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We study predictions for B physics in a class of warped extra dimension models recently introduced,
where few (~3) TeV Kaluza-Klein masses are consistent with electroweak data due to custodial
symmetry. As in the standard model (SM), flavor violations arise due to the heavy top quark leading
to striking signals: (i) New physics contributions to AF = 2 transitions are comparable to the SM, so
the success of the SM unitarity triangle fit is a “coincidence.” Thus, clean extractions of unitarity
angles are likely to be affected, in addition to O(1) deviation from the SM prediction in B; mixing.
(i1) O(1) deviation from various SM predictions for B — X,I*1~. (iii) Large mixing-induced CP
asymmetry in radiative B decays. Also, the neutron electric dipole moment is roughly 20 times larger
than the current bound so that this framework has a “CP problem.”
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Introduction.—The standard model (SM) is in very
good agreement with data. However, it is widely per-
ceived to be an incomplete theory. In particular, in the
SM the hierarchy between the Planck scale and the elec-
troweak symmetry breaking (EWSB) scale, Agwg, is
unnatural since the Higgs boson mass is ultraviolet
(UV) sensitive.

Solutions to the hierarchy problem, therefore, involve
extending the SM at just above the EWSB scale which, in
general, spoils the good agreement of the SM with data,
for example, by introducing new sources of flavor viola-
tion. Given this inherent tension, it is important to iden-
tify new physics (NP) frameworks which preserve the
appealing features of the SM.

We consider the Randall-Sundrum scenario (RS1) [1],
which provides an elegant solution to the hierarchy prob-
lem, and show that this framework with a mass scale of
NP as low as a few TeV leads to many striking signals in B
physics. This renders B facilities a valuable probe of the
parameter space of this novel physics scenario.

In this framework, due to warped higher-dimensional
spacetime, the mass scales in an effective 4D description
depend on location in extra dimension: the Higgs sector is
localized at the “TeV” brane where it is protected by a
low warped-down fundamental scale of order a TeV, while
4D gravity is localized near the ‘““Planck” brane which
has a Planckian fundamental scale.

In the original RS1 model, the entire SM was localized
on the TeV brane. In this setup, flavor issues are sensitive
to the UV completion of the RS1 effective field theory:
there is no understanding of hierarchies in fermion
masses or of smallness of flavor-changing neutral currents
(FCNC’s) from higher-dimensional operators which are
naively too large being suppressed only by the warped-
down cutoff ~TeV.
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Allowing the SM fermions and gauge fields to propa-
gate in the bulk makes flavor issues UV insensitive as
follows. The light fermions can be localized near the
Planck brane (using a 5D fermion mass parameter
[2,3]) where the effective cutoff is much higher than
TeV so that FCNC’s from higher-dimensional operators
are suppressed [3,4]. Moreover, this results in small 4D
Yukawa couplings to the Higgs bosons, even if there
are no small 5D Yukawa couplings [3,4]. The top quark
can be localized near TeV brane to obtain a large 4D top
Yukawa coupling. This provides an understanding of hi-
erarchy of fermion masses (and mixing) without hierar-
chies in fundamental (5D) parameters solving the SM
flavor puzzle.

With bulk fermions and gauge fields, FCNC’s from the
exchange of gauge Kaluza-Klein (KK) modes are in-
duced. The couplings of light fermions to gauge KK
modes are flavor dependent (due to different wave func-
tions of fermions in the 5D), but, remarkably, this flavor
dependence is small [5], since gauge KK modes are
localized near the TeV brane, whereas light fermions
are localized near the Planck brane (unlike the flar extra
dimension case). Thus, FCNC’s for light fermions from
exchange of gauge KK modes are suppressed [3,4]. Recall
that this is the same reason why these fermions are light;
i.e., the Higgs boson is also localized near TeV brane just
as the gauge KK modes. Thus, this RS1 model has a built-
in analog of the SM Glashow-Iliopoulos-Maiani (GIM)
mechanism and approximate flavor symmetries for the
light fermions [6].

In spite of all these appealing features the above frame-
work has another source of tension. It was shown that in
order to be consistent with electroweak precision mea-
surements (EWPM) one needs to assume mgg = 10 TeV
[7]. This brings a little hierarchy problem related to the
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smallness of (Agwg/mgx)> ~ 1074, which is radiatively
unstable.

Recently, it was shown that, with enhanced bulk elec-
troweak (EW) gauge symmetry, SU(2); X SU(2)z X
U(1)g_;, few TeV KK masses are consistent with
EWPM [8]. This gauge structure, with custodial symme-
try, in warped space has also been used to construct
Higgsless models of EWSB in [9,10].

