PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

RECEIVED: June 27, 2008
ACCEPTED: August 16, 2008
PUBLISHED: September 1, 2008

The flavor of the composite pseudo-goldstone Higgs

Csaba Csdki,”® Adam Falkowski®® and Andreas Weiler®®

@ Institute for High Energy Phenomenology,

Newman Laboratory of Elementary Particle Physics,

Cornell University, Ithaca, NY 14853, U.S.A.
b Kawli Institute for Theoretical Physics,

University of California, Santa Barbara, CA 93106, U.S.A.
¢CERN Theory Division, CH-1211 Geneva 23, Switzerland
d Institute of Theoretical Physics, Warsaw University,

Hoza 69, 00-681 Warsaw, Poland

E-mail: csaki@lepp.cornell.edy, pdam.falkowski@cern.ch|,
weiler@lepp.cornell.edy

ABSTRACT: We study the flavor structure of 5D warped models that provide a dual de-
scription of a composite pseudo-Goldstone Higgs. We first carefully re-examine the flavor
constraints on the mass scale of new physics in the standard Randall-Sundrum-type sce-
narios, and find that the KK gluon mass should generically be heavier than about 21 TeV.
We then compare the flavor structure of the composite Higgs models to those in the RS
model. We find new contributions to flavor violation, which while still are suppressed by
the RS-GIM mechanism, will enhance the amplitudes of flavor violations. In particular,
there is a kinetic mixing term among the SM fields which (although parametrically not
enhanced) will make the flavor bounds even more stringent than in RS. This together
with the fact that in the pseudo-Goldstone scenario Yukawa couplings are set by a gauge
coupling implies the KK gluon mass to be at least about 33 TeV. For both the RS and
the composite Higgs models the flavor bounds could be stronger or weaker depending on
the assumption on the value of the gluon boundary kinetic term. These strong bounds
seem to imply that the fully anarchic approach to flavor in warped extra dimensions is
implausible, and there have to be at least some partial flavor symmetries appearing that
eliminate part of the sources for flavor violation. We also present complete expressions for
the radiatively generated Higgs potential of various 5D implementations of the composite
Higgs model, and comment on the 1 — 5 percent level tuning needed in the top sector to
achieve a phenomenologically acceptable vacuum state.
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1. Introduction

Warped extra dimensions models were introduced by Randall and Sundrum (RS) [ as

an attempt to solve the hierarchy problem by making use of the warp factor to lower

the natural scale of particle masses. In the original model, all SM fields were localized
on the TeV brane. By the AdS/CFT duality, this corresponds to a situation where a
strongly coupled 4D conformal field theory spontaneously breaks conformality at the TeV

scale, creates a mass gap (confines), and produces the SM fields as approximately massless

composites. One consequence of this scenario is the CF'T cannot be flavor invariant, since it

is supposed to produce the Yukawa couplings among the SM fields. In such a case, however,



the CFT is also expected to generate higher-dimensional flavor violating operators with
only a TeV suppression, which would be disastrous from the phenomenological point of
view. Phrased in the 5D language this question is why generic TeV localized four-fermion
operators are suppressed by some high scale, rather than the local cut-off scale which is a
few TeV.

This severe flavor problem can be avoided by instead considering setups with the SM
gauge fields and fermions in the bulk, and only the Higgs sharply localized on the TeV
brane [l - []. In this case the SM fermions can be thought of as mixtures of elementary and
composite fermions. The amount of mixing is determined by the profile of the 5D wave
function of the fermions: the more peaked they are close to the Planck brane, the more
elementary are these fields. This sheds some light on the flavor puzzle as well: Although
the Yukawa couplings generated by the CFT are indeed all O(1) and non-diagonal, the
fermion masses and the CKM angles depend also on the amount of mixing of the elementary
fermions with the CFT that is assumed to be small for the first two generations [f—[]]. Most
importantly, this implies that flavor violation in the SM is also suppressed by the same
mixing factors - the fact that goes under the name of the RS-GIM mechanism [, [, [,
see also [B, fJ. RS-GIM is successful in suppressing most of the dangerous flavor-changing
neutral currents (FCNC) [f], although it is not enough to sufficiently suppress new physics
contributions to CP violation in the kaon sector [[LT, [L(].

Although the RS set-up explains the origin of the large Mpy,/ TeV hierarchy, there
still remains the little hierarchy problem, which amounts to the question why the Higgs
boson is much lighter than a few TeV. In RS, the Higgs is realized as a scalar field localized
on the TeV brane, of which the 4D dual interpretation is that Higgs a composite state
of the CFT. In that case, its mass would naturally be at the CFT scale of a few TeV,
which would effectively produce a Higgsless model of the sort considered in [[3]. One way
to obtain a light composite Higgs is by making it a pseudo-Goldstone boson (pGB) of a
global symmetry [[J], similarly as in little Higgs models [[4]. The 5D holographic version
of this scenario are the models of gauge-Higgs unification (GHU) [[§], where the Higgs
boson is identified with the fifth component of a bulk gauge field (As) [IG]. The Higgs
potential is radiatively generated (with the largest contributions due to the top and gauge
multiplets) and fully calculable. The most promising scenario of this kind is based on the
SO(5) gauge group in the bulk, broken spontaneously to SO(4) on the TeV brane [[7], and
with an implementation of a discrete parity symmetry to control corrections to the Zbb
vertex [[[§). This is the minimal scenario that passes the stringent electroweak precision
tests.

Thus, GHU provides us with the Higgs sector that allows one to address both the
large and the little hierarchy problem. It is a natural question to ask how this dynamical
realization of the Higgs boson affects the flavor structure and the RS-GIM mechanism.
This is the subject of this paper.

Perhaps not surprisingly, the flavor structure of GHU turns out to be quite similar to
that in RS. However, there are some important differences, that affect the flavor bounds.
The gauge symmetry must be larger than in RS (to include broken generators that give rise
to the pseudo-Goldstone Higgs degrees of freedom), which results in a different embedding



of the SM fermion into the bulk representation. In particular, one SM fermion must be
embedded in several bulk multiplets. This induces a new effect not present in RS, namely
that, in the original flavor basis, the various fermionic generations are mixed via kinetic
terms. This kinetic mixing is a new source of flavor violation in GHU which is always non-
zero (as long as the CKM mixing is reproduced). Even though the kinetic mixing respects
the RS-GIM mechanism, it results in an enhancement of the flavor violating operators. As
a consequence, the bounds on the scale of the extra dimensions from flavor physics turn
out to be more stringent compared to the RS case.

This paper is organized as follows: in section 2 we review the flavor structure and
the RS-GIM mechanism of ordinary RS models with gauge and fermions in the bulk and
the Higgs on the TeV brane. We reevaluate the bounds on the mass of the KK gluon
and find it has to be > 22TeV for anarchic Yukawa couplings. In section 3 we review
the basics of the GHU models and then define three different realizations based on the
SO(5) gauge symmetry in the bulk. Before investigating the flavor structure, we study
the constraints on the parameter space of these models imposed by the requirement of
correct electroweak symmetry breaking. In section 4 we calculate the Higgs potential for
the three SO(5) models. We re-emphasize that one of the parameters of the top sector has
to be tuned at the 1-5 percent level to end up with a realistic scenario, which is a new
guise of the little hierarchy problem specified to GHU models. These relations among the
parameters of the model are then used as an input in our studies of the flavor bounds.
Section 5 contains our main results. There we present the flavor structure of the SO(5)
models under investigation, and pinpoint new sources of flavor violation. We estimate the
magnitude of flavor and CP violation induced by the KK gluon exchange and illustrate our
analytical estimates by numerical scans over the parameter space allowed by electroweak
symmetry breaking. We conclude with some remarks on future directions of GHU in light
of our findings.

2. Flavor in RS

The original motivation for considering warped extra dimension was the solution to the
hierarchy problem of the Higgs sector. It was quickly realized that the set-up also has
the potential to explain simultaneously the SM flavor structure. Starting with completely
anarchic Yukawa coupling of the Higgs and the 5D fermions, the large SM fermion mass
hierarchies can be explained by different localization the SM fermions in the extra dimen-
sion [f, H, 9], implementing the split fermion scenario of [R0]. Small mixing angles of the
CKM matrix are a natural consequence of this scenario [§]. Moreover, this way of gener-
ating flavor mass hierarchies automatically implies a certain amount of suppression of the
dangerous flavor changing, which is referred to as the RS-GIM mechanism. In this section
we will review the flavor bounds on the generic RS models with anarchic flavor structure.
This will provide us with a reference point for our study of the flavor bounds in the GHU
models.

We specify the background metric to be AdSs space. We parametrize the space-time



by the conformal coordinates

2
ds® = <§> (dz, dz, " — d2?), (2.1)

where the AdS curvature is R, and the coordinate z of the extra dimension runs between
R < 2z < R, 2 = R corresponding to the UV (Planck) brane and z = R’ to the IR (TeV)
brane. R'/R ~ 106 sets the large hierarchy between the Planck and the TeV scale.

We consider here the standard RS scenario with custodial symmetry [B1] (this is always
what we mean when we refer to RS in the following). The bulk gauge group SU(3)c X
SU(2)r, x SU(2)r x U(1)x and the Higgs field transforming as (1,2,2)g is localized on the
TeV brane. The fermionic content includes three copies of \I/f], 1 =1...3, transforming as
(2,1)1/6, and 3 copies each of ¥}, ; in (1,2); /6. Each of these fields are 5D bulk Dirac spinors
and have a bulk mass term which is customarily parametrized by using the c-parameters,

4 ) 7 )
C, —. . _ . . _ . .
<§> LT, + %\y;\y; + Z—d\y;mg . (2.2)

From now on we drop the generation index i; all fermions should always be understood
as three-vectors in the generation space. The boundary conditions on the UV and the IR
brane are chosen as

u—, -] @[+, ]
v, = +,+ v,=1 - Uy = 2.3
K <q[ , ]> (dc[ 7_]) ! (dc[_7_]> ( )
where [£] denotes the right(left)-chirality of a bulk fermion vanishing on the brane. The SM

quark doublets are realized as zero-modes ¢, while the singlets up and down-type quarks
are zero modes of u¢ and d°, respectively. We write it as

q(z,2) = xq(2)ar(z)  u(z,2) = Pu(2ur(z)  d(z,2) = a(2)dr(z)  (24)

where x4(2) and 1, q(2) are the zero mode profiles that are obtained by solving the equa-
tions of motion. A normalized left-handed zero-mode profile is given by

12 (EN(2) O 12 (A (ENC
We have introduced the standard RS flavor function f(c), which is given by

fle) = —YLi=2¢ (2.6)

[1 _ (%)20—1] % ‘

We also introduce 3x3 diagonal matrices f. that are constructed from f(c;) of three genera-
tions, for example f, = diag(f(cq,), f(cq,), f(cqs)). For the choice of the c-parameters that
reproduce the SM mass hierarchies the matrices f, _, _q are exponentially hierarchical.

The masses of the zero modes come from the IR brane-localized Yukawa interactions.
After the Higgs field acquires a vev, the Yukawa terms lead to IR localized mass terms for
the bulk fermions,

L, = (R*/R'3) (qu/uqfu n qu/dxl@ the (2.7)

V2



value at 3 TeV
m, 0.00075...0.0015
Me 0.56 +0.04
My 136.2 £ 3.1
my 0.002...0.004
Mg 0.047 £ 0.012
My 2.44+0.04

Table 1: MS quark masses in GeV at 3 TeV. We have taken the ranges and low-energy values
from PDGLive [@] and used LO renormalization equations with the appropriate number of flavors
for the rescaling. At 30 TeV, the masses m; are about 11% smaller.

