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Abstract

This is an extra note detailing the derivations for our paper, Warped Penguins (arXiv:1001.late).
It is an ‘official’ set of calculations starting from a pedagogical background. Please note

that the main paper has the primary results and that this is meant to be supplementary

material that is not meant to replace our arXiv paper.
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1 What you already know

The reader is assumed to already be familiar with the Randall-Sundrum model and have some
facility with working with bulk fields. A good summary can be found in the TASI lecture notes
by Csaki et al. [I, 2]

2 Vielbeins, Spin Connections, and Antisymmetrization

How does one write down the fermionic action for a curved spacetime, such as the Randall-
Sundrum scenario? In the semiclassical limit where gravity is treated as a classical background
for quantum fields, the effects of the curvature of space on the action are:

1. Covariant element. The measure is promoted to a covariant volume element,
d'z — d'z+/g],
where ¢ is the determinant of the metric.

2. Metric. The contraction of Lorentz indices must be accounted for with explicit factors of
the nontrivial metric.

3. Covariant derivatives. The derivative operators must be promoted to the appropriate
covariant derivatives. In particular, the covariant derivative acting on fermions is the spin
covariant derivative.

4. Vielbeins. The v matrices which act on spinor indices are define on the tangent space.
Vielbeins must be inserted to convert spacetime indices to tangent space indices.

The first two are rather well known and should be familiar for those who have worked with
scalar fields on curved backgrounds. Those requiring further background are encouraged to review
their favorite general relativity book. The remaining two items are not necessarily covered in a
typical general relativity or field theory course and are worth discussing a bit further.

2.1 Vielbeins

The ~ matrices which obey the Clifford algebra are only defined for flat spaces. Another way to
say this is that they live on the tangent space of our spacetime. In order to define curved-space
generalizations of objects like the Dirac operator iy#d,, we need a way to go from spacetime
indices M to tangent space indices a. Vielbeins are geometric objects which do precisely this:
e?(x). The completeness relations associated with vielbeins allow them to be interpreted as a sort

“w
of “square root” of the metric in the sense that

gun () = el (@)el (2), (2.1)



where 7, is the flat (e.g. Minkowski) metric on the tangent space. For our particular purposes
we will need the inverse vielbein, EM (z), defined such that

By (x)e(z) = 6"y (2.2)
By (z)ely () = 6,". (2.3)

The capital ‘E’ for the inverse vielbein is just a silly notation picked up from somewhere that
helps visually distinguish ej; from its inverse. Spacetime indices are raised and lowered using the
spacetime metric gy ny () while tangent space indices are raised and lowered using the flat metric
Nab ().

A more physically motivated way of thinking about the vielbein is in terms of Einstein’s
equivalence principle, which states that at any point one can always set up a coordinate system
such that the metric is flat (Minkowski) at that point. Thus for each point x in space there exists a
family of coordinate systems that are flat at . For each point we may choose one such coordinate
system, which we call a frame. By general covariance one may define a map that transforms to
this flat coordinate system at each point. This is the vielbein. One can see that it is a kind of
local gauge transformation, and indeed this is the basis for treating gravity as a gauge theory built
upon diffeomorphism invariance. In slightly more mathematical, the vielbein represents the frame
bundle on the spacetime.

2.2 Spin covariant derivative

Moving on we come to the spin covariant derivative. By now we are familiar that the covariant
derivative is composed of a partial derivative term plus connection terms which depend on the

particular object being differentiated. For example, the covariant derivative on a spacetime vector
V*His

Dy VN = 0y VYN 4T3, VL. (2.4)
Now that we are armed with a vielbein, however, the object V' didn’t necessarily need to have
a spacetime vector index, pu. We could convert it into an object with a tangent space index, a.

(And using gamma/Pauli matrices we can convert this into spinor indices.) We would then like
to define a covariant derivative acting on the tangent space vector V¢,

Dy Ve = 0y Ve + VP, (2.5)
where the quantity w{,, is called the spin covariant derivative. Consistency of the two equations
implies

Dy V® = e% Dy VY. (2.6)

This is sufficient to determine the spin connection. We won’t prove the result here, but one can
look up the appropriate references (e.g. your favorite general relativity of differential geometry
books). The result is [3]

1 a 1 a
wib = §gRPe%8[Me%} + L—LgRPgTSeE%eleﬁ[ge%]e%nCd (2.7)
1 1
= §eN“ (Omely — Onely) — =™ (Omey — Oneyy) — se7e™ (Opere — Orere) €5y (2.8)



When acting on spinors one needs the appropriate structure to convert the a,b tangent space
indices into spinor indices. This is provided by

1

Oab = 1 [%;%] (2.9)

so that the appropriate spin covariant derivative is

1
Dy = Oy + §wggaab. (2.10)

2.3 Antisymmetrization and Hermiticity

Finally, the fermionic action takes the form
S = /dd:c o] T (z'E%“b_’M - m) v, (2.11)

where the antisymmetrized covariant derivative is defined by

— 1 1+—
2 2

This last point is somewhat subtle. The canonical form of the fermionic action must be antisym-
metric in this derivative in order for the operator to be Hermitian (and thus for the action to be
real). In flat space we are free to integrate by parts in order to get an only right-acting Dirac
operator. This is a very nice thing to say and ‘makes sense,” but the actual meaning is a little bit
subtle.

Hermiticity is defined with respect to an inner product. The inner product in this case is given
by

(U,|0OW,) = /d% Vg] ¥100,. (2.13)
A manifestly Hermitian operator is given by Oy = % (O + (’)T), where we recall that

= /d5x\/|g| OU,W,. (2.15)

The definition of an inner product on the phase space of a quantum field theory is a nontrivial
matter in the study of QFT on curved spacetimes. Since our spacetime is not warped in the time
direction there is no ambiguity in picking a canonical Cauchy surface to quantize our fields and
we may follow the usual procedure of Minkowski space quantization with the usual Minkowski
spinor inner product.

As a sanity-check, consider the case of the partial derivative operator 9, on flat space time.

h
The Hermitian conjugate of the operator is the left-acting derivative, d,,, by which we really mean

/ddx\lf_laT\Ih = <\111|8L\If2> == <8u\1/1|\112> = /ddl' aﬂ\lfllpg == /ddl’\ll_lé_#\lfg = /ddx\lf_l(—aﬂ) \1’2.



In the last step we’ve integrated by parts and dropped the boundary term. We see that the
Hermitian conjugate of the partial derivative is negative itself. Thus the partial derivative is not
a Hermitian operator. This is why the momentum operator is given by 13# = 10y, since the above
analysis then yields ]—ﬁ’g = ]5# (again dropping the boundary term and noting that the 7 flips sign
under the bar).

Now we can explicitly write out what we mean by the left-acting derivative in eq. (2.I1]). The
operator iEM~*Dy; is not Hermitian and needs to be made Hermitian by writing it in the form
Oy = % ((9 + OT). Thus we may write a manifestly Hermitian Dirac operator as,

_ n 1

¥ (Dirac) ¥ = ¥ | = (iE)"7*Da) + 5 (iEMy Dy | W (2.16)
— @%E%GDM\IJ + %E%aDM\IJ\IJ (2.17)
- @%E%GDM\IJ - %E DO, (2.18)

where we've used the fact that EM is a real function with no spinor indices. The second term on
the right-hand side can be massaged further,

YDA = BT D, Tyt 0 (2.19)
= \IITb—MT (fyofy“fyo) o (2.20)
= U (O + wheoh)y 00T (2.21)
e
= U Dy (2.22)
—
= T Dy 0. (2.23)

Note that we have used that v = 199M40 and, in the last line, that [0%,7%] = 0. Finally,
putting this all together, we can write down our manifestly real fermion action (i.e. manifestly
Hermitian Dirac operator) as in eq. (2.11]),

S = /ddx lg] T (z’E(]lV[fy“D(_)M + m) U (2.24)
- /ddx 9] (%@E%“DM\I/ - %DM\IJE%W - mmf) . (2.25)

All of this may seem a little pedantic since integration by parts allows one to go back and
forth between the ‘canonical’ form and the ‘right-acting only’ form of the fermion kinetic operator
(Dirac operator). Our interest, however, is to apply this to the Randall-Sundrum background
where integration by parts will generally introduce boundary terms and so it is crucial to take the
canonical form of the Dirac operator as the starting point.

2.4 Further Reading

We've been necessarily terse here, listing only the immediately relevant results. The material
touched upon, however, goes much deeper and play key roles in the elegant differential geometric



structure of physics. The curious reader is encouraged to pursue these topics further by looking
at the appropriate differential geometry and general relativity references.

Vielbeins (lit. “many legs”) are often referred to as ‘vierbeins’ (“four legs”) or ‘tetrads’ in
general relativity books (pick up your favorite and se). They are often mentioned in associated
with the Cartan formalism of gravity or as frame fields (or frame bundles for the mathematically
inclined). They also appear in quantum field theory as key ingredients to promoting local su-
persymmetry to supergravity [4], 5 [6]. The spin connection requires a little more mathematical
investment to appreciate, but an excellent and accessible introduction can be found in chapter 12
of Green, Schwarz, Witten, volume 2 [7]. Finally, the fermionic action on a curved spacetime is
presented in Bertlmann’s textbook [§].

An important caveat should be made here: it is the opinion of the author that Bertlmann
makes some misguided statements in this section of his book. While the statements in his book
are all correct for manifolds without boundaries, they are presented somewhat backwards and
are misleading for manifolds with boundaries (e.g. the RS orbifold). He starts with the right-
acting action and shows that integration by parts allows one to convert the right-acting action
into the canonical antisymmetrized action. As noted above this is not true for spacetimes with
boundaries. It’s somewhat ironic that the original Grossman-Neubert paper on bulk RS fermions
[9] cites Bertlmann when writing the action. The analysis is still correct, however, since the chiral
boundary conditions imposed on the fermions end up cancelling the incorrect boundary terms
that appear when Bertlmann’s method is applied to the RS spacetime@.

An excellent book for a broader picture of the application of differential geometry to physics,
Gockeler and Schucker provides fantastic breadth and depth in a compact volume written in a
way that will appeal to particle theorists.

Finally, a nice reference touching on many of these topics as applied to 5D spaces in quantum
field theory is Sundrum’s TASI lectures [10] and pedagogical write-up [3].

3 The Randall-Sundrum Bulk Fermion Action

We now specialize to the case of the Randall-Sundrum background,
ds?> = (R/z)* (Nudada” + d2?) . (3.1)

We use the ‘modern’ notation where the metric is conformally flat. This is the natural choice for
invoking the AdS/CFT correspondence [I1], though the generation of hierarchies is not as clear
as the original choice of coordinates with an exponential warp factord.

One can convert back and forth between these notations using

z = Re k=1/R. (3.2)

'If you don’t find it, then you’re reading an undergraduate textbook.

2Tt may be useful to recall that the metric is covariantly constant.

3In these conformal coordinates the generation of exponential hierarchies is based on a radius stabilization
mechanism, e.g. Goldberger-Wise.



3.1 The spin connection

In these coordinates we may write the vielbein and inverse vielbein as

R z
a — _6(1 EM Z) = —5M 33
() = 8% Y (z) = 3 (33)
We may write out the spin connection term of the covariant derivative as
a ]_ a b 1 a b a
wih = §gRP€ERa[M€P]] + ZgRPgTSeE%eT]a[SeP]eﬁlvmcd. (3.4)
W) W)

This can be simplified using the fact that the vielbein only depends on z. The first part is

1) = 50" Dl — 50" (35)
= %gRPe‘}%ﬁMe’]’D - %gRPeﬁ%@pe?M - %gRPelj{aMe‘}p + %gRPelj%@peﬁw (3.6)
= gkl g RO+ g el — o el (37)
= =5+ %g%eﬁée’& + %nb“% — 529" ey (3.8)
= (G~ 5%) + 50" (chels — he) (39
= _%55 (08,65, — 650, (3.10)
— %5[&5’5’1, (3.11)
where we've used dyrel = —%611);(5]5\4 and the completeness relation g™Ved, e, = n?. The second
part is given by
wiy(2) = igRP 9" ke Ol € e Nea — igRP 9" et 05 p) e (3.12)
= igRPgTSe‘}%egﬁsecpe%ncd — %lgRPgTSe%eaTase%e%md
- igRPgTSe‘izebT@Pése%ncd + igRPgTS CreTOPeSel Mo (3.13)
o A R

RP TS a b55

1 . 1 a
+ — g g ekl opesetmea — —g" g et 67

Pefgeﬁlwncd (3.14)

4z 4z
= é (_UGCQTSGbTe‘fwT]cd +nPg 5 eked g + gR5nbce‘}%e§l\4ncd — gRE’n“Cel}}eﬁlwncd) (3.15)
N i (35 793,07 — 05 O7e3, 03 — 05 0R3r0g + 05 OR03r0g) (3.16)
= i (0b0%, — oudh, — 0adh, + 0805, (3.17)
N %5[& 5. (3.18)



Note that these vanish identically for M = 5. We can now write out the spin-connection part
of the covariant derivative,

! [Yas Y] (3.19)

= 1 (nes +03) (3.20)

where we’ve inserted a factor of §3; to cancel the (v5)*> when M = 5. (Note that the natural
convention is that (%)% = —1 since this is what satisfies the 5D Clifford algebra.)
Finally, the spin connection part of the covariant derivative is

1, 1
§w1\§aab = E (’}/M’}/5 + 5?4) (321)

so that the spin covariant derivative is

1 £ —
Dy = {a“ T p (3.22)

05 it M =5.

Now after all that pencil-pushing, we can say something rather anticlimactic: the spin connec-
tion drops out of the action.

