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Yesterday...

# Yesterday: Symmetries

o Today
s SSB
s the SM
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SSB
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Breaking a symmetry
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SSB

# By choosing a ground state we break the symmetry

#® We choose to expend around a point that does not
respect the symmetry

o PT only works when we expand around a minimum

What is the different between a broken symmetry and no
symmetry?

‘ SSB implies relations between parameters I
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SSB

Symmetry is + — —x and we keep up to z*
f(z) = a*x* — 2b%2° Tmin = Tb/a
We choose to expand around +b/a and use u — = — b/a
f(x) = 4b*u® + 4bav® + a*u*

No u — —u symmetry

The r — —x symmetry is hidden

A general function has 3 parameters cyu? + c3u’® + cqu’
SSB implies a relation between them

© o o o

cg = 4coey
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SSB 1n QFT

# When we expand the field around a minimum that is
not invariant under a symmetry

o —v—+h

# |t breaks the symmetries that ¢ is not a singlet under
® Masses to other fields via Yukawa interactions

pX?* = (v+h) X =vX*+ ...
# Gauge fields of the broken symmetries also get mass

1D,o|° = 0,0 +iqA,0|° > A%p® — v A?
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The SM
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The SM

Input: Symmetries and fields
# Symmetry: 4d Poincare and
SU(S)C X SU(Q)L X U(l)y

o Fields:
s 3 copies of QUDLE fermions

QL(372>1/6 UR(37 1)2/3 DR(Svl)—l/S
LL(172)—1/2 ER(lal)—l

o One scalar
¢<17 2)—|-1/2
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Then Nature 1s described by

# Output: the most general £ up to dim 4

L = Ek’zn + L:Higgs -+ »CYu/cawa

® Thismodelhasa U(l)p x U(1)e x U(1), x U(1);
accidental symmetry
# |Initial set of measuremnts to find the parameters

s Fermion masses, gauge couplings and mixing
angles

The SM pass (almost) all of it tests
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The gauge interactions
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The gauge part

Three parts, each look so different...

# QED - photon interaction: Perturbation theory

#® QCD - gluon interaction: Confinement and asymptotic
freedom

# Electro-weak: SSB and massive gauge bosons
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Ly and SU(2) x U(1)

o Four gauge bosons DOFs
Wi (1,3)0  B"(1,1)
# The covariant derivative is
DH = o' + igWHT, +ig'Y B*

Two parameters g and ¢’

Y is the U(1) charge of the field D, work on
T, is the SU(2) representation

T, = 0 for singlets. T,, = 0, /2 for doublets

rite D, for L(1,2)_,,, and £(1,1)_,

= e o o b

9
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Explicit examples

Dt = 0" + igWHT, +ig'Y B*

o Write D, for L(1,2)_,,, and £(1,1)_;

DML = (aﬂ + %gngaa — ;g’B“> L

DME = (8" — ig BY E

o HW: Using ¢(1,2),/, write D¢
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QED

® Where is QED in all of this?
Q=13+Y

» We can write explicitly for L(1,2)_; /2 and ¢(1,2); s

) ol

# This is arbitrary. It becomes usefull once we have SSB
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SSB in the SM

_»CHiggS — )\¢4 - /L2¢2 — )‘(¢2 — U2)2

# We measure the fact that ? > 0 by having SSB

°

The minimum is at |¢| = v
¢ has 4 DOFs. We can choose

(P1) = (¢2) = (d4) =0 (¢3) =0

It leads to: SU(Q)L X U(l)y — U(l)EM
We call the remaining symmetry EM

°

Could we “choose” the vev in the neutral direction?
We left with one real scalal field: the Higgs boson

© o o @
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Spectrum
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Gauge boson masses

> Wl, WQ, Wg, B
» Gauge bosons masses from |D,¢|* (HW: do it)
# Diagonalzing the mass matrix the masses are

1 1
My = My, = 19202 My = 1(92+9/2)’02 Mj =0
# The mass eigenstates
wE— L i) tanty =2
= —=\W1 1V Nbw = —
V2 g

Z =cosOywWs —sinby B A =sinOyWs + cosby B
o We have a 6y rotation from (W5, B) to (Z, A)
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Ly and fermion masses

°

There is no way to write a mass term (why?)
# The Yukawa part of the leptons

Lyuk = YijLriErj ¢ = mij L1, ER; Mij = VYij

® 1.7 =12 3are flavor indices

# yis ageneral complex 3 x 3 matrix and we can choose
a basis where m is diagonal and real

Mi; = YU = diag(mev My, mT)

® Neurinos are massless
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Interactions
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Charged current interactions

_ 9 Uer, WHy,e7 + h.c.

V2

# Only left-handed fields take part in charged-current
interactions. Therefore the 1V interaction violate parity

#® The W/v interaction is universal
o Can be used to measure g Y
-
A~ g*[miy ~ Gr Y -

Y. Grossman The SM (5) TES-HEP, July 12, 2015 p. 21



Neutral currents

€

int — 13 — s ’ e e
Ling = ——— (T3 = sin" 0w Q) Y7 Z), + e Quy Ay,
# We define
Q=13+Y e = ¢gsin6
# Photon coupling is parity invariant

Z couples to both LH and RH fermions but in a parity
violating way

The coupling to the Z is larger. So why we call it weak
interaction?

Once we know e and g we know 6
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The p = 1 relation

We get the following testable relation

M2 /
0 W =1 tan Oy = J
g

M?% cos? Oy

‘ The above is a signal of SSB I
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Experimental tests

# High energy: Open your pdg and check W and 7
decays to leptons. What do you expect to see?

® 7 decays to lepton actually measures sin? 0y ~ 0.23

o HW: Calculate I'(Z — vi) /T(Z — ete™), get sin® Oy
from the data and check the p = 1 prediction

# Also low energy data tests
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Experimental tests of p = 1

# From the p = 1 relation

2 4 2
M — C082 HW ~ (&> ~ 0.7 = Sin2 HW ~ (.23

m?, 91.2

# 7 decays to leptons

[(Z — 00) ~ Y (T3 — Qsin®Oy)?
L.R

(Z = 0T07) ~ (1/2 —sin® Oy )? + (sin Oy )* ~ 1/8
NNZ = vp) ~(1/2)2~1/4 = r=T¢/Tiny ~ 1/6

® PDG: T, =3.37%and Iy = 20.00% = r~1/6
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