportional to their masses. The heavier the top, the stronger its Yukawa
coupling becomes. Indeed, the top-related loop corrections to EWPM depend on the top coupling
to the longitudinal W and Z, which are the DoF that were “eaten” by the SSB. The quadratic
dependence on the top mass reflects the proportionality of the loop corrections to the top Yukawa
coupling, and not to its mass. (In fact, the m; — oo limit cannot be taken, because perturbation
theory does not hold anymore.)

Additional oblique corrections of interest come from loop diagrams with internal Higgs boson.
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At one loop level, the my-dependence is logarithmic, and thus the EWPM are less sensitive to my,
than they are to m;. This result is known as the screening theorem. We do not discuss it in detail
here. Two loop contributions are proportional to m?, but are small because of the extra loop
factor. We note, however, that the precision of the EWPM was good enough to have sensitivity
to the Higgs-related oblique corrections and provided an allowed range for the Higgs mass well
before it was actually measured. The present allowed range from EWPM (removing all direct
measurements of the Higgs mass, production, and decay rates) is 60 GeV < my, < 127 GeV at the
90% CL.

12.3 Custodial symmetry

The SM Higgs potential has an accidental symmetry. This so-called “custodial symmetry” predicts
tree level relations among various observables. In this subsection we focus on the SM: The fact that
the custodial symmetry is not a symmetry of the full SM makes EWPM sensitive to the custodial
symmetry breaking SM parameters. In the next subsection we focus on BSM physics: The fact
that the symmetry is accidental makes EWPM sensitive to nonrenormalizable terms that violate
the symmetry.

Consider the SM Higgs potential [see Eq. (7.15))]

V=% (¢'9) + M¢l9)”. (12.11)

Since ¢ is a complex, SU(2)-doublet scalar field, it has four degrees of freedom:

1+ i
= . 12.12
¢ <¢3 +2¢4> ( )

The scalar potential, when written in terms of these four components, depends only on the com-
bination ¢? + ¢3 + ¢2 + ¢3, and thus has manifestly an SO(4) symmetry. The four DoF form an
SO(4)-quartet (4) , that is a vector in the space. The potential depends only on the length of the
vector, which is the singlet combination of two 4s. At the algebra level, SO(4) ~ SU(2) x SU(2).
Out of the six generators, four are also generators of the gauge group SU(2), x U(1). The two
extra generators are then related to an accidental symmetry of the scalar sector of the SM.

The VEV of the Higgs field breaks three of the generators, leaving (within the pure Higgs
sector) an unbroken SU(2) symmetry. This is the symmetry that is called custodial symmetry.
The symmetry would have applied to the full SM Lagrangian if two conditions were met: ¢’ = 0
and Y¢ = Y% [In this limit, the (W;, W5, W3) DoF transform as a triplet under the custodial
symmetry. Consequently, the mass terms induced by the SU(2), x U(1)y spontaneous symmetry
breaking are equal for these three DOFs.

The most general mass-squared matrix in the (W;, Wy, W3, B) basis, that is consistent with
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U(1)gm gauge invariance, is given by

m%,v 0 0 0
0 m%,v 0 0
0 0 m2c? m2c ’ (12.13)
zCw zCw Sw
0 0 m2ZchW mZZs%,V

where sy = sinf and ¢y = cosf. The custodial symmetry requires that the top three diagonal
terms are equal and thus that m%c%, = m¥,, namely the p = 1 relation.

The custodial symmetry holds at tree level for models with any number of scalar doublets and
singlets. It is however not a symmetry of the full SM. In particular, it is broken by the Yukawa
coupling since Y¢ # Y (see Question . The largest breaking parameter is then m? — m?.
This breaking is communicated to the Higgs sector by loop effects, resulting in violation of the
predictions that follow from the custodial symmetry. This is the reason that the leading correction
to the p = 1 relation is proportional to m? — mg, see Eq. (12.10).

12.4 Probing BSM

Within the SM, the EWPM program is sensitive at tree level to three input parameters and at the
loop level to a few more. Since we have more observables than relevant SM parameters, EWPM
can be used to test the SM. So far, no significant deviation from the SM was found. Furthermore,
as we already mentioned, all the relevant SM parameters are now directly measured, and therefore
the data can be used to constrain BSM physics.

As concerns the probing of BSM physics with EWPM, one can go in either of two ways. First,
one can consider a specific model, calculate the new contributions to the observables, and constrain
the BSM parameters by comparing to the experimental results (just as we did for the SM itself).
In Section [12.4.3 we demonstrate this by a brief discussion of the four generation extension of
the SM. Second, one can consider the effects of nonrenormalizable terms without committing to a
specific model. Under reasonable assumptions, to be specified below, there is only a small number
of dimension-six terms in the SMEFT that affect the EWPM. In Section we discuss these
operators and how they are constrained by EWPM.

12.4.1 Nonrenormalizable operators and the ¢°> expansion

In general there are many operators that affect the EWPM. The number of operators with poten-
tially significant effects is, however, much smaller in a large class of models that fulfill the following

three conditions:

1. The scale of the BSM physics is much higher than the electroweak breaking scale, A > myy.
(This condition holds, by definition, for BSM physics whose effects can be represented by

nonrenormalizable terms.)
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2. The BSM physics generates only oblique corrections to the relevant observables.
3. There are no contributions from new heavy gauge bosons.

(The analysis below applies to a broader class of models than implied by the third condition, but
we assume this stronger condition for the sake of simplicity.)

The contributions to oblique corrections from nonrenormalizable terms can come from tree-level
diagrams or from loop diagrams. We consider here only tree-level BSM contributions. Conse-
quently, our analysis concerns only operators that involve exactly two electroweak gauge fields and
no fermions. In addition to the two electroweak gauge fields, the operators can have derivatives
and Higgs fields. Tree level contributions come from replacing the Higgs fields in these operators
with their VEV. There are no such dimension-five operators and thus the leading contributions
(for A > v) come from dimension-six operators.

With these considerations, we learn that there are only four dimension-six terms that contribute

to the oblique corrections:

1

Loc = e (ewsOwps + canOun + O + cwwOww) , (12.14)

where the cxy’s are dimensionless coefficients, and the operators are defined as follows (note that

in the literature, a variety of normalizations are used):
t-a a 1 21173
Owp = (H'T"H)W},B,, — 3V W, B,

1
Opw = |H'D, H|* — E#(ng —g'B,)?%,
Opp = (apBuu)2>
Oww = (D,W},)?, (12.15)

where 7% are the Pauli matrices, and in the second step we replace the Higgs field by its VEV.

In addition to the expansion in inverse powers of A, which led us to neglect SMEFT terms of
dimension d > 6, we can expand in powers of ¢?. This expansion leads to considerable simplifica-
tion of the analysis. Since we deal with oblique corrections, we expand the vacuum polarization
amplitudes [45(¢?) with AB = {W*W~, W3W;, BB, W3B}:

(¢°)?

Map(e? < A?) = Tan(0) + T 5(0) + -4

I (0) + -+ (12.16)

Within the SMEFT, there are only two dimensionful parameters: v and A. The dependence of the
various Hffl); on v comes from replacing the Higgs field with its VEV, and thus they can depend
only on positive powers of v. On the other hand, the various Hg% depend only on inverse powers of
A. For example, the contributions of dimension-six terms are proportional to 1/A%. Since I14p is

dimension-two (and HX% is dimension 2—2n) in mass, we can only have the following dependencies

209



on v and A of the various terms in the ¢* expansion:

0) oc 1/A?"72 2 /A ... (12.17)

Since we neglect terms of dimension higher than six, we can truncate the ¢? expansion at order
(¢?)?: Terms of order (¢*)3 and higher are suppressed by at least 1/A*. One more observation from
the above is that the dimension-six operators affect I1(0), IT’(0) and I1"(0). Specifically, examining
Eq. , we straightforwardly learn that Owp contributes to Iy, 5(0), Ogg contributes to
Hyw,ws, (0), Hpp(0), and Iy, 3(0), Opp contributes to I155(0), and Owyw contributes to Iy, ., (0)
and I, (0).

We note that the ¢? expansion of Eq. applies to any model but only to low energy
observables, ¢* < m?,. The ¢* expansion of Eq. applies to all observables but only to BSM
physics models that are characterized by a scale that is much higher than the electroweak scale,
A>wv.

12.4.2 The S, T, and U parameters

To study the contributions of dimension-six terms to oblique corrections, we need to keep terms
up to II" in the ¢* expansion. Thus, the four functions, I, 5(q%), are replaced by twelve numbers,
45(0), I, 5(0), and I, 5(0). Out of these twelve numbers, two combinations vanish due to the
U(1)gm gauge invariance, I1,,(0) = IL,2(0) = 0. Three other combinations are fixed by the three
tree-level SM parameters. The remaining seven parameters are then related to observables, and
can be fitted. The seven parameters are usually called S, T,U,V, W, X,Y. From the theoretical
side, one can obtain the contributions of the four dimension-six terms to these parameters and
finally constrain their coefficients in the Lagrangian.

To provide a simple demonstration of the relation to observables, we truncate the expansion
at order ¢2. This leaves only three parameters that neither vanish nor are fixed by the tree level

parameters. These are the S, T', and U parameters defined as follows:

_ wa(()) _ sz(())

T 12.18
@ méy, m2 ( )
asS 2 cos 20

— =1I,,(0) - ——1II’, (0) = II’_(0 12.19

Sin2 20 ZZ( ) sin2(9 Z’y( ) 'y’y( )7 ( )
U

ﬁ = Iy (0) — cos® 0117, ,(0) — sin 201, ,(0) — sin® 1T, (0). (12.20)
S111

A few comments are in order:
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Figure 12.2: The current bounds on S and 7" taken from [?]

1. The S, T', and U parameters receive one loop contributions in the SM and possibly also BSM
contributions. One can subtract the SM values and redefine them such that within the SM
they vanish. With this new definition, a non-zero value would be a sign of BSM physics.

The values presented below correspond to this definition.

! relative to IT4p (or IT;5) means that

2. S, T, and U are pure numbers. Their scaling by a~
they roughly reflect the allowed size of BSM physics contributions compared to the SM

one-loop contributions.

3. The U parameter rarely provides a significant constraint. The reason is that U arises from

a dimension-eight operator, while S and 7" arise from dimension-six operators.

4. Any BSM physics that respects the custodial symmetry gives T" = U = 0, while S may
be different from zero. More generally, T" and U are proportional to custodial symmetry

breaking parameters.
5. The T parameter is closely related to the p = 1 relation.

The EWPM determine the allowed ranges for these parameters. The strongest bounds arise
from S and T but there are experimental correlations between them that have to be taken into
account, see Fig.[12.2] Putting U = 0, motivated by the fact that, in the SMEFT, U is suppressed
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by an extra factor of v?/A? compared to T' and S, the current experimental bounds read
S = +0.00 £ 0.07, T = 40.05 £ 0.06. (12.21)

The contributions of the dimension-six operators to S and T are given by

B 2sin 260 v? 1 v?

p CWB, T = —5 E CHH- (1222)

S

(67

We note that 1" is proportional to cyp, which is the only custodial symmetry breaking parameter
among these nonrenormalizable terms. Using the experimental upper bounds of Eq. (12.21) as

reference points gives

A . A 11
> 14 TeV O\SO|7’ > 6 TeV 0|T| (12.23)

lew | |cH|

The lesson to draw from this discussion is that EWPM currently have accuracy of order 10% of
the SM one-loop corrections, and consequently probe BSM up to a scale that is roughly one-to-two

orders of magnitude above the weak scale.

12.4.3 The four generation SM

The four generation SM is excluded by several measurements, for example, by the invisible width
of the Z-boson (see Question . Yet, it provides a simple example of constraining a specific
BSM physics model by the EWPM.

We consider a four generation model where the fourth neutrino is massive, without providing
an explicit mechanism for generating its mass. We further assume that all the fourth generation
fermions are heavier than the top quark and that the splitting within each multiplet is small. We
further assume no significant flavor mixing between the fourth generation and the three known

ones. Under these assumptions we have

1 1 m? 1 m?
S=—[1—log [ Zm )| 4 = |14 1og [ M
27?[ 38 (mi)] +67T[ s (mi)]’
9

T— . M ) L My, — ey (12.24)
27 sin®(20w) m? 67 sin?(20y) m?% ’ '

where my, are the masses of the fourth generation fermions. We learn that 7" is related to the mass

splitting between t4 and by and between v, and e4, which are the custodial symmetry breaking
parameters in this model. In the case of a degenerate quark doublet and a degenerate lepton
doublet, we have T'= 0 and S = 2/(37). In a way, the S parameter “counts” the number of extra
generations. The current measurement of S by itself excludes an extra degenerate generation (so
that T'= U = 0) at the 7o level. Yet, for non-degenerate fermions, when the correlation with 7" is

taken into account, the bounds on extra generations are less severe.
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For further reading

e A summary of the relevant EWPM observables and the relevant data can be found in the
PDG.

e Reviews on EWPM can be found, for example, in the PDG review of the SM and in Ref. [39)].

e Read more about custodial symmetry in Refs. [40] 41].
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Problems

Question 12.1: Algebra,

Most of the algebra for this section can be found in Ref. [2].

1. Derive Egs. (12.8)), see Eq. (21.127), (21.128), and (21.131) of Ref. [2].

2. Derive Egs. (12.10), see Egs. (21.157) of Ref. [2]).

Question 12.2: Extracting sin® @,

In order to extract ., we need to measure processes that depend on the couplings of the Z-
boson to fermions. There are many such processes. Here we consider two of these, the ratio of

decay rates,
[(Z — 01t0)
Z —wvp)’

where ¢ is a charged fermion, and the forward-backward asymmetry in ete™ — putu~ scattering

R, = (12.25)

close to the Z pole,

1 dot 0 do
ol = 27r/0 d(cos 6) -t of =or /_1 d(cos 6) et (12.26)

7 7
Op —0p

AL _
FB m oo
Op +0p

where 6 is the angle between the incoming e~ and the outgoing u. You are asked to show that a

combination of the two can be used to extract 0,
1. Show that, neglecting the small phase space effects and working at tree level,
Ry =2(g0)” + (¢4)?] - (12.27)

2. Show that, neglecting the photon-mediated contribution and considering only the Z-mediated

contribution at tree level,

3 29194
App = JAA,, A= CALERTAL (12.28)
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3. Find g{, — ¢4 in terms of R, and Aky and then use Eq. (12.4) to obtain sin®#é,.

Question 12.3: Predicting my

Here we demonstrate how m; had been predicted using EWPM data before the top quark was
discovered.

1. Using Egs. (12.10) find the expression for sin® 6, — sin® fyy.

2. Use the central values of Gg, a, myz, my,, and m; to determine m;.

3. Compare your result to the direct measurement. Comment on differences between the two.

Question 12.4: Custodial symmetry

Consider the Higgs sector of the SM in the ¢’ — 0 limit:
Ly = (Dud)'(D"9) = V5, (12.29)
where
9 avira
Dug = (% +i50 W#) 6 Vo=12(00) + A¢T9)" (12.30)

1. Show that V, is invariant under an SO(4) symmetry, where the four components of the Higgs
field as defined in Eq. (12.12) transform as (4).

At the algebra level, SO(4) ~ SU(2);, x SU(2)g. Here SU(2),, is the global version of the SM
gauge group with the same name. Under SU(2), x SU(2)g, the Higgs field transforms as (2, 2).

We write it then as a matrix:

0= 53 o= (BT 0T, 1231)
2 2\ =01 +1id2 @3+ iy
where ¢ is defined in Eq. .
2. Show that ¢f¢ = ¢f¢ and use it to show that
Tr [@10] = ¢, (12.32)
3. Show that L4 defined in Eq. can be written as
Ly =Tr|(D,®)!(D'D)| - Va, (12.33)
where
D,d = (a,@ +ide Wﬂ)) Ve =2 (Tr[@l0]) + A (T [0l0])”. (12.34)
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Under SU(2); x SU(2)g, the W-boson field transforms as (3, 1), that is, W#* — LWHLT,
while the @ field transforms as ® — L®R', where L and R are group elements of SU(2),

and SU(2)g, respectively. Using these transformation properties, show that £, is invariant
under SU(2), x SU(2)g.

We now consider SSB. We assign the VEV to ¢3. Show that the SO(4) symmetry of V is
broken down to SO(3), with (¢1, ¢, ¢4) transforming a triplet (3).

Using
<q>>:;<g 2) (12.35)

show that
L{®) £ (®) (D) # (@), (12.36)

so that both SU(2);, and SU(2)g are broken.
Show that
L(®)LT = (). (12.37)

Thus, L, is invariant under simultaneous SU(2);, and SU(2)g transformations with L = R,
so that an SU(2)p subgroup remains unbroken. This SU(2)p is identified with the unbroken
SO(3) of the Higgs potential discussed above.

Show that the (W5, Wy, W3) form a triplet under SU(2)p. This implies that they have the

same mass-squared, and leads to the p = 1 relation.

There are two sources of explicit breaking of the SO(4) symmetry: the hypercharge coupling and

the Yukawa couplings. We discuss them in turn.

9.

10.

11.

12.

Show that U(1)y is a subgroup of SU(2)g. To do it, show that under U(1)y
® — Pe 2% (12.38)
and compare it to the transformation of ® under SU(2)x.

Argue that, because U(1)y is gauged while the rest of SU(2)p is not, ¢’ # 0 implies breaking
of SU(2)r and of SU(2)p.

Assign @, into a (2,1) and Qr = (Ug, Dg) into (1,2) of SU(2);, x SU(2)g. Show that
Ly =YQLPQr (12.39)
is invariant under SU(2), x SU(2)k.

Show that Eq. (12.39) is the same as the quark terms in Lyy of the SM, Eq. (8.15)), when
yr=Yd=Y.
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13. Argue that because, Y* # Y4 SU(2)r and SU(2)p are explicitly broken.

14. Argue that any loop correction to the p = 1 relation must be proportional to either ¢’ or to

the mass splitting between the up and down sector fermions.
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Chapter 13
Flavor changing neutral currents

In this chapter, we discuss Flavor Changing Neutral Currents (FCNC) and CP violation in the
quark sector. These processes are sensitive to loop effects and to nonrenormalizable operators.
The structure of FCNC is affected by the hierarchies in the quark masses and in the CKM mixing

angles, and is thus far from generic.

13.1 Introduction

EWPM, discussed in Chapter [12] test the SM and probe BSM physics. To achieve these goals,
one goes through the following steps:

1. Calculating loop corrections to relevant processes;
2. Checking the consistency of the various observables within the SM,;
3. Obtaining the allowed ranges for nonrenormalizable terms.

Similarly, FCNC test the SM and probe BSM physics. The two classes of processes — EWPM
and FCNC — are sensitive to different sectors of the SM. Thus, they probe different classes of
dimension six operators, and the information extracted from them is complementary. In both
cases, the experimental sensitivity is to BSM contributions that are of size comparable to the
corresponding SM one-loop contributions. Yet, the FCNC processes can probe new physics at
higher scales because, in addition to the loop suppression (see Section , the SM contributions
are suppressed by small flavor parameters, as discussed in Section [13.2]

There are additional interesting differences between EWPM and FCNC. First, while for EWPM
the leading contributions are tree level, and loop contributions provide small corrections, for FCNC
there are no tree-level contributions, and the loop diagrams constitute the leading contributions.
Second, while for EWPM, the QCD corrections are small and the calculations are very precise, for
FCNC the QCD effects are significant, leading to large hadronic uncertainties. Thus, for EWPM,
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precise calculations are necessary and possible. For FCNC, precise calculations are desirable but
less crucial, and at the same time harder to achieve.

The fact that FCNC can probe physics at scales that are much higher than the energy scale
of the relevant experiments has been demonstrated several times in the history of particle physics.
FCNC processes have played an important role in predicting the existence of SM particles before

they were directly discovered, and in predicting their masses:
e The smallness of I'(K; — ppu7) led to predicting the charm quark (see Question [9.6)).

e The size of the mass difference in the neutral kaon system, Amg, led to a successful prediction
of the charm mass (see Question [13.2)).

e The measurement of CP violation in kaon decays led to predicting the third generation (see

section (13.C.3)).

e The size of the mass difference in the neutral B system, Amp, led to a successful prediction
of the top mass (see Question |13.2]).

As mentioned above and discussed in Section [9.4] FCNC processes cannot be mediated at tree
level in the SM. Yet, since there is no symmetry that forbids them, they are mediated at the loop
level. Concretely, the W-mediated interactions lead to FCNC at the one-loop level. Since the
W-boson couplings are charged current flavor changing, an even number of insertions of WW-boson
couplings are needed to generate an FCNC process. We consider two classes of FCNC based on

the change in F (the charge under the global [U(1)]® flavor symmetry of the QCD Lagrangian):
e FCNC decays (AF = 1 processes) have two insertions of W-couplings.

e Neutral meson mixings (AF = 2 processes) have four insertions of W-couplings.

13.2 CKM and GIM suppressions in FCNC decays

In this section, we discuss FCNC meson decays, which are AF = 1 processes. To demonstrate
the generic features of one-loop FCNC, we consider the example of s — d transitions. Since the
change of flavor QNs is As = —Ad = 1, this transition belongs to the class of AF = 1 processes.
The FCNC part of any process that involves s — d transition is plotted in Fig. [13.1[(a). For
example, in Fig. (b) we show a full diagram that contributes to the decay K — 7wvv, and
which includes Fig. (a) as a sub-diagram. (Diagrams with such a topology are usually called
penguin diagrams.)
By inspecting the diagram in Fig. [13.1(a), we learn that its flavor structure is given by

2
m;

Asosa ~ Z (VisVia) f(xs), Ti =

1=u,c,t

13.1
- (13.1)
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(a) (b)

Figure 13.1: (a) One loop diagrams for AF =1 FCNC. (b) A one loop diagram that contributes

to Kt — ntuw.
where f(x;) depends on the specific decay. CKM unitarity implies
ViiVus + VigVes + VigVis = 0. (13.2)

We can then use this unitarity condition to eliminate one of the three CKM terms in the sum in
Eq. (13.1). We choose to eliminate the u-term and write

i=c,t

We draw the following lessons:

e The contribution of the m;-independent terms in f(z;) to As_4 vanishes when summed over

all internal quarks.

e A, ., would vanish if the up-type quarks were all degenerate and, therefore, it must depend

on the mass-splittings among the up-type quarks.

The explicit dependence on the mass-splittings among the quarks depends on the process. In many

cases, for small z; we have
fzi) ~ ;. (13.4)

Using this crude approximation we can write
Assa ~ (20 — 20)VisVig + (2 — 20) VesVig) - (13.5)

Inspecting Eq. (13.5]), we identify two suppression factors:

220



(1) CKM suppression: The amplitude is proportional to at least one off-diagonal CKM matrix
element. Given the specific structure of the CKM matrix, off-diagonal elements are small.
Specifically, |V, V5| ~ A5 and |V, V5| ~ A where X is the Wolfenstein parameter defined in

Eq. .

(1) GIM suppression: The amplitude is proportional to mass-squared differences between the
up-type quarks. In particular, (z. — x,) ~ (m./mw)? The suppression by factors of small

quark masses is called the Glashow—Iliopoulos-Maiani (GIM) mechanism.

While we derive the results based on one specific example, the CKM and GIM suppressions play a
role in all FCNC processes. For the other FCNC in the down sector, b — ¢ with ¢ = d, s, we have

Apg ~ (00 — 1) Ve Vig + (2 — 20) Ve Vi, (13.6)
With regard to FCNC in the up sector, for ¢ — u, we have

A ~ (= 20) Vo Vi + (x5 — 24) Vi Vs, (13.7)
and, for t — ¢ with ¢ = u, ¢, we have

Aisg ~ (@ — 1) Vi Vop + (s — 2a) ViiVis- (13.8)

The CKM suppression applies to FCNC decay rates. It does not necessarily apply, however,
to the corresponding branching ratios. The reason is that branching ratios depend on the ratio
between the FCNC decay rate and the full decay width which, in the down sector, is CKM-
suppressed, and thus the ratio of CKM factors is not necessarily small. In particular, the leading
(FCCC) K decay rate is suppressed by |Vis| ~ |V.sVea| and the leading (FCCC) B decay rate is
suppressed by [Vis| ~ [VigVi.

Several remarks are in order:

1. While the f(x;) ~ x; approximation is not valid for the top quark, it gives a reasonable order

of magnitude estimate, and we use it for the purpose of demonstration. For example, while

z¢/x. ~ 10%, we have for f(z) defined in Eq. (13.11)), f(z;)/f(z.) =~ 103

2. The exact form of the dependence on the mass splitting is process dependent, but in all
cases the amplitude vanishes when the internal quarks are degenerate. We refer to quadratic

dependence [z; — z;] as hard GIM, and to logarithmic dependence [log(x;/z;)] as soft GIM.

3. The size of FCNC amplitudes increases with the mass of the internal quark. The reason that
this does not violate the decoupling theorem is the same as discussed in the EWPM case,
see Section [12.2.2
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13.2.1 Examples: K — nmvv and B — nvv

As examples of AF = 1 processes, we consider the semileptonic decays
K" — ntup, Bt — ntup, (13.9)

which proceed via the § — dve and b — dvv transitions.

Consider the following ratios of FCNC-to-FCCC semileptonic decay rates:

Em = DK+ = mlety) 216w Vs ’ )
p DB oatur) 3 gt |ViVilf(eo) = f(e)] + ViVelf(z0) = f(@)])[”
P T(B = nl%ety) 21672 Vb ’
where 5 5 6
T +x T —
f(a:):§ L_x— e logz| . (13.11)
For small z, we have
1 1
flo< 1)~ ZBlo8T+ 1) (13.12)

4
Since f(x,) < 1, we have to a very good approximation f(z;) — f(z,) = f(z;) for i = ¢, .
A few comments are in order with regard to Eqgs. ((13.10)):

1. The factor of 3 comes from summing over the neutrino flavors, while the factor of 1/2 is an

isospin factor between the P* — 77 and PT — 7° (P = K, B) transitions.
2. The ¢g*/167? is the loop suppression factor.

3. For Rgy, the t-term is CKM-suppressed, |VisViq/Vus| ~ A*, but not GIM-suppressed, f(z;) =
O(1). The c-term is GIM-suppressed, f(x.) = O(m?/m};), but not CKM-suppressed,
|VesVea/Vaus| =~ 1. The two terms contribute comparably.

4. For Rp,, the t-term is neither CKM-suppressed, |Vi,Via/Vip| = O(1), nor GIM-suppressed,
f(zy) = O(1). The c-term is not CKM-suppressed, |VVea/Vin| = O(1), but it is GIM-
suppressed, f(x.) = O(m?/m?,). Thus, the contribution of the c-term is negligible.

5. As a result of the different CKM and GIM suppression factors, we obtain numerically very

different predictions:
Rirw ~ 1077, Rpr ~ 1072, (13.13)

These predictions have not been fully tested yet, as we have only experimental upper bounds,
Ry, < 10~® and R, <0.18.
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The comparison of Rg, and Rp, demonstrates how the CKM and GIM suppression factors
depend crucially on the specific quarks involved, and how they come into play in determining
the various FCNC rates. While for the two specific examples presented here there exist only
experimental upper bounds, many FCNC decays have been observed and their rates measured. To

date, all measured FCNC decay rates in the quark sector agree with the SM predictions.