R 4. . o

S:/d5x (;) %\Ifé%“DMfo—%émeaqf\p (3.23)
i (R\" [— . 1 1

= [ dPr- (= VMO, + —T L/ — AV, 24

/ g (Z) < MO + Vs 1Y ) (3.24)

The two spin connection terms cancel since 7,y5y*UU = ﬁmﬁwmﬂ, so that upon including a

bulk mass term,
i (R\*— i /R\° _
S = /d5$§ (;) UM 0y — /d‘r’xi (;) myw (3.25)

. 4
_ e (B g (g
—/dx2(2> m(v Dt Z)\If, (3.26)

where ¢ = mR = m/k is a dimensionless parameter that is the ratio of the bulk mass to the
curvature. As we will see, the bulk mass does not contribute directly to the 4D Kaluza-Klein
mass spectrum of the model. Instead, ¢ determines the localization of the 5D wavefunction.
This, in turn, determines the overlap with the Higgs field and the contribution to masses from
electroweak symmetry breaking. More comprehensive discussions can be found in the original
paper by Grossman and Neubert [9] or the review by Gherghetta [11].



3.2 Right-acting RS Fermionic Action

When deriving the Dirac equation from the variational principle we set all of our operators to be
right-acting, i.e. acting on U, so that we can vary with respect to U to get an operator equation
for W. Obtaining this is from eq. (8:26)) is now a straightforward matter of integration by parts of
the left-acting derivative term. Note that it is now crucially important that we pick up a derivative
acting on the metric/vielbein factor (R/z)*. We would have missed this term if he had mistakenly
written our original ‘canonical action,” eq. (2Z.I1), as being right-acting only.

The integration by parts for the M = = 0,--- ,4 terms proceeds trivially since these direc-
tions have no boundary and the metric/vielbein factor is independent of them. Doing the M =5
integration by parts we find

R 4 PN
S = /d%/ dz (g) 7 (z$+ %75 05 — S) v (3.27)

R 4
— 2
= /d%/ dz <§) v (z@ +iy°05 —i=y° — E) ¥ 4 (boundary term)| . (3.28)
/ z z

z

The term in the parenthesis can be identified with the Dirac operator for the Randall-Sundrum
model with bulk fermions. (This ‘definition’ is up to conventions regarding the inclusion of the
mass term and factors of i.) The boundary term takes the form

(boundary) = (R/z)* (vx — X¥) g, : (3.29)

where we’'ve written out the Dirac spinor ¥ in terms of two-component Weyl spinors x and .
This term vanishes when we impose chiral boundary conditions, which we shall review in the next
section. The final form of the RS fermion action is

R 4
— 2
S = /d%;/ dz (%) v (¢a+m585 — 2275 — g) v, (3.30)

In terms of Weyl spinors this has the form

S = /d‘%c/lfdz (5)4 (¥ X) <_85;5;% o iagi) (%) (3.31)

z

where 7 = v,", ¥ = v, 0"

3.3 Chiral boundary conditions

Recall that 5D theories are vectorlike, meaning that the fundamental spinor representation is a
Dirac spinor (containing both left- and right-handed components) rather than a chiral Weyl spinor.
This can be understood by consider 7°. In four dimensions 7°> ~ ~%y'4243 is a special operator
that can be used to project chiralities via P p = % (1 £iv°), noting the different normalization
from usual QFT texts (see the Appendix on conventions). In 5D, however, 7° is just the gamma
matrix corresponding to the z direction and there is no analogous ‘special’ gamma matrix. The

7°, -+, 7% form a basis for the four component spinor representation of the Clifford algebra. One



can find a good discussion of the Clifford algebra and spinor representation in various dimensions
in the appendices of volume 2 of Polchinksi [12].

The vector nature of 5D spinors is an immediate problem for model-building since the Stan-
dard Model is manifestly chiral and there appears to be no way to write down a chiral fermion
without immediately introducing a partner fermion of opposite chirality and the same couplings@.
To get around this problem we can relax our requirement that the bulk 5D fermion be chiral.
Phenomenologically, all that is strictly required is that the zero modes of these fermions are
chiral.

We can project out the zero modes of the bad-chirality (Weyl spinor) components of a bulk
Dirac 5D fermion by imposing chiral boundary conditions: namely that these bad-chirality com-
ponents vanish on the branes. This prohibits this component from having a zero mode since zero
modes have a trivial 5D profile and the only such profile compatible with the chiral boundary con-
ditions is identically zero everywhere. For left-chiral boundary conditions, v» = 0 on the branes,
while for right-chiral boundary conditions x = 0 on the branes. Thus we are guaranteed that both
terms in eq. (B.29) vanish at z = R, R’ for either chirality.

Imposing these chiral boundary conditions are completely equivalent to the statement that the
Randall-Sundrum compactified extra dimension is an orbifold. From a phenomenological point of
view the language of boundary conditions is preferred since it avoids potential ambiguities with
the sign of the fermion mass term. Further the language of boundary conditions best connects to
the actual process of solving partial differential equations that we will follow.

These chiral boundary conditions cancel the boundary term that appears when converting
a right-acting Dirac operator into a canonical Dirac operator that we discussed in section 2.4
It is precisely because of these chiral boundary conditions (i.e. orbifolding) that the Grossman
Neubert paper on bulk neutrinos in RS had the correct fermion action despite using the erroneous
right-acting action from Bertlmann’s text.

Boundary conditions for compact spaces were first discussed in this light in the paper by the
‘Three Musketeerdd,’ and Grojean [13].

4 Determining the propagator

We now have a Dirac operator which we shall write as

2
D =i +in°05 —iZ® — & (4.1)
z z
so that we may write down the RS Dirac equation as
(R/2)'DW =0, (4.2)

where we’ve included the warp factors from the metric and vielbein. The propagator from point
2’ to x, A(x — 2’), is then defined to be the Green’s function of the Dirac operator,

(R/2)' DA(x — ') = i0®) (z — '), (4.3)

4The same problem is found in A/ > 1 supersymmetric models.
5Jay Hubisz is apparently d’Artagnan. I believe Christophe should be George Villiers for sheer irony.



that satisfies the appropriate boundary conditions. This is, at least, what we would write down
from our intuition based on flat space quantum field theory. However, one must be careful since
the 60 (z — 2’ ) is not written in a manifestly covariant way. This equation turns out to be correct,
but we should note that one should be more careful with the derivation. We must be sure that
the right-hand side of this equation is correct in powers of the warp factor.

4.1 Proper derivation of the Green’s function equation

Recalling the path integral formalism, let us write down the action with the appropriate fermionic
sources,

S:i/d%r|m{%E¥@WBEW%JNL+§J}. (4.4)

Varying with respect to ¥, we get the equation of motion
(R/2)*DA(z — 2') = (R/2)°J, (4.5)

where the right-hand side now has a factor of \/m . Usually in quantum field theory we set
J(z) =0 (x — 2'). The factor of i is the usual factor obtained in 4D Minkowski QFT, e.g. from
variation of the generating functional. This source requires some modification, however, since the
0 function is not covariant with respect to diffeomorphism invariance. The correct covariant ¢
function is

5§D (z — )

5D (z — g’y — 6@ (\/E (z — x')) == (4.6)

The inverse power of \/m is precisely what is necessary to cancel the factor of \/m from the
integration measure in the action, and we are left with precisely eq. ([@3]).

In the rest of this section we shall derive the ‘mixed position-momentum space’ propagator
on the RS background, A(p, z, 2’), where a fermion of 4-momentum p propagates from a position
2’ to z in the fifth dimension. This was discussed for scalars and spin-2 particles in Giddings,
Katz, Randall [I4] and Randall and Schwartz [15]. A pedagogical introduction the derivation and
calculation of these propagators in flat compactifications is presented in Puchwein and Kunzst
[16], though we shall follow what we feel is a more intuitive derivation.

4.2 The position space propagator

Let us define our RS Dirac operator as
2
D=1 (VM(?M — —75) — E, (4.7)
z z
so that the action takes the form

5= / diz / dz (R)2)* TDU. (4.8)

10



The equation of motion that we must solve is
(R/2)*DA(z) = i6®) (z — &), (4.9)

where A(z) is the Dirac Green’s function that, upon imposing appropriate boundary conditions, we
will identify with the bulk fermion propagator. Because of the Dirac structure in D this equation
is difficult to disentangle to solve. We shall make use of a handy trick analogous to the usual
4D case where we ‘square’ the Dirac equation into a scalar equation, where the phrase ‘square’ is
used colloquially and with no mathematical rigor@. Define the ‘conjugate’ (also a colloquial term)
Dirac operator as

2
D* = —i (WaM - ;75) _— (4.10)

z

One can then note that the product of these operators takes the form

* M 2 5 A M ¢
—————

The first term on the right-hand side is

2 \? 2\ 2 2 4
(’VMaM - ;’75> = 0y 0™ — ’YMaM <’75;) —;’YM”YE)aM - ;’75’YM3M +; (75)2 (4.12)

) cancels}:)r M=#5 ’
2 4 4
=0 + S () =S (") o+ 5 () (4.13)
= Oy OM — % + é85. (4.14)
z z

Thus, finally, we are left with a ‘squared’ Dirac operator
1
DD* = 0y 0M + ) (4 i7°c — 6+ 4205) , (4.15)
z

where one should recall that in our conventions 77° = diag(—1, 1). The operator is not scalar, but
it is at least manifestly diagonal and can be decomposed into scalar equations on Weyl spinors.
For simplicity we shall write

c+c—6
22 )

* 4
DD* = (DD 0 ) : DD} = 0,0" — 03 + 05+ (4.16)

0 DD}

SEven though this is not an honest conjugate or ‘squaring’ of the Dirac operator, there is an interesting math-
ematical digression to be made regarding the actual conjugate Dirac operator. In flat space, the Dirac operator
squares to the Klein-Gordon operator exactly. In general curved spaces the square of the (massless) Dirac operator
differs from the square of the covariant derivative (box) by a polynomial in the curvature. This is the so-called
Weitzenbock decomposition: D? = V*V + %R. See, for example, N. Hitchin, “The Dirac Operator,” in Invitations
to Geometry and Topology.

11



Let us now write down a diagonal 2 x 2 matrix of scalar functions in Weyl spinor space, F'(z) =
diag(F_(z), F'y (z)) such that

(R/2)' DD F(x) = <§>4 (Déyi D%Q <F a) Ff@)) — i (@ — o). (4.17)

z

Solving for F.(z) reduces to the usual program of solving partial differential equations with
boundary conditions for scalar functions. The trick is that upon finding the F' functions, we
automatically (i.e. by construction) get solutions for the Dirac Green’s function equation, eq. (A3]),

(4.18)

A(z) = D*F(z) = <85F_($) - %F_(ZL‘) —io", Fy (x) ) |

—io"0,F_(x) —0sFy(x) + 2°F, (2)
4.3 Mixed Position-Momentum Space Propagator

Thus far all of our calculations have been in 5D position space. Since each z-slice of the Randall
Sundrum AdS space is flat with respect to the 4D Minkowski directions we may make use of the
usual method of Fourier transforming to momentum space for these directions. Note that on the
compactified (z) direction we do not want to go into momentum space. It is important to work in
position space for the z direction because we want to be able to describe brane-localized operators
and the overlap of bulk fields.

Let’s start with a review of how this Fourier transform works for a general Green’s function
equation for an operator O(0,,ds). The Green’s function equation is

O(0,,05) f(x — ', 2, 2') = i6W(x — )0 (2 — ). (4.19)
We first perform a Fourier transform on the 4D coordinates with respect to a dummy variable p/,
/d4p’ P O(ip,05)f(p, 2, 2') = id(z — 2) /d4p e (4.20)

where we've used 4D Lorentz invariance to shift 2’ to zero. We can now project upon a particular
momentum mode p by multiplying both sides by e~"? and integrating over d*z.

/d4x/d4p’ei(p_p/)x O@ip',05)f(p,z,2") =id(z — 2') /d4x dtplelw'—p (4.21)
/d‘4p’5(4)(p’ —p)O(ip, 05) f(p, 2, 2) = i6W (2 — ') /d4p o(p' —p). (4.22)
From this we finally derive the mixed position-momentum space Green’s function equations,

O(ip,d5)f(p, z,2') = 16(z — 2). (4.23)

Thus we are now left with a one-dimensional Green’s function equation to solve in position spaece.
For our ‘Dirac-squared’” operator above, eq. (d.I6]), this yields

4 2+c—6
DDiFi(pa 27Z/) = (_p2 - ag + 285 + %) Fi(pa Z>Z/)' (424>
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4.4 Solving the differential equation

We now follow the usual procedure for solving the Green’s function equation that one is familiar
with from electromagnetism. The calculations can now become rather messy, so we’ve provided
a model calculation for a bulk fermion on a flat extra dimension in Appendix Bl We split the
solution into two parts corresponding to the solution F7 (p,z,z') for z > 2’ and the solution
Fg(p,z,2') for z < 2/, In each of these regimes one avoids the § function on the right-hand side
of the Green’s function equation so that one only needs to find the solution to the homogenous
differential equation:

4 24+c—-6
(—p2 — 92+ ;85 + %) Fy7(p,z,2) =0. (4.25)
This has a general solution
FE7(p,z,2) = Ai’>z5/2Jcil/2(sz) + B§’>25/2Yci1/2(sz)- (4.26)

The Jet1/2 and Y5 are Bessel functions of the first and second kinds (Y is occasionally called
N for Neumann function). 1y, is the shorthand used in the literature for \/]?, where p? =
pup*. The eight coefficients AT~ and B~ are determined by boundary conditions on the brane
(chiral /orbifold boundary conditions) and matching conditions at the point z = 2’.

