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ABSTRACT: A complete discussion of tree-level flavor-changing effects in the Randall-
Sundrum (RS) model with brane-localized Higgs sector and bulk gauge and matter fields
is presented. The bulk equations of motion for the gauge and fermion fields, supplemented
by boundary conditions taking into account the couplings to the Higgs sector, are solved
exactly. For gauge fields the Kaluza-Klein (KK) decomposition is performed in a covariant
R¢ gauge. For fermions the mixing between different generations is included in a completely
general way. The hierarchies observed in the fermion spectrum and the quark mixing ma-
trix are explained naturally in terms of anarchic five-dimensional Yukawa matrices and
wave-function overlap integrals. Detailed studies of the flavor-changing couplings of the
Higgs boson and of gauge bosons and their KK excitations are performed, including in
particular the couplings of the standard W+ and Z° bosons. A careful analysis of elec-
troweak precision observables including the S and T parameters and the Z%b couplings
shows that the simplest RS model containing only Standard Model particles and their
KK excitations is consistent with all experimental bounds for a KK scale as low as a few
TeV, if one allows for a heavy Higgs boson (my < 1TeV) and/or for an ultra-violet cut-
off below the Planck scale. The study of flavor-changing effects includes analyses of the
non-unitarity of the quark mixing matrix, anomalous right-handed couplings of the W+
bosons, tree-level flavor-changing neutral current couplings of the Z% and Higgs bosons,
the rare decays t — c(u)Z° and t — c(u)h, and the flavor mixing among KK fermions.
The results obtained in this work form the basis for general calculations of flavor-changing
processes in the RS model and its extensions.
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1. Introduction

The Standard Model (SM) of particle physics has passed every direct experimental test
with flying colors. Yet it is not an entirely satisfactory theory, because it raises but leaves
unanswered many fundamental questions. In particular, there are many hierarchies built
into the SM that have a priori no explanation. The most famous of these is the huge
separation between the electroweak and the Planck scales. Various solutions have been
proposed to explain this hierarchy. One particularly appealing possibility is the Randall-
Sundrum (RS) scenario [il. In this model, four-dimensional (4D) Minkowskian space-time
is embedded into a slice of five-dimensional (5D) anti de-Sitter (AdSs) space with curvature
k. The fifth dimension is a S1/Z5 orbifold of size 7 labeled by a coordinate ¢ € [—, 7],
such that the points (z#, ¢) and (z#,—¢) are identified. In its original form, the metric of
the RS geometry is given by

ds* = e= 2@y, datda” — r2de?,  o(¢) = kr|g], (1.1)

where z# denote the coordinates on the 4D hyper-surfaces of constant ¢ with metric 7, =
diag(1,—1,—1,—1), and € is called the warp factor. Three-branes are placed at the orbifold
fixed points ¢ = 0 as well as ¢ = 7 and its reflection at ¢ = —x. The brane at ¢ = 0 is
called Planck or ultra-violet (UV) brane, while the brane at ¢ = 7 is called TeV or infra-red
(IR) brane. The parameters k and 1/r are assumed to be of the order of the fundamental
Planck scale Mp, with the product kr &~ 12 chosen such that the inverse warp factor
e AR _ —krr o q016 (1.2)
Auv

explains the hierarchy between the electroweak and the Planck scales.

In the RS framework the question about the origin of the gauge hierarchy is thus
transformed into the question why the logarithm of the warp factor,

=—lne=krrn=37>1, (1.3)

is moderately large compared to its natural size of the order of a few. Indeed, this small
hierarchy can be generated dynamically with reasonable tuning using the Goldberger-Wise
stabilization mechanism [[], and we will take for granted that such a mechanism is at work.
The warp factor also sets the mass scale for the low-lying Kaluza-Klein (KK) excitations
of the SM fields to be of order of the “KK scale”

Mgy = ke = ke ™™™ = O(few TeV). (1.4)



For instance, the masses of the first KK gluon and photon are approximately 2.45 Mkxk.

While the original RS model aimed at solving the hierarchy problem up to the Planck
scale, there may be good arguments in favor of lowering the UV scale to a value signif-
icantly below Mp;. Higher-dimensional spaces with warp factors arise naturally in flux
compactifications of string theory [§—[f], and it is thus not unlikely that the RS model will
have to be embedded into a more fundamental theory (a UV completion) at some scale
Ayv < Mp;. From a purely phenomenological point of view, it would be possible to lower
this cutoff to a scale only few orders of magnitude above the TeV scale, even though in
this case the true solution to the hierarchy problem is only postponed to larger energy.
Such a scenario has been called the “little RS” model [[f], in analogy with “little Higgs”
models, which stabilize the Higgs mass up to scales of order (10-100) TeV [§, §]. While less
appealing from a conceptual point of view, the possibility that the parameter L in ([[.3)
could be less than about 37 should not be discarded. As we will see, many amplitudes in
the RS model are enhanced by this parameter.

By virtue of the AdS/CFT correspondence [[—[[d], 5D gravitational theories in
anti de-Sitter space have a dual description in terms of strongly coupled 4D conformal
field theories. For the case of the RS scenario, in which the conformal symmetry is broken
on the IR brane, implications of this correspondence have been explored in [[[3-[16] (for
a review, see [[[7]). Among other things, the holographic dictionary implies that 5D fields
living near the IR brane in the RS setup correspond to composite objects in the conformal
field theory, while fields living near the UV brane correspond to elementary particles. In
a setup where the Higgs sector is localized on (or near) the IR brane, it is thus natural
to think of the Higgs boson as a composite object [[[§, [[J], whose mass is naturally of the
order of the KK scale.! The fact that a light Higgs boson with my < Mgk is (in this
sense) unnatural in the RS model will become important for parts of the discussion in this
work.

It will often be convenient to introduce a coordinate ¢ = €e?(®), which equals € on the
UV brane and 1 on the IR brane [RT]|. Integrals over the orbifold are then obtained using

i or [ldt 4 or [1
, 20 - o(¢) _, 20
ﬂdgb /6 ot /quﬁe €/e dt, etc. (1.5)

Another widely used form of the RS background is the conformally flat metric [27]

2 _ E ? 5 DR ZA B
ds” = p (M da*dz” — dz7) (1.6)

restricted to the interval z € [R, R], where R and R’ denote the positions of the UV and
IR branes, respectively. To facilitate the comparison of our formulae with existing results,
we recall that the variables in the two reference frames are related by

t 1 1 R’

MKK’ ]{37 MKK’ nR ( )

z

IThis may be different in gauge-Higgs unification models @], which will not be considered here.



In the original formulation of the RS model [fll], all SM fields were constrained to reside
on the IR brane. It was soon realized that, while the Higgs field has to be localized on
(or near) the IR brane in order to solve the hierarchy problem, gauge [2J-R6f] and matter
fields 1, Rq] can live in the bulk of AdS;. This possibility furnishes both challenges and
opportunities for model building. With bulk gauge fields, the compatibility of the model
with electroweak precision measurements at first seemed in jeopardy, since delocalized W+
and Z° bosons were found to induce harmful corrections to the Peskin-Takeuchi [P7,
parameters S and T' 29, RJ], which however are tightly constrained by experiments [R9].
Placing fermions in the bulk allows to significantly relax the constraint from the S param-
eter [R6, B0-BZ. The remaining issue of excessive contributions to the T parameter can
be cured, e.g. , by extending the bulk hypercharge group to SU(2)z x U(1)x and breaking
it to U(1)y on the UV brane [BJ]. An embedding of the SM fermions into the custodially
symmetric SU(2)z, x SU(2) g model, under which the left-handed bottom quark is symmet-
ric under the exchange of SU(2)y and SU(2)g, allows one to protect the left-handed Z°bb
coupling from vast corrections [B4].

Delocalized fermions have the further virtue of admitting a natural explanation of the
flavor structure of the SM by harnessing the idea of split fermions [BF. In fact, it is perhaps
not an overstatement to say that the RS scenario offers the best theory of flavor we have
to date. Starting from anarchic 5D Yukawa couplings, the large mass hierarchies of the
SM fermions can be generated without flavor symmetries by localizing the SM fermions
at different points in the fifth dimension [I], B6, Bd, B7]. Given the large hierarchy of
quark masses in the SM, small mixing angles in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix are a natural consequence of this scenario [B7]. This way of generating fermion
mass hierarchies also implies a certain amount of suppression of dangerous flavor-changing
neutral currents (FCNCs) [B4], which goes by the name of RS-GIM mechanism [Bg, BY.
This mechanism successfully suppresses almost all flavor-changing transitions in the quark
sector below their experimental limits.

During the past years various studies of the flavor structure of the RS model have been
performed. Properties of the (generalized) CKM matrix, neutral-meson mixing, and CP
violation were studied in [B7]. Z°-mediated FCNCs in the kaon system were considered
in [{0], and effects of KK gauge bosons on CP asymmetries in rare hadronic B-meson decays
induced by b — s transitions were explored in [[]]. A rather detailed survey of AF = 2 and
AF =1 processes in the RS framework was presented in [Bg, B9. In particular, the second
paper explores a variety of possible effects and analyzes several different rare decay pro-
cesses. The branching ratios for the flavor-changing top-quark decays t — cZ°%(vy, g) were
examined in [f]. The first complete study of all operators relevant to K—K mixing was
presented in [IJ]. Some general, model-independent approaches for studying new physics
contributions to AF = 2 and AF = 1 operators were developed in [[i4, [j]. It has been
recognized that the only observables where some fine-tuning of parameters appears to be
unavoidable are CP-violating effects in the neutral kaon system [[i6, i3, and the neutron
electric dipole moment [, @], which for generic choices of parameters turn out to be too
large unless the masses of the lightest KK gauge bosons lie above (10-20) TeV. In view of
this problem, several modifications of the quark flavor sector of warped extra-dimension



models have been proposed. Most of them try to implement the notion of minimal flavor vi-
olation [[£7, g into the RS framework by using a bulk flavor symmetry [i9-pJ]. In another
approach the idea of textures of the 5D Yukawa matrices is explored [FJ. The problem
of too large electric dipole moments has been addressed using the idea of spontaneous CP
violation in the context of warped extra dimensions [4].

This paper is the first in a series of articles devoted to a thorough analysis of flavor
physics in RS models. It collects a large body of known results in the literature and
extends them in various aspects. In a companion paper we apply these results to present
a complete discussion of tree-level flavor-violating AF = 2 and AF = 1 effects in the
quark sector [@, @] As our benchmark scenario we consider the simplest implementation
of the RS model, in which all SM gauge and matter fields are allowed to propagate in
the bulk. We thus assume that the bulk theory is symmetric under the SM gauge group
SU(3)¢c xSU(2), xU(1)y, which is broken to SU(3)¢ x U(1)gm on the IR brane by coupling
the SM fields to a minimal, brane-localized Higgs sector. It would be rather straightforward
to extend the discussion of tree-level effects to more complicated setups with an enlarged
gauge symmetry or the Higgs sector living in the bulk. At the loop level, the predictions
for FCNC processes will become model-dependent and the baroque fermionic content of
many extensions of the original RS scenario might lead to more stringent flavor constraints
when compared to the minimal model.

This article is organized as follows. In section f, we discuss the KK decomposition
of the bulk gauge fields in the presence of the brane-localized Higgs sector, working in a
covariant R¢ gauge. We derive exact results for the masses of the SM gauge bosons and
their KK excitations, as well as for the profiles of these fields. We also discuss how sums over
KK towers of gauge bosons arising in tree-level diagrams at low energy can be evaluated
in closed form. The analogous discussion for bulk fermions is presented in section [, where
we solve the exact bulk equations of motion in presence of the brane-localized Yukawa
sector, which mixes the NV fermion generations. In particular, we point out that the exact
equations of motion imply that the bulk profiles belonging to different mass eigenstates
are not orthogonal on each other. This observation will have important implications for
flavor physics. We also comment on dimensional-analysis constraints on the scale of the 5D
Yukawa matrices. Section [ is devoted to a review of the implications of the RS setup for the
hierarchical structures of fermion masses and mixings. We emphasize the invariance of the
results for these masses and mixings under two types of reparametrization transformations
of the 5D bulk mass parameters and Yukawa matrices. In section || we present the main
results of our work by analyzing the structure of gauge boson interactions with SM fermions
and their KK excitations. In particular, we study in detail the flavor-violating couplings
of the W and Z° bosons to SM fermions. Some phenomenological implications of these
results are discussed in section . We begin by studying the constraints on the model
imposed by various electroweak precision measurements. Even though these constraints
have been explored in the past by many authors, generally concluding that they force an
extension of the minimal model, we find that even the simplest model provides a consistent
framework if one gives up the requirement of a light Higgs boson. As mentioned earlier,
this is indeed natural in models with a brane-localized Higgs sector. We also show that this



model can be made consistent with the experimental constraints on the Zbb couplings.
Allowing again for a heavy Higgs boson, we obtain a significantly better description of
the data than in the SM. In our work we concentrate on the leading contributions to
the electroweak precision observables, ignoring possible effects of brane-localized kinetic
terms [F7]-F9). Although the UV dynamics is not specified, it is natural to assume that
these terms are loop suppressed, so that they can be neglected to first order. We also point
out that the KK excitations of the SM fermions have generically large mixings between
different generations as well as between SU(2), singlets and doublets. The reason is that
without the Yukawa couplings the spectra of the KK towers of different fermion fields are
nearly degenerate because of the closely spaced 5D bulk mass parameters, so that even
small Yukawa couplings can lead to large mixing effects. Finally, we explore predictions
for the tree-level FCNC decays t — c(u)Z? and t — c(u)h, which might be detectable at
the LHC. A comprehensive study of flavor effects in the B-, D-, and K-meson systems
will be presented in [56]. Section [ contains our conclusions and an outlook. In a series of
appendices we collect details on the textures of the various flavor mixing matrices, our input
values for SM parameters, and some numerical results for mixing matrices corresponding
to a reference RS parameter point.

2. Bulk gauge fields

In this and the following sections we derive the KK decompositions of bulk gauge and
matter fields in the presence of a brane-localized Higgs sector. While most authors treat
the couplings of bulk fields to the Higgs sector as a perturbation and expand the theory
in powers of v? /MI%K, we instead construct the exact solutions to the bulk equations of
motion subject to the boundary conditions imposed by the couplings to the Higgs sector.
In that way we obtain exact results for the masses and profiles of the various SM particles
and their KK excitations. This approach is more elegant than the perturbative one and
avoids the necessity of diagonalizing infinite-dimensional mass matrices.

We begin our discussion with the gauge sector, considering the simplest case for which
the bulk gauge group is that of the SM. We will discuss the KK decomposition for the
electroweak sector only. The extension to the strong interaction is straightforward.

2.1 Action of the 5D theory

We consider bulk gauge fields W, and Bys of SU(2)z, x U(1)y, coupled to a scalar sector
on the IR brane. We choose the vector components W} and B, to be even under the Z,
orbifold symmetry and the scalar components W§ and By to be odd. This ensures that
the light mass eigenstates (often called “zero modes”) correspond to the SM gauge bosons.
The action can be split up as

Sgaugo = /d433"l"/ d¢ (EW,B + £Higgs + EGF + £FP> ’ (21)
where
Lwp = @ GEMGEN (-% Wi Wiy — i BKLBMN> (2.2)



is the Lagrangian for the 5D gauge theory, while the Higgs-sector Lagrangian

Liigs = =T [, 001 (Dr) V@), V(@) =-uele 4 (<I>T<I>>2 (2.3)

T

is localized on the IR brane. After electroweak symmetry breaking (EWSB), we decompose
the Higgs doublet in terms of real scalar fields ¢ as

_ L —iv2eT(2)
P(z) = V2 (v + h(z) + icp3(a:)> ' (2:4)

where v ~ 246 GeV is the Higgs vacuum expectation value, and ¢* = (¢! Fip?)/v2. We
also perform the usual field redefinitions of the gauge fields
1
Wi = — (Wi FiW3,),
M= (Was ¥ iWiy)
S (9sWr — 95Bumr)
VE + 95

1
g5Wir + 95Bur)

NzEra

where g5 and g are the 5D gauge couplings of SU(2);, and U(1)y, respectively. This

Iy =

Ay =

diagonalizes the 5D mass terms resulting from EWSB, in such a way that the W= and Z°
bosons get “masses” (with mass dimension 1/2)

My =5,y = RS

while the photon remains massless (M4 = 0).

(2.6)

The kinetic terms for the Higgs field give rise to mixed terms involving the gauge
bosons and the scalar fields * and 3, which can be read off from

D.® — 1 _i\/i(au90++MWWJ)
V2 b+ (0,9 + My Z,)

In addition, the kinetic terms for the gauge fields in (R.2) contain mixed terms involving

) + terms bi-linear in fields . (2.7)

the gauge bosons and the scalar components Wi, Zg, and Ag. All of these mixed terms
can be removed with a suitable choice of the gauge-fixing Lagrangian. We adopt the form

- 2
1 8¢ 6_2U(¢)A¢
__ o _e|PeCe 49
Lar = % (8 A“ & 2
(51l — ~20(¢) 2
_ i auZ“ _5 6(‘¢’ 7T) M, (703 + 8¢)6 Z¢
2¢ r r2 (2.8)
r B 9 20O+ ’
1 HWF ¢ MMwaru
3 " r 2
_ a 6_2U(¢)W_
% (8“WM_—§ [MMV[,@— +¢—2¢]> )
r r



More generally, each term could be written with a different gauge-fixing parameter &. Note
that, despite appearance, there is no problem in squaring the d-functions in this expression.
We will see below that the derivatives of the scalar components of the gauge fields W(;t and
Zg also contain a d-function contribution, which precisely cancels the J-functions from the
Higgs sector. As a result, contrary to the treatment in [p(], we do not need to introduce
separate gauge-fixing Lagrangians in the bulk and on the IR brane.

Using integration by parts, we now obtain for the quadratic terms in the action

™ 1 1
Sgauge,2 = /d4:nr/ dqb{ =7 P = 5% (0"A,)°

e—20(e) g

8¢e‘20(¢’)A¢ 2
[0, AgO" Ay + 04 A0, A" — B

_|_

A 2 7‘2
g g L2 T g s 0,2.0,2"
Rl f( M) + 972 [ w ¢ T 0pZp0g ]
o—20(9)
- % WL g Lo omw 4 C [auwgaﬂwdj oW oW T (29)

_ M?
+5(|¢L ”)[ 0, hd" h—Xv*h? + 90+6“90 +5 8 w0+ =2 2, 21 + My WiW “}

— —20(¢) 7
_g[«s(w ™) gy gt 4 20y
2 r r
Sl — Dy e 20@) W+ _ Qye 2w
5[(@ D iy o+ 2 7)oy Do T TPV +.ch}.

The form of the Faddeev-Popov ghost Lagrangian Lpp will be discussed after the KK
decomposition.

Before proceeding, a comment is in order concerning the precise meaning of the above
expressions. For the consistency of the theory it is important that one can integrate by
parts in the action without encountering boundary terms. Otherwise the Lagrangian
is not hermitian. Yet, the presence of d-function terms on the IR brane gives rise to
discontinuities of some of the fields at |¢| = 7, which appears to jeopardize this crucial
feature. In order to define the model properly, we will always understand the J-functions
via the limiting procedure

561 —m) = lim = [8(6—7+6) + 56+ —0)]. (2.10)
In this way the discontinuities are moved into the bulk, and the fields can be assigned
proper boundary conditions on the branes, which are consistent with integration by parts.
We perform all calculations at small but finite # and find that at the end the limit § — 0%
is smooth, giving rise to well-defined jump conditions for the fields and their derivatives
on the IR brane. When necessary, we will use the notation f(7~) = limy_,o+ f(7m — ) to
indicate the value of a function f that is discontinuous at |¢| = .