13.3 CKM and GIM suppressions in neutral meson mixing

In this section, we discuss neutral meson mixing, which is a AF = 2 process. This phenomenon is
observed and measured via meson oscillations, as discussed in Appendix[13.Al In Appendix [I3.A.4]
we present the explicit SM calculation. In this section we show that the general lessons learned
from AF = 1 processes about the loop, CKM, and GIM suppression factors of FCNC, mostly
carry over to AF = 2 processes.

To demonstrate the features of AF = 2 FCNC processes, we consider the example of K° — K
mixing. It is generated by the sd — d5 transition which is a As = —Ad = 2 process. The leading
diagram for this transition is plotted in Fig. [I3.2] By inspecting this diagram, we learn that its

flavor structure is given by

ASJ%UEN Z (V;s ZZV]S ]il) S($i,xj), ) (13.14)

i, =u,c,t
where S(z;,2;) [#; = m?/m},] is given explicitly in Eq. (13.68). We draw the following lessons:

e The contribution of the m;-independent terms in S(z;, z;) to A,z4s vanishes when summed

over all internal quarks.

o A ;.. would vanish if the up-type quarks were all degenerate and, therefore, it must depend

on the mass-splittings among the up-type quarks.

To proceed, we use the unitarity condition of Eq. (13.2)) and approximate =, = 0 to eliminate the

u-terms in the sum. We obtain:
Agias ~ (Vcs ctl)25<3767376) + 2V Vg Vis tilS(xc’ SUt) + (WSKZ)ZS(:Q,:Q). (13-15)

We conclude that AF = 2 amplitudes have, in addition to the loop suppression factor, also the

following suppression factors:

(1) CKM suppression: The amplitude is proportional to a least two off-diagonal CKM matrix

elements.

(1) GIM suppression: The amplitude depends on the mass-squared differences between the up-

type quarks.
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Figure 13.2: One loop diagrams for AF = 2 FCNC.

While we derive the results based on one example, the CKM and GIM suppressions play a role
in the mixing of all neutral mesons. In fact, there are three more AF = 2 amplitudes that we

should consider:

Apisan ~ (Va Vi) ?S(@e, xe) + 2V ViV Vi S (e, ) + (Vo Vi)? S (e, 24),
Aps o5 ~ (Vo Vi)2 S (e, we) + 2Va ViV VisS (e, x) + (Vi Vis)?S (w4, 1),
Aciue ~ (VEV)2S (w6, 15) + 2VEV Vi VS (s, 1) + (Vi Viw)2S (2, 1) (13.16)

which correspond to B® — B, BY — B.,%, and D° — D° mixing, respectively.

13.3.1 Examples: Amg, Amp and Amp,

The hadronic process of K — K° mixing proceeds via the sd — d5 quark transition, and leads to

the mass splitting Amg between the two neutral kaon mass eigenstates. The SM calculation gives

[see Eq. (13.72)]

Am m2 B v . . .
D] S e BT | (2, )28 . 5,) + 2VEVidVaViaS ey 0) + (VaVia S 1)
My 967 mW mK
(13.17)
To estimate the relative size of the three terms, we note that
Vi Vil -3 S(xe, ) S (e, 7¢) 4
- ~ 10 ——= ~ 10, —= ~ 10" 13.18
ViVe = 7 S(wez) S(ae.z.) (13.18)

We conclude that the contributions of the terms proportional to S(z;,x;) are smaller by a factor
of @(100) than the contribution of the S(x., x.) term and can thus be neglected:
Amyg _ Bk Iz gt m2 m?

K c
csS 'V C . 1.1
5 X X W><|VVd| - (13.19)

M mi 9672 m? W

The Br f&/m3 ~ O(1) factor encodes the QCD hadronic matrix element. The m?% /m3, factor
is related to the fact that the flavor changing processes are W-mediated, so we get the scale
suppression. This factor is also present in FCCC tree level processes. The other three factors are

the following:

1. The ¢g*/(9672) factor represents the one-loop suppression.
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2. The |V, V.q|* factor represents the CKM suppression.

3. The m?2/m}, factor represents the GIM suppression.

The B° — B° and B, — B, mixing amplitudes are given in Eqs. (13.69)) and (13.70]), respectively.
In both cases the S(z,x;) is the largest of the S-functions while the CKM factors are of the same
order in all three terms. We thus have

Am 4 m? Am 42
mBB X 92%2 <m2t ) Mthd\z’ mBBS o 927-(2 (m; > H/;bv;/s‘z. (13'20)
w 3 2

The GIM- and CKM-suppression factors are thus different among the various neutral meson

systems of the down sector:
e BY — BY mixing: CKM suppression by |V Vi[> ~ 2 x 1073, and no GIM suppression;
e BY — B mixing: CKM suppression by [ViV;4]? ~ 107%, and no GIM suppression;
o KY— K° mixing: CKM and GIM suppression by |V, V.q|?(m?/m%,) ~ 107>,

We learn that the SM predicts hierarchy among the AF = 2 processes:

AmK AmB AmBS

< < . (13.21)
mg mp mp;
The experimental results,
A A A
SME _7ox107, ST _g3x1074, 2B 91 %1072 (13.22)
mg mp mp;

show that this pattern is indeed realized in Nature.

13.3.2 CPYV suppression

In some cases, CP violating (CPV) observables are CKM suppressed beyond their CP conserving
(CPC) counterparts. Whether this is the case can be understood by examining the relevant
unitarity triangle: The CPV observables depend on the area of it, while CPC observables depend
on the length-squared of one side. Thus, in cases where the unitarity triangle is squashed (such as
the sd and bs triangles), we can have a situation where the area of the triangle, |Jexnm|/2 ~ A,
is much smaller than the length-squared of one of its sides, resulting in an extra suppression for
CPV observables. Explicitly, for FCNC in the down sector, we have

sd : JCKM/|VusVud‘2 = O<)‘4)>
bs : JCKM/’WbWs‘Q = OO‘Q)v
bd : JCI<1\/[/|thth|2 =0(1). (13.23)

CP asymmetries measure the ratios between the CPV difference between two CP-conjugate

rates and the CPC sum of these rates:
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e CPV in K° — K° mixing is the source of §;, the CP asymmetry in K; — 7/fv defined in

Eq. (13.85));

e CPV in the interference of B; — By mixing with b — cés decay is the source of Zm(\yg), the
CP asymmetry in By — ¥ ¢ defined similarly to Eq. (13.87));

e CPV in the interference of B® — B® mixing with b — céd decay is the source of Zm(Ap+p-),
the CP asymmetry in B — D™D~ defined in Eq. (13.87)).

The pattern of a possible significant CP suppression in the sd sector, possible intermediate CP
suppression in the bs sector, and no CP suppression in the bd sector, is manifest in the SM

predictions:

61, o¢ Jornm/ | Vius Vaal* ~ 1072,
Im()\’l/)¢) X JCKM/’V;?bV;s’Q ~ 10727
Im()\D+D7) XX JCKM/“/;SbV;dF ~ 1. (13.24)

Experiments confirm this pattern:

6; = (3.3240.06) x 1072,
Im(Agpe) = (5.1 £2.4) x 1072,
Im(Ap+p-) = —0.767513. (13.25)

13.3.3 Summary

Within the SM, we identify four possible suppression factors of FCNC processes relative to FCCC

ones :
1. Loop suppression.
2. CKM suppression.
3. GIM suppression in processes that are not dominated by the top quark contribution.
4. CPV suppression in some of the processes related to squashed unitarity triangles.

According to the distinction that we made in Section between a SM and the SM, the loop
suppression of FCNC is a feature of a SM, as it is the outcome of the symmetry and particle
content. On the other hand, the CKM, GIM, and CPV suppressions are features of the SM, as
they are the outcome of the specific values of the SM parameters, namely the smallness of CKM

mixing angles and of quark masses.
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13.4 Testing the CKM sector

Within the SM, the CKM matrix is the only source of flavor changing processes and of CP violation.
In Section 9.3 we use only tree level processes to extract the values of CKM parameters. Here
we add FCNC to the set of CKM measurements to form a global test of the SM. The primary
question is whether the long list of measurements can be fitted by the four CKM parameters.
The present status of our knowledge of the absolute values of the various entries in the CKM
matrix is given in Eq. . The values there take into account all the relevant tree-level and loop
processes. Yet, as explained above, the test of the SM is stronger when we reduce the above to
the four CKM parameters. Indeed, the following ranges for the four Wolfenstein parameters are

consistent with all measurements:
A = 0.2265£0.0005, A =10.790£0.015, p=0.1454+0.017, n =0.366+£0.011. (13.26)
For the purpose of demonstration, it is useful to project the individual constraints onto the
(p,m) plane:

e Charmless semileptonic B decays can be used to extract [see Question (9.3

Vub

Ven
B — DK decays can be used to extract [see section [13.C.1]

_ ("
tany = <p> . (13.28)

2
=X (p*+ 7). (13.27)

Sykg, the CP asymmetry in B — 1K, is used to extract [see Section [13.C.2]
2n(1 — p)

(L=p)? >

The CP asymmetries of various B — 7w, B — pm, and B — pp decays depend on the phase

[see Question [13.4]

sin 28 = (13.29)

a=m1—pF—"7. (13.30)

The ratio between the mass splittings in the B and By systems depends on [see section |13.A.4]

| ZTE 2, .2
vl =2 [(1=p)" +n7] (13.31)

The CP violation in K — 77 decays, €k, depends in a complicated way on p and 7 [see
Eq. (13.110)]

The resulting constraints are shown in Fig. [13.3] The consistency of the various constraints is
impressive. This is a triumph of the SM in that such a variety of measurements, with different
sources of uncertainties, all agree to a high precision. We conclude that the flavor structure of the

SM passes a highly non-trivial test.
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Figure 13.3: Allowed region in the p,n plane. Superimposed are the individual constraints from
charmless semileptonic B decays (|V,3|), mass differences in the B (Amy) and B, (Am,) neutral
meson systems, and CP violation in K — 77 (¢g), B — YK (sin2f), B — nm, pm, pp («), and
B — DK (7). Taken from Ref. [27].

13.5 Probing BSM

In this section we go beyond testing the self-consistency of the CKM picture of flavor physics and
CP violation. The aim is to quantify how much room is left for BSM physics in the flavor sector and
to translate these constraints into lower bounds on the scale of higher-dimension flavor-violating

operators. We make the following working assumption:

e The contribution of new physics to FCCC processes, where the SM contributions are tree-

level, can be neglected.

On the other hand, we allow BSM physics of arbitrary size and phase to contribute to FCNC

processes.

13.5.1 New physics contributions to B’ — B? mixing

We consider BSM effects in the FCNC process of B® — B mixing, which plays a role in the mass
splitting Amp and in the CP asymmetry Syx,. The SM amplitude is given by Eq. (13.69)). The

modification of the mixing amplitude by general BSM physics can be parameterized as follows:

Mg = MPEA,, (13.32)

B
where Ay is a dimensionless complex parameter. BSM physics will be signalled by Ay # 1. Our

aim is to find the phenomenological constraints on Ay.
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Our first step is to use all relevant tree level processes, which under our assumption, can be
used to determine the CKM parameters. This was done in Section [9.3| and the results of this fit

were shown in Fig.[9.2] Our second step is to use AB = 2 processes to determine A,:

e The mass splitting between the two neutral B-mesons is given by

Amg = 2 M5 (o, )] x |Adl. (13.33)

e The CP asymmetry in B — 1Ky is given by

Sykg = sin [Qarctan <177> + arg(Ad)l . (13.34)

The results of the fit are
Re (Ag) = 4094102 Im (Ag) = —0.1170¢:. (13.35)

We learn that BSM physics can contribute to the B° — B® mixing amplitude up to about 20% of
the SM contribution.
Analogous upper bounds can be obtained for BSM contributions to the K® — K° and BY — BY

mixing amplitudes.

13.5.2 Probing the SMEFT

Assuming that new degrees of freedom that have flavor changing couplings to quarks are much
heavier than the electroweak breaking scale, their effects on low energy processes, such as neutral
meson mixing, can be presented as higher dimension operators. Then, bounds such as Eq. ,
constrain the coefficients of such operators.

Consider a simple example, where we have a single dimension-six operator that contributes to
JARE

o (@ Qo) Qua Qus). (13.36)

where Qrq and Qp, are the SU(2)-doublet quark fields whose T3 = —1/2 members are the d
and by, fields [see Eq. ], and where we separated the coefficient into a dimensionless complex
coupling, z,4, and a high energy scale, A. We further define A = A /+/Zba- We consider the bound
that can be obtained from Ampg. Comparing Eqgs. (13.63)) and ((13.36]), we obtain

1 1 272

Agl—1=|= A ——— X ) 13.37
81 = || = i eSO 557
The bound of Eq. (13.35]) translates into a lower bound on A:

A >10° TeV. (13.38)
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6]

A [TeV] CPC A [TeV] CPV

Observables

s, d
b,d
b, s

9.8 x 102 1.6 x 104
6.6 x 102 9.3 x 102
1.4 x 102 2.5 x 102

Amp; ex
AmB; Sw}(
Amp,; Sy

Table 13.1: Lower bounds from CPC and CPV AF = 2 processes on the scale of new physics A,
for (QLiv,Qr;)(QrLiy"*Qr;) operators.

Using Sy kg, one can obtain analogous bounds for various operators that contribute to CP violation

in B® — BY mixing. We can also obtain bounds for operators that affect other AF = 2 processes.
Some of these bounds are given in Table [13.1}

The following points are worth emphasizing:

1. BSM physics can contribute to FCNC at a level comparable to the SM contributions even if

it takes place at a scale that is five orders of magnitude above the electroweak scale.

2. If the BSM physics has a generic flavor structure, that is z;; = O(1), then its scale must be

above 10* TeV.

3. It could be that there are new particles with mass of order a TeV, but then their flavor

structure must be far from generic, |z;| < 1.

4. The pattern of the bounds — those from K° are stronger than those from B° which are
stronger than those from By — is directly related to the strength of the flavor (CKM and
GIM) suppression we have in the SM, as discussed in Section [13.3.1} The reason for that is

that the experimental accuracy and the QCD uncertainties are similar for the three cases.

It is instructive to compare the FCNC and EWPM bounds. The EWPM bounds are of order
10 TeV, see Eq. , while FCNC bounds, as can be seen from Table , are as high as 10%
TeV. In both cases the SM explains the data well, and the strength of the bound depends on
the theoretical and experimental errors, which are roughly at the same level. The difference in
the strength of the FCNC and the EWPM bounds stems from the difference in the suppression
factors. In both cases, the relevant SM effects are at the one-loop level. Yet, for the FCNC, as
we discussed, there are additional suppression factors: CKM, GIM, and CPV. These suppression

factors result in a much smaller SM effects and thus stronger bounds.

For further reading

e There are many reviews and books about flavor physics, for example, Refs. [28], 30].
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e For a review on flavor and BSM see, for example, Ref. [42].
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Appendix

In these appendices we discuss the phenomenology of meson mixing and CP asymmetries, both
in general (Sections [13.A] and [13.B)) and in the SM (Sections [13.A.4] and [13.C|). We include the

general discussion here since the formalism is rarely discussed in QFT courses, yet these processes

play a major role in probing and testing the SM.

13.A Neutral meson mixing and oscillation

13.A.1 Introduction

Our discussion refers to the CP conjugate pair of neutral pseudoscalar mesons, P° — P°, for each
of the four cases, P = K, D, B, B;. Each of these has well defined flavor QNs, and is the lightest
with these QNs. Thus, within QCD and QED, they are stable and do not mix with their anti-
particle. The weak interaction, however, does not respect these flavor symmetries and thus P° and
PP decay. Moreover, since these states are neutral under the unbroken symmetries of the SM, the
weak interaction leads to mixing between them. This mixing is generated by P° <+ P transition
amplitudes. The mixing lifts the degeneracy between the masses mp and m, resulting in two mass
eigenstates which are superpositions of P° and P°. The mass eigenstates have different masses,
Am # 0, and different widths, A" # 0.

In all four cases (P = K, D, B, By), the mass difference Am is experimentally measurable and

theoretically informative:

e In general, the mesons that are produced by QCD and QED interactions are those with well
defined flavor QNs. The fact that, for the neutral K, D, B, and B, mesons, the flavor eigen-
states are not mass eigenstates, implies that the time evolution of these states is nontrivial.
In particular, they undergo flavor oscillations with measurable oscillation frequency set by
Am.

e Neutral meson mixing is an FCNC process. Thus, as discussed in the main text, Am provides,
within the SM, indirect measurements of CKM parameters, and probes, beyond the SM, very
high energy scales.
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Note that flavor mixing and flavor oscillations, while related, are not the same. Flavor mixing,
or flavor changing transitions, refer to amplitudes or processes where the initial and final states
carry different flavor QNs. Flavor oscillations refer to a phenomena where the time evolution of a
state exhibits sinusoidal change of the flavor QNs.

Consider the case where initially, at ¢ = 0, the neutral meson state is some specific combination
of P° and PV:

[¥p(0)) = a(0)|P°) + b(0)[P°) . (13.39)

For example, an initial pure P° state corresponds to a(0) = 1 and b(0) = 0. The state evolves in

time, and acquires also components that correspond to all possible decay final states {fi, fa,...}:
[Wp(t)) = a(t)|P”) + b(&)[P°) + e ()] fr) + ca(t)| fo) + -+ . (13.40)

As amplitude such as (P°|H|P°) represents flavor mixing. The resulting sinusoidal time depen-

dence of a(t) and b(t) represents flavor oscillations.

13.A.2 Flavor mixing

To obtain the time dependent coefficients a(t), b(t), ¢;(t) of Eq (13.40), we need to find the matrix
elements of the Hermitian Hamiltonian H between the initial state and all possible final states,
a formidable task. Since our interest lies, however, in obtaining only a(t) and b(t), we can use a
simplified formalism, where we deal with a 2 x 2 matrix, with the matrix elements of an effective
non-Hermitian Hamiltonian H between P° and PP states only. The non-Hermiticity is related to
the possibility of decays, which makes the {P°, P} system an open one.

Before we proceed, let us clarify a semantic issue. The effective Hamiltonian H is a combination
of operators. What we need for our purposes is its matrix elements between specific meson states.
We denote the matrix element by H,s with a, 8 = P, P.

The complex matrix H can be written in terms of Hermitian matrices M and I':
’H:M—%F. (13.41)

The matrices M and I' are associated with transitions via off-shell (dispersive) and on-shell (ab-
sorptive) intermediate states, respectively. Diagonal elements of M and I are associated with the
flavor-conserving transitions P° — P? and P° — P°. The CPT symmetry implies that the diag-
onal elements are equal, Mpp = Mpp and I'pp = I'55. The off-diagonal elements are associated

with the flavor changing transitions P° <+ P? and they are of significant interest for us. The phase
9p = arg(MPpF*Pﬁ), (1342)

if different from zero, 0p # 0, implies CP violation.
Since H is not a diagonal matrix, the states that have well defined masses and decay widths

are not PY and P°, but rather the eigenvectors of H. We denote the light and heavy eigenstates by
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P, and Py with masses my > my. Another possible choice, which is standard for K mesons, is to
define the mass eigenstates according to their lifetimes. We denote the short-lived and long-lived
eigenstates by Kg and K with decay widths I's > I';,. (The K meson is experimentally found
to be the heavier state.)

Diagonalizing H we find that the eigenstates of H are given by

|Py) = pIP°) + q|P), (13.43)
where )
Mo — (i/2)17% 5
<q> M ULy, ) (13.44)
D Mpp = (i/2)0pp

Since H is not Hermitian, the eigenstates need not be orthogonal to each other, that is (Py|Pr) =

Ip|? — |g|* can be different from zero. The eigenvalues of H can be written as

7
pEL =murL+ §FH,L7 (13.45)

such that the masses and decay-widths of the eigenstate are given by the real and imaginary parts

of the eigenvalues, respectively. The average mass and the average width are given by

r r
m = mHi—i_mL7 = g (13.46)
2 2
The mass difference Am and the width difference AI' are defined as follows:
Am =my — my, Al' =Ty —-T';. (13.47)

Here Am is positive by definition, while the sign of AT is to be determined experimentally. (Al-
ternatively, one can use the states defined by their lifetimes to have AI' = I's — I';, positive
by definition, in which case the sign of Am has to be determined experimentally.) Solving the

eigenvalue equation gives

(Am)? — Z(AD)? = 4|Mpp|* — [Tppl’,  AmALD = 4Re (Mppl'yp) - (13.48)

1
4
Two limits are of particular interest:

e Consider the case where H is CP symmetric. Then #p = 0. As concerns the eigenvectors,

Eq. (13.44)) gives

‘q| ~1. (13.49)

p
It follows that the mass eigenstates are also CP eigenstates, and are orthogonal to each other,
(Py|Pr) = 0. As concerns the eigenvalues, Eq. ((13.48)) gives

Am =2[Mys|,  |AL] = 2T pp]. (13.50)
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e Another limit of interest is when we allow CP violation, but consider |I' 5| < |[Mpp|. In

that case, working to leading order in |I' /M pp| we have

Am = 2|Mpp|, |AT| = 2|T" pp| cos Op. (13.51)

It is interesting to note that, within the SM, Am = 2|Mp| to a very good approximation for
the four mesons that we consider. This is because |I'pp5| < |Mpp| for the B and By system and
|0p| < 1 for the K, D, and By systems.

13.A.3 Flavor oscillation

To study the time evolution of the neutral mesons, it is convenient to define the dimensionless

ratios,
_2 _al (13.52)
r = T ) Yy = o ) .
(note that, by definition, > 0 and |y| < 1), the decay amplitudes of P’ and P° into a final state
s
Ay = (fIH|P®), Ay = (f|H|P"), (13.53)
and the parameter A;: B
_ 4y
A= 184 13.54
22 (1350

Our normalization is such that
F(PO - f)= ]Af]2, F(FO — f)= ]ZHQ. (13.55)

We denote the time-evolved state of an initial state | P) by |P°(¢)), and that of an initial state
|P°%) by |P°(t)), where t is defined in the meson rest-frame. For the mass eigenstates, the time

evolution is simple,
[PL(t) = e ™A P, |P(t)) = et Py, (13.56)

For the flavor eigenstates, the time evolution is more complicated,

[PY(6) = g+ (OIP") = (a/p)g-(OIP°), [PU(1) = g+ (OIP") = (p/a)g-(W)IP"),  (13.57)
where 1
gx(t) = 5 (e7mmtmalnt g mimetalut) (13.58)

We define the rescaled time dependent decay rates as

dT[PO(t) — f] 1

L[PO(t) — f] = p X AR

(13.59)
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They are given by
AU [PO(t) — f] = (1 + |Af|?) cosh(yT't) 4 (1 — |As|?) cos(xT't)
+ 2Re(Af) sinh(yI't) — 2Zm(Af) sin(zI't),
AU [PO(t) — f] = (1 + |Af|72) cosh(yI't) + (1 — |As|72) cos(aT't)
+ 2Re(A; ") sinh(yI't) — 2Zm(A; ") sin(aT't). (13.60)

We next introduce the notion of “favor tagging.” The flavor eigenstates P° and P have a well
defined flavor content. For example, B has the QN of a bd state. The term flavor tagging refers
to the experimental determination of whether a neutral P meson is in a P° or a PY state. In some
cases, the final state of the decay informs us about the flavor of the state at time of the decay.
This is the case when the decay is into a flavor-specific final state, namely, a state f that can
come from either P° or P° state, but not from both. In other words, flavor specific decays refer to
cases where either Ay = 0 or Ay = 0. Semi-leptonic decays provide very good flavor tags. Take,
for example, the quark transitions b — cu~7 and b — éutv, which correspond to the following

semileptonic B-meson decays:
B’ = X, B = Xutv. (13.61)

Here X, (X;) corresponds to a hadronic system with a charm number of +1 (—1). The charge of
the final lepton is correlated with the flavor of the initial meson: p* comes from a B decay, while
p~ comes from a BY decay. Of course, before the meson decays it could be in a superposition of
B° and B°. The decay acts as a quantum measurement. In the case of semileptonic decays, it acts
as a measurement of flavor.

The oscillation formalism is simplified in the case of flavor-tagged decay. Take the case of
A; = 0 and, therefore, A\; = 0. We further simplify the discussion by assuming |¢/p| = 1 and
y = 0. We obtain:
1+ COSQ(Amt)7 PIPO(H) = f] = 1- co;(Amt)'
We see that the flavor oscillates with frequency of Am in the rest frame. The general case of
Eq. involves deviations from pure exponential decay, which depend on both Am and AT,
Moreover, for a flavor-specific final state, we can interpret f[PO(t) — f] as the time dependent
probability of P° — P° and ['[P°(t) — f] as the time dependent probability of P° — P°.

LPO(t) — ] (13.62)

13.A.4 SM calculations of the mixing amplitude

We present the SM calculation of the mixing amplitude M55 and its generalization to the other
meson systems. The leading diagrams that contribute to Mg5 are one loop diagrams that are

called “box diagrams” and are displayed in Fig. [13.2. We can write the transition amplitude as
Apo_z0 = Csm(dryubr)(drybr). (13.63)
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The normalized matrix element is related to the amplitude via

1 —
Mpp =5 — (B[ Apo_z0lB°) (13.64)
and thus
C: - _ _
Mpg = % <BO|(dL%bL)(dL7“bL)|BO> : (13.65)

The non-perturbative QCD effects are encoded in the hadronic matrix element, which we param-

eterize as follows: .
(Bl(dube) (dir*br)[B°) = —3mis By f. (13.66)

where Bp is a number and fg is the B-meson decay constant. Lattice calculations give \/Bg g ~
0.22 GeV. This is where the hadronic uncertainties lie.
The weak interactions effects are encoded in Cgy;, which is calculated from the box diagrams:
Grmiy,
272

Csm =

X | (Ve Vi) S (e, we) + (VioVia)*S (e i) + (Vo Vo) (Vo Via) S (s o), (13.67)

C

where x; = m?/m},, we approximate x, = 0, and S is the loop function:

3 log z; 12
S(l'i;l’j) = I;T; [—4(1 —l‘i)(l —l‘j) + (l‘l —Zlﬁj)(l —J,‘i)2 (1 —2$z + 4> +
log z; 7]
TP R. (1 22+ )| (13.68)

Note that S(0,z) = 0. Taking into account the values of the quark masses and CKM elements,
we conclude that the term proportional to S(x, ;) dominates over those proportional to S(zy, x.)
and S(z., x.), and thus

G2
My ~ Torgmumiy (Bs f3) (VaVia)*S(ze, 20). (13.69)

This result is subject to known radiatve crrection that are of O(1).
Eq. (13.69) can be straightforwardly generalized to other systems. For My 5 , we replace

d— s:
2

G :
Mp 5, = T;szsm%V(BBsfgs)(‘/tb‘/;s)2S(xt7xt)' (13.70)
The ratio Ampg/Amp, is particularly interesting:
& 2
Vis

Amp mpBpf3

— 13.71
Amp,  mp,Bg, [, ( )

In the SU(3)p limit, the hadronic matrix elements of B and B, are the same. Consequently, in the
ratio of Eq. (13.71)), the hadronic uncertainty is only in the correction to the SU(3)g limit, and is

therefore small. Thus, the ratio Ampg/Ampg, provides an excellent measurement of |V4/ V.
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Table 13.2: The experimental values of the neutral meson mixing parameters. In all cases (includ-
ing the K meson system) we define z and y as in Eqgs. (13.47)) and (13.52). For the K system, the
error on y is well below a permill and thus we do not include an error. For the B system, there

is only an upper bound on |y|.

