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Abstract: Recent CDF measurement of the B0
s −B̄0

s oscillation frequency at the Tevatron

imposes significant constraint on various models for new physics. A warped extra-dimension

model with custodial isospin symmetry accommodates the B0
d,s − B̄0

d,s mixing at tree level

mainly through the Kaluza-Klein gluons. This is due to the misalignment between the bulk

gauge eigenstates and the localized Yukawa eigenstates of the bulk fermions. We adopt the

universal 5D Yukawa coupling model where all Yukawa couplings are of order one. The

SM fermion mass spectra and mixings are controlled by the bulk Dirac mass parameters.

With two versions of the hadronic parameter values for B̂Bd,s
f2

Bd,s
, we investigate the

implication of the observed B0
d,s − B̄0

d,s mixings on this model. The CP-violating effects on

the Bd system is shown to provide very strong constraint: The first Kaluza-Klein mass of

a gluon (MKK) has its lower bound about 3.7 TeV with 1σ uncertainty.
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1. Introduction

Recently CDF collaboration [1] has measured the oscillation frequency of B0
s − B̄0

s mixing

using abundant Bs mesons at the Tevatron.1 B0
d − B̄0

d mixing had been also measured by

BaBar and Belle experiments at the e+e− B factories [3]. The current experimental results

are [3, 1]

∆M exp
d = (0.507 ± 0.004) ps−1 , (1.1)

∆M exp
s =

[
17.33+0.42

−0.21(stat) ± 0.07(syst)
]

ps−1 .

The observed oscillation frequency of B0
q − B̄0

q mixing (q ∈ {d, s}) determines the mass

difference of B0
q −B̄0

q states, ∆Mq ≡ Mheavy
Bq

−M light
Bq

. For the B0
q −B̄0

q transition amplitude

M q
bb̄

defined by 〈B0
q |H∆B=2

eff |B̄0
q 〉 = 2MBqM

q
bb̄

, its absolute value is determined by the mass

difference:

∆Mq = 2 |M q
bb̄
|. (1.2)

and the CP-violating phase φq generates “mixing-induced” CP violation:

φq = arg
(
M q

bb̄

)
. (1.3)

As a flavor-changing neutral-current (FCNC) process, B0
q−B̄0

q mixing is a very sensitive

probe for the new physics beyond the standard model (SM) since the SM contributions

occur only at loop level. If any new physics model make its tree-level contribution to

B0
q −B̄0

q mixing, the model would be strongly constrained. In the literature, the constraints

on various new models by B0
q − B̄0

q mixing have been extensively discussed [4].

Many new models are theoretically motivated by the gauge hierarchy problem. Among

them, a warped extra dimension model by Randall and Sundrum (RS1) [5] has attracted

great interest, which solves the gauge hierarchy problem with geometrical suppression of

1∆Ms has been also observed by DØ collaboration [2], as 17 ps−1
< ∆Ms < 21 ps−1 at the 90% C.L..
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Figure 1: Feynman diagram leading to B0
q − B̄0

q mixing in a warped extra dimension model. G(n)

is the n-th KK mode of a gluon.

Planck scale to TeV scale. The RS1 model has one extra spatial dimension of a truncated

AdS space, the orbifold of S1/Z2 × Z
′
2. The fixed point under Z2 parity transformation is

called the Planck (UV) brane and that under Z
′
2 parity the TeV (IR) brane. In the original

RS1 model, the SM fields are localized on the TeV brane in order to avoid any conflict with

(most of) experimental data [6, 7]. Later a bulk SM has been widely studied because the

phenomenological aspects of the localized field in the 5D theory depend sensitively on the

unknown UV physics while those of the bulk field do not [6, 7, 10, 11, 8, 9]. In addition,

setting SM fermions in the bulk can explain the enormous mass hierarchy between top

quark and neutrino without introducing the hierarchical Yukawa couplings and/or seesaw

mechanism [10, 11]. However, many new strongly interacting particles emerge around the

TeV scale. The electroweak precision data (EWPD) put very strong constraint mainly due

to the lack of SU(2) custodial symmetry in the theory [12 – 15].

Later the SU(2) custodial symmetry was introduced to be consistent with EWPD.