2.2 Kaluza-Klein decomposition

We write the KK decompositions of the various 5D fields in the form

u(z, ) = \[ZA Aglx, ¢) = \fzanm ) 0 X1 (),

Zy(z,¢) = W Z Z () x2(9) Zo(w.0) = = Zan 05 (@) X2 (9)
WiE(z, ¢) = fzwi (@), Wiz, ¢) = fZa%#" ) 0 X (9),
(2.11)

where A,(Ln) etc. are the 4D mass eigenstates, and the various x? profiles form complete sets
of even functions on the orbifold, which can be taken to obey the orthonormality condition

" (8) X(D) = B (2.12)

—T
The 4D scalar fields can also be expanded in the basis of mass eigenstates, and we write
these expansions in the form

bezv o (@), anwz . (2.13)

We will denote the masses of the 4D vector fields by m% > 0 (with a = A, Z, W). The
masses of the scalar fields gpfln) will be related to these by gauge invariance.
Inserting these decompositions into the action, one finds that the profiles x% obey the

equation of motion [B3, B4

1 —<40 a a a 5 ¢ -7 a
Lo, 9,300 = o) - WD azve) g
The boundary conditions are
9y x5 (0) =0, (UV brane)
TM2 (2.15)

0p Xn(7) = =5 3" Xa(m). (IR brane)

From these conditions one derives the eigenvalues m?.
We find that the action takes the desired form

2 (mA)2
4 v(n n n n n
Sgauge2 = E:/d { T e — 2 (3MAEL)) A A Ak
L) gy (aﬂ Z<n>)2 LM ) put
g T 2 g 2

1

n —pv(n n —(n W2 n —p(n
_iwﬁ( W u()_gauwj()(‘)uwu( )+ (m!") W;( )y —#(n)

(2.16)

1 n n m;? 2 n) (n 1 n n mf 2 n) (n
+ §au9054)8u9054)_§(7) 9054)902)4'58#90(2)8”90(2)_% 030y

0o — il e

+ /d4x (%@h(‘)*‘h - )\v2h2> + Z/d%; .



if and only if
1 M, x* (7~
L e Maoa(m) (2.17)
me Vro oma

The resulting theory contains a tower of massive gauge bosons with masses m?, accompa-

a
a’l’L

nied by a tower of massive scalars with masses /€ m¢, as well as the Higgs field h with
mass v2Av. Note that with (B.17) the 4D gauge-fixing Lagrangian derived from (2.§) takes
the simple form

r dMGF_Z%F, (2.18)
with
cgﬁ=—§<8“AL"’—fméwff)> e N
g(awv* —emW o )(aﬂw —&my, ‘P_(n)>'

For each KK mode these expressions are identical to those of the SM. It follows that the
form of the Faddeev-Popov ghost Lagrangians E%P) in (R.16) is analogous to that of the

SM, with the only generalization that a ghost field is required for every KK mode.

2.3 Summing over Kaluza-Klein modes

The tree-level exchange of a SM gauge boson accompanied by its KK excitations in a generic
Feynman diagram leads to a combination of propagator and vertex functions, which in the
low-energy limit, i.e. , for small momentum transfer ¢2, can be expanded as®

Xn(9) Xn(¢') _ i (q2)N—1 Z Xn(®) xn (@) (2.20)
= m)Y '

2 _ 42
n My —4 N=1

The gauge-boson profiles x,, are integrated with other profiles at each vertex. The sums over
profiles weighted by inverse powers of m2 can be evaluated in closed form by generalizing
a method developed in [61].

The simplest sum is obtained using that the bulk profiles yx, form a complete set of
orthonormal, even functions on the orbifold, subject to the boundary conditions (R.17).
Relation (2.17) then implies that

an

where n runs from 0 to co. Here and below, the index n = 0 refers to the light SM particle,

[0(6 — ¢") +0(6 +¢)], (2.21)

l\’)l}—t

which may or may not be massless.
To proceed, we integrate the equation of motion (B.14) twice, accounting for the bound-
ary condition JyX,(0) =0 on the UV brane. This yields

¢/
Xn(®) — xn(0) = —1?m? / d¢ e27(¢) /0 de" xn(¢"). (2.22)

2From now on we omit the superscript a on the gauge-boson profiles unless it is required for clarity.

— 10 —



Note that this formula holds even in the presence of the boundary term on the right-hand
side of the equation of motion, which results from EWSB. This term affects the eigenvalues
T, determining the gauge-boson masses, but it does not affect the functional form of the
profiles beyond that change. The appearance of the profile x,,(0) on the UV brane in (R.23)
is a new element, which has not been considered in [E]].

Using the result (R.29) along with the completeness relation (R.21), the sums over
profiles in (R.2() can be evaluated using an iterative procedure, which can be generalized
to arbitrary order. For the first and most important sum we obtain

Xn () Xn(¢/) X%(O) Lé? (P>
En: s = m2 471\212(K [62 (¢>) _ 1] ; (2.23)

where ¢~ = max(|¢|, |¢'|). Asit stands, this relation holds only for the case where the gauge
symmetry is spontaneously broken, so that the lowest mass eigenvalue satisfies mg > 0.

The remaining sum over profiles x2(0) on the UV brane can be performed by integrat-
ing xo(¢) times the expression on the left-hand side of (R.23) over the entire orbifold and
using the orthonormality condition (R.19). We find

2
2(0) 1 1 1\ 1
— 1——)—&2(rp-—
w2 T 2mmg | AnMEy 2L) ¢ 2L

2
m3 5 21 1 L1 1 (5 1
-0 _ (L4 = ___)_2 — -] = — 4+ = 2.24
327 ML K 5 T80 I2 “\z ) “\sg T (224)

For the case where a massless zero mode exists (mg = 0), one must subtract the
contribution of the ground state from the sum over states. This can either be done by
subtracting this contribution from both sides of the completeness relation (R.21)), or by
inserting the explicit form of the ground-state profile (see section R.4 below) and then
taking the limit my — 0. We find in this way

' Xn(®) Xn(¢/) . 1 1 2 1 Le? 20(¢>)
2 w2 a2z \FT N Tan)| T i, g 1
n (2.25)

€ 2 Lig| 1 n(Lle'] 1
= |20(e) (L 20(¢") (2021 1
+47TM12(K|:6 <7r 2>+e ( 77 2>+]’

where the prime on the sum indicates that n runs from 1 to co.
Note that O(e") terms on the right-hand sides of (2.23), (2.24), and (2.25) not accom-
panied by n powers of a warp factor are Planck-scale suppressed and can be dropped for

all practical purposes, in which case the relations simplify considerably. Introducing the
variables t = €e?(®) and t' = €e?(?') | we obtain for my > 0 and mg = 0 the important results

Xn () Xn(9') 1 1 2 2, 2 1 mg
= Lt2—L (t°+t 1-—+0 2.26
Zn: m2 2mm * 4 M < ( " ) " 2L i Mgy )] (220)
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and

n

respectively, where t. = min(¢,¢'). The neglected terms in the first relation only affect the
constant, i.e. , t-independent contribution. Notice that the terms proportional to t?> and
2 in the first sum are enhanced by a factor L, whereas this is not the case for the second
sum. This fact has important consequences for the phenomenology of flavor-violating
processes [BH, 6. It implies that in the RS model new physics contributions to AF = 2
processes such as B-B or K—K mixing are dominated by tree-level KK gluon exchange,
whereas those to AF = 1 processes such as rare B-meson decays arise predominantly from
the FCNC couplings of the Z° boson to fermions.

It is possible to extend the above procedure in an iterative way to sums with N > 1
in (2.20). As an example, we give the relations for N = 2, neglecting O(¢) terms. They read

/ 1 1 1 1 29 3
ZXn(qb))in(qb): 4_|_ . . <1——>—74<L—5—|————2>
~ my 2rmg  ArmiMpy L 32m My 4L L
1 1 I\ [/, 1 1
— —— P L—=+Int)+t?(L—=+Int
meaMastMéK( 2L>H < 2*“)* < o >]

L 4 2,12 1 m(z)
— |t 4t L——+4+1Int O

(2.28)
and
Z’ Xn () Xn(9') _ 1 i _ i
- mh 32m Mt \8L  L?
1 4 5 2t? 1
— |t (LS +mt)+ = (L - +Int
32 ML, | ( 4+n>+L< 2+n>] (229

1 [ 5 2t/ 1
SE—— L ) -, = (L—=+Int
32m My | < 4+n>+L< 2+n>}
+¥ -Lt4 +4£242 | LInt. — L—1 lnmt’—1 —Intlnt'
32rMit |7 < 2 2 '

For completeness, we note that for the case without EWSB the gauge-boson propaga-

tor in (R.2() coincides with the 5D mixed position/momentum-space propagator derived
in [f2, 3. Our relations (2:27) and (R.29) can also be derived by expanding this quantity
about ¢% = 0.

2.4 Bulk profiles

The explicit form of the profiles x,, was first obtained in [23, 4] for the case of an unbroken
gauge symmetry. The same solution remains valid in the case of a spontaneously broken
symmetry. However, the boundary conditions on the IR brane must be modified in this
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case so as to obey (R.15). In terms of the variable ¢, which takes values between t = ¢ (UV
brane) and ¢ = 1 (IR brane), we write the solution in the form

(@) = Ny Eeetn, (2:30)

where
ch(t) = Yo(zne) Ji(znt) — Jo(zne) Yi(zpt),
i, (231)
e, (t) = Tidi [teh (t)] = Yo(zne) Jo(mnt) — Jo(xne) Yo(znt) .
Here
= (2.32)

are dimensionless parameters related to the masses of the gauge bosons and their KK exci-
tations in the 4D theory. The normalization condition (R.19) fixes the constant N,, to obey

N2 = [P+ [ ) - 2 e (1) e (1) — ¢ [eh(e)]

Tn

& (2.33)
Obviously, equation (R.30) satisfies the boundary condition 04X,(0) = 0 on the UV
brane, since ¢, (¢) = 0. The boundary condition (R.13) on the IR brane imposes the
relation®
g
4ME

rpc, (1) = Lt (1), (2.34)

from which the eigenvalues x, can be derived. Here we have introduced the 4D gauge
coupling g, which is related to the 5D coupling g5 via

g5
or

g= (2.35)

Analogous relations hold for all gauge couplings [R3].
Without EWSB, i.e. , for v = 0, there is a zero mode (my = 0) with flat profile

() = o= (2:36)

In the case where mg # 0, the results for the SM gauge bosons can be simplified, since
xg < 1. Expanding (R.34) in powers of z( leads to

2 9 2 9 2 4
2 g-v gTv 1—¢€ v

=72 1- L—1 O——11, 2.37
Ty [ 8M12<K< ) >+ <MféKﬂ (2:57)

and an analogous relation with g2 replaced by (g2 + ¢"?) holds for the Z°-boson mass. This

result may be compared with the SM relations m#, = g?v?/4 and m%, = (¢ + ¢*)v?/4. It

3This relation holds for the profiles of W* bosons and their KK excitations. For the case of the Z°
boson, one must replace g2 by (g2 + ¢’%).
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will also be useful to have an approximate expression for the ground-state profile xg valid
for zog < 1. We find

xw,z(¢) = \/LZ_w

This agrees with a result given in 23] apart form the normalization, which in that reference

m2 1— 2 m4
14 %2 (1— LE +t2(1—2L—21nt)>—|—(9 WZ )1 (2.38)

AMZ, Mg

is chosen such that yw z(7) = 1.
We finish this section by collecting useful expressions for the bulk profiles of KK gauge
bosons. The fact that € ~ 10716 is extremely small allows us to replace
2
Jo(zpe) = 1, Yo(zpe) = —— <L —1In % - VE) (2.39)
T
in (2.31) and (R.33), where v ~ 0.5772 is the Euler-Mascheroni constant. This can be
used to simplify the form of the bulk profiles in (R.30) to

=_N, \/7 ln L ’YE) Ji(znt) + ng(xnt)} ) (2.40)

where

2 202 L gv: L 1
NQKLI—— J1 (2 Yn} _9v L~ =) = (241
n = yp) Ji(2n)+ 5 Vi) oz 2t ) |~ @4
As before this relation holds for the KK excitations of the W= bosons. For the Z%boson

case one replaces g2 by (g2 + ¢’?). The KK masses follow from the solutions to (B:34). To
good approximation they are given by the zeros of the Bessel function Jy(zy,).

3. Bulk fermions and flavor mixing

We consider N generations of 5D fermions in the bulk. They are grouped into SU(2)p
doublets @ and singlets u¢ and d€, each of which is an N-component vector in flavor space.
After EWSB on the IR brane, these fields are coupled by Yukawa matrices Y, and Yy,
like in the SM.

3.1 Action of the 5D theory

The quadratic terms in the 5D action can be written in the form [T, Pq]

Sema = [ater [0 d¢{ w0 (Qwe+ Y i)

q=u,d
e=179) sgn(4) <Q MoQ+ Y g qu>
q=u,d
—20(4) | _ B
- [QL dse @ Qp — Qrdye 2 Qy (3.1)

+ (qCL 0y 279 gl — G 0y e>79) qz>]

q=u,d

— 5(|¢|—m)e 3@ [uLY( )u%‘i'JLYEfD) %—I—h.c.}},

V2r
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where Mg , are diagonal matrices containing the (real) bulk masses, and Y((ZE’D) are the
5D Yukawa matrices. We define the dimensionless 4D Yukawa matrices via

2Y
5D) _—
Yf(z ):Tq,

Note that the bulk masses can be positive or negative. Unlike in 4D, the sign of the

g=u.d. (3.2)

Dirac mass term cannot be reversed by a field redefinition in the 5D theory. In fact,
phenomenology requires that the bulk masses are clustered around the values Mg, ~ —k/2
and My, =~ +k/2.

The chiral components of each spinor field are as usual defined as Q = Q4+ Qg etc. The
left-handed (right-handed) components of the SU(2);, doublet @ are even (odd) under the
Zy orbifold symmetry. Likewise, the right-handed (left-handed) components of the singlets
u® and d¢ are even (odd). This assignment of Z5 parities is such that the zero modes of
the even fields correspond to the SM particles. Without the Yukawa interactions, each 5D
fermion would give rise to a massless Weyl fermion in the 4D effective theory, accompanied
by a tower of massive KK excitations [R1]. After EWSB, the Yukawa couplings remove
the massless modes and replace them by light (compared with the KK scale) SM fermions,
each accompanied by two towers of heavy KK states.

The choice of diagonal bulk masses in (B.1]) can be justified as follows. In a more
general setup, the action contains positive, hermitian kinetic matrices Z 4 and hermitian
bulk mass matrices M 4, with A = @), u,d. Unitary transformations can be used to bring
the kinetic terms into diagonal form, i.e. , U]:x Z U, = diag(Za,,...,Zay) = Dy with
Zy, > 0. The fields are then rescaled to obtain the canonical normalization. In the
VuiMaU,DY
These new mass matrices can be diagonalized by another set of unitary transformations,

process, the bulk mass matrices get transformed into M’y = D,

ie. , U:I M, Uy = diag(Ma,,...,Ma,). It follows that, without loss of generality, it is
always possible to switch to a basis in which the bulk mass terms are diagonal in flavor
space. We will refer to this as the bulk mass basis. If not stated otherwise, from now on
Y , and Y4 will always denote the Yukawa matrices in this specific basis.

3.2 Kaluza-Klein decomposition

We will discuss the solution of the eigenvalue problem to find the KK decomposition for
the case of the up-type quark sector. An analogous discussion holds for the down-type
quark sector. Let m, > 0 be the masses of the Dirac fermions in the effective 4D theory
and v = ug-dn) + ugl) the corresponding spinor fields. We write the KK decomposition of
the 5D fields in the form

20(¢) 20(p)
up(w,¢) = < NG ;C;%)asf) u (@), ur(z,¢) =S NG %js;%wﬁ” ul (@),
e20(®) 20(0) (3:3)
u§ (, ) = 3780 (9) b ui (@), uy(z,¢) = S (¢)a u(x)

\/F

n n

where C%Q’u) are even profiles under Zs, while S%Q’u) are odd. The index n labels the mass

eigenstates with fermion masses m,, (in this case m,,m., m; as well as KK excitations
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in the up-type quark sector) and spinor fields u(™ . The spinor fields on the left-hand
side of the equations as well as the objects anU’u) and bslU’u) are N-component vectors in
flavor space, and the profiles Cng’u), S%Q’u) are diagonal N x N matrices, where each entry
refers to a different bulk mass parameter (in the bulk mass basis). Note that while the
bulk profiles C%Q) and S%Q) are the same for the up- and down-type quarks belonging to
the same SU(2);, doublet, the vectors aglU) and ang) associated with these profiles in the
KK decomposition of the up- and down-type 5D quark fields will be different objects, as
indicated by our notation.

Inserting these relations into the action, one derives the equations of motion

1
(50 - Masente) ) C12/(0) ) = —m, ® $@() ol

1
(~20,— Mosn(s)) S M = —mae® CLA(0) 7 (3.4)
+3(1¢l = m e Y20y, o6l
T

and similarly

(=20~ Musenie)) CL(6) o) = —ma e S1(6) a2,

(30— Mussn(6)) 86162 = -y 7 1) 0 3.5)
o6l — m) e @ Y2V vt @) () ol®)

kr — %7

In the bulk, i.e. , for |¢| # 7, and for the special case of a single generation, these relations
reduce to the equations first obtained in [R1], where it has been shown that the general
solutions can be written as linear combinations of Bessel functions (see section B.3 below).
The presence of the brane-localized terms only affects the boundary conditions for the
solutions. At ¢ = 0 one has

5@W©)=0,  (UV brane) (3.6)

n

and integrating the equations of motion over an infinitesimal interval around |¢| = 7 we find

S )p) = ——— v, C{(r) o,
\/EijK (IR brane) (3.7)
S8 = L Y] O mal.
V2Mxkk

Without the brane-localized Yukawa terms, the profiles C%Q’u) and S%Q’u) form com-
plete sets of even and odd functions on the orbifold, which can be chosen to obey or-
thonormality conditions with respect to the measure d¢ e [R1]. However, it is not difficult
to show that the d-function terms in the equations of motion are inconsistent with these
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orthonormality relations. We thus impose the generalized orthonormality conditions

n

/ dg 7@ 2 (9) CI2(9) = bmn 1+ ACITY
pe (3:8)
dg @ S () S (¢) = G 1+ ASIHY.

—Tr

We then find that the 4D action reduces to the desired form
Stama = 3, [ d'a [1(@) ") (z) = my 1 (@) u )] (39)

if and only if, in addition to the boundary conditions (B.6) and (B.7), the relations

T < B ol ol ) = 1, (3.10)
and
o0 ACED oI 1 aft V) ASED off ) =0 @11

hold. With the help of the relations (B.1() it is straightforward to show that the equations
of motion imply

2
M AC@W i ASQw) — = C@w (1) §@uw (77 (3.12)
Using the symmetry of the relations (B.§) in m and n, we obtain for m # n

Ac@w _ 2 mn O (@) S () — my O3 () S ()
mn - ;

)

2 _ 2
m m2

" (3.13)
Ag@u) _ 2 mn G (m) SI2 (x7) — my C2(m) Si? ™ (n7)
mn :F?" mgn _m% .