P m [GeV] I' [GeV] x Yy

K° 0.498  3.68 x 107 0.945 4 0.001 —0.997

D° 1.86 1.60 x 107 0.0039 £ 0.0018  +0.0065 %= 0.0009
B 5.28 4.33 x 10713 0.775 4+ 0.006 —0.007 = 0.009
B, 2.37 4.34 x 10713 26.82 £0.23 —0.061 £ 0.008

For M4, we replace b — s:

2

Mg = g;mwwm [(VesVi)2S (e, o) + (ViaVi)2S (@, ) + (Ve Vi) (Vi Vi) S (a1, 20)]
(13.72)
Lattice results gives Bx = 0.86 4 0.24.

For the four systems, P = B, B, D, K, the calculation of M5 translates into the calculation
of the mass splitting AMp = 2|Mpp|. (In the D system, however, the calculation of M5 is
complicated, and we do not discuss it here.)

The numerical values of the mixing parameters are presented in Table[13.2l The SM calculations

outlined above agree well with the data.

13.B CP violation

CP asymmetries arise when two processes related by CP conjugation differ in their rates. Given
the fact that CP violation is related to a phase in the Lagrangian, all CP asymmetries must arise
from interference effects.

To date, CP violation has been observed (at a level higher than 5¢) in about thirty different
hadron decay modes, involving b or ¢ or s decays. It has not been established in other quark
decays, nor in the leptonic sector, nor in flavor diagonal processes. Here we present the formalism

relevant to measuring CP asymmetries in meson decays.

13.B.1 Notations and formalism

We discuss here the specific case of B-meson decays, but our discussion applies to all meson decays.
Our starting points are Eqgs. ((13.60)), which give the time-dependent decay rates of B® and B°. We
also use the parameter Ay, defined in Eq. (13.54]).
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Consider Ay, the B — f decay amplitude, and Z?, the amplitude of the CP conjugate process,

B — f. There are two types of phases that may appear in these decay amplitudes:

e CP-odd phases, also known as weak phases. They are complex parameters in any Lagrangian

term that contributes to Ay, and appear in a complex conjugate form in Zf. In other words,

CP violating phases change sign between A; and Z?. In the SM, these phases appear only

in the couplings of the W*-bosons, hence the CP violating phases are called “weak phases.”

e (CP-even phases, also known as strong phases. Phases can appear in decay amplitudes even

when the Lagrangian parameters are all real. They arise from contributions of intermediate

on-shell states, and can be identified with the e~ term in the time evolution Schrodinger

equation. These CP conserving phases appear with the same sign in Ay and Zf. In meson

decays, the intermediate states are typically hadronic state with the same flavor QN as the

final state, and their dynamics is driven by strong interactions, hence the CP conserving

phases are called “strong phases.”

It is useful to factorize an amplitude into three parts: the magnitude a;, the weak phase ¢;,

and the strong phase d;. If there are two such contributions we write

Af _ alei(51+¢1) + a2€i(52+¢2)’ Z? — alei(51—¢1) + a2€i(52—¢2).

where we always can choose a; > as. It is further useful to define

D)
¢f5¢2_¢1a 5]”5(52_51, rTy=—.
ai
For neutral meson mixing, it is useful to write
Mpg = |MB§|61¢Mv Upg = ’FB§|€Z¢F ,

such that for 0p, defined in Eq. (13.42)), we have

0 = om — or.

(13.73)

(13.74)

(13.75)

(13.76)

Note that each of the phases appearing in Eqs. (13.73]) and ((13.75)) is convention dependent, but

combinations such as d; — d2, @1 — @2, G — ¢r, are physical.

In neutral meson decays the phenomenology of CP violation is particularly rich thanks to

the fact that meson mixing, as described in Section [13.A] can contribute to the CP violating

interference effects. One distinguishes three types of CP violation in meson decays, depending on

which amplitudes interfere:

1. In decay: The interference is between two decay amplitudes.

2. In mixing: The interference is between the absorptive and dispersive mixing amplitudes.
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Figure 13.4: The three types of CPV.

3. In interference of decays with and without mixing: The interference is between the direct

decay amplitude and a first-mix-then-decay amplitude.

In Fig we give a schematic description of these three types. CP violation in decay cor-
responds to interference between a; and a,. CP violation in mixing corresponds to interference
between M5 and I'y5. CP violation in interference of decays with and without mixing corre-
sponds to interference between A; and Mz5A;. We discuss these three types below.

For the discussion of CP violation in the K°— K" system, we use a somewhat different notation.
The reason is that, since the lifetimes of K¢ and K are so different, experiments often identify
these mass eigenstates, rather than the flavor-tagged decays, as done in most measurements of CP

violation in the BY — B system. Thus, for K-mesons, we define

1— A
= . 13.
TN (13.77)
The converse relation reads .
A = . 13.
T = 14 ¢ (13.78)

Historically, CP violation was first observed in the K; — 777~ decay and thus we denote €,+,- =
exc. For modes with |A;/A;| —1 < |g/p| — 1, as is the case for f = 777~ we can set |A;/Af| =1
and then we have |¢/p| = |Ay|.
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13.B.2 CP violation in decay

CP violation in decay corresponds to
|X?/Af| # 1. (13.79)

In charged particle decays, this is the only possible contribution to the CP asymmetry:

DB~ — 7)) -T(B" = f*)  |Ap JAp]? -1

A, = = : 13.80
! (B~ = f7)+ (BT = f*)  |A-/An]2+1 ( )

Using Eq. (13.73)), we obtain, for r; < 1,
Ap = 2rpsin ¢y sindy. (13.81)

This result shows explicitly that we need two decay amplitudes, that is, ry # 0, with different
weak phases, ¢y # 0,7 and different strong phases, d¢ # 0, 7.

A few comments are in order:

1. In order to have a large CP asymmetry, we need each of the three factors in ((13.81)) not to

be small.

2. A similar expression holds for the contribution of CP violation in decay in neutral meson
decays. In this case there are, however, additional contributions from mixing, as discussed

below.

3. Another complication with regard to neutral meson decays is that it is not always possible
to tell the flavor of the decaying meson, that is, if it is B® or B®. This can be a problem or

a virtue.

4. In general, the strong phase is not calculable since it is related to QCD. This is not a problem
if the aim is just to demonstrate CP violation, but it is if we want to extract the weak
parameter ¢y. In some cases, however, the strong phase can be independently measured,

eliminating this particular source of theoretical uncertainty.

13.B.3 CP violation in mixing

CP violation in mixing corresponds to

lg/pl # 1. (13.82)

In decays of neutral mesons into flavor specific final states (A = 0 and, consequently, A; = 0),

and, in particular, semileptonic neutral meson decays, this is the only source of CP violation:

I'(B°
.ASL<t) = f‘%BO

(t) = £+ X] - E[BZ(t) — "X] _ 1—1q/pl* (13.83)

(t) = (+X] + T[BO(t) — ¢-X] 1+ lq/p|*
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Using Eq. (13.44)), we obtain, for |I'z5/Mzg| < 1,
ASL = — |FB§/MB§‘ sin(¢M — ¢F) (1384)
Two comments are in order:

1. Eq. (13.83)) implies that Agp(f), which is an asymmetry of time-dependent decay rates, is

actually time independent.

2. The calculation of |I" g5/M 55| is difficult, since it depends on low-energy QCD effects. Hence,
the extraction of the value of the CP violating phase ¢ — ¢r from a measurement of Agp,

involves, in general, large hadronic uncertainties.

CP violation in K — K° mixing is measured via a semileptonic asymmetry which is defined as

follows:
_ DKy = tyn™) = D(Kp = Cyrt) 1 —|q/p)?

o = =

PTD(KL = Crun ) + (K — Cyrt) 1+ |g/p?
where we use Eq. (13.78) and the fact that |ex| < 1. This asymmetry is different from the one
defined in Eq. (13.83) in that the decaying meson is the neutral mass eigenstate, rather than the

flavor eigenstate, hence the different dependence on |q/p|.

~ 2Re(ek), (13.85)

13.B.4 CP violation in interference of decays with and without mixing

CP violation in interference of decays with and without mixing corresponds to
Im(Ayg) #0. (13.86)

A particular simple case is the CP asymmetry in decays into final CP eigenstates. Moreover, a
situation that is relevant in many cases is when one can neglect the effects of CP violation in
decay and in mixing, that is when |4, /A;..| = 1 and |¢/p| = 1. In this case, \f,, is, to a good
approximation, a pure phase, |As.,| = 1. We further consider the case where we can neglect y
(ly| < 1). Then,

L[B°(t) — fop] — T[B°(t) — fopl

A (1) = B0 = for] T TB) = forl =ZIm(As.,)sin(Ampgt). (13.87)

The approximations made above are valid in cases that |I'z5/Mpp| < 1 and ay < ay, which lead
to _
O_ Mpp _ cion Aser _ ion (13.88)
p o |Mggl
where ¢, is defined in Eq. , and ¢4 = ¢ is defined in Eq. . We then get

MEE Af cp

Im(Ap.p) =Im (
fer |MB§| Afcp

) — — sin(w + 264). (13.59
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We learn that a measurement of a CP asymmetry in a process where these approximations are valid
provides a direct probe of the weak phase between the mixing amplitude and the decay amplitude.
For the case where we measure decays of the K and Kg mass eigenstates into final CP-even

eigenstates, one obtains (see Question [13.1)).

2
mass — F(KL — fC'P> _ 1 - )‘fcp _ |6 ‘2‘ (13.90)
fer T T(Kg = for) |14 Ajop Jer
In particular, for fop = 7t~ we have
ms _ Jeye]?. (13.91)

13.C SM calculations of CPV

In this appendix, we give several examples of CPV observables that are used to test the CKM

mechanism of flavor mixing, and which are mentioned in the main text.

13.C.1 Extracting 7 from B — DK

The angle 7, defined in Eq. (9.20)), is extracted with small theoretical uncertainties from a combi-
nation of the following three B — DK decay modes:

BT — D°KT, BT — DK™, BY = DepKT, (13.92)

where Dgp is a D state that decays into a C'P eigenstate. For the sake of concreteness, we
take Dcp = (KK ™)p, namely the state that decays into K™K ~. We neglect D® — D° mixing
(xp = yp = 0) and CP violation in D decays. Then,

Dep = %(DO + DY%). (13.93)

The BT — DopK™ can proceed in two ways, see Fig. [13.5}

1. Bt — DK™ followed by D® — K+K~. The corresponding quark transitions are b — cus
followed by ¢ — ssu. The CKM factors are

(Vi Vaus) (Ves Vigs ) - (13.94)

2. Bt — DK+ followed by D° — K*K~. The corresponding quark transitions are b — @cs
followed by ¢ — ssu. The CKM factors are
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(a) (b)

Figure 13.5: (a) BT — D°K* and (b) B* — D°K™.

CP violation comes from the interference between these decay amplitudes. To a very good approx-
imation, it is proportional to the relative weak phase,

arg <Vufvus> ~ —7, (13.96)
cvaCS

Let us define the following pairs of CP conjugate amplitudes:

Apog+ = A(B+ — DOK+), ZEOK— = A(B_ — EOK_),
Agopes = A(BY — DK ™), Apog- = A(B~ — D°K™),
ADCPK+ = A(B+ — DCPK+), ZDCPK_ = A(B_ — DCPK_) . (1397)

Since the B* decays into D° and D° are tree level, with a single CKM phase for each amplitude,
we have

|ADOK+| - |Z50K_|, |AEOK+| = |ZD0K—|- (1398)
Given Eq. (|13.93)), we have

Apog+ + A50K+ 1 ZEOK— + ZDOK—
Apopr+ = 7 , DopK- = 7 .
The decay amplitudes Apog+ and Apo e+ differ in magnitude, weak phase, and strong phase. The

weak phase difference is v, see Eq. (13.96)). We define the ratio of sizes r and the strong phase

difference 4 via

(13.99)

Apogr _ el Apok- _ | its-, (13.100)
Apog+ ABOK—
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We obtain the four different decay rates:
['(BT — D'K™) =T(B~ — D'K™) = |Apog+|?,
(Bt - D°K") =T(B~ — D"K~) = |Apog+|*r?,

A 2
(BT = DepK™) = |Apopx+]* = |D02K+| {1 + 72 + 2r cos(d +’y)} :
A 2
(B~ — DopK ™) = |Apgpi+|* = ‘DO2K+| {1 + 7% 4 2r cos(6 — ’y)} : (13.101)

We have four measurements that depends on four parameters, that is, 7, |[Apog+|, 7, and §. Thus,
we can extract v up to a discrete ambiguity. The crucial point is that we do not need to calculate
the magnitude of the amplitudes and the strong phase. Instead, they are extracted from the
measurements. Thus, B — DK decays provide a theoretically clean determination of the CP

violating phase 7.

13.C.2 Extracting § from B — DTD~

The CP asymmetry in the B — D* D~ decays can be translated into a value of sin 25 [ is defined
in Eq. ], with small theoretical uncertainties. In practice, the best measurement of sin 25 is
provided by the B — ¢ Kg decay, but it involves a theoretical subtlety, and therefore we leave its
analysis to Question [13.5]

Assuming that the approximations that led to Eq. are valid, we have

Ap+p-(t) = Im(Ap+p-) sin(Ampt). (13.102)
We thus need to calculate Ap+p-.

1. Given that |I'z5/Myg5| < 1, Eq. (13.69) leads to

M~ ViV,
1_ BB _ ‘'t (13.103)
p [Mggl  VaVi

2. The decay is dominated by the tree-level b — c¢d decay, so we neglect loop corrections and

obtain o
Ap+p- Vi Ve
DYDT _ cbled (13.104)
Ap+p-  VaVay
Note that all the hadronic part in the amplitudes cancels in the ratio.
Using Eq. (13.89), and combining Eq. (13.103) and Eq. (13.104)), we obtain
Apip-  ViVia ViV -
Apip- = LLDIDT _ Zthtd lchTed _ _ -2i (13.105)
pAp+p- VieVia Va Vi
and consequently
Im()\D+D—) = sin Qﬁ (13106)

This result demonstrates the power of CP asymmetries in measuring CKM parameters. The
experimental measurement translates, up to a discrete ambiguity, directly into the value of a CKM

parameter, 3.
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13.C.3 CP violation from K decays

CPV was discovered in neutral kaon decays, via measurements of e€x, defined in Eq. (13.77)), using

the following two observables:

1. CPV in the K — 7lv decays, defined in Eq. (13.85]), provides a measurement of Re(ex):

5L = 2R€(€K). (13107)

2. CPV in the K, — 7 decay, defined Eq. (13.91)), provides a measurement of |ex|:

mass
mta—

= |ex|?. (13.108)

The experimental central values, 67, = 3.32 x 107® and A™#S. = 4.97 x 1075, give

lex| = 2.23 x 1077, arg(er) = 43.5°. (13.109)

The SM calculation for 2Re(ex) gives

G2m? m
IRe(ex) = 1F27T2W X f2 By x Aan (13.110)
J
X |§K|h24 x (ReAuA][See — Set] + Re[MuA1[Su — Sl).
where we use the shorthand notations

and Eq. (9.11)), which implies Joxn = Zm(A L) = —Zm (A A]).
Historically, the discovery of CPV in kaons gave the basis to predict the existence of a third

generation, at a time when only the the u, d and s quarks were known.
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Problems

Question 13.1: Algebra

. Diagonalize ‘H defined in Eq. (13.41]) and derive Eqs. ((13.43)), (13.44)), and ({13.48)).

. Any non-degenerate eigenstate of the Hamiltonian must be also an eigenstate of all oper-

ators that commute with the Hamiltonian. Thus, if CP were a good symmetry, all non-
degenerate mass eigenstates must be also CP eigenstates. Show that if we impose CP, we
obtain Eqgs. (13.49)) and (13.50]).

In the limit of |I'pp5| < |Mpp|, derive Egs. (13.51)).

. Derive Egs. ({13.62]) under the assumptions stated in the text.

Starting from Eqgs. (13.60]), derive Eq. (13.87) under the assumptions stated in the text.

Using Eq. (13.73)), find the expression for A; defined in Eq. (13.80)) in terms of rf, ¢y and
0f. Then apply the ry < 1 approximation to get Eq. (13.81]).

Derive Eq. ((13.90)).

Question 13.2: Determining m. and m; from neutral meson mixing

Historically, the first estimates of m,. and m; came from Amg and Ampg, respectively.

1.

Determine m, using the theoretical expression for and the experimental value of Ampg, and
the values of the CKM elements. Put m,, = 0.

Explain why it is practically impossible to get an estimate for m; using Amg.

Determine m; using the theoretical expression and the experimental value of Ampg, and the
values of the CKM elements. Put m, = 0.
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4. Compare your results to the direct measurements of m, and m; and comment on any differ-

ence.

Question 13.3: Mixing beyond the SM

Consider the SM+y model defined in Question[0.8] This model exhibits tree-level non-diagonal

couplings of the Z-boson. The non-diagonal Zbd coupling can be written as

~ g -
—L = Uy —=——di¥"br.Z 13.112
Zbd bd 2 cos Oy LY 0r4y, ( )

where Uyg, defined in Question is dimensionless and complex. We assume \Ubdl < 1 and thus
we can approximate the 3 x 3 CKM matrix as unitary, and use its values as extracted within the
SM.

1. In this model there is a tree level contribution to B® — B? mixing. Similarly to the SM

amplitude in Eq. (|13.63)), we write

AL = Cr(dpybr)(dpybr). (13.113)

B0—BO

Draw the tree-level Z-exchange diagrams that contributes to the mixing and evaluate Cr.

(You can neglect effects of order m%/m%.) How does it depend on Ug,?

2. We define Ay In Eq. (13.32)), which we write now as
Mps = MJEA,. (13.114)
Find A4 in terms of Ubd and the SM parameters.

3. The bounds on the real and imaginary parts of A, are given in Eq. (13.35)). Using |A4] < 0.2
and S(z,, ;) ~ 2.5, obtain the bound on |Uy4|.

4. We write the mass terms that involve the y field as
Mo XoXe + (v/V2)YsiDrixr, — i=1,2,3. (13.115)

We assume that m,, > v and Y,; ~ 1. Argue that under these assumptions it is expected

that

02
—
mXX

|Usa| ~ (13.116)

Recall that a non-hermitian matrix M can be diagonalized by the bi-unitary transformation
VLMV, To find Vi, (Vg), it is simpler to consider the hermitian matrix MMt (MTM), as it
is diagonelized by Vi, (Vg).
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5. Given the bounds on |[7bd|, what can you say about m,,? Comment about the numerical

value.

Question 13.4: CP violation in B — w7 n~

The time dependent CP asymmetry in B — 77~ probes the UT angle «.

1. Draw the tree level decay diagrams for A = A(B° — r+7~) and A = A(B’ — n*7), and

write down the CKM factors at the various vertices.

2. Argue that, in the tree level approximation, A/A is a pure phase and express it in terms of
CKM elements.

3. In the approximation that [A/A| = 1 and |¢/p| = 1, Az+.- is also a pure phase. Show that
the phase of A\ +,- is 2a.

4. There are also contributions from one-loop diagrams to B — 7"7~. Draw a representative
diagram, keeping all internal quarks, and show that this loop-amplitude provides a weak

phase that is different from the phase of the tree diagram.

5. Estimate the relative error on the extracted value of «a introduced by neglecting the loop

amplitude.
Question 13.5: CP violation in B — ¢ Ky

1. Given that |I'p5/Mgg| < 1 we define

M — .
|M73§ = %5 (13.117)
BB

Using Eq. (13.69) find ¢p in terms of ratio of CKM matrix elements.

2. Write down the underlying quark transition for B® — 1 Kg. Draw the tree level diagram.
What is the CKM dependence of this diagram?

The B® — ¥ Kg decay can be considered as BY — ¢ K? followed by K° — 77, which (neglecting
CP violation in K — K° mixing) projects it onto the Kg state:

A¢KS = AwK X A(K — 7T7T) (13118)
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3. We define

A=
YK — exp[—2igyx]- (13.119)
AwK

Find ¢k in terms of ratio of CKM matrix elements.

4. We define .
A(K — )
A(K — )

Find ¢g_srr in terms of ratio of CKM matrix elements.

= exp[—2iP Kk rr]- (13.120)

5. We define o

Explain why under the assumption made above ¢y, = ¢yx + @K _rr and find ¢y, in terms

of ratio of CKM matrix elements.
6. Argue that, under the assumptions we made here, [Ayx | = 1.
7. Given that [A\yx,| = 1, we can use the expression in Eq. (13.87)). Show that ZmA,x, = sin 20.

We learn that a,x, measures the angle 3 of the unitarity triangle.

Question 13.6: Comparing CP violation in B — ¥ Kg and B — ¢Kg

1. Write down the underlying quark transition for B® — ¢K°. Explain why there is no tree

level diagram.

2. The leading one loop diagrams for B — ¢K° are gluonic penguin diagrams. Draw a rep-
resentative diagram keeping all internal quarks in the loop. Using CKM unitarity eliminate
the t-term and write the amplitude in a way similar to Eq. ((13.3]).

3. Argue that, to a good approximation, we can write the ratio of amplitude as a pure phase:

LK — oxp[igys)- (13.122)
Find ¢4k, in terms of ratio of CKM matrix elements.
4. Argue that, under the assumptions we made here, [Asrq| = 1.

5. Using Eq. (13.89), we learn that each of ayxy and asx, measures an angle of the unitarity
triangle. Show that ZmAy ks = ImAyk, = sin23.

6. Under the assumptions we made, ayxs = agxy. Find in the PDG their measured values and

check if the central values are within 20 from each other.
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7. Assume that, in the future, experiments establish a statistically significant difference between
aypks and agx,. Below are three possible explanations for such a discrepancy. For each

explanation, discuss whether it can resolve such a discrepancy.

(a) There are SM contributions that we neglected.

(b) There is a BSM contribution to B® — B° mixing, with a weak phase that is different
from the SM one.

(¢) There is a BSM contribution to the gluonic penguin, with a weak phase that is different
from the SM one.

Question 13.7: The neutral K-meson system

We consider the following neutral K-meson decays:
K° — 7, K° - mrm, (13.123)

where we keep the electric chargse of the pions implicit. We assume that the isospin and CP

symmetries are respected, which turn out to be very good approximations.
1. Explain why, in the CP limit, the two eigenstates, Kg and K, must also be CP eigenstates.
2. Explain why the CP-odd state cannot decay into two pions.

3. Looking at the data, which of the two states, Kg or Ky, can be identified as the CP even
state?

4. Taking into account the experimental values of m, and mg, explain why we should expect

N(K° — 7m) > (K — 7rr). (13.124)

5. The K° — mr is the dominant decay modes of KY. Check it explicitly by looking at
BR(Ks — 7). Explain why this fact together with Eq. (13.124) imply that I's > T';.

6. Experimentally yx =~ 1. How would the value of yx change if the kaon were slightly heavier

(with the pion mass unchanged)?

Question 13.8: CP violation in X — 7w and K — 7wlv

We introduce the following notations:

J 2| M .~ M, —
Y12 = ‘KFK|, Ty = ‘FKK‘, ¢19 = arg <KK> ) (13.125)
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Using these notations, Egs. can be written as
TY = T1ay12008 pra, 0 —y° = Ty — Yy, (13.126)
where x ad y are defined is Eqgs. . We further define
Arr = [ Apr|€?07. (13.127)

As discussed in Question the two pion states give the dominant contributions to the width

difference. We can then assume that

Im (r A”) = 0. (13.128)

KK A7r7r
The K — 7w decay is dominated by a single CKM phase, so we can also assume that

|Arr/Arr| = 1. (13.129)

1. Using Egs. (13.44)), (13.126)), and ((13.125]) show that

(22 + %) |q/p]” = 23 + v25 + 2219312 5i0 Py (13.130)

2. Using, in addition, Eqs. ((13.128) and (13.129)), show that

2% c08? Grr — y* sin® ¢y = 17, cos? Py (13.131)

3. In the SM, both M4 and I' % are dominated by the first two generations, and thus we
expect @10 < 1. Under this assumption, show that

(y/z) tan 12 — tan ¢9
—1l==— t o = —————. 13.132
4. Use the above to show that .
y _ L=la/rl (13.133)

T tandgr

5. Show that Eq. (13.133]) translates into the following relation between measured observables:

[Re(ex)]” Y
= . 13.134
lex|? 22+ y? (13134

6. Use the experimental values of d7,, AZ2 y and x to check Eq. (13.134) and comment about

the comparison.
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Question 13.9: Time scales in meson oscillations

In the following, we consider the four neutral meson systems, P = K, D, B, B,. There are
various time scales involved in neutral meson mixing: Am, AI'; and I'. Understanding the hierarchy
(or lack of hierarchy) between them leads to insights and simplifications. We use the dimensionless
quantities 2 and y, defined in Eq. (13.52), to understand the possible hierarchies between the
relevant time scales.

Evaluate P(P° — P°) and P(P° — P°) in the following limits:

1.y = 0and z < 1 (“slow oscillation”). Keep the leading order terms in x in each case.

Explain the result. Which of the four neutral meson systems fall into this category?

2. y = 0 and z > 1 (“fast oscillation”). Argue that in this case you can average over the
oscillations. Give the time averaged oscillation to first order in 1/x. Explain the result.

Which of the four neutral meson systems fall into this category?

3. y=0and x ~ 1. In this case we have to use the full formula. Which of the four neutral

meson systems fall into this category?

4. Derive a generalization of Eq. (13.62)), still keeping Ay = 0, but taking into account finite x
and y.

5. ly] < = < 1. Argue that in this case the effect of the width difference is quadratic in y.

Which of the four neutral meson systems fall into this category?

6. y ~x < 1. Argue that in this case the width difference is as important as the mass difference.

Which of the four neutral meson systems fall into this category?

7. 1 — |y| < 1. Argue that in that case, independent of the value of z, at late times you can
think about the state as the long-lived one. What can be considered “late times”? Which of

the four neutral meson systems fall into this category?

There are few other limits that are not realized in the four neutral meson systems, and thus we do

not elaborate on them.



Chapter 14
Neutrinos

The SM has an accidental U(1). x U(1), x U(1), symmetry, also known as lepton flavor symmetry.
Experiments established, however, that lepton flavor is not conserved, which provides unambiguous
evidence for physics beyond the (renormalizable) SM.