Cséki, Grojean, Hubiz, Shirman, and Terning (‘the Three Musketeers, Christophe, and Jay’)
[13] noted that since the Dirac equation is first order one doesn’t need separate boundary conditions
for the Weyl spinor fields x and ¢ that live in a Dirac fermion. In fact, specifying separate boundary
conditions overconstrains the system. The point is that the (bulk) Dirac equation evaluated at
the boundaries convert 1) boundary conditions into xy boundary conditions and vice versa.

Our approach is rather different but makes their observation more manifest. By ‘squaring’ the
Dirac equation we now work with a second order scalar equation. There are no ambiguities about
the Dirac equation coupling different components of the Green’s function. In the previous point of
view, imposing the Dirac equation on the branes to obtain boundary conditions for the opposite-
chirality Weyl spinor is automatically satisfied by construction in eq. ([AI8]). As a second-order
equation there is now an additional constant to be solved for, but this is taken care of by an
additional matching condition. Thus the two approaches are completely equivalent, though the
present procedure has the benefit of additional clarity.

Our first boundary condition we’ll impose is the jump conditon at z = 2z’ obtained from
integrating the Green’s function equation over a sliver about the source at z’.

2 e 4 2 2/ +e
4 +c—
/ dz (E) {—pQ — 02+ ~05 + #} Fi(p,z,7) = z/ dz6(z — 2'), (4.27)
z'—e€ < “ z 2'—e

where we’ve explicitly included the (R/z)* term since we are now working with the inhomogeneous
Green’s function. Only the terms with Oss survive the limit when € — 0.

iy 4 i 2 +e 4 R —4
_85 Fi(Pa%Z,Nz/_z - ; F:I:(pv Zaz/)|i’—§ + / dz (652) F:I:(pv 272/) =1 (_) (428)

e 2!
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The last term drops out as € — 0, so that the jump boundary condition takes the form

z

é > VAN é < I _/ !
<a5+2,)Fi(p;Z,Z) (85+Z/>Fi(p,z,2f)— Z(R) . (429)

Here used Fi(p,2' +¢€,2') = F7(p,7,2') and Fyi(p, 2’ —¢€,2') = F£(p, 2/, 7).

The next boundary condition that we would like to impose is continuity of Fi(p, z, ') at z = 2/
This comes about because even though we’ve seen above that the first derivative is discontinuous
at 2z’ (as one expects for a second order differential equation), but non-singular. Thus we impose

FZ(p,7,7) = FE(p, 7', 7). (4.30)

Note that plugging this back into the jump condition causes the (4/2’) terms to cancel.
The remaining boundary conditions come from the chiral (orbifold) bonditions on the branes,
z = R', R. To impose these, let us write the Dirac Green’s function eq. (I8 as

Al A12> (A A )
A=DF = =[x x| 4.31
<A21 A22 AWP wa ( )

where we’ve broken down the Dirac propagator into a matrix of Weyl propagators. For example,
Ay (p, 2, 2') is the propagator of a ¢ (chiral right-handed spinor) at 2’ propagating into a x (chiral
left-handed spinor) at z with four-momentum p. One may see this heuristically by recalling that
the propagator can be written heuristically as

T (XY XX
A~ UV (¢¢ @bY) . (4.32)

From this point on our boundary conditions will depend on whether we are consider left-handed
fermion propagators Ay or right-handed fermion propagators Ag, where it is understood that the
handedness we refer to is the chirality of the zero mode. For a bulk propagator of zero-mode
chirality X € {L, R}, our boundary conditions impose that the ‘wrong chirality’ component of
the field cannot propagate to either brane. For example, a left-handed bulk fermion ¥ = y & ¥
must have its right-handed component vanish at the boundary (R') = ¢(R) = 0. Explicitly, we
impose

0= Afbx(]?a R7 Z,) = Aiw(l?a R7 Z,) (433>
0= AL (p, B, 2') = AL (p, R, (4:31)
0= A)Ifx(pa Ru Z/) = Aﬁp(pa R7 Z/) (435>
0= AR (p, R, ) = AR (p, I, ). (4:36)
More succinctly,
A A 0 0
M= (50 ) e = (o, A ) @30
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One can now count that for a given chirality this gives eight equations for eight unknowns. One
might ask whether we’ve missed something, since in principle our boundary conditions should also
prohibit wrong-chirality modes of fermion propagators coming from either brane, i.e. 2/ = R, R'.
The short answer is that these boundary conditions are automatically satisfied by when imposing
the to-the-brane boundary conditions.

AXp 2, ) = <8 iﬁi) AR(p, 2, )| = @zz 8) | (4.38)

Just to show off that we can write this yet another way, let us say
Pr A%(p, 2, z’)‘z:Rﬁ, = PRD* FX(p, 2, z’)‘Z:RyR, =0 (4.39)
Pp Af(p, 2, z/)‘z:R’R, = P.D* FR(p, z, z’)‘Z:R’R, = 0. (4.40)

From eq. ({I8), we may write these in terms of the FL and F'® functions,

0= —ig"d, F*(p, z, Z/)}ZZR,R/ 0= (—85 + g - S) F(p,z, z')|z:R7R, (4.41)
0= —i0"0, F{(p,2.2)| _p p 0= ( D5 — % — S) Fi(p,z,2")| - (4.42)

We note that p can take any value so that these equations can be written
0= F(p,z, Z/)‘z:R,R’ 0= (85 — g + g) Fl(p,z, Z/)}z:R,R’ (4.43)
0=Fp,22)| _pp 0= (85 — g - g) FEp, 2,2 g (4.44)

Note that the left- and right-handed boundary conditions are related by F; < F_ (which trans-
lates to x < ) and ¢ « —c.
Now we've written all of our boundary conditions in terms of constraints on the F' functions.

4.5 Addendum: Jump Condition

This is a quick post-facto aside to mention that the derivation above for the jump condition of

eq. (@2,

2 e 4 9 2 +e
4 +c—
/ az (5) {—pZ 0+ 205+ —6] Fi(p,z7) =i / dz8(z— ). (4.45)

I_¢ z'—e

The above derivation of the jump condition cheated a little in shifting the (R/2)* back and forth,
even though the final result is correct. Here we re-derive the jump condition so that we may
proceed with a good conscience. Performing the integration by parts for the left-hand side of the
above equation and dropping terms that vanish in the ¢ — 0 limit, we find

2 +e 4 4
_ / i <—35 (g) 05 F + 05 <4%> F) (4.46)
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Note that expressions of the form 275 and 2~ are continuous at 2’ € [R, R’] and we have shown
above that F(z = 2/ +¢€) = F(z = 2/ — €). The only discontinuity that can appear, then, is in the
expression OsF. Thus two the terms multiplied by 4 both vanish in the ¢ — 0 limit, so that we’re
left with a jump condition

R\

- (_) O5F
z

The remaining integral should be performed by integrating by parts once more,

z'+e 4 2 Z'+e 4
/ dz Os (g) OsF = |05 (g) F —/ dz 03 (g) F. (4.48)

Now both sides on the right-hand side are independent of 05 and thus vanish in the ¢ — 0 limit.
Thus our jump condition reduces to

2/ +e

2 +e R 4

'—e

z'—e

2 +e

(5) el =

Summary of boundary conditions:
Before proceeding, let us summarize the boundary conditions here:

N
OsFZ(p, 2, 2) = OsF5(p, 2, 2') = —i (%) : (4.50)
F7(p,2,2)=Fg(p, 2, 7). (4.51)
0= FX ol 0= (0;—2+¢ FE( ol (4.52)
- 4L p7Z7Z) 2=R,R - ) ; ; +\D, %, % 2=R,R/ .
2 c
0= Ff(p,Z,Z,)’ZZR’R, 0= (aﬁ')_;_;> FF(p,Z,Z/)’ZZRJ%,. (453)

Now all that remains is to determine the coefficients AT~ and By~ from eq. (Z26). This can be
solved straightforwardly using Mathematica.

4.6 Solution of Coefficients

Define the following ‘antisymmetric’ auxiliary functions,

SE () = Jows (1Yo () — T ()Y (2) (4.54)
S (2.) = Jops (@Y () — T 1 ()Y, 1 (2) (4.55)
S () = Jo s (0)ops () — T ()Y, 1 (2). (4.56)



Even though S (z,y) = —SX(y, z), we define it separately for future simplicity.

The results of the Mathematica output is not pretty, but we will beautify it along the Wayﬁ. To
provide robustness against typos, we’ll start by explicitly providing the complete result. Writing
the left-handed results are

7:7.|.Z/5/2

the common factor C' =

2R*
502 XpHt
Ai< = —OY;;—% (XPR) S_EXZR XZR/;
SX(xp?', Xp R
Bi,< - CJC_% (xpR) SEXZR sz;
Se 0%, Xp 1Y)
AL = —CY, 1 (y,R) 5—(XpR XPR/)
c D ) p
Sz (67 ol
BL< — CJ.1 (xpR?) S—EXPR XpR/;
c pLtly Xp

Note that the As and Bs differ by Y — J and swapping R < R’. (This swap also gives the
relative sign due to the antisymmetry of the S auxiliary function in the denominator.) The +
and — values differ by swapping S — S in the numerator only. The right-handed equations are

very similar,

SH(xp? s xpR')
Al = —CYep1 O R) S+(X2R XZR/)
S 062 Xp
BP< = CJeys (e R?) S*EXZR XZR;
Se Op?'s Xplt')

ARS = —CY, 1 (xpR) 252520
++ 0o l) o R R
S (p?'s XpI¥)

B}_%< _ CJC L (x R [¢ P~y Ap
+2( P )SJ(XpR’ XpR')

These right-handed results are obtained from the left-handed results by swapping the sign of the
1/2 in the index of the explicit Bessel function. Doing this in the denominator also changes the
S to SI. Finally, we make the replacements in the numerator: S — S and S, — S . If all
of this still looks rather complicated, note that one can simplify by writing out all the arguments
in terms of dimensionless variables e.g. write all length scales in units of 1/x,, essentially setting

Xp = 1 in all the arguments.

Our task now is to write this out in a succinct, human-readable form. We see a rather nice

SX(xp?'s xpR)

AL> - CY. . R c b~ s Ap
" i O >S_(XPR7 Xp )
SX(xp?', XpR)

BL> — CJ a1 R/ c D~ » AP
T e e g R R)
S (xp?'s xpR)

A£> — —CYc,l R c \Ap~© s Ap
2 (Xp ) Sc_(XpRa XpR/>
S (xp?', XpR)
B> = OJ_ 1 (x,R) = tpZ 2 Ap
3 0of) 5ot R R

S:_ XPZ/7XPR)
Sé_(XpRa XpR/>

(
Sj (szla XpR)

AP = _CYch% (Xp1?)

B-}E> = OJC-F% (XPR/) S+(XpR XPR/)

[

N S
AR — ~0Y,1 (xR S+((

B> = O‘]c—l—% (xpf?')

symmetry where all of the indices are transformed according to

L—R
+ < F.

7“You can put lipstick on a pig, but it’s still a pig,” Barack Obama, 9 September 2008.
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Note that this only holds for indices, so that, e.g.

A, > A (4.59)
St— S (4.60)

1 1
cHg e, (4.61)

but the overall sign on the C' coefficient does not change. This symmetries is not so surprising
given the symmetry between the left- and right-handed boundary conditions.
Recall the general solution of our F' functions, eq. (£.26)),

F;’>(p, z,7) = Ai’>25/2jcil/2(Xp2) + Bi’>25/2Yci1/2(XpZ)- (E24)

We recall that all of the B coefficients carry an overall minus sign, so the z-dependent Bessel
functions can also be written in terms of our auxiliary functions, eqs. (A.54H4.50).

Ff< — ok (ZZ/)S/Q 5 (XpZ,7XpR/) S:(XpR7sz) (4.62)
Ff> — ot (zz’)5/2 S* (xp?'s Yo R) ST (Xo R, Xp) (4.63)
FL< — oF (zz/)5/2 ST (X2 Xo ') S (xp R Yp2) (4.64)
F> = o" (22)" 87 (7, XpR) S (G R Xp7) (4.65)
Ff< — ok (Zz')5/2 ST (xp? o) ST, Xp?) (4.66)
Ff> = a" (22)"7 81 (2, xo ) S5 (06 R X2) (4.67)
FR< — oL (ZZ/)5/2 S (szr, XpR/) S*(xpR, Xp?) (4.68)
FR> = a% ()2 87 (xp?, xpR) 82 (R xp%) (4.69)
We have defined the overall coefficients as
L m 1 G T 1 (4.70)

T 2R1S (xR, X, R T 2RISR xR

It is actually sufficient to just write down the F'< functions and note that the £~ functions can
be obtained by {z < 2’'}. (One should remember that S* and S~ are related by a minus sign.)
The final form of the propagator is

OsF_(z) — EEF_ () —io" O Fy (x) ) _ (4.71)

Alp,2,2) =DF(p,z,2) = ( —igt 9, F_(r)  —05Fy(x) + EEF (x)

Note the manifest z < 2z’ symmetry that one expects from the Green’s function.

5 KK mode profiles

It is now useful to include a quick discussion of the zero mode (more generally n''-mode) profile
since the external states for processes are interested in are typically zero modes. The profiles are
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derived pedagogically in Csaki’s TASI 04 lectures [2], but we repeat the derivation here because
of ideological differencedq.