Finally, using the explicit results for the bulk profiles derived in section B.3, one finds that
the correct expressions for m = n are

1
AC@W = _AS@w — 4~ C@u)(7) §Qu (77, (3.14)
rmy,
One would naively expect that the extra terms in the generalized orthonormality condi-
tions (B.§) are small corrections of order v/Mgkk. However, as we will see below, these
terms are in fact O(1) for the profiles of the light SM fields.
The boundary conditions (B.7) on the IR brane can now be simplified as

S@ (7)) = S Y, C™(x)al®
(+)alf) = L (r) -
~—8W(x7)a® = " yvic@ (m)alV) .

" V2Mgkx "

These relations can be written in the form of system of 2N linear equations for the com-
ponents of the vectors aSLU’u), and the eigenvalues are thus determined by the zeros of the

determinant of a (2IV) x (2N) matrix. The problem can be simplified by noting that the
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matrices C%Q’u), S%Q’u) are non-singular, so that the inverse matrices exist. We can thus

replace (B.1§) by the decoupled equations

2

—1
S (r7)al) = 2 Yu CW(m) [$00(r)] Y] e@(mal),
> » (3.16)
SO )al = — L VLo [$@ )] Yo (el
2Mi

The mass eigenvalues follow from the solutions to the equation

det <1 — 2]\122@{ [s,g%—)}_lyu Cc(x) [—sg@(w—)}_l Yl cg@(w)) =0. (3.17)

Once they are known, the eigenvectors aSLU’“) can be determined from (B.1(). Note that,

while it is always possible to work with real profiles C%Q’u) and SSLQ’U), these eigenvectors
are, in general, complex-valued objects.

3.3 Bulk profiles

The explicit form of the profiles (C,(LQ’q))i and (SgQ’q))i associated with bulk mass param-
eters Mg, 4 (with ¢ = u,d) was obtained in I, 4. We will drop the index i for the
purposes of this discussion. In terms of the variable ¢t = €€, one finds

Let
CLOD(9) = Nuleg) \ —= £ (t:cqa).

SgQ’q)((b) = +Nnu(cq,q) sgn(e) \/ % In (tcqyq) s

where cq 4 = £Mg 4/k are dimensionless parameters derived from the bulk mass terms, and

(3.18)

fE(t,e) = J_%_c(:EnE) JJF%JFC(xnt) + J%Jrc(xne) Ji%_c(:nnt) , (3.19)

where as before x,, = m,,/Mgk. The orthonormality relations (@) imply the normaliza-
tion conditions

1 _
2/ Qi [f,;t(t,c)]z _ N;(C) n fﬁr(l,c;fn (1,¢) ’ (3.20)

from which we derive

Ni2(e) = [ )+ [ (e)]? = 22 10 fir (1) = € [£ (6]

n

2 (3.21)

For the special cases where ¢ + 1/2 is an integer, the profiles must be obtained from the
above expressions by a limiting procedure.

For the SM fermions it is a very good approximation to expand the above results in the
limit z,, < 1, since even the top-quark mass is much lighter than the KK scale. We find

| Le F(cg,q) [th’q — 6n(c0.q) tl—chq] :

TV T+ 0u(coq)
; ( qu; breor  raen (3.22)
S&Qﬂ)@s) ~ :tsgn(qS) € In (CQ,q) t 4 — € at ,q

T /T4 0n(coq) 1+2cq,4 ’
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where we have introduced the “zero-mode profile” [R1],

F(c) = sgn[cos(mc)] 4/ % , (3.23)

and the parameters (valid for ¢ # 1/4)

2

e (3.24)

dn(c) = 121

The sign factor in (B.23) is chosen such that the signs in (B.23) agree with those derived
from the exact profiles (B.1§).

The quantities F'(c) and d,,(c) strongly depend on the values of ¢ and x,,. For —1/2 <
¢ < 1/2, one has to an excellent approximation

F(c) = vV1+ 2c, dn(c) = 0. (3.25)
For —3/2 < ¢ < —1/2, on the other hand,
F(c) ~ —V/—1-2c ee2 (3.26)

is exponentially small, while §,, is strictly positive and can be large in magnitude provided
that 2 > O(e~172¢). For the case of one fermion generation this can never happen, since
the eigenvalue equation (B.17) ensures that 22 €!72¢ can be at most of O(v?/MZ) for the
lightest mass eigenstate, which we would identify with the SM fermion. For more than one
generation, however, some of the d, parameters become large, of order €*v? /Mf<K with a
negative coefficient a. It is therefore not justified to drop the corresponding terms in (B.29).
However, we find that after the fermion profiles are combined with the mixing parameters
a&U’“’ in (B-3), the d,, terms always have a very small effect on the fermion masses and, in
particular, on the flavor-changing couplings of the RS model.

For the KK excitations of the SM fermions the general relations for the bulk profiles
given above can be simplified using that ¢ ~ 10716 is extremely small, so that we can take
the limit € — 0 in (B.1§), (B.19), and (B.21]). We then obtain for ¢ > —1/2

No©) FE(t,0) = Na() T 4o (wat)

F3tc
[Nn(c)] = J%+c(x”) + J—%+c(x”) - J%H(:En) J_%+C(:En) ,

n
whereas for ¢ < —1/2

Nn(c) fv:zt(t7c) = j:/\_[n(c) J:I:%—c(xnt) ,

o c (3.28)
[Non(e)] 2 = JE_ (@) + 25 () + i—n Ji_o(wn) J_1_o(n).

5—¢C
3.4 Normalization of the 4D Yukawa couplings

Our definition of the 4D Yukawa couplings in (B.J) was based on making the 5D Yukawa
couplings dimensionless with the help of the AdS5 curvature k. In that regard we followed
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the convention most frequently adopted in the literature and used in the original papers [R1],
2q]. It is important to emphasize that this convention is neither unique nor particularly
natural. While the relation between the 5D and 4D gauge couplings in (P-3F) is dictated by
the fact that the couplings of the zero-mode gauge bosons to fermions take the familiar form
(see relation (f.4) in section p.]] below), no such argument can be given for the Yukawa
couplings. In the SM the couplings of the Higgs boson to fermions are proportional to
the masses of the fermions. However, in the RS framework the fermion masses arise from
products of Yukawa couplings with strongly hierarchical fermion profiles.

Given the form of the Yukawa interactions in (B.) and the fact that the KK
decomposition (B.J) of the 5D fermion fields introduces an additional factor 1/r, it would
appear logical to define dimensionless 4D Yukawa couplings by using the scale r instead

of kin (B.9), e.g. ,

(5D)

_ Y 1

Y,=—2 =_Y =u,d 2
a orr LY 1=una, (3.29)

which resembles (R.35). The so-defined 4D Yukawa couplings are more than an order of
magnitude smaller than the ones defined in (B.2) and used in most of the literature. The
question arises: should we expect that Y, = O(1), or Y, = O(1), or something else?

Notice that with the conventional definition (B.2) the 4D Yukawa matrices absorb a
factor of L arising from the fermion profiles evaluated on the IR brane, which appear in the
Higgs-boson couplings to fermions. However, the same factor of L appears in the Higgs-
boson couplings to KK gauge bosons, after the 5D gauge coupling is rescaled as in (2.39).
More generally, all interaction terms in the effective 4D Lagrangian that result from inter-
actions on (or close) to the IR brane are enhanced by powers of v/L. For instance, it is well
known that the couplings of KK gauge bosons to heavy fermions contain such a factor [R3,
R4]. It seems ad hoc to remove the factor L in the case of the Yukawa couplings, when sim-
ilar factors are present and cannot be removed for all other interactions near the IR brane.

Consider, for example, the Feynman rule for the Higgs coupling to a pair of neutral
weak gauge bosons of KK levels n; and ns, which can be written as

7/(n1)
T = ZZ?QZ Zny Zny M (3.30)
7/ (n2)
where to very good approximation
=1, 2> =(-1)"V2L. (3.31)

For comparison, the Feynman rule for the Higgs coupling to a pair of quarks of KK levels
ny and ne reads?
q(nl)
________ B i
h V2
q(n2)

T+9s
2

IT—5
2 )

(f2) Yy £, +(f2) YR (3.32)

4We neglect flavor mixing for simplicity here, i.e. , we assume a single fermion generation.
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q(nl)

q(nQ)

q(nZ) q(nZ)

Figure 1: Examples of one-loop contributions to the renormalization of the Higgs-boson mass
(left) and of the Yukawa couplings, involving a Higgs-boson (middle) and a gluon as well as its KK
excitations (right).

where to good approximation (for A = @, q)
fit = Flea)Vaag",  fihi = (=1)" sgnfeos(rea)] V2ai). (3.33)

The complex coefficients a,(f‘) are O(1) parameters determined by the conditions (B.1()
and (B.18), with v/2 \a(()A)\ ~ 1 for the SM quarks. For the case of the Higgs-boson couplings
to two SM particles, the Feynman rules in (B.30) and (B.32) coincide with those of the SM
once we identify ( fg? )* Y, f§ = V2my/v with the effective Yukawa coupling of the SM
fermion, which is close to 1 for the top quark. For the Higgs-boson couplings to two (or
one) KK particles, on the other hand, the vertex (B.30) is enhanced by a factor of L (or v/L),
while no such factor appears in (B.33). However, if we were to replace the Yukawa couplings
Y, by LY, according to (B:29), then this would make (B.33) look more similar to (B-30).

One may try to derive an upper bound on the scale of the Yukawa couplings by invoking
perturbativity of the effective 4D theory up to a cutoff scale of a few TeV. For instance,
naive dimensional analysis shows that at one-loop order the Yukawa interactions receive a
multiplicative correction of order [{J]

Yo Aty
16m2 M2y

(3.34)

where Ayy is the cutoff scale of the theory on the IR brane. The graph in the middle of
figure ] shows an example of a diagram giving rise to such a correction. Requiring that
this correction be at most of O(1) for a cutoff a factor of 4 above the KK scale gives the
upper bound |Y,| < 7, which has been used in [43, 1.

A potential weakness of this argument is that it is not clear a priori if the theory should
be weakly coupled in the Yukawa sector (or in any other sector), and up to what cutoff
scale weak coupling should hold. We note in this context that an explicit calculation of
the graph in the middle in figure [I] suggests that there is a QCD correction to the Yukawa

interaction of order )
Lag Afy
_ (3.35)

a7 ME(K
where the factor L reflects the enhanced strength of the coupling of KK gluons to KK

fermions. There is no point in requiring that the correction (B.34) be smaller than (8.37),
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and therefore |Y,| < ArLa, =~ V'L appears to be the strongest reasonable bound one
should impose.

Even this bound may be too restrictive, however. Using once more naive dimensional
analysis, we expect a correction to the Higgs mass from Yukawa interactions that scales like

Y® Ay
1672 M2,

omi ~ny Ay (3.36)
which stems from the graph on the left in figure . Here ny = 6 is the number of quark
flavors. Additional corrections will arise from the lepton sector. We emphasize that this
correction grows like the fourth power of the cutoff scale, not like the second power as
in 4D. The “little hierarchy problem” is thus more severe than in 4D extensions of the
SM. Choosing the cutoff far above the KK scale would inevitably induce a very large
correction to the Higgs-boson mass, which would reintroduce a fine-tuning problem to the
RS model. In order to avoid this problem, we must require that the cutoff be of order
the KK scale, as is the natural expectation for the Higgs-boson mass. For Ayy ~ Mgk,
however, relation (B.34) allows Yukawa couplings as large as |Y,| < 4.

4. Hierarchies of fermion masses and mixings

In order to analyze the implications of the RS setup for the masses and mixings of the
SM fermions, it is instructive to use approximate formulae for the bulk profiles. The ap-
proach most commonly adopted in the literature is to employ a “zero-mode approximation”
(ZMA), in which one first solves for the fermion bulk profiles without the Yukawa couplings
and then treats these couplings as a perturbation [@, 21 . At the technical level, this
corresponds to an expansion of the exact profiles in powers of v /MIQ(K, in which also the
quantities d,, in (B.24) are treated as O(v?/MZy) parameters. In this approximation the val-
ues of the SM fermion profiles on the IR brane simplify considerably. From (B.29) we obtain

CONm) = [ Fleqq).  SOV() = 1/ E s (1.1)

Q €Q.q) .

Using these expressions, the system of equations (B.15) can be recast into the form

2 2
2 g0y, Y2 g0 - (yretyia), (42)
where
(i), = Fleq) (V) Flew,) (4.3)
are effective Yukawa matrices, and the rescaled vectors aﬁf‘) = ﬁa%A) obey the
normalization conditions
a0 — gt glw) — 1 (4.4)
Furthermore, we obtain from ([.9) the equalities
v? v?
(m21-Sverort)al o, (mi1- Doy o, s
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and the mass eigenvalues are the solutions to the equation
02
det <m§ 1-5 yeft (Y‘;ff)T> =0. (4.6)
Notice that in the ZMA, but not in general, the vectors aSLA) and aﬁ;“) belonging to different
n are orthogonal on each other.
: ~(Q) ~(q) : eff off\ T off\ T yreff :
The eigenvectors ay*’ and a,’ of the matrices Yq (Yq ) and (Yq ) Yq (with

n=1,2,3and Q =U,D, ¢ =u,d) form the columns of the unitary matrices U, and W
appearing in the singular-value decomposition

Y =U W, (4.7)

where

2 2
Ay = — diag(my, me, my) , Ag = — diag(mg, ms, mp) . (4.8)
v v

It follows that in this approximation the relations between the original 5D fields and the
SM mass eigenstates involve the matrices U, and W. In particular, the CKM mixing
matrix is given by

Verm = Ul U,. (4.9)

4.1 Warped-space Froggatt-Nielsen mechanism

Concentrating on the well-motivated case of anarchic 5D Yukawa couplings, i.e. , complex-
valued matrices Y, with random elements, it turns out that the up- and down-type quark
mass hierarchies can be reproduced by assuming a hierarchical structure of the elements
of the zero-mode profiles of the form®

[F(car)l < [F(ca,)| < |[F(cas)l- (4.10)

In the RS framework such a hierarchy is natural, since it results from small differences in
the bulk mass parameters cg4;.

Given effective Yukawa matrices of the form ([L.J), the hierarchies of fermion masses
and mixings result without further assumption from the Froggatt-Nielsen mechanism [54].
To verify this statement, note that the products of up- and down-type quark masses are

given by
o3
My MMt = —= |det (Yu)| H |F(CQ1)F(CU1)|7
2v2 i=1,2,3
5 " (4.11)
v
mamsmy, = —=|det (Yo)| ] F(cq,) Flea,)l-

2v2 i=1,2,3

5The quarks are assumed to be ordered in such a way that these relations hold. In the case of degenerate
values |F'(ca,;)| = |F'(ca;,, )|, the following discussion is only order-of-magnitude wise correct.
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Since |F(cy,)| < |F(ca;,)|, one can consistently evaluate all the eigenvalues to leading
order in hierarchies. We obtain

| det(Y.)] v |det(Yy)|
u = ﬁwa(CQl)F(Cul)\a mq = EW’F(CQJ—F(%J\,
_ v [(Mu)ul . o= U Mol . 412
c \/— ‘( ) ‘F( )F( uz)’7 s \/5 ‘(Yd)gg ‘F( Qz)F( dz)’7 ( )
= = |(Va)ssl 1F(cqu) Fleas)] = 5 |(Va)ss| 1F(cqu) Flea)

Here (My);; denotes the minor of Y, i.e. , the determinant of the square matrix formed
by removing the i*! row and the j* column from Y.
The elements of the matrices U, and W, are given to leading order in hierarchies by

F(eq,) . _ . F(cq, L
F(Cg-)7 L=, Fgcqa’ ts7
Ug)ij = (ug)ij ’ (Wy)ij = (wg)ij € ’ (4.13)
Fleg,) . _ . Fleg) .o .
F(CQz‘) ’ /> F(qu') ’ J

Expressed through the elements (Y;);; of the original Yukawa matrices and their minors
(My)ij, the coefficient matrices u, and w, read

R ANAN RN A A
(MQ)H (}/;1)33 (Mq)ll (Kz)gg
(Mq)y (Yq)2s (M) (Ye),
u; = | — : 1 , w, = | — 112 1 .32 4.14
I (Mq)ll (}/;1)33 I (Mq)ll (Yq)33 ( )
(Mq)gl _ (}/;1)23 1 (Mq)13 . (}/;1)32 1
(Mq)ll (}/;1)33 (Mq)ll (}/;1)33
The phase factors €'/ entering W, are given by
€% = sgn [F(cq,) Flcy,)] e~ Pimpi+1) (4.15)
with
pr=arg(det(Yy)),  pp=arg((Mg)n),  p3=arg((Yg)ss), (4.16)

and py = 0. Note that to leading order the matrices U, and therefore also the CKM
mixing matrix do not depend on the right-handed profiles F'(c,,). This feature has first
been pointed out in [B7]. Exploiting the invariance of the singular-value decomposition ([£.7)
under field redefinitions allows to make either the diagonal elements (Uy);; or (Wy); real.
In (I3) we have chosen (U,); to be real, so that all phase factors e'®s appear in the
elements (Wy);;.

Recalling the definitions of the Wolfenstein parameters of the CKM matrix,

us 1
[Vas| P!

/ ’ A
|Vud|2 + |Vus|2

Veb
VUS

VvV,
N (4.17)

A=
VoaVey
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it is straightforward to derive from ([£.9), (.1), and ({.14) the leading-order expressions
for A\, A, p, and 1. We find

(Ya)gs _ (Yu)g

\ = |F(cq, )| ‘(Md)m _ (Mu)yy A= |F(cq,)® (Ya)ss  (Yu)ss
Flegl [(May, ~ (L))" TP [F(qy)] [ 2|

(Md)ll Mu)ll

i = (Ya)ss (Mu)sy — (Ya)ag (Mu)gy + (Ya)i3 (Mu)y, '
(Ya) (Ya) (Ma) (My)
o o [ {755 (5] [ i - 7

(4.18)

Notice that p and 7 are to first order independent of the zero-mode profiles F(ca,). Like
in the case of the Froggatt-Nielsen mechanism [64], the RS setup predicts that these pa-
rameters are thus not suppressed by any small parameters, while their precise O(1) values
remain unexplained.