Predictions that depend on accidental symmetries of the SM are violated in generic extensions
of it. In Chapter [12] we encountered d = 6 terms that violate the approximate custodial symmetry
of the scalar sector of the SM, and are consequently constrained by EWPM. In Chapter |13 we
encountered d = 6 terms that violate the approximate flavor symmetries of the SM, and are
consequently constrained by measurements of FCNC processes. In this chapter, we encounter
d = 5 terms that violate the accidental lepton number and lepton flavor symmetries of the SM,

and discuss how they can be experimentally probed.

14.1 Introduction

The accidental lepton flavor symmetry of the SM predicts that lepton flavor is conserved. Thus, for
example, the y — ey process is forbidden, since it violates both muon number and electron number
by one unit. Indeed, this and many other lepton flavor violating processes that have been searched
for in experiments, were not observed. Yet, neutrino oscillation experiments have observed lepton
flavor transitions, thus violating lepton flavor conservation. These experiments involve a source
that produces neutrinos of a given flavor, and a detector, placed at a large distance from the source,
that determines their flavor upon arrival. In this way, v, — v, transitions were established for
neutrinos produced in the atmosphere of Earth (atmospheric neutrinos), and v, — v, (a = pu, 1)
transitions were established for neutrinos produced in the Sun (solar neutrinos). These results were
independently confirmed using neutrinos produced in nuclear reactors and particle accelerators.
To test conservation of total lepton number, a very different type of experiments is needed.
These experiments search for nn — ppee processes, known as neutrinoless double-beta decay. So

far no such process has been observed, and thus there is no experimental indication that total



lepton number is violated.

The observed lepton flavor violation is well explained if neutrinos have masses and there is lepton
mixing, similar to the mixing in the quark sector. The smallness of neutrino masses compared to
the charged fermions, m, < 1 eV, and the fact that they have neither strong nor electromagnetic
interaction, have made the search for neutrino oscillations a very challenging one, and the discovery
of neutrino masses a triumph of experimental particle physics.

When an accidental symmetry is experimentally shown to be violated, one should consider
first the lowest dimension non-renormalizable terms that break the symmetry. This is done in
Section [14.2] where we show that d = 5 terms break the lepton flavor symmetry. The SM ex-
tended to include the d = 5 terms is a low energy effective theory. In Section [14.3| we present a
renormalizable theory that can generate the effective d = 5 terms. In Appendix [14.A] we discuss

the way the neutrino parameters are probed.

14.2 The vSM

14.2.1 Defining the ¥ySM and the Lagrangian

In Section we defined the SM. The model that we call the ¥SM has the same symmetry and
particle content as the SM, but it extends the SM Lagrangian, given in Section 8.2] to include the
most general d = 5 terms. In fact, there is a single class of dimension-five terms that depend on
SM fields and obey the SM imposed symmetries. These terms involve two SU(2)-doublet lepton
fields and two SU(2)-doublet scalar fields:

2V
Losv = Lsm + f@ﬁﬁbLﬂLLj +h.c, (14.1)

where Lgy is the lagrangian of the renormalizable SM [see Eq. (8.16))], z7; 1s a symmetric complex
3 x 3 matrix of dimensionless couplings, A is a high mass scale, A > v, and, as explained in
Section [1.2.2] for the sake of simplicity, we write LT instead of L§.

14.2.2 The neutrino spectrum

With ¢ acquiring a VEV, (¢°) = v/v/2 [see Eq. (7.18)], L,sm in Eq. (14.1) has a piece that

corresponds to Majorana masses for the neutrinos. For a single generation, we would have

2
U 14
‘CVSMJHELSS = §mVVTV7 my, = XZ . (142>
For three generations, we have a 3 X 3 mass matrix:
1 T vt
Lossmass = 5 (mu)igvi vy, (mw)ij = 235 (14.3)
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The matrix m, can be brought to a diagonal and real form by a unitary transformation:

Vi m, Vi, =1, = diag(my, my, ms), (14.4)

1 v

where V,;, is a 3 x 3 unitary matrix. Majorana mass matrices are always symmetric. While
the diagonalization of a general mass matrix M involves a general bi-unitary transformation, as
in Eq. , for a symmetric mass matrix the diagonalization is by a unitary matrix and its
transpose, as in Eq. . (Denoting the unitary matrix by V*, rather than by V', simplifies the
discussion further below.)

We denote the corresponding neutrino mass eigenstates by vy, 15, 3. What oscillation experi-

ments have determined are neutrino mass-squared differences,

Am?, =mi —m3, (14.5)
with ¢ = 1,2,3 and ¢ # j. By convention,

|Am3,;| > Am3, > 0. (14.6)
In other words, the convention is such that the states vy and vy are the ones separated by the

smallest [Amg;| with my > m;.

The values extracted from neutrino oscillation experiments are

Am3, = (7.39£0.21) x 1077 eV?, (14.7)
|Am3,| = (2.510 + 0.031) x 1072 eV

The following two features of the neutrino spectrum are still not experimentally determined:

(1) The absolute mass scale of the neutrinos (any of the m;’s).
The possibilities range from quasi-degenerate neutrino masses to highly hierarchical (with

the lightest possibly massless).

(ii) The mass ordering (sign of Ams3,).
It is not yet known experimentally whether ms is heavier (“normal ordering”) or lighter

(“inverted ordering”) than ms and m;.

While the measurements of the neutrino mass-squared differences do not tell us the individual

masses of the neutrinos, they do provide lower bounds on two mass eigenvalues: There is at least

one neutrino mass heavier than /| Am3,|,

MMheaviest > \/m ~ 0.05 eV7 (148)

and there is at least one additional mass heavier than /Am3; ~ 0.009 eV.
As concerns an upper bound on neutrino masses, experiments and cosmological observations
set it at a scale of order 1 eV. We present the experimental upper bounds in Appendix [14.B] We

do not elaborate much on the cosmological bounds, but mention them in Section [15.2.2
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14.2.3 The neutrino interactions

The SM interactions whose structure is most significantly modified due to the addition of the
dimension-five terms are the charged current weak interactions in the lepton sector. Similar to
the quark sector, the W-couplings to lepton mass eigenstate pairs are no longer universal, but
characterized by a mixing matrix.

To understand how the leptonic mixing matrix arises, we follow the steps of the analysis of

the quark sector in Section [8.4.4. In the interaction basis, the charged current weak interaction is

given by [see Eq. (8.47))]
Emg = ——F= Z (E Wil/gL + hC) . (149)

Transforming to the mass basis, we obtain

Lwe = —\% (GaPLW ™ Uaivi + hoc.) (14.10)

Here a = e, i, 7 denotes the charged lepton mass eigenstates, and ¢ = 1,2, 3 denotes the neutrino
mass eigenstates. The lepton mixing matrix U is unitary. Starting from an arbitrary interaction
basis, it is given by

U=V.,V}, (14.11)

where V, is defined in Eq. (14.4) and V., is defined in Eq. (7.97)]. While each of V., and V,, is

basis-dependent, the combination VeLVVTL is not. Explicitly, we denote the entries of U as follows:

Uel U62 UeS
U=|Un Us Us|. (14.12)
UT]. UT2 UT3

The matrix U plays a role in the lepton sector similar to the role of the CKM matrix V' in the quark
sector. It is usually called the leptonic mixing matrix or the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix. We conclude:

e The leptonic charged current weak interactions in the mass basis are neither universal nor

diagonal. Instead, they involve the unitary mixing matrix U.

As concerns the other SM interactions, they are either not affected at all or modified in a

negligible way:

1. Since the neutrinos couple to neither the gluon nor the photon, neither the strong nor the

EM interactions are modified.

2. The Z-mediated neutral current weak interactions are modified in a trivial way. Transforming
from the interaction basis [see Eq. (7.63))] to the mass basis, we find that the NCWI remain
diagonal and universal:

g _
Lg,=—2 77, 14.13
z 2COS(9WVZV ( )
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Table 14.1: The vSM lepton interactions.

Interaction Force carrier Coupling Leptons Properties
Electromagnetic 7y eQ l;l; Universal
NC weak A (g/cosOw)(Ts — s3,Q) {il;, 7;v;  Universal
CC weak W= (9/vV2)Uy liv;  Unitary U
Yukawa h m; /v 0;0;, v;v;  Diagonal

3. The dimension-five terms generate Yukawa interactions of the Higgs boson with the neutrinos:

Lh, Wi+ 2w v, (14.14)
v

o
Similar to the charged fermions, the neutrino Yukawa couplings are diagonal but not univer-
sal. The size of the Yukawa couplings is, however, tiny, of order m;/v < 107! leading to

unobservably small effects.

The vSM-lepton interactions are summarized in Table [14.1] which is the SM modification of
the SM interactions given in Table [7.2]

14.2.4 Global symmetries and parameters

The dimension-five terms in Eq. (14.1]) break the U(1). x U(1), x U(1), accidental symmetry of
the SM. With the addition of only d = 5 terms, all that remains of the G%ﬁbal symmetry of the
SM [see Eq. (8.59)] is baryon number symmetry:

GENM = U(1) . (14.15)

This symmetry is, however, anomalous and broken by non-perturbative effects. In addition, it is
broken by dimension-six terms.

Total lepton number, conventionally denoted by L, is the sum of the three lepton flavor numbers,
U(l), = U(1)etp+r- The vSM breaks not only the lepton flavor symmetries separately, but also
their sum, namely the total lepton number. Experiments, however, have so far established the
violation of electron, muon, and tau number separately, but not the violation of total lepton
number.

The number of physical parameters in the quark sector remains unchanged from the SM: six
quark masses and four CKM parameters, of which one is imaginary. This is not the case in the
lepton sector. We proceed to count and identify the physical parameters in the ¥SM that add to
those of the LSM [see section[7.5.3]. The Lagrangian of Eq. involves the 3 x 3 matrix Y [see
Eq. ] with 9 real and 9 imaginary parameters, and the symmetric 3 X 3 matrix z” with 6 real
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and 6 imaginary parameters. The kinetic and gauge terms have a U(3); x U(3) g symmetry, that is
completely broken by the Y¢ and 2” terms. Thus, the number of physical lepton flavor parameters
is 30 — 2 x 9 = 12, out of which 9 are real and 3 are imaginary. Six of the real parameters are
the three charged lepton masses m. , , and the three neutrino masses m, 3. We conclude that the

3 x 3 lepton mixing matrix U depends on three real mixing angles and three phases.

14.2.5 The PMNS matrix

A convenient parametrization of the PMNS matrix U is the following:

0

C12C13 S12C13 S13€
_ 1) 1) : i 16
U = | —s12023 — C12523513€" C12C23 — S12823513€" sp3ciz | x diag(1, e, e"*?), (14.16)
i§ i§
512823 — C12C23513€"  —C12S23 — S12C23513€"  C23C13

where s;; = sinf;; and ¢;; = cos 0;;.

The lepton mixing matrix U depends on three phases. The phase § arises in a way similar to
the KM phase of the quark mixing matrix. The phases «; and as are called Majorana phases,
and have no analog in the CKM matrix V, Eq. . The reason that U depends on three
phases while V' depends on only a single phase lies in the fact that the Lagrangian of Eq.
leads to Majorana masses for neutrinos. Consequently, there is no freedom in changing the mass
basis by redefining the neutrino phases, as such redefinition will introduce phases into the neutrino
mass terms. While redefinitions of the six quark fields allow one to remove five non-physical phases
from V', redefinitions of the three charged lepton fields allow one to remove only three non-physical

)

phases from U. The two additional physical phases in U are called “Majorana phases,” since they
appear as a result of the (assumed) Majorana nature of neutrinos. They affect total lepton number
violating processes.

The theoretical discussions of mixing in the quark and lepton sector are very similar. The
way that experiments probe these mixings are, however, very different. For particles that have
electromagnetic (and strong) interactions — as is the case for the quarks and the charged leptons
— experiments identify the mass eigenstates. For particles that have only weak interactions —
as is the case for the neutrinos — experiments identify the interaction eigenstates. Explicitly, the
neutrinos are identified as v, or v, or v, according to whether their production or detection are
associated with an e or p or 7 lepton, respectively.

The difference in the experimental probes suggests also an alternative way to think about
lepton mixing. The point that is common to quarks and the leptons is that there are three
relevant matrices in each sector — two mass matrices and one matrix for the W-couplings — and
only two can be simultaneously diagonal. For quarks, it is convenient to work in the mass basis,
where m, and my are diagonal but V' is not. For leptons, it is often more convenient to work in

an interaction basis, where m, and the W couplings are diagonal, but m,, is not.



Note also a subtle difference between V' and U in the convention for the order of indices. In V,
the first index corresponds to the T3 = +1/2 component of the doublet and the second one to the
T3 = —1/2 component. In U, it is the other way around.

Neutrino flavor transitions have been observed for solar, atmospheric, reactor, and acceler-
ator neutrinos. Five flavor parameters have been measured: two mass-squared differences [see

Eq. (14.7)] and the three mixing angles (we describe the experimental determination of the lepton
mixing parameters in Appendix [14.A]):

sin? 615 = 0.310 £ 0.013,
sin? fy3 = 0.565 £ 0.022,
sin® 013 = 0.0226 4 0.0007. (14.17)

The present status of our knowledge of the absolute values of the various entries in the lepton
mixing matrix can be summarized as follows:
0.80 —0.84 0.52—-0.59 0.14 —0.16
Ul =10.23—-048 0.46—0.67 0.65—0.78 |. (14.18)
0.30 —0.53 0.50—0.70 0.61 —0.75
The Dirac phase, ¢, and the two Majorana phases, a; and ap are still not experimentally deter-

mined.

14.2.6 Testing the vSM

While all neutrino-related experimental results to date can be accommodated in the ¥SM, there

are other models that are consistent with the data. Here we briefly mention a few tests that can
probe the vSM.

1. In the vSM, total lepton number is broken and the neutrinos have Majorana masses. Ex-
perimentally, however, we do not know the nature of the neutrino mass. If experiments
establish lepton number violation via the observation of neutrinoless double beta decays, it

would confirm that aspect of the vSM.

2. So far lepton flavor violation was only observed in neutrino oscillation experiments. Yet, it
could also be searched for in decays involving charged leptons, such as y — ey, Z — Tpu,
and h — 7e. The vSM predicts that these decay rates are tiny, much below any possible
experimental sensitivity [see Question . If experiments observe lepton flavor violation in
charged lepton or Z-boson or h-boson decays, it will indicate that there are sources of lepton

flavor violation beyond the vSM.

3. In the ¥vSM, there are three charged leptons and three neutrinos, and consequently the 3 x 3
PMNS matrix is unitary. If experiments establish that U is not unitary, additional leptons

must exist in Nature.
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14.2.7 The scale A

In the ¥SM, the scale of neutrino masses depends on the scale A in the coefficients of the dimension-
five terms. As long as experiments involve energies £ < A, what is probed is the combination
2¥/A. Thus, there is an ambiguity in the definitions of A and z”. The separation of the coefficient
of a d = 5 term to a dimensionless coupling and a scale is meaningful when we discuss a full
high energy theory which generates the effective term. What we refer to as the scale of a non-
renormalizable term is A/z” (or, in case that z” is a matrix, as in Eq. (I4.1)), A/zY,, where 2%,
is the largest eigenvalue of z).

The effective low energy Lagrangian of Eq. where, by definition, A > v, predicts that

the neutrino masses are much lighter than the weak scale:
miaz V2N <. (14.19)

The fact that experiments find that indeed m, < mjz makes the notion that neutrino masses
are generated by d = 5 terms very plausible. In fact, all fermions of the SM except for the top
quark are light relative to m . The lightness of charged fermions is related to the smallness of the
corresponding Yukawa couplings. The question of why Yukawa couplings are small may find an
answer in a more fundamental theory, beyond the SM. The neutrinos, however, are not only much
lighter than my, but also lighter by at least six orders of magnitude than all charged fermions.
This extreme lightness of the neutrinos is explained if their masses are generated by d = 5 terms.

The SM cannot be a valid theory above the Planck scale, A < Mp;. We thus expect that m; >,
v?/Mp) ~ 1075 eV. A more relevant scale might be the GUT scale. As discussed in Section ,in
GUTs, a unifying simple group is spontaneously broken to the SM gauge group at a scale Aqyr =
O(10% GeV). If the d = 5 terms are generated at Aqur then, with 2” ~ 1, we expect m,, ~ 1072
eV.

Conversely, an experimental lower bound on neutrino masses provides an upper bound on
A/z¥. Note, however, that the combination of a measurement of A/z” and the assumption that z¥
is generated by perturbative physics, and therefore z¥ < 1, translates into an upper bound on A
itself. Using the lower bound of Eq. and the relation of Eq. (14.19)), we conclude that the
SM cannot be a valid theory above the scale

Ag :j ~ 10" GeV, (14.20)
and, in particular, up to the Planck scale. Furthermore, this upper bound is intriguingly close to
the GUT scale.

14.3 The NSM: The SM with singlet fermions

In Section we introduced the vSM and showed that the addition of non-renormalizable,

dimension-five terms to the SM Lagrangian generates neutrino masses and, moreover, explains
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why they are much lighter than the charged fermions. Non-renormalizable terms must arise from
a more fundamental theory. For the full high energy theory we again write only renormalizable
terms. One uses the term “UV-completion” for a full high energy theory that leads to the effective
theory. In general there is a number of possible UV-completions for a given effective theory.

In this section we present the NSM, a model that serves as an example of a full high energy
theory that generates the vSM at low energy. This extension amounts to adding heavy gauge-
singlet fermions to the SM. The way these singlet fields generate masses to the light neutrinos is
called the seesaw mechanism. The reason for this name, as explained below, is that the heavier
the singlet fermions, the lighter the neutrinos.

The Lagrangian L;—5 of Eq. can come not only from the NSM, but also from other
high-energy theories. In particular, there are three types of seesaw models which differ by the
representation of the heavy fields that one adds to the SM:

e Type I seesaw: (1, 1), fermion fields. (This is the NSM discussed below.)
e Type II seesaw: (1,3)_; scalar fields. (See Question [14.5])
e Type III seesaw: (1,3), fermion fields. (See Question [14.4])

All three types of seesaw models predict that the light neutrinos have Majorana masses, and that
their mass scale is inversely proportional to the mass scale of the new heavy particles and, in

particular, much lower than the electroweak breaking scale.

14.3.1 Defining the NSM
The NSM is defined as follows:

(1) The symmetry is a local
SU(3)e x SU(2), x U(1)y. (14.21)

(17) There are three fermion generations (i = 1,2, 3), each consisting of six different representa-

tions:

QLi(ga 2>+1/67 URi(371)+2/37 DRi(Bal)—l/?n LLi(172)—1/27 ERi(171>717 NRi(lal)U'
(14.22)

(77i) There is a single scalar multiplet:
6(1,2) 112 (14.23)

The presence of a scalar allows for SSB. We define the NSM as the model that exhibits the

following breaking pattern:
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14.3.2 The NSM Lagrangian

The NSM has the same gauge group, the same scalar content, and the same pattern of spontaneous
symmetry breaking as the SM. In the fermion sector, all the SM representations are included. The
only difference is the addition of the fermionic Ng; fields. These fields are usually called “right-
handed neutrinos”. Since the imposed symmetry is the same, all the terms that appear in the
SM Lagrangian appear also in the NSM Lagrangian. The NSM Lagrangian has, however, several

additional terms. These are all the terms that involve the Ng; fields. We can write:
Lysm = Lsu + Ly, (14.25)

where Lgy is the lagrangian of the renormalizable SM [see Eq. (8.16))].
Our task is to find the specific form of L. We note the following points in this regard:

1. Given that the Ny fields are singlets of the gauge group, we have D* Ny = 0* Ng.
2. Since the Np fields are singlets of the gauge group, they can have Majorana mass terms.

3. The combination Ly Ng transforms as (1,2),, 2 under the gauge group, and can thus have a

Yukawa coupling to the scalar doublet.

We thus obtain the most general form for the renormalizable terms in Ly:

— 1 J—
Ly = iNgi@®Ng; — <2 NN + Y LrioNg; + h.c.> , (14.26)

where ¢ is defined in Eq. 1' MY is a symmetric 3 x 3 complex matrix of dimension-one mass

terms, and Y is a general 3 x 3 complex matrix of dimensionless Yukawa couplings.

14.3.3 The NSM spectrum

As concerns the bosonic spectrum, it remains unchanged from the SM. As concerns the fermionic
spectrum, we note that, since the Ny fields are singlets of the full gauge group, they are also singlets
of the unbroken subgroup, namely they transform as (1)p under SU(3)c x U(1)gm. This means
that also the spectrum of the charged fermions (quarks and charged leptons) remains unchanged
from the SM.

As concerns the neutrinos (the vz, components of the SU(2)-doublet leptons and the Np fields),

taking into account the spontaneous symmetry breaking, we find the following mass terms in £Ly:

1 YHv
—Ly, mass = §M5jv NE:Ngj + —=05;iNg; + h.c.. (14.27)

V2
This gives a 6 x 6 neutrino mass matrix, that can be decomposed into four 3 x 3 blocks as follows

[see Eq. Z20)]:

0 mp vY”
M, = , = . 14.28
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To obtain the six neutrino mass eigenstates, we need to diagonalize M,,.

Note that the neutrino sector of the NSM has six mass eigenstates, in contrast to the charged
lepton, the up-quark, and down-quark sectors, where there are three mass eigenstates in each. The
reason is that charged fermions have Dirac masses, and each mass eigenstate has four DoF. The
neutrinos have Majorana masses, and each mass eigenstate has only two DoF. The total number
of DoF is thus the same in each of the four sectors.

Before we analyze the neutrino spectrum of the three generation NSM, we gain some intuition
by analyzing the simpler, one generation NSM, where we have only one copy of the L and N fields,

and thus two neutrino mass eigenstates, which we write as
vy = cosf v, +sinf N, Ny = —sin6 v, + cosf Np. (14.29)

Without loss of generality, we choose a basis where the symmetric 2 x 2 matrix M, of Eq. (14.28)
is real: Mp = M}, and M"Y are real numbers. Inspired by both phenomenology and theoretical
model building, we assume that M” > v. Since Mp < v, it follows that MY > mp. To leading

order in mp/M?¥ | we obtain the following mass eigenvalues and mixing angle:

m? . mp
my, = M—]’i{, my, = MY, sinf = ik (14.30)
The neutrino mass terms in the Lagrangian are written as
1 T 1 T
— L, mass = ileN1 Ny + S V1 Vi +h.c.. (14.31)

These results demonstrate two points about the see-saw mechanism:

1. The light mass is inversely proportional to the heavy one. This is the reason why the
mechanism that generates masses for the light neutrinos via their Yukawa couplings to heavy
neutrinos is called the see-saw mechanism: the higher one side of the seesaw, the lower the

other side.

2. The mixing angle between the two states is very small. The light state is almost a pure upper

component of an SU(2)-doublet v, while the heavy one is almost a pure SU(2)-singlet N.

We now return to the three generation case. Without loss of generality, we can choose a basis
where MY of Eq. (14.28)) is diagonal and real:

MY = My = diag(My, My, Ms;). (14.32)

Unlike the SM, which has a single dimensionful parameter, v, the NSM has four dimensionful
parameters: v, My, My, M5. We assume that the Majorana masses of the heavy states are of the

same scale, denoted as my, which is much higher than the weak scale:
my ~ M1 ~ M2 ~ M3 > . (1433)
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To diagonalize M,,, we first use the unitary matrix K to block-diagonalize it:

arT— (™ VY,
0 My

To leading order in v/my we have

K — ( 1 _mDM];]l

_ r—1, T
~ 1 , m, = —mpMy mp,
My'm¥E 1

N Mp

(14.34)

(14.35)

where we omitted terms of order v?/m%. The lower-right block in Eq. (14.34)) is already diagonal.

The upper-left block, m,, can be diagonalized by a further unitary transformation:

1, = Vim, Vi = diag(my, mg, ms).
We thus learn the following points:

1. There are three heavy Majorana neutrinos of masses My, My, Ms;.

(14.36)

We call these states

Ny, Ny, N3. These mass eigenstates are approximately SU(2)-singlet states, but have a small,

O(v/my), SU(2)-doublet component. The masses are, by assumption,

electroweak scale.

2. There are three light neutrinos of masses my, my, ms, of order v?/my.

much larger than the

We call these states

V1, V2, 3. These mass eigenstates are approximately SU(2)-doublet states, but have a small,

O(v/my), SU(2)-singlet component. The masses are much smaller than the electroweak

scale.

We conclude that the spectrum of the NSM has three different scales:

e The masses of all massive bosons and of the charged fermions are of order v.

e The masses of the (approximately) singlet neutrinos are heavy, of order my.

e The masses of the (approximately) doublet neutrinos are light, of order v?/my.

14.3.4 The NSM interactions

The neutrino sector of the NSM has neither strong nor electromagnetic interactions. The v; and

N; states do have, however, weak and Yukawa interactions.

The charged current weak interactions are given by

NG

Here UY = (U})Y U}X) is the 3 x 6 lepton mixing matrix connecting the three

Ly, = —%EPLW_(UX un) <;> +h.c.

(14.37)

charged lepton mass

eigenstates (¢ = e, u, T) to the six neutrino mass eigenstates (v = vy, 15,73 and N = Ny, Ny, N3).
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The entries of the U}}; block are small, of O(v/my). Thus, to zeroth order in v/my, only the light

neutrinos couple to the W-boson, with the mixing matrix
Uy =v.,vi, (14.38)

which is the same as the mixing matrix (14.11)) of the vSM.
The neutral current weak interactions are given by
Ly, =L @wN)gZ ( Us, Ui ) ( Y ) . (14.39)
T 2ew Uf, Uin/ \N
Here UZ is a 6 x 6 mixing matrix among the six neutrino mass eigenstates (1, v, 13, N1, No, N3).
The entries of the UZ, and UZ, blocks are of O(v/my), while the entries of the UZ, block of
O(w?/m%). As for UZ

vy

it is very close to a unit matrix up to effects of O(v?/m3;). Thus, to zeroth

order in v/my ~ m, /v, only the light neutrinos couple to the Z-boson, with a mixing matrix

U2 =1+0 (Z?) : (14.40)
We conclude that non-diagonal and non-universal effects in the Z couplings to the light neutrinos
are unobservably small effects and thus, to a very good approximation, the light neutrinos couplings
are universal, as in the vSM.

While the deviations from diagonality and universality are quantitatively very small, it is worth
emphasizing a qualitative point with regard to these deviations. As explained in Section the
universality of the Z couplings holds only if all fermions of given chirality and given color and
charge come from the same SU(2) x U(1) representation. In the NSM, neutrinos come from
two different types of SU(2) x U(1) representations, (2)_1/2 and (1)y, and therefore there is no
universality in the couplings of the Z-boson to neutrinos. The NSM demonstrates then that the
absence of tree-level FCNC is a rather special feature of the SM, that is violated in general by
BSM physics.

The Yukawa interactions, as can be learned from the Lagrangian Ly of Eq. , connects
the heavy N; and light v; states. Thus, unlike the Yukawa interactions of the SM, in the NSM the
Higgs boson has off-diagonal couplings. As explained in Section the special SM features which
lead to diagonality are, first, that for a given fermion sector all fermions are chiral and charged
and therefore there are no bare mass terms and, second, that the scalar sector has a single Higgs
doublet. In the neutrino sector of the NSM, the first condition is violated, and the Higgs boson
has neutrino flavor changing couplings.

