ABSTRACT

Title of dissertation: FLAVOR PHYSICS
IN THE MODELS WITH WARPED
EXTRA DIMENSION
Aleksandr Azatov, Doctor of Philosophy, 2010

Dissertation directed by: Professor Rabindra N. Mohapatra
Department of Physics

I will first briefly review the Standard Model and gauge hierarchy problem.
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provides an elegant geometrical solution to the hierarchy problem. The main focus of
this thesis will be an analysis of the flavor violation in the models with warped extra
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they generically predict flavor violation in the Higgs sector. I will discuss low energy
flavor constraints on the Higgs mediated flavor violation as well as its signatures at
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1.1 Introduction

In 2010 when the Large Hadron Collider (LHC) has already started running,
and the high energy physics community is waiting for new experimental results,
interest in particle physics has experienced a great rebirth. But what do we know
about the properties and interactions of the elementary particles? We know that in
the universe there are four fundamental interactions: gravitational, electromagnetic,
weak and strong. Standard Model (SM) of particle physics is a theory that describes
all of these interactions (except gravitational) at scales from 10—100GeV. SM agrees
to a very high precision with all the experimental observations, and the only missing
ingredient of the SM, the Higgs boson, is waiting to be discovered soon at LHC.

Although SM is a very successful theory it still fails to address several impor-
tant questions. One of the most serious drawbacks of the SM is that it provides
no explanation for a huge difference between scales of the gravitational and weak
interactions. This is a problem because the Higgs mass receives quantum correc-
tions which are quadratically sensitive to the physics at the highest energy scale,
thus making the natural size of the Higgs mass to be of the order of Planck scale
(~ 10'YGeV). On the other hand, we know that the Higgs mass is of the order of
few hundred GeV, and this enormous 10'® magnitude of separation between scales,
which naturally should be of the same size, is called the hierarchy problem. Another
problem with the SM is that from cosmological observations we know that 23% of
the energy density of the universe comes from invisible matter, which we call Dark

Matter. The SM does not contain particles that can be considered as Dark Matter



candidates. Another problem of the SM is that neutrinos are massless within the
minimal SM, but from experimental observations of neutrino oscillations we know
that they have mass. These questions motivate us to search for the physics Beyond
Standard Model(BSM), which will be free of all the SM drawbacks. Hierarchy prob-
lem requires that the new physics states should be somewhere close to the scale of
the weak interactions, thus making them accessible at the LHC.

One of the most attractive BSM physics scenarios is provided by the models
with warped extra dimension suggested by L.Randall and R.Sundrum [1]. This
thesis will be devoted to the analysis of the flavor violation of Randall-Sundrum
(RS) models both in the low energy physics observables and at the collider scales.
Here is a plan of my thesis. First I will briefly review the SM and the questions it
fails to address. Then I will review models with a warped extra dimension. In such
models, it is assumed that our universe has an additional spatial dimension which
is compact and extremely curved, this warped geometry results in redshifting an
effecting cutoff of the theory from the Planck scale down to the electroweak scale,
thus addressing the hierarchy problem. Another interesting feature of these theories
is that due to the AdS/CFT correspondence [2, 3, 4] such models can become dual to
some strongly coupled theory. So in a way RS can be considered as a dual description
of the models with strong dynamics, where Higgs is a composite field. Another
attractive property of such models is that they have a built in mechanism (so called
RS Glashow-Illiopoulos-Maiani(GIM) mechanism [5, 6] ) to explain hierarchies of the
fermion masses and suppress flavor violating processes mediated by the new physics

states. Furthermore, it is interesting that within such models we can easily explain



the spectrum of the neutrino masses[7], achieve precision coupling unification [8] as
well as have a Dark Matter candidate [9].

After briefly reviewing warped models, I will present an analysis of the low
energy bounds. This analysis will be carried out using so called “two site” approach
[10]. Two site is a model which is much simpler than RS, but at the same time it
possesses most of the interesting phenomenological aspects of the warped models.
We will analyze the bounds coming from K, — K| oscillations[11, 12, 13, 14, 15, 16]
and B — Xy [14, 15] exotic decays, as well as ways to suppress them without
introducing flavor symmetries. At the end constraints arising from two processes
will lead us to the combined bound of O(5)TeV on the scale of the lightest Kaluza-
Klein (KK) spin one excitation. In the chapter 3 I will discuss Higgs mediated flavor
violation [17, 18]. T will show that these effects will remain important independently
of whether Higgs is a five dimensional (5D) or four dimensional (4D) field, and can
be understood as a mixing between a zero mode and KK fermions coming from the
nonzero Higgs vev. After deriving the formulae for the misalignment between SM
fermion masses and their Yukawa couplings, I will discuss some phenomenological
implications coming from low energy experiments such as K, — K oscillations and
possible effects at the collider such as exotic Higgs and top decays h — tc,h —
ut,t — ch. In chapter 4 I will discuss physics of the radion, a graviscalar degree of
freedom. I will start with a description of the Goldberger-Wise mechanism[19] which
stabilizes the size of the extra dimension, and gives mass to the radion. Then I will
discuss the interactions of the radion with SM fields and show that interactions of

the radion with fermions are flavor misaligned leading to the radion mediated flavor
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violation[20]. Flavor violation in the radion sector becomes important because in
Goldberger-Wise stabilization, radion generically is the lightest new physics state.
I will again analyze the low energy bounds from K, — K oscillations and flavor
violating decays at the collider r — tc. After this I will conclude by summarizing
bounds on the scale of the warped extra dimension as well as prospects for the

collider physics.

1.2 Standard Model

Before reviewing SM let us a consider a very simple toy model which can
illustrate some of the very important features of the SM, a single complex scalar

field. The Lagrangian of this toy example will be
1 " 9
F. = 0,A,—-0,A,
Dup = (Op —iedy)¢. (1)
One can see that this theory is invariant under the following local transformations
b(z) — "g(a)
1
A) = Au(x) +20,0() 2)
Now let us suppose that the potential V' (¢) has the following form
m2 + )\ T 2 2
V(Is) = 266 + 5 (661)7, m? >0 3)

then the minimum of the potential will be located at

2m?2

< P >= =\ (4)

Sil=
(\»)
M



So the field ¢ will develop a vacuum expectation value (vev), v # 0 and can be

expanded around its vacuum in the following way

1 i
6= 5 tpet (5)

2|3

Plugging it back to the Lagrangian and performing a gauge transformation to elim-
inate phase e? we will get:

1 1 |
L=—FuF" + 2 0up —ieA,(v+p)|" = V(p). (6)

We see now that this theory will contain one massive vector field A, with mass
ev and one massive real scalar field p, and that the gauge invariance of the initial
Lagrangian of Eq. (1) is broken. This breaking happened because the ground state
of the system was not invariant under U(1) symmetry of the Lagrangian. This
mechanism of symmetry breaking is called spontaneous symmetry breaking.

Now we can proceed to the discussion of the Standard Model. SM is a quantum
field theory based on the SU(3) ® SU(2), ® U(1)y gauge group. Lagrangian of the

gauge sector is given by,
L Lo 1w
‘Cgauge - _ZG Gl“/ - ZW W“,, - ZF Fﬂy, (7)

where G*, WH F* are the strengths of the SU(3),SU(2).,U(1l)y gauge fields
respectively. The subgroup SU(2);, ® U(1)y is broken spontaneously down to the
U(1)em which describes usual electromagnetic interactions. This symmetry breaking
happens in the same way as we have discussed in our toy model example by the non
vanishing vev of the scalar field, only in this case our scalar field (Higgs) should
have the following quantum numbers under SU(3) ® SU(2), ® U(1)y gauge group:

bt



(1,2,1). The Lagrangian describing Higgs interactions will be

2
A
Liigs = |DuHP + S-HH =5 (H'H),
. 501,
DuH = (0, —igWi5 = 59By ) H. (8)

where 0% are Pauli matrices, generators of the SU(2) group. One can see that the

potential will have a minimum for the < H >% 0 and Higgs field will develop a vev

of the form
0 v 2m?2
< H>= , ==\ —. 9
L vV ®)
V2

1 g0
+ 1 2
WM _E(WM:FZWN)’ mW_7’
1
K + g7 (9W3 —3g'B.), mz=1/g>+9g" (10)
g-Tyg
The field combination that stays massless
1

we can identify with a photon. It will couple to the fields with the following coupling

constant

!/
e=—99 (12)

and the U(1).,, charge will be related to the SU(2);, x U(1)y generators in the
following way Q = T° + % We can see that the neutral mass eigenstates Z,,, A, are

related to the eigenstates of the gauge group B, ij by the following rotation

7 cosf, —sinb, w3 /
"l = g , sinf, = g

/ A2 2"
A, sinf,,  cosb, B, 9 +9g

(13)



Then the generic coupling of the gauge fields to the matter can be described in terms

of the following covariant derivative

g . ig . .
D/J — a“ — ﬁ (W:TJF_'_WuT ) — mzu (TB—QSIH2 Qw) —ZeQAu
¢ = Lol xio?), 10 = i (14)
2 ’ 2

This concludes the discussion of the gauge sector of the SM and now we can proceed

to the fermion sector.

1.2.1 Fermions

In the SM fermions fermions are sitting in the following representations of the

gauge group SU(3)®@ SU(2), @ U(1)y

ur, cr, lr,

e clectroweak doublets (3,2, %) : , )

dL Sy, bL

e up type singlets (3,1,%) :  UR, CR, lR

e down type singlets (3,1,—%) . dp, Sr, br

where we explicitly indicated the chiralities of the fermions. In the SM fermions
belong to the chiral representations of the gauge group, so prior to the spontaneous
symmetry breaking all of them are massless. Fermions will obtain masses only
from the interactions with Higgs. The following interaction is consistent with the

quantum numbers of the fields

EYukawa = ZJZJJ(TLHd%: + yzj(ﬁﬁuﬁy F[ = iUQHTu (15)



where ¢, stands for the electroweak doublet and ug, dgr for the singlets and indices
(1,7 = 1,2, 3) refer to the fermion generations (u, ¢, t) for the up quarks and (d, s, b)
for the down quarks. Then after Higgs develops a vev, this will lead to the following

mass term for the fermion fields,

Yoy oy
yd;’dgdgﬁ i gl (16)

L ass — T =
" V2 V2

Rotating fermions back to the physical (mass eigenstate basis) generates mixing be-

tween different generations (flavors) of the fermions in the interactions with charged

gauge bosons (W¥),

L = Lai " Vi W + hee, (17)

V2
where the mixing is parametrized by the unitary Cabibbo-Kobayashi-Maskawa(CKM)

matrix Vog . Similarly we can introduce the leptons

e clectroweak doublets (1,2, —%) o , ,

e clectroweak singlets (1,1,—1): egr, ur, Tr.

Leptons also get their masses from the couplings with Higgs

el _
Eleptons - %eLeR- (18)

In the SM there are no right handed neutrinos, so neutrinos are massless.

1.2.2 Hierarchy problem

From experimental data we know that electroweak symmetry breaking scale
is v = 246 GeV, so the Higgs mass should be of the order of O(100) GeV, but if we

8



will look at the quantum corrections to the Higgs mass (see Fig. 1) we will see that

Figure 1: Radiative correction to the Higgs mass due to the fermion loop

this diagram diverges quadratically,

5m§{~—y2/<d4p Tr( y+m y+m ) N A2y 19)

2m)4 p? —m?p? —m? 1672

The cutoff A of the SM is around the Planck scale and the largest of the Yukawa
couplings, Yukawa coupling of the top quark is close one, thus the natural scale of
the Higgs mass should be of the order of Mpjgner ~ 10'® GeV and not a hundred
GeV. There are few solutions to this problem like supersymmetry, strongly coupled
theories, extra dimensions. In this thesis we will talk about solution to this problem

coming from the models with warped extra dimension.

1.2.3 Fermion masses

Fermions in the SM get their masses from interactions with Higgs (see Eq.(15))
and large hierarchies in the fermion masses are explained by the large hierarchies of
the corresponding Yukawa couplings, however the models with warped extra dimen-
sions can provide an interesting explanation of these hierarchies [6, 22]. The nice
feature of this type of models is that the same mechanism that generates hierarchies

in the fermion sector suppresses flavor violation from the new physics states. An-



other interesting puzzle of the SM is neutrino mass. As we have mentioned before,
neutrinos in the SM are massless, but this contradicts neutrino oscillation experi-
ments. Of course we can easily evade this problem by extending the SM fermion
sector and introducing a right handed singlet neutrino, but then the question of the
smallness of the neutrino masses arises, because Yukawa couplings in the neutrino
sector should be 107° times smaller than the smallest coupling of the other fermions.

Models with warped extra dimension provide a simple solution to this problem [7].

1.3 Review of RS

In this section I will briefly review the original model suggested by L.Randall
and R.Sundrum (RS) [1]. Their idea was to assume that our world has an additional

compact spatial dimension and the metric has the following nonfactorizable form,
ds® = e dg? —dy?, 0 <y < (20)

Let us look at how such geometry might arise from the Einstein equations and how
it can address the hierarchy problem. We start with a five dimensional action for
gravity, and we will assume that there is a cosmological constant term. We will also

assume cosmological constant terms located at the boundaries of the system, then

10



the action of the system will be,

S = Sgravity + Svv + Sir,
Syravity = / d*x /0 R Ware: (A +2M°R),
SIR = /d%\/% (L1r = Vir),
Sov = /d4x\/%(ﬁw = Vuv), (21)

where Syy.rr correspond to the terms of the action localized on the boundaries of the
system, so called ultraviolet(UV) and infrared(IR) branes'. These branes are located
at (y = 0, (y = 7r)) coordinates in 5D space respectively, and g[‘jl(/( r) = G ly=o(xr)
is metric induced on the branes. It is important to remember that we introduced
extra spatial dimension in order to address hierarchy problem and we do not want to
introduce additional hierarchies in the action, thus all the dimensional parameters
should be of the same size A5 ~ V,Jiv’ g ~ M. We will search for the solutions of

the Einstein equations for this system using the following ansatz:
ds? = e Wy, do"de” — dy?, 0<y <7 (22)

It will lead to the following equations

A
2
60-I<y) - _4M3
Vov Vir
" o .
30°(y) = i)+ Eily — ), (23)
and the solution will be
—A
o(y) =y 55 (24)

Hn this thesis T will also use notations Planck and TeV branes for the UV and IR branes

respectively
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In order to have this solution, bulk cosmological constant A and brane cosmological

constants Vi, Vig should be related in the following way
Vv = =Vig = 24M3k, A = —24M3k2, (25)

where curvature k is of the order of 5D Planck mass M. Then the solution for the

metric will be given by
ds? = e M, datdz” + dy’. (26)

Let us see now how the parameters of our five dimensional theory are related to the
parameters of four dimensional theory of gravity, namely to the Planck mass Mp;.

To see this we can consider small perturbations of the metric
ds® = e [1, + by | datda” + dy® (27)
this will lead to the following four dimensional action

Sip ~ / dy (2M3e 1 /=gR) (28)
0

where R, g are Ricci scalar and metric calculated for the four dimensional metric
Gy = M + hy. This leads to the following relation between four dimensional

Planck mass and the parameters of the five dimensional action

3
okl _ M

M3, = M3/ dye — [1—e ] (29)
0

So in the limit of large k7mr



where 5D Planck mass M is of the same size order as 4D Mp;. Now, after we have
shown that we can achieve metric (20) as a solution to the Einstein equations, and
that this theory leads to the usual 4D gravity, we can look at how gauge hierarchy
problem might be addressed within this framework. Let us assume that the Higgs

field is localized on the IR brane, then the corresponding action will be

Sin = / Ao/ =gim o (DuH)' DLH ~ A(HP ~ )] (31)
On the other hand g;r in our case is equal to g;r = e_%WRgW so substituting it

back we will get
Sin= [ dtaoy/=ge o e (D,1) D - MHP - P, (@)

We have to make substitution H — e H to normalize kinetic term properly and

this will lead us to
Susr = [ dtav/=g |3 (D) D,H = NP — e 7). (33)
We can see now, that effective electroweak symmetry breaking scale is given by
v=e Ty, (34)

This result is completely general and it will hold for arbitrary mass scale of the IR

localized action
m — e "'m. (35)

So if the exponent ef™ ~ 10'® — 10', we can easily get desired hierarchy between
Planck and weak scales. The new physics states in this model will be Kaluza-
Klein excitations of the graviton, i.e. spin 2 massive fields, with a mass around

13



TeV scale. In the original RS model (RS1) SM Lagrangian was located on the
IR brane. Unfortunately this leads to a very serious problem: generically flavor
violating contribution of new physics should be suppressed only by the cutoff scale,
which is roughly ~ Mpie ™ ~ O(10TeV). But from low energy experiments we
know that constraints from flavor violation are very severe, looking for example at

four fermion operator

drsgpdrsy,

L (36)

we see that bounds from ex parameter of the Ky — K oscillations requires A >
2.4 x 10° TeV(see [21] for model independent analysis ). We see that the RS1
requires some additional mechanism to suppress flavor violation. On the other hand
from AdS/CFT correspondence we know that the RS1 corresponds to the theory
with strong dynamics, where all the SM fields are composite, but we know that to
make the Higgs mass stable under radiative corrections we only need the Higgs field
to be composite. So in RS picture we do not need fermions to be localized on the IR
brane, and even more we can use RS dual of the partial compositeness mechanism

of [23] to address fermion hierarchy problem as well as to suppress flavor violation.
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1.3.0.1 Fermions in the bulk

Before putting every SM field in the 5D bulk[22], let us consider just a single

fermion in the bulk. For simplicity we will use the conformal coordinates

ds® = Z—}z (nﬂ,,da:“d:c” — dz2) ,

kmr
R<z<H,R:%,H:

The action for the fermion will be given by
4 " Lo MpA : TP  MpA €7
S=[duz dzy/—yg §¢€A I Dyip — B (D) Toeq I + EWP o (38)
R

where el and D), are funfbein and covariant derivative(see for the details Appendix

A). After simplifications the action will look like
o [T R\"[i . M : tpopM )
diz [ dz (=) |=0TMOytp — = (Oy) TOT My — —Z | (39)
R z 2 2 z

Now we can apply action variation principle to derive equation of motions for the
fermion fields. But we have to take care of the finiteness of the extra dimension,
in this case the integration of a full divergence over z coordinate will lead to the

additional surface term

R\* - - — /
! / d's (_) [G100n — Brothy, — 006 + 0ty ] |5 (40)

where we decompose 5D fermion

VR
(&
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in terms of the usual 4D chiral fermions. Now we can see that in order to have a
consistent theory we need to impose Dirichlet boundary condition [25] on one of the

two chiralities of the fermion on each of the branes,

Yrl,.er =0 or Ygl.cp =0

Yrl=r =0 or Ypl.-r = 0. (42)

So at the end in the equation of motion will look like

(i&H V50, — 275 - E) Yv=0 (43)
z z

or in terms of the 4D chiral fields

i+ 0.0m ~ (2E5) vn =0
2—c
zZ

iR — 0.1, + ( ) Y = 0. (44)

First one can see that equations of motion for the left and right handed fields are
coupled and the Dirichlet boundary condition for the one field will lead to the
Neumann boundary condition for the other field. In the future we will denote
Dirichlet (odd) and Neumann (even)boundary conditions by (—), (+) signs and for
example, 11, (4, —) will mean that v, satisfies even boundary condition at UV and
odd boundary condition at IR brane.

We can now decompose our field in terms of the KK excitations

Yr = Z fL(2)vr(x)
vr =Y [h()VE()
P7 () = may (). (45)
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This leads to the following equations for the profiles (1, r)

n n  Ct+2
—mn f1 — asz +

fr=0

C —

2
—Mn [+ 0-fT + fr =0 (46)

Solving these equations will lead us to the spectrum of the KK masses. It is in-
teresting to point out that in the case of the (+,+) fields we will have a massless
mode, so for example for the 1 (4, +) boundary conditions we will have massless
left handed fermion with 5D profile

2—c (R/)71/2+C

fo(z) = = Tf(c)

1—2¢
1—2c* (47)
V1- (%)

The solution for the ¥ g(+, +) case we can get just by simply resubstituting ¢ < —c.

f(c)

Generically solutions are given in terms of the bessel functions (see AppendixA). For
the case of the (11, (4, +)) boundary conditions KK mass spectrum can be calculated

from

J71/2+c(mnR/) _ J71/2+c<mnR>
Y71/2+c(mnR,) Y71/2+c(mnR)

|
mnwl(nJrc—g ) 1/R <m, <1/R (48)

1.3.0.2 Fermion couplings to Higgs

Right now we know how to get a single massless fermion, but in SM model
fermions are chiral and they get their masses from the Higgs vev. To reproduce this
in RS, we will need two 5D fermions @), U, one of which should be a doublet and
another a singlet under SM SU(2);. Qp,Ug fields should satisfy even boundary

17



conditions (+, +), in order to have zero modes, and their interaction with Higgs will

be given by the following overlap integral

4 R !
d'x ﬁ Y5DHQU,

where dim[Y;p| = —1. (49)

Then the effective 4D interaction of the fermions with Higgs will given by

Ysp

[ (g)klyﬂ@y = 250 eq)f(—co . (50)

where f(c) is defined in Eq.(47). The mass of the fermion in this case will be equal

to,

Ysp

Y.f(cq)f(—cv)v, Y= i (51)

At the same time we know that fermion profiles f(c) depend exponentially on the
bulk masses ¢, so by small variation of the 5D bulk masses ¢ we can easily explain
observed hierarchies in the fermion mass sector. This leads us to the so called ”flavor
anarchy” scenario[6], where all the 5D Yukawa couplings are of the same order and

the hierarchies of fermions masses come only from their 5D profiles.