The relations given in (f.19) and (f.17) do not allow one to determine the zero-mode
profiles solely in terms of the quark masses and Wolfenstein parameters. Expressing them
through F'(cg,), one finds for the left-handed quark profiles

‘(Yd)zz% ~ (Y)yg
_ _ (Ya)
[F(cq.)| = [FcQ)l,  [Flegs)l = [F'(cqy)l -

(4.19)
In the case of the right-handed up- and down-type quark profiles, one obtains
‘(Mu) ‘ (Md)zl _ (MU)zl
“ v Aldet(Yy)| [F(cq,)|”
V2m, |(Ya)33] 1
F(ey,)| = , 4.20
= T ) ] TPy (4:20)
V2om AN2 1
’F(CU‘S)‘ = d F )
v (Vi) s (Ya)og - (Yu)os |F(cq,)
4331 (Ya) a3 Yu)s3
and
(Mu)yy — (Ma)yy
M _
Fleg )| = V2my (M) (Mu)y,  (Ma)yy 1
' v Aldet(Y q)] [ F(cqu)|
V2ms |(Ya)ssl 1
Fl(eg,)| = 33 , 4.21
)| = 5 (M) | TP 21
V2m AN? 1
[Fcay)| = ~—— :
v |(Yd) | (Yu)23 . (Yd)23 ’F(CQQ)’
B (Yu)sz  (Ya)ss
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These relations imply a hierarchical structure among the various quark profiles [B7q]. For
the left-handed profiles one finds

F F F
| (CQ1)| ~ A, | (CQ2)| -~ /\2’ | (CQ1)| ~ A3 (4'22)
|[F'(cq, )l |[F'(cqQs )l |[F'(cqQs )l
The values of the right-handed up- and down-type quark profiles are then fixed by the
observed quark-mass hierarchies. One obtains

[Fleu)l  mu 1 [Flew)| me 1
[Fleus)|  me X7 [Fews)]  my A7
[Fca)l ma 1 [Flea)l ms 1 [Fleas)l

[Flew)l — me X7 [Flew)l  me X7 [Flewy)]  me

(4.23)

It is now straightforward to deduce the hierarchical structures of the flavor mixing
matrices U, and W, in ([.1J). The matrices in the left-handed quark sector have the
same structure as the CKM matrix, i.e. ,

1 A\ 1 0.23 0.01
Uuya~Vexkm~ | A 1 X2 ~1023 1 005], (4.24)
PLEDTANI 0.01 0.05 1

while in the right-handed quark sector one has

1 my 1 my 1
me )\ mye )\3
1 0.012 0.001
W~ | % 1 Gz [~ |00z 1 o0,
0.001 0.077 1
my 1 me 1 1
me )\3 my /\2
(4.25)
1 mg 1l mg 1
ms N My )\3
) ) 1 0.26 0.12
mg 1 ms 1
Wy~ Ms X 1 ‘2)\2 ~ 1026 1 0.44
0.12 044 1
mg 1 ms 1 1
mp Xg mp XQ_

The default values for the quark masses and CKM parameters used to obtain these esti-
mates are collected in appendix [B|.

It is worth emphasizing at this point that while the fermion profiles are strongly hier-
archical in the left-handed quark sector as well as in the right-handed up-quark sector, the
hierarchy in the right-handed down-quark sector is much weaker, namely

F 1 F s 1
|F(cq, )l LMl os |[F'(cay)| ~Ms 2 04 (4.26)

[F(cay)|  ms A [Fcas)l mp A2

In this particular sector (and only there), it is thus a viable possibility to assume equal
profiles F'(cq,) and explain the required modest splittings in terms of O(1) variations of
the Yukawa couplings. While such a choice might seem ad hoc, it has the effect of strongly
suppressing some particularly dangerous FCNC couplings in K—K mixing [51].
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4.2 Reparametrization invariance

The results for quark masses and mixing matrices obtained in the ZMA and discussed in
the previous section are invariant under a set of reparametrization transformations, which
change the values of the 5D bulk mass parameters and Yukawa couplings. The first type
of reparametrization invariance (RPI-1) refers to a simultaneous rescaling of the fermion
profiles for SU(2); doublet and singlet fields by opposite factors, while leaving the 5D
Yukawa couplings invariant. Specifically,

Fleg) — ¢ $Fleq).  Fle,) e Fle,). Y, —Y,. (RPLL)  (427)

Provided the ¢; are all below —1/2, these transformations approximately correspond to the
following shifts of the bulk mass parameters: cg, — cg, —§/L and ¢, — ¢4, +&/L. The
second type of reparametrization invariance (RPI-2) refers to a simultaneous rescaling of
all fermion profiles by a common factor, while the 5D Yukawa couplings are rescaled with
an opposite factor. Specifically,

1
F(CQi) - ﬁF(CQi) ) F(qu) - UF(qu) ) Yq - ? Yq : (RPI_2) (4'28)
The corresponding shifts of the bulk mass parameters are approximately universal and
given by cg, — cg, + L™ Inn and ¢,, — ¢4, + L~ Inn, provided again the ¢; are all below

—1/2. A stronger form of this relation is

1
F(CQi) - WF(CQi) ) F(qu) — Tlq F(qu) ) Y, — W Y, (RPI-2') (4.29)
q

with different parameters 1, # n4. Of course, it is possible to combine ([£.27) and (f29) in
arbitrary ways.

While the masses and mixing angles are not affected by these transformations (in the
ZMA), the shapes of the fermion bulk profiles change, and so do the results obtained for
flavor-changing interactions (apart from the CKM matrix) derived in later sections.

4.3 Basis transformations

In a recent paper [p(], the authors expand the 5D bulk mass matrices under the assumption
of minimal flavor violation. Their ansatz is®

Mg =mg1+my (TYUYL-FYC[YE) + ..., (4.30)
Mg=mgl4+m,YiY,+..., q=u,d,

where the ellipses stand for subdominant higher-order terms. The quantity r is a small
parameter, which is adjusted to reproduce the observed mixings in the quark sector.

It is instructive to work out to what ansatz for the Yukawa matrices the model (f.30)
corresponds after we transform it to the bulk mass basis, i.e. , the basis in which the bulk
mass terms are diagonal in flavor space. Using unitary transformations on the 5D fields,

5The universal term and O(1) coefficients were omitted in [E] for simplicity.
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it is easy to show that the 5D Yukawa matrix Y, remains anarchic in this case, while
Y 4 becomes diagonal (with hierarchical diagonal elements) up to terms of O(r). In the
limit » — 0, flavor violation in the down-quark sector is thus eliminated by hand, and
flavor-changing effects including those described by the CKM matrix only arise from the
up-quark sector. Obviously, to explain the hierarchical structure of Y4 in the bulk basis
either requires an additional flavor symmetry or mere fine tuning. Unless a dynamical
mechanism giving rise to relations of the form ([.3(0) can be found, one thus gives up the
natural explanation of the quark mass and mixing hierarchies offered by the RS framework.

5. Gauge and Higgs-boson interactions with fermions

The results of the previous sections allow us to derive exact expressions for all Feynman
rules in the RS model. Of particular importance are, of course, the couplings of gauge
bosons to fermions. They will be discussed in sections p.1 to p.3. The couplings of the
Higgs boson to fermions are the subject of section f.4.

5.1 Fermion couplings to gluons, photons, and KK excitations

Consider, for example, the coupling of gluons to up-type quarks. Analogous relations hold
for down-type quarks. The 4D Lagrangian contains the terms

C U S(u n )
w3 Y {[ D1 1ED), o)+ a2 158, o] g, A
mnans (5.1)
+ [l 185, 0l + DN IR, )] AP g, A WG o

where g5 = gs5/V2nr is the 4D gauge coupling of QCD, and we have defined the overlap
integrals

oW~ / 1672y (9) 7D CD(G) CD(P),  A=Qud,  (52)

(4)

and similarly for I Sfﬁgng in terms of integrals over S;, ’ profiles. These objects are N x N

diagonal matrices in generation space. For the gluon zero mode, we obtain using (2.34)

wd @
Onong —

= Spany 1 + ACH) o 1+AS@ (5.3)

nong Onons — 5”2”3 nong

I

The relations (B.10) and (B.11]) then imply that these couplings are flavor diagonal and

take the same form as in the SM, i.e. ,

Lip > Y a™g AQr ) (5.4)

with «(® = u( n) + ug%) Note that the couplings of KK gluons are not flavor diagonal and
must be worked out from the general relation (f.1). It follows from the structure of the
overlap integrals (f.9) that the effective coupling strength of KK gluons to heavy fermions,
which live near the IR brane, is not g, but V'L g, [23, B4
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The couplings of photons and their KK excitations to fermions are obtained from
the above relations by replacing the strong coupling constant and color matrices by the
appropriate electromagnetic couplings, i.e. , g;t* — eQy, where f can be any charged
fermion species.

5.2 Fermion couplings to the Z° boson

For the weak interactions, overlap integrals similar to those in (b.]) arise, but in this case
the gauge bosons couple differently to the SU(2); doublet and singlet fermions, and so
different combinations of overlap integrals contribute. Interestingly, in this case even the
couplings of the light W* and Z° bosons to fermions get corrected compared with their
standard form. These non-universal corrections are not diagonal in flavor space, giving rise
to tree-level FCNC couplings of the Z° boson. Indeed, these couplings are parametrically
enhanced by a factor L compared to the FCNC couplings of KK gauge bosons [pH, 4.

FCNC couplings of the Z% boson arise from two effects: first, the bulk profiles (P.3§) of
the lowest-lying massive gauge bosons are not flat, giving rise to non-trivial overlap integrals
with the fermion profiles; secondly, as seen from (B.§), the overlap integrals of profiles of
only the SU(2);, doublet fermions do not obey exact orthonormality conditions. The latter
effect has so far not been studied in great detail in the literature. In the perturbative
approach, in which the Yukawa couplings are treated as a small correction, it would be
interpreted as an SU(2)r, singlet admixture in the wave functions of the SU(2);, doublet
SM fermions due to mixing with their KK excitations [B7, [63, 66] (see also [f7q]). This effect
is often neglected, since it is proportional to the masses of the light SM fermions. However,
we will see that it is parametrically as well as numerically as important as the first one.
For the first time we will present exact expressions for the corresponding corrections and
compact analytical results valid at first non-trivial order in the ZMA.

Including corrections up to O(m%/Mzy), the Z%-boson couplings to fermions and their
KK excitations can be written in the form

2
g my 1 0
L4p D 1 1—-—)|Z
4P cosew[ +4M§K< L)] z

X Z Z |: gL nins fL Y fL ma (QR)nan fRnl’V fRng] )
f ni,n2
where g is the 4D weak SU(2)., gauge coupling defined in (-37). As in the SM, the weak

mixing angle is given by

(5.5)

/

g g
The factor in brackets in the first line of (.§) accounts for a universal correction due to
the constant terms in the bulk profile (R.3§). The left- and right-handed couplings gﬂ R are
infinite-dimensional matrices in the space of fermion modes, which can be parametrized as

m?
2MI2(K (Lep— EF)}

cos Oy = sin fQyy = (5.6)

g1 = (1] —sin’® erf)[k ]\”;2 (LAp— A’F)]—Tgf [ap—

: (5.7)

"z
2
2 My

m%
g%: —sin® O Qy [1— (LAf_A})] +T?{ [51‘_ 2M2 (Lsf_sf)}
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Here Tgf and Q) denote the weak isospin and electric charge (in units of e) of the fermion
f.7 On the matrices A, A’ §, €, and €', a subscript F refers to a fermion from an SU(2)r,
doublet (F' = U, D in the quark sector, and F = v, E in the lepton sector), while f refers
to a singlet (f = u,d or f = vp, e, respectively). The matrices A and e arise due to
the effects of the ¢-dependent terms in the gauge-boson profile (2.3§). The elements of the
former are given by

(Ap), = dtt2 T () cF)(g)a

|
|

27‘(’ 1
(AF) =T, e (g—lntﬂaﬁf” Ci(6) CF () all) + alf)T $P(6) SV (@) alf)],

m n
€

)= [ [T ) CP @) alf + o S0 S0 o),

(85) = o [ a2 (50007 O (6) O (0) o)+ S0 ()]
mn €

Recall that on the profiles of SU(2) doublet fermions no distinction is made between @ =
U,D and L = v, E. The matrices €”) are given in terms of analogous expressions, in which

(4)

the contributions from the even profiles C,, ’ are omitted. Finally, the matrices § arise from

the fact that the fermion profiles are not orthonormal on each other. They are defined as

(6F), = at (5mn + AS;{;) o), (6p), = alDt (5mn + Asgg) alP).  (5.9)

Since our main focus in this work is on tree-level processes, we are particularly inter-
ested in the couplings of the gauge bosons to the SM fermions. These are described by the
upper-left 3 x 3 blocks of the matrices gg g for f =wu (up-type quarks), f = d (down-type
quarks), f = v (neutrinos), and f = e (charged leptons). With the exception of the heavy
top quark and (to a lesser extent) the left-handed component of the bottom quark, the
profiles of the SM fermions are all localized near the UV brane, where t = O(¢). On the
other hand, the presence of the weight factor ¢ in the overlap integrals in (@) emphasizes
the region near the IR brane, where t = O(1). As a result, these overlap integrals are
strongly suppressed for the light SM fermions, giving rise to a corresponding suppression
of FCNC processes in the RS model [26]. This mechanism is referred to as the RS-GIM
suppression [BY, BY, fi4], even though its dynamical origin is rather different from the GIM
mechanism of the SM.

It is very instructive to have approximate formulae for the overlap integrals at hand,
from which interesting information about the structure and magnitude of flavor-changing
effects can be read off. To this end, we employ the ZMA for the fermion profiles given
in (B.10), which corresponds to working to leading order in v?/MZ;. The even fermion
profiles in (B.23) then reduce to the familiar zero-mode profiles obtained in a theory without
Yukawa couplings [R1], while the odd profiles are suppressed by an extra factor of z,, =

"The discussion of this section refers to quarks as well as leptons. In the remainder of the paper we will,
however, focus on the quark sector of the theory.
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my, /Mgkk and thus can be neglected to first approximation. This yields

O (6) alP™) — || 2 ding(F(cqu) o) aP™) , 8@(5)al™ 0, (5.10)
T

and similarly for the down-type quarks. It is then straightforward to find the expressions

F2(cp,)
T 1 F’L
Ap — Uf diag [73_’_26&} Uy,

F2(cy))
A — W diag | —LL | W
d s diag [3+2ch H

— - F )| U
2(3 + 2cr, )2 (CFl)} o
5 + 2Cfi
2(3 + 2Cfi)2

(5.11)
e — UJ} diag [

Al — W} diag [ Fz(cfi)} Wi,

where all quantities are 3 x 3 matrices in generation space, and the diagonal matrices
contain the elements shown in brackets. Note further that, to a good approximation, we
have Ay ~ A’y for A = F, f, since all ¢; parameters are near —1/2. The approximate
relations (p.I1]) are not new. They have been presented first in [i0}, BJ]. Corresponding

results valid for a general warped metric can be found in [6§].

The matrices eg) vanish at leading order in the ZMA, meaning that they are suppressed

by an extra factor of v2/MZ,. The same is true for the matrices 8 4, which are also given

in terms of overlap integrals containing S%A)

profiles. However, since the contributions of
these matrices in (f.7) are not suppressed by v? /MI%K, it is necessary to go beyond the

leading order in the ZMA. From (8.22) we then obtain

| Le ) t1HeQia — 1426010 t=Qua \
S%Q,U)((b) agU,u) — +sgn(¢) 7 x, diag <F(6Qi7ui) ) CLSLU,u) 7

1 +2¢q;,q
(5.12)
and using these results gives
1 1 F2(cy,)
b Wi di —1 ) |lw
rEy lag|:1_2cfi <F2(Cfi) +3+2Cfi>:| Fer
) ) F2(cr) (5.13)
. CF.
b Ut d -1 “)|U
e lag[l—QCFi <F2(CF1-) +3+26Fi>] e

where x ¢ = diag(my¢,,my,, my,)/Mgkk is a diagonal matrix containing the masses of the SM
fermions. To the best of our knowledge these important expressions have not been presented
before. Approximate results for the singlet admixture in the wave functions of the SU(2),
doublet SM fermions due to mixing with their KK excitations can be found in [{3, 3,
63, bd], but this effect has never been discussed systematically in connection with flavor-
changing effects. Using the scaling relations derived in section [L.1], it is straightforward to
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find that to leading power in hierarchies

(AF)ij ~ (A/F)w ~ F(CFi)F(CFj)7

(Af)ij ~ (A/f)ij ~ F(Cfi)F(ij)a
2v2

mpmg, 1 vy (5.14)

MI%K F(Cfi)F(ij) MI%K

mygmyg; 1 - v Y}

ME(K F(cr,) F(cr;) ME(K

(5F)ij ~

(5f)ij ~

where Yy represents an element (or a combination of elements) of the Yukawa matrix Y ;.
These relations make the RS-GIM suppression factors explicit. Note that the contributions
of the &4 matrices in (p.7), which have often been neglected in the literature, are of the
same order as the effects proportional to the Ag) matrices. More accurate expressions for
the mixing matrices, in which the relevant combinations of Yukawa matrices are included,
can be found in appendix [A].

It is interesting to study how the various flavor-changing couplings transform under the
two types of reparametrizations, which leave the fermion masses and CKM mixing angles

unchanged in the ZMA. From the relations ([.27), we obtain for a RPI-1 transformation

AF—>€_2£AF, Af—>€+2£Af,

5.15
5F—>€_255F, 5f—>€+255f. ( )

This redistributes effects between the left- and right-handed sectors. For a RPI-2’ trans-
formation, on the other hand, we find from (§.29)

Ap — 1 Ap, Ap - Ay,

1 1 (5.16)
0 — —0p, 6r— —=0r.

773 f "2 f

This type of reparametrization acts in a similar way on the left- and right-handed couplings,
while reshuffling effects between the two sources of flavor violations: those arising from the
gauge-boson profiles (A 4) and those arising from the fermion profiles (§4). When one
type of effect is enhanced, the other is reduced.

5.3 Fermion couplings to W bosons

The couplings of the charged weak bosons W* to SM fermions and their KK excitations
can be derived in an analogous way. In this case, of course, flavor-changing effects are un-
suppressed already in the SM. Focusing only on the quark sector,® and including corrections
up to O(m, /M), we find

Lip D % W; Z [(VL)nan ﬂL,nl’YudL,ng + (VR)n1n2 ﬂle’}/“dR’nQ + h.c., (5.17)

ni,n2

8 An analogous discussion holds for leptons.
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where in terms of the overlap integrals defined in (f.9) one has

c(@Q S5(Q

(VL)’I’Ll’I’LQ = a’g{)T I07§1732 a’gllg)) Y (VR)nlnz = a’gllf)"l I07(11n),2 CL?(’LE) * (518)
The couplings to the SM fermions are encoded in the upper-left 3 x 3 blocks of these
matrices. In the ZMA, one finds

VLHULUdEVCKM, Vip—0. (5.19)

At O(v?/M2y) corrections to the two matrices arise, which give rise to a non-unitarity
of the CKM matrix and to right-handed charged currents. The matrix V' i can be estimated
using the ZMA as described in the previous section, i.e. , by including the leading contribu-
tion to the S,(LA) profiles shown in (B:29) but ignoring the 4,, terms. In this way we obtain

1 1 F2(cg,)
T 1 14 Q) ] 9
Vi —z,U), dlag[l—Zch <F2(CQ1~) +3+20Qi>:| Ujxy (5 0)

The scaling relations from section [i.1] imply that
02 My, M. 1
(VR)jj ~ —a— Flew) Flea;) ~ —3— :
T Mg T Mg Fle) Fleg,)

The deviations of the CKM matrix from a unitary matrix are sensitive to the ¢t-dependent

(5.21)

terms in the gauge-boson profile (R.3§), and to the deviations of the even fermion profiles
and the eigenvectors a,(f” from the expressions valid in the ZMA. These effects are
best studied using the exact results for the fermion profiles and eigenvectors derived in
section B.3. Will we present numerical estimates in section p.J. The non-unitarity of the
CKM matrix has been analyzed previously in [B7, p4]. However, a thorough discussion of
all relevant effects is missing in these articles.