The Yukawa and weak interactions of the [V; states imply that they are unstable, and decay
to a light lepton (neutral or charged) and a boson (h, Z, or W). By assumption, however, the N;
particles are heavy, and thus cannot be produced in experiments, and their interactions cannot be
directly probed. We thus do not study their interactions any further here. We note, however, that
the Yukawa interactions of the N; particles might be the source of the baryon asymmetry of the

Universe, a scenario that is known by the name of leptogenesis. See Section [15.3.3|for a discussion.
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14.3.5 The low energy limit of the NSM

In this section we show that the low energy limit of the NSM reproduces the vSM. Thus, the
NSM constitutes a UV-completion of the SM. We do not present a formal derivation (based on
integrating out the heavy modes) of this statement, but rather provide an intuitive explanation.

The first point concerns the field content of the NSM and the ¥SM. Since the N; neutrinos are
very heavy, they are not directly produced in current experiments. (Given that they are almost
pure gauge-singlets, it would be difficult to produce them even if it were kinematically possible to
do so.) Thus, at low energy, we can only observe their virtual effects. All other fields are at or
below the electroweak scale. Their list is the same as the vSM list of fields.

The second point concerns the mass of the light neutrinos. Comparing Eq. to Eq. (14.30),
we observe that they would assume the same form if we were to identify

ZV (YV)Q

= . 14.41
N il (14.41)

We can then further identify A as the mass of the heavy neutrino, A = My, and z” as the square
of the Yukawa coupling, 2* = (Y¥)2. In the three generation case, we have

2V

A {YV(MN)—lyuT}

+ (14.42)

v

We can use Feynman diagrams to come to the same conclusion. While we usually use Feynman
diagrams to calculate amplitudes, we can also use them to describe masses. A charged lepton mass
is described by the diagram in Fig.|14.1)(a), a neutrino mass in the #SM is described by the diagram
in Fig. [14.1{(b), and a neutrino mass in the NSM is described by the diagram in Fig.[14.1|(c). For
the latter, since my is very large, we can replace the propagator by a point-like vertex, which
would give Fig. [14.1(b). We learn that, treating the heavy fields as non-dynamical, we get the
relevant diagram in the effective theory.

The third point concerns the lepton interactions. In the ¥SM, the neutrinos are purely SU(2)-
doublets. Their CCWI involve the mixing matrix U defined in Eq. , and their NCWI are
universal [see Eq. (14.13)]. In the NSM, they have a small SU(2)-singlet component. However, to
zeroth order in v/my, the singlet component in the light neutrinos vanishes. Their CCWI mixing
matrix is U}Y given by Eq. , which is the same as Eq. . Their NCWI mixing matrix
is UZ given by Eq. , which is universal to leading order in m,, /v.

v

We learn that the NSM is indeed a possible UV completion of the vSM.

14.3.6 The case of my < v: Sterile neutrinos

So far we worked under the assumption of Eq. (14.33]), that is, my > v. Here we comment on
the consequences of an opposite hierarchy, my < v. In this case the V; DoF cannot be integrated

out, and the low energy limit of the theory does not generate the vSM.
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Figure 14.1: lepton masses: (a) The electron mass. (b) The neutrino mass in the vSM. (¢) the

neutrino mass in the NSM.

Let us first discuss the special case of MY = 0. Setting M™ to zero requires that we postulate
a global symmetry, in addition to the gauge symmetry of the SM. A good candidate model, where
M is forbidden but Y is allowed, is one where we impose lepton number symmetry and assign
the N; fields with L = 1. (Note that, while lepton number is an anomalous symmetry, U(1)g_y, is
non-anomalous and achieves the same renormalizable Lagrangian, namely Lysy with MY = 0.)

With MY = 0, the neutrinos are massive Dirac particles, similarly to the charged fermions.
This should be the case, since in this model the neutrinos carry a conserved charged (L, or B — L).
We emphasize, however, that in order to extend the SM in a way that would make the neutrinos
Dirac fermions, one needs not only to add matter fields, but also impose a global symmetry.
Moreover, in the NSM, the lightness of the doublet neutrinos is explained by a new high scale
of physics. In contrast, the lightness of Dirac neutrinos requires that their dimensionless Yukawa
couplings are set to be tiny.

For my # 0 but my < v, we have to consider two cases. First, in case that my > Y"v, there
are six very light Majorana mass eigenstates. Light states that are dominantly electroweak singlets
are called sterile neutrinos, while those that are dominantly electroweak doublets are called active
neutrinos. Sterile neutrinos can significantly change the neutrino phenomenology, but so far there
is no conclusive evidence for their existence. Second, in case that my < Y"v, the six Majorana
mass eigenstates divide into three pairs of what is called pseudo-Dirac neutrinos. Each pair is
quasi-degenerate, with an average mass of order y”v and splitting of order my.

The question of whether the neutrinos are Majorana or Dirac fermions is not yet experimentally
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decided. If neutrinoless double beta decay is observed (see discussion in Appendix |14.B.2)), it will

prove their Majorana nature.

14.4 Open questions

Experimental data prove that neutrinos are massive and that there is lepton mixing. Specifically,
experiments measured two mass-squared differences and the three mixing angles. Yet, there is

more to learn experimentally about neutrino masses and mixing;:
1. Is the neutrino spectrum hierarchical or quasi-degenerate?
2. Is the neutrino mass ordering normal or inverted?
3. Is CP violated in the PMNS matrix?

While the ¥SM is an attractive candidate theory to encompass the low energy description of the

neutrino sector, there are several open questions where experiments might further support or falsify

the vSM:
4. Are the neutrinos Dirac or Majorana fermions?
5. Are there sterile neutrinos, that is, other light states that mix with the active neutrinos?
6. Are there dimension six operators that significantly affect the neutrino interactions?

If the ¥SM continues to be supported by experiments, the following question will still be open:
7. What is the full high energy theory that generates the vSM as its low energy limit?

This list of open questions explains why experimental neutrino physics is a very active field of

research.

For further reading

There are many reviews and books about neutrino physics, for example
e For a general review, see Refs. [43], 44 [45].
e For review on neutrinoless double beta decays, see Ref. [46].
e For review on experimental aspects, see Ref. [47].

e For review on astrophysical aspects of neutrinos, see Ref. [48].
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Appendix

14.A Neutrino oscillations

In this appendix, we explain how neutrino masses and mixing are probed. Our analysis here is
mostly model independent but, for the sake of concreteness, we assume the vSM. The results can
be easily modified for other models.

Fluxes of neutrinos are produced in both natural sources, such as the Sun or cosmic rays
hitting the atmosphere, and artificial sources, such as accelerators or nuclear reactors. These
various sources are used to study neutrino masses and mixing, providing sensitivities to large

regions of the parameter space.

14.A.1 Neutrino oscillations in vacuum

In experiments, neutrinos are often produced and detected by charged current weak interactions.
Thus, the states that are relevant to production and detection are the SU(2)-doublet partners of
the charged lepton mass eigenstates, namely v.,v,, ;. On the other hand, the eigenstates of free
propagation in spacetime are the mass eigenstates, vy, 15, v3. In general, the interaction eigenstates

(also known as flavor eigenstates) are different from the mass eigenstates:
Vo) =Uylvi)  (a=ep1i=1,2,3), (14.43)

where U is the PMNS matrix defined in Eq. (14.11]). Consequently, flavor is not conserved during
propagation in spacetime and, in general, we may produce v, but detect vg # v,.
The probability P,z of producing neutrinos of flavor o and detecting neutrinos of flavor f is

calculable in terms of the following inputs:
e The neutrino energy F;
e The distance between source and detector L;
2 2

e The mass-squared differences Amg; = m7 —m?;

e The parameters, mixing angles and the Dirac phase, of the mixing matrix U.
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Starting from Eq. (14.43)), we can write the expression for the evolution of a state that started as

a v,. We denote the time evolved state as |v,(t)) and obtain
Va(t)) = Ugslvi(1)), (14.44)

where |v,(0)) = |v,) and
(1)) = e

vi(0)). (14.45)

The probability of a state that is produced as v, to be detected as v is given by
Pap = [{vslva(®)]”. (14.46)

In all cases of interest, the neutrinos are ultra-relativistic, and we then approximate

Ei = 77', Ez - E - ”, 1447
where p is the momentum of the neutrinos. Explicit calculation [see Question [14.1] gives
Am2 L Am?2 L
_ * * <2 2 * * : 7,
Pag = 6ap — 4%726 (UailU3,U2;Us; ) sin < i ) + 2§Im (Uail3,U2;Us; ) sin (25 ) ,
(14.48)

where we use the approximations p = E and L =t in the final result.
Applying this calculation to a two-generation case, where there is a single mixing angle, 6, (and

no relevant phase) and a single mass-squared difference,

cosf@ siné
— (™ BEY D AmE=mE— (14.49)
—sinf cosf
we obtain, for a # [3,
Am?2L
P,s = sin® 20 sin’ r, x = ZE : (14.50)

We learn that the time evolution of neutrinos that are produced in a flavor eigenstate exhibits
oscillations (as a function of time or, equivalently, distance) between the different flavor eigenstates.
This phenomenon is known as “neutrino oscillations.”

The expression for P,s in Eq. depends on two parameters that are related to the
experimental design, F and L, and two that are parameters of the Lagrangian, Am? and sin 20.
To allow observation of neutrino oscillations and measurements of the neutrino parameters, Nature
better provides a value of sin? 20 that is not tiny. Furthermore, one has to design the experiment

appropriately:
o If £/L > Am?, then P,s — 0 and there is no sensitivity to the neutrino parameters.

o If £/L ~ Am?, then P,g is sensitive to both Am? and sin 6.
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Table 14.2: Neutrino oscillation experiments. The column Am? gives the range to which the
corresponding class of experiments is sensitive. For solar neutrinos, flavor transitions can occur as
a result of vacuum oscillations (VO), presented in Section , or of the MSW effect, presented
in Section [[4.A.2] SB and LB stand for “short baseline” and “long baseline,” respectively.

Source E[MeV] L[km] Am?*[eV?]
Solar (VO) 1 108 = 107" —107°
SB Reactor 1 01-1 = 103-102
LB Reactor 1 102 — 107°-10"°
Atmospheric 103 10 - 10 = 107° —1

SB accelerator 103 — 104 0.1 — >0.1
LB accelerator 10* 102 -10° = 1073 —1072
Source nglem ™3] ro[cm] Am?*[eV?]

Solar (MSW) 6 x 10% 7 x 10° 1079 —107°

I

o If F/L < Am?, then the oscillations average out, and P,5 = %sin2 26 is sensitive to 6 but

not to Am?2.

To obtain a more quantitative intuition, it is useful to write

v ~1.27 (i/”f) (ki) (sz) . (14.51)

Typical values of E and L for the various classes of experiments, and the corresponding range of
Am? that can be probed, are given in Table [14.2]
It is interesting to understand the differences between neutrino oscillations and neutral meson

oscillations (discussed in Section [13.Al):

1. Mesons decay while the neutrinos are stable (at least on the time scale of experiments).

This brings the meson decay width into the analysis of the time evolution of mesons, see
Eq. (13.62).

2. Neutrino oscillations depend on the mixing angle. In neutral meson mixing, we consider
particle-antiparticle oscillation. In this case, CPT requires that the two diagonal elements

in the mass matrix are equal and thus the mixing angle is maximal at /4.

3. The argument of the time-dependent oscillations is (Am)¢ for mesons [see Eq. (13.62)], and
(Am?)t/(2F) for neutrinos [see Eq. ] This apparent difference, however, is nothing
but the effect of relativistic time dilation. Using, for the quasi-degenerate mesons, Am =
Am?/(2m), and for the ultra-relativistic neutrinos ¢ = 7/ (with 7 the proper time) and

~v = E/m, the dependencies on time and mass become the same.
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14.A.2 The MSW effect

To describe the propagation of neutrinos in matter, modifications to the oscillation formalism
are necessary. Matter generates a potential to the neutrinos that affects their propagation. This
effect is similar to the effect of medium on photon propagation which results in a refraction index.
For photons, the interaction leads to a speed of light in matter that is smaller than in vacuum.
Furthermore, it generates dispersion where the velocity depends on the energy. For neutrinos
propagating in matter, the velocity does not change, but flavor oscillations are significantly affected.

The smallness of the relevant cross-sections makes most effects of neutrino scattering off medium
negligible. This is, however, not the case for forward scattering, where there is no energy or
momentum exchange between the neutrinos and the medium. The effect of forward scattering is
to induce effective masses for the neutrinos. The resulting modification to P,z of Eq. is
known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect.

For the current measurements of neutrino flavor transitions, the relevant effects come from
neutrino propagation in the Sun or in Earth. In both cases, matter consists of electrons, protons,
and neutrons. In particular, there are neither muons nor tau nor anti-leptons in the medium.

All neutrinos have the same (universal) neutral current weak interactions. In contrast, in
medium that contains electrons, but neither muons nor tau-leptons, only v.’s have charged cur-
rent weak interactions with matter. The effective potential induced by the charged current weak

interactions of v, is a vector potential and it is given by (see Question [14.7)

V, = (V0,0,0,0), Vo =+V2Gpn.. (14.52)
Te P

Ve r 1.6 \% 14.53

¢ np + Ny (1014g/cm3> o ( )

where n; (i = e, p,n) stands for the number density, and p is the mass density. At the solar core,
p ~ 100 g/cm?®, which gives rise to Vo ~ 107!2 eV, while at the Earth core, p ~ 10 g/cm3, which
gives rise to Vg ~ 10713 eV.

Current data suggests that m, > 1072 eV, and thus m, > V. One may then naively think
that matter effects are irrelevant. Matter effects, however, arise from vector interactions while
masses are scalar operators. Consequently, the right comparison to make is between m?2 and EV¢,
where FE is the neutrino energy. Since E > m,,, matter effects can be important. To see how this
enhancement of matter effects arises, consider the dispersion relation of the neutrino in vacuum,

pup" = m?. In matter, it is modified as follows:
(Pu = V)" = VH) =m?®. (14.54)

Writing the dispersion relation as E? = p* +m? and using Eq. (14.52)), we learn that the effective

mass-squared in matter, m?2,, is given by

m2 =m?+ A, e =2EV., (14.55)

m —
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where we neglected terms of order V2. It is the vector nature of the weak interaction that makes
matter effects relevant.

For the sake of simplicity, we proceed in our analysis of the matter effects in a two neutrino
framework. We consider ultra-relativistic neutrinos, where we approximate the Hamiltonian as
H = VP> +m? =~ p+m?/(2p). In vacuum, in the mass basis (v1,15), the Hamiltonian can be

written as
1 (m? O
H=p+ — ) (14.56)

In the interaction basis (ve,v,), we have

m?+m3 1 ( —Am?cos20 Am?sin 26 ) | (14.57)

H=pt L1702, °
p 4p Ap \ Am2sin20  Am2cos20

In matter that contains only electrons, protons and neutrons, the Hamiltonian in the interaction
basis is modified from its vacuum form of Eq. (14.57):

m?+mi 1 <2Ae — Am?cos20 Am?sin 20 > (1458)

H=p+ 24 =
b 4p 4p Am? sin 260 Am? cos 20

where A, is the effective potential defined in Eq. (14.55) and we used the leading order relation
p = E. Omitting the part in the Hamiltonian that is proportional to the unit matrix in flavor

space (which plays no role in the oscillations), we can define the effective mass-squared difference

and mixing angle in matter:

Am?2, = \/(Am? cos 20 — A.)? + (Am?sin 26)?, (14.59)
2 .
fan 26, — Am= sin 20

 Am2cos20 — A,

where the subindex m stands for matter.
The oscillation probability in matter with constant n. is simply obtained from Eq. (14.50) by

replacing Am? and 6 with Am?, and 6,,:

Am? L
P,z = sin? 26,, sin® z,, , Ty = Tg ) (14.60)

The following points are worth mentioning regarding Eq. (14.60)):

1. If mixing in vacuum vanishes, # = 0, so does mixing in matter, ,, = 0.
2. The vacuum result is reproduced for A, = 0, as it should.
3. For |A.| < Am?cos 26, the matter effect is a small perturbation to the vacuum result.

4. For |A.| > Am? cos 20, the neutrino mass is a small perturbation to the matter effect. In

that case the oscillations are highly suppressed since the effective mixing angle is very small.
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5. For A, = Am? cos 20, the mixing is maximal, 6,, = m/4, namely, it is on resonance.

When the matter density is not constant, there are further modifications to the oscillation
formalism. For a neutrino propagating in a varying matter density, the effective neutrino mass
and mixing change while propagating. Then, the flavor composition of the neutrinos along their
path is a function of the medium density profile. We do not elaborate on this, but mention that

it is a very important effect for solar neutrinos.

14.B Direct probes of neutrino masses

The measurements of neutrino oscillations in vacuum and in matter probe mass-squared differences
(Amfj), but not the absolute mass scale (m; or m;). Here we discuss experimental ways to measure
the neutrino mass. Specifically, we discuss kinematic tests for neutrino masses and neutrinoless

double beta decay. To date, these measurements have provided only upper bounds.

14.B.1 Kinematic tests

In decays that produce neutrinos, the decay spectra are sensitive to neutrino masses. For example,
in the 7 — pv decay, the muon momentum is fixed (up to tiny width effects) by the masses of the
pion, the muon, and the neutrino. To first order in m?/m?2, the muon momentum in the pion rest

frame is given by

. 1 m2 + m?
T T o

2

~, the kinematic tests are

Since the correction to the massless neutrino limit is proportional to m
not very sensitive to small neutrino masses. The current best bounds obtained using kinematic

tests are the following:

m, < 18.2 MeV  from 7 — 5r+v,
m, <190 KeV  from 7 — uv,
m, <1.1eV from *H—>*He+e+ 7. (14.62)

The combination of oscillation experiments, which are sensitive to the neutrino mass-squared
differences and mixing angles, and kinematic tests, which are sensitive to the neutrino masses

themselves, implies that all three neutrino masses are bounded by
m; < 1.1eV, (14.63)

fori=1,2,3.



14.B.2 Neutrinoless double-beta (0v25) decay

Neutrino Majorana masses violate lepton number by two units. Therefore, if neutrinos have
Majorana masses, we expect that there are also AL = 2 processes. The smallness of the neutrino
masses indicates that such processes have very small rates. Therefore, the only practical way to
look for a AL = 2 process is in cases where the corresponding AL = 0 process is forbidden or highly
suppressed. Neutrinoless double-beta (0v23) decay, where the single beta decay is forbidden, is

such a process. An example of such a process is
2Ge — 2:Se +2¢ . (14.64)

The only physical background to 0v23 decay is from double-beta decay with two neutrinos (2v2/3).

The 0v25 decays are sensitive to the following combination of neutrino parameters:
3
mgs = > m;U%. (14.65)
i=1

The best bound derived from 0v23 decay is mgs < 0.26 eV. We emphasize the following points:

1. If the neutrinos are Dirac particles, lepton number is conserved, and their masses do not

contribute to 0v23 decays.

2. The Ov2p3 decay rate depends not only on m%B but also on some nuclear matrix elements.
Those matrix elements introduce theoretical uncertainties in extracting mgg from the signal,

or in deriving an upper bound on mgg if no signal is observed.

3. The 0v2p3 decay is sensitive to other AL = 2 operators, and not only to the neutrino Majorana
masses. Thus, the relation between the 0v23 decay rate and the neutrino mass is model

dependent.
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Problems

Question 14.1: Algebra

1. Restore all the indices that are implicit in Eq. (14.1)).

2. Show that Eq. (14.3) arises from Eq. (14.1) when the Higgs field is replaced by its VEV,
Eq. (7.18).

3. Show that Eq. (14.27)) arises from Eq. (14.26)) when the Higgs field is replaced by its VEV,
Eq. (7.18).

4. Derive Eq. (14.30) (see Question [3.5)).

5. Derive Eq. (14.48]). It is useful to recall that

2

Pag = [(vslva()]” = D (vslvid(vilva (D)) - (14.66)

1

6. Derive expressions for the difference between the T-conjugate processes,
Ar = P(v. - v,) — Py, — v.), (14.67)
and for the difference between the C'P-conjugate processes,
Acp = P(ve = v,) — P(Ue = 1,). (14.68)

Show that in the limit of C'P conservation, which you can take as the case where U is real,
Apr =Acp =0.

7. Explain why C'PT implies that Ay — Agp = 0 and check that this is indeed the case.

8. Derive Eqs. (14.59) and ((14.60)).

9. For propagation in matter where

xm << 1’ rc = L
Am? cos 20

we can approximate sinx,, ~ x,, in Eq. (14.60). Show that is this case, to first order in 7.,
the transition probability in matter, P,z of Eq. (14.60)), is equal to the one of Eq. ({14.50]).

<1, (14.69)
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Question 14.2: Neutrino lifetime

In the SM, the neutrinos are massless and thus stable. In the ¥SM, however, they are mas-
sive and non-degenerate, and thus the two heavier states decay. For simplicity, consider a two-
generation model with m; = 0, my = 1 eV and a mixing angle § = w/4. The two leading decay
modes for vy are

Vo — 117, Vo — V11V, (1470)

1. Explain why there are no tree level contributions to v, decay.
2. Draw the diagrams for the decay modes in Eq. (14.70)).
3. Estimate the partial decay width for each of the two modes, and the lifetime of v5.

4. In the NSM, there is a tree level contribution to one of the two modes in Eq. (14.70).
Draw the relevant tree level diagram, and explain why the other mode does not have such a

contribution.
5. Estimate the tree-level and the one loop amplitudes and compare them.

6. The best bound on the neutrino lifetime comes from the observation of a burst of neutrinos
from SN1987A, a supernova that occurred about 170,000 light-years away. The neutrino
signal lasted O(10 seconds). Had the neutrinos decayed along the way to Earth, the neutrino

signal would have spanned a significantly longer time window. Explain why.

7. Estimate a bound on the lifetime of the neutrino by requiring that it is longer than the time
it took the neutrinos to travel to Earth from SN1987A. Make sure to convert the lab-frame
time to the proper time using the fact that the neutrino energies in the lab were of order 10
MeV.

8. Compare the theoretical calculation of the neutrino lifetime in the vSM and the observational
bound from SN1987A. Does the SN1987A bound provide a meaningful constraint on the
parameters of the vSM?

Question 14.3: FCNC charged lepton decays

In the SM, y — ey is forbidden due to the accidental lepton flavor symmetry. In the vSM,

however, the symmetry is broken, so we expect y — ey to occur.
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. Explain why p — e is not allowed at tree level.

. Draw the leading one loop diagrams for u — ey in the ¥SM.

Find the ratio
I'(p— ev)

['(pn — evi) (14.71)

in terms of couplings and the neutrino masses and mixing angles.

Based on the available data on the masses and mixing angles, give a numerical prediction of
the ratio in Eq. (14.71)). Check your estimate against the experimental bound, and comment
about it.

Question 14.4: The type III see-saw model

Consider an extension of the one generation SM where we add a right-handed fermion field

Ng(1,3)p. This mechanism to generate neutrino masses is called the type III see-saw.

1.

2.

What are the electric charges of the different component in N7

We write

L=Lsu+ Ly, (14.72)

where Ly includes all the terms that involve Ng. Write Ly explicitly [the analogue of
Eq. (14.26]) for the NSM]. Write the covariant derivative D*Ng explicitly. In the Yukawa
term, make sure you use correctly ¢ or qg Denote the Majorana mass term for Nz by My.

From this point on we assume My > v.
Show that the light neutrino acquires a mass of the form m, = cv?/My, and find c.

Both the neutral and the charged components of N mix with the SM fields. The mixing
generates a mass splitting between the charged and neutral components of N. Estimate the

size of the splitting.

The mass splitting you found above is rather small and, in fact, negligible compared to those
generated by one loop effects. Discuss where these one loop effects come from, and estimate

their size.

Argue that the low energy limit of the model is the one generation ¥SM.

Question 14.5: Neutrino masses in the LRS model (type II see-saw)

Consider the LRS model of Question with N, = 1.
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. Are there bare mass terms for any fermions in the model?

. Write down the most general Ly that involves the lepton fields, L, and Lg, and the three
scalar fields, ®, A; and Ag.

. We denote the VEVs of ® by k; and ke as we did in Question We further denote

v = (Ar) and vg = (Ag). Write down the mass terms for the leptons in terms of ky, ks, vp
and vg. Use the notation of Eq. ([7.149)).

. Write the mass eigenstates as
v =cosf vy +sinf vy, N = —sinf vy, + cos0 vy, (14.73)

Assume the hierarchy of VEVs as in Eq. (7.150). Working to leading order in the small ratios
of VEVs, find m,, my and 6. Check that
k2 k

my ~ Ug, m, ~ max (vL, ) , 0~ —. (14.74)
VR UR

. An analysis of the scalar potential shows that generically k* = k% + k5 ~ vpvg. Using this
relation, show that
k2
my ~ —, (14.75)
my

which is the seesaw result.

. Take N, = 2. In the LRS model, there are two tree level, vector-boson mediated Feynman

diagrams that contribute to muon decay. Draw the two diagrams.
. Argue that the interference between the two amplitudes is very small and can be neglected.

. Find the ratio of the two amplitudes in terms of the coupling constants and the masses of

the vector bosons, and then express it in terms of the VEVs. Denote this ratio by rg/.,

. What bound on the VEVs can you deduce from the experimental bound rg,;, < 0.0337

Question 14.6: Solar neutrinos

Matter effects in the Sun play a major role in suppressing the v, flux arriving to Earth from

the Sun. In the early days of solar neutrino experiments, however, the possibility that vacuum

oscillations between the Sun and the Earth play a role was viable. In this question, we explore this

scenario. For simplicity, consider a two generation model. We denote the mass-squared difference

by Am?2. For the neutrino energy, take £, ~ 1 MeV.
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1. Estimate Am? that corresponds to oscillation length of order the distance between the Sun
and Earth.

2. A consequence of this scenario is a seasonal variation of the oscillation probability. Estimate
the relative effect of the seasonal variation as a function of Am?, F,, and the parameters of

the Earth-Sun system.

3. The flux of electron neutrinos arriving to Earth is about a third of the flux produced in
the Sun. Assuming vacuum oscillations, and that the data is collected over several years,

estimate the mixing angle and put a bound on Am?.