Our goal is to systematically study the flavor structure
of the above framework and to reinvestigate the NP con-
tribution to FCNC processes [4] in the presence of rather
light KK excitations. In this Letter, we will summarize
the main effects and the ramifications for B factories [6].
Even though we mainly concentrate on RS1 model with
the Higgs bosons strictly localized on TeV brane, our
results will be valid for warped space models without
the Higgs boson or with 5D profile for Higgs bosons as
well. Thus these results are model independent within the
new class of models which assume RS1 with custodial
gauge symmetry in the bulk.

Flavor violation.—Most of the flavor-violating effects
are related to the violation of RS-GIM mechanism by
large top quark mass (just as in the SM) as follows.
(1, b); cannot be localized near the Planck brane. This
is since the large top mass then requires a very large 5D
Yukawa coupling such that the theory is strongly coupled
at the scale of the first KK mode [11]. Thus (¢, ); must be
localized near the TeV brane. This has two consequences:
(i) In the interaction basis, the coupling of b; to gauge KK
modes (say, the gluons), g’(’;KK, is large compared with the
ones of the lighter quarks. This is a source of flavor
violation which combined with mixing yields FCNC
processes. (ii) The Higgs vacuum expectation value mixes
zero and KK modes of Z leading to a nonuniversal shift,
in the interaction basis, of the coupling of b; to the
physical Z [8,12]:

2

m
8gh ~ gZKK\/IOg(Mpz/TeV)mTZ, @))]

KK

where gl%KK is the (nonuniversal) coupling between b; and

a KK Z state before EWSB. The factor of y/log(Mp;/TeV)
comes from enhanced Higgs coupling to gauge KK mode
(since they are localized near the TeV brane). EWPM,
which are not related to flavor mixing, require that this
shift is smaller than ~1%. Note that in the above frame-
work the interaction basis is unique. This is the basis in
which all the interactions (except Yukawa ones), includ-
ing ones with KK modes, are flavor diagonal.

There is, therefore, a tension between obtaining a large
top Yukawa and not introducing a too large flavor viola-
tion in processes related to EWPM [8,12]. As a result, all
the models assume the following: (i) A large (close to
maximal) dimensionless 5D Yukawa, Asp ~ 4 (such that
the weakly coupled effective theory contains 3—4 KK
modes). (ii) The wave function of (z;, b;) is localized as
close to the TeV brane as is allowed by EWPM so that a

201804-2

large (close to maximal) shift in coupling of b; to Z,
8g5 ~ 1% is obtained. Using Eq. (1) we can summarize
the above by the following [6]:
ng;KK ~ 8 gZKK ~ 8z mgg ~ 3 TeV. (2)

This (unavoidable) setup leads to sizable NP contributions
in the following three kinds of top quark dominated
FCNC processes: (i) AF =2, (ii) AF = 1 governed by
box and EW penguin diagrams, and (iii) radiative decays.
We will consider these effects, in turn, in what follows.

Let us elaborate more on how the NP contributions
arise in the above framework. Since the couplings of
fermions of a given type to gauge KK modes are nonun-
iversal, flavor mixing is induced when a transformation
from the (unique) interaction to the mass basis is per-
formed for the quarks. Here, we mostly consider cou-
plings of left-handed down quarks. This is since
coupling of b; to gauge KK modes is abnormally large
[13] compared with the couplings of other down-type
quarks (which are localized near the Planck brane): the
coupling of b; to gauge KK modes is ““dictated” by m,.
Consequently, a large RS-GIM violation is induced.

Signals.—To study flavor-changing effects, we need to
estimate the mixing angles of the unitary transforma-
tions. Generically, 5D Yukawa matrices are expected to be
anarchic. Thus the mixing angles of the transformations
are roughly given by ratio of wave functions at TeV brane.
The unitary transformations for left-handed up, U;, and
down quarks, D;, are similar due to the fact that u#; and
d; have the same wave function. Since U LDZ = Vekm, We
get D; ~ Vegu- It follows, therefore, that the gluon KK
mode-b; -(s, d); vertex is roughly given by ggKKV,(s,d),
while the gluon KK mode-d, -s;, one is gl Vi, Viq.

