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Abstract

We study predictions for B-physics in a class of models, recently introduced, with a non-supersymmetric warped
extra dimension. In these models few (∼ 3) TeV Kaluza-Klein masses are consistent with electroweak data due to
bulk custodial symmetry. Furthermore, there is an analog of GIM mechanism which is violated by the heavy top
quark (just as in SM) leading to striking signals at B-factories: (i) New Physics (NP) contributions to ∆F = 2
transitions are comparable to SM. This implies that, within this NP framework, the success of the SM unitarity
triangle fit is a “coincidence”. Thus, clean extractions of unitarity angles via e.g. B → ππ, ρπ, ρρ,DK are likely to
be affected, in addition to O(1) deviation from SM prediction in Bs mixing. (ii) O(1) deviation from SM predictions
for B → Xsl

+l− in rate as well as in forward-backward and direct CP asymmetry. (iii) Large mixing-induced CP
asymmetry in radiative B decays, wherein the SM unamibgously predicts very small asymmetries. Also, with KK
masses 3 TeV or less, and with anarchic Yukawa masses, contributions to electric dipole moments of the neutron are
roughly 20 times larger than the current experimental bound so that this framework has a “CP problem”.

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, ΛEWB, is un-
natural since the Higgs mass is ultra-violet (UV) sensi-
tive.

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
violation. Given this inherent tension, it is important to
identify 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 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 local-
ized on the TeV brane. In this set-up, 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 neu-
tral currents (FCNC) from higher-dimensional operators
which are naively too large being suppressed only by the
warped-down cut-off ∼ TeV.

Allowing the SM fermions and gauge fields to prop-
agate 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 cut-off is much higher than TeV so
that FCNC’s from higher-dimensional operators are sup-
pressed [3, 4]. Moreover, this results in small 4D Yukawa
couplings to the Higgs, even if there are no small 5D
Yukawa couplings [3, 4]. The top quark can be local-
ized near TeV brane to obtain a large 4D top Yukawa
coupling. This provides an understanding of hierarchy of
fermion masses (and mixing) without hierarchies in fun-
damental (5D) parameters solving the SM flavor puzzle.

With bulk fermions and gauge fields, FCNC’s from ex-
change of gauge Kaluza-Klein (KK) modes are induced.
The couplings of light fermions to gauge KK modes
are flavor dependent (due to different wave-functions of
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fermions in the 5D), but, remarkably, this flavor depen-
dence is small [5], since gauge KK modes are localized
near the TeV brane, whereas light fermions are localized
near the Planck brane (unlike the flat 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 is also localized near TeV brane just like the
gauge KK modes. Thus, this RS1 model has built-in ana-
log of the SM GIM mechanism and approximate flavor
symmetries for the light fermions [6].

In spite of all these appealing features the above
framework has another source of tension. It was shown
that in order to be consistent with electroweak precision
measurements (EWPM) one needs to assume mKK ∼

>

10 TeV [7]. This brings a little hierarchy problem related

to the smallness of (ΛEWB/mKK)
2
∼ 10−4, which is ra-

diatively unstable.
Recently, it was shown that, with enhanced bulk elec-

troweak (EW) gauge symmetry, SU(2)L × SU(2)R ×

U(1)B−L, few TeV KK masses are consistent with
EWPM [8]. This gauge structure, with custodial sym-
metry, 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 re-investigate 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 strictly localized on TeV brane, our results will
be valid for warped space models without the Higgs or
with 5D profile for Higgs 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 ef-
fects are related to the violation of RS-GIM mechanism
by large top quark mass (just as in SM) as follows. (t, b)L

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, (t, b)L must be lo-
calized near the TeV brane. This has two consequences:
(1) In the interaction basis, the coupling of bL to gauge
KK modes (say the gluons), gb

GKK , is large compared with
the ones of the lighter quarks. This is a source of flavor
violation which combined with mixing yields FCNC pro-
cesses. (2) The Higgs VEV mixes zero and KK modes
of Z leading to a non-universal shift, in the interaction
basis, of the coupling of bL to the physical Z [8, 12]:

δgb
Z ∼ gb

ZKK

√

log (MPl/ TeV )
m2

Z

m2
KK

, (1)

where gb
ZKK is the (non-universal) coupling between

bL and a KK Z state before EWSB. The factor of

√

log (MPl/ 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 framework the interaction basis is unique. This
is the basis in which all the interactions (except Yukawa
ones), including 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: (1) A large (close
to maximal) dimensionless 5D Yukawa, λ5D ∼ 4 (such
that the weakly coupled effective theory contains 3-4 KK
modes). (2) The wave function of (tL, bL) is localized as
close to the TeV brane as is allowed by EWPM so that
a large (close to maximal) shift in coupling of bL to Z,
δgb