The brane Yukawa couplings f@d are assumed to be anarchic — random matrices with
elements O(1), no hierarchy and O(1) determinant.
Inserting the zero mode profiles into the mass terms in eq. (R.7) we obtain the SM
mass matrices
SM Vo
m, = ﬁf qYuf —u
SM Vo
m = —= Yd —ds 2.8
d \/ifq f ( )

From this point on the usual SM prescription applies. We diagonalize the up and down

mass matrices by mil\g = Uy u,dmu,dUlJﬁz wd> where U’s are unitary and m, ¢ are diagonal,

and we rotate the zero modes to the mass eigenstate basis, for example dy (z) — Uy 4dr(x).
The left rotations yield the CKM matrix, Vogm = Uz JUL d-

Even though the Yukawa matrices are anarchical, the hierarchical matrices f. introduce
the hierarchy into the mass matrix elements.

This will result in the hierarchy of the eigenvalues:'

v
(Ma,a)ii ~ ﬁy*fqif—ui,di (2.9)

where Y, is the typical amplitude of the entries in the Yukawa matrices. One can also show
that the diagonalization matrices themselves are hierarchical [f:

fqi f_uvdi
qu f—u,dj ’

We also get that [Voxmlij ~ fg;/fq;, thus the hierarchy in the CKM matrix elements is
purely set by the ¢, parameters. From experiment we know that the hierarchy of the CKM

\UL ij| ~ =, |Ugr ij] ~ i < J. (2.10)

matrix is of the form
-2 AW
Vekm~ [ A 12422 (2.11)
A3 21

'Here and in the following, the quark masses are understood as running masses at the scale at which
the extra dimension is integrated out. We choose the scale of the extra dimension to be 3 TeV. In table EI
we collect all input values at this scale.



where A ~ sin ¢ ~ 0.2. This fixes the hierarchy among the f,,’s to be [{]

fth/fgs ~ /\2’ fq1/f113 ~ A (2'12)

The values of f_, _g4 are then fixed by requiring that the correct fermion mass hierarchy is
reproduced, implying the following relations (assuming f_,, ~ O(1)):

mp me 1 ms 1 my, 1 mg 1
g~ =2 frug v =S g~ — o fw o~ flg ~—2—. (213
f d3 mt f u mt )\2 f d2 mt )\2 f ul mt A3 f d1 mt )\3 ( )

Thus, the RS set-up leads to a neat explanation of the SM flavor structure. However, one
potentially worrisome feature of higher-dimensional models is the presence of the new KK
states, whose masses are in the TeV range (as long as the hierarchy problem is addressed).
These new states generically have flavor non-universal couplings and will contribute to
flavor-changing neutral currents.

The largest contribution to flavor changing neutral currents is generated via the ex-
change of heavy gauge bosons, in particular the strongest constraint arises from the ex-
change of the KK gluons. In order to calculate the effective four-Fermi operators we first
need to determine the couplings g, of the zero-modes to the KK gluons,

97 TGV, + g7 ydi 7, G* V) + (L — R) (2.14)

Below we discuss the contribution of the lightest KK gluon but, as we show in appendix [A],
it is possible to sum up the contribution of the entire gluon KK tower. The profile of the
first KK gluon can be approximated by G (z) ~ %zh (z1z/R') with z; being
the first zero of the Bessel function, Jy(xz1) = 0. Using this and the zero mode profiles
we can determine the couplings in eq. (R.14). In the original flavor basis the couplings are

diagonal and well approximated by

~ 1 2
Jz =~ Jsx <—m + fa ’Y(C:c)> . (2.15)

where gs. is the bulk SU(3) gauge couplings, and v(c) = /21 fol r1 72 (m2)de ~

Ji(z1)
}1/(5;011) 62‘71 0.2 The couplings would be flavor universal if f, ~ 13x3. However, this not

the case in the RS scenario where the f, are non-degenerate. This is the main source of
flavor violation in RS. Going to the mass eigenstate basis, we have to rotate the couplings
appropriately,

9Lu,d — Uz u7dgqUL u,d 9Ru,d — U]T{ u7dg—u,—dUR u,d (216)

The rotation introduces non diagonal couplings which lead to tree level contributions to
AF = 2 processes. Nevertheless, the rotation matrices are hierarchical, with the hierarchy
set by the same f, that controls the SM fermion hierarchies. The off-diagonal KK gluon
couplings are of order

(gL,q)ij ~ gs*fqiqu (gR,u)ij ~ gs*f—uif—uj (gR,d)ij ~ gs*f—dif—dj (2-17)

2The function ~(c) is a correction to the approximation used in [ﬂ] which can be sizable, e.g. v(—0.4) ~
0.52,7(0.5) ~ 1.16,v(0.7) ~ 1.52. In numerical calculations we always use the full overlap integral.



The off-diagonal couplings of the quark doublets are suppressed by the ratios of the CKM
matrix elements (recall that f,, ~ A3, f,, ~ A?). Similarly, the off-diagonal couplings of the
singlet quarks are suppressed by hierarchically small entries. This suppression is called the
RS-GIM mechanism. It is enough to suppress most of the dangerous AF = 2 operators,
though not all, as we will see in a moment.

Integrating out the KK gluon and applying appropriate Fierz identities we obtain the
effective Hamiltonian:

R

» ; & !
H=m |:69L 9@V he) (@2 dhp)
G

ikl (i k \ (ABJ Lo ia 1\ (kB g
9391 <(Q§? Gha) (@ ahs) — 3@ azs) @’ qﬁga)”
i ' &
= CN(Ma) (@ W) (@) " d1s)
4 —io k 18 j 5 i | kB §
+CH(M6) (@3 aha) (@1 The) + CP(Mc)(@F dbs) (@ Tha)
where «, 3 are color indices. The Wilson coefficients of these operators will directly corre-
spond to the C**® bounded by the model independent constraints from AF = 2 processes
by the UTFit collaboration? in [[L1], see table B
Note, that the most strongly constrained quantity is the imaginary part of C}l( for the

kaon system. Contributions to €x coming from C’}l( are enhanced compared to the ones to
C’[l{ with SM like chirality by

3 mi 2 s
4 <ms(ﬂL) + md(,uL)> " (2.18)

where the first factor /~ 18 is the chiral enhancement of the hadronic matrix element and
ny° ~ 8 is the relative RGE running [2J).
We are ready to estimate the flavor bounds of the RS model. Using the expressions for

the orders of magnitudes for the rotation matrices U we approximately find for the Wilson
coefficient at the TeV scale

2 2
RS Isx 1 Isx 2mgmes
Cyi ~ —Mcg;fqlfqu—dlf—dz ~ MZYZ o2

(2.19)

Above, mg, ms are the down, strange masses at the TeV scale, see table fIl. At tree level
and in absence of boundary kinetic terms, the bulk coupling g, is connected the strong
coupling at the KK scale by gex = gs(Mg)log/?(R'/R) ~ 6. If arbitrary large Y, was
allowed the bounds from Cyx could be eliminated completely. However, if Y, is too large
one loses perturbative control over the theory. One can estimate the upper bound on Y,
using naive dimensional analysis. The proper brane localized Yukawa coupling Y5p is in our
normalization Ysp = Y,R'. One-loop corrections to the localized Yukawa coupling would
be proportional to Ysp(YspE)?/(1672), where the energy dependence is inferred from the
dimension —1 of Y5p. In order for this to be smaller than the tree-level term we need to
impose (YspFE)?/(167%) < 1. We require that this bound is not violated until we reach the

3We are grateful to Luca Silvestrini for discussions about the proper interpretation of the UTFit bounds.



Parameter Limit on Ap (TeV) Suppression in RS (TeV)

ReCL 1.0-103 ~rV6/(|ViaVis| f2,) = 23 - 103
ReC 12-103 ~r(vY.)/(vV2mgms) = 22 - 103
ReC?- 10 - 103 ~ r(vY, \/3/(\/ ams) = 38 - 103

ImC 15 - 103 ~rV6/(|ViaVis| f2,) = 23 - 103

ImC 160 - 103 ~r(vY.)/(V2mgms) = 22 - 103
ImC3, 140 - 10? ~ r(vY, \/3/@/ ams) = 38 - 103

(

)

)

(

)

)

(%X 1.2-10° ~rV6/ (Vi V| f2,) = 25 - 10°

1C| 3.5-103 ~r(vY.)/(V2meme) = 12 - 103

1C2)| 1.4-103 ~ (VY )V3/(v2mume) = 21 - 103

C,] 0.21-10° ~V6/(|ViyVial fz,) = 1.2 - 10
)
)
(
)
)

IC3 | 1.7-103 ~r(vY.)/(vV2mymg) = 3.1 - 103
IC3 | 1.3-103 ~ r(vY,)V3/(v2mymyg) = 5.4 - 10°
IC} | 30 ~ V6 /(|Va Vsl f2,) = 270

IC.| 230 ~ r(vYy)/(V2Zmyms) = 780

1C3. | 150 ~ r(vY,)V3/(v/2myms) = 1400

Table 2: Lower bounds on the NP flavor scale Ar for arbitrary NP flavor structure from [[[] and
the effective suppression scale in RS for KK mass with Mg = 3 TeV. Since the Wilson coefficients
n [@] are given at the scale Ap, we have corrected for the renormalization group scaling from
Ar to 3 TeV using the expressions in [2J] when necessary. We have set |Vi| ~ 3, f,, = 0.3 and
r= MG/gs*-

energies N KK modes, E = Ngxxmgg. Using mgk ~ 2/R’ we find that Y, <(27)/Nkk. For
the most conservative bound we set Nk = 2, which imposes Y, <3. Thus in our estimates
we assume |Y;|<3. The suppression scale of the four-fermion operator is set by the lightest
KK gluon mass Mqg. The RS-GIM mechanism effectively raises the suppression scale by
the factor v/ /mgms ~ 10%. However, that factor turns out to be an order of magnitude
too small for a ~ 3TeV KK gluon. One can find that in order for the suppression scale
to match 1.6 - 105 TeV we need Mg ~ (22 4 6) TeV. Our estimate is less optimistic than
that encountered in the RS literature so far , P4, @] The quoted error comes from the
uncertainty in the mgy and ms masses. Including the contributions of the full KK gluon
tower may change our result by less than 10%.

In order to understand the actual flavor bound on the RS model in more detail we
have generated a sample of points with randomly chosen values of 1/R’ and brane Yukawa
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Figure 1: Scan of the effective suppression scale of ImCyg in the RS model. All the points give the
correct low-energy spectrum but most of the points with mg < 21TeV fail to satisfy the bound of
A > 1.6-105TeV. The blue line is a linear fit of the Mg dependence. We have taken ¢y, € [0.4,0.45],
Cuy € [—0.3,—.05], cq, = —0.55 and |Y;| € [1, 3].

couplings of which we selected 500 where the masses, the absolute values of the CKM
elements and the Jarlskog invariant approximately matches the SM prediction. We then
calculate the exact flavor suppression scale for the Cyx operator. The result is presented
in figure []. We can say that, in accordance with our analytical estimates, as long as M is
below 21 TeV the majority of the generated points violate the flavor bound. This turns the
”coincidence problem” of RS [f] into a fine tuning problem: unless there is some additional
flavor structure one is likely to violate the flavor bounds.