1.4 Realistic Model

The minimal extension of the SM in the RS scenario naively should be the
model, where all the SM fields are promoted to be the bulk fields. However this
simple model does not work, because bounds from electroweak precision T parameter

[26] become extremely severe and require 1/R’ 2 11 TeV [27], because the custodial
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SU(2)g is broken. But as was shown in [28], simple extention of the gauge sector of
the model from SU(3) x SU(2);, @ U(1)y to SU(3)®@ SU(2), @ SU2)r @ U(1)5_1
relaxes T parameter bound a lot, and the mass scale of the 1/R’ > 1.3 TeV becomes
compatible with current electroweak precision data. The action for the gauge sector

of the model will become

R 1 1
z
1 1
—ZTTGMNGMN — ZFMNFMN , (52)

where Wi, WE, are field strengths for the SU(2); and SU(2)r gauge fields
respectively, Gy is a field strength for gluon and Fyy is for B — L gauge boson.

The following boundary conditions are assigned for the fields:

WfJ,Q (_7_'_)7

everything else (+,+). (53)

So the boundary conditions on the UV brane break SU(2)r down to U(1)g, and
then resulting U(1)p_ xU(1)g is broken down to U(1)y by vev at the UV brane. As
a result two linear combinations of W3 and B’ (B’ is a gauge boson of the U(1)5_)

will become mass eigenstates

WP - gP By
V(g2 + (812
g5 "W+ g,

V0gh)?2 + (g1

I

!
Zu

B (54)

w =
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B, field satisfies (+,+) boundary conditions and covariant derivative for the By,

fields will look like,

B-L
Dy = Oy — igsBu (Tﬁ + 5 ) ; (55)

now we can identify B, with U(1)y gauge boson of the SM and YV = 73 4+ 3£ with
the hypercharge.
Now we can look at the fermions, SM left handed doublet (up,dr) in the

simplest set up will be part of the 5D SU(2), doublet

ur(+,+)
@:(3,2,1,1/3) (56)

dr(+,+)
where we have written down only the lefthanded part of the 5D fermion, which
satisfies (4, +) boundary conditions and contains chiral zero modes. There are

different ways to embed SM singlet fermions in the multiplets of the SU(2)g and

one of the simplest ones is to introduce extra u', d’, so that we will have two doublets

of SU(Q)R
up(—,+)
e ¢:(3,1,2,1/3) contains SM dp
dR(+v +)
UR(+7 +)
e ¢:(3,1,2,1/3) contains SM ug,

and similarly for the other two generations of the SM fermions. Higgs field in such

models becomes bidoublet of SU(2), ® SU(2)xg.
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1.4.1 7"Flavor anarchy” scenario

This scenario assumes that all the parameters of the 5D Lagrangian are not
hierarchical, and the hierarchies of the fermion sector come only from 5D profiles
(47). The mass matrices for the SM “up” and “down” quarks in this case will

become

mig =Y vf(c;) f(=c])

mi; =Y uf(c,) f(=cp). (57)

One can see that the four dimensional mass matrices for the SM fermions are hier-
archical because f(c; ., 4) << f(c},q) << f(c,4), where subscripts ¢, u,d refer to
the profiles of the electroweak doublets and up and down type singlets. In the case

of hierarchical mass matrices the following approximate relations will hold

mi' ~ Yo f(e)f(=c,) mi~Yf(e)f(—c)

Oatwy,)” ~ Vers ~ | —L| £ :
( d( )L) CKM ‘f(cé) or j> 1
(Oawyn)” ~ || for j> i, (58)

where Y, is typical value of the Y (again we are assuming that all the elements

of the Y7 are of the same order)and Oy are left and right rotation matrices

u)L, R

defined in the following way

ngz) = (Od(u)L)Jr m ) (Od(u)R) : (59)

g =
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Then we can estimate the typical values of the profiles on the IR brane.

u my myY,

u ms 2 M d myY!
f(_CQ) ~ W7 f(Cg) ~ A KuU’ f<—C2) ~ mt}/:kd)\Q’

g My my, Y

— d ~N —
YUU7 f( Cl) th*d)\?”

(60)

where A is Cabibbo angle of the CKM matrix. So generically this scenario becomes
very predictive, because all the values of the fermion profiles are fixed on the IR
brane from SM observables.

So let us state some qualitative properties of the models with ”flavor anarchy”.
Profiles of the zero modes of the fermions are hierarchical on the IR brane. Profiles
of the KK excitations are localized near IR brane (see Appendix A ), and they do
not depend strongly on the values of the 5D Lagrangian parameters. The same is
true for the masses of the KK fermions, they only mildly depend on the values of
the bulk mass parameter c¢. Then one can immediately see that the couplings of
the zero mode fermions to the heavy states are controlled by the smallness of their
profiles at IR brane f(c). At the same time we know that profiles of the light quarks
should be small at IR brane to explain their masses, so the new physics contribution
to the flavor violating interactions involving light quarks will become suppressed by
the parameter which is related to their mass.

In the end I would like to summarize this chapter by saying that models with
warped extra dimension with SM in the bulk provide a very attractive scenario
of BSM physics, which can address both hierarchy problem and explain observed
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hierarchies of the fermion masses.
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Chapter 2
Low energy bounds on the warped models

2.1 Review of two -site model

In this chapter we will analyze low energy bounds arising from flavor violating
observables on the scale of the warped extra dimension. Instead of using some
specific warped model we will use so called "two site” model, which comes from
the deconstruction of the 5D extra dimension. Two site model is much simpler
to analyze and at the same time it is good enough to capture most of the robust
predictions of the warped phenomenology. We will start by reviewing the basic
features of the two-site model (for more details see [10]). The particle content of
the model is divided into two sectors: composite and elementary. The elementary
sector of the model is equal exactly to that of SM except for the Higgs field. The

SM gauge fields (SU(3) ® SU(2);, ® U(1)y) will be denoted in the following way,
Ay =G, Wy, B (2.1)
and fermion SU(2)., doublets by,
Y ={qui = (uri, dri), i = (viiseni) } (2:2)

and finally SU(2);, singlets as,

1/;1% = {URz‘, dRi, VRi, eRi}- (2-3)
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The only renormalizable interactions are the gauge interactions.

1

Eelementary _ _ZFil/ + ,(Z}Llpr + QZRZplER (24)

where the covariant derivative only involves elementary sector gauge bosons: D, =
0y — 1gaA,, with g¢ the elementary sector gauge couplings.

The composite boson sector (containing SM Higgs and massive spin 1 par-
ticles) has SU(3) ® SU(2), @ SU(2)g ® U(1)x global symmetries, where we need
the additional custodial SU(2)g to suppress new physics contribution to the 7" pa-
rameter [28]. There are fifteen heavy vector mesons (p,) that belong to adjoint
representation of the SU(3) ® SU(2), ® SU(2)gr ® U(1)x, and they can be decom-
posed into two sets: p,, which are in the adjoint representation of the SM gauge

group and their orthogonal combinations p

,BM} . (2.5)

T3R+\/_

We associate B*, B with the generators T« = Yiypercharge = # and T =

T3R . /2/3Tx
5/

—s where T is hypercharge generator in the SO(10) normalization. Higgs

=G WLBY,  p={WE=

field belongs to the composite sector and is a real bidoublet under SU(2), ® SU(2)x:
(H, H).
Every SM fermion representation will be accompanied by a heavy composite

Dirac fermion, so the composite sector will consist of SU(2);, doublets :
x = (Q; = {U;, D;}, L; = {N;, E;}) (2.6)
and SU(2), singlets:

X = (~i,D¢7E¢7N¢) (2.7)



They are all singlets under SU(2)g. The Dirac masses of the composite sector
doublets and singlets are m,, m,, respectively, which we assume to be the same
(and generation-independent) for simplicity. U(1)x charges for fermions are chosen
to reproduce the usual SM hypercharges.

The Lagrangian of the composite sector is

M?
Ecomposite = _Zpiy + 9 pi + |D,LLH|2 - V<H> +
X — ma)x + X(@P — )X — X(VHR + Y HYY) + hee, (2.8)

where M, is the mass of the composite sector vector boson (again, assumed to be the
same for all gauge bosons for simplicity), and the covariant derivative here involves
only composite sector gauge bosons: D, = 0, — ig.pj, — iG«pu, With g, and g. the
corresponding composite sector gauge couplings. One can see that Yukawa couplings
explicitly break SU(2)g in composite sector (see Eq. (2.8)). But this breaking gives
a small contribution to the T" parameter and is thus technically natural as mentioned

in [10].!

2.1.1 Mixing and Diagonalization

The two sectors (composite and elementary) are connected to each other by

the mixing terms

e * Mf e 2 0 T~
Lonixing = —M? % Aupyy+ 55 <EAH) + (AR + UpAYL +he).  (2.9)

L Alternatively, we can add extra composite site fermions so that Yukawa interactions respect
SU(2)r. This corresponds to choosing 5D fermions in complete multiplets of SU(2)g in the 5D

AdS models [28]. We will not pursue this option here.
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This structure of mixing terms are motivated by the corresponding 5D warped extra

dimension models. We assume small mixings between elementary and composite
. . A ..

sectors, i.e., % < 1 and ;> < 1. Due to the presence of the gauge boson mixing

terms the following combination of the vector bosons will remain massless

G« el *

A, + )
N \/g§l+gfp“

The original elementary and composite states will be re-written using the mass

(2.10)

eigenstates as follows

A cosf) —sind A
g - "1, tang = 9 (2.11)
. . . 9
0 sinf  cosd 0
Q/JL COS Yoy, — sin Py, wL A
— : tan py, = — (2.12)
XL SIN @Yy, COS Py, XL
Ur cos g, —singg | [¥n A
— v v : tanp; = - (2.13)
XR singg,  cosp;, XR

In the new, i.e., mass eigenstate basis, (AM,wL,@/N)R) are the SM fields, which are
massless before EWSB, and (p#, x1, Xr) are the heavy mass eigenstates (i.e. the
heavy partners of SM), again prior to EWSB. To shorten our notations we will

denote

9 = 917927937 801/1L = SOquSOlLiu SO@Z;R = gpuRiu godRiu QOVRNSOeRi

SINQyi, = Su,  SINQg = 54, SNy, = 5q. (2.14)
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2.1.2  Couplings in mass eigenstates before EWSB

Substituting Eq. (2.11) (2.12) (2.13) in Eq. (2.8), we get the Lagrangian for
the Yukawa interaction between quarks and Higgs field in mass eigenstates before

EWSB (the same expression will be true for leptons too, one just has to substitute

L,E,N <= @Q,D,U)

EY — ‘CS{/M—SM + EiM—Heavy + Egeavy—Heavy
= —YaHsgsuqrur — YiaH sqsaqrdr
~Y, H [CqSuQLUR + ququLUR:| —Y.qH [CquQLdR + SquCYL[)R]

—Y;uf{ [chuQLUR -+ QRUL} - Y;dH [CquQLﬁR + QRﬁL} + h((2]_5)

where ¢, .4 stands for cos(y,..q). We have split the Yukawa interactions into three
parts, (SM-SM): interaction between two SM fermions, (SM-Heavy): interaction
between SM fermion and heavy fermions, and (Heavy-Heavy): interaction between
two heavy fermions.

Similarly interactions between fermions (including SM and heavy) and heavy

partners of SM gauge bosons are
[ — [SM-SM | pSM-Heavy | pHeavy-Heavy
S [QL’ML(—Cﬁt + 82%)]
+p,9 [(Q_L’VMQL + Qryudr) (sqcq(1+ %))]
o |QunQuly - 20)
+{L < R}, (2.16)
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where ¢ = tanf, and ¢ is usual SM gauge coupling constant, and it is equal to
g = gecost = g,sinf. In the same way as we have done for the Yukawa interactions
we split total Lagrangian into three parts ((SM-SM), (SM-Heavy), (Heavy-Heavy))
. In the limit when all the SM fermions are made up of mostly elementary sector

particles, i.e. s, < 1, then the flavor non-universal interaction between SM quarks

955
tanf

and heavy gauge bosons will be = 045, 2cosh =~ g, , and similarly for the right
handed quarks.

The interactions between Higgs field, massless vector bosons and their heavy

partners are

L — CSM—SM CSM Heavy + EHeavy Heavy __ |D H|2

2 sin 6,

[ cot 0 1 1
— HTW* “H —HTW+ *H \[HT
- gg2$1n6’1 (f +\/§ Bp, H

2
+ HT ((gcot@pf)2 I1 (W+W + 32)) }

sin®6; "2 * 20 #

2.1.3 Including EWSB

Plugging in the Higgs vev in Eq. (2.15)(2.17) will lead to new mixings between
SM massless fields and their heavy partners which can be classified in the same
way as was done in Eq. (2.15),(2.16),(2.17): (SM-SM)- mixing between different
generations of the SM massless fermions and the mixing between (1?3, B) SM gauge
fields ; (SM-Heavy)- mixing between SM massless fermions and heavy fermions and
the mixing between (B, W?) SM gauge bosons and (W3, B,, B,, W,) heavy vector
bosons; (Heavy-Heavy)- mixing between the heavy fermions corresponding to the

29
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different generations of SM and the mixing between (Wf’, B., lg*, W.) heavy vector
bosons. These mixings lead to many new contributions to flavor violating processes,

which we will study in detail in later sections.

2.2 Matching 4D and 5D theories

As we have said in the beginning of this chapter two -site represents an effective

description of the warped models so here we present a relations between parameters

of the 4D and 5D theories

light states < zero modes
heavy states  « 1st KK modes

Squd f(Cqud)

Y, < coupling of the KK fermions to Higgs (2.18)

so we can see that in the 4D theory which is an effective theory of RS with fermions
in the bulk s, 4, elementary/composite mixing angles should be hierarchical, and

the Yukawa couplings should be of the same order.

2.3 AF = 2 processes: €x

2.3.1 Formulae for Two-Site Model

We want to find the bound on composite sector scale from CP violation in the
AS = 2 process, i.e., ex parameter of the Ky — K, oscialltions . The most general
effective Hamiltonian for AS = 2 processes can be parameterized in the following
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way [29]

HAS:Q = 01(91 -+ CQOQ -+ 0303 -+ 0404 -+ 0505 with
O = _%%8%67?%8? O; = JaRS%Jgsg
O3 = dys?dlsy, Of = dsydl sy, O5 = d%shd) 5%, (2.19)

where «, 3 are color indices. There are also O] , operators with L replaced by R.
The dominant contributions to these Wilson coefficients in the two-site model come
from tree-level exchange of heavy gauge bosons for example gluon (see Fig. 2.1)

with flavor violating couplings. These flavor violating couplings arise mainly from

S

L Sk
heavy gluon

95Sa1502) 0000000000000 Is:SarSaz

dg

Figure 2.1: Contribution to the ¢ from KK gluon exchange

the mixings between SM fermions induced after EWSB (see section 2.1.3) which
we now focus on — the other two types of mixings (SM-Heavy, Heavy-Heavy) have
sub-leading effects for €5 and so will be neglected for the analysis in this section.
The point is that the couplings between heavy gluon and SM quarks are diag-
onal but non-universal in the gauge eigenstate basis for quarks, i.e., before EWSB,
in L5M5M term of Eq. (2.16). After EWSB, one has to use unitary transforma-
tions: (Op,, Op,) and (Oy,, Oy,) to go to mass eigenstate basis for down and
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up-type quarks respectively (just like in the SM). These rotations thus lead to off-
diagonal couplings between SM quarks (in mass eigenstate basis) and heavy gluon.
From the analysis of the 5D models [11, 12, 13], it is well-known that the dominant
contribution comes from the heavy /KK gluon exchange between left-handed and
right-handed down-type quark currents, i.e., (V — A) x (V 4+ A)-type operators.
Therefore, we focus here on heavy gluon exchange of the above type. The main con-
tribution comes from the different amount of composite components of SM quarks.
We assume here that s, 41 < 8440 < 5q43 < 1 and Op, ,, are nearly diagonal, since
we need hierarchical elementary/composite mixings to reproduce hierarchical quark

masses. It is straightforward to show that such exchange gives (upon Fierzing)

Ci(M,) = —3C5(M,)

(gsx)? ) ,
M? [<5q2> (O, )1p + (8g3)" (O, )13 (ODL)23] X

*

| (52)* Oz + (55)* (O3 (On)s | (2.20)

where g, is composite QCD coupling. Each [] in this formula includes two terms,
i.e., one from the “direct” 1 — 2 mixing (present even with two generations) and
another from the (1 — 3) x (2 — 3) mixing (i.e., via 3rd generation) for the left and
right-handed flavor-violating couplings.

Assumption of anarchic Yukawa couplings Y, in the original Lagrangian of Eq.
(2.15) implies that mixing angles in SM Yukawa couplings are given by ratios of

elementary-composite mixings[6] (see Eq.(58)), for example,

M fori < j (2.21)

(ODL,R)ij (Sq.a);
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So, the two terms (inside each of the brackets []) in Eq. (2.20) (for each of left
and right-handed sectors) are of same size, but uncorrelated.

On the other hand from the £5M-5M term of Eq. (2.15) we have

ma ~ Yesasqv/V2 (2.22)

Mg ~ Y:kdquSdZU/\/éa

so we can estimate the size of the mixing angles s,;, s4.

Now we can estimate new physics contribution to Cj 5 using the following
assumptions: (i) considering one term in each of the brackets [} of Eq. (2.20) at a
time, (ii) mixing angles set to “natural” size (i.e., with “=" in Eq.(2.21) above), and
(iii) quark masses given by natural size of the parameters (i.e., with “=" in Eq.(2.22)
above). Plugging Eq. (2.21) and (2.22) into Eq. (2.20) leads to the estimate, up to

an O(1) complex factor:

2
2—site _ Jsx 2msmd 1
4 estimate (Y'*d)Q 02 M? (2.23)

with v = 246 GeV, where subscript “estimate” stands for the above three assump-
tions. To repeat, the assumption of anarchy tells us that the four terms in Eq.
(2.20) are of the same size as Eq. (2.23) and have uncorrelated phases. Therefore,

our estimate using one term gives us the correct result up to O(1) factor.

2.3.2 Experimental limit

The model independent bound from ey is strongest on the Wilson coefficient

Cy due to (i) enhancement (as compared to for the other Wilson coefficients) from
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RG scaling from the new physics scale to the hadronic scale and (ii) from chiral

enhancement of matrix element (see reference [21]).> This bound on C is :

Im Cy N <A1)27
F

Ap = 1.6 x 10° TeV. (2.24)

where the coefficient is renormalized at the ~ 3 TeV scale [11]. Note that the bound
on Im CYy is only mildly (logarithmically) sensitive to the renormalization scale and
hence it remains almost the same as the above number (which is again for a scale
of ~ 3 TeV) for heavy mass scales of up to ~ 10 TeV that we will consider in this

paper. Using Egs. (2.23) and (2.24), and assuming order one phase, we get

> 1195*

Y:kd

M, TeV (2.25)

We can see the bound on the composite mass scale decreases as Y9 increases.

2.4 Radiative processes: b — sy

The rare decay B — X,y gives very powerful constraints on new physics. We

follow the standard notation and define the effective Hamiltonian for b — s [29]:

Hepp(b— 57) = —G—\/g%’;%b[@(ﬂb)@ + () Q7 + . ] (2.26)

where Q7 = e my/ (87%) ba*’ F,,(1 — v5)s and Q4 = my, e (872) bo* F,, (1 + 73)s.

Here we have neglected other operators that only enter through renormalization of

2The effect of Cy (M,) in the two-site model is sub-leading because firstly the model-independent
bound is weaker relative to Cy (see reference [21]) and secondly in this model Cs (M) is suppressed

by a color factor relative to Cy (see Eq. 2.20).

34



C7 and C4. In SM, the Wilson coefficient C7(p,,) evaluated at weak scale is[29]

L[ (8x)+ 522 —Twy)  x7(2 — 3xy)

SM e .
Oy = —g [FEE ) RS )

/ Mg
C1M ) = o5 ) (227

with z; = m?/M?. The Wilson coefficient C7(j1,,) can be neglected in SM due to a

suppression by m,/my. The leading order QCD correction gives us [29)]

C (1) = 0.695C+(j1) + 0.085C (fhy) — 0.158C (1) (2.28)

= 0.695(—0.193) + 0.085(—0.096) — 0.158 = —0.300

where Cy and Cg are Wilson coefficients for operators Qa = (¢b)y_a(5¢)y_4 and
QRsc =
my g/ (877) bao*” (1—75)T5455GS,,. The latest higher order calculations for BR(b —

s7y) are given in [30] but the above order results suffice for our purposes.

2.4.1 FEstimate in two-site model

In two-site model, the largest new physics contribution to I'(b — s7v) comes
from diagrams with heavy states in the loop because of their larger coupling con-
stants. First, we consider diagrams with heavy gluons and fermions (see Fig. 2.2).
We can get an idea of the flavor structure of this diagram by treating the EWSB-
induced fermion mass terms of Eq. (2.15) as being small compared to the masses of
the heavy partners of SM fermions (henceforth called by the mass insertion approx-
imation). From £3Hea%y term of Eq. (2.16), we see that mass insertion approxima-

tion gives us a new contribution to Wilson coefficients of operators d;o* F,,,,(1—5)d;
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heavy gluon
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d
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L

Figure 2.2: Contribution to the b — sv from the loop with KK fermion anf KK

gluon

(with quarks in gauge basis before EWSB)

G 2 vd
C?ij X SQigs*}/:kij

s4, (2.29)

1 G 1 A d
Notice that C7}; has the same flavor structure as quark mass matrix mq;; ~ Y,%;84,54;-

Therefore, after unitary rotation into the mass eigenstates after EWSB, C7Gl-j will
be approximately diagonal in flavor space, and contribution from heavy gluon and
heavy fermion exchange to I'(b — s7) is suppressed. (see reference [6] for a similar
discussion in warped extra dimension, where KK gluons and KK fermions corre-
spond to heavy gluons and fermions here.)