5.4 Fermion couplings to the Higgs boson

Within the SM, the tree-level interactions of fermions with the Higgs-boson are flavor
diagonal in the mass eigenstate basis of the fermion fields. Due to the mixing of fermion
zero-modes and their KK excitations, this is not the case in the RS scenario [i]. The
flavor-changing hff couplings can be expressed in terms of the Yukawa matrices Y, the

even profiles CSLA)
(A)

an . Working in unitary gauge, the relevant terms in the 4D Lagrangian describing the

evaluated at the IR brane, and certain combinations of the eigenvectors

coupling of the Higgs boson to up-type quarks read

L3 — Y (@8 )nans hES 0l +hec. (5.22)

ni,n2

where we have defined the couplings

(G = LTl CO ()Y, O () 0
€

mum u
) = . — (AG ) - (5.23)
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The first term in the last expression gives the SM couplings, while (Ag} ), contains the
RS contributions. Analogous expressions describe the interactions of the Higgs boson and
down-type quarks.

The couplings (Ag})ms are not independent from the flavor matrices derived earlier

in this work. Using relations (B.10), B.11), (B.12), (B.15), and (5.9), it is not difficult to
show that (for ¢ = u,d and Q = U, D)

(Agg)mn = (6g)mn + (6Q)mn (5.24)

v

The flavor-changing Higgs-boson couplings are thus parametrized in terms of the matrices
J 4 entering also the Z%-boson couplings to SM fermions. The expressions for these matrices
valid in the ZMA have been given in (f.13). Note that the extra suppression by factors
of mq/v implies that FCNC processes mediated by Higgs-boson exchange are suppressed
compared with those mediated by the exchange of a Z° boson.

5.5 Parameter counting in the flavor sector

Assuming N quark generations, one starts out with Ny = 2(N?, N?) real moduli and
CP-odd phases for the 5D Yukawa matrices YS:?, plus N = 3(N(N +1)/2, N(N —
1)/2) parameters for the hermitian bulk mass matrices cg,, 4. The Yukawa matrices break
the global bulk flavor symmetry G = U(N)g X U(V)y, X U(N)q with Ng = 3(N(N —
1)/2, N(N + 1)/2) parameters to the subgroup H = U(1)p with Ny = (0,1) parameters.
One thus ends up with Nphys = Ny + Ne — Ng + Ng = (N(2N + 3),(N — 1)(2N — 1))
physical parameters.

For N = 3 quark generations this leads to 27 moduli and ten phases [BY]. In the
ZMA the real parameters consist of six quark masses, twelve mixing angles appearing in
the matrices U, 4 and W, 4, and the nine eigenvalues of the zero-mode profiles Fg , 4.
Out of the ten phases, one is the phase of the CKM matrix, and nine new phases enter
(in different combinations) the various matrices in (5.§) and (p.9), which parametrize the
flavor-changing interactions in the RS model.

For N = 2 quark generations one has 14 moduli and three phases, all of which can
be chosen to reside in the new mixing matrices, since the two-generation CKM matrix
can be made real by phase redefinitions. It is instructive to illustrate this point using the
explicit (approximate) forms for the mixing matrices collected in appendix []. For N = 2
these matrices depend on the four complex quantities (Y;)12/(Yy)22 and (Yy)21/(Yy)22 for
q = u,d. Adopting a phase convention in which the two-generation Cabibbo matrix is real
imposes the constraint (Yy)12/(Ya)2e = (Ya)12/(Ya)22-

We emphasize that the RS model allows for CP-violating effects which do not involve
all three fermion generations, and which can be restricted to either the up- or down-quark
sectors. In that sense CP violation is much less suppressed that in the SM. It would be
interesting to work out the implications of this observation for baryogenesis.

As a final comment, let us mention that the new CP-odd phases encountered in the
minimal RS model induce electric dipole moments of the electron and neutron at the
one-loop level. To avoid the stringent experimental limits on the neutron electric dipole
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moment, the KK gauge-boson masses typically have to be larger than 10 TeV [Bg]. Several
solutions [p(, b1, 4] to this “CP problem” have been proposed, all of which postpone the
appearance of a non-vanishing neutron electric dipole moment to the two-loop level by
reducing the number of CP-violating phases in the two-generation case to one.

6. Phenomenological applications

We now discuss some simple applications of the results derived so far, beginning with the
definition and determination of important SM parameters. We then study the constraints
imposed by the electroweak precision measurements encoded by the S, T', and U parameters
and the Z°bb couplings. In this context, we point out that the minimal RS scenario provides
a consistent framework in the case of a heavy Higgs boson for fairly low KK gauge-boson
masses. Next we deal with the mixing matrices in the charged- and neutral-current sectors,
paying special attention to the non-unitarity of the CKM matrix and the potential size of
the anomalous right-handed Wb coupling. Then follows a discussion of the mass spectrum
of KK fermions. We find that due to the near degeneracy of 5D fermionic bulk mass
parameters, even small Yukawa couplings generically lead to large mixing effects among
the fermion excitations of the same KK level. We close this section by analyzing FCNC
top-quark decays. After determining the preferred chirality of the Z%c(u) interactions we
perform a detailed study of the t — c(u)Z° and t — c(u)h branching ratios. Comments
on correlations between flavor-diagonal and non-diagonal Z° vertices as well as anomalous
htt couplings round off our phenomenological survey.

6.1 Modifications of SM parameters

Since the couplings of the photon and gluon zero modes to fermions are universal and have
the same form as in the SM, the low-energy extractions of the fine-structure constant «
(defined in the Thomson limit) and of the strong coupling «y are, to very good approxima-
tion, unaffected from higher-dimensional effects in the RS model. The weak mixing angle
Oy is related to the 4D gauge couplings as usual by (b.6). It follows that

Ao

2

= . 6.1
9 sin? Ow ( )

The mixing angle defined in this way can be extracted from measurements of the left-right

polarization asymmetries of light SM fermions on the Z° pole. In this case the RS-GIM

mechanism ensures that the modifications of the Z°ff couplings are given to excellent

approximation by the universal prefactor in (f.J), which cancels in the standard formula
for the asymmetries,

- 0(Z% = fufr) —T(Z2° = frfL) _ (9]) = (gh)?

D(Z0 = fufr) +T(2° = frfL)  (g])?+ (gh)? (6.2)

) )

) )

(1/2 — ’Qf’SiIl2 9W 2 _ (Qfsin20w 2
(1/2 — |Qy|sin? O )2 + (Qy sin® Oyy)2

~
~
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Figure 2: Tree-level contributions to 4~ — e~ 0, arising from the exchange of a W~ boson
and its KK excitations.

We next turn to the determination of the Fermi constant G from muon decay. As
shown in figure [, at tree level in the RS model this process is mediated by the exchange of
the entire tower of the W~ boson and its KK excitations. We have calculated the relevant
sum over these intermediate states in (R.2). The terms proportional to 2 or #'2 in this rela-
tion give rise to non-universal effects suppressed by the fermion profiles near the IR brane,
which to excellent approximation can be neglected for the light leptons involved in muon
decay. This leaves a universal correction given by the constant terms in (P.26). We obtain

Gr g° m%v 1 m%v

— = 1+ l-—|+0 . 6.3

V2 8mi, 2MZ 2L Mty (6:3)
The correction term receives a contribution (1 —1/L) from the ground-state W~ boson

and 1/(2L) from the tower of KK excitations.
The SM relation between the weak mixing angle and the masses of the weak gauge

bosons receives important corrections in the RS model. From (R.37) it follows that

2 2 4
mw 2 2 my 1 myz
—5 = cos” Oy |:1—|—Sln Ow (L—1+—>+(9<—>]. (6.4)
m3, 2ME 2L M

Notice that in this case the correction term is enhanced by a factor of L. It is customary
to encode the corrections to the SM (tree-level) relation between my /myz and cosfy in a
parameter ¢ = m¥,/(m% cos? Oy ). The prediction for this parameter obtained in the RS
model depends on how the W*-boson mass is determined. If my is obtained from a direct
measurement, then the ¢ parameter is given by the expression in brackets on the right-hand
side of the relation (p.4). Alternatively, my, can be derived from precise measurements of
a, G, and sin? 8y using the SM relation

9 _ T
MY )indirect = ——————— - 6.5
(3 Jindivect V2G F sin? Oy, (6.5)
In the RS model we have
m? 1 ms
(mW)indiroct =mw |:1 - W <1 - —> +0 < W >:| . (66)
4MZ 2L M
When this is done, one obtains instead
2 4
mz (2 1 mz
o=1+ (Lsm HW—1+—>—|—O< > (6.7)
2MI2<K 2L MéK
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Figure 3: Regions of 68%, 95%, and 99% probability in the m;—my, plane following from the direct
measurements of myy and m; at LEP2 and the Tevatron. The black dot corresponds to the SM
prediction based on the value of G for our reference input values, while the green (medium gray)
shaded band shows the SM expectation for values of the Higgs-boson mass my, € [60,1000] GeV.
The blue (dark gray) line and points represent the RS prediction for Mxx € [1,10] TeV. See text
for details.

The comparison between the indirect constraint and the direct measurements of myy
and m; is shown in figure [|. The regions of 68%, 95%, and 99% probability following from
the direct measurements performed at LEP2 29 and the Tevatron [fg are shown by the
ellipses. The shaded band shows the SM prediction based on (6.5) for Higgs-boson masses
in the range mj, € [60,1000] GeV. The central values and 68% confidence level (CL) ranges
of the direct and indirect W*-boson mass determinations are given by

mw = (80.398 £0.025)GeV,  (mw)idirect = (80.348 £0.015)GeV.  (6.8)

The value of (mw )indirect has been derived using ZFITTER @, . The quoted central
value and error correspond to the SM reference values for Aagd(mz), as(myz), myz,
and my collected in appendix [, as well as the Higgs-boson mass m; = 150 GeV. The
vertical line and points correspond to the RS prediction of my following from (6.g) for
L = In(10%) and Mk € [1,10] TeV. It is evident from the plot that the RS corrections
allow to explain the shift of around 50 MeV between the direct measurement and the
indirect determination for KK scales slightly above Mkk = 1.5 TeV. Motivated by this
observation, we will take Mgk = 1.5 TeV as one of the KK reference scales in our paper.
Our second choice will be Mgk = 3TeV. Notice also that even for a heavy Higgs boson,
agreement between myy and (M )indirect &t the 99% CL can always be reached for KK
scales above 1 TeV. Taking for example mj, = 400 GeV (mj;, = 1000 GeV) would allow for

KK scales as low as 1.5 TeV (1.0 TeV).
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Figure 4: Regions of 68%, 95%, and 99% probability in the S—T plane. The green (medium
gray) shaded stripes in both panels indicate the SM predictions for m; = (172.6 £ 1.4) GeV and
my, € [60,1000] GeV. The blue (dark gray) shaded area in the left/right panel represents the RS
corrections without/with custodial protection for Mkk € [1,10] TeV and L € [5,37]. See text for
details.

6.2 S, T, and U parameters

The S, T', and U parameters measure deviations from the electroweak radiative corrections
expected in the SM from new physics effects in universal electroweak corrections, i.e. ,
those entering through vacuum polarization diagrams [R7, Y, f3-[F6). These parameters
are defined as shifts relative to a fixed set of SM values, so that S, T', and U are identical to
zero at that point. In the entire discussion of the electroweak precision measurements we
focus on the leading contributions to the S, T', and U parameters and thus restrict ourselves
to tree-level effects in the framework of the minimal RS model. We further assume that SM
loop effects are not significantly modified by the presence of KK excitations. A calculation
of the complete one-loop contributions to S, T, and U, extending the work of [4, [g],
would be worthwhile, but is beyond the scope of this paper.

Using the relations (.37) and (R.39), it is a simple exercise to derive the S, T', and U
parameters in the minimal RS scenario at tree-level. In agreement with [F9, g, we find

the positive corrections

202 1 T2 1
S = 1- = T=— "  |L-—= 6.9
M2y < L> ’ 2cos? Oy My < 2L> ’ (6.9)

while U vanishes. Placing the fermion fields in the bulk greatly softens the strong constraint
from S present in the RS models with bulk gauge fields and brane-localized fermions, for
which S, T ~ —Lmv?/MZ are both large and negative [BJ).

The experimental 68% CL bounds on the S and T parameters, corrected to the present
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Figure 5: Regions of 68%, 95%, and 99% probability in the m;,—Mgkk (left panel) and mj—L

(right panel) plane in the RS scenario without custodial protection. The upper (lower) area in the

left and right panel corresponds to L = In(10'%) (L = In(10%)) and Mxx = 3 TeV (Mkx = 1.5 TeV),
respectively. See text for details.

world average of the top-quark mass [[9], and their correlation matrix are given by [RY]

S =0.07£0.10, 1.00 0.85
p= . (6.10)
T =0.16 £0.10, 0.85 1.00

The regions of 68%, 95%, and 99% probability in the S—T plane are shown in the left panel
of figure . The light-shaded stripe indicates the SM predictions for different values of
my, and my, while the dark-shaded area represents the RS corrections in (§.9) for different
values of Mkk and L. In the global fit to the LEP and SLC measurements the parameter
U is set to zero, and the subtraction point corresponds to the SM reference values compiled
in appendix Bl and my = 150 GeV. The S-T error ellipses show that there are no large
unexpected electroweak radiative corrections from physics beyond the SM, as the values of
the S and T parameters are in agreement with zero.

Requiring that the RS contributions (f.9) satisfy the experimental constraint from S
and T yields for the reference point (i.e. , for the SM parameters given above)

Mgk > 4.0TeV (99% CL) . (6.11)

Since the lightest KK modes have masses of around 2.45Mxkgk in the RS framework, the
constraint from T forces the first KK gauge-boson excitations to be heavier than about
10 TeV. Interestingly, one can show that the problem with T persists in any 5D warped
model with SM gauge symmetry in the bulk, in which the solution to the gauge hierarchy
problem is associated with a moderately large volume factor [p§]. This strong constraint
introduces a “little hierarchy problem” and calls for a cure.

There are at least four possibilities that can mitigate the strong constraint from 7' in
warped 5D scenarios. The first one consists in canceling the large positive corrections (p.9)

-39 —



to the T parameter by a large negative correction associated with a massive Higgs bo-
son [BJ-B4]. Keeping only the leading logarithmic loop effects in the SM, the shifts in S
and T due to a Higgs-boson mass different from the reference value mfff = 150 GeV read [P

1 mp, 3 mp

AS=— I AT = ] ,
6 nmzef 87 cos? Oy nmﬁff

(6.12)

while U remains unchanged. These relations imply that the bound on the KK gauge-boson
masses following from 7" may be relaxed by taking large values of my,. A large Higgs-boson
mass also induces a positive correction to the parameter S. However, since AT/AS ~ —3
the Higgs-boson mass can always be adjusted so that the bound on Mgk is alleviated.
For example, taking m;, = 1 TeV.? the shifts due to the Higgs boson amount to AS ~ 0.10
and AT ~ —0.30, and the lower bound (p.11)) is relaxed to

Mgk > 2.6TeV  (99% CL). (6.13)

This feature is illustrated by the upper sets of bands in the panels of figure [, which
show the regions of 68%, 95%, and 99% probability in the m,—Mygk and mj—L planes for
L = 1n(10'%) (left plot) and Mkk = 3 TeV (right plot). Since, as explained in section .4,
the Higgs-boson mass in warped models with the Higgs field residing on the IR-brane
is naturally of order the KK rather than the electroweak scale, the possibility that the
constraint from 7 is tempered by the presence of a heavy Higgs boson should be considered
seriously. In addition, a smaller value of the top-quark mass induces a small negative shift
in T" without affecting S and would thus help in relaxing the constraint from 7' further.
For example, the present total error on the top-quark mass of +1.4 GeV translates into a
shift of AT =~ +0.02. A heavy Higgs boson in combination with a somewhat lighter top
quark thus might allow for KK gauge-boson masses as low as 6 TeV without invoking a
symmetry that protects T from unacceptably large positive corrections.

The second way to protect 1" from vast corrections gives up on the solution to the full
gauge hierarchy problem by working in a volume-truncated RS background [fj]. Taking for
example L = In(10?) to address the hierarchy between the electroweak scale and 103 TeV,
the RS bound (p.11]) changes into the “little RS” limit

Mgk > 1.5TeV  (99% CL). (6.14)

In the “little RS” scenario with L = In(10%), the lightest KK modes have masses of approxi-
mately 2.65Mkxk, so that T pushes the mass of the lowest-lying KK gauge-boson excitation
to around 4 TeV. This lower limit is weaker by about a factor 2.5 than the one obtained
from (B.I7)). The bound (f.14) relaxes further for larger Higgs-boson mass. This feature
is illustrated by the lower sets of bands in the panels of figure [|, which show the regions
of 68%, 95%, and 99% probability in the mj~Mgxk and mjy—L planes for L = In(103) (left
plot) and Mxk = 1.5TeV (right plot). For example, using m;, = 500 GeV instead of the
reference value of 150 GeV turns the limit (f.14) into 1.1 TeV.

9Unitarity of longitudinal W *-boson scattering requires the SM Higgs-boson mass to satisfy the bound
myp, < 870 GeV. In the RS model, unitarity can be satisfied for substantially higher values of my, [@]
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A third possibility to obtain a consistent description of the experimental data, while
allowing for masses of the first KK gauge-boson modes of the order of 5TeV, utilizes
large brane-localized kinetic terms for the gauge fields [F7-F9. Since such terms are
needed as counterterms to cancel divergences appearing at the loop level [Bg, BT, they
are expected on general grounds to be present in any realistic orbifold theory. The bare
contributions to the brane-localized kinetic terms encode the unknown UV physics at or
above the cutoff scale. To retain the predictivity of the model, we simply assume that
these bare contributions are small. As we concentrate on the leading contributions to the
electroweak precision observables, we furthermore ignore possible effects of brane-localized
kinetic terms appearing at the loop level. Even if these assumptions would be relaxed, the
bound on the KK gauge-boson masses that derives from the constraints on the S and T
parameters would remain anti-correlated with the mass of the Higgs boson. For example,
ref. [f9 finds that having a light KK spectrum would require a value of the Higgs-boson
mass in the range of several hundred GeV.

The fourth cure for an excessive T parameter is the custodial SU(2) symmetry [BJ].
In the context of 5D theories with warped background the custodial symmetry is promoted
to a gauge symmetry. The hypercharge group is extended to SU(2)r x U(1)x, such that
the bulk gauge symmetry is SU(3),. x SU(2)r x SU(2)g x U(1)x. The gauge group is then
broken to SU(3). x SU(2)r, x U(1)y on the UV brane. The tree-level S and T parameters
in the RS scenario with this extended electroweak sector are given by [BJ]

202 1 T2 1
S = 1— = rT=——— - 6.15
M2 < L) ’ 4cos? Oy Mz, L’ (6.15)

while U remains unaffected. Notice that the S parameter is given by the same expression as
in the case without the custodial symmetry. For the T parameter the custodial symmetry
is at work, since T turns out to be suppressed, rather than enhanced, by the logarithm
L of the warp factor. Thus the tree-level T' parameter ends up being tiny for the RS
background with a large warp factor. The lower bound on the KK scale then follows from
the experimental constraint on .S. Numerically, one finds for the reference point

Mgk > 2.4TeV (99% CL), (616)

which translates into a lower bound on the first KK gauge-boson mass of about 6 TeV.
This limit is only marginally better that the bound (f.13) obtained in the original RS
model without custodial symmetry, but with a heavy Higgs boson. Notice also that in the
case of the RS scenario with extended electroweak sector, the existence of a heavy Higgs
boson would spoil the global electroweak fit, since the corrections ([5.15) are generically too
small to compensate for the negative shift AT due to a large value of my. This feature
is illustrated in the right panel of figure |l On the other hand, it has been shown in [BJ
that in this model fermionic loop corrections to T' are UV-finite and positive and allow to
lower the KK scale for a sufficiently light Higgs boson. As a word of caution we should
mention that, without a custodial bulk symmetry, the 7" parameter could also be affected
by unknown UV dynamics. It is thus possible that loop and cutoff effects might raise the
bounds (f.13) and (.14) to significantly higher values of the KK scale.
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In [[7, [q] one-loop corrections to the T parameter arising from KK excitations that
couple via the top Yukawa coupling have been studied in the context of the custodially sym-
metric SU(2)z, x SU(2) g model. The interesting observation made by these authors is that
the presence of quark bi-fundamentals under SU(2); x SU(2)g, introduced to protect the
left-handed Z°bb coupling [B4], typically induces a negative shift in the T parameter at the
one-loop level, although a positive correction is possible in some regions of parameter space.
It is apparent from the right plot in figure [] that obtaining a negative contribution to T,
together with a positive value of the S parameter, would be rather problematic. In the RS
scenario without SU(2)g one-loop corrections to 7" have not been calculated. The precise
impact of higher-order corrections on (6.11]), (6.13), and (p.14) therefore remains unknown.