Z ∼ 1% is obtained. Using Eq. (1) we can summarize
the above by the following [6]

gb
GKK ∼ gs , gb

ZKK ∼ gZ , mKK ∼ 3 TeV. (2)

This (unavoidable) setup leads to sizable NP contribu-
tions in the following three kinds of top quark dominated
FCNC processes: (i) ∆F = 2; (ii) ∆F = 1 governed by
box and EW penguin diagrams; (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 non-
universal, flavor mixing is induced when a transforma-
tion from the (unique) interaction to the mass basis is
performed for the quarks. Here, we mostly consider cou-
plings of left-handed down quarks. This is since cou-
pling of bL 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 bL to gauge KK modes is “dictated” by mt. Conse-
quently a large RS-GIM violation is induced.

Signals. To study flavor-changing effects, we need
to estimate the mixing angles of the unitary transfor-
mations. Generically 5D Yukawa matrices are expected
to be anarchic. Thus the mixing angles of the transfor-
mations are roughly given by ratio of wave-functions at
TeV brane. The unitary transformations for left-handed
up, UL, and down quarks, DL, are similar due to the
fact that uL and dL have the same wave-function. Since
ULD

†
L = VCKM, we get DL ∼ VCKM. It follows, there-

fore, that the gluon KK mode-bL-(s, d)L vertex is roughly
given by gb

GKKVt(s,d) while the gluon KK mode-dL-sL one

is gb
GKKVtsVtd.

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

MRS
12

MSM
12

∼ 16π2

(

gb
GKK

)2

g4
2

m2
W

m2
KK

∼ C
(

gb
GKK

)2
(

3TeV

mKK

)2

,(3)

where C is an order one complex coefficient, mixing an-
gles are of the same size in both RS1 and SM contri-
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butions and MSM,RS
12 is the SM (box diagram) and RS1

(KK gluon exchange) ∆F = 2 transition amplitudes re-
spectively. We see that the KK gluon contribution to
B0

d − B̄0
d, B0

s − B̄0
s mass difference, ǫK and the CP asym-

metry in B → ψKS is comparable to SM ones.

The SM predictions depend on Vtd 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 SM [6].

This, however, leads to a “coincidence problem”: why
is SM fit (usually presented as a plot of the constraints
in the ρ−η plane, see e.g. [14]) so good? At present, this
problem is not so severe since there are O (20%) uncer-
tainties in SM predictions for ǫK and ∆mBd

(due mainly
to hadronic matrix elements) [15] and also the RS1 con-
tributions have O(1) uncertainties due to fluctuations in
λ5D. Consequently, clean measurements of α and γ via
B → ππ, πρ, ρρ,DK are likely to be affected.

The case of Bs − B̄s mixing is slightly different than
Bd − B̄d mixing and ǫK as the SM contribution is known
(up to hadronic matrix elements) since Vts 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 DL [6]), we expect an O(1) devia-
tion from SM prediction in ∆mBs

(see reference [13] for
a larger effect). Similarly, an O(1) time-dependent CP
asymmetry in Bs → J/ψφ is induced compared with the
SM O

(

λ2
c

)

prediction, where λc ∼ 0.22. Also deviations
from SM expectation for γ ought to occur in Bs → DK.

Next, we consider ∆F = 1 transitions. We start with
the discussion of processes which in the SM are dom-
inated by QCD penguin diagrams such as b → ss̄s.
There is a contribution from KK gluon exchange as in
the ∆F = 2 case. The coupling of KK gluon to s is sup-
pressed by ∼

√

log (MPl/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 SM QCD pen-
guin. In addition, there is dilution of NP effect in QCD
penguin after RG scaling from TeV to mb. So, KK gluon
NP contributions in ∆F = 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 KK mode of Z is
smaller than that from KK gluon. However, as mentioned
above, the KK mode of Z mixes with zero-mode of Z
due to Higgs vev, in turn, generating a flavor-violating
coupling to the physical Z. Thus, we get the following
contributions to coefficients of EW penguin operators,
C7−10 (four quark) and C9V, 10A (leptonic operators):

CZ,RS
7−10, 9V, 10A

CZ,SM
7−10, 9V, 10A

∼
16π2

g2
2

gb
ZKK

gZ

√

log (MPl/TeV)
m2

Z

m2
KK

∼
gb

ZKK

gZ

(

3TeV

mKK

)2

, (4)

where superscript Z on C7−10, 9V, 10A denotes Z penguin
part and, as for ∆F = 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 BR for rare
flavor-changing decays, for example, b → sl+l− [16][12],
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 SM is expected in the
direct CP asymmetry and in the spectrum 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 C10A) and not
in the photon penguin (with vector couplings of leptons,
i.e., in C9V ).