Next, we consider diagrams with heavy fermions and Higgs in the loop (includ-
ing physical Higgs and longitudinal W/Z bosons). Similar to the previous analysis,
we can get the flavor structure of these diagrams from mass insertion approxima-
tion. For the purpose of estimating flavor structure, we consider only neutral Higgs

diagram (see Fig. 2.3). From the Yukawa couplings between SM fermion, heavy

fermion and Higgs (£L5MHea term of Eq. 2.15), we find that

Crij Sq'YkaKgcngdej (2.30)

7ij i L s
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i v dy

Figure 2.3: Contribution to the b — sv from the loop with KK fermion and Higgs

It is obvious that C’7Hij is not aligned with mg;;, assuming no particular structure in
the Y, (i.e., anarchy). Thus these diagrams will give the leading new contribution
to C7 and C%, and we will focus on these diagrams (see reference [6] for a similar
discussion in warped extra dimension).

Because of the near degeneracy of heavy fermion masses, we cannot use mass
insertion approximation to calculate the loop diagrams. Instead, we need to diag-
onalize the 9 x 9 mass matrix (once we include EWSB-induced mass terms, i.e.,
coming from Yukawa couplings in Eq. (2.15)) for all down type quarks in order to
determine the mass eigenstates and their couplings. Since it is difficult to obtain
an exact analytical formulae for this effect, the analysis is performed numerically in
Section 2.6. However, it is insightful to obtain an approximate analytical formulae
for b — sv as follows. First, we calculate the dipole operator for the case of one gen-
eration quark together with its heavy partners (say, as in the calculation of (¢—2),))
without using the mass insertion approximation and then we simply multiply it by

factors from generational mixing effects in order to obtain the amplitude for b — sv.

In more detail, we diagonalize the 3 x 3 mass matrix (including the EWSB-
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induced mass terms) for one generation quarks analytically to first order in x =
yudy/ (m*\/ﬁ) in Appendix B.3: the results for dipole moment operator of one
generation with charged and neutral Higgs in the loop are shown in Egs. (B.39) and
(B.43). In order to estimate the effect of mixing between different generations, we
again use mass insertion approximation (see Fig. 2.3). For example, the operator
bLo™ F, wwSk can be generated via the mass insertions/Yukawa couplings (as in Eq.

2.30, but dropping the flavor indices on Yy, for simplicity)
Yd*5q3Y;l*vY;l*3d2 (231)

Based on our assumption of anarchy and the formulae for Yukawa couplings and

mixing angles (Eq. (2.15) (2.21)), we know that

s
Y. 0843842 = Yd*USq:sSdsS—dz ~ my(Opy, )23 (2.32)
a3
and
mg
g ~ (ODL>23 (ODR)QB (2-33>
b

In addition, since left-handed down and up-type quarks have the same elementary-

composite mixing, we get (again assuming anarchy of Yy,)

(DL)23 ~ (UL)23
~ Visor Vy (2.34)

where in the second line we have used that Vogy = OLLODL. Combining Eq

ms
mp Vis®

(2.31) through (2.34), we can find that generational mixing gives a factor ~
Similarly, for the operator bga*’ F),,s;, we have (as in Eq. 2.30)
Y;l*3d3Y;l*UYd*5q2 ~ (Yd*)me (ODL)23 ~ (Y;l*)me%s (235)
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i.e., generational mixing gives a factor ~ V,. Note that for neutral Higgs diagram
the amplitude is proportional to Y3 . The flavor structure for charged Higgs (would-
be Goldstone) diagram is similar, expect that there are two types of contributions
(schematically o Yd‘i and Yf*Yd*). For simplicity, we set Y,, = Yz = Y, in our
estimation.

Then, multiplying the one generation results for dipole operator in Eqs. (B.39)

and (B.43) by the above generational mixing factors, we get the following effective

Hamiltonians:
5 ie (2¢-p).., - ms -
eff ~ 2
Hcharged Higgs ~ E(Y;) mbWW[%sb(l - 75)5 + mb‘/;ts b(]- + 75)5] (236)
HeL Ly 2Py 0yt ™ b1 4 e)s] (2.37)
i ~ =) m s - S S .
neutral Higgs 4 b167T2 (m*)z t V5 mb‘/;g Y5

We present the results for both charged Higgs and neutral Higgs contribution since
they generally have different phase and cannot be simply added together. Since their
sizes are of the same order, we will focus just on charged Higgs contribution in the

analytical estimates. Then, the new physics contribution to the Wilson coefficients

are?
. 5 (Yi)? V2
027s1t§ (m*) - _ = ( ) £
7 estimate 48 (m,)? Gp
i 5 (V.)2V2 m
/12—site _ = v= s
07 estimate(m*) - 48 (m.)? Gy mp\* (2.38)

where we used Vi, ~ A% (A & 0.22). As explained earlier, (based on assumption of

3Note that such a size for these Wilson coefficients can be estimated, i.e., derived up to O(1)
factors, using purely mass insertion approximation. As explained above, here instead we have cal-
culated the O(1) factor from loop diagram (without using mass insertion approximation), although

we still used mass insertion approximation to estimate the generational mixing factors.
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anarchy) in the exact result for b — s there will be several terms of the above order
but with uncorrelated phases. Thus Eq. (2.38) is only an estimate for b — sv, i.e.,
the natural size of one term that contribute to the new physics effective Hamiltonian.
We expect the final result of the coherent sum of such terms to be of the same order
as this one-term estimates. From these estimates we can conclude that C/2~5*(m,)
is bigger than C2 *'"(m,) by a factor of m,/ (myV;?) ~ 8, which is different than
the case in SM (where C ~ C7 mg/my,).

As mentioned earlier, in Section 2.6, we will apply the exact diagonalization
of the 9 x 9 mass matrix for three generations to the results from general loop

calculation of b — sy in Appendix B.2 to obtain C7 ' and C/* ' numerically.

2.4.2 Experimental limit

The leading order QCD corrections will suppress the new physics contribution

to the Wilson coefficients

. ozs(m*) 16/21 as(mt) 16/23 . _
C2site(yy,) = [ ] [ ] C2751% (m,) ~ 0.73 C2751%(m,,) (2.39)

as(my) s ()
We add it to C5M () in Eq. (2.27) and then use this sum, i.e., C% (1,) =
C?M(uw) + C275%(yy,,) in Eq. (2.28) to obtain Cy (). Whereas, the SM contribu-

tion to C is negligible compared to that in the two-site model so that we have

Q

C%Qfsite (,ub)
16/21 16/23
Qs \ TNy as\m 12—site
|: ( ):| |: ( t):| 072 t (m*)

as(my) ()

0.48 C275(m,) (2.40)

C%toml(ﬂb)

Q
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The contributions from C7(u,) and C7(up) sum incoherently (without interference)

in the total (i.e., SM and new physics) decay width T'°l(h — sv):
Db — s7) oc |Cr () * + |C7 () (2.41)

For convenience, we define §; = C75(m, ) /C5™ () and 8, = C7275(m,) /CZM (11,,).

Adding these new contributions, we have

Ftotal<b N 57>

0 7~ /2
o) S 0.68Re(d7) + 0.11|4%] (2.42)

The experimental average value for the branching ratio is BR(b — s7v) = (352+23+
9) x 1079[31]. The theoretical calculation gives BR(b — sv) = (315+23) x 107%[32].
Adding the 20 uncertainties by quadrature we find that a 20% deviation from SM
prediction is allowed. If we consider the two contributions separately, we will get the
bound |7| < 1.4 and Re(d7) < 0.3. Using Eqgs. (2.38) and (2.27), the first condition
gives

my 2 (0.63)Y, TeV (2.43)

and the second condition gives us a weaker bound. From this rough estimate, we can

see the bound on composite mass scale increases with composite Yukawa coupling.

2.4.3 Tension and lowest heavy SM partner mass scale scenario

We see that the bounds on M, and m, from ex and BR(b — sv) have opposite
dependence on Y,. Thus we cannot use this parameter to decouple flavor-violation.

For simplicity, we set M, = m, henceforth. Then the lowest allowed value for M,
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that satisfies both bounds Eqs.(2.25) and (2.43) is

M, = 2.6y/gs TeV for Y, ~4.2,/gs.
~ 4.5 TeV for g4 ~ 3

~ 6.4 TeV for gs ~ 6 (2.44)

where in last two lines, we have set g, ~ 3,6 which is motivated by the 5D AdS
model, although the latter value might not be allowed by 5D perturbativity. We
can check that with the values of Y, in Eq. (2.44), the loop expansion parameter
Y2/ (1672) is less than one, and the two-site model is thus perturbative (but barely
so in the case of Y, ~ 10 for gs. ~ 6): see Appendix B.1.3 about perturbativity
bound on KK Yukawa couplings in the 5D AdS model.

We reiterate that the bounds in Eq. (2.44) are only estimates in the sense
that they are based on one among multiple, uncorrelated terms in the amplitudes
for both ex and b — svy. Also, note that the contributions to b — sv in the two-site
model, being at the loop-level (as opposed to the tree-level contributions to eg),
can be quite sensitive to the composite sector content — for example, as mentioned
in section 2.1, we could add SU(2)g partners for the composite site ur and dp (as
in 5D models) which can easily modify the new physics amplitude for b — sy by
~ O(1) factors due to their appearance in the loops. In this sense, the constraints
from b — sy presented for this model should especially be considered as a ballpark
guide to the viable parameter space of this framework: the main motivation for
using b — s in our analysis is to put an upper bound on the composite site Yukawa
coupling.
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As discussed in references [6, 33] for the 5D model, the Higgs-heavy fermion
loop contributions to electric dipole moments (EDMs) of SM fermions also increase
with the size of the composite Yukawa coupling (just like b — sv). Thus, EDMs can
also be used to put an upper bound on the size of this coupling (for a given heavy
mass scale). However, EDMs depend on a different (flavor-preserving) combination
of phases than the flavor-violating observables ex and b — sy and so we will leave
a study of these constraints for the future. Note that 5D flavor symmetries can

suppress EDM’s as well as the flavor violating effects.

2.5 Correction to Zbb coupling

There is another important constraint coming from non-universal correction to
Zbrby, coupling which arises from mixing between SM and heavy states after EWSB

(see [10])

592bsz(Y*di3)2( my )2+l( my )2( Gs2 )2 (2.45)
97bb i—1 Y:ku33 M*Su?; 2 M*Su?; Y:kU33 .
Experimentally, it is measured to have less than 0.25% deviation from its SM value.

If we assume that all composite Yukawa couplings are of the same order, then we

can get a bound on M, from the first term alone:
M, > 47 TeV (2.46)

This bound is similar to what we found from ex and b — sv. However, if we allow

a little hierarchy between the Yukawa couplings, e.g., Y.q > Y., then the bound on
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M, will be enhanced. We mention that Zbyb;, coupling can be protected by another

custodial symmetry [34]. But we will not use this idea here.

2.6 Numerical Analysis

In previous sections we presented semi-analytical estimates for the new physics
contributions to the ex and b — s7v processes, but to get the precise values one
has to perform a numerical scan over the parameter space. The scan procedure is
discussed in detail in Appendix B.4. Here we summarize some important features
and results of our scan. We require that our composite Yukawa coupling matrices
are anarchical, i.e. all entries of the same order, with the results presented here
corresponding to the variation of the Yukawa couplings by a factor of three, and we
varied the elementary/composite mixings also by a factor of three. First, we generate
the points in parameter space with Y., Y., sg, Su, sq such that the SM quark masses
and CKM mixing angles are reproduced. Then we calculated |% —1|/(20%),

10921/ 97i| and Im Cyx A% (with Ap = 1.6 x 10° TeV) for different values of M, and

Yu,d

*

Ttotal(b—sv)
SM(b—sy)

In Fig. B.2, we show the plots of | 1//(20%) and Im Cyx A% for
M, = 5 TeV and different values of Y*? (defined here as the geometric average
value for Y,::jd) We focus on the case with g, = 3. Points to the left and below
the solid lines satisfy both bounds from BR (b — sv) and e¢x. We begin with the

cases with no hierarchy between the up and down-type quark composite site Yukawa

coupling, i.e., Y4 = Y In the top left plot, we choose this value to be € (3,4).
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We see that a small fraction of points satisfy the bounds from ex and BR (b — s7).
Next we increase the common value for Y% and Y* to (6,7) (top right plot). We
expect that the larger Yukawa coupling will enhance the contribution to I'(b — s7)
and suppress the contribution to Im C)x, which is clearly shown in the plots and
illustrates the tension discussed in section 2.4.3. In the end, there are fewer points
satisfying both bounds with these larger Yukawa couplings.

Finally, we consider a mild hierarchy between the Yukawa couplings: Y €
(1,2) and Y2 € (5,6) (bottom plot). We find that more points satisfy both bounds
than in the previous two cases. This is expected since small Y suppresses one of
the contributions to I'(b — s7)* while larger Y4 suppresses contribution to Im Cy.
However, the bound from non-universal Zb; by, coupling correction is more con-
strained in this case due to the (%)2 enhancement in 0gz;,,, (see Eq. (2.45)) so
that we have to study the consequence of this bound. In Fig. B.3, we present the
result from the scan for Im Cyx and dgzy,,, . We can see that when Y4 =5~6
and Y = 1 ~ 2 (right plot) the dgy;,,, bound eliminates a majority of the points.
However, for Y* = Y € (3,4) (left plot), the bound on 8¢y, ,, is easily satisfied,
as expected from our analysis in Section 2.5.

We show the same scatter plots for M, = 10TeV (Fig. B.4, B.5) and M, =
3TeV (Fig. B.6, B.7). As it is clearly shown in the plots, all bounds can be easily
satisfied for M, = 10 TeV, while almost no point satisfy all bounds for M, = 3TeV.
Note that, with our choices of Y,, higher-order loop diagrams with these couplings

will give us corrections to all our observables of ~ Y2/ (1672?) ~ O (1/a few) —1/10,

4There is also a contribution o Yy only as discussed in section 2.4.1.
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which is the main source of error in our analysis.

Now we consider the case with a larger composite site gluon coupling, i.e.,
gs« = 6. The contribution in the two-site model to I'(b — s) is the same as in the
case g5« = 3 while Im Cy increases by a factor of 4. Thus, rather than showing
separate plots for g, = 6, we can present the bounds for this case on the same plots
as for gs. = 3 by just moving the line from the Im Cyx bound downward by factor
of 4. So all the points satisfying both constraints for g;, = 6 are below the dashed
line and to the left of the solid line in the same plots. As expected, for gs. = 6, few
(a sizable fraction of) points satisfy the bounds for M, = 5(10) TeV.

Combining the results of the numerical analysis shown in the plots with our
earlier estimate in Eqs. (2.44) and (2.46) of ~ 4.5 TeV as the lowest heavy SM
partner mass scale allowed, we then conclude M, as low as ~ O(5) TeV with g, ~ 3

can satisfy all the constraints we considered.

2.7 Summary

In this chapter we analyzed bounds from b — sv decays and ex parameter
of Ky — K, oscillations. We have shown that constraints from these two processes
have opposite dependence on the parameter Y,. We have shown that the combined
bound on the mass of the lightest spin one new physics resonance is O(5) TeV, and
argued (see for details Appendix B.1.1) that the bounds from e are relaxed, when

Higgs becomes bulk field, and this effect is reflected in two site model.
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Chapter 3
Higgs mediated flavor violation

3.1 Flavor misalignment estimate

In this chapter I will discuss modifications of the interactions between SM
fermions and the Higgs field, which appear after integrating out all the KK states,
and generically lead to the flavor violation. From an effective field theory approach it
is easy to write the lowest order operators responsible for generating a misalignment
in flavor space between the Higgs Yukawa couplings and the SM fermion masses.
For simplicity we focus on the down quark sector and write the following dimension

6 operators of the 4D effective Lagrangian [17, 35, 36, 37, 3§

H? i H?

)\ijp H@L,Dij i A2 ERiaDRj and kgﬁ GLiaQLJ" (3.1)

where 1, and Dp, are the fermionic SU(2) doublets and singlets of the SM, with A,

k;g- and kg being complex coefficients and 7, j are flavor indices; A is the cut-off or the
threshold scale of the effective Lagrangian. Upon electroweak symmetry breaking
(EWSB), these operators will give a correction to the fermion kinetic terms and to

the fermion mass terms. Calling y;; the original Yukawa couplings, the corrected

fermion mass and kinetic terms become:

(1 (yij + Aij%) Q. Dk, (5ij/2 + kf}i—%) Dg,dDg,
and (@j /24 k?A—) Q,.9Q1,. (3.2)
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where vy = 174 GeV is the Higgs electroweak vev, i.e. H = h/v/2+ vy, with h being
the physical Higgs scalar. On the other hand, the induced operators involving two

fermions and one physical Higgs h become:

(yij + 3\ %) %@LiDRj’ (21{:5%) %ERZ@DRJ'

and (2/@%%) 2 Q,0Qu,. (3.3)

From Eq.(3.2) it is clear that one has to redefine the fermion fields to canonically
normalize the new kinetic terms and then perform a bi-unitary transformation to
diagonalize the resulting mass matrix. These fermion redefinitions and rotations
will not in general diagonalize the couplings from Eq. (3.3) and therefore, we will

obtain tree-level flavor changing Higgs couplings, with a generic size controlled by

02
AZ

Before doing the calculation in the warped model let us see what will be the
two-site estimate of this process. For simplicity let us start with the calculation for
the one family of the fermions. Corrections to the mass and to the Yukawa coupling
will arise from the following diagrams ( Fig. 3.1-3.2) The diagram with three Higgs

insertions (Fig. 3.1) will give the following contribution to the mass

3,3
Y 075454

m ~ Y, 08,54 +
q 2 )
M:

(3.4)

and the diagram with two higgs insertions (3.2) will lead to the correction of the

kinetic term SM quark fields

2,.2.2
09Q (1 + q) + DJD <1 n Y*j\zzsz) (3.5)
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q.° dg° q,° dgiK d, K¢ g q, K« dg°

Figure 3.1: Shift in masses and Yukawa couplings of SM fermions using the mass

insertion approximation.

After normalizing kinetic terms canonically and combining all the contributions

together we will get

3,3 3,3¢ o3 3,3¢ 3
Yov'sesqa Y v sgsq®  Yov0s, s,
M? 2M?2 2M?2

m ~ Y, 05,54+ (3.6)

To find an effective Yukawa coupling we can just take a derivative of the mass with
respect to the Higgs vev. Although it is meaningless to speak about flavor violation
for the one generation we still can introduce parameter A = mgy — ysyv which
will quantify the misalignment between Yukawa couplings and the masses of the SM

fermions

3,3
5¢454Y v

A=A1+A2+A3:T3

[—2+ 5,2+ s4°] (3.7)

where the first term comes from the diagram with three insertions and the other
two from the corrections to the kinetic term of the quark field. In the case of three
generations this misalignment will lead to the flavor violation, and in the rest of this

chapter we will analyze the effects arising from this misalignment.
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q° a.° q.° d KK q.°

Figure 3.2: Correction to kinetic terms using insertion approximation.

3.1.1 Brane Higgs subtlety

In the previous section we presented a two-site estimate of the flavor misalign-
ment, so we should expect effect of the same size in the warped models, however
there is a subtlety in the case of an exactly brane localized Higgs. As pointed out
in [12, 16], since the wavefunctions of g5 and d%* vanish at TeV brane (due to
Dirichlet boundary conditions), their couplings to a brane localized Higgs should
also vanish. This means that the second diagram in Fig. 3.1 should give no con-
tribution to the fermion mass-Yukawa shift (or at best a highly suppressed one).
We would then expect to be left with only the correction coming from the kinetic
term (Fig. 3.2), which as stated above is negligible for light quarks. We observe,
however, that upon EWSB, the wavefunctions ¢k * and d¥* become discontinuous
at the brane location [25], with the jump of the wavefunctions being proportional
to the brane Higgs vev vy. This discontinuity requires some sort of regularization
of the brane location, meaning that the couplings of ¢5* and d¥* with the brane
Higgs would be infinitesimally small, but non-zero. But we note that in the second
diagram of Fig. 3.1, one has to sum over infinite KK modes and even though each
KK mode will give an infinitesimally small contribution, the sum of infinite terms

can lead to a finite (non-zero) result (and as it turns out, this is what happens, as
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shown explicitly in Appendix C.3 for this mass insertion approximation).
This brane Higgs issue is avoided in [13] because the authors did not include
in their brane action any operator of the type HQrD. By avoiding these, the

contribution to the shift A¢ coming from the diagrams of Fig. 3.1 is simply not

2,,2
present (except for highly suppressed corrections of order 17 which are safe to

Mie ¢
ignore).

We will address thoroughly this issue in the next two Sections and again in
Appendix C.3, since we do find that the flavor misalignment produced by the di-

agrams of Fig. 3.1 is large and of the same order for both bulk Higgs and brane

Higgs scenarios.

3.2 5D calculation: Bulk Higgs Scenario

In this section we perform a 5D calculation in order to evaluate more precisely
the shift between Yukawa couplings and masses of SM fermions. We start by working
with a single fermion generation for clarity but will later extend our results to the
three generations case.

To proceed, we will need to solve for the wavefunctions of SM fermions along
the fifth dimension in the bulk Higgs [39, 40] scenario. This corresponds to including
the contribution of all KK modes of the mass insertion approximation, and not just
the lightest ones. As we will see, the most important shift does not go away as we

push the Higgs profile towards the IR brane. In the bulk Higgs scenario, the Higgs
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comes from a 5D scalar with the following action [39]

cm%f=/ﬁa#x(§)3PHDMHP—{ngHP—waAHm@—R»w@anw—R@
(3.8)
where g is the 5D mass for Higgs in unit of k. The boundary potentials Vi (H) and
Vir(H) give the boundary conditions for the Higgs wavefunction. We can choose
these boundary conditions such that the profile of the Higgs vev takes the simple

form

v(z) = V(B) 27 (3.9)

2(1+5) vy
wm:¢mu—mwwwwHWﬁ 10

where vy is the SM Higgs vev. This nontrivial vev v(z) is localized towards the
IR brane solving the Planck-weak hierarchy problem. Nevertheless we will treat

the brane Higgs case separately later to review possible subtleties inherent to its

localization by a Dirac delta function. The action for the fermions will look like

Sfermion = /d4l’d2\/§ |:% (QFADAQ - DAQFAQ) + C_RqQQ_'_

(@ = D)+ (Ya QHD + h.c.)] (3.11)

where () is electrweak doublet and D singlet. After writing the 5D fermions in two

9 Dy,
component notation, ) = and D = , we perform a “mixed” KK

Qr Dg
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decomposition as

Qr(x,2) = qu(2)Qr(x) + ...
QR(IL',Z) = qR(z) DR(I‘)+
Dp(x,2) = di(z)Qu(r) + ..