6.3 Flavor-changing interactions

We now turn our attention to the sources of flavor violation in the couplings of the weak
gauge bosons to fermions. To this end we need to specify a large number of model pa-
rameters, namely the bulk mass parameters of the 5D fermion fields and the 5D Yukawa
matrices. Their choice is restricted by the fact that one should reproduce the known values
of the quark masses and CKM matrix elements within errors, but this information still
leaves some freedom.

It will be useful for many considerations to have a default set of input parameters,
which is consistent with all experimental constraints concerning the quark masses and CKM
parameters. We use Mk = 1.5 TeV as the default KK scale, corresponding to masses of
about 3.7 TeV for the first KK excitations of the gauge bosons. We sometimes use twice
that value, Mgk = 3TeV, as a second reference point. Unless otherwise noted, we set L =

In(1016) for the logarithm of the warp factor. Our default set of bulk mass parameters is'”

co, = —0.579, co, = —0.517, cq, = —0.473,
Cuy = —0.742, ¢4y = —0.558, ¢y, = +0.339, (6.17)
ca, = —0.711, ¢g, = —0.666, cg, = —0.553.

For the 4D Yukawa matrices in the normalization (B.d) we take

1.077 — 0.820¢ 0.102 + 1.177% 0.788 — 0.4351¢
Y, = 1.333 — 1.132% 0.084 —0.7557 —0.394 — 0.6287 |,
—0.729 + 0.0817 0.682 + 0.276% 0.753 — 2.360¢

1.425 —1.7844 0.358 + 0.464¢ —0.301 — 0.128¢
Y, =] 0.055-0.602¢ —1.054—1.575¢ —0.043+0.411¢ |. (6.18)
0.968 + 1.8261 0.697 +0.277¢ —0.853 4 0.646¢

These matrices have been obtained by random choice, subject to the constraints that the
absolute value of each entry is between 1/3 and 3, and that the Wolfenstein parameters p

and 7 in ([l.1§) agree with experiment within errors. The bulk mass parameters c4, have
then be determined using the scaling relations described in section [L1].

0Here and below, results are given to at least three significant digits.
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With these parameters, the exact values for the quark masses obtained from the eigen-

value equation (B.17) are
my = 1.45MeV, m.=563MeV, m;=136GeV,

(6.19)
mg =2.98MeV, mgs=49.6MeV, my=223GeV.

These values should be interpreted as the running quark masses in the MS scheme evaluated
at the scale y = Mkgk. After renormalization-group evolution, they agree with the mass
values derived from low-energy measurements (see appendix [B). Note that essentially
the same values are obtained using relations ([.7) and ({.§) valid in the ZMA. The only
exception is the top-quark mass, which comes out 5.5 GeV too large in this approximation.

In parts of our analysis below, specifically in sections [6.3.1], p.4, B.5, and [6.6, we will
perform a scan over the parameter space of the RS model. Whenever this is done, we
generate 3000 randomly chosen points using uniform initial distributions for the input
parameters. The parameter ranges are Mgk € [1,10] TeV for the KK scale and |(Yy, 4)i;| €
[1/3,3] for the Yukawa couplings. We further require in a somewhat ad hoc way that
|F(ca,)| < v/2, which means ca, < 1/2. The bulk mass parameters are then chosen such
that all points reproduce the quark masses and CKM parameters with a global x?/dof
of better than 11.5/10 (corresponding to 68% CL). This large set of points provides a
reasonable range of predictions that can be obtained for a given observable. Only for a
subset of the 3000 scatter points the RS predictions for the Z%b couplings are consistent
at the 99% CL with experimental measurements. (A detailed discussion of the Z°% — bb
“pseudo observables” is deferred to section p.4.) We will generally show two plots for a
given observable, one made with all 3000 parameter points, and one restricted to those
points that are compatible with the measured Z%b couplings. In the latter case, we add
further scatter points that pass all constraints, so that the number of shown parameter
points also amounts to 3000 in total.

6.3.1 Mixing matrices in the charged-current sector

We next consider the results for the flavor-mixing matrices, starting with the CKM matrix.
In all cases we adjust the phases of the SM quark fields according to the standard CKM
phase convention [69], which is defined by the requirements that the matrix elements V4,
Vs, Vep, Vip are real, and that
Im Vs = % Im V. (6.20)
These five conditions fix the phase differences between the six quark fields uniquely.
With our default parameters, the exact expression for the left-handed charged-current

mixing matrix V1, defined in (5.1§) is

0.975 0.225 0.00322 ¢~ 66-6°
V=] —0225¢002 (97370002 0.0417 : (6.21)
0.00880¢~%20-5°  _ (0.0400 e* 1-5° 0.996

For the purposes of this work, we define the CKM matrix as Vexym = Vi, ie. , as the
matrix governing the charged-current couplings of the lightest W+ bosons in units of g/v/2,
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see (b.17).1' From this matrix we extract for the Wolfenstein parameters the values
A=0.225, A =10.822, p=0.132, 7 = 0.306. (6.22)

They are all in good agreement with experiment (see appendix ). Unlike the CKM matrix
in the SM, the left-handed mixing matrix in the RS model is not a unitary matrix. As two
measures of this effect we consider the deviation of the sum of the squares of the matrix
elements in the first row from 1, and the lack of closure of the unitarity triangle [Bg]. A
much more detailed analysis of new physics effects on determinations of CKM and unitarity-

triangle parameters will be presented in [p]. With our default parameters, we obtain

1 — (|Vaal? + | Vas|? + [Vawo|?) = —0.00048,

VudVy, | ViaVip : (6.23)
U = —0.0068 + 0.02097 .
VeV, | Vealis T

1+

The first number should be compared with the one following from a global fit performed
in [B9], which yields

1 — (|Vaal? + [Vaus|® + |Vip|?) = 0.00022 £ 0.00051y;,, == 0.00041y,, . (6.24)

The unitarity violation predicted in the RS model with our default parameters is at the
same level as the uncertainties in (f.24). An improvement of the determination of both
Vua and Vi, might thus allow to detect the non-unitarity of the CKM matrix induced in
the RS framework. The second prediction in (.2) can be compared with the current
precision on the values of the Wolfenstein parameters, which are p = 0.141 4_'8'8%2 and
7 = 0.343 £ 0.016 according to the CKMfitter Group [P(], and p = 0.147 & 0.029 and
7 = 0.34240.016 according to the UTg; Collaboration [PI]. Again, the predicted unitarity
violation is of the same order as the present errors.

Our default result for the right-handed mixing matrix Vg in (p.1§) is given in ap-
pendix [J. Its entries are extremely small compared to the corresponding entries of the
CKM matrix due to the suppression proportional to two powers of light quark masses,
which is evident from (5.20). The only two elements exceeding the level of 10~° in magni-
tude are (Vg)32 = —1.17-107° ¢7#334" and (Vg)33 = 1.20 - 1073, However, these couplings
are still too small to give rise to any observable effect. Consider the right-handed Wtb cou-
pling as an example. To leading power in hierarchies only the profile F'(cg,) and certain
combinations of cg,, cg,, and the elements of the up- and down-type Yukawa matrices
enter in the formula for this quantity. Explicitly, we find in the ZMA

mymy 1 1 F2(cq,) >
=V 14—
vn = Wil = [1 vy (P 3o o
(Y)is(Ya)is 1 1 '
S Yu)iz(Ya)ss 1= 2cq, F2(cqs)

1 An alternative, more physical definition is based on the effective four-fermion interactions induced by
the exchange of the entire tower of W bosons and their KK excitations @]

— 44 —



1073
107
S
1073
1070
without Z° - bb . . with Z° - bb
195%CL B - X,y “ o, N 195%CL B - X,y “
77 . . . . . . 77 N N N N . .
10 2 4 6 8 10 10 2 4 6 8 10
MKK [TeV] MKK [TeV]

Figure 6: Coefficient vy as a function of Mkk. The red (dark gray) band represents the parameter
region disfavored by B — X at the 95% CL. All scatter points reproduce the correct quark masses
and CKM parameters within errors. In the left (right) plot, points that violate the constraints from
the Z° — bb “pseudo observables” are included (excluded). The values of vg for our RS reference
points with Mxk = 1.5 TeV and Mgk = 3 TeV are indicated by the yellow (light gray) triangle and
the orange (medium gray) stars. See text for details.

Interestingly, the inclusive B— Xy decay provides a stringent bound on the potential size
of the anomalous Wtb coupling proportional to vg. Due to the chiral m;/m; enhancement
present in B—X,y [@, @], the bound on this specific effective coupling turns out to be more
than an order of magnitude stronger than the limit expected from future measurements of
top-quark production and decay at the LHC [04]. A recent careful analysis arrives at [p]

vR € [~0.0007,0.0025] (95% CL). (6.26)

In figure | we show the RS predictions for vg as a function of My for 3000 randomly
generated parameter points, see section .3. The range (6.24) disfavored by B — X,y
is indicated by the horizontal band. In the right plot we have excluded scatter points
that do not lead to an agreement with the measured Zbb couplings at the 99% CL. The
plots illustrate that although values of vg at the level of 1072 are possible for light KK
masses, the RS corrections to vg are generically too small to lead to an observable effect
in B — Xgv. The possibility that an anomalous right-handed Wtb coupling changes the
top-quark production and decay in a way that would be detectable at the LHC thus seems
highly unlikely in the minimal RS framework.

Note that the correlation between the Wtb and Z°bb couplings is in general different in
warped models with extended electroweak sector, because the custodial symmetry cannot
simultaneously protect the Wtb and Z°b couplings [@] We therefore expect that, depend-
ing on the exact realization of the fermionic sector, the corrections to the Witb couplings
could be more pronounced, which might allow for an indirect detection of the anomalous
right-handed Wb coupling through a deviation in the B — X+ branching ratio.
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6.3.2 Mixing matrices in the neutral-current sector

The largest flavor-changing effects in the neutral-current sector arise from the Z%-boson
couplings to SM fermions. They are encoded in the left- and right-handed couplings g£ R
given in (5.9). The dominant effects arise from the matrices Ag, (Whose contributions

are enhanced by a factor L) and dg .

We now list the results for these matrices

obtained with our default parameters. Note that the A 4 terms are multiplied by a factor
m%L/(2Mgy) ~ 0.07 ~ 1/15 relative to the § 4 terms. This needs to be taken into account
when comparing the numerical values of the various matrices.

Left-handed down-quark sector:

0.290
Ap=10"3 0.235 ¢ 3-6°
—0.788 ¢~ 718’
0.214
dp=10"*| 0.407¢160-2°

Right-handed down-quark sector:

0.00168
Ay =10"%] 0.00176¢29-2°
0.112¢¢725°
0.00390
8, =10"% —0.00226 ¢i31-6°

Left-handed up-quark sector:

0.775
Ay =103

0.419
5y =107

Right-handed up-quark sector:

0.000421
A, =101

0.000867
8, =107

—1.736¢7182:2°

0.0754 ¢—80-4°

1.823 ¢! 157
—1.337 71239

1.006 €%3-9°
—0.733¢7107°

—0.0580 " 3-1°
0.269 ¢? 67-8°

—0.0857 €47
2.593 ¢—161.7°

0.235¢713:6° (). 788 ¢ T1-8°

7.864
— 4.305¢'8:6°

0.407 ¢160-2°
3.778
— 5.309 ¢943.0°

0.00176 ¢—%29-2°
0.0136
0.218 ¢4 70-6°

—0.00226 ¢ % 31-6°
0.0393
0.267 ¢ 19-3°

1.823 ¢ 15°
7.059
— 3.177€4167°

1.006 e~ ¢3-9°
2.812
—1.918¢713L2°

—0.0580 %317
9.382
—40.66 " 82:5°

—0.0857 147"
13.76
276.9 ¢t 85-0°
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—4.305 ¢ 18:6°

30.93

—1.736 ¢"82:2°
—5.309 ¢ 43-0°
20.91

0.112 ¢! 72:5°
0.218 ¢! 70-6°

11.82
0.0754 ¢t 80-4°

0.267 ¢~ 19-3°

20.40

—1.337¢"23:9°

—3.177 71167

29.23

—0.733¢'07°
—1.918¢"31-2°
15.46

0.269 ¢4 67-8°
—40.66 ¢ 82:5°
4596.8

2.593 ¢t 61.7°
276.9 ¢ 85.0°
75086

(6.27)
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Figure 7: Mass spectrum of the first KK excitations of the up- (left) and down-type (right)
quarks. Black lines show the exact masses, while gray lines show the masses obtained by switching
off the Yukawa couplings. The mixings of the mass eigenstates are visualized by the bar charts at
the bottom of each panel. See text for details.

The mixing matrices A’; take similar values (both in magnitudes and phases) as the corre-
sponding matrices A 4. They are collected in appendix [J. Also given there are our results

for the matrices sg), which are more than an order of magnitude smaller in magnitude than

the corresponding matrices Ag). Their contributions to the Z%-boson couplings in (f.7)
are negligible. In fact, these contributions are formally of O(v?/Miy).

It is instructive to compare the above exact results for the various mixing matrices
with the approximations (p.11) and (p.IJ) obtained using the ZMA. We find that in all
cases the ZMA reproduces the magnitudes and phases of the matrix elements with very
good accuracy. Deviations typically arise at the percent level.

While the various mixing matrices presented above refer to a particular point in pa-
rameter space, they are nevertheless useful in order to obtain a picture of “typical” flavor-
changing effects that can be expected in the RS model. The input parameters have been
chosen such that the resulting values of the fermion masses and CKM parameters are in
good agreement with the experimental values of these quantities. Apart from O(1) effects
on the various entries, the freedom one has in varying these matrices is thus restricted
to the reparametrization transformations (5.15) and (5.16). Finally, the overall scale of
all flavor-changing effects in the neutral-current sector can be tuned by changing the KK
scale, since these effects are proportional to v> /MI%K

6.3.3 Masses and mixings of KK fermions

The equations derived in section [ allow us to study also the mass spectrum and mixings
of the KK excitations of the SM fermions. These mixings can give rise to flavor-violating
transitions among the light SM quarks when inserted into loop diagrams. As an example,
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we study the first level of KK quarks numerically using the default parameters given earlier
in this section and assuming Mgk = 1.5TeV. Since there are vector-like excitations for
each chiral SM fermion, we obtain six states each in the up- and down-type quark sectors
at the first KK level. Figure ] shows the exact mass spectrum of these states together
with the spectrum one would obtain without Yukawa couplings. The “undisturbed states”
calculated with Y, 4 = 0 correspond to pure SU(2);, doublets and singlets, labeled by
Q1, Q2, Q3 and u, ¢, t or d, s, b, respectively. Introducing the Yukawa couplings leads
to mixings between fields with different flavor and SU(2); quantum numbers, which
are visualized by the bar charts at the bottom of each panel. The area of each colored
region is proportional to the square of the absolute value of the corresponding entry in
the mixing vectors agi’gD ) and agfg) (altogether 36 numbers), which appear in the KK
decomposition (B.3) of the fermion fields.

As the KK scale is much larger than the Higgs vacuum expectation value, one might
expect the flavor mixings between KK fermions to be small. To the contrary, however, one
finds very large mixing effects especially in the down-type quark sector due to the near
degeneracy of the 5D bulk masses of the corresponding fermion fields. The mass splittings
of the undisturbed KK states are typical of order 100 GeV, which is not large compared to
v. Thus the Yukawa couplings generically induce O(1) mixings among the KK excitations
of the same KK level.

The generation mixing of KK modes provides an important example where the ap-
proach of treating the Yukawa couplings as a small perturbation is inadequate. On the
other hand, we have checked that good approximations to the exact results for the masses
and mixings of KK fermions can be obtained by working with the undisturbed states, treat-
ing the Yukawa couplings as interactions, and diagonalizing the resulting mass matrices on
a truncated basis of KK states [04].

6.4 Z°b couplings

From (F.5) and (B.7), it follows that the flavor-diagonal Z%-boson couplings to down-type
quarks can be written in the form

1/2 m2 ) 1 my
> (wioms)" [t it (vt ) so ()| 2

X [(Q%)“ dpiy"do + (9%), dR,i'YudR,i] )

where i = 1,2, 3. For the light down and strange quarks the left- and right-handed couplings
are, to excellent approximation, given by the SM expressions, (g%)u ~ —1/2 +sin? Oy, /3
and (g%)11 ~ sin? fy /3. For the bottom quark, the non-universal corrections in (B.7) can be
significant. Using the approximate expressions (f.11)) and (5.13) valid in the ZMA, we can
derive compact analytical expressions for these corrections. From the explicit results for the
mixing matrices collected in appendix [A], we see that to leading power in hierarchies only
the two profiles I'(cq,) and F(c4,) and simple combinations of cq, ,, ¢4, ,, and the elements
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of the down-type Yukawa matrix appear. Denoting c,, = cg, and ¢, = ¢4, We obtain

o= (o) — <_1+sin2ew> {1_ m%  F*(cy,) <L_ 5+ 2cy, >]
. 2 3 2M£‘;K 3420, 23+ 2cy,)

(6.32)

+ my, 1 1 CbR Z |(Ya) 32 1 1

2MI2(K 1_2ch F2(Cb ) 3+2CbR ‘ Yd 33‘21 20d F2(Cb ) ’

s 02 2 2
gbR = (g%) R S1n HW 1 . mg F (CbR) _ 5 + QCbR
33 3 2MZy 3+ 2cp, 2(3 + 203,

omi 1 ( 1 Fa,) ) Z |(Ya)is)* 1 1

2MI2(K 1-—- ZCbL Fz(CbL) 3 + 2CbL | Yd 33|2 1-— 26Q Fz(cb )

Note that the non-universal corrections always reduce the couplings with respect to their
SM values in magnitude. Using the freedom of reparametrization invariance, one can
rescale F'(cy, ), F(cpy), and the Yukawa couplings in such a way that the values of the
quark masses and the CKM mixing angles remain unaffected, see (.27) and ({29). This
has the effect of redistributing contributions between the left-handed and right-handed
couplings. In practice, however, the value of F'(¢p, ) cannot be made too small if one wants
to reproduce the large top-quark mass with reasonable Yukawa couplings.