The 4D equations of motion for the KK modes can be obtained from varying the bulk RS
fermionic action, eq. (B:3I)). Even though the fundamental fermion representation in 5D is the
Dirac spinor, we shall write the equations of motion in terms of Weyl spinors in anticipation of
KK-reduction to 4D modes. The result is

o_ia-axjuaﬂ—i% (5.1)
0=1ic-0p — Oy — ij. (5.2)

We now expand our Weyl spinors in terms of an orthonormall basis of left-handed (fn(2)) and
right-handed (g,(z)) 5D proﬁles@, i.e. we make the usual Kaluza-Klein decomposition ansatz

X(@,2) =Y ful2)xal(@) (5.3)
G(x,2) =Y gal2)i,(@). (5-4)

The functions f,, and g, are real so one never has to worry about picking up signs during complex
conjugation. By assumption the KK modes each satisfy 4D Dirac equations for different KK
masses m,, so that

0 = ifxn(z) — Mo, (2) (5.5)
0= Z(?mn(l’) - man<:U)7

where there is no implied sum over n. Plugging this into the 5D equation of motion we get the
5D profiles must satisfy

0= g4(2) + maful2) = 20, (2) 6.7
0= F1(2) = muga(2) + 2 Rale). 539

Note that in this last step we have implicitly used the orthogonality of the 4D fields so that these
equations also do not have an implied sum over n. We can now set m, = 0 and solve for the

8Namely we disagree with their normalization of ¢®. This shows up as an overall sign in the action so that it
makes no difference... but really, guys, who uses 0® = —1? (The authors of those lectures claim that this was to
match up with the original literature [13].)

90rthonormality is defined with respect to the fermion inner product of Section

0Here again we differ in notation from Csdki et al’s TASI lecture [2], this time via the choice of denoting left-
handed 5D profiles by f,, and right-handed by g,, rather than vice versa. The present notation is more standard in
current literature. Note that we will also alternately use the notation where all profiles are denoted by f with the
particle species and chirality denoted explicitly, e.g. fp for a right-chiral n-mode electron and f} for its left-chiral
SU(2) doublet sister.
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zero-mode profile, obtaining (up to normalization)

fo =4 (%)2_: (5.9)
9o = Bo <%>C+ ; (5.10)

where we’ve defined Ay and By to be constants of dimension 1/2. We can go on and solve for these
constants by demanding that the zero mode fermions are canonically normalized. For example,
plugging into the action and integrating over dz,

R R 4

:/d4x/ dz (—) iXo"OuX + - - (5.11)
R z
R R\* 2\ 2—¢ 2\ 2—¢

= 4 i) I =z Yoot Z

_/d x/R dz (Z> iAoy <R> X000, Ao <R> Xo + (5.12)

R 2\ —2c
R
S1-2¢ R
= AZ R2C/d4x L 5 } iXo0" " Ouxo + - - (5.14)
—2c|
1
= AAR*—— o (R — R'™] / d'zix,o" O, x0 + + - (5.15)

In order to get the right normalization, the overall prefactor must be unity, thus

AO ~ R2 [(Rl)l—?c _ Rl—?c] (5'16)
_ 1-2c (5.17)
R2C(R/)1—2C [1 _ (R/R’)1_2C] :
1 (R 1—-2¢c
-w %) T (>1%)

Finally, we may write the zero mode left-handed fermion (i.e. zero mode left-chiral fermion
associated with a vector-like 5D fermion with left-handed boundary conditions).

Xo(, z) = xo(x) fo(2) (5.19)
- (R) \/1 _ (1R_/f2{’c)1 2 (%)2 (%) B Xo() (5.20)
\/_\/1 _ 1R_/;/61 2 (%)2 (%)7%(0(37) (5.21)

(3 () e o2

ﬁ
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where we've defined the prefactor f.. Note that we haven’t considered the special case ¢ = 1/2
where the zero-mode fermion profile is ‘flat’ relative to the warping. In this case Eq. (5.14]) is no
longer correct and the term in the brackets is replaced by a term with log.

Similarly, for right-handed fermions

B R\' .. —
S:/d%/ dz (—) ot O + - - - (5.23)
—B?/d4 / dz = iwoaﬂaﬂﬁ--- (5.24)

[(R)H?C R / d'z ivpee" Opthy + - - - (5.25)

- °R201+2c

Fixing the normalization,

R* (1 + 2¢)
B(Z) - [(RY)+2e — R+ (5.26)
1 (R 1+ 2¢
_ 1 (E 2
I ( R ) [— (RJR)2 (5.27)

as a sanity-check we note that this reproduces the left-handed coefficient when ¢ — —c. The zero
mode right-handed fermion is

Yol z) = Yo(x) fo(2) (5.28)
- (R ) \/1 _ (13—;;/0)1+2c <%>2 <%>C% (5.29)
fJ () (2 o0

(G G e oo

where we’ve defined the coefficient g. similar to f. above. Note, however, that these are simply
related by

gec = f—c; (532)

and so it is common to say that right-handed fermions take negative values for c.

The next important point is the localization of these zero modes. Even though we’ve written
down the 5D profiles for the zero modes, the localization is nontrivial since one must take into
account the effect of the warp factor. Recall that we used the following normalization conditions,

A2 /RR’ dz (}%)26 — B /RRI dz (%)20 ~1. (5.33)

' The authors thank Felix Yu for bringing this up. This can lead to some confusion in the normalization when
dealing with fields in the ‘conformal limit.” See the discussion in Gherghetta and Pomarol [I7] below equation (50).
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A tricky way to understand the localization of the zero modes is to play with the limits of integra-
tion of the integrals, remembering that they already include the effect of the warp factor. Let’s
first focus on the Aq integral for fermions with left-handed boundary conditions.

e Sending the IR brane to infinity, R — oo, we see that the Ay integral remains convergent
for ¢ > 1/2. This means that for ¢ > 1/2 the fermion is localized on the UV brane.

e On the other hand, sending the UV brane to zero, R — 0, we see that the integral remains
convergent for ¢ < 1/2 and we say that the fermion is localized on the IR brane.

For fermions with right-chiral boundary conditions, the conditions get an overall sign.
e For R' — oo, the By integral is finite for ¢ < —1/2.
e For R — 0 it is finite for ¢ > —1/2.

So we see the generic feature of extra dimensional theories on an interval where the bulk mass
of a field determines that field’s localization. For fermions the transition between IR and UV
localization occurs at |c| = 1/2.

For completeness, let us mention the higher KK modes, for which one must solve eqns. (5.7H5.8))
for nonzero m,,. This is solved by combining the two coupled first-order differential equations to
obtain second-order equations,

4 4+c—6

fn+ ;ffz + (mi - T) Jn=0 (5.34)
4 —c—6

gn+ ;gﬁl + (mi — T) gn = 0. (5.35)

We already know the general solution to these equations, since they are precisely what we solved in
eq. (25). Indeed, this procedure is exactly our mixed position-momentum space trick of squaring
the Dirac operator into a scalar operator acting on each Weyl subspace, i.e. decoupling the y and
1. Explicitly, the solutions (before imposing boundary conditions) are

fa(2) = 222 (Ap et jo(mnz) + BpYesrj2(mn2)) (5.36)
gn(2) = 22 (AnJc,l/g(mnz) + BnYC,l/Q(mnz)) , (5.37)
where we used the bulk equations of motion to set the coefficients of each term to be the same

betwee the f, and g, functions. The A, and B, are ultimately determined by the boundary
conditions and imposing canonical normalization for each mode, as we did for the zero-mode.

6 Calculation of Penguins

We now discuss the practical calculation of penguin-diagrams in this warped extra dimension. We
shall focus here on the technical calculation. A discussion of the finiteness of the penguin is left
for our main paper. For concreteness, we will consider the leptonic pengui [ — e.

12Purists might argue that these diagrams are not ‘real’ penguins because they don’t have any ‘feet.” The essence
of the penguin diagram, however, is that it is a loop-mediated flavor changing neutral current that can occur on-
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Figure 1: Higgs-mediated loops contributing to u — e7y. Explicit mass insertions are suppressed.

6.1 Gauge-Invariant Amplitude

We now pause for a morality play regarding the kinds of terms that contribute to the physical
amplitude. Consider the scalar contribution to the Standard Model process, illustrated in Fig. [Il
The external leg corrections are linearly divergent while the 1PI diagram is log divergent. Naively
one has to worry about regularizing these diagrams and this becomes an ordeal. However, we
know that this process is finite. (See, for example, the heuristic arguments in our paper.) The
divergences conspire to cancel each other exactly. This can be seen from the Ward identity which
tells us that replacing the external photon polarization by its momentum causes the amplitude to
vanish, ¢,M*" = 0. This means that the amplitude can be written in the form

M =aup’+ (p+ Q)" — (myu + m )Y u+ b g wy'u + c ¢*u, (6.1)

where a, b, ¢ are coefficients with the appropriate dimensions. This satisfies the Ward identity
since the a term vanishes upon contraction with ¢: wm,¢ = up¢ = up-q, and similarly with m. u
The b and ¢ terms also vanish upon contraction with ¢* since ¢*> = 0 on shell; these terms don’t
contribute in the physical amplitude since ¢ - € = 0. Thus we are left with a physical amplitude of
the form

M =aup’ + (p+@)* — (my + me)y"| u. (6.2)

We can now massage this into a gauge invariant tensor operator,
M =aﬂ[p“+<p+q>“—m’“‘—7“ (szw)] u (6.3)
GH[P”WL(P—FQ)”—%PV“ Al ——7 (p+d) - 7“ (zz>+51)] u (6.4)

1 1 1
=aT [p“+ (p+a)f =P+ 7P =+ ) +5 (P +d) " - —7 (pﬂi)] (6.5)
1
= aﬂé (¢, 7"] w. (6.6)
This is now manifestly in the form of a gauge-invariant term
M = e M' = auc"u F,. (6.7)

shell due to the radiation of a boson. Whether or not that boson pair produces (hence forming the ‘feet’ of the
penguin) is irrelevant to the point that the penguin is the leading order contribution to neutral-current flavor
violation. For those who are still perturbed, note that there is no ‘official’ definition of the penguin diagram. The
original reference is Ellis et al, [I8]. For more background on the etymology of the term, see, for example, the
memorable quote by John Ellis in Shifman’s ITEP lectures [19].
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Let us now note that the vector terms that contributed to this amplitude are finite and proportional
to the external fermion masses. In this simple example we see that the only contribution to the
physical amplitude comes from the term proportional to p*. In particular, the vector terms
that one obtains from evaluating all three diagrams in Fig. [Il can either be converted into terms
proportional to the mass of the external fermions (which reduces the overall degree of divergence)
or must otherwise cancel (these include the terms containing divergences). Our general strategy,
then, will be to identify the a coefficient as the p* term after using the Clifford algebra and the
external spinor equations of motion. This allows us to directly write the finite physical amplitude
without worrying about regularization of potentially divergent terms that ultimately cancel.

Let us be clear on this: the amplitude is composed of several terms. As written they all start out
proportional to v* from the photon coupling. These terms each contain additional Dirac structure
such as p and all of our favorite friends. We can massage these terms using the Clifford algebra
to (anti-)commute p past a 7*. The anticommutator term gives us a p”, which will contribute to
the physical amplitude. The game we play is thus:

1. Simplify the amplitude’s Dirac structure as much as possible.

2. Use the equations of motion to get rid of p and (p + ¢) terms when they’re next to the
appropriate external spinor.

3. One will be left with terms like %(p+q)py"u(p) which one cannot use the equations of motion
to simplify. Now use the Clifford algebra to anticommute the slashed-momentum across the
~#. This allows one to use the equations of motion, but one also gets a leftover term of the
form p*u(p + q)u(p). This is precisely the term that we’re interested in.

6.2 Operators

Now let us pause and note that it is particularly useful to think about the contributions to
this process in terms of effective operators. This means that we write down an effective
Lagrangian which encodes 1PI loops and allows us to write down tree-level ‘skeleton diagrams’
for u — ey. This still requires us to calculate the same loop diagrams as we would otherwise, but
we will see that combined with the analysis of the form of the amplitude above, this will allow us
to identify the bare minimum that we have to calculatd™d. The effective operators are constrained
by chirality and gauge invariance. For example, the leading order operator takes the form

€5
1672

e H - Lio" (Ysirtdsse; ) B Foo- (6.8)
The indices on the coefficient ay, refer to the flavor structure of internal propagators. This is just
the 5D operator that gives a tree level ;1 — e7 coupling with no additional insertions. If we set the
fields to their zero modes, then the coefficient a here is exactly a contribution to the coefficient a
in the amplitude in Eq. (€7). In fact, if we only consider this operator, then both as are exactly
the same. It’s no coincidence that this effective operator and the form of the amplitude take

13The moral is that one shouldn’t confuse the effective operators from the amplitude. Indeed, there can be an
operator that takes the exact form of the amplitude and if this is the only such operator, then it is equal to the
amplitude. However, in general there can be other operators that can be combined to contribute to the amplitude.
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the same form, the effective operator is just the most trivial contribution to the amplitude and
they are both constrained by gauge invariance.