Note, that there is a model dependence that can strengthen or weaken the above
obtained bound: the matching of the bulk gauge coupling to the strong coupling can be
changed by adding localized kinetic terms for the gluon

1 logR/R 1 1

+ = +

2.20
93(q) 93 gov@) 92 r@) (2:20)

A positive brane kinetic term would make the KK gluon more strongly coupled, which
would make the flavor bounds more severe. However, the UV brane coupling can be

effectively negative at the TeV scale, if one includes the 1-loop running effects [Bg],*
1 1 bV
3_Jog(1/qR) (2.21)

gf,UV(Q) - 9§7U\/(1/R) - 82

where bYV is the QCD beta functions of the zero modes localized around the UV branes.
The running of the IR brane localized kinetic term is cut off at the scale ~ 1/R’ therefore
it will not involve a large logarithm and we will neglect the IR brane localized terms, and

focus only on the UV brane localized kinetic terms. Assuming that the top is localized on

4We thank Kaustubh Agashe and Roberto Contino for pointing this out.



the TeV brane, and all other fields on the UV brane for QCD we find bgv = 8. Thus, the
asymptotically free QCD running reduces the magnitude of gs. and thus the coefficient of
the operators induced by the KK gluon exchange, while a bare UV brane localized kinetic
term would enhance the effect. Our 21 TeV bound presented above corresponds to a choice
of boundary kinetic terms where the bare UV couplings exactly cancels the contribution
from the running. Another possibility would be to assume no UV boundary kinetic term at
the Planck scale. In that case the coupling of the KK gluon is much weaker, changes from
s = 6 to gss =~ 3, and the bound is reduced by a factor of ~ 2 from 21 TeV to 10.5 TeV.
Yet another possibility is to pick a large bare UV coupling such that the bulk is strongly
coupled, gsx ~ 4m. This would enhance the flavor bound on the KK gluon mass by a factor
of ~ 2 from 21 TeV to 42 TeV.

In the remainder of this paper we investigate how the flavor bounds are modified in
5D models where the electroweak breaking sector arises dynamically.

3. 5D models for pseudo-goldstone Higgs

In this section we introduce the 5D framework of GHU and define particular models whose
flavor structure we will later study. The basic ingredient of GHU is the presence of a zero
mode along the scalar (A4,) direction of the bulk gauge field. This mode is identified with
the SM Higgs boson. The idea of GHU has a long history going back to Manton and
Hosotani [[]. More recently, GHU has been formulated in 5D warped space-time [2€, [[6,
[ which, among other things, allows one to obtain a heavy enough top quark. Other
important developments are related to electroweak precision observables (EWPQ’s). The
S-parameter is within the experimental bounds if the KK scale of the theory is raised to
2-3TeV [[[7]. The p-parameter can be protected by custodial symmetry, and the discrete
L «— R symmetry protecting the Zbb vertex can be implemented Bg.

The simplest GHU model with custodial symmetry is based on the SO(5) x U(1)x
(plus the color group) bulk gauge group which is broken via boundary conditions to the
SM group SU(2)z x U(1)y on the UV brane and to SO(4) x U(1)x on the IR brane, where
SO(4) ~SU(2),xSU(2)g. The fact that the SO(5)/SO(4) coset generators are broken on
both branes results in four zero modes with the quantum numbers of the SM Higgs doublet.
At tree-level, these modes are massless due to 5D gauge invariance, but at one loop they
develop a potential.

We denote the dimensionful gauge coupling of SO(5) by g.RY?. A useful measure of
the magnitude of g, is the number of colors of the dual CFT by

1672
Nepr = e (3.1)

*

The 5D description is perturbative as long as Nopr > 1. We also allow for a UV brane
localized gauge kinetic terms for SU(2);, (for simplicity, we set the U(1)y brane kinetic
term to zero) and parametrize it by 1/g%, = r?log(R'/R)/g?. The SU(2);, coupling is
then related to the 5D parameters by

Gx

I g P(RRVI 12

(3.2)

— 10 —



For a small brane kinetic term, r < 1, and the Planck-TeV hierarchy, log(R'/R) ~ 37, we
need the bulk coupling g, =~ 4 (corresponding to Ncpr = 10) in order to reproduce the
SM weak coupling. With the brane kinetic term we have to make the bulk more strongly
coupled, in particular for 72 = 4 we go down to Ncpr = 2.
The four components A® of the Higgs doublet are embedded into the gauge field A5 as
Au(2) = || 2 2180 @) (3.3)
RR
Here, the T&’s are the generators of the SO(5)/SO(4) coset. The normalization is chosen
such that h*’s have the canonical kinetic terms in the 4D effective theory. We fix the Higgs
vev along the hy direction, and we denote (hy) = .
The 5D model has two important scales that play a vital role in the dynamics. One is
R’ which sets the KK scale, and the masses of the lightest KK modes of electroweak gauge
bosons are roughly ~ 2.4R’. Another important quantity is the global symmetry breaking
scale fr (or the "Higgs decay constant”) defined by

2 2 (3.4)

fr = 9R g\/log R'/RV1+ 2R’

Because the logarithm is large, f, < R’ by at least a factor of ~ 2. The W-mass is
connected to the scale f; and the Higgs vev via

M2, = R sin2(3/ fr) (3.5)

For v <« f, once recovers the SM formula MI%V ~ g?0? /4.

Fixing the gauge group still leaves several options for realizing the fermionic sector of
the theory, depending on how the SM quarks are embedded into SO(5) representations.
In this paper we consider three distinct realizations that have previously appeared in the
literature. Before we move to the detailed description of the model we point a few general
model-building rules that we need follow.

o The SM quarks are identified with the zero modes of 5D quarks. The presence of
zero modes depends on the boundary conditions. There are two possibilities: either
we choose the right-handed chirality of the 5D fermion to vanish on a boundary
(which is denoted as [+]), or the left-handed chirality vanishes (denoted as [—]).
Left-handed zero modes - appropriate for SM doublet quarks - arise whent the right-
handed chirality vanishes on both the UV and the IR brane, the choice denoted as
[++4]. The [——] boundary conditions lead to right-handed zero modes appropriate
for the SU(2), singlet SM quarks.

e Each of the SM quarks should be embedded in a separate SO(5) multiplet. In principle,
SO(5) multiplets contain fields with the quantum numbers of both doublet and singlet
quarks. However, multiplets that yield both doublet left-handed zero modes and
singlet right-handed zero modes are problematic for the following reason. For the
first two generations, if the left-handed zero mode is localized close to the UV brane,
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then the right handed zero mode is localized at the IR brane, which leads to problems
with precision measurements. For the third generation, the reason is more subtle and
has to do with the radiative generation of the Higgs potential; we will comment on
that later. Thus, we need at least three SO(5) multiplets for each generation. As a
consequence, the field content of GHU models is necessarily larger than that of RS.

e Apart from the zero mode, the remaining fields in the multiplets should yield only
heavy KK modes. One should take care that the boundary conditions do not lead to
ultra-light KK modes. This may happen for the quarks living in the same multiplet
with UV localized zero modes, depending on the boundary conditions of the remaining
fields. The rule of thumb is that SO(5) partners of [++] fields should be assigned
[—+] boundary conditions, while the partners of [——] fields should have [+—].

e This zeroth-order picture is modified by the mass terms on the IR brane that mix
different 5D multiplets. These mass terms are necessary to arrive at acceptable
phenomenology. First of all, since the Higgs field is a component of A,, it only
couples 5D quarks from the same bulk multiplet. In order to obtain non-zero quark
masses, at least some of the zero modes should have non-vanishing components in
more than one multiplet. The boundary mass terms play a similar role as the Yukawa
couplings in RS but, as we discuss later, there are some important differences.

o At the end of the day, the boundary conditions to SO(5) multiplets should be such
that SO(5) is broken on both the UV and the IR branes. The Wilson-line breaking is
a non-local effect that is operating only when the gauge symmetry is broken on both
endpoints of the fifth dimension. If either the UV or the IR boundary conditions are
SO(5) symmetric, the Wilson line can be rotated away, and the SM quarks do not
acquire masses.

We move to discussing three specific realizations that satisfy the above requirements.

3.1 Spinorial

The spinor representation 4 is the smallest SO(5) representation. Although models with
the third generation embedded in the spinorial representation have severe problems with
satisfying the precision constraints on the Zbb vertex, we do include it in our study. The
reason is that this model is the simplest (it has the minimal number of bulk fields), and its
flavor structure is most transparent. Furthermore, almost identical flavor structure appears
in the fully realistic models.

We consider 3 bulk SO(5) spinors for a single generation of quarks, ¥,, U, U, (recall
that we omit the generation index; all fermionic fields should be read as three-vectors in the
generation space). Under the SU(2),xSU(2)r subgroup it splits as 4 — (2,1) + (1,2), so
that an SO(5) spinor contains both SU(2), doublets and singlets. Roughly, ¥, will provide
the zero mode for the left-handed quark doublets, while ¥, ¥, for the right handed up
and down-type quarks. To obtain the SM zero mode spectrum we impose the following
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boundary conditions

qql+ 1] qul+, ] qal+ -]
\I/q = Uf][—7 +] \I/u = U’Z[_7 _] \Ild = ué[—h _] (36)
d;[_7 +] dZH_v _] d;[—, _]

with the notation that the first component is a complete SU(2);, doublet, while the lower
two components are the two components of an SU(2)g doublet, ¢¢ = (u¢,d¢). Our model
is similar to the one in ref. [[7], even though we assign different IR boundary conditions
for the SU(2)g doublets.”