The ratio of the width of the Z%boson decay into bottom quarks and the total
hadronic width, Rg, the bottom quark left-right asymmetry parameter, A, and the
forward-backward asymmetry for bottom quarks, AOF’%, are given in terms of the left-
and right-handed bottom quark couplings as [P7]

-1

RO = |14+ 4Zq:u,d [(g%)2 + (931%)2]
’ nqop NQeD [(1—62)(9% — g%)% + (9% +g%)%] |
gL + QR
24/1
gR 0,b 3
Ay = 3 AF’\B = Z A Ay, (633)
1 —4dzy+ (14 22) <gL +gR>
g gR

where ngcp = 0.9954 and nqep = 0.9997 are QCD and QED radiative correction factors.
The parameter z, = m2(mz)/m% = 0.997 - 1073 describes the effects of the non-zero
bottom quark mass. To an excellent approximation we can neglect the RS contributions
to the left- and right-handed couplings of the light quarks, gg p» and to the asymmetry
parameter of the electron, A., and fix these quantities to their SM values. In what follows
we will employ g% = 0.34674, g% = —0.15470, g¢ = —0.42434, g% = 0.077345 [29], and
A, = 0.1462 [0, [[7]. The numerical values quoted above correspond to the SM reference
parameters collected in appendix .

Inserting the predicted SM values g% = —0.42114 and g% = 0.077420 [Bg] for the
left- and right-handed bottom-quark couplings into the relations (6.33), we obtain for the
central values of the quantities in question

R)=021579, A, =0935, A% =0.1025. (6.34)

— 49 —



0.12F - - - ; 0.12F - - - ;
68% CL 68% CL
95% CL 95% CL
011_ = 99% CL - 011_ m 99% CL -
0.10} ] 0.10f ]
0.09} ] 0.09; ]
O <o
[s6)
0.08f - 0.08F ]
0.07F 1 0.07¢ 1
0.06F ] 0.06¢ ]
0.05 CL 1 1 1 n| 0.05 C1 L L L '
-0.44 -043 -042 -041 -040 -0.44 -043 -042 -041 -040
g g1

Figure 8: Regions of 68% , 95% , and 99% probability in the g%—g% plane. The horizontal
stripe in the left plot consists of a large number of points in parameter space. The triangle and
star in the right panel correspond to the results for our reference RS point with Mgk = 1.5 TeV
and Mgk = 3TeV, assuming a Higgs-boson mass of m; = 400 GeV. The black dot is the SM
expectation for the reference point, and the green (medium gray) line in the right panel indicates
the SM predictions for my, € [60,1000] GeV. See text for details.

These SM expectations should be compared to the experimentally extracted values for the
three “pseudo observables”. They are [Rg]

RY = 0.21629 =+ 0.00066 , 1.00 —0.08 —0.10
Ap = 0.923 +0.020, p=|-008 1.00 006 |, (6.35)
ALY = 0.0992 + 0.0016,, —0.10 0.06  1.00

where p is the correlation matrix. We see that while the R) and A, measurements agree
within +0.80 and —0.60 with their SM predictions, the A%’% measurement is almost —2.10
away from its SM value.'> Whether this is an experimental problem, a statistical fluctuation
or an effect of new physics in the bottom-quark couplings is up to date unresolved. In fact,
the relative experimental error is much larger in A%% than in R,? and Ap, where no anomalies
are observed. Furthermore, the value of the left-handed bottom-quark coupling, which is
essentially determined by the measurement of RY oc (g%)? + (¢g%)? due to the smallness of
gl;z, shows no discrepancy. The data therefore invite an explanation in terms of a possible
deviation of the right-handed bottom-quark coupling from its SM value. This would affect
Ap and A%’%, which both depend linearly on the ratio g% / g%, more strongly than Rg.

The results of our fit to the Z° — bb “pseudo observables” are shown in figure §. In the
left panel we have superimposed the RS predictions obtained for 3000 randomly generated
points in parameter space. It is evident that the RS prediction for g% is always larger than

2For my, = 115 GeV the discrepancy in A%% would amount to around —2.50.
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the SM reference value indicated by the black dot, while gljz is essentially unaffected.'
This implies that the RS corrections to the Z%bb couplings necessarily shift the values gg R
further away from the best fit g% = —0.41918 and g% = 0.090677. The RS corrections ([.33)
thus cannot account for the positive shift in gl}z needed to explain the anomaly in AOF’%.

The apparent large positive corrections to g% imply that the Rg, Ay, and AQF’% mea-
surements impose stringent constraints on the parameter space of the RS scenario. The
distribution of points depends strongly on the bulk mass parameters, while the exact values
of the KK scale and the elements of the down-type Yukawa matrices have only a minor
impact on the overall picture. Notice that the dependence of g%’ R O Cby p 18 much more
pronounced than the one on cg,, and cgq, ,, because the parameters cy, , enter (6.39)
through their corresponding zero-mode profiles F(ch, »)- As aresult, the allowed values of
Cby, p are strongly constrained by the Z 0 — bb “pseudo observables”, while the bulk mass
parameters cq, , and cq, , are only weakly bounded. The former feature is illustrated in fig-
ure f], which shows the regions of 99% probability in the ¢, —Cpy Plane for Mgk = 1.5 TeV
(left) and Mgk = 3TeV (right). The colored contours in both plots indicate the magni-
tude |(Yy)s3| necessary to achieve the correct value of the bottom-quark mass. We find
that under the restriction |(Yy)33| < 12 the allowed c;, , parameters all lie in the inter-
vals ¢, € [—0.59,—0.45] (cp, € [—0.62,—0.24]) and ¢, € [—0.57,0.30] (cp, > —0.60) for
Mgk = 1.5TeV (Mg = 3TeV). Notice that increasing the magnitude |(Yy)s3| decreases
the available parameter space. Requiring a consistent fit of all quark masses and CKM
parameters restricts the allowed region in the ¢, —¢;, plane even further. This feature is
illustrated by the dashed rectangles in figure [J, which represent the allowed Cby, p TAnges
that lead to a global x?/dof of better than 11.5/10 for |(Y,.4)ij| restricted to the range
[1/3,3]. The strongest constraint is provided by the top-quark mass. We recall in this
context that we require ¢,, < 1/2.

In this figure, the RS results with (without) the m?/MZy terms are indicated by
bright (faint) colors. Comparing the allowed regions makes clear that the mg /MI%K terms
in (B.33), which result from the matrix elements (dp)s3 and (4)33 in (5.7), are numerically
important, especially if |(Yy)s3]| is allowed to take values larger than a few. Neglecting these
contributions is in general not justified. Notice also that the terms in (.33) proportional
to m2Z /]\4;2(K depend linearly on L, whereas the terms proportional to mg /]\4;2(K are inde-
pendent of the logarithm of the warp factor. These latter terms thus cannot be removed
by truncating the volume of the RS background. In turn, they are typically dominant for
moderate and small values of L.

After a proper adjustment of bulk mass parameters, the constraint on Mkg coming
from the combined Rg, Ap, and A%’% measurements is in general weaker than the one
stemming from the electroweak precision measurements, encoded in S and T'. For example,
for the RS reference input values spelled out in section f.J, we find

Mgk > 1.6TeV  (99% CL). (6.36)

Like in the case of the S and T parameters, it turns out to be instructive to study the

3The tiny RS shifts in g% are always negative.
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Figure 9: Regions of 99% probability in the ¢;, —cp,, plane for Mgk = 1.5 TeV (left) and Mk =
3TeV (right). We set cq,, = cq,, = —1/2 and Ny = |(Ya)s;|/|(Ya)3s| = 1. The colored contours
indicate the value of |(Yy)s3| necessary to reproduce the value of the bottom-quark mass. The RS
results with (without) the m? /MZ terms are indicated by bright (faint) colors. Only the parameter
region inside the dashed rectangles leads to consistent values for the quark masses and mixings. See
text for details.

Higgs mass dependence of the observables in question. The leading logarithmic Higgs-mass
corrections to the Z° — bb “pseudo observables” are well approximated by

mp
ref ’

h
AAy = —27-1074 ln%, (6.37)
h
AA% = —27.1073 In 2|
mlf“Lef

AR) = 3.3-107° In

These relations have been derived with the help of ZFITTER [0, @].14 Interestingly, the
shifts in Rg and A, are only moderate compared to the experimental errors, while the
shift in A%% is rather pronounced, due to the strong Higgs-mass dependence of A., and
negative. These features allow to significantly improve the quality of the fit to the Z° — bb
“pseudo observables” by taking large values of mj. For example, a Higgs-boson mass
of my = 400GeV would bring the predictions of 92 g very close to the best fit value.
This feature is illustrated by the triangle and star in the right panel of figure f§, which
correspond to the predictions (B.33) for our two RS reference points. Numerically, we
obtain ¢% = —0.416658 and g% = 0.090813 (g% = —0.418055 and g% = 0.090826) for
My = 1.5TeV (Mgk = 3TeV). The line in the same plot indicates the SM predictions
for my, € [60,1000] GeV. Warped models with the Higgs field localized in the IR might thus
indirectly allow for an explanation of the A%’% anomaly, since in these setups the Higgs

MThe default flags of ZFITTER version 6.42 are used, except for setting ALEM=2 to take into account the
externally supplied value of Aalﬁ)d(mz).
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boson is expected to be heavy, which leads to a good agreement between Z° — bb data
and theory. Needless to say, even for a heavy Higgs boson the tight constraints on ¢y, ,
arising from the measurements of Rg, Ap, and AOF’% persist.

The strong bulk-mass parameter dependence of the RS corrections to the Z9bb
vertex can be greatly reduced [[{7] by using an embedding of the SM fermions into the
custodially symmetric SU(2), x SU(2) g model, under which the left-handed bottom quark
is symmetric under the exchange of SU(2)7, and SU(2)g [B4]. The simplest implementation
of this Zs symmetry is realized by choosing the left-handed quarks to be bi-fundamentals
under SU(2); x SU(2)g, while the right-handed top quark is chosen to be a singlet. In
these variations of the original RS scenario, mixing between the Z° boson and the KK
excitations allows to explain the A%’B anomaly without affecting the agreement of the
other precision electroweak observables with experimental data for moderate KK masses
of the order of 3 TeV [0].

6.5 Rare decay t — cZ°

A particularly interesting class of FCNC processes in the RS model involves the flavor-
violating couplings of the top quark. As the heaviest fermion in the SM, the top quark
is located closest to the IR brane and hence couples most strongly to the KK excitations
of the gauge bosons. Sizable flavor-changing effects involving the top quark are hence
expected in the RS scenario. Because flavor transitions in the up-type quark sector are far
less constrained by kaon and B-meson physics than those in the down-type quark sector,
the presence of non-negligible anomalous flavor-changing top-quark couplings is not ruled
out experimentally. This makes searches for radiative and rare AF = 1 processes involving
the top quark unique probes of the RS framework.

The flavor-changing couplings of quarks to the Z° boson in (p-H) allow the top quark to
decay via the process t — c¢Z°. The branching ratio is given to excellent approximation by

2(1-7r%)° (1+2r2)
(1=r3)" (1+2%)

X {‘(9%)23’2 + ‘(9?%)23‘2 - (

B(t — cZ°) =

127"07"%
1-— r%) (1 + 27"%

T el (025 (g } (6.38)
~ 1.842 [I(gﬁ)zg,l2 + I(gﬁé)zslz} — 0.048Re[ (97 )33 (97)23]

where r; = mfdo /mfdo, and for simplicity we have only kept terms up to first order in
v? /]\4;2(K and the charm-quark mass ratio r. ~ 8.7 - 1073. The flavor-changing couplings
are given by

" m%, (1 2 1
(91)93 = _2M§ (5 3 sin® 9W> [L (Ay)gs — (A/U)23} 3 (0U)a3
) KK2 ) (6.39)
u my . 2
(gR)23 = 2MI2<K g Sin HW |:L (Au)23 — (A;)231| + 5 (5u)23 .

— 53 —



B(t > 20

10711

10713} without 2 - bb ——— 95%CL ATLAS 10713F winz b — == 95%CL ATLAS
895%CL CDF === S50 ATLAS ®95%CL CDF  ----- 50 ATLAS
10715 L L L L 10715 L L . .
2 4 6 8 10 2 4 6 8 10
Mgk [TeV] Mgk [TeV]

Figure 10: Branching ratio of the rare decay ¢t — ¢Z° as a function of Mkxk in the RS model.
The red (dark gray) band is disfavored at 95% CL by the CDF search for t — wu(c)Z°. The
dashed and dotted red (dark gray) lines indicate the expected sensitivities of ATLAS for 100 fb~!
integrated luminosity. All scatter points reproduce the correct quark masses, mixing angles, and the
CKM phase. In the left (right) plot points that violate the constraints from the Z° — bb “pseudo
observables” are included (excluded). The yellow (light gray) triangle and the orange (medium
gray) stars represent the results for our RS reference points. See text for details.

The branching ratio and the flavor-changing couplings relevant for the ¢t — uZ% decay are
obtained from the above expressions by replacing subscripts 23 by 13 and m. by m,,. Due to
the RS-GIM mechanism this decay is, however, strongly suppressed compared to t — ¢Z9.

Using the ZMA expressions (b.17) and (5.13), it is straightforward to derive that to
leading power in hierarchies the flavor-changing couplings inducing t — ¢Z° decay take
the form

. my (1 2 F(eqy)F(cq;) (Yu)2s D + 2¢gs
( )23_> 3 < 29W> 3+2cq, (Yu)ss (L_m>

— e~ Hd2—03) Ml 1 [ 1 (Yu)31 (Mu)12 + 1 (Yu)§2] ’
2M[2(K F(CUZ)F(CUB) 1—2¢y; (Yu)3 3( win 1—2cy, (Yu)§3 (6.40)
: m2 2 F(cuy)F(cus) (Yu)io 5+ 2c '
u _—i(pa—a3) Mz ~ U2 ug3 u3
(97)y3 — —¢ M2, 3 sin” 342, (Yu)is <L 2(3 + 2cu3)>
MMy 1 [ 1 (Yu)13(My)5 1 (Yu)23:|
2M}2<K Fe@y)Feqs) 1 —2cq, (Yu)ss(My) 1 —2cq, (Yu)ss

Here (M,);; again denotes the minor of the up-type Yukawa matrix Y, and the definitions
of the phase factors e'®s can be found in (.15).

The RS predictions for B(t — ¢Z°) as a function of Mkk are shown in figure [L0.
Each plot contains 3000 randomly generated parameter points. The values of B(t —
cZ% =6.1-107% and B(t — ¢Z%) = 3.8 - 107Y corresponding to our RS reference point
for Mg = 1.5TeV and Mgk = 3TeV are displayed by the triangle and stars. Notice
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Figure 11: Left-right polarization asymmetry of t — ¢Z° as a function of the branching ratio of
t — ¢Z9. The results before and after removing the points that violate the constraints from the
Z% — bb “pseudo observables” are shown in the left and right panel. Bins with the lowest density of
points are colored light blue (light gray), while those with the highest density of points are colored
yellow (light gray). The yellow (light gray) triangle and the orange (medium gray) stars represent
the results for our RS reference points. See text for details.

10710 1074

that for Mgk = 1.5TeV our RS reference point barely fails to satisfy the constraints
from the Z° — bb “pseudo observables”. The presently most precise experimental upper
bound on FCNC ¢ — u(c)Z° decays stems from the CDF experiment and amounts to
B(t — u(c)Z°) < 3.7% at 95% CL [B9. Tt is shown as a band. Notice that the recent
CDF bound supersedes the 95% CL upper limit B(t — u(c)Z°) < 13.7% [I00] set by
the L3 experiment from the non-observation of FCNC single top-quark production. At
the LHC, rare FCNC top-quark transitions can be searched for in top-quark production
and decays. The best identification will be reached for t — u(c)Z° — wu(c)i*l~ and
t — wu(c)y. Simulation studies have been performed by both the ATLAS and the
CMS [[[0g] Collaboration. The minimum of B(t — ¢Z°) allowing for a signal discovery
with 50 significance with 100 fb~! integrated luminosity is expected to be 1.6 - 10~* at
ATLAS. In the absence of a signal, the expected limit at 95% CL is 6.5 - 107°. These
sensitivities are indicated by the dashed and dotted lines in the panels.

The distribution of scatter points in the plots of figure [L] demonstrates that RS real-
izations which lead to values of B(t — ¢Z°) above 107% are typically in conflict with the
constraints from RY, A,, and A%’%. This correlation arises from the presence of F'(cg,)
in (p.33) and (6.40). Making the profile F'(cg,) bigger by locating (t1,,br,) closer to the IR
brane enhances B(t — ¢Z°), but at the same time this leads to a positive shift in g%, which
worsens the quality of the fit in the Z0 — bb sector. To elucidate this feature, we depict in
figure [ the left-right polarization asymmetry

Pr(t — CZO) = (6.41)

D(ty — e, Z°) —T(tr — crZ°) _ |(g7)2sl* — (gh)2sl”
D(tp — e Z% +T(tg — crZ%)  |(97)23]* + [(g})23)
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as a function of B(t — ¢Z°). The left and right panels represent the RS results before and
after removing the points that fail to reproduce Rg, Ay, and AOF’% within 99% probability.
The density of points'® in each bin is indicated by the color shading. The triangle and
stars indicate the values Prr(t — c¢Z°) = 0.44 and Ppp(t — c¢Z°) = 0.41 corresponding to
our RS reference point with Mk = 1.5 TeV and Mgk = 3 TeV. The distribution of points,
with the largest concentration arising close to Prr(t — ¢Z%) = +1, can be understood
by recalling that only the product |F(c,,) F(cg,)| is constrained by the requirement to
reproduce the observed top-quark mass. From the structure of (.40) and the fact that the
contributions proportional to mzz and mem; are typical of the same size, it then follows
that the magnitudes of (g} p)es are strongly anti-correlated. Cases in which [(g} )23| ~
|(9%)23], corresponding to a left-right polarization asymmetry close to zero, thus require
a tuning of the elements of the up-type Yukawa matrix. Notice also that on average the
coupling (g} )23 tends to be larger in magnitude than (g} )23 due to the ratio of prefactors
(1/2 — 2/3 sin? Oy)/(—2/3 sin? Oy) ~ —2.2 appearing in (.40). This explains why the
concentration of points in the left plot is most dense around Ppp(t — ¢Z°) = +1.

The constraints from Rg, Ap, and AOF’% restrict more strongly the magnitude of the
left-handed than that of the right-handed coupling and so tend to exclude points close
to Prr(t — ¢Z%) = +1 and branching ratios above 1076, This reduces the density of
points corresponding to almost purely left-handed Z%c interactions, as can be seen from
the right plot. In consequence, for the phenomenologically interesting range of B(t — ¢Z°)
above 1076, the right-handed coupling more frequently gives the dominant contribution to
the t — ¢Z° decay width. The same conclusion has been reached in [J], although the
correlation between the ¢t — ¢Z° and the Z° — bb transition has not been studied there.
The constraints from R), A, and A?F’% have also not been considered in [5J], which finds
that B(t — cZ°) is dominated by the left-handed coupling. The wide spread of points in our
plots suggests however that the RS framework per se does not lead to a firm prediction of
the chirality of the Z%c interactions. Since the RS predictions for B(t — ¢Z°) are typically
below the expected LHC sensitivity, the prospects of angular analyses that would allow
to determine the chirality of the Z%c interactions seem in any case quite challenging.

Important constraints on the structure and size of flavor-changing top-quark couplings
also arise from B physics. In particular, the constraints from B — Xy and B — X [T~
decay disfavor flavor-changing top-quark interactions at a level observable at the LHC due
to most of the operators containing left-handed up- or charm-quark fields [L04]. Tt is easy to
understand that in the minimal RS framework the correlation between the Z%sb couplings
(gZR)gg affecting B — X, IT1™ and (g} p)2s entering t — cZ® provides the strongest
constraint on the potential size of B(t — ¢Z).16 Corrections due to anomalous Z°tt and
Wtb couplings enter B — X ITI~ first at the loop level and are therefore subleading.
Within experimental and theoretical errors, the Z%sb couplings (gf )23 are constrained at

151t is not possible to attach a statistically rigorous meaning to the shown distributions, since they depend
on the way in which the parameter space is sampled and the results are binned.