Dr(x,z) = dgr(z) Dg(x)+ ...

(3.12)
(3.13)
(3.14)

(3.15)

where Q1 (x), Dg(z) correspond to the light 4D SM fermions and the ... include the

rest of heavy KK fermion fields. ¢r r(z), dr r(z) are the corresponding profiles of

the 4D SM fermions @ (z) and Dg(z) which verify the Dirac equation

—i0"0,Qr(x) + mg Dr(z) = 0,

—i0"0,Dp(x) + myQr(z) = 0,

(3.16)

(3.17)

with mg being the 4D SM down-type quark mass (the analysis can be carried out

for up-type quarks in similar fashion).

The four profiles g1, z(2) and dj, g(z) must verify the coupled equations coming

from the equations of motion.

cq+2 R
—Mq q, — @ + ——qr + (;) v(2)Ygdr=0 (3.18)
* / Cq — R
—Mg qr + qp, + B qr + < v(z)Yy dp =0 (3.19)
2 R
—mg d, —dp + Cd: dr + <; v(2)Y] qr =0 (3.20)
Cq—2 R
—mfl dR + d/L + d > dL + (;) U(Z)Yd* qr = 0 (3.21)
where the ' denotes derivative with respect to the extra coordinate z and [Yy] = —1/2

is 5D Yukawa coupling. Even if one knows the analytical form of the nontrivial
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Higgs vev v(z), solving analytically this system of equations might still be quite
hard. Nevertheless it is simple to find the misalignment between Higgs Yukawa
couplings and fermion masses based on the previous equations. To proceed, let us
first multiply Eq. (3.18) by ¢} (z) and the conjugate of Eq. (3.19) by ¢r(z), and then

subtract them. One obtains

/
I R ES * £
mm%ﬁﬁ%m+f(%?)—({y@wm@%—xwmmzo (3.22)

z z

We can now multiply by }j—: and integrate the whole expression between z = R and

z = R’ and obtain

F m Rou(z . .
® [ (Bl ~ lanl?) - " adu — Viand)) +

. R\
(quRZ—4) )R =0 (3.23)

The boundary conditions for the profile qr(z) are chosen to be Dirichlet at both
boundaries, i.e. gr(R) = qr(R’) = 0, which means that the last term of Eq. (3.23)
identically vanishes. Moreover, canonical normalization of the SM d-quark imposes

the extra constraint

4 " dz 2 2

R — (" +1dc]”) = 1. (3.24)
R 7

We can therefore rewrite Eq. (3.23) as

r m Ru(z
my = R4/ dz <Z—f(|dL|2 + lqrl?) + zg )(YddRqZ—Yd*quZ)> (3.25)
R

Note that this identity is exact, but also that each profile ¢p (%) and dg 1 (2) de-
pend on the mass my. In the zero mode approximation, the profiles with Dirichlet

boundary conditions, ¢%(z) and d%(z) vanish, and the identity can be expressed as

R/
v(z .
mg ~ my = R5/R dz%Ydd%qg (3.26)
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which agrees with the intuition that fermion mass is mostly generated by the 5D
Yukawa couplings between the 5D Higgs and the zero mode fermion profiles. From
the action in Eq. (3.11) we also extract the 4D Yukawa coupling of the Higgs field

(the lightest KK mode of the 5D Higgs) and the SM down type quark.

d 5 R/ h(Z) * * *
yp =R / d27(yddRQL + Y qrd}) (3.27)
R

where h(z) is the profile of the physical Higgs field. It is easy to show that the Higgs
vev solution v(z) is related to the profile of the physical light Higgs h(z) (lightest

KK mode) by

h(z) = %z) (1 +0 (%)) (3.28)

so for a light enough Higgs field both profiles h(z) and v(z) are proportional to each
other. For a moderately heavy physical Higgs, there will be a misalignment between
the profiles of the Higgs vev and the physical Higgs, leading to a misalignment
between fermion masses and Yukawa couplings. However, this effect can actually be
decoupled if the Higgs is pushed towards the IR brane (by increasing the parameter
(). In this case, the Higgs vev profile will be more and more aligned with that of
the physical Higgs, so that they become identical in the brane Higgs limit. This
source of Higgs flavor violating couplings will be controlled by the parameter ﬁ
and for the sake of clarity we will ignore its effects in the rest of the paper because,
as we discuss in Appendix C.2, they are numerically small and can be decoupled by

pushing the Higgs towards the IR brane.

We can then compute the shift A = my — vy y¢ between the fermion mass my
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and the Yukawa coupling y¢ as

r m Ru(z
A = R4/ dz (Z—j(|dL|2+ \qr|?) — 2V zg )quz). (3.29)
R

This identity shows that the shift has to be relatively small since it vanishes in the
zero mode approximation.

To proceed further, we will use a perturbative approach such that we assume
that (v4R') < 1 where vy is the SM Higgs vev. Thus, once we know the analytical
form of the vev profile v(z) (see Eq. (3.9)) we can solve perturbatively the system

of coupled equations (3.18-3.21).

We find
q(z) = Q"% [H O(v R’z)] (3.30)
dr(z) = Dpg z*t [1 + O(v R/Q)} (3.31)
and

qr(z) = [md Qr (%ZQJF% — ﬁ 23*Cq) + Ydmgyif-)y%)DR SA+B+ea ]
[1+ O(iR™)] (3.32)

do(z) = [mfl DR( I}T;c; A 23+cd> Yy (2+,8 c_q+—c ~Qp 2 CQ}
[1+ O(wiR?)] (3.33)

with the constants ()7, and Dpg fixed by canonical normalization of the kinetic terms

/ 1—2c
QL - EQCq—quch 5/2 (334)

1+2
Dp = ;Clech)/2 (3.35)

G_QCd_l -

giving
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Equipped with the solutions from Egs. (3.30) to (3.33) one can evaluate perturba-
tively the shift A? defined in Eq. (3.29). For simplicity, we present here the results
for UV localized fermions (¢, > 0.5,¢4 < —0.5). The general results for both UV
and IR localized fermions are presented in Appendix C.1. We find that the main

contribution to the shift coming from the last term in Eq. (3.29) can be written as

¢ 2lmd°R”

P fleg)? f(—ea)?

C+B+ca—c) ,2+B+ca—c)  (2+B+cu—cy)
(6+384ca—cq) 2 (208 + 4) + 2+ B+ cq— ca) (3.36)

This result corresponds to the first term of ( Eq. (3.7)) which we obtained using two
site approximation.

The first term in Eq. (3.29) gives a subleading contribution to the shift

1 2¢, — 1 1 1
Ad — BR/2 q _ +
2 Imal Fe?\2e, 11 512012 31ctawis

(Cq,d — —Cd,q) (337)

which corresponds to the last two terms of the expression from two site approxima-
tion (Eq.3.7).

Even if the fermion mass my is small, the large warp factor m R~
€272t will overcome most of the suppression, rendering the shift to be of the
order A? ~ mgvR/ ?. The shift is generally on the percent level with respect to

fermion masses, but a misalignment of this order in the Higgs Yukawa couplings

should introduce strong constraints due to FCNC’s.
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3.2.1 Pushing the Higgs from the bulk to the brane

Note that in the § — oo limit, the profile of the Higgs vev tends to become
brane localized, as well as the light physical Higgs and the rest of Higgs KK modes.
In this limit, the shift A{ produced between the fermion mass and the Yukawa

coupling, coming from the diagrams of Fig. 3.1, reduces to

2
3

o
fleg)* f(=ca)*

and in particular we see that the effect does not decouple (i.e. it is non-zero). The

Al (3.38)

|md|2de'2

fact that the expected misalignment is more or less independent on the localization
of the Higgs is one of our main results since the bounds and predictions that we
will extract can then be considered a general feature of RS models with fields in the
bulk (and a Higgs scalar localized near or at IR brane)!. The shift A coming from

the corrections to the fermion kinetic terms (Fig. 3.2) becomes in the § — oo limit

1 2¢, — 1 1 2cq+ 1
Ad — 2 12 q d .
5 = mg|mg|°R lf(cq)Z <20q T 1) + F(ca? <20d — 1)] , (3.39)

in agreement with the results found in [13] (for a brane Higgs scenario).

Maybe it can be useful to discuss the validity of the § — oo limit starting
from a bulk Higgs scenario. Let’s first look at the mass spectrum in this case. The
Higgs profile is given by Eq. (C.3) and to find its mass eigenvalues one has to satisfy

the appropriate boundary conditions at the IR brane [39]

/

R
8Zh -+ <E) mTevh

—0. (3.40)

R/

LAn interesting exception to these results in the Higgs sector, proposed in [17], would be to
eliminate the Higgs as a fundamental scalar and consider the fifth component of a gauge field as

playing the Higgs role in EWSB.
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This will lead to one light mode (i.e. SM Higgs) and a tower of heavy modes with
masses proportional to ~ [/R’; and so in the § — oo limit all the KK Higgs
excitations are decoupled from the low energy spectrum. This means that in this
limit we can treat Higgs field as an effective four dimensional field, and thus it
corresponds to the brane Higgs scenario. As mentioned earlier (and in Appendix
C.2), the misalignment caused by a difference in profiles between the Higgs physical
field and its vev (and which we have neglected) will also disappear, as one can
interpret that specific misalignment as a result of the mixing between SM Higgs and
the heavy Higgs KK modes, which is controlled by % ~ m

Let us now look on the couplings of fermions to the Higgs in this limit. For

the zero modes we will get:

SM 2(1+ ) Yy
Vi T T, ¥+ B VR

fleq) f(=ca) (3.41)

where [y3™] = 0,[Yy] = —1/2; similarly one can look at the couplings of two KK
fermions to the Higgs and in this case one finds its dependence to be ~ \/Lﬁ%
Naively both couplings do vanish in the f — oo limit. But if the 5D couplings
Y, scale as /B then these couplings will have a finite limit given by the usual
brane Higgs results. One can argue whether we can scale the 5D Yukawas as /(3
because such large Yukawas should violate perturbativity of the theory, but as was
shown above the couplings of the Higgs to the KK fermions are still O(1). One can
see that only the KK excitations of the Higgs will have couplings with KK fermions

~ Y R™Y? o O(y/B), but their masses are O(%) and they are completely decoupled

from the spectrum. So we conclude this discussion by stressing that it is consistent
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to consider the limit 8 — oo with Y; o< /3 and it coincides with the usual brane

Higgs scenario.

3.3 5D calculation: Brane Higgs Scenario

We argued in Section 3.1 that one might expect that the major contribution to
the misalignment A?¢ vanishes in the brane Higgs case since the odd KK modes ¢5 %
d% % have vanishing wavefunctions on the IR brane. We also briefly mentioned that
in the mass insertion approximation, one actually might need to sum the infinite
tower of fermion KK modes to obtain a non-vanishing contribution (see Appendix
C.3 for details). However, without invoking that explanation, we just saw that in
the 8 — oo limit, A¢ approaches a nonzero value of same numerical order as the
B = finite case. Since the  — oo limit of bulk Higgs corresponds to a brane
localized Higgs, there seems to be a counter-intuitive subtlety. In this section we
try to address and resolve this point in a more precise way, by performing the 5D
calculation of the shift A¢ for the specific scenario of a brane Higgs.

For brane Higgs, we can write the Yukawa couplings in the Lagrangian as

R\* - .
Shrane = / d*zdz6(z — R) (—) H (YYPRQO;Dr+ Y;"RORDy + hc.) (3.42)

z

Here we choose the convention with dim[ijg | = 0. Note that compared to the
bulk Higgs case, the Yukawa couplings Y?P an Y;P are independent and both ~
O(1). However, they should be of the same order due to the philosophy of flavor

anarchy and naturalness. We can do KK decomposition as before, then the equations
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satisfied by the wavefunctions are

—maqr — Oyqr + 2 : 2qR +v40(z — RYPPRdr =0 (3.43)
—miqr + 8,q + L 2qL +vd(z — RYPPRd, =0 (3.44)
—mqdy, — O.dp + C“j 2 dp+ 036(2 — RSP Rlgp = 0 (3.45)
—midg + Oydy + 2 2dL +u38(z — RYPP*Rlqr, = 0 (3.46)

Notice that the odd wavefunctions gr and dy vanish at the IR brane. But the delta
functions in equations above give a jump for gz and dy, at the IR brane, which makes
their values at IR brane ambiguous [25]. To remove this ambiguity, we “regularize”

the delta in the following way

%, R —e<z< R
§(z — R') = lim (3.47)

e—0

0, z< R —=.
This regularization is in a way similar to treating the Higgs as a bulk field and then
taking the limit § — oo, although without apparent divergences coming from taking
[ to be large. In any case one could also perform other regularization methods to
remove the wavefunction ambiguities at the IR brane?.

Now we can easily impose Dirichlet boundary conditions for the qgr, dy, profiles

2For example, we could have chosen instead to move the delta function location from R’ to
(R’ — ¢), and enforce the usual boundary conditions on the fields at z = R’. Then, at the very

end, we would take the limit ¢ — 0 [25]. In that case we find
dp(2),qr(z) o v, YPP 0(z —R +¢) for R —2<z<R, (3.48)

where we have used the step function 6(z) = 1 for z < 1 and 0(z) = 0 for > 0. Inserting this
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at IR brane
qr(R') = dL(R') =0 (3.49)
Integrating equations of motion (Eq. 3.43) from (R — ¢ < z < R’) will lead to

r(R) —qr(R —¢) = wYPRdp(R) (3.50)

di(R) —dp (R —¢) = —uY"P*Rq (R) (3.51)

For the rectangular potential profiles ggr, d;, will drop to zero linearly in the region

R — e < z < R/, so the profiles near the IR brane can be approximated by

z— R
€
z— R

qr(2) = v YPPRdR(R) ( ) for R\  —e<z<R, (3.52)

dp(z) = = YPP*R'qr (R ( ) for R —e<z<R. (3.53)

From our previous discussion, the main contribution to the misalignment between
SM fermion masses and Yukawa couplings come from the second term of Eq.( 3.29),
so plugging in the odd wavefunctions from Eq.(3.52), we get
R 7\ 2
1 - R
/ dz— (Z )
R —¢ 19 13
R

— ORI R (77 (3.54)

* / * / R '
A = 2057 PR R ) ()

On the other hand, to leading order in Higgs vev, the SM fermion mass is given by

4
My ~ <%) v YP R g (R)dg(R) (3.55)

into Eq. (3.29) we obtain the same misalignment as in Eq. (3.54), namely
R/

2
AT o 2(0R)P(YPRYEP: / Az R 4e) e~ R+ o S(mRPPP)050
R/ —2¢
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Therefore, the misalignment can be expressed as

Y’QSD) * 1
YPP ) fle f(=ca)?

As advertised before, this result agrees with the one obtained in the previous section

(3.56)

A= SmaViP PR = S (
for the bulk Higgs scenario, once we take  — oo (Eq. 3.36). We again stress that
this result shows that upon careful derivation, the misalignment obtained does not
vanish in the particular case of a Brane localized Higgs. The main difference though,
is the appearance of the independent couplings Y5, which in the bulk Higgs case
are forced to be equal to Y?P by 5D general covariance. These couplings 5P are not
necessary for generating fermion masses, and so it is technically possible to set their
values as small as necessary to suppress the obtained misalignment. Nevertheless
this seems to go against the main philosophy of our approach which is to assume
the value of all dimensionless 5D parameters of order one.

Again, the fact that A?¢ is non zero in the brane Higgs case is hard to un-
derstand in the mass insertion approximation since the contribution from each KK
fermion (see Fig. 3.1) seems to be vanishing. In Appendix C.3 we show that to
resolve this point we need to sum up all the KK modes of the mass insertion ap-
proximation, as already mentioned before.

The subleading contribution to the misalignment between SM fermion masses
and Yukawa coupling can be calculated in a similar way as in the previous section,

and the result is (for UV localized fermions)

2¢, — 1
5 = malVPPAR? e 3+ = )| (35T
cg+1
1 2¢c, — 1
2 D12 q
— R — 3.58
md|md| |:f(cq)2 <20q + 1) + (C%d - Cd#]):| ( )
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We can see that for the first two generations, we have A4 < A¢, and it agrees with

Eq. (3.37) in the § — oo limit. The result for both UV and IR localized fermions

is given by
A§ = ma|ma|*R” [K (c;) + K(—cq)] (3.59)
with
K(e) = — ! i < roc (3.60)

—2c| @11 (@ 1-DB3-20  (+20@ -1

One can see that A? and A4 can be of the same order only for IR localized fermions.

3.4  Generalizing to three Generations

We can generalize the calculations presented in the sections 3.2 and B.11 to
3 generations. For simplicity we perform the analysis in the brane Higgs scenario

here. To leading order in Yukawa, the SM fermion mass matrix is
Mag = [E,YPP Flapua (3.61)

where "means a 3 x 3 matrix in flavor space and Fq7d = diag[f(cy,, cq;)]. Using the
same technique as before, we can easily show that the misalignment between fermion

mass and Yukawa coupling matrix is A4 = A¢ + Ad, with

« 207~ ~ ~ ~ A
Moy = 3 |BVPOP)E] (4R?) (3.62)
20 41 - 1.
= 3 mdFTd(Y;D)TFTqmd B(UZ’R’Q) (3.63)
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and

A

Ad o = [ (" K (eg) + K (—cayi™) i R (3.64)

The subdominant contribution here (Eq. 3.64) agrees with the result found in [13].
The crucial observation is that 72 5 and Aig are generally not aligned in flavor space.
Thus when we diagonalize the quark mass matrix with a bi-unitary transformation
md — O(TiLmede the Yukawa couplings will not be diagonal. To be more specific,

in models of flavor anarchy, we have (see Eq. (58) and (2.21) )

F,
(Oay.dg)ap ~ FL’da for a<p (3.65)

q5,dp

Then the off-diagonal Yukawa coupling will be (dominated by Eq. (3.62))

1

(1

Yof = —(0),A%u;)as (3.66)

2 _
~ ganYf")FdﬁszQ

where Y is the typical value of the dimensionless 5D Yukawa coupling.

3.5 Estimates of Higgs FCNC in Flavor Anarchy

In this section, we estimate the off-diagonal couplings of Higgs to SM fermions
(assuming again for simplicity a brane Higgs scenario). And then we do a nu-
merical scan over anarchical Yukawa couplings to support our estimates. We first
parametrize the Higgs Yukawa couplings as

oo —at ) 4 e+ (d 3.67
HFV—az‘j Ui 9 R+ .C."—( Hu) ( )
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We can use Eq. (3.65) and (3.66) to estimate the sizes of a;‘j’d. For example, we have

2 v?
aly ~ 3 F Y Fuv* Ry | m—jnd (3.68)

2F, - _ v}
= 2 8Yy2%y,R?F, Yu,F 4
3F, v a2 V4ldz MMy

9
~ SAVR? [
mgq

where A\ =~ 0.22 is the Wolfenstein parameter, and we used F,,/F,, ~ (O4,)12 ~

u7d7

(Verar)i2 ~ A. We can find the other a;;’s in similar fashion. Here we present our

results from estimates:

1 A me )3
mq mq

2 _
CLC-l» ~ 5ij — —Yz’lJZR/Z

5 3 Ljme 1 )2 m (3.69)
1 m, 1 ms
¥\ e 3\ e 1
Me 3 Mt
1 AJTZE N3 T
92 _
afy ~ Oy — YR | L m e (3.70)

VAT AVE T

Note that the results we presented here are just estimates for the size of a?

i; » not
their signs or phases. However, for the third generation quarks, the corrections
almost always suppress the Yukawa couplings if Y} = Y5 (which is natural in bulk

Higgs scenario) and are typically larger than the previous estimates. We argue this

point in the next subsection.
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3.5.1 Yukawa couplings of the third generation when Y; = Y5

We can obtain a better estimate on the typical size of the diagonal entries of
the Yukawa coupling matrices by going back to Eq. (3.63) and assume that Y; = Y5.

Its form simplifies further to

AU _212 Aul AuTlAu
lag = §R mp—g(m)ﬁ—;m ) (3.71)

where we have written the misalignment in the up-sector. Now we perform the bi-
unitary rotation needed to go to the physical fermion basis, and study the element

(33) of the overall Yukawa coupling, i.e.

2R 1 1
o - tosu - sut T ~swu
ap —1 = 3 O, m = Oup
F g 33

ia 1 ia 1 ‘
= _3—mt (mi 9)33 (OlRﬁO“F‘)& (mi g)jj (OlLﬁOuL> . (mi Gg)g@
j J

u q

First let’s look at the contribution to a; when the “5” index is equal to 3 (i.e. in

the middle mass matrix m%@9 we have m;). In this case, there will be 9 terms, each

2R’2Y2vi
3

proportional to — , and it is important to realize that every one of them will

be real and negative, because (O +0,,.)33 > 0. When j = 2 (m,) there will be only

uRF3

2R"’Y %0}

4 terms ~ but every one of them will have generically a random complex

phase (the 5 remaining terms are much smaller). For j =1 (m,) there is only one

12572, 2
Y“vg

term ~ 2& contributing, with the other 8 terms being again suppressed. So at
the end of the day the dominant contribution to a; will consist of 14 terms, 9 of
which are negative and the rest 5 have random complex phases. Generically each of

2R'?Y 242
3

these terms are of the same size ~ so from a statistical argument, ay; — 1

should receive a negative contribution ~ —9 (W) This result is confirmed by
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the numerical scan presented below.