We denote the left-handed chirality modes of a Dirac field by x, while the right-
handed chiralities by 1. For example x,, stands for the left-handed chirality SU(2)r
doublet contained in ¥,. The above set of parity assignments ensures the zero modes
with SM quantum numbers in xg,, ¢y and T/Jdg- However, at this point there would be no
Yukawa couplings at all, since the zero modes live in completely different bulk multiplets.
To obtain non-zero Yukawa couplings, at least some of the zero modes should have non-
vanishing components in more than one multiplet. This can be achieved via the following
IR localized mass terms:

4

Lig = — <%> [Thuxqqﬂ)qu+deqq¢qd+Mu(Xug¢ug + Xds Vag ) + Ma(Xuc s + Xaeas)
(3.7)
Here 1y, 4, de are dimensionless 3 by 3 matrices, which will play the similar role as
brane-localized Yukawa couplings in the original RS. All flavor mixing effects in this model
originate from the IR localized mass terms. The effect of m,, is to rotate the doublet zero
mode partly into the U, field, while 1, rotates it partly into ¥4. At the same time M,
will rotate the singlet up-type zero mode partly into ¥,, and similarly M, will rotate the
down-type zero mode into ¥,;. The boundary mass terms respect the SU(2); xSU(2)g of
the IR brane, but they break SO(5). In the limit 72, = M, and g = My SO(5) invariance

is restored in the IR boundary conditions, and the zero mode quarks become massless.
In the presence of the boundary terms the IR brane boundary conditions will be

modified as

Yy, = —Mug, — Matyq,

Xqu = mLqu

Xaa = TXq, (3.8)
qu = - ~zﬂ/}Qu - deQd

Xe. = Mixo,

XQs = Mjxa, (3.9)

3.2 Fundamental 4+ Adjoint

As we explain later, the model with fermions in the spinor representation turns out to have
incurable problems: the Higgs mass tends to be too light, and there is a large irreducible

®In particular, ¥, and ¥,, alone would be equivalent after interchanging M, — I/Mu With ¥, included,
the two models are not equivalent.
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correction to the Zbb vertex. The situation is improved in models where the doublet
quarks are embedded in the fundamental representation of SO(5). The original motivation
for considering the fundamental represenation was the realization [[[§] that it is possible to
greatly reduce the corrections to the Zbb vertex by using an embedding of the SM fermions
into the custodially symmetric SU(2);xSU(2)g model under which the bz, is symmetric
under SU(2); «SU(2)g. The simplest implementation of this Zs symmetry is when the
left handed quarks are in a bifundamental under SU(2);, xSU(2)g, while tp is a singlet.
In the context of the SO(5) MCH model the minimal model is obtained via introducing
two fundamental (5) and one adjoint (10) representation. This is the model for which the
constraints from electroweak symmetry breaking and electroweak precision constraints have
been investigated in detail in [R]. Under U(1)x all bulk fermion carry charge -2/3. Under
the SO(4) subgroup 5 — (2,2) + (1,1), while 10 — (3,1) + (1,3) + (2,2). In order to
protect the Zbb vertex we want gz, to be part of (2,2), tx in (1,1) and bg in (1,3). Thus the
fermion content of this model will be 2 x 3 5D quarks in the fundamental representation
and 1 x 3 quarks in the adjoint representation of SO(5). The fives (denoted ¥,, ¥,)
each host three up quarks u, 4, u®, one down quark d and one exotic charge 5/3 quark
X. q = (u,d) is hypercharge 1/6 SU(2);, doublet, while ¢ = (X, @) is hypercharge —7/6
SU(2)r doublet. (g, q) is a bidoublet under SU(2)7, x SU(2)r. The tens (denoted Q4) hosts
four up quarks u?, @¢, u!, u", three down quarks d?, d', d", and three exotics X%, X!,
X". These quarks are collected into an SU(2);, triplet I = (X!, u!,d"), an SU(2)g triplet
r = (X",u",d") and a bidoublet ¢?,¢¢, where ¢¢ = (u?,d?) is hypercharge 1/6 SU(2)L
doublet, while ¢ = (X<¢,a?) is hypercharge —7/6 SU(2);, doublet. Below we write the
appropriate boundary conditions for the left-handed fields of every component:

v, = <Qq[+a +] Gq[— +] > U, = (%[‘h -] Gul+, ] > (3.10)

Ug[—, +] Uﬁ[—a _]
Xp [+, -]
o e e a
b -] dlr]

With the above parity assignments we can also add IR boundary masses for the
fermions, which are necessary to generate the effective Yukawa couplings. These are given
by

R\*r. - ~
‘CIR = - <E> [mU(XQq’IJZJQu + X6q¢qu) + MUXUS¢UZ + md(XQq’IJZJQd + X6q¢qd) +hC (312)
Note that the symmetries allow for one less boundary mass matrix than in the spinorial
model. The flavor structure of this model turns out to be identical to that of the spinorial
model with Md = 0.

3.3 Four-fundamental

Another possible implementation of the symmetry protecting the Zbb vertex is to use four
copies of bulk fundamentals for every generation: two for the up-type quarks and two for
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the down-type quarks [R§. In the up sector one of the fundamental provides a left handed
doublet zero mode (in the bifundamental of the custodial symmetry), and one right handed
up-type singlet zero mode. In order to obtain the correct hypercharges for the SM quarks,
the U(1) x charge of these up-type fundamentals has to be -2/3. To realize the down sector
we need two additional fundamentals, with X charge 1/3, one providing another doublet
zero mode, and the other the down right zero mode. In order to remove the additional
doublet, we must assume that on the Planck brane there is an additional right handed
doublet, which will marry one combination of the two doublet zero modes.
The boundary conditions are given by

. :<qqu[i,+1 qm—,H) %:<qu[+,—] qNqu—l) (3.13)

ug[—, +] ul= ]
7, - (ciqd[—,z]q[_ fi;d[iﬁ]) 0, = (dd[%—d]d[_ _QTH’—]) (3.14)

Here [+] stands for mixed boundary conditions for the electroweak doublets g,, and g4, on
the UV brane:

OXun - thld = 0 ’IJZ)Qqu + eTqud = 0 (315)

where 6 is a 3 X 3 matrix that describes which combinations of the fields x4,, and xq,, are
removed on the UV brane.

Then the left handed zero modes from [++] and the right handed zero modes from
[——] fields are all elementary. We again add the IR boundary mass terms

R\"r. N
B <E> [mu(Xun wqu + X‘jqu wlju) + MuXun/Juu

+Ma(Xgq, Yaa + Xgy Via) + MaXd,Va, | + h.c. (3.16)

We have four IR matrices, just like in the spinorial model. In this model, however, there is
an additional source of flavor violation - the matrix 6 that sets the UV boundary conditions.

4. Higgs potential

In this section we review the computation of the one-loop Higgs potential in the GHU
models considered in this paper. Determining the shape of the potential will allow us
to pinpoint the regions of parameter space that lead to a correct electroweak breaking
vacuum. We will later use this input in our studies of the parameter space allowed by
flavor constraints. This section is more technical and slightly outside the main line of the
paper, yet we include it to keep the paper self-contained. Those readers whose primary
interest is in flavor physics are cordially invited to jump straight to the next section.

6 Again, our IR boundary conditions are different than those of ref. [@] but the physical content of the
model is similar. In particular, the up-quark sector alone would be equivalent after replacing M, with
1/M,.
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A radiative Higgs potential is generated at one-loop level because the tree-level KK
mode masses depend on the vev ¥ of the Wilson line. The simplest way to calculate is
to use the so-called spectral function p(p?) = det(—p* + m2 (7)), that is a function of 4D
momenta whose zeros encode the whole KK spectrum in the presence of the electroweak
breaking. With a spectral function at hand, we can compute the Higgs potential from the
Coleman-Weinberg formula,

V) = g [ o os (o1-27) (4.1)

(4m)

where N = —4N, for quark fields and N = +3 for gauge bosons. The spectral function
can be computed by solving the equations of motion and the boundary conditions in the
presence of the Higgs vev.

The leading contribution to the Higgs potential comes from the top quark sector and
the gauge sector. Thus, we can restrict to computing the spectral functions of the top
quark KK tower (p;), the W boson tower (py ) and the Z boson tower (pz). For the sake of
this computation we ignore the mixing of the top quark with the first two generations. An
explicit expression for the potential in terms of these spectral functions is (with ¢ = p?):

V(v) = % /000 dtt [—41og pi(—t) + 2log pw (—t) + log pz(—t)] . (4.2)

The gauge sector is common to all three models. The spectral functions for the SO(5)
GHU model were already given in detail in g, Bl]. For completeness we will summarize
the results below. Of the various SO(5) gauge bosons only the masses of the tower cor-
responding to the W,Z bosons depends on the Higgs VEV. The spectral function has the
form

pw,z(—=p?) = 1+ fw,z(—p°) sin®(3/ fr), (4.3)

where the form factors ' do not depend on @. The equations of motion in AdS are
solved in term of the Bessel functions, and the form factors turn out to be complicated
combinations thereof. There is however a way to organize them in a more convenient
form by using the generalized warped-space trigonometric functions introduced in ref. [B4].
We define C'(z) and S(z) to be the two independent solution of the equations of motion
that satisfy the UV boundary conditions C'(R) = 1, C'(R) = 0, S(R) = 0, S’(R) = m.
Explicitly they read,

C(z) = 7”;2 [Yo (mR) Jy (m2) — Jo (mR) Y1 (m2)]
S(z) = ”Z‘Z [~Y: (mR) Ji (mz) + Ji (mR) Yi (m2)] (4.4)

Using this, the form factors can be abbreviated to

m R/ 1

fw(m?) = <E> [C'(R") — r?mRlog(R'/R)S'(R')]S(R')
R\ L+ (1 rPmRlos(RYR) g} )
E) [C'(R) — r*mR1og(R/R)S(R)]S(R)

ety = 2 (
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where tan fy = ¢’/g. In the evaluation of the Higgs potential we use the warped trigono-
metric functions at m? = —p?, e.g.

S(R) = ipR [~ (pR) K1 (pR') + Ky (pR) I (pR')] . (4.6)

We move to the top sector. Again, the equations of motions can be solved in terms
of the Bessel functions, but there is also a dependence on the bulk mass parameters c. As
for the gauge bosons, it is convenient to introduce the AdS warped trigonometric functions

(here already evaluated for m? = —p?)
R\ —c1/2
CompR () (Koo OB ovaga (0R) + Tocsjo 0R) Koo ()]
R\ —c1/2
Se = pR <ﬁ> [—I.i1/2 (PR) Key1yo (PR') + Keq1/2 (pR) L1 2 (PR')] (4.7)

The form of the spectral function depends on the fermion representations, and we have
to treat each of the three models separately. In the spinorial model, the spectral function
can then be parameterized in terms of the form factors fa 4

pe(=p%) = 1+ f5(=p*)sin®(0/2fx) + fi(—p*) sin* (0/2fz) (4.8)

Note that the spectral depends on sin?(#/2f, ) rather than sin?(@/ ), which is a peculiarity
of the spinorial representation. The form factors can be written as

Ft
p=t
F
Ft
fi== (4.9)
Fy

C. C.
Folp?) = [s_cqccu 210 Gy + 2], ] x

C.,
R N Se.,Se
[y IWE21S0, o, — RIS |

Cd

F2(p2) = _|mu - MU|2 + (|mu|2 - |MU|2)(SCqS—Cq - SCUS_CU,)

A 9 Ccu A ~ ~ ~ Cc
= (Ial* = [Mal*)Seu ey + (ral®|Mul* = v [*[Mal*)Se, S 5
Cq Cd
Fy(p®) = iy, — M,|? (4.10)
The hatted boundary masses are again defined as
u = (R'/R)* %, M, = (R'/R)*% M, (4.11)
g = (R'/R)“ 1y My = (R'/R)“~¢a My
In the model with fundamentals + adjoint the spectral functions read
pe(m?) = 1+ f3(m?)sin*(0/f) + fisin'(0/f). (4.12)
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Note that for the fundamental and adjoint representations the spectrals are expressed in

terms of sin?(9/f), rather than sin?(v/2f) as for the spinors. We write

t th(m2)
== )
t_ Fj(mz)
= Fn)

(4.13)

Ff = |S_4Cu+ |mu|2oqs_u+%|md|20qou} [c_qsu+ |Mu|25qc_u]
d

1

Ff = 5 ( = i = S+ (P = IVEL)28,5-, ~ S,5)

2

S_4. . N
= il (SuCu+ 20Mu5,Cy)

A o 9 S_d|.» A
i) ([ |* — [M[?)SgS—u + c—j\mu\2!md\25q0u>

C_gCu — 1u[284S—u — 52 114|254 C.,

;1

Fy = §|mu — M, |? (4.14)
Finally, in the model with four fundamental multiplets
pe(m?) = 1+ fo(m?)sin*(6/f) + fisin*(0/f) (4.15)
fh= ?ﬁﬁzii
0
i = i)
Fg(m?)
Fy(m*) = F§ +|0]*F]
Fi(m?) = FY + |0]*FY (4.16)
We find
F§ =[S0, Cu+ 12]Cy, 5] [Cog S0+ IM21S0,C
F = |CoguSu+ IN2184,C-u] [Cog Cu = I112154,5 -]
X [S_Qdcd + |m?l|CQdS_d:| / [O—QdCd - |m?l|squ—d]
P9 = o (b = V4 (af? — VL) (25,5 g, — SuS-0))
Pl = [V,P)S0,S 0/ [Og,Cu — 1215, 5]
Fy = (|nil* — |Mu|*)C-q, S,
% [S—g,Ca + 13| CyyS-a] | [O—gsCa — [5|S4,5-d]
Ff = Sl — W2 (4.17)
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Figure 2: Left panel: the dependence of the Higgs mass on 1/R’ for a variety of input parameters
that give successful electroweak symmetry breaking for the model with bulk fundamentals and
adjoints with points selected to give the top mass in the physical range. Right panel: the correlation
between the top and the Higgs masses for the same case. Orange (x), blue (0), and green (*) points

correspond to € < 0.1,0.1 < e < 0.3, and 0.3 < e.
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Figure 3: The dependence of the Higgs mass on the effective number of colors Nepr (corresponding
strength of the bulk coupling) for the case of bulk fundamental plus adjoint fermions. Orange (x),
blue (0), and green (*) points correspond to € < 0.1,0.1 < e < 0.3, and 0.3 < e.