161n our analysis we neglect semileptonic four-fermion operators like (bs)(ll) arising from integrating out
the KK modes of the Z° boson. This is justified, since these contributions are suppressed by the logarithm
of the warp factor with respect to the Z°sb couplings.
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the level of a few 10% by B — X, I*I~ decay. We have verified that the vast majority of
points that satisfy the Z° — bb constraints lead to values of B(B — X, [T17) that lie safely
within the allowed range. This feature is expected in models in which the modification of
the flavor structure is connected to the third generation [[[0F]. Our analysis shows that
values of the ¢t — ¢Z° branching ratio of up to 107> are not in conflict with any currently
available information on Z%-penguin transitions.

The branching ratio of t — uZY is typically suppressed by two orders of magnitude
compared to the one of t — ¢Z°. This suppression factor is readily understood from the
scaling |F(cq,)|/|F (cg,)| ~ A of the fermion profiles and the smallness of the up-quark
mass, which renders effects due to mixing of zero and KK fermion modes negligibly small.
The structure of (5.40) then implies that generically |(g% )13] > |(g%)13], so that the chirality
of the Z%u interactions is preferable left-handed. Unfortunately, in view of the smallness
of B(t — uZ"), it seems impossible to test this prediction at the LHC.

We conclude the discussion of FCNC top-quark decays to Z° bosons by noting that
in RS models with custodial symmetry, the observed correlations between the t — c(u)Z?,
Z9 — bb, and b — sZ° transitions can be less pronounced. This is a consequence of
the left-right exchange symmetry, which allows to suppress tree-level corrections to the
left-handed Z°bb vertex, while at the same time leaving the ¢t — c(u)Z° and b — s2°
transitions unprotected [B4]. We thus expect that the RS predictions for B(t — c(u)Z°)
are typically larger in these scenarios and captured by the plots on the left-hand side
of figures [l(j and [lI. As a result, the experimental prospects for observing the decays
t — c(u)Z° seem more favorable. Similar statements apply to the case of the t — c(u)h
processes discussed in the next section.

6.6 Flavor-changing Higgs-boson couplings

The general form of the interactions of fermions with the Higgs boson has been given
in (5.23). We will express the couplings (91 )mn in this relation in units of quark masses
divided by the Higgs vacuum expectation value. After adjusting the phase of the SM
quark fields according to the standard CKM phase convention, we obtain for our default
RS parameters

S 1.000 —0.001987%39"  0.0224¢ 07
(9n)ij = # —3.40 - 1076 735" 1.000 0.00209¢1315° |
—7.94 10747617 _(.00431 ¢! 852 0.923 y
T 1.000 —1.66 - 10~ €750 0.00476 ¢! 82"
(gi)ij = +——2| —9.98- 1076 ¢=1602° 1.000 0.00356¢1430° |

4.27-1076 718317 783.1075 70442 0.998 y
(6.42)
with myg, given in (B.19). The elements (g} );3 deviate notably from the SM expressions
(g7)33 = mgy /v and (g{)13 = (9§ )23 = 0. In particular, the htt coupling can receive sizable
corrections of order —10%. A smaller htt coupling would lead to a reduction of the rate
for the gluon-fusion process gg — h via a top-quark loop, resulting in a suppression of the
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Figure 12: Branching ratio of t — ch as a function of Mkk in the RS model. The dashed and
dotted red (dark gray) lines indicate the expected sensitivities of the LHC. In the left (right) plot
points that violate the constraints from the Z° — bb “pseudo observables” are included (excluded).
The yellow (light gray) triangle and the orange (medium gray) stars represent the results for our
RS reference points. See text for details.

Higgs-boson production cross section. Using the di-photon or the WTW ¥, Z0Z0 channels
at the LHC, the theoretical estimate of the Higgs-boson production cross section [[[0g,
may be confronted with experiment. As both experiment and theory are limited to an
accuracy of about 10%, it will be challenging to detect the predicted suppression effects of
the htt coupling. A detailed study of the Higgs-boson production cross section in warped
5D scenarios, as performed in [[0§, [[09], is beyond the scope of this article.

When kinematically accessible, the couplings of (b.22) allow for the flavor-changing
decay t — ch. Including terms up to first order in the charm-quark mass, the corresponding
branching ratio takes the form

2(1—12)% 2 Ar,
B(t — ch)= (1_T(%V)2(1h12révv)gz {I (g%)23|2+|(9}5)32|2+w Re[(gh)a3 (9%)32]} , (6.43)

where as before r; = meIe /mp ol “and g is the SU(2);, gauge coupling. In our numerical

analysis of the ¢ — ch branching ratio we will use r, = 0.87, corresponding to a Higgs-boson
mass mp, = 150 GeV.

The RS predictions for B(t — ch) as a function of Mkk are shown in figure [I9 for
3000 randomly generated parameter points. The values of B(t — ch) = 2.4 -107Y and
B(t — ch) = 1.7- 10719 corresponding to our default RS point for Mk = 1.5TeV and
Mgk = 3TeV are displayed by the triangle and stars. The LHC is expected to give 3o
evidence for B(t — ch) larger than 6.5- 1075 or set a limit of 4.5- 107> with 95% CL if the
decay is not observed [L1(]. These limits are indicated by the dashed and dotted lines in
the panels. Since B(t — ch) barely reaches values of 107 once the Z° — bb constraints
are enforced, a detection of a RS signal for the ¢ — ch decay will be taxing at the LHC.
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The branching ratio of ¢ — uh is suppressed relative to the one of ¢ — ch by more than
an order of magnitude, so that a detection of ¢ — uh at the LHC seems impossible in the
minimal RS framework. Due to the weaker correlation between t — c(u)h and Z° — bb in
RS models with custodial symmetry, the prospects for observing the decays t — c(u)h are
likely to be better in warped scenarios with extended gauge symmetry.

7. Conclusions and outlook

We have presented a detailed and comprehensive discussion of tree-level flavor-changing
effects in the RS model with gauge and matter fields in the bulk and the Higgs sector
localized on the IR brane. We have derived exact expressions for the masses of the gauge
bosons and fermions and their KK excitations, as well as for the profiles of these fields
along the extra dimension, by solving the bulk equations of motions with appropriate
boundary conditions taking into account the couplings to the Higgs sector. In all cases
analytical expressions are obtained for the bulk profiles of the fields in the effective 4D
theory, including their normalization.

For the gauge fields we have discussed the KK decomposition in a covariant R¢ gauge.
A single gauge-fixing term in the 5D action suffices to define the theory completely. The
resulting Faddeev-Popov ghost Lagrangian contains a ghost field of the usual form for
each KK mode. We have derived compact expressions accounting for sums over the KK
towers of gauge bosons arising in tree-level diagrams at low energy. For fermions the KK
decomposition is performed including the mixing between different generations sourced by
the Yukawa couplings. Our exact results allow us to study flavor mixing not only among the
lowest-lying (SM) fermions, but also among their KK excitations. We have also commented
on dimensional-analysis constraints on the scale of the 5D Yukawa matrices, finding that
these could in principle be larger than commonly assumed in the literature. Potential
phenomenological implications of this observation will be discussed elsewhere [(5, ().

Our exact treatment of the field equations, which avoids a perturbative expansion in
powers of v? /MI%K, extends previous analyses of flavor physics in the RS models in several
ways. An important observation of our analysis is that the field equations in the fermion
sector are incompatible with the naive orthonormality relations usually imposed on the
bulk profiles. The properly generalized normalization conditions allow us to derive exact
and compact expressions for flavor-changing effects arising from the mixing of SU(2)y,
doublet and singlet fermions via their KK excitations. These effects give rise to FCNC
couplings of the Z% and Higgs bosons, which so far have not been studied systematically
in the literature.

The hierarchies observed in the fermion spectrum and the CKM matrix can be
explained naturally in terms of anarchic 5D Yukawa matrices and wave-function overlap
integrals. We have emphasized the invariance of the results for these masses and mixings
under two types of reparametrization transformations of the 5D bulk mass parameters and
Yukawa matrices. We have also pointed out that the KK excitations of the SM fermions
have generically large mixings between different generations as well as between SU(2)y,
singlets and doublets. The reason is that without the Yukawa couplings the spectra
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of the KK towers of different fermion fields are nearly degenerate, so that even small
Yukawa couplings can lead to large mixing effects, which could be an important source of
flavor-changing loop effects.

The heart of our analysis is a comprehensive, quantitative study of the structure of
gauge and Higgs-boson interactions with SM fermions and their KK excitations. In partic-
ular, we have investigated in detail the flavor-changing couplings of the W+ and Z° bosons
to SM fermions. They give rise to the leading flavor-changing effects in AF = 1 weak
decay processes. The two main sources of non-standard flavor violations are the deviation
of the Z%-boson profiles along the extra dimension from a constant, and the SU(2), singlet
admixture in the wave function of the left-handed SM fermions. While the second effect
is suppressed by two powers of light quark masses and has thus frequently been neglected
in the literature, we have shown that it is parametrically and numerically as important as
the first one.

Performing a careful analysis of electroweak precision observables, including the S and
T parameters and the Z%b couplings, we have found that the simplest RS model containing
only SM particles and their KK excitations is consistent with all experimental bounds for
reasonably low KK scales if one allows for a heavy Higgs boson (mj < 1TeV). In some
regards, this model is even preferred over models with a custodial SU(2)r symmetry and
an extended fermion spectrum. The reason is that the Higgs boson is naturally heavy in
the RS framework, since radiative corrections to the Higgs-boson mass scale like the fourth
power of the UV cutoff on the IR brane. This gives rise to a large negative contribution to
the T parameter, which can be compensated in the RS model without custodial symmetry
by a large positive tree-level contribution.

We have concluded this work with a rather detailed study of tree-level flavor-changing
effects, which includes analyses of the non-unitarity of the quark mixing matrix, anomalous
right-handed couplings of the W+ bosons, tree-level FCNC couplings of the Z° and Higgs
bosons, the rare decays t — c(u)Z® and t — c(u)h, and the flavor mixing among KK
fermions. The analytical and numerical results obtained in this paper form the basis
for general calculations of flavor-changing processes in the RS model and its extensions,
including loop-mediated decays. A comprehensive study of flavor effects in the B-, D-, and
K-meson systems will be presented in a companion paper [p§].
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A. Textures of mixing matrices

It is useful to have explicit expressions for the various mixing matrices at hand, which include the relevant combinations of Yukawa
couplings. We work in the ZMA and use the relations given in (5.11), (5.13), and (5.20) along with the scaling relations derived
in section 4.1. For simplicity, we evaluate polynomial factors involving the ¢; parameters by setting ¢; = —1/2, which is a good
approximation for all light fermions. It would be straightforward to reinstate the correct expressions if desired.

To leading order in hierarchies, the matrices V 1, p parametrizing the couplings of the W¥ bosons to fermions in (5.18) are given by

1 [(Md)Zl _( u)21i| g, |:(Mu)31 (Ya)1z (Mu)21(yd)23] o,
(Mg)11 (Mu)11 | Fo, | (Mu)11 (Yq)33 (Mu)11(Ya)ss | Fog
(Vi)ij =~ [(Mu)§1 _ (Md)ﬁl] o, 1 [(Yd)ZB _ (Yu)as ] Fou
L)ij = (Mu)}, (Ma)iy | Foo (Yq)s3 (Yu)ss | Foq ’
[(M )31 + Yu)iz (Md);1(yu)§3} Fo, [(Yu)% _ (Yd)ss] Foy 1
(Ma)Ty (Yu)3s (Ma)1; (Yu)3s | Faos (Yu)3s (Ya)zs | Fos ij
1 (Mg)21 1 (Ya)13 1 (A'l)
Fg, (Ma)11 Fo, Fo, (Ya)ss Fo,FQ,
MM, (Mu)3, 1 {1 + (Mu)§1(Md)§1} 1 [(Yd)23 (Yd)IB(Mu)§1:| 1
(VR)ij ~ N2 (Mu)}; Fo, Fo, (Mu)1;(Ma)iy | F3 (Ya)ss ' (Ya)ss(Mu)i, | Fo,Foq
KK V)i 1 [(Yu)ag + (Yu)fg(Md)zl] 1 [ (Yu)is(Ya)is (Yu);g(Yd)zg} L_1+F+53
(Yu)33 FQ1FQ3 (Yu)33 (Yu)33(Ma)11 FQZFQB (Yu)33(Ya)ss (Yu)33(Ya)ss F55 2 ij

()

The corresponding expressions for the matrices A}y’ entering the ZY-boson couplings to fermions in (5.7) read

[ e e [ - Gn] Fo o, Gty Fou
O =3 | - [+ Gomonn] P [V R R G Rl |
s P ~: Pt B ), -
SN B i oMl
)= D - L R FaF L+ fie qu 5 Pt
(310 Fou Fa G2 Fua g o)



Finally, the matrices § 4 entering the same relations are given by

1 (Mq)7o 1 (Yq)3; 1
Fq21 (M(I)ll FL]lFQZ (YQ)§3 FLIlFQS
e —i(bi—dy) MaiMq; | Mgz 1 |((Mg)iz|” | 1 (Yo)3 (Yo)3; (Mg)12 1
(0Q)ij = e~ =% 2 | A T [H [ q>u|2] 7, |2 + G| e |
R A [ (Y)s } {H\(Yq) 1|2 +\<Yq>32|] L4
(Yq)33 Fq1Fq3 (Yg)3 quFq3 |(Yq)as|? [(Yq)s3]? q3 ij
_1 (Mg)or 1 (Yq)13 1 (A.3)
Fél (M )11 FQlFQQ (Yq)33 FQ1FQ3
(6.5 ~ MM | Qa1 [1+ (Moo } 1 {(Yms <Yq>m<Mq>zl} 1
a)ij = 52 (Mq)1, Fo,Fq, [(Mg)11]? (Yo)ss ' (Yq)33(Mg)1; | Fo,to
B A [(Yq>;3+< D (Mo)ar } | {1 |(Vaual? \(quq 147
(Va)is FarFo; [ (Valis ' (Va)as(Ma)u | Fg,Foy ((V)ssP T [(Va)aal®

ij
In these formulae Fg, = F(cg,) and F,, = F(cy,). The extra terms in the 33 entries of the matrices V g and ¢ 4 should be kept in
cases where F, 4, = O(1). The phase factors €% are defined in (4.15).

B. Reference values for SM parameters

The central values and errors of the quark masses used in our analysis are
my, = (1.5 £ 1.0) MeV me = (550 + 40) MeV , my = (140 £ 5) GeV ,

B.1
mg = (3.0 £2.0) MeV , ms = (50 + 15) MeV , my = (2.2 4+0.1) GeV . (B

They correspond to MS masses evaluated at the scale Mxk = 1.5 TeV, obtained by using the low-energy values as compiled in [69].
The central values and errors of the Wolfenstein parameters are taken from [90] and read

A =0.2265+0.0008, A=0.807+0.018, p=01417082,  7=0.343 £0.016. (B.2)
The central values and errors for the parameters entering our analysis of electroweak precision observables are [29, 79]
Aal®) (mz) = 0.02758 + 0.00035, my = (91.1875 £ 0.0021) GeV B3)
as(mz) = 0.118 + 0.003, my = (172.6 + 1.4) GeV . '

We refer to the central values for these quantities as SM reference values. Unless noted otherwise, the reference value for the Higgs-boson
mass is my, = 150 GeV.



C. Mixing matrices with default parameters

Here we collect results for some of the flavor-mixing matrices, which were not given in the
main text. These results are obtained using the default parameters in (6.17) and (6.19),
along with the KK scale Mkk=1.5TeV. They refer to the standard CKM phase conventions.

The result for the right-handed analog of CKM matrix, which parametrizes the non-
standard couplings of W bosons to right-handed SM quark fields in (p-17), is

1.79-107° 8.40 - 10710 —3.46- 1078
Ve=| —1.83-1077¢%386° _508.10"7¢*79°  470-107% |. (C.1)
—5.33-1070 €127 1171077 7#334"  1.20.1073
Potential effects of the largest coupling, (Vz)s3, have been discussed in section [6.3.1.
The results for the matrices A’, which enter the Z%boson couplings to fermions

in (5.§), read
0.298 0.233e7456°  _(.754 ¢ T15°
AL =103 | 0.233¢'56° 7.854 —4.175e794° ||
—0.754e71 5% 4175094 30.24
0.00178 0.00182 ¢~ %316  (0.115 ¢ 72:5°
H'=10"* [ 0.00182¢731-6° 0.0146 0.224 707 |
0.115e71725°  (0.224¢71707° 12.12
. . (C.2)
0.782 1.817e7#16°  _1.306¢" 242"
=103 1.817¢16° 7.065 —3.096e4171° | |
—1.306e7%242°  —3.096¢" 171" 29.02
0.000435 —0.0590e7%33°  0.208 ¢ % 67-9°
Al =107 | —0.0590 ¢ 3-3° 9.539 —31.41 ¢77825°
0.208 ¢! 67-9° —31.41 ¢?825° 3539.6

Based on the results (f.11]) obtained in the ZMA, these matrices are expected to be ap-
proximately equal to the corresponding matrices A 4. This expectation is supported by
the comparison with the results given in section f.3.3.

For completeness, we also list the mixing matrices eg). They read

0.117 0.223 ¢! 60-2° —0.951 ¢#822°
ep =101 0.223¢71602° 2.042 —2.889¢7428° | |
—0.951 ¢ 1822°  _ 2880 1428 11.27
0.00202 —0.00117 e#31:6°  (.0392 ¢! 80-4°
€s=10"%| —0.00117¢?31-6° 0.0200 0.136e~195° | |
0.0392 ¢~ 80-4° 0.136 ¢ 19-5° 10.39
0.232 0.557e~439° —0.406 €07
ey =107 | 0.557 €39 1.542 —1.049¢7295° | | (C.3)
—0.406e¢7107"  —1.049 ¢ 1295° 9.641
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and

0.000450
—0.0446 ¢t 47
1.346 ¢ 4618°

€, =106

0.0853
0.162 ¢—%60-2°
—0.690 ¢—782:2°

0.00150
—0.000869 e 31-6°
0.0290 ¢~ 80-4°

0.168
0.403 et 3-9°
—0.293 107"

0.000333
—0.0330:47°
0.997 ¢~ 61.7°

€h=10""

€, =10"°

e'U =107

€ =107°

—0.0330 147

—0.0446 ¢ 14 7°
7.089
143.3 ¢185:6°

0.162 ¢160-2°
1.490
—2.103 714297

— 0.000869 ¢—#31-6°

0.0149
0.101 * 19-4°

0.403 e 439"
1.119
0.762 ¢—#30-1°

5.263
106.2 ¢t 854°

1.346 ¢t 61-8°
143.371856° | |
38258.0

—0.690 ¢?822°
—2.1037429° | |

8.230

0.0290 et 80-4°
0.101 e~2194° | |

7.746
(C.4)

—0.293¢0-7°
—0.762 ¢t30-1°

6.616

0.997 ¢t 61.7°
106.2 ¢~%854°

28513.5

The contributions of these matrices to the Z°%boson couplings in (B.7) are of O(v*/My)
and thus should be dropped for consistency.
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