One can perform the same analysis for the element (22) of the Yukawa matrix
and realize that in this case the number of terms aligned (contributing construc-
tively) is 4, and for the (11) element there are none. This means that the largest
corrections are expected in the third generation Yukawa couplings, with a suppressed
correction in second generation couplings and much more suppressed correction for
first generation couplings. This structure in the corrections seems to be a result of
the hierarchical structure of the flavor anarchy setup.

Finally, we must remind the reader that it was crucial to take Y; = Y5 (which
is required in the Bulk Higgs scenario) to obtain these predictions. In the case
Y] # Y5, there will be no alignment of terms, and we therefore generally expect

smaller corrections to the third generation Yukawa couplings.

3.5.2  Validity of Yu,R' expansion

We managed to solve the fermion equations by expanding them in the param-

eter (Y202R™?), and so our results can be trusted as long as

(~ 9 for R~ = 1500GeV) (3.73)

but we have seen in the previous subsection that the corrections to htt and hbb
couplings do pick up an extra numerical factor of ~ 9 in the expansion parameter
(Y202R"). This means that, at least for third generation fermions, our approxima-

tion is valid only for

— 1
Y <
~ U4RI\/§

(~ 3 for R'~' = 1500GeV) (3.74)
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Generically for the case with Y > 3 we will still have a large misalignment between
the Higgs couplings and fermion masses but to be able to make valid predictions
one would have to solve the equations of motion (Eq. 3.18 to 3.21) exactly or use
a different perturbative parameter. In the numerical analysis presented below we
performed a scan with 0.3 < |Y15§) | < 3, where our expansion is valid. We then
also allowed for slightly larger values of the Yukawas such that 1 < |Y15§7 | < 4. The
average size of the couplings is still below 3, so for a KK scale of R'~! = 1500 GeV
or above, the results will still be precise enough, although approaching the edge of

perturbative convergence.

3.5.3 Numerical Scan

We did a numerical scan over the input parameters (Y??):;, (Y22)ij, Cois Cas
c,, and we set R~! = 1.5 TeV. In our scan, we pick the points that give the
correct SM quark masses and CKM matrix. Then we calculate the 4D effective
Yukawa couplings of Higgs with SM quarks. We present here only the results for

[Y°P| € [0.3,3]. First, we scan the set of parameters with Y"” = Y7 which is

motivated by bulk Higgs. Here are the results for this case:

099—1  0.006—0.019 0.004—0.012
ali="1 0.006-0.019 096—099 0.007 — 0.02 (3.75)

0.042 -0.10 0.075-0.18 0.85—-0.93
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0.99 -1 0.06 —0.16 0.09 —0.21
a5 = | 0.003 —0.008 0.94—0.98 0.03—0.09 (3.76)

0.009 —0.02 0.05—-0.14 0.71—0.82
The first and second numbers are the 25% and 75% quantiles of the distribution of
|a;;| obtained from the scan (i.e. 50% of all the values we obtained in the scan for
each |a;;| lie between these two quantiles). From the results we can see that the
values of a;‘j’d from the scan are consistent with the estimates presented above (Eq
3.69 and 3.70), and the expected reduction of htt coupling is confirmed. We can

also easily see this reduction of third generation Yukawa couplings in Fig. 3.3.

For the case when YPP and Y;P are completely uncorrelated (Brane Higgs)

we get the following results:

099—-1 0.01 -0.026 0.005— 0.012

ali=1 0.012-0.03 098—1.01 0.008—0.02 (3.77)
0.05—0.12 0.07-0.2  0.96—1.03
098 —1.01 0.07—0.17 0.08—0.19

ai; = | 0.004 —0.009 0.97 —1.02 0.025— 0.067 (3.78)

0.007 - 0.016 0.04 -0.11 0.9 -0.99

We can see that the off-diagonal terms of a;‘j’d are of the same order as the previous
case. However the diagonal entries do not have the suppression as in the Y?P = Y>P

case, see the discussion in Subsection 3.5.1.
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Figure 3.3: Distribution of the absolute value of the normalized Higgs couplings to ¢t
and bb, ay and ay, in our numerical scan, with a fixed KK scale of R~ = 1500 GeV
(KK gluon mass Myra = 2.45R~") and for 5D Yukawa couplings |Y:5| € [0.3,3].
The expected generic suppression for both couplings is demonstrated numerically

quite clearly.
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3.6 Lepton sector

Generically one can see that the same effects will lead to Higgs flavor violation
in the lepton sector, the only difference is that in the lepton sector there are various
ways to explain the large mixing angles and light masses for the neutrinos [7, 42, 43].
Now we want to look at Higgs flavor violation in the charged lepton sector, then
depending on a given neutrino model, the left-handed charged lepton profiles can
be either hierarchical and UV localized (i), or similar and UV localized (ii). The
profiles of the right-handed charged leptons are always hierarchical and localized

near the UV brane. We treat these two cases separately.

e Case (i) - left-handed and right-handed profiles are hierarchical. Then the

profiles should satisfy the following relations:

mt

" 3.79
foe YU4’ ( )

where fr, . are profiles of the left-handed and right-handed fields respectively,

then the generational mixing is also hierarchical

SLe

~Y j y
fL,e

(OL@)M

i <. (3.80)

We again parameterize our Lagrangian in the following form:

IR
EHFV = Q;; 3 HL'e + h.c. (381)
Uy

Where L, e are SU(2), doublets and singlets respectively Then we can estimate

!
i

i
il

(3.82)



3.7

One can see that our estimate depends on the profiles of the fermions, but the

following relation will be valid

ey () o

, i.e., when the hierarchy of

4 _
a2 57202 = 016

ch

This inequality is saturated when ;—f; ~ '
L

i
£

£ ;

it

charged lepton masses are explained equally by the profiles of left-handed and

right-handed fields.

Case (ii) - right-handed profiles are hierarchical and left-handed profiles are

similar f] ~ f? ~ f2. Then the profiles satisfy the following relations:

l

i pi my
foe }7,04
Lo oomy, i<
fi
i l
f—j ~ i< (3.84)
e my;

then we can estimate the parameter af; to be:

2_ I 1500 GeV\? /Y\? [m!
! 220,22 € J
afy ~ SV (ViR 5 0.08( W ) (3) ] (3.85)

These flavor violating Higgs Yukawa couplings to leptons can also lead to
interesting collider signals, which will also be discussed in the next section.

Phenomenology

The FCNC generated by flavor violating Higgs Yukawa couplings will affect

many low energy observables and also give possible signature at colliders. In this

section, we first discuss bounds on Higgs flavor violation coming from AF = 2

73



processes such as K — K, B — B, D — D mixing. And then we discuss possible
signature at the LHC including suppression of htt coupling, rare top decay t — hc

and flavor violating Higgs decay h — Tpu.

3.7.1 Bounds from low energy physics

a' "
L qLi qu
h h
) qg) gy’
gg R : K
(A) (B)

Figure 3.4: Contribution to AF = 2 processes from Higgs exchange

The AF = 2 process can be described by the general Hamiltonian [21, 29]

Ho T = 25: CaQ¥% + 23: CoQU (3.86)

a=1 a=1

with

T = @ 4 (3.87)

5 = q_;{Rq?Lq_Jl‘gquL7

37 = quququq?La

Ziqj = Q?RQ?L‘L@L%BR;

giqj = CI?RQZ‘BLCL@LQ;XRa

where «, 3 are color indices. The operators ), are obtained from @, by exchange
L — R. For K — K , By — By, B; — B,, D — D mixing, ¢iq; = sd, bd, bs and uc
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respectively. Exchange of the Higgs can give rise to new contribution to Cy, Cs and
Cy. This can be seen in Fig. 3.4, where Fig. 3.4(A) gives Cy and Cy, Fig. 3.4(B)

gives Cy. These new contributions are

h
~h 2m,~mj ]_
m;m; 1
Cl = aja5—5"— (3.90)
4 7" ,UQ m%l

where my, is the mass of physical Higgs. The model independent bound on the new
physics contribution to these Wilson coefficients are given in [21]. We use the RGE

from [41] and give the bounds renormalized at the scale p;, = 200 GeV:

1 2 1 2
mc2 < [ ——— ImCt < 91
mC < <7 x 107 GeV) TG < <1.3 x 108 GeV) ’ (3.91)
1 2 1 2
2| < 4 < .92
€l = <1.9 x 106 GeV) 1Ol = <2.9 x 106 GeV) ’ (3.92)
1 2 1 2
2| < 1< .
O] < <O.9 x 106 GeV) S <1.4 x 106 GeV) ’ (3.93)

1 ? 1 ?
<(— 1< : 94
- (1 x 105 GeV) 105, < (1.7 x 105 GeV) (3:94)

These bounds put constraints on both the Higgs flavor violating Yukawa couplings

C,

parametrized by a;;, and on the Higgs mass my,. If we assume that the phases of

75



Ch, are random, i.e., Im(C%,) ~ |C%,|, we can then rewrite the previous bounds as

2 d \2 2 d \2
0.95 (350 GeV) Im(afy) <1 039 (350 GeV) Im(a4,) -

m, (0.032)2 m, (0.04)2 =7
2 d d 2 u |2
111 350 GeV Im(a$,af,) <1 0018 350 GeV laty| <1,
m, (0.032 x 0.04) ma (0.15)2
350 GeV'\* |y, |? 350 GeV'\* |atya|
0.00005 <1, 0.0021 <1
< mp ) (0008)2 - mp (0.0012) -
350 GeV'\” |ad,|? 350 GeV'\” |ad,|?
0.0002 <1, 0.03 <1
( mn ) (0.01)2 = ( ma ) (0.12)2 =
350 GeV\”>  |adyad,| 350 GeV' \ > |ad,|?
0.006 <1, 0.00003 <1
< m, ) (0.01 x 0.12) = m, (0.01)2 = 7
350 GeV'\? |ad,|? 350 GeV\”  |ad,ad]
0.003 21 <1, 0.001 82230 <
( mp ) (015)2 - ( mp ) (01 X 001) -

(3.95)

where we compare the a;; elements with their estimated values, for a fixed
average Yukawa coupling Y = 2 and KK scale given by 1/R’ = 1500 GeV (see
formulae for the estimates from Egs. (3.69) and (3.70) ). We also choose to compare
the Higgs mass with a nominal value of m;, = 350 GeV. We can see that the bound on
ImC'. coming from e gives the strongest constraint on the Higgs mass. Specifically,

we have
my, 2 350 GeV' for Im(a3aly) = (0.04 x 0.032) (3.96)

for a fixed KK scale of 1/R' = 1.5 TeV and average 5D Yukawa of Y5p = 2.

In Fig.3.5, we show the results of our numerical scan by plotting the bounds
coming from ex in the (my-Mgxe) plane, where My xg ~ 2.45R'~! is the mass of
the first KK gluon. In the left panel we show results for the case [Y;3”| € 0.3, 3], and

in the right panel we show results for the case [Y;}”| € [1,4]. It can be seen quite
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clearly that a larger 5D Yukawa coupling leads to a higher bound on the KK scale.
Note that the bounds coming from KK gluon exchange are inversely proportional to

the size of the 5D Yukawa couplings Ysp. This leads to an interesting observation

e The new contribution to ex coming from Higgs exchange has opposite de-
pendence on the 5D Yukawa coupling as that of KK gluon exchange. Thus,
increasing the overall size of Y;p will alleviate pressure from KK gluon ex-
change but, as we have seen, this will also enhance the effect of Higgs mediated

FCNC’s.

With the chosen Ysp (~ 2), we can see that for the region of parameter space with
Mg ke ~ 3 TeV (accessible at the LHC), a Higgs mass my, < 400 GeV is disfavored.
On the other hand, if a light (< 150 GeV) Higgs is found in the LHC, we should
expect sizable new physics contributions to AF = 2 processes, just below current

bounds.

3.7.2 Collider phenomenology

Besides low energy physics constraints, there could be very interesting signa-
tures in colliders coming from the corrections to the Higgs Yukawa couplings. The
modification of the top Yukawa coupling as well as contribution of the higher KK
modes running in the loop can significantly modify hgg coupling which might lead
to the striking signatures in the collider. In the case of a light Higgs boson (and
assuming that somehow low energy FCNC bounds are overcome), the branchings

of the Higgs can change substantially due to the generically reduced hbb couplings.
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This would indirectly enhance the importance of h — ~~ signal, and maybe help
overcome the overall reduction in the total production cross section due to reduced
top Yukawa couplings. In Fig. 3.6, we plot the Higgs decay branching ratio for
various final states versus the Higgs mass my, 3. We can see clearly that for a
light Higgs, the reduction in the hbb coupling changes the branching ratio to other
channels significantly. For a heavy Higgs, the branching for h — tt is reduced.

If kinematically accessible (m;, < m;), the flavor violating htc couplings will

allow the decay ¢t — ch to occur. The branching ratio of this process is given by

(see for example [13])

Q(th B mizz>2m%v u |2 u |2 4m€mt u U My
Br(t — ch) = (m2 — m2)2(m2 + 2m2 )2 |azs|” + lag,|” + MRQ[G%%Q] 02
(3.97)

If we take m;, = 120 GeV, then for ag; ~ 0.08 and a}, ~ 0.14, which are good
estimates for Y = 2 and a KK scale of 1/R’ = 1500 GeV (see Eq. (3.70)), we obtain

a branching ratio of

Br(t — ch) ~5x 107°. (3.98)

The sensitivity of LHC for this rare top decay is Br(t — ch) > 6.5 x 1075 [45],
precisely in the ball-park of our estimate. In Figure 3.7 we show the results of
our two scans, each with a different average size of the 5D Yukawas. It is shown
that observing the signal at the LHC is quite possible although it requires larger
Yukawa couplings and a light Higgs. If observed, this signal would be very valuable

in determining the structure of the 5D setup.

3We did not include h — p7r mode on the plot because it is model dependent.
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Another interesting collider signature for light Higgs might be the Higgs lepton
flavor violating decay h — p7. the LHC reach for this process was studied in [44]
and it could be observable if |a,,, (a-,)| > 0.15. One can see from equations (3.83)
and (3.85) that for case (i), this decay is observable only for fairly large Y (= 3)
and low KK scale 1/R’ < 1.5 TeV, while for case (ii) there is an extra enhancement
factor of \/2:; ~ 4 for a,,, so that in this case we expect larger parameter space to
give us observable effects in the h — p7 decay.

For a heavy Higgs (mj; > m;), an interesting signal at the LHC might be the
Higgs flavor violating decay h — tc. A similar study on tc production from radion
decay was considered in [20]. From Fig. 3.6 we can see that the branching for
h — tc is in the range of 1073 for a Higgs mass between 200 — 300 GeV, and for the
favorable parameter values of Ysp ~ 2 and 1/R’ = 1500 GeV. However, even with
a branching fraction of 1072 the signal would most likely be dominated by large
backgrounds at the LHC. Larger flavor violating couplings are still possible for even
larger values of the 5D Yukawas, although calculability and perturbativity become
then a greater issue. More detailed analysis of the possibility and feasibility of this

channel is left for future studies.

3.8 Summary

We presented analysis of the Higgs mediated flavor violation in the warped
models. We have shown that the these effects are generic and cannot be decoupled

by changing Higgs localization. We analyzed low energy bounds from neutral meson
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oscillations, and we have shown that for the light Higgs, contribution to the eg
mediated by the flavor violating couplings of the Higgs field becomes comparable to
the contribution of the KK gluon analyzed in the previous chapter. We have also
studied effects that might be interesting for the collider physics, such as modification

of the Higgs branching fractions, and flavor violating Higgs and top decays.
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Figure 3.5: Generic bounds in the plane (mj, Mk kq,) coming from ex due to tree
level Higgs exchange, where my, is the Higgs boson mass and Mg k¢, is the mass of
the first excited KK gluon. We perform a scan over 5D Yukawa matrices (such that
[YZ5| € [0.3,3] (left panel) and [Y77| € [1,4] (right panel)) and over fermion bulk c-
parameters. In the scan, we choose Y2 = Y P and take the 3 — oo limit (the result
has only a mild dependence on 3). The 25% quantile and 75% quantile curves trace
the points in this plane where 25% and 75% of the randomly generated parameter
points are safe from Higgs mediated FCNC’s (and are otherwise in agreement with
the rest of experimental constraints in the scenario). The “estimate” curve is based
on the expected size of Higgs flavor ViolaSt%ng couplings (see Egs. (3.69) and (3.70))

for the chosen range of the 5D Yukawas.



1

0.1
—_
>
>
A
| 001
i
-
S
)

0.001

1074

100 150 200 300 500 700 1000
Mp

Figure 3.6: Higgs decay branching fractions as a function of its mass, for the case
of 5D Yukawas such that |Yi%| € [1,4] and for a KK scale R~ = 1500 GeV
(Mgka, = 2.45R~"). The dashed curves represent the SM branching fractions, and
the color bands correspond to 25% and 75% quantiles of our scan results. The h — ¢t
curve shows a suppressed branching due to suppressed htt couplings. This same
type of suppression happens in the hbb couplings, which in turn enhances important
channels such as h — . Of course Higgs production through gluon fusion is also
suppressed due to suppressed htt couplings, but vector boson fusion is assumed to
remain as in the SM, allowing one to probe at the LHC these relative changes in the
couplings. We note also the appearance of two new important channels, h — bs and
h — tc, the second of which could be looked at at the LHC if the Higgs happens to

be discovered (in the ZZ channel) in the appropriate mass regime.
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Chapter 4
Radion mediated flavor violation

4.1 Radion and stabilization of the extra dimension

So far we have been ignoring all the new physics processes associated with the
gravitational degrees of freedom. In this chapter we will analyze the properties and
interactions of the radion, the four dimensional scalar degree of freedom of the five
dimensional gravity multiplet.

In the original Randall-Sundrum (RS1) setup [1], the radion phenomenology
was extensively studied and analyzed [46, 47, 48]. But it was not until relatively
recently [49, 50, 51] that radion interactions with bulk SM fields were fully consid-
ered. In this chapter I will study the flavor structure of the radion interactions with
SM fermions, and I will show that these interactions are generically flavor violating.
Then I will proceed with the analysis of the phenomenological consequences of this
flavor violation.

We can parametrize radion by the following scalar perturbation of the metric,

2
ds* = (5) (e 2 nudatds” — (1+ 2F)*dz?). (4.1)

z

Demanding that the perturbed metric solves the Einstein equation and that the

kinetic term of the radion field is properly normalized, we get

r(z) 2°

A, R?

F =
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where r(z) is the corresponding canonically normalized radion field with its associ-
ated interaction scale A, = \/B%M Pl

In the original RS model (RS1) the interbrane distance was not fixed, thus
the radion degree of freedom was massless (radion oscillations correspond to the
change of the length of the extra dimension). One can address this problem of the
stabilization of the interbrane distance [19] by simply adding an extra scalar field

to the action

Sbulk = /d4{L‘/dZ\/§ (GA38A<I>83¢ - m2¢>2)
SUV = /641’\/91“,)\[]‘/((1)2 — U2)
S[R = /8455,/913)\13((1)2 — UQ). (43)

In the limit when Ay, Arr are sufficiently large it becomes energetically favourable
for the scalar field to be equal to @|yv.rr = vyv,rr at the boundaries, then interbrane

distance will be stabilized and can be approximated as

2
kr ~ ék— In (UU—V) ) (4.4)

VIR
So when vy and vyg are of the same order, it is enough to have % ~ 10 to generate
required hierarchy. It is important to note that the radion becomes massive after

stabilization of the interbrane distance.

4.2 Couplings to fermions

In the discussion presented here we will not specify precise stabilization mech-
anism and treat radion mass as a free parameter, we also will neglect back reaction
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of the radion on the metric and in this case it is generically expected for the radion
to be the lightest new physics state [47, 4]. The couplings between bulk SM fermions
and the radion are calculated in [50] in the case of one generation, with a brane lo-
calized Higgs. We are interested here in the flavor structure of these couplings when
all families of fermions are considered, and for the more general case of a 5D bulk
Higgs H [39]. To this end let us focus on the up-sector of the simple setup in which
we consider the 5D fermions Q;, U;, with flavor indices i, j = 1,2,3. They contain

the 4D SM SU(2),, doublet and singlet fermions respectively with a 5D action

Semion= [ d2d2 /5[ (QT4D1Q; ~ D4QTQ)

+20:0,+(Q — ) + (YyVE QMU + he.) | (4.5)
where C—I?, CI’;’ are the 5D fermion masses, and we choose to work in the basis where

they are diagonal in 5D flavor space (we will proceed in the same way as we did
for the Higgs field by calculating exact wavefunctions in the presence of the Higgs
vev ). The bulk Higgs acquires a nontrivial vacuum expectation value v(z) localized

towards the IR brane solving the Planck-weak hierarchy problem. After writing the

Q) U
5D fermions in two component notation, Q; = and U; = , We
Qr u,
perform a “mixed” KK decomposition as
Q! (z,2) = ¢ (2)Q)(x)+ ... (4.6)
Qn(x,2) = ¢l(2)Uh(x) + ... (4.7)
Ui(z,z) = u(2)Q)(x) + ... (4.8)
Ui(x.2) = ud(z) Uhx) + .. (4.9)



where we have only written the 4D SM fermions @’ (), U}(z) and where qu] r(2), u}f r(2)
are the corresponding profiles along the extra dimension. The fields Q% () and U ()

satisfy the Dirac equation

—io"0,Q% +m;; U, = 0, (4.10)

—io"0, Ul +my Q) = 0, (4.11)

with the 4D SM fermion mass matrix m,; not necessarily diagonal in flavor space.
The couplings between radion and SM fermions can be calculated by inserting the
perturbed metric of Eq. (4.1) and the 5D fermion KK decompositions of Eqgs. (4.6-
4.9) into the action of Eq. (4.5). To proceed we used a perturbative approach
treating the 4D fermion masses m;; as small expansion parameters (i.e. we assumed
m;; R < 1) keeping only first order terms. In this limit, the profiles qzj(z) and
ug(z) match the simple wave-functions for massless zero-modes. No other explicit
profile solution is required since we just need to properly insert and use the KK
equations for ¢iJ(z) and u?(2) into Eq. (4.5). A subtlety however is that the 5D
bulk Higgs field perturbation contains itself some radion degree of freedom. This
can be seen from solving the Higgs equations of motion in the perturbed background
of Eq. (4.1), which requires the KK expansion of the 5D Higgs field to be of the

form

B 230/ (2)

R/Q

ri@) o .. (4.12)

H(z,z) = v(z) x

(%)

where the ellipses contain the 4D light Higgs and the rest of the Higgs KK modes.