These expressions can be used for the calculation of the Higgs potential in each model.
One practical option is to numerically calculate the integral in (@) However, it is useful
to gain some more insight into the shape of the potential. This can be done by expanding
the potential in powers of = = sin?(9/f,) (for the top contribution in the spinorial repre-
sentation we expand in z = sin?(%/2f;)). One complication in this expansion is that the
integral in ([.2) is logarithmically IR divergent in the limit x — 0. This is due to the fact
that some of the masses vanish in the limit © — 0, and the usual CW formula contains

terms of the form m*logm?.

The top contribution to the Higgs potential has the form

Vi(z) = —% /OOO dttlog[l + fa(—t)z + fi(—t)2?] (4.18)
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For small z this can be expanded as

Vi(x) = alx + aba? + nba? log ZICX—I;E + O(z?) (4.19)
We defined the coefficient ¢; that captures the IR behavior of the form factors, namely
fi(—t) ~ —fl(—t) ~ ¢/t for t — 0, and it is related to the SM top quark mass by
m? =~ c;z. This coefficient can be read off from the top spectral function by replacing
C. — 1, 8. — itR'(R'/R)"%f72. We can then show that the general expression for the
coefficients in the expansion should be

3 &)
P=—== [ ditfy

3 > c? 3
t t t\2 22
927 Tga2 UO att <2f4 (f2)" + A4sinh2(t/A2)> 24
3
t 2

The scale A is an IR regulator and it may take an arbitrary value. The expansion param-
eters depend on A in such a way that the dependence on the IR regulator cancels out at
order z2.

In the cases when the top contribution, dominates the minimum of the potential is
given by the approximate formula:

t
ay

 2ab + nb + 2nb log(2cx,, /A?)

Ty = (4.21)
In practice, however, the acceptable minimum with z,, < 1 occurs only for fine-tuned
values of the parameters such that a} is much smaller than its natural value ~ m?(R')? /472,
In that case, the W and Z boson contributions can significantly shift the minimum, and
the acceptable EW breaking vacuum occurs for different c-parameters than without the
gauge contributions. The gauge contributions are calculated from

Vv (z) = %/0 dttlog[l + f3V(—t)x]

Vy(z) = % /0 " dttlogll + fZ(—)a] (4.22)

and the expansion can be done analogously as for the top, by setting f4W Z = 0. In our
numerical studies we take the gauge contributions into account.

We turn to discussing the main features of the Higgs potential generated by the top,
bottom and gauge loops. We have scanned the parameter space to find self-consistent
combinations leading to realistic EWSB. In the scan we first choose the brane kinetic term
r, the bulk masses ¢;, and cg4,, the size of the brane masses 1, My, M, My, the KK
scale 1/R’ and keep the hierarchy fixed at R/R’ = 1076, We then determine v/f, such
that the myy mass is reproduced and finally choose ¢,, such that the minimum of the
Coleman-Weinberg potential is really at this value of v/ f;.
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For the case of fundamental plus adjoint bulk fermions we do find plenty of realistic
values for the Higgs and the top masses, in agreement with the results of [BI]. This is
illustrated in figure fJ. Note however, that in order to fit the W-mass successfully with
a sufficiently small € one is usually forced to introduce UV localized kinetic terms. The
dependence of the Higgs mass on the UV localized kinetic terms is illustrated in figure f
For our analysis of the flavor scales we are only selecting from the points that give a
satisfactory top with low values of e.

However, there is a fine tuning reminiscent of the little hierarchy problem showing up:
if one fixes the mixing parameters 1m,, 4, Mu,d and the bulk masses ¢, 4, then for given radii
R, R' and for generic choices of the other parameters we have only a very narrow region in
the parameter ¢, that produces an € which is phenomenologically acceptable (for example
0.1 < € < 0.45). This suggests that in the interesting region with proper electroweak
symmetry breaking there will be a strong sensitivity of € to the input parameters. This
was first pointed out in [B(] and we find it to be a general property of all representations
studied in this paper. To illustrate this we show two examples of the dependence of € on
¢, in figure f|. The first one is a randomly chosen point where one has to adjust ¢, to a
high precision in order to find proper EWSB, while the second one corresponds to the best
case scenario that we could find after searching for regions where the tuning is milder. We
can see that the derivative of € is very large in the first point, and even in the second point
it is still quite sizeable.

In order to quantify the tuning in these models we have calculated the local sensitivity
to the input parameters in the ranges given in section ., for the regions with acceptable
electrowaek symmetry breaking only. We then define the local fine tuning as [B2, B]

dloge

(4.23)

t~! = max

'iﬂog a;
In this scan we have only included points where EWSB happens with a sufficiently
small S parameter and excluded all other points. The parameters a; were taken to be
Cqs> Cuz» Moy, M,,. We then estimate the average tuning for given e by fitting the average of
t with a quadratic polynomial in €. The best fit is approximately

1
t~ 162 (4.24)

which qualitatively agrees with the €2 estimate of [[7] but is numerically somewhat stronger.
This implies that the average local tuning is a about half a percent for e = 0.1, while about
5% for € = 0.4. To verify those estimates we extended the parameter space to a large grid
in the parameters cqa,cu3,ﬁ1u,]\~4u and checked that the above fit for ¢ = ¢(¢) remains a
conservative lower bound over all parameter space. These averages are shown as crosses in
figure ] where each cross contains the average of about 200 points. Note however that one
can find restricted local areas in parameter space where the fine tuning is less severe than
the above quoted average.

For the spinorial representations we find that the bottom KK tower plays an important
role in electroweak symmetry breaking. Without including the bottom tower we could not
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Figure 4: The plots show the dependence of ¥/ f; on ¢, of the third generation for two sets of
parameters in the model with fundamentals and adjoints. The first example on the left shows a
generic point where there are only two narrow regions of ¢, that lead to an acceptable electroweak
breaking vacuum. The continuous line shows the result of the minimization of the full potential
and the dashed line shows our approximation for regions where sin ¢/ f, is small. In the left plot
for —0.46 < ¢y, < 0.46 the minimum of the potential is at © = 7 f,/2, while for ¢,, $ — 0.47 and
Cuy = 0.47 the minimum is at © = 0. In the case of ¥ = 7f,/2, electroweak symmetry is maximally
broken my = gf/2, whereas for © = 0, electroweak symmetry is unbroken (my = 0). In both
cases there are massless fermions in the spectrum. For —0.47 S ¢y, S —0.46 and 0.46 < ¢y, S 0.47
there is a minimum at intermediate values of 9/ f, yet an additional tuning is required to arrive at
0/ fx < 1. For v/ fr < 0.45 we find —0.464 < ¢,, < —0.462 and 0.464 < ¢,, < 0.466. In this case
one needs to tune ¢, to more than a percent level to get successful electroweak symmetry breaking.
The right plot shows the same for carefully chosen values of the input parameters, where the local
tuning is more modest. In this best case scenario we can have a realistic electroweak symmetry
breaking minimum for the region —0.21 < ¢,; < —0.13 or 0.22 < ¢,, < 0.31. The parameters
chosen for this plot are R'/R = 10'®,1/R’ = 1.5 TeV and cg, = 0.42, cq, = —0.56, 1, = 5, g = 1,
M, =0, r =1 (right: cg, = 0.1, ca, = —0.56, 7, = 1, M,, = —0.5, r = 0.47).

tin %
St

~ | =

Figure 5: This plot shows the local tuning ¢ for the model with adjoints and fundamentals. The
orange line is a fit to a quadratic polynomial for which we find ¢ ~ ieQ.
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Figure 6: Left panel: the dependence of the Higgs mass on 1/R’ for a variety of input parameters
in the model with spinors that give successful electroweak symmetry breaking with points selected
to give the top mass in the physical range. Right panel: the correlation between the top and the
Higgs masses. Orange (x), blue (0), and green (*) points correspond to € < 0.3,0.3 < e < 0.4 , and
0.4 <e.

find any point with a sufficiently heavy Higgs mass. Including the bottom improves the
situation because for the spinorial representation there is also a light KK mode in the
bottom sector.” However, it is exactly this state that is responsible for the large shift in
the Zbb vertex. The fine tuning in the top sector is somewhat stronger for the spinorial
case than for the fundamental+adjoint discussed above. Once we impose the fine-tuning in
the input parameters of the theory, we still need to make sure that the Higgs is sufficiently
heavy. Most of the time the top is too heavy. The reason behind this is that there is a very
strong correlation between the Higgs and the top masses in this model. These correlations
between the Higgs mass and 1/R’ and my,p, are summarized in figure |

4.1 Constraints from electroweak precision tests

Apart from yielding the correct electroweak breaking vacuum, phenomenologically accept-
able GHU models must pass stringent electroweak precision tests [BH, 7). Since SO(5)
models are endowed with custodial symmetry, there is no tree-level constraints from the T
parameter. The S parameter however is an issue. The expression for the S parameter (for
vanishing brane kinetic terms) is given by [[[7]

R R R R _
o [Un Ug o = [ alf o] sm2R?
Jr ! 2
Demanding S < .2 yields the bound R'~! > 1.2 TeV. This implies that the lightest gauge

boson KK modes have masses ~ 2.4R'~1 ~ 3TeV.
Another potentially dangerous contributions to the electroweak observables are the

S =4mv (4.25)

corrections to the Zbrby, coupling that is measured with the .25% accuracy. There are
two potential sources of deviations in the Zbb couplings: mixing of the zero mode fermions

"We thank Roberto Contino for discussions on this point.
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(after EWSB) with KK states of equal electric but different SU(2);,xU(1) charges, and
mixing among the gauge bosons.