After plugging in the wave functions for the fermion and photon zero modes, carefully including
all warp factors, and matching the gauge coupling we find the relevant 4D operator for the zero
modes contributing to 4 — ey to be given by

_0 v
auR? \/_<fL YV Yo fop ) Lo EOFO 4+ hc. (6.9)

in the gauge eigenbasis, i.e. before diagonalizing the Yukawa matrix. Since Y is anarchic we
simplify the indices by writing

areYa Y, Yoy = a2 (6.10)

where we’ve used the anarchic limi and the observation that the ay, do not vary strongly for
different values of k and ¢. This observation can be checked explicitly, as can be found in the
handy plot in our paper. We can go to the standard 4D mass eigenbesis using the bi-unitary
transformation

y = Uy U, (6.11)

where the magnitudes of the elements of the unitary matrices Uy r are set by the hierarchies in
the flavor constants

(UL)ij ~ L for fr, < fi, (6.12)
[
The traditional parameterization for the y — ey amplitude is written as
—iCr p_ 5
LB k(D) " upn(p + @) Fp (6.13)
2my,

where uy, g are the left and right handed Dirac spinors for the p. Comparing (6.9) with (G.I13) and
using the magnitudes for the off-diagonal terms in the Uy rotation matrix for the anarchic case in
(6.12)), we find that in the mass eigeinbasis

e v
C'L = CLRIQ 671'2 Kk372mﬂfL2f*E17

CR _ CLR/Q o 2Y ﬂZmqulf_EQ (614)

Y4Tn particular, if W = Y/Y* is a matrix containing only elements +1 with randomly assigned signs, then

Wwiw),, Z Rand(+

This must sum to an odd integer. It is a simple exercise in elementary probability to show that the value is +1 for
just under half of the possible random distributions.
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N AT\

(a) External mass insertion ) Bulk W loop ) “Muffin” diagram

Figure 2: Higher order diagrams that incorporate contributions from other operators.

The actual y — ey branching fraction is given by

1272 _
Br(i — ey) = m((}f +C%) < 121071 (6.15)
w

While the generic expression of Br(u — ev) depends on the individual wave functions fi, g, since
the product C,Cp is fixed by the physical lepton masses and C% + C% > 2C,Cg one can put a
lower bound on the branching ratio

2\ 2
Br(u — ey) > 3a2g (R—> e o (6.16)

GF my,

If we want the lightest gauge KK modes to be accessible at the LHC, since mgx ~ 2.4/R', we
need to choose 1/R’ ~ 1 — 1.51/TeV. Then for a given value of a we will get a generic upper
bound on Y,

Y, <0.18a 2. (6.17)

6.3 Other operators

One might consider more operators that could contribute. For example, one might consider the
brane-localized kinetic terms

L E
16 S LiD(y'y)i; Ly + F%EiD(ny)ijEja (6.18)
or the the higher-order W-loop induced operators
g DL, + i _EPD’E, (6.19)
1672 1672

These come from diagrams such as those in Fig. More generally, one can build additional
gauge-invariant 5D bulk operators from powers of the covariant derivative,

2n - 2n+1
167r2 Lp E; 167T2 Lp
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but these do not contribute at leading-loop order since one can apply the equations of motion to
convert these operators into contributions to kinetic term, i.e. wavefunction renormalizationd. Tn
other words, )" — Ip. In particular, this means that one may ignore diagrams with a bulk loop
and an external chirality-flipping mass insertion on the IR brane, e.g. W loop diagrams.

6.4 R dependence

Let’s discuss how to write out an effective operator more concretely. We’ll focus on the a operator.
We would like to pull out all dimensionful factors and write everything in terms of a dimensionless
coefficient. We would also like to translate this from a 5D operator into an operator for zero mode
fermions. We start with the ‘full’ form of the 5D operator (note the covariant ¢ function to force
the operator to be IR brane-localized):

Ou = aVGgsHLo" (yy'y) Bo(\/Gs5(z — R))) Fpu. (6.20)

For simplicity we’re dropping flavor indices. Let’s check dimensions:

) =~ (6:21)

(H] =1 (6.22)

0] =2 (6.23)

[Fuw] = g (6.24)
6(>— R)] =1 (6.25)
[y] = —1 (6.26)

All other terms are dimensionless so that upon including a d°z this term is dimensionless in the
effective action and thus the coefficient a is indeed dimensionless. The 4D operator is dimension
6, so when we write out an operator for (4D) zero modes, we expect a coefficient of dimension
-2. Since this operator is IR brane localized, the intuitive choice of scale is R’ (or, if the operator
were to have turned out to be UV sensitive, it would have been 1/A%.) We can now insert our 4D

15Tt is a nontrivial fact often used in effective field theory that one may use the equations of motion to relate
quantum operators. This has been explained pedagogically by Politzer in Section 12 of [20] and Weinberg in
Section 7.7 of [21I]. We thank Witek Skiba for explaining this to us.
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(a) Mass insertion before v (b) Mass insertion after

Figure 3: 5D one-loop diagrams contributing to the operator (6.34]). The horizontal dashed line
represents a brane-localized Higgs and the dot represents a Higgs vev insertion.

fields and check explicit powers of R:

VGS(\/Gss(z — R)) = (5) 5(z— R (6.27)

Rl
gSF;w = €F,Eg) (628)
v (R
(H) = 7z (E) (6.29)
L)oo B = g () Sl (@) 00e) (6:30)
yy'y = R°YYTY (6.31)
o = (%) Thoe- (6.32)

The result is

aR"™

e v - .
16#5@- fr. (YY) fop,0" E;F,, + h.c. (6.33)

Of course we could have just guessed this form from dimensional analysis and noting that the
operator is localized on the IR brane so must depend on the warped down scale (1/R’).

6.5 Weyl Penguins

In terms of Weyl spinors, the leading order (in mass insertion) operator contributing to the p — ey
Weyl penguinlé is

gs
1672

Qe H- Zia“”(yikkaﬁygj)EjFW. (6.34)

As discussed in our main paper, this is the only operator to contribute by gauge invariance. The
corresponding diagrams contributing to this operator are shown in fig. Bl

16We only use this rather meaningless phrase to make fun of our colleague, D.C., who dishonors his German
heritage by pronouncing Hermann Weyl’s last name as ‘whale.’
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6.6 Feynman Rules, Schwinger Drools

E L / /

N (RY 2 (Y
: _(ﬁ) BEt _(?) .
H Ay

The first of these rules expresses how the effective Yukawa is warped down by a factor of (R/R')? by
virtue of the Higgs being localized on the IR brane. The exact factor is determined by canonically
normalizing the Higgs to be a 4D field. In detail,

S:/d%/:dz <§)5 H5-L%E%+h.c+--- : (6.35)

where we recall that the covariant § function is 6(,/gs52) = 0(2)//gs5- We should now normalize
the kinetic term and write the brane-localized 5D Higgs field Hs explicitly as a fully 4D (e.g.
dimension one) field H. Note the Higgs kinetic term takes the form

S = /d%/dz (5)5(DMH5)(DNH5)gMN% + - (6.36)

— / d'z (%)2 (D Hs)(D"Hz) 4 - - - . (6.37)

Thus in order to canonically normalize with respect to a 4D Higgs, we ought to define

R
Finally, we may rewrite the 5D Yukawa couplings in terms of these manifestly 4D Higgs fields as
R\?
S:/d4:c <§) H-LYsE+hc+---. (6.39)

In order to relate these to the 4D Yukawa couplings between the zero-mode fermions, one may
KK-decompose the 5D spinors and consider the profile of the zero mode. For example, inserting
egs. (£.22) and (B.3T]), for example, the Yukawa couplings of the zero modes can be written as

5= Jato () 1 (e () o) (g (5) 1) mees 0

1 -
= /d4$ H - xoL (Echst—CR> Yop +he+--- (6.41)

and thus we may identify

1
ysm = pfer Y5 cq- (6.42)
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Next we discuss the couplings of the fermions to gauge bosons. The kinetic term takes the form

’ R\" —
d*z | dz ~ UMDy, 0, (6.43)

where Dy, = Oy + g5Ay. If we are interested in the coupling to a zero-mode external photon,
as in u — ey, then we can just read off the result. This is because we know that the photon
doesn’t participate in electroweak symmetry breaking and so its zero mode profile is flat (i.e.
z-independent). Thus one only has to keep track of powers of R and R’. A handy mnemonic,
however, is to recall that the z integral for this coupling must include the 4D coupling so that

/dz 95 A0 (2, 2) = e A (). (6.44)

Thus the relevant Feynman rule is just the 4D coupling e times the appropriate power of the warp
factor. Using this Feynman rule we are implicitly writing the photon as a 4D zero mode field.
More generally, for a bulk gauge field (e.g. for internal W diagrams) the coupling is the same as
above but with the 4D coupling replaced by the 5D coupling whose value is

(95)* = R(g4)?, (6.45)

which is fixed by considering the zero mode coupling.

6.7 Amplitude

We now write out the amplitude for each diagram, M = ¢, <M (’2) + M (’2)> For the first diagram

we have
R R\ *
My = / d'k / dz (1) Y;kAExk’,R',z)e(;) v Ap, (k, 2, R)
R
v
V2

The external state spinors u and @ are implicitly 5D, i.e. we mean u = uyp fo(R'). We can separate
this out to make it more human-readable,

Vi Ak, R, R) Yoy ug, (p) Au(k —p). (6.46)

/ 4
M = %Yikmmj / 7k /RR . (g) w, () [Gly] ws ) Sk —p), (647
where we’ve defined the ‘gamma matrix structure,’
[G;‘a)]ke = Ap, (KR, 2) v Ap, (k, 2, R)) Ap, (k, R, R). (6.48)
Similarly for the second diagram,
e = yvtye [at [ ae (B) ano) o =
® = 5 ikt g fa/ /R z (2) ur, (p) |:G(b):|k£qu(p) Au(k = p), (6.49)
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with the corresponding gamma matrix structure
G| = Bu KRR Ay (kB 2) 3 B, k2, R). (6.50)

We will summarize the common prefactor as

(&

Aipej = NG

Vi Y1, Y0, (6.51)

6.8 Simplifying to Weyl Amplitudes

We can simplify the Dirac structure by recalling the structure of the fermion propagators 2 x 2
Weyl basis, egs. (£3THL3]). For example,

GIELa) = AEk (]{7,7 R,, Z) ’}/M AEk (k’, Z, R,) ALz(kJ, R/, R/) (652)

(0 o0 o'\ (AL 0) (0 AP

(i az) (o ") (5l 0) (0 (6:53)
0 O

(0 o). oo

where we have now packaged the Dirac structure into Weyl structure,

Giy= AR(K,R,z)a" AR (k,z, R) A (k, R, R')
+ AL (K, R, 2) o A% (k, 2, R') AR (k, R, R). (6.55)

Does this make sense? As a sanity check, we check that the amplitude goes as
Mo~ ) (Y 0 (X ~ve2T~T6RE (6.56)
(a) X) {0 G2 ) \v XS (a) (a) & :

which is indeed the correct form we wrote in eq. ([6.34]).
Let us do the same thing for G’(‘b),

Gl = Ap, (K, R R) Ap,(k, R, 2) v A, (k, 2, R)) (6.57)

0 0\ /Al Al o\ [0 Al?
— (A2E1 0) ( OLz OLe) (5“ ) <O A%ﬁ) (658)
0 0 >
= 22 | (6.59)
(0 G)

where we have again packaged the Dirac structure into Weyl structure,

G?f) = AL (KR, R)ALK,R,2) o" AP (k,z, R)
+ A} (K, R, R) AP (K, R, z) 5" AP (k, 2, R). (6.60)
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6.9 Separating the Scalar Parts
We will now simplify the G** functions. Recalling eq. (£31)),

s ()P ) )G ) e

Now we can write out the G*2s as (using slightly modified notation for the F's),

Gl = [DiFj> (K, R, 2)] [D_Fg=(k,z R)] [F/ (k,R',R")] 7"}

+ [Fg (K, R, 2)] [Fg~(k, 2, R)] [Ff,(k, R, R)] ¥o"E} (6.62)
Gy = [Fg (K, R, R)| [D_F,>(K,R,2)] [DyF/=(k, 2 R)] Fot
+ [Fg, (K, R R)] [Ff> (K, R, 2)] [F{~(k,z R)| F¥'5"k. (6.63)

Recalling the Clifford algebra for Pauli matrices,

PP =Pp = P’ Laxe. (6.64)

Let us thus write the G?2s in terms of purely scalar functions of the Fs,

Go =Gk + Gk W o (6.65)
G = 9wl o" +3,(K )", (6.66)

where we recall that k* = xj and (k') = xj,,. To write these in a more useful form, we can
absorb these into the § and § functions by defining 9(a) = J(ayk* and Iy = ﬁ(b)(k" )2,

G3) = 0"k + g Ho" (6.67)
Gt = gk + G0k (6.68)

For concreteness let us write out our shorthand notation explicitly,

G = [D+Fp” (K R, 2)] [D_Fg~(k,z,R")] [F/ (k, R, R)] (6.69)
9@ = Xi [Fg. (KR 2)] [F5=(k,z,R)] [Ff,(k,R,R)] (6.70)
9w = [Fg, (K, R, R)] [D_F;> (KR 2)] [D+F/~(k,z, R)] (6.71)

(6.72)

Gy = (Xnao)? [Fg, (K, R, R [F/7 (K, R, 2)] [Ff~(k, 2, R')]

To really summarize our progress so far, let’s write out the amplitudes for each diagram again,

ko= A adk | d R\' (0 0 A
/\/l(a)— iktj z ~ ur, g(a)ﬁ“k—l-g(a)wa“ ug, Ag (6.73)

R\" 0 0
Ho— A, 4 - M
M(b) = Azkg] /d k?/dZ (Z) Ur,; ( g(b)%‘;O_“ +§(a)ﬁk) UE]. AH, (674)

o

e}
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where we’ve dropped arguments and written the overall constants as A;i,;. An alternate way to
write this amplitude is to promote the Pauli structure back into Dirac structure and impose a
projection operator,

R\*

Mgy = Aires /d4k/d2 (;) L, (G ¥+ 9k 7") Pug, Any (6.75)
R\

Ml{b) = Aikéj /d4k/d2 (;) ﬂLi (E(b)fyﬂk + g(b)%’fy“) PR qu AH (676)

Even more succinctly, we can write these amplitudes completely in terms of Weyl spinors,
w 4 R 4— N [T7 -
Moy = Ay | &k [ dz { — ) XuiP) [H o)+ Hw)] ¥, (1) (6.77)
4 R ! — / TT A
Aigej | A7k [ dz . Xii(P) [Hu) + H)] Vg, (p) (6.78)

where the Weyl structure takes the form

Ha) = G(a)(X+q) D (k — p) " (6.79)
H(a) = ga)(Xn+q) Ar(k — p) ( ) (6.80)
= 90y (Xkrg) Dt (e — p>( 7)o" (6.81)

Hy = G (Xurq) D (k — p) Tk (6.82)
(6.83)

6.10 Taylor Expansion in p and ¢

While these manipulations greatly simplify the amplitude into compartmentalized pieces, it is
still quite a mess to evaluate even numerically. In particular, the dependence on the integration
variable k is not manifestly even so that we cannot do our usual 4D trick of doing a spherical
integral.