This result gives an additional contribution to the radion coupling to fermions.
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Combining all the contributions to the radion couplings will lead to the following

formula

_$ (QLUL + QLUR) mi [Z(cy) +T(—cu,)] (4.13)

T

where we have defined

I(c) = +o| ~ ez 1) (4.14)
1—(R/R)™ (c < 1/2)

—~
N[
|
9]
~—

o

N[

For one generation of fermions, this result agrees with the formulae obtained in [50]

and it can also be understood from the following intuitive argument. When the 4D

SM fermion mass is generated near the IR brane, its dependence on % is

R

mij o f(qu)f(—cuj)ﬁ (4.15)

with f(c) proportional to the zero mode wavefunction of the fermions evaluated at

the IR brane

1—2¢
f(c> = \/1 _ (R/R')lf% (4'16>

Since the radion is basically a fluctuation of the IR brane location, its couplings
with the SM fermions can also be obtained by replacing # — %(1 — ALT) in the
fermion mass matrix [50]. Then it is easy to check that we reproduce the result of
Eq. (4.13). Non-univeralities in the term [Z(cq,) + Z(—cy, )] will lead to a misalign-

ment between the radion couplings and the fermion mass matrix.! After diagonal-

ization of the fermion mass matrix, flavor violating couplings will be generated and

IThis will remain true in the presence of fermion brane kinetic mixings although the flavor

structure of Eq. (4.13) will be modified.
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can be parametrized as

r

Lry = 1 (U Upagy/miim; + he) (i # ) (4.17)

where U’ are the quark mass eigenstates with masses m;. The extension to the down
quark sector and charged leptons is straightforward.

To study the consequences of this result, we will consider models with flavor
anarchy i.e. where all the hierarchies in the fermion sector are explained by the
warp factors and all 5D Lagrangian parameters are of the same order [6]. In this

class of models the natural size of a;; is
a;j ~ (AT;;) Heg)J(=cus) (4.18)

where AZ;; ~ O(0.1) is the deviation of [Z(c,,) + Z(—c,,)] from its mean value.”
We perform a scan over the 5D fermion masses and “anarchical” Yukawa couplings
leading to the observed SM fermion masses and CKM mixing angles and obtain a
distribution for the parameters a,;. For example, the average values of the parameter
ady and a, are of order ~ 0.07 and 70% of the time they are distributed between
0.03 < afy, a; < 0.12. The average values of the parameter a%;(a%,) are ~ 0.08(0.05)

and 70% of the times they are between 0.03 < al; < 0.13 (0.01 < a}, < 0.09).

4.3 Radion phenomenology

The first thing to study is how constrained are the radion parameters due

to low energy observables such as AF = 2 processes. The strongest constraints

2This estimate is only valid for models that explain the Planck-weak hierarchy. But for little

RS models [52], the deviation could be a few times larger.
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come from the parameter ex of Ky — K| oscillations where a single radion exchange

contributes to the standard dimension six operators Q»(Q%) = (d d

LS ) (ymySay)

and Q4 = (d,s,)(d,s,). The model independent bound on the size of new physics
contributions to the imaginary part of the Wilson coefficient Cyx of the operator
Q4, renormalized at the scale 50 GeV, is ImCy < 1.2 x 1079TeV~2 [21].* From
Eq. (4.17) it is easy to compute the contribution from a tree-level radion exchange
as Im(Cm) ~ mgmsIm(adyads)/(A>m?) and therefore the experimental bound

requires that

Qs
rMy

< 0.44 TeV 2, (4.19)

where we have defined a4s = \/m and assumed an order one phase. In Fig. 4.1,
we show the bounds for different values of a4s in the (m,., A,) plane. The scale A, is
directly related to the lightest KK gluon mass by MEKG ~ A /(Mp,R), and so one
can easily convert bounds on the KK mass into bounds on A,..* It is also interesting
to note that the bounds from flavor physics give strong constraints for a very light
radion, precisely the hardest possibility to probe at the LHC due to its dominant
hadronic decay channels. A light radion with flavor violating couplings can also

become a top quark decay product, in processes such as t — rc or t — ru, where u

3We used the RG equations in [41]. Constraints on the coefficient Cy of Q2 are weaker by a
factor of five and the bounds from By mixing are weaker by an order of magnitude, so we ignored

them in the present analysis.

4Note that the value of Mp;R is generally assumed to be at least larger than a few but as
argued in [53] it might even be lower than one and still remain in the domain of validity of the

theory.
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Figure 4.1: Bounds in the (m, — A,) plane coming from ey for different values of
the flavor violating parameter a4, = \/m . In flavor anarchy models [6], typical
values for ags range between 0.03 and 0.12. In the Little RS scenario [52] this
parameter can reach values a few times larger. One can relate the scale A, to the
mass of the lightest KK gluon as MRS ~ A, /(Mp;R), as shown on the right-hand

side of the figure.

and c are the up and charm quarks. We have checked that, due to the suppressed
couplings coming from A,, this signal [?] will not be visible at the LHC unless the
flavor violating parameters a;3 or as; take unnaturally large values of order one.
For a heavier radion (2 200 GeV), the most promising discovery channel
would be r — ZZ — 4l due to its clean signal. Translating the LHC Higgs search
analysis [54] into radion LHC reach, one finds that both ATLAS and CMS should
separately be able to claim discovery for A, < 5 TeV with 30 fb™! of data[55]. To
study the flavor structure of such a heavy radion, we consider the channel r —

te,te. The signal we focus on is pp — tc — blvc, where [ stands for electrons
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and muons. In this case, the main backgrounds are: (i) p,p — tj — blv j; (ii)
p,p — W jj5 — lvjj, where one of the light jet is mistagged as a bottom quark;
(iii) pp — Wbb — bblv, where one of the b-jet is mistagged; (iv) pp — tt —
bl* v bl v where one b-jet is mistagged and one of the charged lepton is lost in the
beam pipe (|y;| > 2.5) or it is merged with one of the jets (AR; < 0.6). We use
CalcHEP [56] and PYTHIA 2.6 [57] to obtain both signal and background cross
sections and estimate the potential LHC reach for this signal. For this we fix the
radion interaction scale to A, = 2 TeV, and use three different values for its mass,
m, = 250,300 and 350 GeV. We impose lepton and jet acceptance cuts on the
transverse momenta p%ll > 20 GeV, on the rapidities, |y;;| < 2.5, and on the angular
separation AR;; > 0.6 and AR;; > 0.6. We assume that the neutrino momentum
can be reconstructed. We demand additionally that the total invariant mass of the
event reconstructs to the radion’s mass My,; € (m,—5 GeV, m,+5 GeV), and that
the blv invariant mass reconstructs to the top mass My, € (170 GeV, 180 GeV).
We also tighten the rapidity cut on the light jet, |y;| < 1.5. We assume that the
radion would have been discovered through the r — ZZ channel and thus its mass
m,. is known. Because the radion decay width is extremely small (I', < 0.15 GeV in
this mass range), the window to use for the total invariant mass is controlled by the
experimental jet energy resolution (we used a window of £5 GeV). The results are
shown in Table. 4.1. As noted in [51], a small amount of Higgs-radion mixing [46],
parametrized by the Lagrangian parameter £, can dramatically reduce the principal
radion decay channels. This could then enhance secondary decay channels, such as

r — 77, and in this case r — tc(t¢). In Fig. 4.2 we plot contours for the LHC reach
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(we use the evidence criterion of signal significance S/v/B = 3) in the (ax vs. &)
plane, for m, = 250 GeV and different values of A,. We can see that at least for
some ranges of &, the LHC should be able to probe typical values of a; in flavor
anarchy models. Of course a more realistic study of this signal should be carried
out, including a full detector simulation as well as the hadronic decay mode of the

intermediate W boson.

m, 250 GeV 300 GeV 350 GeV
Signal al, x21fb | al. x15fb | al, x9 b
Background 280 fb 199 b 136 b

Table 4.1: Signal and background for different radion masses with A, = 2 TeV
(and no Higgs-radion mixing). We multiplied by a K-factor of 2.4 for the signal, to

account for QCD corrections in the radion production from gluon fusion.

4.4 Summary

We studied radion couplings to fermions in the warped models where SM is in
the 5D bulk, and we have shown that these couplings are generically flavor violat-
ing. Then we analyzed constraints from low energy observables, which become very
strong for the sub hundred GeV radion. Then we discussed possibilities of observing
radion flavor violating decays at LHC, and presented signals and backgrounds for

different masses of the radion.
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Figure 4.2: Contours in the (£ — a;) plane of the estimated signal significance
S/v/B = 3 for the process (pp — r — tc) at the LHC for 300 fb™! of data. ¢ is the
Higgs-radion mixing parameter and a,. is the flavor violating parameter which gives

rise to the radion coupling to top-charm.
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Chapter 5

Conclusions and outlook

I will conclude by summarizing the results presented in this thesis. Warped
extra dimensions present a very nice extension of the Standard Model which can
address the gauge hierarchy problem as well as explain hierarchies of the fermion
masses. In this thesis, we presented an analysis of the flavor violation in the warped
models. In the second chapter we analyzed the bounds arising from ¢, parameter
of Ky — K, oscillations and exotic decays of b quark b — svy. We found that
the constraints from these two processes are complementary, in a sense that they
have opposite dependence on the Yukawa couplings of the original five dimensional
Lagrangian. We also found that the bound arising from ¢, can be relaxed if the
Higgs becomes a bulk field. The discussion presented in the thesis was carried out
within a two site model, which provides us with an economical description of the
five dimensional warped model. Later we matched the two site model to the warped
models so the bounds presented can be used for both models. This results in a overall
bound of O(5) TeV on the mass of the lightest new physics spin one resonance.

In the third chapter, we presented an analysis of the flavor violation in the
Higgs sector. We have shown that generically in the models with warped extra
dimensions, simple relation between Higgs Yukawa couplings and masses of the SM

fermions is modified. This effect arises from the mixing of SM fermions with their
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KK partners due to the Higgs vev and leads to the flavor violating couplings between
SM fermions and Higgs boson. In the previous analysis, these effects for the light
SM fermions were mistakenly assumed to be negligible, but we have shown that the
contribution to €, mediated by Higgs can be very important and comparable to the
contribution of the KK gluon. We checked that these effects are independent of
the localization of the Higgs field in the bulk, and cannot be decoupled. Moreover,
we have shown that these effects might change top Yukawa coupling by up to 20%,
which can be an interesting signal for the collider phenomenology. We also discussed
possible exotic decays of the top quark ¢ — ch and Higgs h — tc,h — 7u and we
have found that for considerable part of the parameter space these effects might be
seen at LHC.

In the last chapter, we discussed radion physics. We derived flavor structure
of the couplings of the radion to the fermions in the models where SM fermions
are in the bulk. We have shown that these couplings are generically misaligned
with SM fermions masses. This leads to flavor changing neutral currents mediated
by the radion, and if the radion is light enough, low energy observables such as
€, will put strong constraints on the model parameters. For a heavier radion, we
studied possibilities of the flavor changing neutral decays such as r — tc. Although
challenging, we still have found an interesting region of the radion parameter space
where this effect can be observed, gaining very valuable information on the flavor
substructure of the whole model.

At the end I would like to say that the models with warped extra dimension

provide a very well motivated extension of the SM, which can address most of the
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puzzles of nature. In this thesis, we have shown that RS models, with the lightest
new physics states at the few TeV scale, are on the edge of being ruled out by
various low energy constraints, and at the same time these models predict a very
rich collider phenomenology, so in the nearest future we will be able to tell whether

this is the right way to go.
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Chapter A

Kaluza Klein decomposition
In this chapter I will discuss Kaluza Klein decomposition in Randall-Sundrum
models, I will start with the simplest example of the scalar field, then I will discuss

fermions and gauge bosons.

A.1 Scalar field in the bulk

Let us consider a scalar field in extra dimension, the action in this case will

be given by

S = [ (0) (3 (2) o2 - L (2) w0r o) (a)

Now we can apply variational principle to derive equations of motion for the field ¢,
but we have to remember that our fifth dimension is finite and the total divergence

term will not vanish any more, leading to the additional terms on the boundaries

3
- () soo.ait (A2)

In order to have a consistent theory we need to vanish these terms. We can achieve
this by imposing boundary conditions on the field at the UV and IR branes. There

are two sets of the boundary conditions we can impose, on each of the branes

0.9(2)|uv.ir = 0 Neumann, even
®(2)|pv,rr = 0 Dirichlet, odd (A.3)
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In the future we will denote the even, odd boundary conditions by (+, (—)) respec-
tively. For any field we have to specify both boundary conditions at UV and IR
branes so in the notation ®(+, +) first sign refers to the UV and the second one to

the IR boundary conditions. The Euler-Lagrange equations will look like:
2 3 22 P
—0;® + -0.0 + 00 + M Ry— = 0. (A.4)
z z
Now we can decompose our field in terms of the KK modes.

=Y [(=)¢" (@) (A.5)

where each of the f(z) satisfies,

2 + 20 —mipe )+ arm T o (A6)
z
and f"(z) are normalized in the following way
R/
R\"
[ e (5 e - (A7)
R
The general solution of this equation will be given by
O = N,22 (Jo(mpz) + b, Ya(m,2)),
a = V4+ M?R? (A.8)

where N, is a normalization constant, coefficients b,, are fixed from the boundary

condition, and KK masses can be found by solving the following equations:

o4 by =t e b ) b
o) by = g = e

8= e = e

)it = D) L Rl el (49
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In the limit when m, R’ >> 1 KK masses become equally separated (in this limit
Bessel function can be expressed in terms of trigonometrical functions) and for

example for (+, +) case

T a 3
n o — - — - Al
m (n+2 4) (A.10)

A.2 Fermions in the bulk

In this section we will show some details of the calculations for the discussion
of the fermions in section 1.3.0.1. Let us consider now a single fermion in the bulk,
then the action will be:

5 . .
S = / dz (5) BM 4Dyt = 5 (Dag)! e T4 — ey (A.11)

z
where I'4 are 5D + matrices of Dirac equation, e}l and D), are funfbeins and

covariant derivatives, and for the RS metric they are equal to:

D4 = (1, =) efy = Sgan
z

i R
D, = Opu — 35V (A.12)
So finally the action becomes equal to
4. : =
[ (5) HFM@W — L (@ap)igy - LY (A.13)
z 2 2 z
Then Euler-Lagrange equations will look like
oL 1,4 cp
= = —(-TM S
oy 2t (2 Ont z )
oc S Y ! 275
8M8(8M1/_J) = Ol 224F ¥) = 224P Oty + 25
: 2 c
iy +~°0.4p — ;75?/) - ;?/) =0 (A.14)
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and in the 4D momentum space

C

(w V50, — 275 - —) W =0. (A.15)

z

Now we can rewrite this equation using 4D chiral chiral fields v, ¥y

Z/¢L+<az 2+C>¢R—0

PR+ (—82 - _2; C) Yr=0 (A.16)

Performing KK decomposition for the fields i1 r

Y. r(, 2) Zw fLR ¢, 2) (A.17)

will lead us to the coupled differential equations for the left handed and right handed

profiles

7%m+( a+3——)ﬁ—o
oy + (a —%——) fr=0. (A18)

One can see that left handed and right handed profiles satisfy the following equations

4 2 _c—
i fu = Ot S0 fnt S f =0,
4 _
_mifL_agfL+;8sz %f}%—o (A.19)

where the general solutions are given by

fR(z) = Nn25/2 [J—1/2+c(mnz) + bnY—l/Q—i—c(mnz)} )

fr(z) = N, 2°/2 [J1j24c(mnz) 4 b,Yi 01 c(my2)] - (A.20)
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Coefficients b, and KK masses m,, are fixed from boundary conditions similar to

those presented for the scalar field and normalization is fixed by the condition

/H(§)4U&92m=1. (A.21)

r \ %
For the (4, 4) boundary condition we will have a massless mode in the KK decom-

position with the following profile

fole2) = (o) (%)“ L (%) o (A.22)

where

1-—2c
f(e) = \/1 “(RR)T (A.23)

A.2.1 KK decomposition of gauge boson

Now we will consider the gauge bosons in the bulk, the 5D action will be given

R R5
Q/ dz(—) Fyn MY (A.24)

R z

where F)/n is five dimensional field strength. Again in order to have a consistent
theory we have to impose boundary conditions on the field A,;. One can see that
A, and fifth component A5 of the vector field satisfy opposite boundary conditions.
For A,(+,+) boundary conditions we will have a massless vector boson in the
KK decomposition, and for the A,(—, —) case (which corresponds to the As(+,+)
boundary conditions) we will have a massless scalar in the spectrum (As is scalar

from 4D point of view). It is obvious now that for the SM gauge bosons we have to
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impose even A,(+, +) boundary conditions on both UV and IR branes. Performing

KK decomposition

Aulz,0) =) Ap(a) fi(2)

02 — % fi4+m?=0 (A.25)
z
leads to the following solution

fX(Z) = Np2 (Jl(mnz) + bnYl(ng))

Jo(mnR/) . Jo(mnR)

by = — 2\ Mnlt) S0l )
Yo(m, R) Yo(m,R)

(A.26)

The mass of the lightest KK mode will be equal to m, = 2.54R'~! Tt is inter-
esting that in the y coordinates the profile looks very simple and can be roughly

approximated by

1 1

O<y<mr—gq —
71"7"\/%
faly) ~ (A.27)
T — % <y<nar Vk
It is important to point out that the zero mode for A, (+,+) has a flat f = const

profile, which is required by 4D gauge invariance.
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Chapter B
Matching 4D and 5D theories

B.1 Matching gauge couplings

In order to make predictions in the warped models we need to know the cou-
plings of the five dimensional lagrangian, so we need to know how to relate them to
the couplings of the SM. Let us look on the action of the gauge field, generically we

can rewrite it as

1 1 R 1
d'z |- TrF;, — TFz—/d = TrF?; B.1
/ ' [ Igg, T Ag, =) g, B
where —49% refer to the terms localized on the UV and IR branes respectively.
UV,IR

Then using the fact that the zero mode of the gauge boson is flat we should match

couplings in the following way

1 1 1 RIn(R'/R
_2:2—+T+7n(2/ ), (B-2)
9 Jov  Y9ir 95D

but because we are matching our couplings at the TeV scale we have to add running

of the UV localized term which modifies equation to

1 1 1 R b
— R 5 + =+ IH(RI/R) (T + —2) (B?))
g duv  Y1r 95p 8w

[58, 59], where b comes from one loop running effects.

Let us apply now this discussion to the matching of the QCD coupling, this
becomes especially important for the calculation of the ¢,. The value of the 5D
coupling g5k can be fixed by matching it to the 4D QCD coupling,
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e g5k ~ 3 for matching at the loop level, i.e., including the b9°P term with
zero bare/tree-level brane kinetic terms and with a Planck-weak hierarchy.

Clearly, this is the smallest allowed value of g, for this hierarchy.

e gs\Vk ~ 6 for matching at the tree-level, i.e., neglecting the b9°P term, with

no brane kinetic terms!.

In general, the value of gsv/k can be even larger than above if we allow non-
zero (positive) brane kinetic terms (on the Planck or TeV brane). In particular,
with non-zero Planck brane localized kinetic terms, the couplings of (lightest) gauge
KK are still set by gsv/k since these modes are localized near TeV brane. Thus,
the KK coupling (measured in units of SM gauge coupling) also increases as these
brane kinetic terms are increased. On the other hand, allowing (sizeable) TeV
brane localized kinetic terms has a more interesting effect as follows. The value of
gs\Vk (again measured in units of the SM gauge coupling) increases as in the case
of the Planck brane localized kinetic terms, but the KK gauge coupling is clearly
determined by the kinetic term localized on the TeV brane where the KK modes
are localized (instead of being set by gsv/k). As the size of the brane kinetic terms
increases, it turns out that the gauge KK coupling (measured in units of the SM
gauge coupling as usual) becomes weaker [60]. At the same time, the mass of the

lightest KK mode becomes smaller in such a way that ratio

KK coupling constant
Lightest KK mass in units of ke—FrF

(B.4)

'Equivalently, choosing the tree-level brane kinetic term to cancel the loop contribution”: see

discussion in [11].
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stays roughly the same (for moderately large brane terms), up to O(1) factors. The

kﬂR)

flavor-violating amplitude (in units of ke~ depends on precisely the above ratio.

So it is clear that large TeV brane terms can allow lighter KK states to satisfy the

flavor constraints, but it will not allow a reduction in the scale ke *™%

which might
be the one more relevant (than the lightest KK mass scale) for the fine tuning in
EWSB. Although a detailed analysis of TeV brane kinetic terms is beyond the scope

of this paper, it is important to keep in mind that such terms can affect the bounds

on the scale ke ™ by O(1) factors.