This results in the tree-level exchange of gluon KK
mode contributing to AF = 2 operators:

MRS (82k)? m? 3 TeV)\2
- TSP FES
My, 8>  Mgg mgg

where C is an order one complex coefficient, mixing
angles are of the same size in both RS1 and SM contri-
butions, and M;>™®S is the SM (box diagram) and RSI
(KK gluon exchange) AF = 2 transition amplitudes, re-
spectively. We see that the KK gluon contribution to BY —
BY, BY — BY mass difference, €x, and the CP asymmetry
in B — /Ky is comparable to the SM ones.

The SM predictions depend on V,,, which is currently
not severely constrained by tree-level decays and unitar-
ity [14], which are not affected by NP contributions. The
data, therefore, can be fitted even with RS1 contributions
comparable to the SM [6].

This, however, leads to a “coincidence problem”: why
is the SM fit (usually presented as a plot of the constraints
in the p — 71 plane; see, e.g., [14]) so good? At present,
this problem is not so severe since there are O(20%)
uncertainties in SM predictions for €x and Amg, (due
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mainly to hadronic matrix elements) [15], and also the
RSI contributions have O(1) uncertainties due to fluctua-
tions in Asp. Consequently, clean measurements of « and
v via B — i, wp, pp, DK are likely to be affected.

The case of B, — B, mixing is slightly different than
B, — B, mixing and e as the SM contribution is known
(up to hadronic matrix elements) since V,, is constrained
by unitarity and tree-level decays [14]. Hence, for a
generic order one complex coefficient (it is complex due
to physical phases in D, [6]), we expect an O(1) deviation
from the SM prediction in Amg_(see Ref. [13] for a larger
effect). Similarly, an O(1) time-dependent CP asymme-
try in By, — J/¢¢ is induced compared with the SM
O(A?) prediction, where A, ~ 0.22. Also deviations
from the SM expectation for y ought to occur in
B, — DK.

Next, we consider AF = 1 transitions. We start with
the discussion of processes which in the SM are domi-
nated by QCD penguin diagrams such as b — s§s. There
is a contribution from KK gluon exchange as in the AF =
2 case. The coupling of KK gluon to s is suppressed by

~y/log(Mp;/TeV) since the strange quark is localized
near Planck brane, whereas the KK gluon is localized

near TeV brane (this is the universal part of coupling of
fermions to gauge KK modes). Thus, it is clear that KK
gluon contribution ~1/5 the SM QCD penguin diagram.
In addition, there is dilution of the NP effect in QCD
penguin diagram after RG scaling from TeV to m,. So,
KK gluon NP contributions in AF = 1 transition cannot
compete with SM QCD penguin ones (see, however, [13]
for a O(1) effect with ~1 TeV KK masses).

The contribution from exchange of the KK mode of Z
is smaller than that from the KK gluon. However, as
mentioned above, the KK mode of Z mixes with the
zero mode of Z due to Higgs vacuum expectation value,
in turn, generating a flavor-violating coupling to the
physical Z. Thus, we get the following contributions to
coefficients of EW penguin operators, C;_ ;o (four quark)
and Cyy 104 (Ieptonic operators):

2

C?E{ISO 9V.10A 16772 géKK m
,9V,104 +/log(M IeV)—Z
CZSM g% g g(Mp,/ ;)

7-10,9V,10A4 z KK
b
3 TeV\2
~ S ( ) , )
8z \ MKk

where superscript Z on C;_1g9y 104 denotes Z penguin
part and, as for the AF = 2 case, the SM contribution
is from top quark loop and mixing angles are of same size
in both contributions. Thus, the two contributions are
comparable. This leads to an O(1) effect in the branching
ratio for rare flavor-changing decays, for example, b —
sI*1~ [12,16], where uncertainty in theory prediction is
of O(20%) and current experimental error (from BABAR
and BELLE) is of O(30%) [17]. In addition, a smoking
gun signal is that significant departure from the SM is
expected in the direct CP asymmetry and in the spec-
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trum of leptons in this decay, as well as in the forward-
backward asymmetry since the new physics effect is only
in the Z penguin (with almost axial couplings of leptons,
i.e., in Cyo4) and not in the photon penguin (with vector
couplings of leptons, i.e., in Coy).

As mentioned above, the b — s3s transition is domi-
nated by the SM QCD penguin diagram. Similar RS1
contribution from flavor-violating Z vertex is suppressed
by at least ~g2/g> ~?20% and therefore subleading
[12,16]. Consequently, RSI can accommodate only mild
deviations[6] (unlike [13], as mentioned above) from the
SM in time-dependent CP asymmetry in ‘“penguin-
doiminated” B decays, such as ¢(n/, 7°, o, p°)K,.