The next step is to expand these expressions in p and ¢, the so-called ‘Yuhsin’s ¢- expanswn.
As explained in our main paper, the general strategy is to use the equations of motion on the
external spinor wavefunctions,

T ()Y = meTe(p') (6.84)
pu”(p) = myu(p). (6.85)

We use p’ = p + ¢ to convert all of our momenta into the integration variable k and the external
fermion momenta p, p’. By using the Clifford algebra,

pot = —ot'p + 2p" (6.86)
pot = —op + 2p*, (6.87)

17 Actually, only the authors call it that. And even then, only one of the authors calls it that since it would be
silly for Yuhsin to refer to himself in the third person.
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to commute the various p and ¢/ factors toward their appropriate external state spinors we are
left over with terms which go as p* and p’*. The coefficient of these terms completely determines
the p — ey amplitude. For concreteness we only need to determine the p* coefficient.

In order to do this we want to pull out the g-dependence of the various terms in our expressions.
These all come from k' = k + ¢. In particular, they come from the factor

Xk = k2 + 2k - q. (688>

We can thus pull out all of the ¢s by Taylor expanding in the q. Note that this will generically
give us factors of (k-¢). Upon doing the loop integral, d*k, however, these turn into contractions
among the ¢s and the v*. For example, the familiar symmetry relation

1
k’akg = Zlnang (689)
leads to manipulations such as (k- q)f = 1k%¢. (Note that we've used the Minkowski metric 7,

for these purely 4D loops.) By the on-shellness of the external photon we see that this expansion
terminates since ¢ = 0. The relevant formula to note in this expansion is

9g9(xw---) _ 99 X
— ) 6.90
aqu an’ (Xka ) aqu ( )
dg k,
= —(Xp, ") —. 6.91
T ) o (6.91)
Thus we can expand our g functions as

k-qdg
90xw) = g(xx) + (k) +--- (6.92)

Xk Xk

where the higher order terms are naively of order ¢ = 0.
We also need to expand the Higgs propagator in terms of the muon momentum. Writing the
Higgs mass as M,

Ap(k—p) = = p)12 — (6.93)
= Ap(k) = 20y (k)k - p+ O(m?) (6.94)
= Ag(k) [1=2(k-p)Au(k) + O(m)], (6.95)

where we can safely drop the terms of order mi since it is small compared to all other scales

in the problem. Note that now upon integration of d*k we are left with factors p* which end
up contracting with the 4# and the factors of ¢* from the g-expansion. Thus the g-expansion
terminates for a fixed order expansion in p*, namely it terminates after the term proportional to
(p- q)”gj since further terms are proportional to ¢2.

After doing these expansions we are left with an amplitude whose k-integral is manifestly even,
i.e. all dependence on k can be written in terms of y; = V/k2. This can now be done at any order
in mi. Practically we are only interested in the leading order term, dropping all terms of order
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mi. Recall that this also drops terms of order O(p - q), since such a term is proportional to

my .y, ~ mi. Practically this means that we only have to expand each of p and ¢ to first order.
Now let us start expanding the relevant terms, dropping those that are odd in the integration
variable k.

_ k-
Hy = (% + ?’(a)X—D (A + 2k - pAY) 77k (6.96)
— 2 —/ k - q —pu
= (2(k - p)g() A1 + g(a)gAH ok (6.97)
1 1
— §k2§(a)Aiﬁ“p + Zg’(a)AHU“g, (6.98)

where all terms on the right-hand side are evaluated at k&’ = k and we’ve dropped terms of order
m,. We proceed similarly for the g term,

k-q
ey = (g(a) + 9(a) o > (Am +2(k - p)Ag) (% + ?i) ot (6.99)
k-q
= <2<]€ . p)g(a)AiI + zgza)AH) %O"u + g(a)AHgO"u. (6100)

Fortunately the g terms have exactly the same structure and can be read off analogously,

k-
Hy) = <2(/<r P9 AF + X—jgéb)AH) Fo' + gy Ango” (6.101)
R U O
Hy = 5k 90 AL0"p+ 19w A", (6.102)

6.11 Identifying the p" coefficient

We now would like to use the Clifford algebra to use the equations of motion to completely
eliminate all p and #/ terms. Upon contraction with the appropriate spinors these become vector
operators proportional to the external fermion masses, which we neglect. Whenever we have to
interchange a p with a o matrix, however, we pick up a desired term proportional to p*.

Since the (a) and (b) values of the H expressions are completely analogous, it is sufficient just
to look at H,) and H,. The (b) values are obtained trivially from (a) — (b). The first term is
given by

H _12— A2 5+ 1 a Ayt (d —
(0 = XTI AuT P+ X6 AnT" (i = p). (6.103)
NEH ~2p’“—‘7fne—mu

from which we see there are no contributions to the p* term. The next contribution is

1

1
Hiwy = 5XR9@ 5P + Xk Dr (F = P) o + g A (F = F) 0. (6.104)
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Dropping all of the p’ terms and keeping only the p* terms upon using the Clifford algebra to
commute ﬁ across o, we find that the relevant contribution is

1
H@y = (xigaqu — 5 Xk Du — 29(a)AH) P (6.105)

This is what is left to compute in our integral,
RrR\* _
My = Airt; / d'k / dz (;) XLi(P) Hia) ¥, (p) (6.106)

R\'_ _
Miy :Aikfj/d4k/dz (;) XLi(P') Hy) Vg, (). (6.107)

7 Performing the Numerical Integration

Now all that’s left to be done is the actual integral. Actual integration is done using Mathematica,
but some steps need to be taken to massage the integral into a Mathematicable form. The first rule
of doing integrals on mathematica is to always use dimensionless intergation variables. Motivated
by the arguments of our Bessel functions, we choose

T = Xp2 (7.1)
y = iR

The choice to define y with respect to R’ rather than the ‘fundamental’ scale R amounts to
choosing to let Mathematica work with exponentially small numbers rather than exponentially
large ones'd. For practical purposes we may measure all of our dimensionful variables in units of
R ~ TeV, i.e. we may set R = 1. We remind ourselves of the following expressions,

9 _0x9 9 _y o 1_xe_yl (7.3)
0z 0z0x *or R or z x R '
The D.F. expressions defined in Eq. (6.61]) take the form
o 2 c Y g 2 c
b (2o et (22

It is now straightforward to express the F' functions in terms of x and y rather than z and y,,.
(Indeed, it turns out to be much nicer to derive the F's in this basis.) One can now plug this
into the g) and gg) functions in our amplitude. Refer to our Mathematica file for an explicit
calculation. There are a few important remarks.

e Note that = and y both have k dependence. The 9/0k" in the amplitude must be handled
carefully to make sure one is taking the appropriate derivative on the appropriate variables.

18Tt appears that Mathematica prefers working with very small numbers rather than very big ones, which it tends
to interpret as divergences
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e Variables should be Wick-rotated. This amounts to taking x,y — ixp, iyg.

e Do the z integral first. We found that it can be useful to plot the subsequent integrand in
y. In particular, one should be able to see that the y integrand approaches zero faster than
1/y? so that the integral really is finite.

e Don’t forget that

dz  dxi [ vy
dz d*k = de—= dy—== ( =) dQ
- T Yy (R’) 3

= dx dy dQsy*(R) ™ = do dy (27)y*(R))™®

e Second, Mathematica doesn’t like very big or very small overall values. It is best to remove
all overall warp factors R/R' = w ~ 107'® from the numerical integration. (There will be
warp factors in the arguments of the Bessel functions that cannot be removed.)

One should check explicitly that all factors of w cancel and that the amplitude’s dimensions are
carried by an overall factor of (R’)?. To see this, we just have to check the w and R’ dependence
of each part of the amplitude:

e Bulk fermion propagator. This goes as (22')°/R?, which gives us a dependence of R’ /w®.
There are three such propagators, so we get a contribution of (R')3w™'2.

e Yukawa coupling. These go as (R/R')?Ys5, where Y5 = RY,. This gives a dependence of
R'w?*. With three Yukawa couplings in the amplitude (don’t forget the Higgs-induced mass
insertion), this contributes a factor of (R')3w!2.

e Gauge coupling. This gives (R/z)%es with e5 = Rey. The dependence is thus w°R'.

e External wavefunctions. The wavefunctions for the external zero-mode fermions and
photon come from recalling that

A useful mnemonic for the photon and gauge dependence comes from noting that 65Aé0) =
64A510). Thus the external wavefunctions give an overall factor of (R')?w?.

e Measure. The integration measure, as written above, gives a factor of (R')™3.

Multiplying everything together we indeed get an amplitude that is proportional to (R')? and with
no additional overall factors of the warp factor w.
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8 Relation to u — (3)e

The amplitude for  — ey provides an upper bound on the RS anarchic Yukawa scale. Agashe,
Blechman, and Petriello showed that the processes y — 3e and u — e provide a lower bound on
this scale. This can heuristically be understood in terms of the profile of the gauge bosons.

1 — 3e is mediated by tree-level zero- and KK-mode Z exchange. The flavor changing process
occurs due to the kink in the otherwise-flat Z boson profile near the IR brane with electroweak
symmetry breaking causes a small feature. As we increase the Yukawa couplings, the fermion
zero-mode profiles must move towards the UV brane to maintain the observed mass relations.
This causes them to have a smaller overlap with this region of flavor-changing in the Z profile
and would thus lower the amplitude for 4 — 3e. Thus the upper limits on u — 3e impose lower
limits on the anarchic Yukawa scale.

For a fixed KK gauge boson mass Mgk, limits on g — 3e and u — e conversion provide
the strongest upper bounds on the anarchic Yukawa scale Y,. These tree-level processes are
parameterized by 4-Fermi operators generated by Z and Z’ exchange. The effective Lagrangian
for these lepton flavor violating 4-Fermi operators are traditionally parameterized as [22]

4G
L = TQF l93(erY" 1ur) (ERVueR) + ga(€Ly1ur) (€L er) + gs(€rV" 1ir)(ELyueL)

_ _ Gr_ _
+96(Y" 1ur) (Ervper)] + Eev“(v —ays)i Y (0! — a%ys)g, (8.1)
q
where we have only introduced the terms that are non-vanishing in the RS set up, and v? =
T{ —2Q%sin? 0. The g3 456 are responsible for the  — 3e decay, while the v, a are responsible for
i — e conversion in nuclei. The rates are given by (with the conversion rate normalized to the
muon capture rate):

Br(u — 3e) =2(g3 + 95) + 95 + 95

PeEeG%“FgmiO‘?’Zﬁff 2 6.2 2
2 8.2
LT 2 QR + o), (52

Br(p —e) =

where the parameters for the conversion depend on the nucleus and are calculated in the Feinberg-
Weinberg approximation [23]. The most sensitive experiment is for 35Ti, for which E, ~ p, ~
My Fy ~ 0.55, Zogg ~ 17.61, Deapy ~ 2.6 - 1051, and Q = v*(2Z + N) + v?(2N + Z).

In order to calculate the coefficients in the effective Lagrangian (81), we need to calculation
the flavor violating couplings of the lightest neutral gauge bosons in the theory and compute the
relevant tree-level contributions. In the basis of physical KK states all lepton flavor violating
couplings are the consequence of the non-uniformity of the gauge boson wave functions.

nucleon or ee
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8.1 The effect of the SM Z boson

Let us first consider the effect of the ordinary Z boson, whose wave function is approximately.

1

M?2 2
hO(2) = — {1+—Z 22 —22%log — } .