Question 14.7: Matter effects

In the analysis of matter effects on neutrino propagation, we average over the background,
effectively reducing an interaction term into an effective mass term. The starting point is the

low-energy effective Lagrangian for the leptonic W interaction,
L = Liee + Lint, (14.76)

where
Lee = V(i) — m)vyp, Lint = ﬁGp(ﬁ% vr) (v, (1 —5)e). (14.77)
Averaging over the background matter amounts to

evu(l — ) € = me (My)y, M, = (e(p, N)|ev, (1 —s5) ele(p, A)). (14.78)

Here p and A denote, respectively, the momentum and polarization vectors of the background
electrons. For the electron number density n., and for the averaged value in matter of any operator

x, we have

=X [ Gt N =S [ G e ey, 1)

where f.(p, A) is the electron distribution function. The result of this avaraging leads to an effective

free Lagrangian for the neutrinos:
L=7i@—m—Vy" v (14.80)

1. Show that

D s
V., =vV2Grn [<“> - me <“> 1 , 14.81
M Ftf Ee bg Ee bg ( )
where (...>bg is defined in Eq. (14.79). The spin vector s, is defined as follows:

p-A p(p-A)
= A ———- 14.82
Su ( me * me (Me + E.) )’ ( )
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and satisfies s = —1 and s, p* = 0. You can assume that the background electrons are free,

so that the following plane wave expansion for the field operators can be used:

@@AW%U—fﬁMnMﬁbamwAMWLﬂﬂmwA)

Moreover you can use the following identity:

(D, N e(p N) = 5+ m) (1+774),

and thus

M, = (e(p,N)[e, (1 —7°)ele(p, N))

— 5 e PN (= 1) elp N

T b =) G m) (%]

. For a uniform unpolarized background, show that
V,=(V,0,0,0),  Vo=+v2Gpn,,

thus confirming Eq.

. Using Eq. and assuming F > m, and E > V, show that

E? =p? + mfn, m2 =m?+2EVg,

m —

thus confirming Eq. (14.55)). Here E is the neutrino energy and p is its monetum.
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Chapter 15
Cosmological tests

In Chapter [14] we described the experimental evidence that the SM is not the full theory of Nature:
Neutrino flavor transitions imply that the SM needs to be extended. At the time of writing of this
book, this is the only effect beyond the SM that is established by particle physics experiments.
Yet, there is additional data that cannot be explained within the SM, coming from observations

related to astrophysics and cosmology. In this chapter we describe these topics.

15.1 The interplay of particle physics and cosmology

Cosmology and astrophysics provide tests of the SM. It should not come as a surprise that one can
gain insights into particle physics from astrophysics, as it often involves long distances and high
densities that cannot be reached in terrestrial experiments. Think, for example, of the Sun: its
burning goes through weak interactions, and the propagation of neutrinos through its high-density
plasma can (and did) reveal new features of neutrinos. It should be even less of a surprise that
cosmology can test the SM: Various features of the present Universe were determined by events that
involved a huge range of energy scales and, in particular, energy scales well above the weak scale
and beyond the direct reach of any terrestrial experiments. Two examples of cosmology-related
observations that are consistent with our present understanding of atomic, nuclear and particle
physics are the Cosmic Microwave Background (CMB) radiation and Big Bang Nucleosynthesis
(BBN).

In this chapter, we focus on two features of the Universe that are inconsistent with the SM:
dark matter (DM) and the Baryon Asymmetry of the Universe (BAU). Unlike the case of neutrino
masses, it is not enough to consider higher dimension terms in order to simply explain these
inconsistencies. New degrees of freedom have to be introduced in order to explain the relevant
observations. In both cases, the prospects of directly probing the new physics in future experiments
are unclear. Some of the candidate theories introduce degrees of freedom with masses that are

below, or not much higher, than the weak scale, and which can, in principle, be directly discovered
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in experiments. Other candidate theories involve very heavy new particles and thus demonstrate
that directly probing the solutions to these puzzles may be beyond the reach of direct experimental
probes.

To follow the particle physics aspects of this section, some knowledge of cosmology is needed.

We provide a very basic introduction to cosmology in Appendix [15.A]

15.2 Dark Matter

The term “Dark Matter” (DM) refers to massive particles with the following properties:
e Stable or, at least, have lifetimes that are much longer than the age of the Universe.

e Interacting weakly, or not interacting at all, with the SM particles. Specifically, they carry

neither color nor electromagnetic charge.

15.2.1 The observational evidence

The evidence for DM comes from astrophysics and cosmology. There is a variety of relevant
observations, and they span a variety of scales, from galaxies to the universe as a whole.

(1) Rotation curves in galaxies. Stars at distance r from the center of a galaxy have a rotational
velocity v, given by
o2 = G ). (15.1)

" r

where Gy is the Newton constant, and M (r) is the mass of all objects within the radius r assuming
that the mass does not depend on the angular coordinates. Let us define a radius R within which
the bulk of the mass of the galaxy is contained. The rotational velocity of stars further away, at
r > R, falls off as v? o< 1/r. Observations, however, are inconsistent with this expectation. When
we take R to be the radius within which the bulk of the luminous matter in the galaxy is contained,
we observe that v,.(r) is roughly a constant for stars much further away from the the core of the
galaxy. This can be explained if M (r) o< r at these distances, which requires that, in addition to
the luminous matter in the core of the galaxy, there is a halo of dark matter, with mass density
p(r) o< 1/r2. (Of course, at some even larger radius, the mass density must fall much faster to be
consistent with a finite mass of the galaxy.)

(74) Gravitational lensing. Massive objects warp spacetime around them, causing light to
deflect. As a result, light from distant sources bends when passing near massive objects. Strong
lensing allows light from a distant source to arrive at observers on Earth after traveling in multiple
different paths. Consequently, a source can appear as, for example, an Einstein ring. The radius-
squared of the ring is proportional to the mass inside it. Even the much more common, but less

dramatic, weak lensing distorts light sources in a way that allows us, statistically, to map the mass
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distribution between these sources and Earth. Thus, gravitational lensing measures the total mass
of various objects. In some cases, the result is that the luminous mass accounts for only a small
part of the total mass. A prime example of evidence for DM is the Bullet Cluster. It actually
consists of two clusters that have collided. We observe components of the Bullet Cluster in three
different ways: the galaxies via optical images, the hot gas via X-ray, and the mass distribution
via gravitationally-lensed images of background galaxies. The combination of these observations
implies that there is a significant component of DM in the Bullet Cluster.

(74) The cosmic microwave background (CMB) and the large scale structure. Measurements of
anisotropies in the CMB and of the distribution of galaxies, when fitted to cosmological parameters,

provide quantitative information on the energy density of DM:

OQpy = 0.26 £ 0.01, (15.2)
about five times larger than the energy density of baryonic matter,

Qp, = 0.048 + 0.001. (15.3)

Another feature of DM, deduced from the analysis of structure formation in the Universe, is that
most DM should be “cold”, that is, non-relativistic at the start of galaxy formation.
We conclude that there must exist DM, but since we observe it only though its gravitational

effects, the question remains of what particles constitute the DM.

15.2.2 Neutrinos cannot be the DM

The vSM does have DM particles among its list of elementary particles. These are the neutrinos,
which carry neither color charge nor electromagnetic charge, and are stable on the cosmologi-
cal scale. Can they constitute the dark matter of the Universe? The answer is negative. We
present three reasons for this answer, each related to a different scale: the Universe, the large scale
structure, and galaxies.

(i) Cosmology. Due to the weak interactions, neutrinos have been in thermal equilibrium

at high enough temperature. Thus we can calculate their number density today and find [see

Question [15.2]:
[n()lo _ 3

e 11 [n(v;)]o ~ 110/cm?, (15.4)

where we use [n,]o & 410/cm®. The neutrino contribution to the mass density of the universe is
given by

_iman(wi)]o
==
Within the currently allowed range for neutrino masses, the maximum contribution arises in case

Q, (15.5)

that the neutrinos are quasi-degenerate, with masses at the experimental upper bound of m, <1

285



eV for each mass eigenstate [see Eq. (14.63])]. In that case we have

> my

Q, =0.07
% 3eV

If the neutrino masses are hierarchical with normal ordering, ¥m, ~ 0.06 eV and €2, ~ 0.005 2p;.
We conclude the neutrinos cannot be the dominant component of the DM.

(1) Galaxy clusters. The large scale structure implies that most of the DM particles should
be cold, that is, non-relativistic at the time of structure formation. Neutrinos, however, constitute
hot dark matter, that is, they were relativistic at the time of structure formation. Thus, neutrinos
cannot constitute a dominant component of the DM.

(7i1) Galaxies. The Tremaine-Gunn bound is a generic lower bound on the mass of fermionic
DM. The idea is that the lighter the DM is, the larger the number of particles needed to get the
required total mass. For fermions, the higher the density is, the more high energy states occupied.
For a small enough mass, the DM particles occupy states with a velocity that is larger than the
escape velocity of the galaxy, and these states are not confined to the galaxy. The lower bound is
given by

m(fermionic DM) > 70 eV. (15.7)

Given that m, < 1.1 eV [see Eq. (14.63)], neutrinos are excluded from being the DM at the galactic

scale.

15.2.3 The ySM

Given the arguments above, the DM particles must come from beyond the list of SM particles.
There are many different theoretical ideas as to what the DM particles can be and what mechanism
determines their relic abundance. The most intensively studied class of models has been that of
weakly interacting massive particles (WIMPs). (“Weak” refers here to an interaction that is of
strength similar to the SM weak interactions, and not necessarily to W- or Z-mediated interaction.)
In this section, we explain the motivation for WIMPs as dark matter particles. We do so by
presenting a specific effective WIMP model that we call the ySM.
The xSM is defined as follows:

(1) The symmetry, and the pattern of spontaneous symmetry breaking, are as follows:

SU(?))C X SU(Q)L X U(l)y X ZQ — SU(?))C X U(l)EM X ZQ. (158)

(77) All the SM fields are even under the Z symmetry.

(77i) There is a single real scalar field beyond the SM which is odd under the Zy symmetry:
¥(1, Do, (15.9)

286



The xSM has the same gauge group, the same pattern of spontaneous symmetry breaking, and the
same fermion content as the SM. Since all SM fields are even under the Z; symmetry, all the terms
that appear in the SM Lagrangian appear also in the ySM Lagrangian. The ySM Lagrangian has,

however, several additional terms. These are all the terms that involve the y field. We can write:
[’XSM = Lsm + LX' (15.10)

The most general form of the renormalizable terms in £, is the following:

1 1 1
'Cx = 5(8;0()(3”)() - 9 1

where ¢ is the SM Higgs field and m,, is the mass of x. We assume that A\, > 0, to ensure that x

7z
m2x® = <At — 7X¢x2¢T¢, (15.11)

does not acquire a VEV. We are interested in the interactions between y and the SM fields, which
is given by Z,,
The x particle is a DM candidate:

e [t is stable. The reason is that it is the only and, in particular, the lightest Z,-odd particle.

e [t carries neither color nor electromagnetic charge.

What remains to be understood is whether the parameters of £, can lead to the observed relic

abundance, as quoted in Eq. (15.2)).
Let us follow the time evolution of the number density of xy. We assume that it has been

in thermal equilibrium in the early Universe. There are three relevant parameters: The number
density, n,, the annihilation cross section of y-pairs into SM particles, 04, and the temperature-
dependent Hubble constant, H. The condition for freeze-out, Eq. , is I'; = H, where in our
case, I'; = n, (04vy) (v, is the relative velocity of the incoming x particle) and we consider only

the case where Tr < m,. We distinguish three stages:
1. T > m,. The number density of y is equal to the equilibrium number density [see Eq. ]:
n, o< T°. (15.12)
2. Tp <T < my. When T falls below m,, but before freeze-out, the number density is equal
to the equilibrium number density, and is exponentially suppressed [see Eq. ]:
ny o< (my T)** exp(—my /T). (15.13)

3. T < Tg. At freeze-out, we roughly have

T2
F ~H~ L 15.14
ny (T4Vy) p— ( )

Later, the number density n, is only diluted by the expansion of the Universe

n (T < Tp) o< T. (15.15)
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To obtain the current energy density of y, it is convenient to consider the ratio ,09( / pg. At
T, the photon number density is n5 o« T3. For T < Tr, the number densities of both the DM
particles and photons scale like 7% but, in addition, the photon energy scales like E, ~ T. We

further use the fact that Tx/m, is approximately independent of m,. We obtain:

'0% ~ pgTF x ; (15.16)
S pE Ty Tomp (0avy)
We learn that the observed energy density of the DM provides a measurement of the y annihilation
cross section, such that (o4v,) o< 1/(Tymp). When inserting the numerical factors that are implicit
in the above evaluation, and relaxing some of the simplifying assumptions, the result is
Q, _ 1Ipb (20 TeV)™?
026 (oavy)  (oavy)

(15.17)

where pb stands for a picobarn.
We can translate Eq. (15.17)) into a requirement on the xSM parameters. Using 04 = o(xx —

$¢') and assuming my > my,, we obtain [see Questions [15.3, and in particular Eq. (15.58)]

1 Z>2<¢
= ——. 15.18
<UAUX> 167T 3( ( )
Eq. (15.17)) then gives
T~ 3 TeV. (15.19)

X¢
A few comments are in order:

1. Our working assumption that m, > my, is satisfied as long as Z,, is not tiny.
2. The required cross section indicates that m, /Z,4 is not far above the weak scale.

3. The required annihilation cross section for the DM is of the order of weak interaction cross
section. This intriguing coincidence is known as “the WIMP miracle.” It might indicate that
the physics of the DM is related to the weak scale and, in particular, to models that aim
to solve the Higgs fine-tuning problem. Yet, given the absence of experimental evidence for

new degrees of freedom at the TeV scale, it is still unknown whether this is the case.

4. The xSM, and many other DM models, predict new states that are at the weak scale. These
models motivate a large variety of experimental searches. Thus, the search for DM is a field

of intensive experimental activity.

15.3 Baryogenesis

There is more matter than antimatter in the Universe. All structures in the observable Universe
— stars, galaxies, clusters — are made of matter particles: protons, neutrons, and electrons. Anti-

matter particles (in short, “antiparticles”) come only from late time processes and do not make
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any structure. This inequality between the number densities of matter particles and antiparticles
is called, in the physics jargon, “baryon asymmetry”. Baryogenesis refers to dynamical generation
of the baryon asymmetry. As we discuss in this section, baryogenesis via SM processes cannot

explain the observed baryon asymmetry, which must then come from BSM processes.

15.3.1 The observational evidence
The baryon asymmetry of the Universe (BAU) is usually expressed as a ratio of number densities:

ng —np
np = ——L| =(6.2140.16) x 1071°. (15.20)
ny
Here np, ng, and n., are the number densities of, respectively, baryons, antibaryons, and photons.
An equivalent way of presenting the asymmetry is in terms of the baryonic fraction of the critical
energy density:

Qp = 0.0493 £ 0.0006. (15.21)

The value of the baryon asymmetry of the Universe is inferred in two independent ways. The first
way is via Big Bang Nucleosynthesis (BBN). This chapter in cosmology predicts the abundances
of the light elements, H, D, 3He, “*He, and "Li. These abundances depend on a single parameter,
which is ng. The second way is from measurements of the cosmic microwave background (CMB)
radiation. The fact that the two determinations agree gives much confidence in the value of the
BAU.

As concerns leptons, the electron asymmetry should cancel the proton asymmetry, to guaran-
tee the observed electromagnetically neutral Universe. The total lepton asymmetry is, however,
unknown, since the primordial neutrinos (the cosmic neutrino background, CvB) have not been
observed to date. Moreover, if the neutrinos are Majorana fermions, it is not clear how to define
the lepton asymmetry, since lepton number is not a conserved quantity.

Standard cosmology implies that the Universe has started from a state with equal numbers
of baryons and antibaryons. In particular, both have vanishing number densities at the end of
inflation. It follows that the BAU must have been generated dynamically, a scenario that is known

by the name of baryogenesis.

15.3.2 Sakharov conditions

Sakharov formulated three necessary conditions for baryogenesis, that is for a dynamical generation

of a baryon asymmetry:

1. Baryon number violation: If baryon number were conserved — AB = 0 in all processes —
then a Universe that starts with np = 0, namely total baryon charge zero, will remain with

np = 0 at all times and, in particular, cannot evolve into a state with ng # 0.
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2. C and CP violation: If C' and/or C'P were conserved, then processes that change baryon
number by AB would proceed at the same rate as the C- or C'P-conjugate processes, which

change baryon number by —A B, resulting in no net asymmetry.

3. Out of equilibrium dynamics: In thermal equilibrium, processes that generate a baryon
asymmetry, and the inverse processes that erase this asymmetry, proceed at the same rate

and no net asymmetry is left.
These necessary ingredients are all present in the SM:

1. Baryon number is an anomalous accidental symmetry of the SM. Consequently, baryon num-
ber violating processes are forbidden at any order in perturbation theory but do occur non-
perturbatively via the so-called sphaleron processes. These processes involve nine left-handed
quarks (three of each generation) and three left-handed leptons (one from each generation).
They violate lepton number and baryon number by 3 units each, but conserve B — L. The
physics of sphalerons is an advanced QFT topic, beyond the scope of this book, and we do

not elaborate on it.

2. The SM violates C' as it is a chiral theory. The SM violates C'P via the phase in the CKM

matrix.
3. Departure from thermal equilibrium occurs at the electroweak phase transition (EWPT).
Quantitatively, however, the SM fails to explain the observed asymmetry:

1. Baryon number violation does not pose a problem. At zero temperature, the amplitude of
the baryon number violating processes is proportional to e 87°/9" which is too small to have
any observable effect. At high temperatures (7' > Tgwpr, where Tgwpr is the temperature
where the electroweak phase transition starts to take place, of order the weak scale), however,
these transitions are faster than the expansion rate of the Universe. Consequently, there is

no suppression of the baryon asymmetry due to B violation.

2. C'P violation provides a strong suppression. The baryon asymmetry of the Universe is a C'P
violating observable. As explained in Section CP violation in the SM is proportional
to Xcp, defined in Eq. . In fact, np is proportional to the dimensionless quantity
Xep/TEpr. Given the values of the quark masses and CKM parameters, one obtains a
suppression factor of order 10~2°. Thus, the KM mechanism cannot account for the observed
baryon asymmetry of ng ~ 107°. We learn that baryogenesis implies that there must exist

new sources of C'P violation, beyond the phase of the CKM matrix of the SM.

3. The non-equilibrium condition provides another source of suppression. For successful baryo-

genesis, the EWPT should be first order, which could have been the case if m; were smaller
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than about 60 GeV. Given the experimental value, m;, ~ 125 GeV, within the SM the EWPT
is a smooth crossover, and most of the generated asymmetry is washed out. We learn that
baryogenesis implies that there must exist BSM physics that either provides an instance of
departure from thermal equilibrium additional to the EWPT, or modifies the EWPT itself.

We learn that baryogenesis requires extending the SM in two ways. BSM physics must introduce
new sources of C'P violation, and either provide a departure from thermal equilibrium in addition
to the EWPT, or modify the EWPT to make it first order. There are many proposals of how
to extend the SM such that successful baryogenesis is achieved. Below we briefly describe one of

them: baryogenesis via leptogenesis or, in short, leptogenesis.

15.3.3 Leptogenesis

The general idea of leptogenesis is that the BAU originates from processes in the lepton sector.
A lepton asymmetry is produced at temperatures above the weak scale, and the B + L-violating
sphaleron interactions convert a large fraction of it into a baryon asymmetry. Thus, any model of
leptogenesis above the week scale is also a model of baryogenesis.

Here we consider a specific model that can lead to successful leptogenesis: The NSM presented
in Section (14.3] For simplicity, we consider a two generation NSM and assume that My > v.
While the NSM is motivated by the seesaw mechanism for light neutrino masses, the addition of
the Yukawa (Y") and mass (M?) terms of Eq. has an additional intriguing consequence:
The physics of the singlet fermions Ny leads to leptogenesis. The three Sakharov conditions for
leptogenesis are fulfilled in the NSM:

1. Lepton number violation: Since lepton number cannot be consistently assigned to the Np
fields in the presence of both Y and M¥, the Lagrangian terms in Eq. (14.26)) violate L. .

2. C'P violation: Since there are irremovable phases in the Lagrangian of Eq. (14.26]), it provides

new sources of C'P violation.

3. Departure from thermal equilibrium: The interactions of the N; particles are only of the
Yukawa type. These interactions can be slower than the expansion rate of the Universe, in

which case the singlet fermions decay out of equilibrium.

Thus, in the NSM, all the conditions necessary for leptogenesis are qualitatively fulfilled. The
question of whether the NSM can successfully explain the observed baryon asymmetry is thus a
quantitative one.

We consider leptogenesis via the decays of N, the lightest of the singlet fermions N;. For

simplicity, we assume that the decay is into a single flavor «,
Ny — Lo, Ny — Lao'. (15.22)
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Figure 15.1: The diagrams contributing to the CP asymmetry ecp.

The baryon asymmetry can be written as follows:

NB = Tn X Csphal X Neft X €Cp- (15.23)
The four factors on the right hand side of Eq. (15.23]) represent the following physics aspects:

1. M = nn,/n, represents the number density of Ny at temperature T > M;, where they are

assumed to be in thermal equilibrium, and before they decay.

2. ecp is the C'P asymmetry in Ny decays. That is, statistically speaking, 1/ecp decays of Ny,

generate one more L than L’s.

3. e is the efficiency factor that encodes the deviation from thermal equilibrium. It reduces
the asymmetry by 0 < neg < 1. In particular, n.g = 0 is the limit of /V; in perfect equilibrium,

so no asymmetry is generated.

4. Cypnal describes the dilution of the asymmetry due to the processes which redistribute the

asymmetry that was produced in the lepton sector into the baryon sector.

These factors can be calculated, with ecp and 7.s depending on the Lagrangian parameters.

The final result can be written (with some simplifying assumptions) as
ng ~ 1072 neg €cp. (15.24)
The CP asymmetry is generated by the diagrams of Fig. We define x = M, /Ms. In the
small x limit we get

CT(Ny = Lad) —T(Ny = Log) 3z 1 Vo 12
O = T% o L) 1T, gt ~ Tox v T {0l 52

The washout effect is given by

1073 eV
Nefr ™~ = ¢ . (1526)
m
where m is given by

2

v
7= (YY) —. 15.27
m = ( )11 M, ( )

292



The plausible range for m is the one suggested by the light neutrino masses, 1072 — 1 eV (see

Chapter [14)).
Putting together Eqs. (15.24)), (15.25)), (15.26]) and (15.27]), we conclude that successful lepto-

genesis requires

My Im[(Y"TY¥)3,] 1073 eV
My  (YVTY"V)qy m
The condition in Eq. (15.28)) can be satisfied in a large part of the parameter space of the NSM,

simultaneously with fitting the neutrino mass and mixing parameters.

~ 1075, (15.28)

Leptogenesis, while theoretically a very attractive scenario, is very difficult to test experimen-
tally. The new degrees of freedom are heavy and have neither strong, nor electromagnetic, nor
weak interactions (except for the small mixing with the SU(2)-doublet neutrinos), and thus are
unlikely to be produced and detected in experiments. The idea of leptogenesis might remain a

plausible but unproven explanation of the baryon asymmetry.

15.4 Open questions

The SM, and its ¥SM extension, fail to account for dark matter and for the baryon asymmetry
of the Universe. Thus, particle cosmology provides clues for the theory that extends the vSM. A

large variety of experiments are seeking to shed further light on the relevant questions:
1. What is the nature — mass, spin, and couplings — of the DM particles?

2. What are the C'P violating source and the mechanism of departure from thermal equilibrium

that drive baryogenesis?

On the first question, there are three classes of experiments. Denoting a generic DM particle
by x, and a SM particle by v, direct searches look for signals coming from processes of the type
X + 1% — x + ¥, indirect searches look for signals coming from x + x — % + %, and collider
experiments look for signals coming from ¥ + 1 — x + x.

On the second question, experiments that seek to find further clues for leptogenesis aim to
establish C'P violation in the lepton sector via measurements of neutrino oscillations, and to
establish the Majorana nature of neutrino masses via neutrinoless double beta decay. Experiments
that seek to find clues for electroweak baryogenesis aim to find evidence of modified EWPT by
measuring Higgs couplings or searching for new DoF that couple to the Higgs boson, and to find

C'P violation in processes involving the Higgs boson.

For further reading

There are many textbooks and reviews about cosmology. Here are a few examples:
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More details and rigorous derivations of general results in particle cosmology are presented
presented in Refs. [49, 50, 51}, 52] 53], H4].

For a review of DM, see Ref. [55].
For a review of neutrinos in cosmology, see Ref. [50].

For a review of leptogenesis, see Ref. [57].
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Appendix

15.A Introduction to cosmology

In this Appendix, we briefly review some basic ingredients of cosmology that are relevant to
particle physics. In particular, we focus on issues that are needed in order to follow our discussion
of baryogenesis and of dark matter in the main text.

The Big Bang model of cosmology is by now well established. It is based on the observation that
the Universe is expanding, from which it follows that the early Universe was dense and hot. This
implies that for cosmology we should use the tools of classical general relativity, thermodynamics,
and statistical mechanics.

The relevant “chronological” history of the Universe starts in an epoch of inflation, during
which almost all the energy in the Universe was stored in a field called the inflaton. Inflation ends
by reheating, where the energy stored in the inflaton field converts into the known (and maybe
some yet unknown) particles that were in thermal equilibrium at a very high temperature. The
highest temperature is called the reheat temperature, Try. The value of this temperature must be
above a few MeV, and can be much larger. We assume my, < Try < Mp).

Particle physics starts to play a significant role after reheating. All the known particles were
in thermal equilibrium at 7' > myy,, and therefore the time evolution of their number and energy
densities is independent of the initial conditions. This fact makes cosmology very predictive. As
far as particle physics is concerned, the details of inflation are unimportant.

After reheating, the Universe expanded and cooled. At various times (or, equivalently, tem-
peratures), particles dropped out of equilibrium. The unstable particles decayed and the Universe
evolved into its present state, with protons, neutrons, electrons, neutrinos, photons, and probably
at least one more type of particle, called dark matter, whose exact properties are yet unknown.

The more formal discussion below aims to obtain the number densities of particles in the
Universe. These number densities depend on the particle interactions, hence the connection to
particle physics. In Section we discuss the metric of the universe, as that is our tool to
incorporate the expansion. In Section we use thermodynamics to calculate the densities.



15.A.1 The dynamical metric

In principle, given the matter and energy distribution in the Universe, one can derive the metric of
the Universe as a solution of Einstein equations. In practice, this is an impossible task for general
mass and energy distributions. What makes this derivation feasible are two assumptions about
these distributions: homogeneity and isotropy in space. While these may seem unjustified based
on local observations which show a lot of structure, they do provide a very good approximation at
scales above 100 Mpc. With these approximations, we can determine the metric of the Universe
that is valid at large scales, which is what is relevant for cosmology.

In general the geometry of the universe can be open, flat, or closed. Inflation predicts, and
observations confirm, that the Universe is very close to flat. The metric for a homogeneous,

isotropic and flat Universe is given by
ds® = —dt’ + a*(t) |da® + dy? + d=*], (15.29)

where a(t) is called the scale factor. By definition, a(ty) = 1. (In cosmology, subindex zero

indicates “at present time.”) The effect of the expansion is entirely encoded in the scale factor

a(t). From this point on, we usually keep the time dependence of various parameters implicit.
We define the Hubble constant:

a
H=-. 15.30
: (15.30)

Since H is time-dependent, the term “Hubble constant” is somewhat misleading. It is, however,
space-independent. One often replaces H with the dimensionless parameter h:
Hy
100 km/(s Mpc)’

where Hj is the present-day Hubble constant. Observations find h ~ 0.7.

h (15.31)

The energy density of the Universe has contributions from radiation, matter, and vacuum
energy. The dependence of the energy density pxy (x = r,m,v for radiation, matter, vacuum,

respectively) on the scale factor is different for each of these three components:

3 matter,
"withn =44 radiation, (15.32)

0 vacuum energy.

pPx X a

“Matter” refers to non-relativistic species, in which case n = 3 is a simple geometrical factor.
“Radiation” refers to ultra-relativistic particles (either massless or not), in which case there is an
extra factor of 1/a due to the red-shift of the energy. “Vacuum energy” refers to the case of no
dilution. This case does not correspond to known particles but, for example, to the cosmological
constant.