B.1.0.1 Perturbativity bound on size of 5D gauge coupling

On the other hand, an upper bound on g5QCD coupling can also be obtained
from the condition of perturbativity of the 5D QCD theory in the following way.
We can estimate the loop expansion parameter for this theory by comparing the
one-loop correction to the tree-level value of a coupling (or comparing a two-loop
correction to a one-loop effect). This loop expansion parameter grows with energy
(or number of active KK modes) due to the non-renormalizability of 5D couplings.
So, the number of KK modes below the 5D cut-off, denoted by Nk, can then be
estimated by setting this loop expansion parameter to be ~ 1 (see, for example [61]).
As an example, we can estimate the one-loop correction to the tree-level value of
the three KK gluon coupling arising from this interaction itself. Including color and

helicity factors of ~ 3 each for this loop diagram (see, for example, reference [62]),
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we find:

(g?CD\/E)Q 3% 3

1672

N ~ 1 (B.5)

where ~ (g?CD\/@ is coupling of 3 KK gluons and the single power of Nig (i.e.,
single KK sum) follows from KK number conservation at the purely KK gluon
vertices. Equivalently, the dimension of g?CD being —1/2 implies that the 5D loop
expansion parameter is ~ (¢2“”)2E/ (1672) with E/k ~ being the number of active
KK modes.

We can also instead consider the one-loop self-corrections to the coupling of
KK gluon to two KK fermions, where the helicity factor of 3 is absent (in this sense,

the estimate in Eq.(B.5) is conservative). The estimate in Eq. (B.5) leads to the

following values of the number of KK modes below cutoft:

o Nig ~ 2 for g?CD\/E ~ 3 which is again the smallest g?CD\/E allowed for
Planck-weak hierarchy (i.e., with loop-level matching of the 5D coupling to

the 4D coupling and with no bare/tree-level brane kinetic terms).

e Whereas for g?CD\/E ~ 6 (i.e., with tree-level matching of the 5D coupling to
the 4D coupling with no brane kinetic terms), there seems to be hardly any

energy regime where the 5D theory is weakly coupled, i.e., Ngx < 2.

This conclusion about perturbativity for the g?CD\/E ~ 6 case is valid even if we do
not include the helicity factor of ~ 3 as would be the case for the estimate of loop
expansion parameter using the KK gluon coupling to two KK fermions (instead

of coupling of three KK gluon coupling). So with this perturbativity motivation

107



(and using the correspondence in Eq. B.3), we have focused on using gz ~ 3 in
our analysis of the two-site model, but of course, one should understand that these

conclusions are just estimates.

B.1.1 ¢ in the bulk Higgs

In this section we will prove that bulk Higgs will relax the ¢; bound. First
thing to note is that from analysis of the fermion KK modes the following relation

is approximately true

fole, R') ~ f(e)
fale, RY) V2

(B.6)

Also we will assume the Higgs is a 5D scalar defined in the model [39] in this

case the Higgs vev profile, is given by brane:

v(0,2) = vz 2(1 +5) i o
e \/ T e 0

The couplings between fermion zero modes and Higgs (Yp), fermion KK modes and

Higgs (Yk k), fermion zero modes and gauge KK modes (gx k) are given by overlap

integrals of the their profiles multiplied by the 5D couplings:

R\’

Yo (e, cr,B) = Yf,bum/dz (;) v(B,2) for(cr, 2) for(cr, 2)/va

R\?
Yk (cL.cr,B) = Y5bu”€/dz (;) v(B3,2) far(cr, 2) fmr(cr, 2) [v4
4

grx (cL) = 95/d2 (;) JGme(2) Jor (L, 2) for (e, 2) (B.8)
where Y2U* is defined by S 3 [ diwvdzv/G Y2 H (, 2)W(z, 2) W' (2, 2) (with ¥ and
U’ being SU(2);, doublet/singlet and G is the determinant of the metric) and has
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mass dimension —1/2 just like g5. Again, Yx defined above is for KK modes with
same chirality as the zero-mode. A similar expression can be obtained for the overlap
integrals giving the coupling between KK gluon and two KK fermions which was
used to obtain Eq. (B.3).

It is useful to know approximate formulae for these overlap integrals which

comes from the the relations of Eq. A.27. For example

e = (V8) (= + Fenns(en)) (B.9)

where pre-factor of “1” that multiplies f(cz)f(cg) is almost c-independent for 0.4 ~
¢ ~ 0.7 that is of interest for down-type quarks.

Similarly, we define the parameter a((3, ¢y, cg) by

Yo (cn,er,B) = al(B;cr,cr)Yk (cr,cr, 3) f(cr) f(cr) (B.10)

We find (numerically) that, for fixed Higgs vev profile, the ¢z r dependence of a is
very mild for the range 0.4 S ¢ X (.7 that is of interest for the down-type quarks
and hence we set ¢, = cg = 0.55 henceforth when we quote values of a. We give a
table for a vs. the parameter 3 of bulk Higgs (see Table B.1). We see that a ~ O(1)
as expected. In detail, the Higgs and KK fermion profiles are localized near the
TeV brane so that Yxg is dominated by overlap of profiles in this region. So, we
get Ygx ~ Ysvk (with a mild dependence on ¢ and ), where the 5D Yukawa is
made dimensionless simply by a factor of ~ vk coming from the normalized profiles
at the TeV brane: see Egs. (B.7). Even though the fermion zero-modes (except
for top quark) are localized near the Planck brane, their overlap with the Higgs is
still dominated by the region near the TeV brane for the choices of ¢’s relevant for
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B a | Mgg (92°PVEk =3, Ygi =6) | Mgk (99°PVEk =6, Y = 6)
0 1.5 3.7 TeV 7.4 TeV
1(two-site) | 1 5.5 TeV 11 TeV
2 0.75 7.3 TeV 14.6 TeV
oo (brane) | 0.5 11 TeV 22 TeV

Table B.1: The values of the parameter a (relating zero to KK mode Yukawa cou-
plings: see Eq. (B.10)) in 1st column for different values of the parameter 4 (2nd
column) which determines the profile of the bulk Higgs (Eq. (B.7)). The two-site
model and brane Higgs case are also shown as corresponding to specific values of 3
(see discussion in text). The bound on Mg (from ex only, based on the estimate
in Eq. (B.15)) for the purely composite sector (or KK) gauge coupling ¢%“"v/k = 3
(3rd column) and ¢g?“Pv/k = 6 (last column) are also shown. We fix the compos-

ite/ KK Yukawa coupling Yxx = 6 for all entries in the table and ¢, = cg = 0.55 in

order to obtain the value of a.

quark masses?. Therefore, using the ratio of fermion zero and KK mode profiles
(f’s) given in Eq. (B.6), we expect Yy ~ Yiif (cr) f (cr) ~ (Y5\/E) f(cr) f (cr),
i.e., a ~ O(1). Note that f (¢)’s can be hierarchical even with small variations in ¢’s,

resulting in a solution to the flavor hierarchy problem in the sense that 4D Yukawa

2For larger values of ¢’s (i.e., fermion zero-modes localized closer to the Planck brane) as relevant
for Dirac neutrino masses, the overlaps with Higgs can be dominated by the region near the Planck

brane instead [7].
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matrix (Yp) can be hierarchical without any (large) hierarchies in the 5D theory,
i.e., with anarchic 5D Yukawa matrix (or Yx ) and O(1) ¢’s.

The following observation about the parameter a is crucial for the analysis of
€x in next section. Since the fermion zero modes profiles peak near the Planck brane
while the fermion KK mode profiles peak near the TeV brane, it is clear that the
overlaps of profiles of fermion zero modes with Higgs increase while those of fermion
KK modes with Higgs decrease as the Higgs wavefunction moves farther away from

the TeV brane. Therefore, as seen from this table,

e as we decrease the parameter 5 determining the Higgs profile in Eq. (B.7) —
thereby localizing the Higgs away from the TeV brane, the parameter a in Eq.

(B.10) increases.

We thus expect the opposite limit, 3 — oo, to reproduce brane Higgs scenario.
In fact, for brane-localized Higgs, couplings of fermions to Higgs are simply given
by wavefunctions of fermions at TeV brane, i.e., there is no overlap integral to be

performed:

}/Obrane — (Y'Sbranek:) foR

Y}?}%ne — (2}/5branek,) (Bl].)

with S 3 [ d*av/GYP e H (x) W (x, 2,) Wy (2, 2,). Note that dimension of Y; changes
from —1/2 to —1 as we switch from bulk Higgs to brane-localized Higgs. The factor
of two in Y@ in second line of Eq. (B.11) comes from the fact that the normal-
ized KK wavefunction at TeV brane is ~ v/2k (see Eq. (A.20)). From Eqgs. (B.10)
and (B.11), the model with brane-localized Higgs (effectively) has a = 1/2. And,
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the numerical calculation of the overlap integrals for bulk Higgs shows that indeed
a — 1/2 for f — oo (see Table B.1), in agreement with the above expectation.
Now we can see the similarity between the two-site model and the bulk Higgs
scenario. First, we compare the gauge couplings between the two cases: Eq. (B.9)
and LM=5M term of Eq. (2.16), using Eq. (B.3). From these equations, we can

make the following identifications:

SL,R > fL,R (B12)

— tan’6
kmr,

As mentioned above, fr, g, can be hierarchical with small variations in 5D fermion
mass parameters (c). Therefore, our choice of hierarchical elementary/composite
mixing angles (s,.,.4) in the two-site model is justified.

We turn to Yukawa couplings and compare Eq. (B.10) with £3M5M term of
Eq. (2.15). First, just like for the gauge couplings, we should identify the Higgs
coupling to heavy fermions in the two-site model with the Higgs coupling to KK
fermions in the 5D model?, i.e.,

(In particular, both are assumed to be anarchic.) Then we can see that the two-site

and 5D Yukawa coupling equations match if @ = 1. Therefore, we conclude that

e the two-site model “mimics” the bulk Higgs scenario with 5 &~ 1 (which has

a ~ 1). This result is also shown in Table B.1.

3Note that, for a fixed 3, Yk is only mildly sensitive to ¢, g’s.
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B.1.2 Bound from eg

Following the arguments of the analysis of € for the two-site model, it is clear

that, in the bulk Higgs scenario, we get from KK gluon exchange

<g5 \/E> 2 2momy 1

e Mgk) = ,
WMit) = Spa@p @ Mg

4 estimate

(B.14)

where “estimate” has the same meaning as in our analysis of the two-site model.

Thus the constraint from ey is

95\/E T

Mpr ~ 11 eV B.15
KK YKKGJ(B) ( )

The bounds on M g for different values of 3 (i.e., choices of Higgs profiles), including
the brane Higgs case and the two-site model is shown in Table B.1 for g?CD =3,6
and Y = 6.

Now we can compare our results to previous analysis: references [11, 12] used
a brane-localized Higgs, i.e., a ~ 1/2, with Y2k ~ 3, i.e., Ygx ~ 6 (from Eq.
B.11). They obtained the bound on KK scale of ~ 20(10) TeV for the case of

g?CD\/E ~ 6(3) which agrees with our results in Table B.1. However, from Table

B.1, we see that

e for same g5k and KK Yukawa (Yi k), the bound on Mg from ey is lowered

for a bulk Higgs (instead of brane-localized Higgs).

Of course, this reduction in the KK scale for a bulk Higgs relative to the case of
brane localized Higgs is due to a smaller coupling of SM fermions to the KK gluon

for the bulk Higgs case, i.e., the zero-mode fermions being localized a bit farther
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from the TeV brane (where gauge KK modes are localized), than for the brane-
localized Higgs case. The crucial point is that, even with this shift of zero-mode
fermion profiles relative to the brane-localized Higgs case, the bulk Higgs set-up
can maintain the same (i.e., SM) value of the zero-mode Yukawa (for the same KK
Yukawa) as in brane-localized Higgs case. Here, we use the result (explained above)
that the ratio of zero-mode to KK Yukawa couplings (denoted by a above) is larger
for the bulk Higgs case than for brane-localized Higgs (for fixed fermion profiles).
We remind the reader that we are not considering models where Higgs is the
5th component of 5D gauge field here. In the Higgs-as- A5 model, the SM Higgs also
has a profile which is peaked near the TeV brane in a specific gauge [63]. However, for
this model, it was shown in reference [11] that the lower limit on the KK mass scale is

~ 10 TeV for the choices g°“” vk ~ 3 and gZ"/k (which is the “effective” 5D Yukawa) ~

6. For larger g?“”/k and/or smaller g /k, the bound on KK scale is higher.

B.1.3 Perturbativity limit on size of KK Yukawa

Finally, we wish to illustrate why ey by itself might allow a few, say, ~ 3 TeV
KK scale, even with anarchy in 5D flavor parameters, i.e., mixing angles of size as
in Eq. (2.21). The point is that the bound on KK scale from e depends on size of
KK Yukawa as seen in Eq. (B.15). Instead of using b — s7v in order to constrain
Yk (as we did for the two-site model), we can use perturbativity of the 5D theory.
Proceeding in the same way as for the gluon coupling, we can estimate Ng

from the loop expansion parameter associated with the Yukawa coupling being ~ 1.
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For example, we can compare the one-loop correction to the tree-level value of the
coupling of Higgs to two KK fermions from this coupling itself (there are no color

or helicity factors here). For brane-localized Higgs, we get

brane 2
YKK

6.7 Ny ~ 1 (B.16)

where N% . (i.e., double KK sum) in this loop diagram follows from absence of KK
number conservation at the Higgs vertices in the brane-localized Higgs case. One can
also derive such growth of the loop expansion parameter with Ny g from dimensional
analysis, namely, [Y7"¢] = —1 such that the 5D loop expansion parameter is ~
Yhrane2 2 / (1672). So, for the brane-localized Higgs case, we get Y24 ~ 4g /Ny
and the choice of Y ~ 6 (i.e., Yre°k ~ 3) in references [11, 12] for brane Higgs
corresponds to Ni g ~ 2.

On the other hand, the loop expansion parameter for the bulk Higgs case is

Ybulk 2

fg; Ngg ~ 1 (B.17)

where the single power of Ngx follows from the single KK sum due to KK number
conservation at Higgs vertices for the bulk Higgs case. Equivalently, we can use
dimensional analysis, i.e., [Y2“*] = —1/2 so that the 5D loop expansion parameter

~ Y2uk2E [ (1672%) just like for 5D gauge theory. Hence, we have for bulk Higgs
case, Y2UF ~ 47 /\/Nk, i.e.,

e for same N, we find that Y i can be larger for bulk Higgs by ~ v/Nxx than
for the brane-localized Higgs case. Thus the KK mass bound can be lowered
even further (beyond the point related to the factor a discussed above) as seen
from Eq (B.15).
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And, in particular,

o we get YU ~ 6v/2 for Nxxg ~ 2 (same as the choice made in references
[11, 12]) so that choosing in addition the Higgs profile with § ~ 0 (so that
a ~ 1.5) and g, ~ 3, we see from Eq. (B.15) that Mk ~ 2.6 TeV might be

allowed by €y constraint.

However, such a low KK scale and large Yix in the 5D model will most likely
be very strongly constrained by BR (b — s7) just as in the case of the two-site
model. Note that the bulk Higgs couplings other than Y, xx — for example the
mixed (i.e., zero-KK fermion) ones — might not ezactly mimic the corresponding
ones in the two-site model so that our results for b — sy in the two-site model
cannot be directly used for the 5D model*. A detailed calculation of b — sv for the

5D model is beyond the scope of this work.

B.2 Model Independent Loop Calculation

We work in non-unitary gauge for the electroweak gauge sector of the SM,
where we must include the would-be Goldstone bosons in the loop. The model-
independent interaction between a charged Higgs, SM down-type quarks (d) and an

up-type heavy quark (U) can be parametrized as follows:

40f course, the amplitude for b — ~ in the 5D model is expected to be of similar size to (i.e.,

differing only by ~ O(1) factors from) that in the two-site model.
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Figure B.1: Feynman diagrams for b — s « via charged Higgs

where all quarks are in mass eigenstate basis (including effects of EWSB). We focus
on the dominant contributions to the dipole moment operator for b — sy generated
by these interactions — the relevant diagrams contain the charged Higgs and heavy
fermion in the loop with the SM fermions as external legs (see Fig. B.1 (A) and
(B)). We will then apply the results obtained in this section for the specific case of
the two-site model and calculate the effective dipole operator for one generation in
Appendix B.3 and b — s7v in appendix B.3.1.

For the first diagram (see Fig. B.1 (A)), with photon line attached to the

heavy fermion, we get the effective operator®

o
pelt = Q0 CED) g ) Bis(1 - g0} (5.19)
sr2 M2
with
Ay = (anaumy + anafum) fu(t) + (ag,0m) M. ot (5.20)

By = (apaismy + anazms) fi(t) + (a,a0) M. f(t)

We used Feynman gauge in this calculation. Since we are considering only the dominant

2
diagrams here, the result will be different by O(%) if we use another non-unitary gauge. Such
differences can be neglected for our purpose here. Of course including the other diagrams (with

W/Z) will produce a gauge-invariant result.
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and

fu(t) = 1= 6)1;?_*16;1“(” R N . 4);@* = ;Lft) 3 (51

where M, is the mass of the heavy fermion, @)y is the charge of the heavy fermion,

t = M?/M2. This result can also be used for the diagram with neutral Higgs

(including physical Higgs and the neutral would-be-Goldstone boson) in the loop.
The result for the second diagram(See Fig. B.1 B), with photon attached to

the charged Higgs, is

e (2¢ -
el = P51 )b Bus(L— 1)) (B.22)
82 M2
with
Ay = (s my + apay mg) g (t) + (capa,) Maga(t) (B.23)
By = (apaymy + qopay,my) g1 (t) + (o oop) Mo go(t)
and
2t3 — 6t% In(t) — 6t + 1 + 3¢t2 t2 —2tIn(t) — 1
gi(t) = ) ; ) (B.24)

) =
12(t — 1) o el) 20t — 1)3
These results (Eq. B.19 and B.22) can be applied to calculate I'(b — s7) if we find

the couplings aq;, oy (see Eq. B.18).

B.3 Mass matrix diagonalization and dipole moment operator for
one generation
Having performed a calculation of the dipole operator for b — s generated by

general couplings of bottom and strange quarks to Higgs and heavy fermions, we
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now consider this contribution specifically in the two-site model. As explained in
section 2.4.1, we have to consider the mixing between the SM and heavy fermions
of all three generations induced after EWSB. Diagonalization of this mixing will
give the couplings to Higgs in mass eigenstate basis for the quarks which we can
then plug into the model-independent results of appendix B.2 in order to calculate
b — s7v. In this section, we will first consider analytically the simpler one generation
case, Le., a calculation of (g —2),, which will be generalized (numerically) to the
case of three generations for calculating b — sv in the next sub-section. This result
for the dipole operator for one generation was also used in section 2.4.1 to obtain an
estimate for b — sy (after multiplying by an estimate for the generational mixing
factors).

The one generation mass matrix for down type quarks (including effects of

EWSB) is (see Eq. (2.15))

rsq5y, 0 xsq I;R
zsy, 1 éR

where z = vY./ (M.V2), B and B are composite SU(2); singlet and doublet
fermions respectively. It can be diagonalized by bi-unitary transformation to first

order in z.

1 :L’sq/\/§ —:L’sq/\/§ 1 :Usb/\/§ azsb/\/ﬁ
Op, = | —zs, 1/vV2 —1/V2 ; Opp=| —zs, 1/vV2 1/V2

0 1/vV2  1/V2 0 1/V/2 —1/V2
(B.26)
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OLL 0 = 1 Op,, = diag( zsysp , 1+ ,1—x) (B.27)

Similarly we can get the up-type diagonalization matrix (O, ) and (O, ). We define

the mass eigenstates as

M by BM br
By | =05 | B, Bir | =0b. | Br | (B.28)
By, By Bor Br

where b°M is the SM bottom quark with mass vY,5455. By is the heavy state with
mass (1 + x)M, and B, is the heavy state with mass (1 — x)M,. Similar mass
eigenstates can be defined for up-type quarks (£, Ty, Ty).

The coupling between down type and up type quarks through charged Higgs

18

s¢st 0 s, M
V.03 B Bau)Oh, | 0 -1 0 |Ouva| Tup |H™ (B.29)
St 0 1 T2R

We can find the couplings between b7 and heavy up-type quarks

(1+x) (x—1)
\/i SquR + TSQTQR (B30)

Similarly, we have the coupling coming from another chirality

Y. H b5M

—5q48, 0 —sp t%M
Y.(03" Bir Bar) O, 0 1 0 |Ou| 1y, |H (B.31)
—Sq 0 -1 TQL



which gives us the coupling

Y. H53M {— (1:;;) syTip + <x\;§1)stgL] (B.32)

Altogether, we have the charged Higgs coupling between SM bottom quark and

heavy up-type quark

_zsm | L5 Sq 1= Sp
s | I+ —1 1—v.2—1
Y. H b {( 5 >ﬁsq+< 5 )ﬂsb}TQ

Based on our parametrization of the couplings (see Eq. B.18), we extract (we ignore

the subscript “b” in a4 2 here)

1
af! B ChL] « (B.34)
22
2) (LU — 1)8b
o’ = Y,
! 22
1
o) = ( +:c)qu*
2V/2
(2) (z = 1)s,
Q = Y.
2 2/2

The contribution from heavy up-type quark to the dipole moment operator would

be (see Eq. B.19 and B.22)

inole e (2¢- _ _
HShzr;ed Higgs @ ( Mgp) K [bSM(l - 75)bSM + bSM(]- + 75)bSM] (B35)

with

=
I
Mw

(100 + 1o ) mo | 21306~ )]

1

(2

+
WE

(i 0l M; EfQ(ti) - 92(151‘)] - (B.36)

1

<.
Il
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Substituting Eq. (B.34) in (B.36) one can see that the first term is sub-leading due

to additional powers of s;,s,. For the second term we use the approximation

2 5 Mi
§f2<ti) — go(t;) = —gm (B.37)
It gives us
5x M?
K~ —s,5—-(Y,)? B.38
24Sq3b(M*)2( ) ( )
And the final result is
dipole b 2 ie (2¢-p) TSM SM | 7ISM SM
HchargedHiggs = E(Y:") my 1672 (M*)Q [b (1 - /75)() +b (1 + /75)() ] (B39)

Note that we have chosen not to combine the two terms in [} in the above equation.
The reason is that when we apply the above result to b — s7v, then the two terms
with different chirality structure will be multiplied by different mixing angles and
hence it is useful to keep track of the two terms separately even for the case of one
generation.
The contribution from neutral Higgs can be calculated in a similar fashion.
The coupling between down-type quarks and neutral Higgs is
Sqgsp 0 s biM
Y.H (O™ B Bar)Oh, | 0 1 0 |[Obel| By | +he  (BA0)
s, 0 1 Bop
From this we can find the coupling between SM b quark and heavy down-type

fermions:

- l1—ua 1+ - l—=z 1+
}/*HO {biM {WSquR — WSQBQR} + b%M [WSbBlL + WS[,BQL} } + h(B41)
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which gives us (see Eq. B.18)

(@) Sb
a =Y, —=(1—2x, 1+=x B.42
=y ) (B.42)

o) =Y, (1 -z, —1-a)

2v/2

Follow the same procedure as before, including only the first diagram (Fig. B.1A).