Here we use the approximation (2.19) in Csdki, Erlich, and Terning [24] with a prefactor for
canonical normalization and dropping some terms of O(M%R'?) which came from a silly normal-
ization used in their paper. The generic solution for the n'" KK gauge boson wavefunction can be
found by following the same techniques that we used to solve the scalar differential equation. By
prodigal use of boundary conditions one can include the effects of electroweak symmetry breaking.
For examples see [24] and [I5]. The solution is

= Nz Yo (MIR) 1y (M=) = Jo (MELR) Vi (M=) ], (8.3)
up to some normalization N that is determined by the boundary conditions.For the zero mode

we can Taylor expand with respect to the small arguments of the Bessel functions,

2

hO(2) =N [1 + Mz <z2 —22%log %)} : (8.4)

We want to determine N from the canonical normalization of the 4D Lagrangian. Let’s look at
the kinetic term:

o " R\" ) (5 mp NQ s (YR 5 ) e NQ
d*x dz - Fyntpog” g% = | dx dz—FMNFPQn n (8.5)
R
R’ ,
/ iz / a2 B popow (0% .. (5.6

We can ignore the z-dependent part of h(®)(z) since it is small (proportional to (Mzz)?) and
normalize with respect to the leading term, N. The integral gives an overall prefactor of

/

R
N?Rlog i (8.7)

so that the canonical normalization is
1
N=—o-— (8.8)

VRlogR'/R

We would like to determine the flavor-changing coupling of the Z, i.e. the nonuniversal cou-
pling. Recall that the profile of a zero-mode fermion with bulk mass || is given by Eq. (5.:22]),

b0 (5, 2) = jﬁ () (%) v, (3.9)
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where

1-2c
fc = \/1 _ (R/R/)1—2c' <810>

Left-handed modes have ¢ > 0 and right-handed modes have ¢ < 0. The effective 4D coupling is
determined by calculating the overlap of the 5D wavefunction profiles,

_ R\? _
g 200 e = / dz (‘) 92 Zog(, )0 (2, )DMOO (2, 2) — - (8.11)

C
where we've written gz s to mean the coupling constant with the quantum numbers of the fermions
incorporated. For example,

971 = gseoTs — ghsqY. (8.12)

Note that we are still in the 5D basis where the cs are diagonal so that the fermions here are
assumed to be of the same flavor (in this basis) and have the same c. In the physical KK basis
(the 4D mass eigenbasis) we will rotate the fermions and this will lead to flavor-changing neutral
currents. Writing out the overlap integral explicitly we get

Zff R 4 B 9
5 BY L 2y 2y Mz (0)(0) 4t (0)
dz | — - Ak )|z O (813
JRgRRJx (2) [,/‘R (R) <R’) f] { + ()] Z0%e X (8.13)
The (---) are the terms in the Z profile,
_ Mz ( 5 2 <
() =1+ 1 (z 22°log R> . (8.14)

The leading term is the universal part of the Z profile while the My;/4 term has a non-trivial
z-dependence and is the non-universal part. It is the latter that will contribute to flavor-changing
when we rotate to the KK mass basis.

As a warm-up, let’s remind ourselves of the universal part that gives us the relation of the
Standard Model coupling to the 5D parameters. This is given by

PR,

dz
R'\/Rlog R'/R
A N (ﬁ)lzc ! (8.16)
JRlog R'/R R -2 :

/

zff _ Zff
9sm — 95 /R

(8.15)

ngf
%5 (8.17)
VRlogR'/R
This is an important result to have handy.
Moving on let’s consider the non-universal part. The non-universal coupling is
2 R
Zff g5fc MZ/ d (Z>—2C 2( Z)
= z = 2211 —2log—=). 8.18
N R Rigk/R 4 Jn T \R &R (8.18)
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Let’s change variables to y = z/R and perform the relevant integral... analytically! Yes, we're
going to be calculus stud€:]. The integral is

R —2c R'/R ) R —2c R'/R
<ﬁ) / Rdyy~*(Ry)*(1 - 2logy) = R’ <§> / dy (y* — 25" *logy) .
1 1

The first term is easy:

K/R 2-2 1 3—2:1R/R
/ = = L [ (8.19)
1

The second term can be computed using integration by parts. The trick is to use

1 1
dyytlogy = ——*logy — | dy ——°. 8.20
/yy ogy = ——y"" logy /ya+1y (8.20)
Thus
R'/R 2 ’ 3_202720
) dy > logy = ——— [yA=2] /R 2/d 21
/1 yy gy = —3— [y )+ v (8.:21)

2 R'/R 2 R'/R

= T3 _9¢ '+ (3 — 20)2 Kt (8.22)

Plugging everything in carefully, we get
R’ —2¢c R —2c 2 R/ 3—2c¢ R/
z z
d (-) 2(1—21 —>:—R3 i ) gt
/R “\®) -~ ® R R) 3-2c\R ®R

+ R (g) - % ((R’/R)S*QC - 1) . (8.23)

The second line is subleading in (R'/R) so that we can drop it. Though a slightly better approx-
imation would include the (R'/R)372¢ term since this is only suppressed relative to the leading
term by log R’/ R ~ 37. Simplifying everything, we get

Z / /
ngf — 95 1 2 (MZR )2 log E (824)

Nu VRIgR/R) "¢2(3—2¢c) ° R
_ g p MR R
gSM (& 2(3 _ 20) Og R *

(8.25)

Thus the full coupling of the Z to fermions, including both the universal and non-universal parts
is

Zff _ Zff (1 o (MZR’)2logR’/R

o2l = o e R ) =l - ) (5.26)

19We are completely aware that high school freshmen can perform these integrals in their sleep.
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We see that in this c-basis the coupling is diagonal, but the A term is not proportional to the
identity. As explained above, this means when we rotate to the KK mass basis we get off diagonal
terms, i.e. flavor mixing. This is related to the so-called RS-GIM mechanism. In Appendix
we show that the rotation between flavors i and j go like f;/f;. Thus the effect of a flavor rotation
(e.g. to the KK basis) is

o = (Ulaid'vn) | (8.27)
fo1( I /3 nay o B gy
o Je . MyR)?log =& 8.28
52\3-2, 3-e (MzR')" log — g5y (8:28)
MyR')?
zir__ MRV s, (320)

~ Jsm 2(3 — 2¢,) log% wfe -

where we’ve used the fact that gSZI\J/cIf is flavor-independent and we’ve dropped the f? < f,f term.
If you're unhappy with the rotation here, consider a simple two dimensional case, the matrix

(B 0y =) ). o

where 6 = f5/f1. We note that this matrix is diagonalized by

OGO 0620 Yo

If we apply this same rotation to a diagonal matrix that is not proportional to the identity, we get

(-19 f) ((1) 902) @ _16) - (H(ba—a) e(bb_a)) +0(6°). (8.32)

Thus the off-diagonal term is indeed what we wrote above.

8.2 The effect of the 7’

The Z' is the first KK excitation of the Z boson, Z' = Z(). To be more precise, boundary terms
(e.g. EWSB) induce mixing between the KK modes, but to good approximation we can ignore
this mixing.

As before, we need the wavefunction of the Z’ so that we can calculate the effective 4D coupling
(via the overlap integral). We can start again with our general solution, Eq. (83). This gives

Y (2) o 2 [Yo (Mg R)Jy (Mgk2) — Jo( Mgk R)Yy (Mgk2)] . (8.33)

Ugly! We would desperately like to simplify this. We can’t really Taylor expand the way we did
for the zero mode gauge field because the argument is now no longer manifestly small. More than
that, we are discouraged because it looks like we have to do some work to determine the KK
mass. Fortunately, there’s still some slick moves we can make to avoid any real heavy lifting.
Because we're considering the KK excitation of the Z, we know that this is a gauge field
whose boundary conditions admit a zero mode. This means that the field has Neumann boundary
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conditions. You can check from the derivative formulae for Bessel functions that the boundary
condition at z = R’ is

Yo(MyxR) Jo(Myk R') = Jo( My R)Yo(Myx R'), (8.34)

where we remember that Myx ~ 1/R and R << R’ so that MR =~ 0. Now we only need to
remember some properties of Jy and Yj:

1. Jo(0) =1 and Jo(x > 0) is under control, i.e. |Jo(x > 0)| < 1.

2. Y5(0) = —oo and Yy(x > y;) is under control where y; is the first zero, Yy(y1) = 0.

[Work: This would be a good place to have a sketch of these functions.] What does this tell us?
On the left-hand side of Eq. (834), Yo (Mxxk R) is very large (and negative) while on the right-hand
side both terms are O(1) or less. This means that Jo(MkxR') ~ 0, in other words,

(MykR') =z, ~ 2.405, (8.35)

where x; is the first zero of Jy. We now have a handy formula for the mass of the KK gauge boson
as a function of the radius of compactification. We hardly had to work for it, too. In fact, this
trick works for all KK modes. The spacing for the KK gauge boson tower is determined by the
spacing of the zeroes of Jy. As one goes to larger KK number, this spacing becomes regular since
Jo becomes more sinusoidal. This is exactly what one would expect since at large KK number
we are probing higher energies which become increasingly insensitive to the AdS curvature when
M > 1/R.

Let’s go back to the 5D wavefunction of the first KK mode. We now know that the coefficient of
the J;(Mkxkz) term is much larger than that of the Y; (Mkkz) term, while the functions themselves
are well behaved@ (i.e. O(1)). Thus we can approximate

A (2) o zJy(Migcz). (8.36)

All that’s left to check is the normalization. The procedure follows as before, just canonically
normalize the 4D field. The result is (as you can Chec)

B0 (z) = \/g Jl(;l)R, 212/ R). (8.37)

We can now proceed to do the analogous overlap integrals to determine the 4D coupling. The
relevant integral is

fo/R/d R\‘[ 1 <Z>2<z>—cf2 2 J( >

Z J— [ J— JE—

5 ) 2) VR \R) \R) ’° VRJl(xl)R’ MR

200kay, the Y,,s also diverge at the origin, but Yy has the strongest divergence so that Yo(Myk R)J1(Mkkz) will

always be larger than in magnitude than Jo(MgkR)Y:(Mgkz) over the RS domain.
21Plugging into Mathematica:

| 27 ’ B Jo(x1)Ja(w1) _
[ o [Jl@m*(”)l Y

x J1($1)2
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Simplifying and performing a handy change of variable we get

1 V2 !
Zff 2 | = 122
[ RJ1(331)/0 dr x Ji(z1).

For simplicity, let’s define the “flavor function”

V2 V2 0.7
7= i) Ti(z1) 2(3 — 20)

(14 e72) V2 0.71y

1
do 2"~ ] ~ ~ . 8.38
/0 v () Jy(21) 2(3 = 2¢) (8.38)

Typically one can further simplify 2(3 —2c¢) ~ 4, but for ‘real’ calculations one should just perform
the integral. Finally, then, we get the coupling

. 1
925" = g7 —=Fffuve, (8.39)

VR

where we’ve taken the liberty to rotate into the KK basis as we did above. In terms of the usual
Standard Model coupling, this is

'e R
9ip" = 95\ 108 % fefyve: (8.40)

8.3 Matching to the Effective Lagrangian

As a reminder, recall the Z-mediated 4-Fermi effective Lagrangian in the Standard Model (see,
e.g. Peskin p. 709 [25]),

2
AL = 0 JhT 7, = N (zf: Fy (1% = s5Q) f |- (8.41)
Recall that
2 2
Gr_ 9 g (8.42)

V2  8M2, T 8Z,MZ

To set our notation, let us write out the Z coupling to the neutral leptonic current,

AL = gZujg (8.43)
_ 1 _
= CiZN |:£L"}/u (—5 + S%/V) €L + ER’)/M (812/V> KR (844)
w
= iZu (9007, + grlrY"CR) - (8.45)
w

Great. Now let’s consider the effect of the non-universal couplings of the Z boson. We’ll ignore
the KK Z since it will be a small O(10%) correction. Don’t worry, we didn’t go through all that
work for nothing: we’ll use that later.

The whole point is that we’d like to calculate the tree-level diagrams contributing to u — (3)e
and match those coefficients to those of the effective Lagrangian in Eq. (82]). Let’s consider the g3
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term. I apologize that there are so many gs floating around, maybe you should pause a moment
to make sure you've got them all sorted out. The relevant tree-level diagram gives us

€ 1 e —
M = g5 — 37 905 @rypr) Erver) - (8.46)

We now know from our analysis of the non-universal coupling of the Z that

Ze Zere Zere (MZRI)2 R
g4DR,UR — gSMR RA gSMR R 2(3 = 20#) log Ef“fe. (8.47)
Matching to the effective Lagrangian gives
4 2 1
—G Zerer)® ___ A\ 8.48
\/§ Fg3 = (gSM ) M% H ( )

Plugging in Egs. (8.42) and (8.4H]), we get

2 2

g g 1
=L A, 8.49
2c§VM§g‘°’ (chR) M2Z™H (8.49)

Again sorry about all the different gs floating around. As a quick sanity check, g is the Standard
Model SU(2) coupling, g3 is an effective coupling that we’re solving for, gr are the quantum
numbers with which the right-handed leptons couple to the Z, and gZ/7® = gr(g/cw) is the full
coupling of the Z to the right-handed leptons: i.e. AL = gZ,egy"er. This gives us

gs = ZQ%Ae,u- (850)

Completely analogous calculations give
91 =297 Acy (8.51)
95,6 = 29L9rAcp- (8.52)

Now we have everything we need to crunch numbers. It’s advisable to do this in a computer
algebra system like Mathematica since it’s easy to modify calculations after you find mistakes. We

note that it’s convenient to approximate fy, = f;, so that

fo= \/7 \/> (8.53)

which makes it easier to plug in actual numbers.
Now let’s quickly go over the effective Lagrangian for u — e conversion. The effective La-
grangian is written in this strange way,

AL = %E”y(v — ay”)p - [hadronic], (8.54)

V2

where I've written [hadronic| to mean stuff that I don’t care about, but noting that I've pulled out
the factor of g/cy from the hadronic vertex in order to form the Gp. One more note: whomever
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wrote down this effective Lagrangian first (probably Feinberg and Weinberg [23]) used a stupid
normalization of their quantum numbers. In particular, they wrote gSLtfg’id = T3 + 2Qs¥, so that
T3] = 1 and so gztfgid = 291 r-

Our first task is to write the effective Lagrangian in terms of Prp = %(1 F 7°), so that
AL ~ AeyPpe + BeyPge.