We first estimate the contribution of the fermion mixing effect after EW breaking.
Since the b gains a mass after EWSB, in principle one can no longer use the zero mode
wave functions. Most of the time, these corrections are of order (myR’)?, and so can be
safely ignored. However, in the spinorial model one encounters order (m;R’)? corrections.
The leading effect of EWSB will be to twist the zero mode wave functions between the L
and R multiplets of a bulk spinor via the Wilson line matrix. The effect of this twisting
(for simplicity, we set M, = M; = 0) will be that the left handed bottom quark will end
up partly living in the down-type component of x;c. The reason why there is a component
in xpe (but not in Xbg OF ng) is that the UV brane boundary conditions only allow a non-
vanishing component in this this mode. This non-vanishing component in x;c will give the
leading correction to the Zbb vertex. The coupling of the zero mode of Z (in the limit it
is flat) is given by 975F ~ (T3r, — sin?AQ). Since the electric charges of all components
that mix are the same the only correction comes from the deviation in the coupling to 157,

which in our case is due to the fact that the x;c component couples to T3g and not to T3r.

2 2 v

So the relative deviation can be estimated to be (where s? =1 — ¢ = sin ﬁ)

0971, 5, N sin®(0/2f)m2

4.26)
— =2 502 (
9Zbr b7, 12 f%? 4 T}L—g 7}1—5
This expression can be related to the formula for the top mass, and so we find
5921)7} ~ (mtOPR,)Z ~ (mtOPR,)Z (427)

9zb fif2. (1 —4c)

For the range of interest R ~ 1 — 2TeV and |¢,| < 1/2 we will find a correction that is
always at least a percent, and cannot be removed. For the other two models the effect does
not occur due to the custodial protection proposed in ref. [[[§.

We move to the gauge contribution to the Zbb vertex. That correction can be calcu-
lated from the formula

2
5 R » T3 _ 9/ Y z
9Zbpby, _ m2Z/ (Z/R)_ch _/ Z/ log(z//R) + % </ z/ log(R//R)>
9Zbr by, R R T} — =Y \Jr

g
(4.28)

We know from the analysis of the Higgs potential that we need ¢, < 1/2. For generic
left and right quantum numbers of by, the result is of order m%R'?log(R'/R), that is
enhanced by the large logarithm. This would lead to more stringent bounds than those
from the S parameter. However, in the models where by, is embedded in the bifundamental
representation with 7% = T' 1?% there is a cancellation of the large logs and the result is given

by

) 2 R"? 4

9Zbr by, ~ my <1 o 2> (429)
9Zbby, 4 (3 —2¢g)

This is below the experimental sensitivity even for R’ = 1TeV.
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5. Flavor in GHU

We begin our study of the flavor structure of GHU models. In this section we present a
detailed discussion for the model of section B.3, with each SM generation embedded in two
fundamental and one adjoint SO(5) multiplet. The other two models lead to a very similar
flavor structure, and we will later comment on the differences.

5.1 Fermion masses and mixing

We start by discussing the zero modes before EW breaking produces their mass terms.
One difference with respect to the standard RS scenario is the presence of the IR boundary
mass terms. These do not give masses to the zero modes, but imply that the zero modes
are embedded in several bulk multiplets. In particular, the zero mode quark doublets gy,
are embedded in all ¥, 4 in eq. (), while the up-type quark singlets up lives in W ,,.
On the other hand, the down-type quark singlets dg lives only in ¥4. We write

44(, 2) = Xq,(2)qr(2) 44(7,2) = Xqu(2)aL(x)  qa(®,2) = Xgu(2)qr(z)  (5.1)
Uy (%, 2) = hug (2Jur(x)  ug(w,2) = Pug(2)ur(z)  dp(@,2) = Ya,(2)dr(z)  (52)

Recall that we drop the generation index, and qr,ur,dr are understood to be three-
vectors in the generation space. The zero-mode profiles x(z), v (z) are 3x3 matrices x, =
diag(Xq1> Xg2> Xgs) that determine how much of the zero mode resides in each 5D fermion.
Solving the equations of motion and the boundary conditions we find the left-handed
profiles:

qu(z) = m(
1

Xqu(2) = m(
W) = 2= (5) () s (53)

where f, = diag(f(cq, ), f(cq), f(cqs)) and f(c) were defined in eq. (R.6). Similarly, the
zero mode profiles for the right handed up-type fields are given by

1 Z\2 [/ Z \Cu
1 Z\2 [ Z \C ~
T,Z)ug(z) - _ﬁ <E> (ﬁ) Muf—uy (5'4)
Finally, the down-type zero modes are contained only in the adjoints:

v == (5) ()" f-o (55)

The overall normalization has been chosen such that we recover the usual normalized zero

modes eq. (R.5) in the limit when the boundary masses are set to zero. In this form, our
profiles closely resemble the corresponding formulae in the standard RS set-up. However,
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in this basis, the kinetic terms for the zero modes are not diagonal. This kinetic mixing is
parameterized by the Hermitian 3 by 3 matrices

Ky = 1+ fangfo 2ml fo + fomafy2mh fe,
_ =2
Ky =1+ f oM fZ2Myf-u,
Kg =1, (5.6)

For example, for the doublet zero modes the kinetic term is given by iqr, () K,@qr(x). The
kinetic mixing is inevitable in GHU models: since all the SM flavor mixing must originate
from non-diagonal terms in the boundary mass terms, at least the matrix K, must be
non-diagonal. This is an important difference with respect to the original RS set-up that
will introduce additional contributions to flavor-violating processes.

In GHU, the fermion masses originate from the bulk kinetic terms WiDM Ty, ¥, where
D, — 0,—igsA?T* and T are the SO(5) generators appropriate for a given representation.
When A, acquires a vev it produces a mass term connecting the quarks living in the same
SO(5) multiplet. For the fundamental representation, the Wilson line marries the two up
quarks in the bifundamental to the singlet up quark:

<5>4 9;” *gz#(u — @) (5.7)

z

while for the adjoint representation, it couples the triplets to the bifundamental, for exam-

4
(%) g;” \gf (@ —d,)dy (5.8)

Plugging in the zero mode profiles we find for the mass matrix (in the basis were the

ple

kinetic terms are not diagonal)

My = %fq(mu - Mu)f—u

ma = ffqmdf— (5.9)

To obtain the actual masses and mixing angles one needs to first diagonalize the kinetic
mixing terms and rescale the fields. We decompose K, = VaNaVaJr for a = ¢q,u,d, where
N is a positive diagonal matrix and V a unitary matrix, and we define the corresponding
Hermitian matrix H, = V, N, 1/ 2VJ . The Hermitian rotation of the zero modes, q;, —
Hyqr, ur — Hyuug, brings the kinetic terms to the canonical form. The mass matrices
rotate into

mSM = \/— qfq( Mu)f—uH
msM = 2\/, H,fomaf—a. (5.10)

In the next step we decompose, as usual, the up and down mass matrices as mil\g =

Uy, Wﬂnu,dUlJﬁz wq> and we perform a unitary rotation of the zero mode quarks so as to
diagonalize the mass matrix, d;, g — Ur g 4dr.r, UL,R — ULR wULR -
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The flavor structure following from is very similar to that of the ordinary RS model
with anarchic flavor structure, cf. (.§). The main difference between (f.10) and (R.§) is
the appearance of the extra Hermitian matrices H, that originate from the kinetic mixing.
Note that, since N, the eigenvalues of the kinetic mixing matrices (p.g), all entries of N,
are very close to 1 except maybe for the third generation. For this reason, the hierarchical
structure of the mass matrix will turn out to be very similar to that in RS.

The quark masses that follow from (p.I() are as usual, approximately equal to the
diagonal elements. They can be estimated by

gxv (Thu - M)qu—u
My ~
2\/5 1 fz fz 2 1 fguMz
<+fu+f2> T
g«v mdqu—

(5.11)
2[\/ 1 gy S 1)

where 1, 4, M here denotes the typical amplitude of the entries in the corresponding mass
matrix. As in the standard RS, the mass hierarchies are set by fg, f_u, f—q and g./2
plays the similar role to the Yukawa coupling Y,. The coupling g, is however related to
the experimentally measured weak coupling, see eq. (B.4), and cannot be varied, unless
we consider large UV brane kinetic terms. Another difference is the dependence on the
boundary masses that enters both the numerator and the denominator. The latter may be
significantly different than 1 only when f, ~ 1, which is the case for the third generation.
In that case 1My, q, M saturate: further increasing it does not increase the mass.

We turn to discussing the mixing angles and how are they affected by the kinetic
mixing. Consider the doublet mixing matrix K,. f, is hierarchical, f,, < fg, <1, fg3 ~ 1,
while f, q’s are all of order one (since it is f_, 4 that sets the mass hierarchy). Thus,
K, ~ 05 + meqlfq , where we denote m? = m? + mg. It follows that N, ~ (1,1,1 + m?)
and (Vg)iz ~ m? fo, fa, (Vs ~ 100 fo, /(1 +100%), (Vg)as ~ m® fg /(1 + m?). At the end
of the day, the left hierarchy is set by the matrix f,H, (rather than f; as in RS) whose
diagonal elements are of the form

fa
Hqfq ~ fao ) (5.12)
fq3(1+ 2 ~2) 1/2

The off-diagonal terms in the above matrix are irrelevant for the following discussion. We
can see that the corrections coming from the kinetic mixing do not change the hierarchy
of f;. There are, of course, O(1) corrections in the actual numerical values of the f’s that
are required to reproduce the mass and mixing hierarchies, but their orders of magnitude
are unchanged so that implementation of flavor hierarchies is analogous as in RS. The only
parametric difference between f,; and eq. () is that the third eigenvalue gets suppressed
by 1/m as soon as m is larger than 1. We keep track of that effect because, as the study
of the Higgs potential shows, the interesting parameter space with successful electroweak

— 27 —



breaking and the large enough top quark mass extends to m ~ few. This parametric
dependence feeds into the left rotation that diagonalize the SM mass matrix,
(ULu,d)12 ~ Ju (ULu,d)13 ~ &(1 + f2m®)Y? (Upua)2s ~ @(1 + fom®)V? (5.13)
fQZ flI3 fQ3
The consequence is that the relation between f, and the CKM angles is slightly modified,
(L +m2) 2 f, ~ A3, (1 +m2)2f, ~ A2, where X is the Cabibbo angle.
By the same token,

f-u
Hyf o ~ Fous : (5.14)
Foug (L4 f2,, M) 72

and the elements of the right rotation matrix for the up-type quark are

(URru)12 ~ Jum (URru)13 ~ S (1+ f2, MY (Ugy)as ~ Jou

—u2 —us3 —u3

(L+ f2,,M%)1/?