We next consider radiative decay processes. Since these
require helicity flip, related NP contributions appear only
at the loop level in our framework. The dominant con-
tribution comes from loops of Higgs bosons and KK
fermions since couplings of KK fermions to Higgs bosons
are enhanced. We show elsewhere [6] that KK gluon con-
tribution is aligned in flavor space with fermion mass
matrix and hence is not flavor violating. We find the
following contribution to dipole operator for b — s tran-
sition:

ey M)‘_gDm_%V%N(D ) Asp\?(3 TeV2 (5)
C%\//I 8% mZKK Vis . 23( 4 ) ( mgx ) ’
where C;, and C7,, are coefficients of dipole operators
with by and b, , respectively, and (Dg),; — (D ),; for
C§3. For b—d transition, (D g)y; — (Dpg)iz and
Vis = Vi

Let us now estimate the right-handed (RH) down quark
mixing appearing in the above RS1 contribution. Because
of anarchic Asp, the ratio of masses are also given by ratio
of wave functions on the TeV brane (just as the mixing
angles) so that

s D ~ D) ~ Vil = 0(1), ()
mb L)23 R)23 mb ts >

where we used the bottom and strange quark masses at the
~ TeV scale and also (Dy),; ~ V,,. Similarly, we find
(Dg)13 ~ Ag; i.e., RH down quark mixing are much larger
than left-handed down quark mixing. Then, from Eq. (5),
we see that RS1 contribution to b; — (s, d)z7y is compa-
rable to the SM contribution to by — (s, d);y for Asp ~ 4.
Also, NP contribution to by — (s, d); vy is negligible (see
Ref. [18] for an earlier study of only this operator).

This leads to another smoking gun signal: O(1)
mixing-induced CP violation due to interference between
the SM amplitude for br — (s, d);y and the NP contri-
bution to b; — (s, d)gy [19] and also deviation from a
pure left-handed polarization of the emitted photon [20].
This will be tested in B— K*y, B, — ¢y (b — s) tran-
sitions, and B — pvy, B, — K*y (b — d) transitions.

Finally, we discuss contributions to the neutron’s elec-
tric dipole moment which arise from diagrams similar to
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TABLE 1. Contrasting signals from RS1 with the SM.
Amp, Sp—us SB—ok, Brlb—sl"l"] S~k ¢y SB—pK'y
RS1 Am%:’[[l + 0(1)] o(1) sin28 *+ 0(0.2) BriM[1 + 0(1)] o(1) o(1)
SM AmM A2 sin28 BrM o (sin2B, A2) L (A2, sin28)

those giving b — sy above. We find that while contribu-
tions from Cabibbo-Kobayashi-Maskawa (CKM)-like
phases vanish at the one loop level sizable contributions
are induced by Majorana-like phases. Though this re-
quires flavor mixing, even with two flavors we find unsup-
pressed one loop amplitudes [6]. With O(1) complex
phases, the contribution [which can be estimated from
Eq. (5), without the mixing angle] exceeds the experi-
mental limits by O(20) (see Sect. 5.4 in Ref. [6] for
details). Thus, our framework has a CP problem.

Conclusions.—Within the RS1 framework, localization
of light fermions far from the TeV brane leads to three
virtues: (i) suppression of higher-dimensional flavor-
violating operators, (ii) suppression of flavor-violating
coupling to KK excitations, and (iii) a solution to the
SM flavor puzzle. There is a built-in analog of the GIM
mechanism of the SM and approximate flavor symme-
tries. As in the SM, inclusion of heavy top quark leads to
RS-GIM violation, in particular, to large couplings of
left-handed bottom to gauge KK modes, in turn, resulting
in O(1) effects in AF = 2 processes and in rare flavor-
changing decays, for example, b — sI™[~. Also, the large
5D Yukawa required to obtain top mass coupled with
large RH down quark mixing leads to O(1) effect in
radiative B decays. These B-physics signals should be of
great relevance to B facilities in hadronic and in e*e”
environments. Finally, the above framework suffers from
a CP problem.

Using the AdS/conformal field theory correspondence,
the weakly coupled RS1 model can be viewed as a tool to
study a purely 4D strongly coupled conformal Higgs
sector [21]. Thus, a key point of our study is that a 4D
strongly interacting Higgs sector can solve the flavor
puzzle and have suppressed FCNC’s with striking signals
(see Table I) at B facilities.
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