1 1
v—ay’ = §A<1 — %) + §B(1 +9°), (8.55)
so that
A=v+a (8.56)
B=v—a. (8.57)

Good, now we can match these coefficients to the tree-level diagram,

GF(i)— LA (2 ! (8.58)
\/§ v=xa _gL’RM% ep C%/V 2’ )

where the extra factor of 1/2 comes from the stupid normalization. We didn’t bother matching
the hadronic parts because they cancel on both sides. We end up with

vEa =495, rA,. (8.59)

9 Custodial protection of ;1 — (3)e

An novel feature that was not discussed by Agashe, Blechmann, and Petrillo [26] is the use of
custodial symmetry to protect the p — (3)e amplitude. The use of custodial symmetry to suppress
anomalous contributions to the Zbb coupling was first proposed by Agashe et al. [27] and was
applied to heavy quark FCNCs in the Randall-Sundrum model by the Munich flavor physics
factory [28] (and see references therein). This can also be used analogously to protect the Z¢¢'
couplings that mediate p — (3)e.

Bulk, gauged custodial symmetry is typically imposed on the RS model with bulk fields in
order to protect the T-parameter, which would otherwise tightly constrain the K K scale. The
custodial symmetry is broken on the UV brane, ‘far away’ from electroweak symmetry breaking
on the IR brane. The cute realization was that this symmetry also automatically protects against
some of the tree-level FCNCs.

The basic idea is that if a Standard Model field (e.g. the b) and any new physics operators
that it couples to (Opsm) respect the custodial O(3) = SU(2)y x Prr symmetry (where Ppp is
a discrete symmetry), then the Zbb coupling must be protected. This is because the Z coupling
takes the form

g
cos Oy

[Q} — Qe sin® Oy | ZU~ . (9.1)
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The electric charge Qgm is conserved so that this cannot be affected by new physics. Any con-
tribution to new physics would then modify the SU(2); diagonal charge Q3. By the SU(2)y,
symmetry, however,

Qv = Q1 +Qp (9.2)

is protected and so the modification from new physics must satisfy 6Q3 = —6Q%. On the other
hand, the Prr : SU(2) < SU(2)g symmetry enforces @ = Qg and hence the @1 cannot be
affected by new physics.

This only holds when the Standard Model field respects the Ppr symmetry, which depends on
the embedding of the field into SU(2), x SU(2)r x U(1)x. In particular, in the lepton sector we
have fields L = (2,2)o, N = (1,1)0, £, = (1,3)0, Er = (3,1)y. The right-handed electron lives in
the representation F = F, x E,. These are rather large representations with lots of extra fields.
We may decouple these fields from the low-energy spectrum by imposing appropriate boundary
conditions?d. One can see that the left-handed electron £ € L is a Pp R eigenstate and so should
be protected by the above argument.

[Should still write up: I should write more details about the custodial protection in RS,
but most of the details are worked out nicely in the Munich paper, [2§].]
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A Conventions

General (e.g. 5D) spacetime indices are written with capital Roman letters from the middle of
the alphabet, M, N, ---. 4D Minkowski indices are written with lower-case Greek letters from the
middle of the alphabet, u,v,---. Tangent space indices are written in Roman letters from the
beginning of the alphabet, a,b,---. We will occasionally write x to mean a generic coordinate
on the spacetime, e.g. F(x) = F(z*,z) in our warped 5D compactification. We use the particle
physics (West Coast, mostly-minus) metric for Minkowski space, ds* = (+, —, —, —, (—)). Flavor
indices are denoted by i, j, k, ¢ and Kaluza-Klein number by (a), (b), - - -. Occasionally we will have
to ‘overload’ these conventions to label other quantities, but we hope that these exceptional cases
should be easily identified based on context.

22The boundary conditions in these models appear, at first glance, rather arbitrary, with fields within a given
multiplet having different BCs. The point, however, is that these can all be obtained ‘naturally’ from brane-localized
Higgs fields charged under the SU(2) g x U (1) x which get ‘infinite’ vevs. This breaks the SU(2)r x U (1) x symmetry
and allows the component fields of SU(2)r multiplets to get different boundary conditions
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We choose conformally flat coordinates for the Randall-Sundum background,

2
ds* = <§) (dm“dx”nw, — sz) ,

where R is the AdS radius of curvature and with a UV brane at z = R and an IR brane at
2z = R’ such that R™! ~ Mp; and R'~! ~ TeV. These coordinates are related to the exponential
formulation of the original RS paper by

z = Re k=1/R.

Fermions are bulk Dirac spinors ¥(x, z) and are decomposed into left- and right-handed Weyl
spinors via,

X(x,Z))

V(r,z)= | , Al
R G (A1)
subject to orbifold boundary conditions

¢L($”a R) = wLCCHv R/) =0 XR('T“7 R) = XR(xM7 R/) = 07 (AQ)

where the L and R refer to SU(2), doublets and singlets respectively. This imposes that the
zero modes of the 5D spinors are chiral. Fermion bulk masses are given by ¢/R where ¢ is a
dimensionless parameter controlling the localization of the 5D profile. Our gamma matrices are

0 ot ¢t 0
©no_ 5 __ A0 1.2.3 _
7—(5;» 0) 7—7777—(0 _Z-), (A.3)

where o are the usual Pauli matrices and 7* = (6%, —¢*). This normalization of 7° is necessary

to satisfy the Clifford algebra but differs from that used in, e.g. Peskin and Schroeder [25]. We
use the standard convention ¢® = 1, which has the opposite sign as Csdki et al., [2] and [13]. We
shall use the usual Feynman slash notation only for the 4D Minkowski directions p = p, 7" so that
puy™ =P+ psy°.

The 5D Yukawa matrices (3 x 3 parameters in the Lagrangian) are written as Y or Y5. The
average anarchic value of this matrix is written as Y,. The 4D zero-Yukawa matrix (to be identified
with the Standard Model Yukawa) is written

Yij = fer.Yijf—cr;, = )\quM- (A.4)

Bulk 5D parameters such as gauge couplings are written with a subscript 5, e.g. e5, and are
related to the 4D couplings via es; = Re. We perform all calculations in the unitary gauge
where the Goldstone bosons decouple. Further we perform our 5D calculation in the basis where
the kinetic terms are diagonal (i.e. the ‘c-basis’) and all flavor-changing effects come from the
Yukawa interaction, including mass insertions. This is analogous to performing Standard Model
calculations without diagonalizing the Yukawas, i.e. without the CKM rotation.

For shorthand we define the barred differential operator, d = d/2m.
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B Flat XD fermion propagator

Here we derive the chiral fermion propagator in a flat interval extra dimension as a model calcu-
lation using the methods described in this note. The set up for our simplified model is as follows.
We begin with a flat extra dimensional interval with coordinate z € [0, L] where one may take
L = 7R to match with standard orbifold conventions.

A complete set of propagators for flat 5D intervals was derived by Puchwein and Kunzst
[16] using finite temperature field theory techniques. Our derivation directly calculates Green’s
functions using simpler methods. The propagator from a fixed point x’ to a given point x is given
by the two point Green’s function of the 5D Dirac operator,

DA(z,2') = in™MOy +m =i6® (z — ). (B.1)

In mixed position-momentum space where the noncompact dimensions dimensions are treated
in momentum space while the finite dimension is treated in position space the Green’s function
equation is given by

(—p +i057° —m) Ap, 2, 2') = id(z — 2. (B.2)

This is a first-order differential equation with non-trivial Dirac structure. As a trick to solve
this equation we will ‘square’ this operator into one that is second-order and diagonal on the space
of Weyl spinors. We define a pseudo—conjugat Dirac operator,

D* = —inM0y + m. (B.3)

With this operator one can square the Dirac equation into the usual 5D Klein-Gordon equation,

. [P —02+m?
DD _< 82—8§+m2)’

where we've explicitly written out the diagonal chiral structure on Weyl spinors. Each element
in the Klein-Gordon operator is a 2 x 2 matrix acting on a Weyl spinor. We may now look for
Green’s functions F(p, z, z’) for this DD* operator in mixed position-momentum space,

(B.4)

. , _2_82+ 2 F . )
DD F(p,Z,Z): ( b ° " _p2_a52+m2) ( * F_) 225<Z—Z) (B5)

We now see that solving this simpler equation allows us to trivially construct a solution for the
Dirac Green’s function which satisfies Eq. [B.1]

N — Ty* no__ (85+m)F+ O'up'uF,
A(p,z7z)_D F(p,Z,Z) - ( EMPHF_;_ (—(95—1—m)F_ (B6)
We solve this by separating F.(z) into pieces
Frt noif !
Fy(p,z,7) = (2, 7) Lo (B.7)
FZ(p,z,2) ifz>2

23We call this a ‘pseudo-conjugate’ because this is neither a complex nor Hermitian conjugate but an operator
where only explicit factors i are conjugated.
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and then solving the homogeneous Klein-Gordon equations for each F'< and F~. The general
solution is

FS7(p,z,2) = AY” cos(xpz) + By~ sin(xpz), (B.8)

where the eight coefficients AT~ and BS~ are determined by the boundary conditions at 0, L and
2. The factor x, is the magnitude of the 5-momentum in the z-direction defined by

pup™ =m? = p? — X;. (B.9)

We impose matching boundary conditions at z = 2. By integrating the Green’s function

equation [B.5 over a sliver z = [2/ — ¢, 2’ + €] we obtain the conditions

85Fi> (Z/) - 85Fi< (Z/> = 7:, (B].O)

FZ ()= Fs(2)=0. (B.11)

These are a total of four equations. The remaining four equations on the branes at z = 0, L impose
the chirality of the fermion zero mode and are the equivalent of treating the interval as an orbifold.
We will denote the left-chiral zero mode states with a superscript L and the right-chiral zero mode

states with a superscript R. We impose that the Green’s function vanishes if a wrong-chirality
state propagates to either brane,

Pr AL(p,z,z’)‘ZZOL = PprD* FL(p,z, z’)‘
Pp Af(p, 2, ZI)‘Z:OL = P,D* F(p,z,7)|

—0, (B.12)
—0, (B.13)

2=0,L
2=0,L

where P p = %(1 F17°) are the usual projection operators. Note from Eq. [B.6 that each of these
equations is actually a set of two boundary conditions on each brane. For example, the left-handed
boundary conditions may be written explicitly as

Fi(p,27)] o, =0, (B.14)

05 F(p,2,2)|,_o, = 0, (B.15)

where we’ve used that p, is arbitrary and m = 0. Note that Csaki et al. [13] emphasized that only
one boundary condition for a Dirac fermion needs to be imposed in order not to overconstrain
the first-order Dirac equation since the bulk equations of motion converted boundary conditions
for y into boundary conditions for . In this case, however, we are dealing with a second-order
Klein-Gordon equation that does not mix y and . Thus the appearance and necessity of two
boundary conditions per brane for a chiral fermion is not surprising, we are only converting the
single boundary condition on A(p, z, ') into two boundary conditions for F(p, z, 2’).

Solving for the coefficients A3 (p, z) and B~ (p, z) for each type of fermion (left- or right-
chiral zero modes) one finds the results of table[Il Using trigonometric identities one may combine
the z < 2/ and z > 2’ results to obtain

—icos xp (L — |z — 2|) + 7°p(X) cos xp (L — (2 + ')
2xp sin x, L

FY = : (B.16)

where X = {L, R} with p(L) = +1 and p(R) = —1. The fermion Green’s function can then be
obtained trivially from Eq. [B.6l
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A_[’,_< _ Sp(L — ZI)SpL A£> _ SpZ’CpL A§< = 0 AE> — —szlspL

Bi<= 0 B> = g,2's,L Bf< = —¢,(L—2) BE> = —¢,2¢, L
ALl<= 0 AL> = —c,2's, L AB< = s (L -7 AR> = —g e, L
B< = ¢,(L—2) BL> = —¢,2'¢c, L Bfi<= 0 B> = 52’5, L

Table 1: Flat case coefficients in (B.8) upon solving with the boundary conditions (BI0HB.I3).

We have used the notation c,z = cos x,z and s,z = sin x,.

C Diagonalization of Anarchic Yukawas

In this appendix we make some notes about the order of magnitude of the off-diagonal elements
of the rotation matrix which diagonalizes the zero mode (SM) effective Yukawa coming from an
anarchic 5D Yukawa matrix. In the c-basis, i.e. the basis where the bulk masses are diagonalized,
the zero-mode Yukawas look like

ficinfi ficiafa ficizfs
facarfo  ficaafa  faocasfs (C-1>
fscsifs  ficaafo  facasfs

where all of the ¢;;s are O(1) (i.e. we factor out a Y,). The fs, which represent the fermion
wavefunctions on the brane, generate the observed mass hierarchies. To make this manifest, let
us define

0 = fi/fs 62 = f2/ f3 (C.2)
so that §; ~ 03 ~ 0 < 1. We can then write the SM Yukawa as

4 2 2
51611 5162612 51613
2 2 2
f3 (51 (52021 (52C22 52023 . (C?))
2
01C31 02C32 C33

First we claim that the eigenvalues are given by O(fZ, f, f2), i.e. that upon diagonalization we
indeed get a realistic hierarchy assuming generic non-hierarchical ¢;;s. This is important because
we then know that the rotation matrix will have terms proportional to the ds on their off-diagonal
elements.

A cute way to prove this claim is to use perturbation theory in the hierarchies of the ds. The
eigenvalues are given by solutions to

det(A — N;) = (1 — X)) (65 — X)) (07 — i) + O(8103) = 0. (C.4)
Consider the largest eigenvalue, \3. We may write

O(4°)

=) = o)

(C.5)

This is generically solved by A3 ~ O(1). As a sanity check, we would have expected that A3 be
on the order of the largest element in such a hierarchical matrix so that the right-hand side is
O(6°%) < 1 since the denominator should be O(1). One can repeat this argument for the other \s
to show that they are respectively of order 62 and §*.
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