7

The total energy density of a flat Universe is called “the critical density,” and is given by

3H?
pC - 87_(_GN7

(15.33)
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where Gy is the Newton constant. Numerically, the present critical density is given by

pe = 10.53672(24) h* keV cm ™. (15.34)
We define
Q=" a=Ya. (15.35)
Perit i

For a flat universe €2 = 1. In this case we can invert the relation of Eq. (15.33]) and obtain H as a

function of the critical density:
. 87TGN Pc

3
Thus, the energy density determines the expansion rate H.

H? (15.36)

Due to the different time dependencies for the various components, {2; changes in time even
though € = 1 does not. Specifically, as time goes on and a increases, (2, and €, decrease (the
former faster than the latter), while €2, increases correspondingly to keep {2 = 1. Observations

imply the following present values:
Q, ~54x107°, O, ~ 0.31, Q, ~ 0.69. (15.37)

Given a situation where the Universe has only one dominant component, the solution for a(t)
is simple: a(t) oc t?/3 for matter domination, a(t) o t'/2 for radiation domination, and a(t) o ef*
for vacuum energy domination. In all cases, a(t) is a monotonic rising function of ¢, that is, the
Universe is expanding.

For completeness we also mention the equation of state which gives the relation between the
energy density p and the pressure p:

P =wp, (15.38)
where w = n/3 — 1 with n defined in Eq. (15.32) and thus

w=1/3,  wn=0, w,=-1 (15.39)

15.A.2 Thermodynamics in the Universe

It is possible to calculate the relic abundance of all particles that have been in thermal equilibrium
at some stage of the history of the Universe. (By relic abundance we refer to the present number
density.) This applies to all particles with m < Tgry and large enough couplings and, in particular,
assuming that Try > myy, to all the SM particles.

The momentum distribution of a specific type of particle in thermal equilibrium is given by

1
flp) = S E()—pl/kT 1’

(15.40)

297



where the plus (minus) sign corresponds to fermions (bosons), k is Boltzmann factor, and p is the
chemical potential which corresponds to an asymmetry between particles and antiparticles. The

number and energy densities are given by

ni= oy | 0 = [ BOLG)E, (15.41)

where g; is the number of DoF. Given Eq. (15.32)), it is clear that early enough the Universe
was radiation dominated. In that era, the total energy density is given by the energy density in
relativistic particles. We obtain [see Question [15.1]

2
m
p=2p=350:T" (15.42)

where g, counts the effective number of relativistic degrees of freedom that are in thermal equilib-
rium,

7
9= 2. 9tg D 9 (15.43)

bosons fermions
Using Eq. (15.36)), we obtain a relation between the expansion rate and the temperature in the

radiation dominated era,
_ 8m°Gng,

90
We are interested in the relic abundance of stable particles, and distinguish the cases that

H? T (15.44)
i; = 0 and p; # 0. The pu; = 0 case applies when there is no asymmetry between particles and
antiparticles (or when the asymmetry can be neglected). In particular, it applies to particles that

are their own antiparticles (such as the photon or Majorana neutrinos). For high temperatures,

T > m;, the number density at thermal equilibrium is given by
3
n; = Kgi%)Tﬁ‘, (15.45)
7T

where K = 3/4(1) for fermions (bosons), and the Riemann zeta function has the value of {(3) ~ 1.2.

For low temperatures, 7" < m;, the number density at thermal equilibrium is given by

ni = g <WS;T>3/2 e milT, (15.46)
The exponential suppression of the number density when T" < m; is called “Boltzmann suppres-
sion”.

The p; # 0 case applies when there is an asymmetry between particles and anti-particles. We
limit our discussion to fermions that carry a conserved charge. In this case, the excess (summed
over all particles carrying the relevant charge) is only diluted by the expansion of the Universe.
Assuming there is just one type of particle that carries the charge, we obtain
gilt;

6

(15.47)

An;, =n; —n; =
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In case that the “would-be” number density for the p; = 0 case is much smaller than the asymmetry
(n;(u; = 0) < Any), then all the antiparticles (which, by definition, have smaller number density
than the particles) annihilate, and An; = n;.

The next step is to obtain the number density of particles after they drop out of thermal equi-
librium. While dropping out is a gradual process, which can be followed by solving the Boltzmann
equations, it is often a good approximation to think of the transition from thermal equilibrium to
complete decoupling as instantaneous. We define (see below) a freeze-out temperature, Tr, such
that for T' > Tr we take the number density to be that of thermal equilibrium, while for T" < Tg
the number density is diluted only by the expansion of the Universe.

The transition from equilibrium to decoupling depends on the interplay between the strength
of the interaction and the expansion of the Universe. We define the interaction rate of particle ¢
as [';. There are two kinds of interaction: scattering and decays. For decays, I'; corresponds to

the decay width of the particle. For scattering,
Fi = Z n; <Uijv> s (1548)
J

where n; is the number density of the particle j on which 7 scatters, o;; is the cross section of the
scattering process, and v is the typical relative velocity between ¢ and j. The cross section, in
general, depends on the specific energies of the particles that collide, and thus we average over it.
We use (...) to indicate thermal averaging.

The freeze-out temperature is then taken as the temperature at which
Ly(Tp) = H(Tk). (15.49)

The intuition is that for I'; > H the expansion can be neglected and thus a particle is at equilib-
rium. In the opposite limit, I'; < H, the typical time between interactions is longer than the age
of the Universe. Another way to understand the choice of Eq. as the definition of freeze-out
is to require that after freeze-out and until today, the number of interactions has been less than

one. The number of interactions is given by

j ¢ a I L
= [Tt = [T dtoga) = T (15.50)
F afF =tr

where, in the last stage, we assume that I'; and H do not have a very strong dependence on a.
The definition of the freeze-out time is ¢z such that nf, = 1.

We learn that the stronger the interaction, the lower is T and the smaller the relic abundance.
While the number density depends strongly on the scattering cross section, the temperature is not

very sensitive to it. For interaction strength of the order of the weak interaction, we have
T ~m/20, (15.51)
with only logarithmic sensitivity of T% on I';.
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After freeze-out, the momentum distribution for a stable particle is given, to a good approxima-
tion, by Eq. , but with T" as a parameter that is not the temperature in the thermodynamic
meaning of the word. At present, the temperature of the photons, usually called the temperature
of the Universe, is given by Ty = 2.7255(6) Kelvin. This temperature is just the parameter that
characterizes the distributions. Note also that after decoupling, and with the above understanding
of temperature, various stable particles can have different temperatures.

The freeze-out condition shows explicitly where particle physics plays a role: It is the decay
rate and the scattering cross section that eventually determine the number densities of particles.

Measuring the relic abundance is a probe of the interaction rate, that is, of particle physics.

15.A.3 Observables

There are several observables that are used to determine the cosmological model and its parameters.
Here we briefly list the ones that are used to determine the relevant number and energy densities.

(1) Cosmic Microwave Background (CMB). When the temperature of the Universe dropped
below about 1 eV, neutral atoms formed. At that point, the radiation, which had been in thermal
equilibrium with the plasma at earlier times, freezed out, and follows its blackbody spectrum until
today. These photons have been observed, providing pivotal evidence for the Big Bang theory. The
CMB encodes a lot of information. In particular, there are very small, O(107°), deviations from a
perfect isotropic blackbody spectrum. These deviations are sensitive to the details of the Universe
when the photon freeze-out occurred. Examples that are relevant for us include sensitivity to the
energy density of dark matter, Qpy, to the ratio of baryon to photon number densities, ng, and
to neutrino masses, »_; m;.

(77) Big Bang Nucleosynthesis (BBN). At very high temperatures, neutrons and protons were
in a plasma with almost identical number densities. When the temperature dropped below about 1
MeV, two processes began to take place. The neutrons started to decay, and protons and neutrons
started to form bound states. Detailed calculations show that almost all the neutrons that did not
decay ended up in *He, with much smaller amounts of D, 3He, and “Li. The relic number densities
of these light elements depend on a single parameter, which is 7p.

(17i) Large scale structure (LSS). At large distance scales, we expect the Universe to be isotropic
and homogeneous. At smaller scales, we do have structure: galaxies and clusters. To probe the
structure of the Universe, surveys of galaxies are performed and their distributions extracted.
This provides information about the deviation from isotropy and homogeneity, which is sensitive
to parameters like the velocity of the Dark Matter.

(1v) Supernova Survey. Far away Supernovae provide another class of cosmological observations.
Since the intrinsic luminosity of supernovae is known, they can be used, to a good approximation,
as standard candles. Using their redshift, one can also measure their velocity and thus check the

distance-to-velocity relations. This dependence can be used to extract the fraction of dark energy
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in the Universe, €2,.
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Problems

Question 15.1: Algebra

1. Using Eq. (15.14)), derive Eq.(|{15.16]).

2. Derive Eq. ((15.50)):
t, ao T,
/OF,-(t)dt: / ’ Z}(;L)d(loga). (15.52)

tp ap

3. Explain the factor of 7/8 in Eq. ((15.43]). To do so, show that the energy density per fermionic

degree of freedom is 7/8 that of a bosonic one. It is useful to recall the following identity:
/Ood " ! /ood " (15.53)
x = x : :
0 e*—1 (1—-27)Jo e +1

4. Using Egs. (|15.40)), (15.41), and (15.53)), and

00 (n)
/ de—2— —nl x ((n+1) (15.54)
0 et —1

with ¢(3) ~ 1.2, ¢(4) = 71/90, derive Egs. (15.42) and ((15.45)).

Question 15.2: The neutrino temperature

In this question, you are asked to derive Eq. (15.4]). At very early times, the neutrinos and
the photon were in thermal equilibrium with each other and with other DoF. Then the neutrinos

decoupled, and later the remaining degrees of freedom. This chain of events led to T, # T,.

1. Neutrinos decouple at a temperature 7, when I'iyyy ~ H ~ T 2/mp;. The neutrino cross
section is given by (ov) ~ G%T? and the neutrino number density is given by n ~ T3 [see
Eq. ] Thus, Ty = n(ov) ~ GZT°. Find T, r in terms of Gr and Mp;. Show that
numerically 7, r ~ 1 MeV.
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At T, p, the photon and the neutrino temperatures are the same, 7, = T,. Below T, r, the

1

neutrinos are diluted by the expansion of the Universe: T, ~ a~'. The photon temperature,

however, goes through a more complicated evolution that has to do with ete -annihilation.

2. Show that, after ete -annihilation (at temperature Tp .n, ~ m.), the effective number of

DoF changes from g = 11/2 to g = 2.

3. For particles in thermal equilibrium at that era, g(aT)® remains constant (where g is the
effective number of relativistic degrees of freedom). Show that this implies that a7, increases

by (11/4)/3 as a result of eTe~ annihilation.

4. Derive Eq. (15.4)), that is, show that today

T 11\'/3
70 _ () ~ 140 — T~ 1.95 K. (15.55)
T, \1 :

Use T, o =~ 2.73 K.

Question 15.3: The WIMP cross section

Consider the xSM and the Lagrangian in Eq (15.11). We study the xx — hh scattering process.
We assume that m, > my, that is, we set m; = 0 in the calculation. We further consider the case

of non-relativistic collision, that is, in the center of mass |p) | < m,.

1. There are three tree-level diagrams for the yxy — hh process: one with a Higgs propagator,
one with a y propogator, and one without any propagator. Draw them and argue that the
diagrams with propagators can be neglected.

2. Show that )

4 X9

— hh) = ——.

(15.56)

Remember to include symmetry factors due to Wick contractions and due to outgoing iden-

tical particles.

3. Consider all the processes of the form x + x — fsm+fsm where fgu is a SM particle, and
argue that the most important ones are yx — hh, xx — W W™, and yx — ZZ.

4. Show that, within our approximation,

ov = ZO’(XX — fomfsm)v =~ do(xx — hh)v, (15.57)
and thus that e
1 X¢
= — X 15.58
(70) = s (15.5%)

Note that, when ov is independent of the kinematics, ov = (ov).
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5. Using the required value of (ov) of Eq. (15.17)), find m, /Z,,, that is, verify Eq. (15.19).

Question 15.4: Leptogenesis

In this question, we discuss some of the properties of the CP asymmetry that is generated by

the decay of Ny, Eq. ((15.25)).

1. Work out the dependence on the Yukawa couplings separately for the numerator and the
denominator in Eq. (15.25)). What assumptions did you have to make in order to recover the

result of Eq. (15.25))7

2. The CP asymmetry vanishes as My — oo. This seems to contradict two examples that we
study where loop effects grow with the mass of the internal fermion, EWPM [see Eq. ]
and the GIM mechanism for FCNC [see section [13.2]. Explain the difference between the
three cases, that is, explain why for leptogenesis the effect decreases with the mass of the

internal fermion, while in the EWPM and the GIM mechanism cases it increases.

304



What’s Next?

By the time you read this chapter, you should have gained a basic understanding of the Standard
Model and, in particular, the underlying principles that are used to construct it, and the many
ways in which it has been tested. All the SM particles have been directly observed, and all the SM
parameters have been measured (albeit with various degrees of precision). Given the SM numerous
successes, one must ask: What is next in our experimental and theoretical endeavors to understand
the basic laws of Nature?

The search for a more fundamental theory is motivated by the few problems that experiments
and observations pose, and by the curiosity-driven quest to explore new territories (that is, short
distances and high energies). Inspired by these motives, the research in high energy physics has
to proceed in a coordinated way in both the theoretical and the experimental fronts.

On the experimental side, we can roughly divide the efforts into three complementary “fron-

tiers”.

1. The energy frontier: By having colliders with higher energy, we are hoping to find new
particles with masses that are beyond the reach of current colliders, but within the reach of
future ones. At the time of writing of this book, the highest center of mass energy achieved
at colliders, 13 TeV, is at the LHC. There are plans to build a more powerful accelerator,
with up to 100 TeV in energy. Clearly, discovering new elementary particles will be a clean
indication of BSM physics and will provide direct information about the new particles and

their couplings. This information can be then used to find the BSM theory.

2. The luminosity frontier: By having higher luminosity and collecting more data, we can
improve the precision on the rates of various processes, as well as measure for the first time
processes that are more rare. If theoretical precision matches the experimental one, we can
probe in these ways small deviations from the SM predictions. Discovering such derivations
will signal BSM physics. While such information will not be directly related to particles and
their couplings, the reach — in terms of high energy and small distance — is much higher

than that of direct searches.

3. The astroparticle frontier: By looking into cosmology and astronomy, we hope to find answers

to questions like the nature of the DM and the mechanism of baryogenesis. Experiments are

305



looking for detection of the DM, as well as other cosmological parameters, with the goal of
improving our understanding of astrophysical events and of cosmology, and at the same time

searching for BSM physics.
On the theory side, the effort can also be divided into three main directions of research:

1. Model Building: There is an effort to come with new models that address the open questions
of the SM. By doing so, one can make testable predictions. In particular, it can lead to new

experiments as well as new analyses within the working experiments.

2. Higher precision calculations: In many cases, in order to benefit from more precise measure-
ments, we need higher precision calculations. In other words, the precision of the theoretical
calculations should match the experimental precision. Some of these calculations are done
perturbatively, that is by going to higher loops, or non-perturbatively, by using EFTs or on
the lattice.

3. New experimental probes: One can suggest new ways to test the SM in regions of parameter
space that have not yet been explored, without a framework of a specific BSM theory. Thus,
one can hope to find anomalies in the data that will provide hints for BSM physics even

without the guidance of a specific theory.

We do not know what will lead us to the next stage. Based on the history of physics, we hope,
however, that sooner or later a deeper theory that extends the SM will emerge. While the SM
itself is a very beautiful theory, based on symmetry principles, we await with much curiosity to

the wonders of the next level of understanding the basic laws of Nature.
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Appendix A

Lie Groups

Symmetries play a crucial role in model building. You are already familiar with symmetries and
with some of their consequences. For example, Nature is symmetric under the Poincaré group,
which implies conservation of energy, momentum and angular momentum. In order to understand
the interplay between symmetries and interactions, we need a mathematical tool called Lie groups.
These are the groups that describe all continuous symmetries. In the following, we give definitions
and quote various statements without proving them. There are many texts about Lie groups where

these statements are proven and more details are given.

A.1 Groups

Definition: A group G is a set {x;} (finite or infinite), with a multiplication law -, subject to the

following four requirements:

e Closure:
zi-x; €G YV z;, x;. (A.1)

e Associativity:

x; - (x5 - xp) = (- x5) - o, Yz, x5, T (A.2)
e There is an identity element I (or e) such that

e Bach element has an inverse element z;':

v =t =1 YV x;. (A.4)
A group is specified by its multiplication table.
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Definition: A group is Abelian if all its elements commute:

i Xj=T5-T4 A Ty Xj. (A5)

A non-Abelian group is a group that is not Abelian, that is, at least one pair of elements does not

commute.

Let us give a few examples:

Z, also known as parity, is a group with two elements, I and P, such that I is the identity
and P~' = P. This completely specifies the multiplication table. This group is finite and
Abelian. The multiplication table is

Z \ I P
I 1 P (A.6)
P I

Zn, with N a positive integer, is a generalization of Z5. It contains N elements labeled from
zero through N — 1. The multiplication law is the same as addition modulo N: z; - x; =
T(i+j)mod N- Lheidentity element is zy, and the inverse element is given by x; 1— T(N—i)mod N-

This group is also finite and Abelian.

Multiplication of positive numbers. It is an infinite Abelian group. The identity is the

number one, the multiplication law is just a standard multiplication and the inverse of x is
1/x.

S3, the group that describes the permutations of three elements. It contains 6 elements.
This group is non-Abelian. In Question you are asked to find the 6 elements and their

multiplication table.

A.2 Representations

Definitions:

A representation is a realization of the multiplication law among matrices.

Two representations are equivalent if they are related by a similarity transformation (that is

by a unitary rotation).
A representation is reducible if it is equivalent to a representation that is block diagonal.
An irreducible representation (irrep) is a representation that is not reducible.

An irrep that contains matrices of size n x n is said to be of dimension n.
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Statements:
e Any reducible representation can be written as a direct sum of irreps.

e The dimension of all irreps of an Abelian group is one. For non-Abelian groups, there is at

least one irrep that has dimension larger than one.

e Any finite group has a finite number of irreps R;. If N is the number of elements in the

group, the irreps satisfy
3 [dim(R;))* = N. (A.7)

%

e Infinite groups have an infinite number of irreps.

e For any group, there exists a trivial representation such that all the matrices are just the
number 1. This representation is also called the singlet representation. It is of particular

importance for us.
Let us give a few examples for the statements that we made here.

o 7y Its trivial irrep is I = 1, P = 1. The other irrep is [ = 1, P = —1. Clearly these two
irreps satisfy Eq. (A.7)).

e Zn: An example of a non-trivial irrep is xy = exp(i27k/N) with k =0,1,.... N — 1.
e S3: In Question you are asked to work out its properties.

The groups that we are interested in are transformation groups of physical systems. Such
transformations are associated with unitary operators in the Hilbert space. We often describe the
elements of the group by the way that they transform physical states. When we refer to represen-
tations of the group, we mean either the appropriate set of unitary operators or, equivalently, the

matrices that operate on the vector states of the Hilbert space.

A.3 Lie groups and Lie Algebras

While finite groups are very important, the ones that are most relevant to particle physics and, in
particular, to the Standard Model, are infinite groups. More specifically, the most relevant ones
are the Lie groups. They provide a formal way to discuss rotations is any real or abstract space.
The various groups correspond to rotations in different spaces.

Definition: A Lie group is an infinite group whose elements are labeled by a finite set of N
continuous real parameters oy, and whose multiplication law depends smoothly on the a;’s. The

number N is called the dimension of the group.
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Different groups have different N. Yet, the dimension of the group does not uniquely define it.
We discuss below the classifications of groups.

Statement: An Abelian Lie group has N = 1. A non-Abelian Lie group has N > 1.

The first example of an Abelian Lie group is U(1). It represents the addition of real numbers
modulo 27, that is, rotation on a circle. Such a group has an infinite number of elements that are
labeled by a single continuous parameter a. We can write the group elements as M = exp(ia) and

the multiplication law as
exp(ia) - exp(if) = expli(a + B)]. (A.8)

We can also represent the same group by M = exp(2i«) or, more generally, as
M = exp(iaX), (A.9)

with X real. Each X generates an irrep of the group. For U(1) we usually call X “the charge”
and often denote it by q.

We are mainly interested in compact Lie groups. We do not define this term formally here,
but we can use the U(1) example to give an intuitive explanation of what it means. A group of
adding with a modulo is compact, while just adding, without the modulo, would be non-compact.
In the former, if you repeat the same addition a number of times, you may return to your starting
point, while in the latter this would never happen. In other words, in a compact Lie group, the
parameters have a finite range, while in a non-compact group, their range is infinite. (Do not
confuse that with the number of elements, which is infinite in either case.) Another example is
rotations and boosts: Rotations represent a compact group while boosts do not.

Statement: The elements of any compact Lie group can be written as
M = exp(iaXy) (A.10)

such that ay are real numbers and X, are specific Hermitian matrices. This is the generalization of
the Abelian case, Eq. (A.9)), where X is a real number. We use the standard summation convention,

that is a, Xy, = >, ay Xy, and £ runs from 1 to N, that is the dimension of the group.
Statement: The inverse element of M of Eq. (A.10)) is

M = exp(—ia,X,). (A.11)

Definition: The X,’s are called the generators of the group.
Let us perform some algebra before we turn to our next definition. Consider two elements of a

group, A and B, such that in A only a, # 0, and in B only o3, # 0 and, furthermore, a, = o, = A:
A = exp(irX,), B = exp(iAXy). (A.12)

Since A and B are in the group, each of them has an inverse. Thus also
C = BAB'A™! = exp(if.X,) (A.13)
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is in the group. Let us take A to be a small parameter and expand around the identity. Clearly, if

A is small, also all the . are small. Keeping the leading order terms, we get

C = exp(iB.X.) ~ I +iB.Xe, C = BAB'A™' =~ T 4+ N [X,, X3]. (A.14)

In the A — 0 limit, we have

[Xa’Xb] = if(leXC7 fabc = f; (A15>

Note that fu. is independent of A (see Question |[A.2)) and, furthermore, while A and . are in-

finitesimal, the f,,.-constants do not diverge. This brings us to a new set of definitions.

Definition: fu. are called the structure constants of the group.
Definition: The commutation relations of Eq. (A.15))], [ X4, Xs] = i fapeXe, constitute the algebra
of the Lie group.

Definition: An algebra is trivial if f,. = 0 for all the elements. A non-trivial algebra is an

algebra that is not trivial.

Statements:

The algebra defines the local properties of the group but not its global properties. Usually,

the local properties is all we care about.
The algebra is closed under commutation.

Similar to our discussion of groups, one can define representations of the algebra, that is,
matrix representations of X,. In particular, each representation has its own dimension. (Do

not confuse the dimension of the representation with the dimension of the group.)
The generators satisfy the Jacobi identity

[Xa, [ X, Xe]] + [Xo, [Xe, Xa]] + [Xe, [Xa, Xo]] = 0. (A.16)

Each algebra has a trivial (singlet) representation: X, = 0 for all £. The trivial representation

of the algebra generates the trivial representation of the group.

Since an Abelian Lie group has only one generator, its algebra is always trivial. Thus, the
algebra of U(1) is the only Abelian Lie algebra.

Non-Abelian Lie groups have non-trivial algebras.

The generators of non-Abelian Lie groups are traceless.

The example of SU(2) algebra is well-known from Quantum Mechanics (QM):

[XayXb] = igachc- (A17)
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Here €4, are the structure constants of the SU(2) group. Usually in QM, X is called L, S, or J.
The three matrices S,, S, and S, for a given spin S correspond to a given irrep of SU(2). The
SU(2) group represents non-trivial rotations in a two-dimensional complex space. Its algebra is
the same as the algebra of the SO(3) group, which represents rotations in the three-dimensional
real space. (We discuss these names below.)

We should explain what we mean when we say that “the group represents rotations in a
space.” The QM example makes it clear. Consider a finite Hilbert space of, say, a particle with
spin S. The matrices that rotate the direction of the spin are written in terms of exponentials
of the S; operators. For a spin-half particle, the S; operators are written in terms of the Pauli
matrices. For particles with spin different from 1/2, the S; operators will be written in terms of
different matrices. We learn that the group represents rotations in some space, while the various
representations correspond to different objects that can “live” in that space.

There are three important irreps that have special names. The first one is the trivial — or
singlet — representation that we already mentioned. Its importance stems from the fact that it
corresponds to an object that is invariant under rotations. Rotation of a vector in a real space,
which is not a singlet, does change its direction. The magnitude of the vector, which is a singlet,
does not change under rotation.

The second important irrep is the fundamental representation. This is the smallest non-trivial
irrep. For SU(2), this is the spinor, or spin half, representation. An important property of the
fundamental representation is that it can be used to get all other representations. We return to
this point later. Here we just remind you that this statement is well familiar from QM. One can get
spin-1 by combining two spin-1/2’s, and spin-3/2 by combining three spin-1/2’s. Any non-Abelian
Lie group has a fundamental irrep.

The third important irrep is the adjoint representation. It is made out of the structure constants
themselves. Think of a matrix representation of the generators. Each entry, T is labeled by three
indices. One is the ¢ index of the generator itself, that runs from 1 to N, such that N depends
on the group. The other two indices, i and j, are the matrix indices that run from 1 to the
dimension of the representation. One can show that each Lie group has one representation where
the dimension of the representation is the same as the dimension of the group. This representation
is obtained by defining

(Xc)ab = —ifabe- (A-18)

In other words, the structure constants themselves satisfy the algebra of their own group. (See
Question for more details.) In SU(2), the adjoint representation is that of spin-1. In Ques-
tion you are asked to check that the €, is a set of three 3 x 3 matrices that is a representation
of spin 1.

Before closing this section we make several remarks about subalgebras and simple groups.

Definition: A subalgebra M is a set of generators that are closed under commutation.
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Definition: Consider an algebra L with two subalgebras L; and L, such that for any X € L
and Y € Lo, [X,Y] = 0. The algebra L is not simple and it can be written as a direct product:
L =11 x Ls.

Definition: A simple Lie algebra is an algebra that cannot be written as a direct product.

Since any algebra can be written as a direct product of simple Lie algebras, we can think
about each of the simple algebras separately. A useful example is that of the U(2) group. A U(2)
transformation corresponds to a rotation in two-dimensional complex space. This group is not
simple:

U2)=SU(2) xU(1). (A.19)

Think, for example, about the rotation of a spinor. It can be separated into two: The U(1)
transformation is a phase multiplication of the spinor. The SU(2) transformation is an internal

rotation that affects the two spin components differently.