We get
prele = =Ly PP ar g g M (1 i8] (B.43)
neutral Higgs 4 1672 (M*)2

B.3.1 Three generation calculation

Generalizing to three generations, the mass matrix Eq. (B.25) becomes 9 x 9.
However, since analytical diagonalization of this 9 x 9 matrix is difficult, we do it
numerically and extract the parameters oy, s (see Eq. (B.18) which parametrize
general interaction between fermions and Higgs field, keeping in mind that ay » will
now have six components aff"'ﬁ) because we have six heavy mass eigenstates).
Then using these a’s in the formulae from the loop calculation in Eqgs. (B.19) and
(B.22), we will get ezact values for the C7 and C, coefficients in the amplitude for b —
s (instead of the estimates presented in section 2.4.1). Similarly, applying the above
diagonalization to Eq. (2.16) allows us to calculate the flavor-violating couplings of
heavy gluon to the SM fermions after EWSB (including effects of SM-heavy fermion

mixing) which generate contributions to e€x. The results of the numerical scan in

section 2.6 are based on these calculations.
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B.4 Details of Scan

All the masses and mixings in the fermion sector (including SM and heavy)
can be parametrized by the composite site Yukawa couplings (Y, ;) and the elemen-
tary/composite mixings (s4q.). Of course, we must choose Y, and s, 4 to give the
observed quark masses and CKM angles. We would like the composite site Yukawa
couplings to be “anarchical”, i.e., of the same order, and s, 4, to be hierarchical® in
order to explain SM fermion masses and mixing, and their approximate values are

given by (60). We choose to scan over the following independent variables
e Elementary-composite mixing angles s, 4
e SM rotation matrices Oy, Oy, ,Op,, (Op, is fixed by Op, = Oy, - Veru)

(This choice is equivalent to treating Y* and s,,q as the independent variables
which are scanned.) We randomly vary each set of the independent variables around
their “natural” size by a factor of three, where the natural sizes for the s,, 4 are
defined to be Eq. (60) and that for Oy,,, Oy, ,Op, in Eq. (2.21) by replacing “~”

2

by “=” in both these equations. Then we calculate corresponding Y, 4"

Y, = ¥2(0p,) - M%s . (Op,)'s  Ya=2(0p,)- M¥9 . (Op,)f

Vil 56" as, (B.44)

*

6As mentioned earlier, these assumptions can be justified by the correspondence with the 5D

model to be discussed later.

"We are ignoring the mixing between the SM and heavy fermions induced by EWSB in the last
relation here which results in an error of Y2v?/M? ~ a few % (for the our choice of parameters)

in the determination of Y.
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Then we check whether our Y, 4 are “anarchical”, i.e., whether they satisfy the

following condition

Max(|Viy .
w < GM.(|Yau]) < 3 Min(|Yu|)
Max(|Y.al)

1 < GML (Vi) < 3% Min(|Yd]) (B.45)

where G.M. stands for the geometrical mean. If these Yukawas satisfy “anarchy”
condition, we proceed to calculate new physics contribution to I'(b — sv), Im C¥
(as described in section B.3.1) and dg3,,, as in Eq. (2.45). On the other hand, if
these Yukawas do not satisfy the anarchy condition, then we discard them. We have
checked that the couplings (Y., 4) generated in this way are random, i.e., that there
is no correlation between different elements of the matrices. The results of the scan

are presented in Fig. B.2 to B.7.

B.5 Sub-leading effects

B.5.1 €K

Similarly to the heavy gluon exchange, heavy EW gauge boson exchange gen-
erates (V —A) x (V4 A) operators, but it gives C5 (M,) only and of smaller size than
Cy (M,) from heavy gluon due to smaller values of gauge couplings and gauge quan-
tum numbers in the heavy EW boson exchange than in heavy gluon exchange. More-
over, the model-independent constraint from UTfit [21] on C5 (renormalized at a few TeV scale)
is weaker than for C';. So, we find that constraint on M, from heavy EW gauge bo-

son exchange in the two-site model is weaker than that from heavy gluon exchange:
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see also discussion in [12].

We have also checked that the constraint from (V' — A) x (V — A) and (V +
A) x (V + A)-type operators from heavy gauge boson exchange in the two-site model
can be weaker than from (V' — A) x (V + A) operator from heavy gluon exchange. In
detail, such exchange generates the Wilson coefficient Cy (M,). Firstly, the model-
independent bound on C (renormalized at a few TeV scale) is weaker than for Cjy
due to the absence of matrix element and RGE enhancement for C relative to Cj.
Secondly, in the two-site model, the size of C'; can be effectively controlled by a single
parameter, namely, the amount of elementary-composite mixing of b; — the point
being that the other down-type elementary-composite mixings are then fixed: the
ones for dy, sy, via CKM mixing angles and then, for given composite Yukawa, the
right-handed ones by SM Yukawa (as discussed earlier).® Usually, one chooses s,3 to
satisfy the constraint from Zbb (as discussed earlier) and simultaneously to obtain
the correct top Yukawa, i.e., Yis;3 ~ O(1), assuming SM tp is fully composite.
For the choice of M, ~ a few TeV and Y, ~ a few, we then find s;3 ~ 1/ (a
few). With this size of s;3 and once we choose M, to satisfy the ex-constraint
from (V. — A) x (V + A) operators, we find that both (V — A) x (V — A) and
(V 4+ A) x (V + A)-type operators do not give as strong a constraint as from heavy
gluon contribution to the (V — A) x (V + A) operator: see also [12] for a related

discussion.

8Contrast this case to that for Cy, 5 above whose size was fized in terms of SM fermion Yukawa
couplings/masses (due to a combination of left and right-handed elementary-composite mixings

involved in Cy).
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B.5.2 Other B-physics observables

It is easy to compute By ; mixing amplitudes in the two-site model. The main
new physics contribution comes from the flavor violating couplings of heavy gluon,
just like for AS = 2 process discussed earlier. We have checked that bounds on By s
mixing amplitude is satisfied once ey is safe: see also [11, 12] for related discussions.

In detail, the (V —A) x (V4 A) type operator generated in the two-site model is
less constrained in the B, s systems than in the K system for the following reasons.
Firstly, the model-independent constraint on C}< (M, ) /CY™M (My) is weaker in the
B, s system than in the K system since there is no matrix element enhancement
for Cy5 in the B, ¢ mixing operators (unlike for K mixing). Secondly, in the two-
site model, the size of C}% (M.,) /CT™ (My) for By, ; mixing turns out (due to the
particular values of down-type quark masses) to be smaller than in K mixing. For
the (V £ A) x (V £ A) type operator, the analysis is similar to that for X mixing.

Besides AF = 2 processes, there are also new physics contribution to AF =1
processes in the two-site model. For example, the non-universal shift (in gauge
eigenstate basis) in the Z couplings for by (vs. dp, sp) will lead to flavor-violating
couplings to Z once we transform to mass eigenstate basis, resulting in the (flavor-
violating) processes b — sf f, where f = quark, lepton. We have checked that the
new physics contribution to b — sl*I~ process is below the experimental bound once
we satisfy 09755, /9z6,5, S 0.25% as required by the flavor-preserving Z bb data: see
also [13] for a related discussion.

We also checked the new physics contribution to the time-dependent CP asym-
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metry in b — sv, i.e.,, Scp which requires an interference between the C; and
amplitudes: Sgp ~ CLC7/(|C7]? + |C%)?). In the SM, Sgp ~ mg/my due to the
suppression of C! by mg/m, relative to C7 [64]. In the two-site model, new physics
contribution will generically give C, ~ CZM so that we expect Scp to be sizable in
the two-site model. However, we found that there is no significant constraint coming

from Scp because of the large experimental uncertainty at present [31].
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Figure B.2: Scatter plot for shift in BR(b — sv) and Im (Cyx) for M, = 5 TeV,
the composite site gauge coupling g,. = 3 and different values of Y*¢ (defined here
as the geometric mean of the composite site Yukawa couplings |Kf‘”d\) The allowed
region is below and to the left of the (red) solid lines. For g, = 6, the allowed

region is below the dashed line and to the left of the solid (red) line. (see discussion

in section 2.6).
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Figure B.3: Scatter plot for dg;,,, and Im (Cy) for M, = 5 TeV, the composite
site gauge coupling gy, = 3 and for different values of Y*¢ (defined here as the
geometric mean of the composite site Yukawa couplings |K:Lwd|) The allowed region
is below and to the left of the (red) solid lines. For g, = 6, the allowed region is

below the dashed line and to the left of the solid (red) line. (see discussion in section

2.6).
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Figure B.4: Same as Fig. B.2, but with M, = 10 TeV.
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Figure B.5: Same as Fig. B.3, but with M, = 10 TeV.
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Figure B.6: Same as Fig. B.2, but with M, = 3 TeV.
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Figure B.7: Same as Fig. B.3, but with M, = 3 TeV.
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Chapter C
Higgs and Radion

C.1 General misalignment formulae

Here we present the result for the misalignment for general fermions (both UV

and IR localized). The largest contribution (second term of Eq. 3.29) is

A9 — o9m3 R 2+ca—cg+p glt2ea B 1 B €2—2¢q+2cq
1 = d (14+2cq)(1—=2¢,) |3—ca—cy+ B 4d+cg—cy+P 3—ca—cg+
q d q d q d q
€ 2¢qtl ¢—2cq+2c4+2
J— (67172661 _ 1)
3+catcg+ 0 44203
e Feat2eat2 2ca+1 o
- - Cq __ 1 e —1-2¢c4 1
Tras )t 5 25 )
6—20q+1 " €2+20d—20q Ly L
Fnp ey G Sl ) (e )| L (C1
+5—|—20d+2ﬁ(6 )+6+Cd_cq+3ﬁ(€ )(6 ) ( )

For the case of the UV localized fermions (¢, > 0.5, ¢4 < —0.5) the 3rd, 4th and 9th
terms are dominating and we recover Eq. (3.36). For the subleading contribution

of the misalignment A¢ (first term of Eq. 3.29) we get:

Ad B mzRIQ 1 — 62 N 62cq—1 _ 62 N 61—2cq _ 62
21 =2, | el -1 (207l —1)(3—2¢,) (14 2c,)(e2a"1 —1)
1 261—20q (620,1—1 _ 1)61—20,1

- + + + (cq,q < —c C.2
dd4ci—cg+0 3+ct+ceatp 5+ 2cq + 203 (€ wd)| (C2)

For the UV localized fermions (¢, > 0.5, ¢4 < —0.5) the 3rd, 5th and 6th terms are

important and we recover Eq. (3.37).
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C.2 Misalignement due to v(z) # h(z)

In this section we discuss the possible flavor violation coming from the the
misalignment between the physical Higgs profile and the Higgs vev profile. The

profile of the KK Higgs modes are given by [39]
ho(2) = B2*(Yi15(mR)Js(mz) + Jiis(mR)Ys(mz)). (C.3)

where the mass of the KK mode is determined by the boundary conditions. Then
for the lightest mode (physical Higgs) we can expand the Bessel functions using
(m < 1/2)

2

h(z) = A(my)z*° (1 - %) (C.4)

where the constant A(my) is fixed by requiring the Higgs profile normalization. One
can see that in the limit (my = 0), the profiles of the physical Higgs and the profile
of its vev become proportional to each other. Then, the normalization constants of

the Higgs field and the Higgs vev, A(my) and V(3) (Eq. 3.10), will be related by

A1) g0 = A(0) = L) (©5)
V4
and so the profile of the Higgs will be given by
m2 R m2, 22 /
h(z) = A(0)2**7 {1 + 2(4H+ 5 4(111@ +0 ((m%,R?)?)} (C.6)
_v(2) m? R m2 2* ,
Cu {1 o aarm O (<m%32)2)} '

This will lead to a new contribution to the shift A4

! 24Pt } (C.7)

d_ 2 2 —
A3 = —my(my R*) [2(4+5) 4(1 4 B)(4+4 B+ ca—cq)
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but one can see that in the limit 7 — oo this contribution decouples. Moreover,

even for finite 3, the numerical size of this type of flavor misalignment is small.

C.3 Convergent infinite sum in the mass insertion approximation

In this appendix, we address again the “contradiction” between the mass in-
sertion approximation and the 5D calculation when the Higgs is on the IR brane.
We will prove that one can obtain the result of Eq. 3.56 from direct calculations of
the Feynman diagrams in the insertion approximation.

Naively, the importance of the Y, term looks counter intuitive because the
profiles qr,d;, do vanish at IR brane. Indeed if one follows the insertion approx-

imation (see Fig. 3.1) then the coupling between ¢k d&&

and the Higgs vanish,
so there will be no contribution to fermion masses and Yukawa couplings out of
that diagram. However there is a subtlety in this approach, since we are expanding
in KK modes by using the profiles for the case (H) = 0. This means that after
electroweak symmetry breaking, we should include the mixing between the whole
tower of KK modes induced by a nonzero Higgs vev. Naively the heavier KK modes
should decouple so that their contribution should not qualitatively affect the final
result. But this appears not to be the case.

For simplicity we will start our discussion from the case of a flat extra dimen-
sion. Now, the fermion profiles are given by sine and cosine functions instead of

Bessel functions, and the derivation becomes much more transparent. At the same

time when the Higgs is localized on one of the branes, we still have the same issue
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for any Yukawa coupling between odd modes and the Higgs i.e., the term Ysqgrdy,
naively should not lead to any misalignment between fermion masses and Yukawa
couplings.

The profiles of the even KK modes are given by

"/ m 1 nz
qL<dR) = ﬁCOS <E) s n = :l:l, :l:27
1
Ny = C.8
QL< R) m ( )
and the odd KK mode profiles are
w1 sin(@> n=+1,+2
dr = & R = , T2, ...
1 nz
&' = ——gin (—) n=41,+2 .. .9
" ViR \R 9

The coupling YoHQrD6(y — mR) should vanish because Qr and Dy, are vanishing
at y = mR, but in the diagram (Fig. 3.1) we have to include all the KK modes, so we
will have an infinite sum of zeroes, and in order to treat all the infinities accurately
we will again use the rectangular regulator Eq.(3.47) for the delta function.

Let us define the following quantities:

Y — coupling between “m” and “n” even KK modes

Yo — coupling between “m” and “n” odd KK modes (C.10)
then
: (n—m)e . (n+m)e
(_1)m+n S1n ( R ) S11 ( R ) (_1)n+m ) e 2

ye — - 14+0((n, (—) ,

mn 27e n—m + n+m 2R + (n,m) R
o (—1)mtn sin (%) sin <("+Rm)€) (—1)+m (5 >2

= = — =——— (=) mn
mn 27e n—m n+m 3TR R

l1 +0 <(n, m)? (%)4)] (C.11)
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In a similar way one can calculate the coupling between the 0 and the n-th even KK

modes:

Ye =Y :\g: SinT(Ln_Ra) - Y17<T?/_12); 1+0 (%)} (C.12)

As we said before to find the O(v®R?) misalignment between fermion masses and
Yukawa couplings, it is sufficient to consider the contribution of the diagram with
three Higgs insertions (see Fig. 3.1) and sum over all KK modes. However, for KK
modes with |n|,|m| 2 R/e, the sinusoidal oscillation of the odd wavefunction inside
the Higgs profile will tend to make the Y7, coupling vanish. Thus we need to sum

up |n|,|m| only up to ~ R/e, and the estimate of that sum will be:

R/e
R R
Ad ~ 2 ye _“yo _“ye
1 v Z Onn nm ., Om

(C.13)

One can see that all of the terms up to n < R/e are of the same order, and so the

Y2 Yav?

sum should be finite and proportional to -

. Exact resummation gives us

B }/12Y'21)3

Ad
! 6w R

(C.14)

It is important to mention that to account for the flavor mixing effects one has to
sum at least the first R/e terms. And the lightest mode is an admixture of the zero
mode and the first R/ KK modes. This should not be surprising because the zero
Higgs vev expansion should include all KK modes up to the value of the cutoff and
the cutoff is related to the inverse of the Higgs wavefunction width. In our case the
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width of the Higgs profile is € so we have to sum all the modes with masses up to
1/e.
In the case of the warped geometry things become a little bit more complicated,

because the sine and cosine are replaced by the Bessel functions:

1

“(z,m = 2)5/? mpz m M2
fe(z,my) (R2) NVRNRR) [Ja(mn2) 4 ba(mn)Ya(my2)]
“(z,m = 2)%/? ! _1(myz m _1(my,2)|(C.
fe(z,my) (R2) N VR [Ja—1(mn2) + ba(mn)Ya-1(m,2)|(C.15)
where
a = c+ ¢

Jact(muR)  Jaor(mnR)

bo(mn) = =y (C.16)

but for the cases when the mass of the KK mode is % <m <K }—1% the expressions

for the profiles simplify significantly

m,R' ~ w(n+c/2+1/2)

2
Ja n ~ n< — 2 1
(mn2) p— cos(mpz —m/2(c+ 1))
Ja1(mnz) 2 cos( /20
a_1(mpz) ~ cos(myuz — m/2c
! TNy 2
(C.17)
so the ratio
Mlz:m—a . sn(mae) sin(mne) (C.18)
fe(z,my) cos(mye)
and so it becomes obvious that
Y5 ~ sin(mye) sin(me). (C.19)
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One can see that Y has the same dependence on the KK numbers as in the flat
case, and on the masses of the KK modes m,, ~ mn/R’ for large n, so the calculation
for the warp geometry will proceed exactly as in the flat geometry case.

There is yet another way to understand this result!. Instead of operator

YoHu,qr we can consider the following effective operator localized at the IR brane:

Ya(.11)(0.qr) H 6(2 — R

A2 (C.20)
Then the contribution to the diagram (Fig. 3.1) will be
Yiv Yom,,m; Vv
Al ~ _
1 ZA m, A2 my
n7l~Mk
Y2Y2U2
~ e > (C.21)
Sy
Y'12Y'2U2
M,

and we can see that the effect of every KK mode becomes equally important and
we again have to sum up all the modes up to the value of the cutoff A, obtaining
a cutoff independent finite result. On the other hand it is easily seen that this
operator corresponds to giving Higgs some finite width ~ % Indeed if will use the

boundary conditions for the profiles ur|,, = gg|,, = 0 we will get

Qa1 1
) (reg) o) e

so the operator (C.20) is equivalent to

Qg
A

(0:11,)(0:qr)Ho(z — ')
A2

& (Tnqn) Ho (z o %) (C.23)

'We thank Raman Sundrum for suggesting it.
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This result is not surprising because the width of the Higgs profile should be related

to the value of the inverse cutoff.

C.4 Interactions of the radion

In this appendix I will present the couplings of the radion to the SM fields[50].

Because the radion is part of the of the five dimensional gravity multiplet it should

couple to matter via energy momentum tensor. Using the precise form of radion

excitation (4.1) we can derive that it will couple to energy momentum tensor in the

following way,

1
S adion = -3 / dx/gT" N Sgan = / &x\/g (F(TrT"N —3T%g55)) . (C.24)

C.4.1 Couplings to the massive vector bosons

Now we can derive interactions of the radion with all SM fields. Let us start

with interactions of the radion with massive vector bosons. Using Eq. (C.24) and

(4.2) we can see that these interaction will be

2r r 1
LV A — 7
A" Aln% weWaw +
T 1 1
— W, W, M2R? B
e

where W, is a field strength for the massive vector boson.
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C.4.2 Interactions of the radion with massless vector bosons

The simplest way to derive this coupling is to observe that radion degrees of
freedom correspond to the change of the length of extra dimension, so we can derive

its coupling by making substitution,
R — R (1 + %) . (C.26)

Starting from gauge coupling matching relation (B.3) we will get

1 1 1 R buv, 1  br 1
~—+—+(— |In(R/R)+ —In— +—1In
= (g e s

(C.27)

where now byy i are beta functions of the fields localized at UV and IR branes

respectively, and making substitution (C.26) we will get

T R b]R
—— |5 —=— | F"F,,. C.2
4\ (ggD 87r2) a (C-28)
But from low energy theorems we know that heavy fields become decoupled and do

not contribute to the gauge coupling running, so we have to subtract their contri-

bution

812 ¢ g2 qR’

O 1, b)) L (C.29)

where b stands for the contribution of the heavy fields, and we have assumed that
the heavy states have mass of order R'~!. Then the radion couplings become equal

to

—b
AEmen e
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where the —by automatically counts the contribution of the triangle diagrams. The

gauge coupling matching condition modifies to,

1 1 1 1 bgp. 1 bypy. 1 by
g* :

= S A P (C.31
Zp WE|[P@) Gy gin S qR s TS nR’qh )

Then the interaction of the radion will be given by

1 1\b—b /
- { QR —( . +T) o In (E)] FrE,, (C.32)

where b = byy + byg is total beta function corresponds to the trace anomaly and by

corresponds to the contribution of the heavy quarks from triangle diagrams.
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