(5.15)
Finally, the elements of the right rotation matrix for the down-type quark are not affected

by the kinetic mixing,

(Ura)iz ~ f-a./f-da, (Ura)iz ~ f-a,/f-a5; (Urd)23 ~ f-do/f-ds (5.16)

5.2 Flavor constraints

We are ready to evaluate the flavor constraints in the GHU models that originate from a
tree-level exchange of the KK gluons. To this end, we need to compute the couplings of
the SM down-type quarks to the lightest KK gluon,

97 di Gy @), + gRdnruG oy dy (5.17)

As before, we introduce the diagonal matrix g, = gs*(—w +y(ee)f2), 2 = q, —u, —d,
that approximate the couplings of quarks in each 5D multiplets to the lightest KK gluon.
The complication inherent to the GHU models is that the zero mode quarks are contained
in several 5D multiplets. This is already one source of off-diagonal couplings. Furthermore,
on top of the unitary rotation that diagonalizes the SM mass matrix, the off-diagonal terms
are affected by the Hermitian rotation that diagonalizes the kinetic terms. At the end of
the day the couplings can be written as

giLj ~ [U£ +Hy <9q + fqmufq:29umzfq + fqmdfd_zgdmjifq) HqUr d] ij

(5.18)

gp = [U;g 19-dUR d} y

Compared to the RS formula (R.16)), the doublet quark off-diagonal couplings receive many
additional contributions. In spite of that, the RS-GIM mechanism is still at work, in the
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sense that the off-diagonal terms are always multiplied by the hierarchical matrix f,. The
flavor-changing couplings are proportional to

gﬁs ~ gs*(l ﬁl’z)fquQ

gt ~ g _ L "

L ~ * —
1 —i—fq23m2)1/2

1+ m?

b

91 ~ s 3 =oira e e
s (1+f[123m2)1/2 q2J 43

(9R.a)ij ~ Gsxf-dif-d; (5.19)

far fos

We can now estimate the size of the FCNC four-fermion operators relevant for the for
the Kaon mixing. The LL operator is, just like in RS, suppressed by the CKM matrix
elements,

| O
~ =9 lViVil s =

6MZ 7 1+ f2m?)?

This bound has almost the same form as in the RS case, except for the last factor that

Ck (5.20)

depends on m. In RS one usually takes f,, ~ 0.3 (that is ¢g4, close to one half) to further
suppress the LL operator. In the case at hand, using the approximate expression for the
top mass, we can relate (for f_,, ~ 1)

; 1 +m2 2V2my V1 + m2V1 + M?2 (5.21)
BT+ f2m? G5V Ty — M '

Taking m, 4 ~ M ~ 1 we can rewrite our estimate as

1 3TeV >
Lo 22
Ck (5104 TeV)2 ( Mg > (5:22)

which shows that a 3 TeV KK gluon satisfies the bound listed in table JJ.
On the other hand, the LR contribution is

1 g2, 8mgms 1+ m?
M2 g2 v? m2

Cg =-3C% ~ (5.23)
where this time we related f’s to down-type quark masses via fy, f—q, ~ 2\/§mfi /gsvmyg.
Again, this estimate is very similar as in the RS case, with Y, replaced by g¢./2. The
new parametric difference is the factor (1 + m?)/m?2, which can be traced back to the
kinetic mixing. This factor may enhance (but never suppress) the coefficient, if my < 1 or
My > Mmg. In consequence (when boundary kinetic terms are ignored),

1 3TeV >
4 24
Ck (1.5 - 104 TeV)? < Mg ) (5:24)

The numbers refer to the case when the boundary kinetic terms at the TeV scale are small,
so that g, ~ glog/?(R'/R) ~ 4, gex ~ gslog"/?>(R'/R) ~ 6. We can see that Almcj}{ is a
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Figure 7: Scan of the effective suppression scale of InC1 i (left panel) ImCyk (right panel) and in
the scenario with adjoint and fundamental bulk fields. In the left panel points with m, > 3.5 are
red (*) and points with m, < 1.5 are black (4). All the points give the correct low-energy spectrum
but most of the points with mg < 30TeV fail to satisfy the ImCyx bound of A > 1.6 - 10° TeV.
The blue line is a linear fit of the Mg dependence.
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Figure 8: Scan of the effective suppression scale of [C% | (left panel) |C | (right panel) and in
the scenario with adjoint and fundamental bulk fields. All the points give the correct low-energy
spectrum and points with mg > 5TeV mostly satisfy the bounds. The blue lines are linear fits of
the Mg dependence.

factor of ~ 11 too small for a 3 TeV KK gluon. To satisfy the bound A rmci, > 16 10* TeV
(see table ) would require a KK scale of about 33 TeV.

As in RS, we can change this estimate by playing with the boundary kinetic terms for
SU(2)r and SU(3)¢. Assuming a large bare UV coupling (small brane kinetic term) for
SU(3). and including the one-loop QCD running we can decrease gs, thus relaxing the
bound by a factor of two. On the other hand, we could make the coupling g, larger by
adding a large brane kinetic term for SU(2)r, that is to pick » > 1. In the best of all
worlds, assuming g« ~ 3 and g, ~ 4x (the latter implies lack of perturbative control over
the Higgs sector) we could lower the bound down to 5 TeV. In a calculable framework it is
not possible to lower the bound below 10 TeV. These estimates demonstrate that the GHU
framework with fully anarchic flavor is not a plausible scenario.
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5.3 Numerical scan

We have verified the above estimates of the flavor bounds by an extensive numerical scan
over the parameter space of the model. Our first aim is to find realistic electro-weak
symmetry breaking minima of the effective potential. We are only interested in points
with a sizable gap between the EW scale and the scale of the KK modes (v/fr, < 0.3).
The parameters related by EWSB are: the bulk masses of the third generation cy,,cy;,Cay,
the size of the brane masses my,, Mg, My, My, the KK scale 1 /R'. We keep the hierarchy
R/R' = 107 fixed. Contrary to the RS case, we are not free to pick any combination,
since most choices do not lead to EWSB satisfying our criteria. As we have discussed, v/ fr
is very sensitive to qg,, Cuy, see e.g. figure . We therefore first randomly generate a set of
parameters with ¢, € [0.2,0.48], 1/R" € [900,12500] GeV, c_q, = —0.55, |my,| € [0.5,5],
|mg| € [0.5,2], and r € [0,0.8]. (For simplicity, we have set M, = My = 0). Knowing
R,R' and r, we determine v/ f, from the condition to reproduce myy, see (B.§). We then
find a ¢, such that the minimum of the potential really is at the value of v/ fr specified
before. Finally, we want the theory to be calculable, which puts an upper bound on the
bulk SO(5) coupling g.. This can be equivalently expressed as a bound on the number of
colors of the dual CFT, see eq. (B.]]), and we require Ncpr 2 5.

The next step is to calculate the SM masses, mixing angles and KK FCNCs. Given
the size of cgy,cuy,c4;, and of m, and mg we can determine the bulk masses of the first
two generations. First, ¢, and ¢, are fixed since left rotations (f.13) need to have the
same hierarchy as the CKM. The remaining bulk masses ¢y, ,,cq, , can be fixed using (R.13)
requiring the mass eigenvalues to match the SM at TeV scales.

Now we randomly generate complex 3 x 3 matrices m,, myq with eigenvalues approxi-
mately of the size as those used in the calculation of the potential above. Using (5.1() we
then calculate the effective mass matrices mi%. These mass matrices only approximately
reproduce the SM. In order to have a completely realistic set of parameters we need to
parameterize the deviation from the SM and reject those m, q which deviate too much.
For this purpose we have defined matrix norms that measure the distance between the
generated and the physical values at 3 TeV. We calculate the distance between

e The mass eigenvalues to the the SM running masses at 3 TeV, see table. [l
e The moduli of the generated CKM to

0.97 0.226 0.0035
Verm| ~ | 0.226 0.97 0.04 |, (5.25)
0.008 0.04 1
which we took from a recent tree level determination [Bg].
e The amount of CP violation to the SM Jarlskog invariant [B7]

J~3-107° (5.26)

We finally accept only those random matrices 7, 4 for which the maximal relative distance
of any constraint is below 30%.
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The results of the scan are displayed in figure []. Most of the points with mg < 30 TeV
fail to satisfy the ImCyx bound of A > 1.6 - 10° TeV, in agreement with our analytical
estimates. Just like in the RS case this bound is somewhat dependent on the assumption
that one makes on the boundary kinetic terms for the gluon. For the two extreme cases
the numerical values for the supression scales are the following. In the worst case when the
theory is barely perturbative, the bound is enhanced to about 54 TeV, while in the best
case, with no bare brane kinetic terms to bound is reduced to about 17 TeV. We conclude
that the flavor constraints on the warped models with a pseudo-Goldstone Higgs are even
stronger that that in the standard RS with a TeV brane localized Higgs.

In the remainder of this section we summarize the flavor constraints for the other two
GHU models considered in this paper. The short summary is that in none of the models
is the RS flavor bound relaxed, but rather strengthened.

5.4 Fermions in the spinorial

For the model with each generation of the SM fermions embedded in 3 SO(5) spinors
the parameter space includes an additional boundary mass matrix M, that introduces the
kinetic mixing also to the d-singlet quark sector. The kinetic mixing matrices are given by

Kq =1+ fqmuf1:2m:5fq + fqmdfd_2m;rlfqv
_ Tt =217
Ky =14 f-uM}f72Myfu,

Kq =1+ f_qM}fZ2Myf_q, (5.27)
The SM up and down mass matrix take the form
+U ~ ~
mi% = gTquq(mu,d - Mu,d)f—u,dHu,d' (5-28)

There is an additional factor of 1/4/2 that is a group theoretical factor of the spinorial
SO(5) representation. The kinetic mixing induced by M, feeds into the right-rotation
unitary matrix for the down quarks

f-d f-d v f-d -
(Uga)i2 ~ 57— (Upa)1z ~ 57— (1 + f3d3M2)1/2 (Urd)2z ~ —=(1+ fzd3M2)l/2
f—dg f—dg f—d3
(5.29)
but the effect is negligible (unless M is very large) because f-d; < 1 to account for
myp/my < 1. The only difference in flavor constraints is the consequence of the 1/1/2 factor
in the SM mass matrix, which makes the LR flavor bounds a factor of v/2 more stringent.

5.5 Fermions in four fundamentals

The model with four fundamental representation per generation contains yet another ma-
trix 6 that is a source of flavor violation. The kinetic mixing matrices are given by

Ky =1+ fg,(R'/R)“0"(R'/R) ™% f, 2(R'/R)~“ab(R'|R)™ fy, + fo, i} [y it fy,
+fou (R /R) o 0T (R | R) = 0aing f (R /R) = 0(R' [ R) e fy,,

Ku =1+ f—qujf__qzuMuf—m

Kq =1+ f-gM}f=3 Maf—g. (5.30)
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while the mass terms are

miM = qfqu( MU)f—uH

2f

i = S Hy o (B R) 0 (B R)= g = N -l (5.31)

There are several new possible flavor effects here. First of all, the mixing matrix 6 shows,

and it is accompanied by the large factor (R'/R)% on the outside. This factor perfectly
counteracts the hierarchical suppression generated by the matrix f,. In consequence, as
long as 6 is an arbitrary anarchic matrix, we definitely lose the RS hierarchic structure of
the fermion mass matrix. The origin of this is easy to understand. Here we have two copies
of the left handed doublets, and we are removing one combination with an additional right
handed doublet on the UV brane. If the matrix 6 is anarchic, then we introduce a large
flavor violating effect into the elementary sector, that is unsuppressed by the mixing of
elementary and composite states.