As mentioned above, the b → ss̄s transition is dom-
inated by SM QCD penguin. Similar RS1 contribution
from flavor-violating Z vertex is suppressed by at least
∼ g2

Z/g
2
s ∼ 20% and therefore subleading [16][12]. Con-

sequently, RS1 can accomodate only mild deviations[6]
(unlike[13], as mentioned above) from the SM in time de-
pendent CP asymmetry in “penguin-doiminated” B de-
cays, such as φ(η′, π0, ω, ρ0)Ks.

We next consider radiative decay processes. Since
these require helicity flip, related NP contributions ap-
pear only at the loop level in our framework. The dom-
inant contribution comes from loops of Higgs and KK

fermions since couplings of KK fermions to Higgs are en-
hanced. We show elsewhere [6] that KK gluon contribu-
tion 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 transition:

C′ RS
7 γ

CSM
7γ

∼
λ2

5D

g2
2

m2
W

m2
KK

(DR)23
Vts

∼ (DR)23

(

λ5D

4

)2 (

3TeV

mKK

)2

, (5)

where C7 γ and C′
7 γ are coefficients of dipole operators

with bR and bL, respectively and (DR)23 → (DL)23 for
CRS

7γ . For b → d transition, (DL, R)23 → (DL, R)13 and
Vts → Vtd.

Let us now estimate the right-handed (RH) down
quark mixing appearing in the above RS1 contribution.
Due to anarchic λ5D, the ratio of masses are also given
by ratio of wave-functions on TeV brane (just like the
mixing angles) so that:

ms

mb

(DL)
−1
23 ∼ (DR)23 ∼

ms

mb

V −1
ts = O(1) , (6)

where we used the bottom and strange quark masses at
the ∼ TeV scale and also (DL)23 ∼ Vts. Similarly, we
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find (DR)13 ∼ λc, i.e., RH down quark mixing are much
larger than left-handed. Then, from Eq. (5), we see that
RS1 contribution to bL → (s, d)Rγ is comparable to SM
contribution to bR → (s, d)Lγ for λ5D ∼ 4 . Also, NP
contribution to bR → (s, d)Lγ is negligible (see reference
[18] for an earlier study of only this operator).

This leads to another smoking gun signal: O(1) mix-
ing induced CPV due to interference between the SM
amplitude for bR → (s, d)Lγ and the NP contribution
to bL → (s, d)Rγ [19] and also deviation from a pure left
handed polarization of the emitted photon [20]. This will
be tested in B → K∗γ, Bs → φγ (b→ s) transitions and
B → ργ, Bs → K∗γ (b→ d) transitions.

Finally, we discuss contribution to neutron’s electric
dipole moment (EDM) which arise from similar dia-
grams. With O(1) complex phases, the contribution
exceeds the experimental limits by O(20). We find
that while contributions from CKM-like phases vanish
at the one loop level sizable contributions are induced by
Majorana-like phases. Though this requires flavor mix-
ing, even with two flavors we find unsuppressed one loop
amplitudes [6]. Thus, our framework has a CP problem!

Conclusions. Within the RS1 framework, localiza-
tion of light fermions far from the TeV brane leads to
three virtues: (i) Suppression of higher dimensional fla-
vor violating operators. (ii) Suppression of flavor violat-
ing coupling to KK excitations. (iii) A solution to the SM
flavor puzzle. There is a built-in analog of GIM mecha-
nism of the SM and approximate flavor symmetries. As
in 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 ∆F = 2 processes and in rare flavor- chang-
ing decays, for example, b → sl+l−. 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− envi-
ronments. Finally, the above framework suffers from a
CP problem.

Using the AdS/CFT 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
1) at B facilities.
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∆mBs SBs→ψφ SBd→φKs Br[b → sl+l−] SBd,s→K∗,φγ SBd,s→ρ,K∗γ

RS1 ∆mSM
Bs

[1 + O(1)] O(1) sin 2β ± O(.2) BrSM[1 + O(1)] O(1) O(1)

SM ∆mSM
Bs

λ2
c sin 2β BrSM ms

mb

(

sin 2β, λ2
c

)

md

mb

(

λ2
c, sin 2β

)

TABLE I: Contrasting signals from RS1 with the SM