A.4 Roots and Weights

In this section we discuss properties of the algebra and of the representations. From this point on,
we only consider irreps, and thus we do not distinguish anymore between a representation and an
irrep.

Definition: The Cartan subalgebra is the maximal commuting subalgebra.

In practice, we find it by first finding a basis where the number of the diagonal generators
is maximal. In this basis, the Cartan subalgebra is defined to be the subset of all the diagonal
generators. Obviously, these generators all commute with each other and thus they constitute a
subalgebra.

Definition: The number of generators in the Cartan subalgebra is called the rank of the algebra.
At times we also refer to it as the rank of the group.

Let us consider a few examples. Since the U(1) algebra has only a single generator, it is of
rank one. SU(2) is also rank one. You can make one of its three generators, say Ss, diagonal, but
not two of them simultaneously. SU(3) is rank two. We later elaborate on SU(3) in much more
detail.

Our next step is to introduce the terms roots and weights. We do that via an example. Consider
the SU(2) algebra. It has three generators. We usually choose S3 to be in the Cartan subalgebra,
and we can combine the two other generators, S; and S, to a raising and a lowering operator,
S* = 8) £iS5. Any representation can be defined by the eigenvalues under the operation of the
generators in the Cartan subalgebra, in this case S3. For example, for the spin-1/2 representation,
the eigenvalues are —1/2 and +1/2; For the spin-1 representation, the eigenvalues are —1, 0, and
+1. Under the operation of the raising (S*) and lowering (S™) generators, we “move” from one

cigenstate of S5 to another. For example, for a spin-1 representation, we have S~|1) o |0).
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Let us now consider a general Lie group of rank n.

Statement: Any representation is characterized by the possible eigenvalues of its eigenstates
under the operation of the Cartan subalgebra: |ey, ea, ..., e,).

Statement: We can assemble all the operators that are not in the Cartan subalgebra into
“lowering” and “raising” operators. That is, when they act on an eigenstate they either move it
to another eigenstate or annihilate it.

Definition: The weight vectors (or simply weights) of a representation are the possible eigen-
values of the generators in the Cartan subalgebra.

Definition: The roots of the algebra are the various ways in which the generators move a state
between the possible weights.

Statement: The weights completely describe the representation.

Statement: The roots completely describe the algebra.

Statement: The weights of the adjoint representation are the roots of the Lie algebra.

Note that both roots and weights live in an n-dimensional vector space, where n is the rank
of the group. The number of roots is the dimension of the group. The number of weights is the

dimension of the representation.

A5 SU©)

In this section, we review SU(2). The fundamental irrep can be explicitly written in terms of the

Pauli matrices, X, = 0,/2, with

0 1 0 —1 1 0
01:< >, 02:<. ), 0'3:< > (A20)
1 0 v 0 0 -1

The Pauli matrices are traceless, and only one of them is diagonal, as is expected given that SU(2)

has rank one. Given that, we can get the weight diagram of the fundamental representation. We

0 ()

and apply to them the generator in the Cartan subalgebra, X3. We find the two weights, £1/2,

take the two eigenvectors,

which can be drawn as

° °
~1/2 +1/2 (A.22)

The non-zero roots are the combination of generators that move us between the weights. Here

they are the known raising and lowering generators,

1
Xy =04/2, oy = 5(01 +i09). (A.23)



They change the weight by 41, so the root diagram has one zero root (correspond to o3) and +1,

and we can draw it as

® ® ®
~1 0 +1 (A.24)

This root diagram is also the weight diagram of the adjoint representation, also known as spin one.

A6 SU(3)

In this section, we review SU(3). It is more complicated than SU(2) and it allows us to demonstrate
a few aspects of Lie groups that cannot be demonstrated with SU(2). Moreover, it is relevant to
particle physics.

The case of SU(3) is a generalization of the case of SU(2). We can gain some intuition by
thinking about it as rotations in three-dimensional complex space. Similar to SU(2), the full
symmetry of these rotations is called U(3), and it can be written as a direct product of simple
groups, U(3) = SU(3) x U(1). The SU(3) algebra has eight generators. You can see it by recalling
that rotation in a complex space is done by unitary matrices, and any unitary matrix can be
written with an Hermitian matrix in the exponent. There are nine independent Hermitian 3 x 3
matrices. They can be separated to a unit matrix, which corresponds to the U(1) part, and eight
traceless matrices, which correspond to the SU(3) part.

Similar to the use of the Pauli matrices for the fundamental representation of SU(2), the

fundamental representation of SU(3) is usually written in terms of the Gell-Mann matrices,

X, = A/2, (A.25)
with
0 1 0 0 —i
A = (1 0 0], =11 0 ,
0 0 O 0 O
1 0 O 0 0 1
AM=10 -1 0], M=10 0 01,
0 0 0 1 00
0 0 — 0 0 0
=10 0 0], =10 0 11,
0 0 0 1 0
0 0 0 | 1 0 0
=10 0 —if, d=—7=|0 1 0 A.26
0 ¢« O V3 0 0 -2 | |

We emphasize the following points:
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1. The Gell-Mann matrices are traceless, as they should be.
2. There are several SU(2) subalgebras. One of them is manifest: A\;, Ay and As.
3. SU(3) is of rank two: A3 and Ag constitute the Cartan subalgebra.

Having an explicit expression for the fundamental representation in our disposal, we can draw
the weight diagram. In order to do so, we follow the steps that we applied for SU(2). We take the

three eigenvectors,

1 0 0
0], 1, 0], (A.27)
0 0 1

and apply on them the two generators in the Cartan subalgebra, X3 and Xg. We find the three

1 1 1 1 1
+o+—=, — 4+ —=, 0,——= | . A28
(oaa) (otaa) () A
We can plot this in a weight diagram in the X3 — Xg plane, see Question [A.5]

Once we have the weights we can obtain the roots. They are the combinations of generators

weights

that move us between the weights. The two roots that are in the Cartan are at the origin. The
other six are those that move us between the three weights:
1 3
LV ) (A.29)
2 2
You are asked to plot them in Question This root diagram is also the weight diagram of
the adjoint representation. In terms of the Gell-Mann matrices, we can see that the raising and

lowering generators are proportional to

1 1 1
The names I, U, and V are, at this point, just names, but they are useful in some physics cases

that you may encounter later in your study.

A.7 Classification and Dynkin diagrams

The SU(3) example allows us to obtain more formal results. In the case of SU(2), it is clear
what the raising and lowering operators are. The generalization to groups with a higher rank is as
follows.

Definition: A positive (negative) root is a root whose first non-zero component is positive
(negative). A raising (lowering) operator corresponds to a positive (negative) root.

Definition: A simple root is a positive root that is not the sum of other positive roots.
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Statement: Every rank-k algebra has k simple roots. Which ones they are is a matter of
convention, but their relative lengths and angles are fixed.

In fact, it can be shown that the simple roots fully describe the algebra. It can be further
shown that there are only four possible angles and corresponding relative lengths between simple

roots:
90°

N.D.

120°
1:1

135° 150°
1:v/2]1:8.

(N.D. stands for “not determined”.) The above rules can be visualized using Dynkin diagrams.

angle (A.31)
relative length '

Each simple root is described by a circle. The angle between two roots is described by the number

of lines connecting the circles:

90° 120° 135° 150°
O O 0-O o= ) =) (A.32)

where the solid circle in a link represents the larger root between the two.

There are seven classes of Lie groups. Four classes are include an infinite number of Lie groups,
and three classes, called the exceptional groups, each have only a finite number of Lie groups.
Below you can find all the sets. The number of circles is the rank of the group. Note that different
names for the infinite groups are used in the physics and mathematics communities. Below we
give both names, but we use only the physics names from now on. In the diagrams below k£ is the

rank of the group.

SU(k+1) [Ag] OO —0O0
Sp(2k) [By] OO e O=
SO(2k +1) [C4] oo 0O
SO(2k) [Dy] O—0O— g@ (A.33)
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Fy OnO= o

G 0= ) (A.34)

Consider, for example, SU(3). The two simple roots are equal in length and have an angle of
120° between them. Thus, the Dynkin diagram is just O—O .

Dynkin diagrams provide a very good tool to tell us also about the subalgebras of a given
algebra. We do not describe the procedure in detail here, but only make the following simple
point: Removing a simple root always corresponds to a subalgebra. For example, removing simple

roots, one obtains the following breaking pattern [of relevance to Grand Unified Theories (GUTs)]:
Es — SO(10) — SU(5) — SU(3) x SU(2). (A.35)
Finally, we mention that the algebras of some small groups are identical:

SU2) ~ SO(3) =~ Sp(2), SU4) ~ SO(6), SOM4) ~ SU2) x SU(2), SO(5) ~ Sp(4).
(A.36)

A.8 Naming representations

We are now back to discussing representations. How do we name an irrep? In the context of
SU(2), which is rank one, there are three different ways to do so.

(i) We denote an irrep by its highest weight. For example, spin-0 denotes the singlet repre-
sentation, spin-1/2 refers to the fundamental representation, where the highest weight is 1/2, and
spin-1 refers to the adjoint representation, where the highest weight is 1.

(ii)) We can define the irrep according to the dimension of the representation-matrices, which
is also the number of weights. Then the singlet representation is denoted by 1, the fundamental
by 2, and the adjoint by 3.

(iii) We can name the representation by the number of times we can apply S_ to the highest
weight without annihilating it. In this notation, the singlet is denoted as (0), the fundamental as
(1), and the adjoint as (2).

Before we proceed, let us explain in more detail what we mean by “annihilating the state”. Let
us examine the weight diagram. In SU(2), which is rank-one, this is a one-dimensional diagram.
For example, for the fundamental representation, it has two entries, at +1/2 and —1/2. We now
take the highest weight (in our example, +1/2), and move away from it by applying the root that
corresponds to the lowering operator, —1. When we apply it once, we move to the lowest weight,

—1/2. When we apply it once more, we move out of the weight diagram, and thus “annihilate the
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state”. Thus, for the spin-1/2 representation, we can apply the root corresponding to S_ once to
the highest weight before moving out of the weight diagram, and — in the naming scheme (iii) —
we call the representation (1).

We are now ready to generalize this to general Lie algebras. Either of the methods (ii) and
(iii) are used. Method (ii) is straightforward but somewhat problematic as there could be several
different representations with the same dimension. We give an example of such a situation later.

In scheme (iii), the notation used for a specific state is unambiguous. To use it, we must order
the simple roots in a well-defined (even if arbitrary) order. Then we have a unique highest weight.
We denote a representation of a rank-k algebra as a k-tuple, such that the first entry is the maximal
number of times that we can apply the first simple root on the highest weight before the state is
annihilated, the second entry refers to the maximal number of times that we can apply the second
simple root on the highest weight before annihilation, and so on.

Take SU(3) as an example. We order the Cartan subalgebra as X3, X3 and the two simple

s _ <+1’+¢3>7 g — <+1 _\/§>_ (A.37)

2 2 27 2

roots as

Consider the fundamental representation where we chose the highest weight to be (1 /2,1/ (2\/5))
Subtracting S; twice or subtracting S5 once from the highest weight would annihilate it. Thus
the fundamental representation is denoted by (1,0). You can work out the case of the adjoint
representation and find that it should be denoted as (1,1). In fact, it can be shown that any pair
of non-negative integers forms a different irrep. (For SU(2) with the naming scheme (iii), any
non-negative integer defines a different irrep.)

From now on we limit our discussion mostly to SU(N).

Statement: For any group the singlet irrep is (0,0, ..., 0).

Statement: For any SU(N) algebra, the fundamental representation is (1,0, 0, ..., 0).

Statement: For any SU(N) algebra with N > 3, the adjoint representation is (1,0,0,...,1).

Definition: For any irrep of an SU(N), the conjugate representation is the one where the order
of the k-tuple is reversed.

For example, (0, 1) is the conjugate of the fundamental representation, which is usually called
the anti-fundamental representation. An irrep and its conjugate have the same dimension. In the
naming scheme (ii), they are called m and 7.

Definition: If m = m then m is called a real irrep.

Definition: If m # m then m and T are called complex irrep.

For example, the singlet and the adjoint representation are real. Also note that all irreps of
SU(2) are real.

We now return to the notion that the groups that we are dealing with are transformation groups
of physical states. These physical states are often just fields or particles. For example, when we

talk about the SU(2) group that is related to the spin transformations, the physical system that
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is being transformed is often that of a single particle with well-defined spin. With some abuse of
language, we often say that a particle is, for example, in the spin-1/2 representation of SU(2).
What we mean is that, as a state in the Hilbert space, it transforms by the spin operator in the
1/2 representation of SU(2). Similarly, when we say that the proton and the neutron form a
doublet of isospin-SU(2) (we talk about isospin in Section [10.4.1]), we mean that we represent p
by the vector-state (1,0)7 and n by the vector-state (0,1)7, so that the appropriate representation
of the isospin generators is that of the 2 x 2 Pauli matrices. In other words, we loosely speak of
“particles in a representation” when we mean “the representation of the group generators acting
on the vector states that describe these particles.”

Asking how many particles there are in a given irrep is equivalent of asking how many DoF
it has, or what is the dimension of the irrep. Here, we consider only SU(N), and use naming

convention (zii). We only state the results.

e Consider an («) representation of SU(2). Its dimension is
N=a+1. (A.38)

The singlet (0), fundamental (1) and adjoint (2) representations have, respectively, 1, 2, and
3 DoF.

e Consider an (a, ) representation of SU(3). Its dimension is

a+p3+2

N=(a+1)(B+1) 5

(A.39)

The singlet (0,0), fundamental (1,0) and adjoint (1, 1) representations have, respectively, 1,
3, and 8 DoF.

e Consider an (a, ,7) representation of SU(4). Its dimension is

a+pf+2B8+yv+2a+B+7+3
2 2 3 .

N=(a+1)(B+1)(y+1) (A.40)

The singlet (0,0,0), fundamental (1,0,0) and adjoint (1,0, 1) representations have, respec-
tively, 1, 4, and 15 DoF. Note that there is no a+ v + 2 factor. Only a consecutive sequence

of the label integers appears in any factor.

e The generalization to any SU(N) is straightforward. It is easy to see that the fundamental
of SU(N) has N DoF and the adjoint has N? — 1 DoF.

In SU(2), the number of DoF in a representation is unique. In a general Lie group, however,
the case may be different. Yet, it is often used to identify irreps. For example, in SU(3) we usually

call the fundamental 3, and the adjoint 8. For the anti-fundamental, we use 3. In cases where
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there are several irreps with the same dimension, we often use a prime to distinguish them. For
example, the dimension of both (4,0) and (2, 1) is 15. We denote them by 15 and 15" respectively.

We next remark on how the count goes in terms of subgroup irreps. For example, any SU(3)
irreps can be written in terms of their SU(2) subgroup irreps. Two useful decompositions are
3=2+1and 8 =3+ 242+ 1, where the irreps on the left are those of SU(3) and on the right
of SU(2). You can deduce them from the weight diagrams of the SU(3) irreps simply by moving
only in one of the SU(2) subgroup directions on the diagrams, for example, only moving in the X3
direction. More generally, there is a way to decompose any irrep of a group as a sum of irreps of
its subgroups. We do not elaborate on this any further.

Last we mention that for U(1) we use the charge to define the irrep. The singlet is the ¢ = 0
state, but there is no notion of the fundamental or the adjoint. Conjugate states have opposite

charges. All the irreps of U(1) have one DoF and only the singlet is real.

A.9 Combining representations

When we study spin, we learn how to combine SU(2) representations. The canonical example
is that of combining two spin-1/2 to generate a singlet (spin-0) and a triplet (spin-1). We often
write it as 1/2 x 1/2 = 0 4+ 1. There is a similar method to combine representations for any Lie
group. The basic idea is, just like in SU(2), that we need to find all the possible ways to combine
the indices and then assign them to the various irreps. That way we know what irreps are in the
product representation and the corresponding Clebsch-Gordan (CG) coefficients.

Here, however, we do not explain how to construct the product representation. The reason is
that often all we want to know is what irreps appear in the product representation, without the
need to get all the CG coefficients. (In particular, we often only care about generating the singlet.)
There is a simple way to do just this for a general SU(N). This method is called Young Tableaux
or Young Diagrams. The details of the method are well explained in several places, for example,
in the PDG. In Question you are asked to learn how to use it.

Here we give a few examples of combining irreps in some simple cases. For U(1), when com-
bining several irreps, the result is one irrep with a charge that is the sum of all the chargers. For

example, combining two states, one with charge a and one with charge b, the result is a state with

charge a + b.
For SU(2), combining two irreps, (a) and (b) with a > b, written in naming scheme (ii), we get
b
axb=> a—-b—1+2k (A.41)
k=1

The following results are generic to any non-Abelian group:

e When combining two non-singlets irreps, the result is a direct sum of irreps. For SU(2),

combining (a) and (b) with a > b, there are b such irreps.
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e Combining a singlet to any irrep does not change it, that is, (a) x (0) = (a).

e The product of the dimensions of the irreps on the LHS of Eq. (A.41)) is equal to the sum of
the dimensions on the RHS.

Fot SU(3), using naming scheme (ii), we have
3x3=1+38, 3x3=3+6, 3x6=10+S8. (A.42)
From this we can conclude that
3x3x3=10+8+8+1. (A.43)

Note that the number of DoF on both sides are equal, as they should. Of particular interest to us
is that 3 x 3 and 3 x 3 x 3 contain the singlet irrep.

When we combine irreps, the results have well-defined symmetry properties under exchange of
two of them, that is, they are even or odd under an exchange. For example, when combining two
spin doublets, the singlet is odd while the triplet is even under the exchange. For SU(2) the rule
is simple: The highest irrep is symmetric and then going down it alternates. For other groups, it
is more complicated and we do not discuss it here. When it is of relevance, a subscript is usually
added in order to denote the symmetry property, s for symmetric and a for antisymmetric. For

example, in SU(2) we have
2% 2=1,+3,,  3X3=5,43,+ L, (A.44)
and in SU(3) we have
3 x3=3,+ 6, 3x3x3=10,+8,, +8,, + 14, (A.45)

where 8,, refer to a mixed symmetry. (A mixed symmetry state is one where some of the exchanges
are symmetric and some are antisymmetric. Such states can appear when we combine three or
more irreps.)

The symmetry properties are important when the two irreps that we combine are identical.
For example, the antisymmetric combination of two vectors in real three-dimensional space is the
cross product. Being antisymmetric, it vanishes identically for two identical vectors, @ x @ = 0.
This result is a general one and applies to all fully antisymmetric combinations in any group.

Combining representations plays a very important role in physics. In particular, we would
like to find representations that can be combined into the singlet one, as such a combination is
invariant under rotation in the relevant space. For that, we mention the following properties:

Statement: The combination of an irrep with its conjugate contains the singlet, 1 € R x R.

Statement: The combination of two irreps that are not the conjugate of each other, that is,
R; # Ry does not contains the singlet, 1 &€ R; x R.
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Last we discuss the case of combining irreps of non-simple Lie groups. In such a case we combine
the irreps for each simple group separately and then have all the combinations. An SU(3) x SU(2)

example should make the above statement clear:
(3,2) x (3,2) = (8,3) + (8,1) + (1,3) + (1,1). (A.46)

Our notation is such that (3,2) refers to a triplet under SU(3) and a doublet under SU(2). Note
that the number of DoF is the same on both sides: 6 x 6 = 24 +8 + 3 + 1. (More examples are

given in Question [A.9])

For further reading

For reviews of Lie groups that are very useful for particle physics purposes, see Refs. [58] [59] 60,
61], 62, 63] and Chapter 4 of [11].
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Problems

Question A.1: S3

In this question we study the group Ss. It is the smallest finite non-Abelian group. One can
think about it as all possible permutations of three elements. The group has 6 elements. In the

language of permutations, we get the following representation of the group:

10 0 0 1 0
O=f0o 1 0 (12)=]1 0 0
00 1 00 1
00 1 10 0
13)=]0 1 0 23)=]0 0 1
10 0 01 0
0 1 0 00 1
(123)={0 0 1 (321)=1{1 0 0 (A.47)
10 0 01 0

The names are informative. For example, (12) represents exchanging the first and second elements.

(123) and (321) are cyclic permutations to the right or left.

1. Write explicitly the 6 x 6 multiplication table for the group.
2. Show that the group is non-Abelian. Note that it is enough to find one example.
3. Z3 is a subgroup of S3. Find three generators that correspond to a Zs.

4. Eq. (A.7)) states the following theorem for finite groups:

3 [dim(R;))* = N, (A.48)
where N is the number of elements in the group and R; runs over all the irreps. Based on
this, prove that the representation in Eq. (A.47) is reducible. Then, write it explicitly in a
(1 + 2) block diagonal representation. (Hint: find a vector which is an eigenvector of all the

above matrices.)



5. In the previous item, you found a two dimensional and a one dimensional irrep of S3. Based
on Eq. (A.48)), there exists only one more irrep, and it is one dimensional. Find it.

Question A.2: Lie algebras

Consider two general elements of a Lie group,
A = exp(irX,), B = exp(iAX,), (A.49)

where X is a generator and we take A to be a small parameter. Then, consider a third element in
the group
C = BAB'A™! = exp(if.X.). (A.50)

Expand C' in powers of A and show that at lowest order you get the Lie algebra [see Eq. (A.15))],

[XaaXb] = 7;fabc)(m fabc = f; (A51)

Question A.3: The adjoint irrep

The structure constants constitute an irrep of their group. In this question you are asked to

show it explicitly.

1. All Lie algebras satisfy the Jacobi identity, Eq. (A.16)). Using Eq. (A.15)), [Xa, Xp] = @ fareXe,
show that the Jacobi identity leads to the following identity in terms of the structure con-

stants:
fadefbcd + fbdefcad + fcdefabd = 0. (A52)

2. We define the generators of the adjoint group as
(Xc)ab = _ifabc- (A53)

Show that
[Xm Xb]ed - ifabc(Xc)ed- (A54)

that is, that the generators satisfy the algebra of the group.

3. There are two equivalent sets of the generators of the adjoint of SU(2) that are commonly
used: One that is usually used in QM,

. 0 1 0 ) 0 — O 1 0
Li=—|1 0 1 Lo=—|171 0 —1 Lsy=10 0 0 [, A.55
1 \/§ 2 \/§ ‘ 3 ( )
0 1 0 0 1 0 0 0 -1
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and one that corresponds to the structure constants,
(Li)ij = —i€ijk. (A.56)

Show that the two sets are equivalent by finding the matrix U that rotates between the bases.

Question A.4: More on the adjoint of SU(2)

We consider a vector in real space, @. It transforms as a vector under SU(2):
a—ad =(e"")a, (A.57)

where X is a generator of the adjoint representation. Instead of the three-vector a, we can equiv-
alently use a 2 x 2 traceless matrix A. (Note that both the vector and the traceless matrix have
three DoF.) To prove it, we define

A=oc-a (A.58)

where o are the Pauli matrices. Explicitly we write
Aij = (o) ijak. (A.59)
1. Using a = (ay, ay, a,), write A explicitly as a 2 X 2 matrix and check that it is traceless.
2. Find the inverse operation, that is, show how to get the vector a given the matrix A.

3. A transforms as
A= A =UAU, — U=¢/2 (A.60)

Check that this is the case for rotation around the z axis by an angle 6. In other words,
show that for this specific transformation, a’ of Eq. (A.57) and A’ of Eq. (A.60) fulfill the
relation of Eq. ((A.58) for the specific case of rotation around the z axis.

Question A.5: SU(S)

1. Draw the weight diagram of the fundamental irrep of SU(3).
2. Draw the root diagram of SU(3).

3. The three matrices, a\;, a\s and als, where \; are the Gell-Mann matrices and a is a

constant, satisfy an SU(2) algebra, also known as Isospin. What is a?

4. Explain why this fact does not imply that SU(3) is not a simple Lie group.
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5. There are other independent combinations of Gell-Mann matrices that satisfy SU(2) alge-

bras. Here we discuss two of them, called U-spin and V-spin. Their raising operators are
given by
1 1
V, = 5()\4 +iXs), U, = 5()\6 +iX7). (A.61)

Find these algebras. Hint: Look at the root diagram.

Question A.6: Dynkin diagrams

1.

Argue that SO(N) has N(N — 1)/2 generators. This can be seen by the fact that SO(N)

corresponds to rotations in real /N-dimensional spaces.

Draw the Dynkin diagram of SO(10). Note you do not need to derive it, just use the general

results of (A.33)).
What is the rank of SO(10)?

Based on the Dynkin diagram, show that SO(10) has the following subalgebras:
SO(8), SU(5), SU(4) x SU(2), SU(3) x SU(2) x SU(2). (A.62)

In each case show which simple root you can remove from the SO(10) Dynkin diagram.

Question A.7: Representations

Here we practice in finding the number of degrees of freedom in a given irrep.

1.

Find the dimension of the (1,1,0,0) irrep of SU(5).

2. Find the number of DoF in the following SU(3) irreps:

(3,0), (2,2). (A.63)

3. Consider the (3,0) irrep of SU(3). Draw its weight diagram and use to diagram to decompose

the irrep into its SU(2) irreps.

Question A.8: Combining irreps

Here we practice the use of Young Tableaux. The details of the method can be found in the

PDG. Study the algorithm and do the following calculations. Make sure you check that the number

of DoF on both sides is the same. Write your answer in terms of both naming schemes (ii) and

(iii). For example, in SU(3) you should write

(1,0) x (0,1) = (0,0) + (1,1), 3 x3=1+8. (A.64)
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1. In SU(3), calculate 3 x 3, 3 x 8, and 10 x 8.

2. In SU(5), calculate 5 x 10 and 10 x 10.

Question A.9: Combining irreps in non-simple groups

Consider SU(3) x SU(2) x U(1). We denote a representation as (R3, R2)q such that Ry is the
representation under SU(N) in naming scheme (ii), and @ is the charge under the U(1).

1. Calculate
(3,2)41 % (3,2) 11, (3,2)41 % (3,2)_1, (3,2)41 X (3,1) 42 x (1,2)_3. (A.65)
Which cases contain the singlet?

2. In each case, verify that the number of DoF is the same on both sides, that is, write the

number of Dof for each term.

Question A.10: Looking for singlets

Consider an irrep, R, where we use the naming scheme (ii).

1. Using the statements that were made in the text before Eq. (A.46), show that 1 € R x R if

and only if R is a real irrep.
2. All the irreps of SU(2) are real. Show the above result explicitly in SU(2).

3. Consider R to be an adjoint of SU(N). Is 1 € R x R?

Question A.11: Singlets in SU(3)

As discussed in Chapter , the strong interaction is described by an SU(3) gauge group. The
particles observed in Nature are bound states that are singlets under that SU(3). We assign
the quark (¢), anti-quark (g), and gluon (g) fields to the triplet, anti-triplet and octet irreps,
respectively:

a@3), ad),  g(®). (A.66)
Which of the following could be an observable bound state?

qq, qq, q9, 99, qq9, qqq. (A.67)

Note that you do not need to calculate much, all you need is to use the properties you proved in

Question and the results of Eq. (A.42)).
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