In order for the UV physics to maintain an SU(3)¢g flavor symmetry for the doublets
we need to assume that 6 is, to a good approximation, proportional to the unit matrix.
In the following we set § — ©l3,3 in all expressions, where © is a c-number. This is
in fact a similar assumption as the one implicitly makes in RS and the other two GHU
models: the elementary sector is flavor symmetric (that is there are no large flavor violating
kinetic mixing terms on the Planck brane), and only the CFT gives rise to flavor violations.
With this ansatz, the flavor structure becomes very similar to that in the spinorial model.
There is still another new effect, however which is the presence of two sets of ¢;. As a
consequence, in the expression for m the left hierarchy is not set by the same functions:
for the up-type masses it is set by fcqu whlle for the down-type by f. . (R'/R)%~%a. This
effect can be used as an alternative way to explain the large isosping breaking in the third
generation. Instead of taking f_4, < 1, that is assuming br is mostly elementary, we can
choose f_g, ~ 1 and Cgs < ¢ 8 to obtain my/m; < 1. Unfortunately, this new avenue does
not seem to lead to suppressmg dangerous four-fermion operators. The coefficients C- can
be estimated as

1 gs* 8mgms 1 + m?

(e,1—cqy)+(c2—Cqp)
04 ~ R/ R q 1 q 2
Kk~ (R/R) " d Mé 2 02 m2

(5.32)

where ¢;, = min(c,i For c 12 <c, L2 we are able to enhance the coefficient C%, but

4ir Cai)-
it’s not exactly what we want.

6. Conclusion

In this paper we studied flavor physics in the framework of 5D warped GHU models that
provide a dual realization of a composite pseudo-Goldstone Higgs. This is an extension of
the standard RS scenario, that makes the electroweak symmetry breaking dynamical and
fully calculable.

The flavor structure of GHU models turns out to be quite similar to that in RS. The
hierarchical structure of the quark masses and the CKM matrix appears as a consequence
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of different localization of zero modes in the extra dimension. The RS-GIM mechanism
is operating, in the sense that the coefficients of effective four-fermion AF = 2 operators
induced by the tree-level KK mode exchange are suppressed by the small off-diagonal CKM
matrix elements (LL operators), or by the light quark masses (LR operators).

The GHU models introduce, however, new contributions to flavor violation that are
of the same order of magnitude as those in RS. The reason is that the larger set of local
symmetries (that is crucial to realize the Higgs as a pseudo-Goldstone boson) imply a
different realization of the zero-mode fermionic sector. In particular, the zero modes must
be embedded in more than one bulk multiplet. We call it the kinetic mixing because in
the original flavor basis in 5D it shows up as the generation mixing via the zero modes
kinetic terms. This effect is controlled by the IR boundary masses - the same Lagrangian
parameters that control also the mass matrix. The kinetic mixing feeds into the effective
four-fermion AF = 2 operators, parametrically enhancing its coefficients by a factor of few.

Just like in RS, the strongest bound on the KK scale comes from the imaginary part
of the LR (sd)? operator, that affects CP violation in the kaon sector. We find that for
anarchic boundary mass matrices, the generic bounds on the lightest KK gluon mass is of
order 30 TeV. Such a large KK scale of course undermines the motivations for the GHU
models. This implies that GHU does not make sense without additional flavor symmetries.
There are several ways one could suppress the dangerous FCNC contributions (apart from
assuming accidental cancelations). For example in the models of [Bg one imposes a bulk
flavor symmetry, and all mixing originates from Planck brane localized kinetic mixing
terms. As a result one can construct models where all tree-level FCNC’s are absent (a
genuine GIM mechanism), but of course in this case one gives up on the explanation of
the fermion mass hierarchy. A recent proposal suggests to truncate the bulk at a scale
of about 10% TeV which softens the flavor problem by effectively reducing gs. [[]. The
obvious price to pay is giving up on an explanation for the hierarchy between weak and
Planck scale. An intermediate solution could be to try to construct flavor models that do
explain both hierarchies, but have some partial flavor symmetries left over [2H, iJ]. One
possible ansatz that would alleviate the constraints while still giving rise to the hierarchies
would be to assume that the boundary masses in the down sector 7mg, My are proportional
to the unit matrix, so that all the CKM mixing originate from non-diagonal elements in
Ty, M,. This suppresses the right rotation matrix Ug 4, so that the LR operator is also
suppressed.
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A. KK gluon sums

In this appendix we present analytical formulas that allow one to include the contribution of
the entire KK gluon tower to the effective four-fermion operators. We start with couplings
of the n-th KK gluon to the quark eigenstates

92 @G M q) + g7 TG M g, (A.1)
The couplings are given by
.. 1 2 R/ .. .. 1 2 Rl ..
97 = geuRY /R (B2 (2)  gf, = guRY /R Fa(2)h2(2) (A.2)

Above, a(z) is the warp factor (that we keep arbitrary here), f,(z) is the profile of the
n-th KK gluon, and g5 is the dimensionful bulk coupling of SU(3) color. For vanishing
brane kinetic terms, the SM strong coupling is given by ¢g? = g2, R/L, where L = I} }? a(z
The quark bilinear profiles hg r(2) are 3x3 matrices in the mass eigenstate basis. They are
related to the fermionic profiles:

hi(z) = a*(2)V Y xh (D)X (Ve hi(2) (z)V} qu g, (2)Ve  (A3)

where the sum goes over all bulk multiplets in which the quark eigenstates is embedded,
and Vi gr collectively denote all Hermitian or unitary rotations that relate the original
flavor basis to the mass eigenstate basis. By orthogonality, the bilinear profiles satisfy
R i _
Jr Mg =0ij
The coefficients of the effective four-fermion operators are set by the sums of the form

| e gij g
Sip = T (A4)

n=1 n
Strangely enough, with the help of the methods of ref. [ig] the sum can be evaluated for a
general warp factor (even though there is no closed expression for particular m,, and g,).
The strategy is to 1) insert the integral expression for the couplings into the sum, 2) use
the integrated equation of motion for f,(z), and 3) use the completeness relation for f,(z).

When the smoke clears, one is left with

S = g2 [L / e [ouen] e (4.5)

R
/

4035 /R " hRL(2) /R Ca () /R i a(2") + Ok /R N hi(2) /R o) /R i a(Z”)}

G261 5k [/RR/ a () /RZI a(z"y+L7! /RR/ a(z) /RZ a () /RZI a(z")]

The result is quite complicated, but it simplifies considerably for flavor changing sums,
which are of primary interest here:

R R R
S _ g2 L/R a1(2) (/ hg(z')> (/ h’;{(z')> i£j kAL (A6)
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Thus, the whole sum is expressed by simple integrals of the warp factor and the fermion
profiles. In particular, for AdS geometry we take a(z) = R/z, and the fermionic profiles
from eq. (.§). The inverse of the AdS warp factor is sharply peaked towards IR. Therefore
the integrals depend mainly on the IR value of the fermionic profiles, that also sets the
fermion masses and mixing angles. This is the origin of the RS-GIM mechanism.

The coefficients of the operators relevant for the kaon sector are given by

R R R
Curc = gotos(R/R) [ ( / hzd<z’>> ( / hzd<z’>>
R R R
Cix = —g2log(R'/R) /R ( / hzd<z’>> ( / h;f%z’))
Csi = —%C4K (A7)

In RS, the bilinear profiles of the down-type quarks are given by
/
z
/

2¢cq
hp 4(2) :R/—1U£d< > f2UL 4

—2Cd
hra(z) = R0} ( ) f2aUr (A.8)

z
Here, the non-diagonal elements are only due to the left and right unitary rotations that
diagonalize the SM mass matrix.

For the GHU model with two fundamentals and an adjoint, the right-handed down-
quark bilinear profile remains the same, but the left-handed one becomes more complicated
due to the kinetic mixing:

R/ 2Cq ~ R/ 2Cu ~ ~ R/ 2Cd ~
(;) fq2 + fqmu = mqu"i_fqmd m;rlfq

hpa(z) = R~'UI JH, H,UL 4.

z

(A.9)
This time there are new sources of off-diagonal terms: the boundary masses m and the
Hermitian rotations H.

B. SO(5) generators

B.1 Spinorial

The smallest SO(5) representation is the 4 spinorial. The generators in a convenient basis:

1090 1100
Ta:— Ta:— Bl
L 2[0 0] R 2[0&] (B.1)

i | 0 o0 , 1 Jo1
© 2\/5[—00 0] © 2\/5[10] (B.2)
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T¢ and TE generate the SO(4) = SU(2), x SU(2) g subgroup of SO(5) and TZ are the coset
generators. The T3 generators of the SU(2), x SU(2) g subgroup are diagonal in this basis.
This makes transparent how the SU(2); x SU(2)r quantum numbers are embedded in 4:

qd+0
q-o0
do+
qo—

4=(2,1)®(1,2) (B.3)

where + stands for +1/2. The Wilson-line exponential eV2hTE rotates q+o into gp+ and
vice-versa:

q+0 — cos(h/2)q4o + isin(h/2)qo+
qo+ — isin(h/2)qo+ + cos(h/2)q+o (B.4)
B.2 Fundamental

The 10 generators of the fundamental representation in an inconvenient basis:

a Z 1 abc C C a a
a il abc c C a a
Trij = —5 [56 b (6755 — 870 —(5i5§‘—5j5?)} a=1...3
a i a 55 a 55 .
Tci; = VG [5i5j —53'52')} a=1...4 (B.5)

The generators are normalized as TrT*T? = §*5. The T3 generators of SU(2) x SU(2)g
are non-diagonal in this basis. The quantum numbers of the 5-vector components can be

found as:
I++ +q—-
1| e i
= _4q_ 5=(2,2)® (1,1 B.6
Q NG .Q+ q + ( )@ ( ) (B.6)
Wy— — 14—+
V2400
The Wilson-line transformation exp(z'\/ihT é) rotates (¢+—,q—+,qoo) into one another:
1+ cos(h) n 1 —cos(h) _sin(h)
L ——— g+ ———q 4 — 1
q+ 5 q+ B q—+ NG doo
1 —cos(h) n 1+ cos(h) n _sin(h)
L ————g +——"q_ i
q—+ ) q+ B q—+ V2 doo
_sin(h) _sin(h)
— —1 —+1 —+ +cos(h B.7
doo NG q+ NG q—+ (h)qoo (B.7)

B.3 Adjoint

The antisymmetric tensor ® transforms as ® — Q®QT. We can represent the tensor as:

d = YT + OLTH + LTS (B.8)
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where T are SO(5) generators in the fundamental representation. The SO(5) commutation

relations
(1, 1Y) = e T Th T =iy [TETH =0 (B9)
[T, T8] = Le(T5 +T§) [T, Té) = o (Tf ~ TH) (B.10)
T80 T8 = & (T 07T8) (T80 T4 = 74 T8 (B.11)

imply that @, is an SU(2), triplet, ®g is an SU(2) g triplet and ®¢ is an SU(2);, x SU(2)g
bifundamental, and the embedding of the quantum numbers is

(3,1) : ) +i®? — (£1,0) 3 — (0,0) (B.12)
(1,3) : oL 4+ i®% — (0,41) % — (0,0) (B.13)
(2,2) : Ol +i®L — (£1/2,41/2) 3 +idL — (£1/2,F1/2) (B.14)

10 = (3,1) @ (1,3) ® (2,2) (B.15)

The Wilson-line transformation rotates the axial combination of the left and right triplets
into the bifundamental

oY+ DY DY 4+ DY

vz 2
o7 -0 P7 —Ph :
cos(h) + ®% sin(h
Ppe — po
oL — —% sin(h) + ®¢ cos(h) (B.16)
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