One of the most interesting approaches is the one suggested by Agashe et. al. [16]. In

this model, SU(2) custodial symmetry is induced from AdS5/CFT feature of bulk gauge

symmetry of SU(3)c × SU(2)L × SU(2)R × U(1)B−L . The Higgs boson field remains as

an ingredient, which is confined on the TeV brane to avoid another hierarchy problem [7]:

Its vacuum expectation value (VEV) generates the SM particle masses. For example, a SM

fermion mass is determined by its 5D Yukawa coupling and the overlapping magnitude of

the fermion zero mode function on the TeV brane. The Kaluza-Klein (KK) mode function

of a bulk fermion is controlled by its bulk Dirac mass parameter c. Unfortunately there is

no unique way to determine 5D Yukawa coupling and c’s. One reasonable and attractive

choice is to assign universal 5D Yukawa couplings of order one to all fermions [17 – 20].

Small masses as well as small mixings of the SM fermions (zero modes) are explained by

suppressed zero mode functions with moderate values of c’s. Experimental data of SM

flavor structure determine the c’s under some reasonable assumptions.

The localized Yukawa couplings generally mix the zero modes of the bulk SM fermions

of different generations, while the bulk gauge interactions are flavor-diagonal. This mis-

alignment allows the FCNC coupling at tree level, as depicted in figure 1 [19, 20]. Since

the coupling strength of strong interaction is much larger than that of electroweak (EW)

interactions, the KK gluon contribution to ∆Mq is dominant. These tree-level contribu-

tions to B0
d,s − B̄0

d,s mixings can be very sensitive probe to the custodial bulk RS1 model.
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This is the primary goal of the paper.

In ref. [20], a general argument on the ∆F = 2 FCNC processes in this model was

discussed and the size of the new physics contribution was roughly estimated. With the new

experimental results on the B0
s−B̄0

s mixing, more comprehensive and detailed study on this

topic is worthwhile. In this paper, we present the full formalism including general complex

phases in the left- and right-handed mixing matrices. As shall be shown, the presence of

complex phases is crucial especially when we adopt a certain SM calculation of ∆Mq. Even

though there is no prior knowledge on the value of the SM phase φSM
d(s), the approximate

value of φSM
d can be indirectly deduced by combining the value of |Vub| measured from

inclusive and/or exclusive tree level b → ulν decays and the unitary phase angle γ of the

SM from the interference between b → c and b → u transitions to B → DK(∗). And we can

get the constraints on the new physics CP-violating phase φNP
d by comparing the direct

measurements of the CP phase from B → J/ψKs decay [21 – 23]. We will also examine

how sensitive the new physics contribution to B0
q − B̄0

q mixing is to the bulk fermion mass

parameter.

The organization of the paper is as follows. In the next section, we briefly review the

warped extra dimensional model with SU(3)c × SU(2)L × SU(2)R × U(1)B−L . We also

formulate the new physics contribution to B0
q − B̄0

q mixing. In section 3, we summarize the

current SM calculations for B0
q − B̄0

q , and examine the parameter space where the model

is compatible with the observed B0
d,s − B̄0

d,s mixings and the CP phase φd. We conclude in

section 4.

2. The warped extra-dimension model with custodial symmetry on TeV

brane

The basic set-up of the model is the same as that of references [19, 20, 17, 24, 18]. We

consider SU(3)c × SU(2)L × SU(2)R × U(1)B−L gauge theory in a five-dimensional warped

space-time with the metric of

ds2 = e−2σ(y)(dt2 − d~x2) − dy2, (2.1)

where y is the fifth dimension coordinate and σ(y) = k|y| with k at the Planck scale.

The theory is compactified on the S1/Z2 × Z
′
2 orbifold, which is a circle (with radius rc)

compactified by two reflection symmetries under Z2 :y → −y and Z
′
2 :y′(= y−πrc/2) → −y′.

In what follows, we denote Z2 parity by P , and Z
′
2 parity by P ′. Often conformal coordinate

z ≡ eσ(y)/k is more useful with the metric of

ds2 =
1

(kz)2
(dt2 − dx2 − dz2). (2.2)

The orbifold confines the fifth dimension y ∈ [0, L(≡ πrc/2)] or z ∈ [1/k, 1/(e−kLk)]. With

moderate value of kL ≈ 35, the IR cut-off T ≡ e−kLk can be at the TeV scale so that the

gauge hierarchy problem is solved:

T ≡ ε k ∼ TeV with ε ≡ e−kL ¿ 1. (2.3)
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There are two fixed points in the orbifold of S1/Z2 × Z
′
2, the Z2-fixed point at y = 0

(z = 1/k) called the Planck brane and the Z ′-fixed point at y = L (z = 1/T ) called the

TeV brane.

Among the bulk SU(3)c × SU(2)L × SU(2)R × U(1)B−L gauge symmetry, SU(2)R
symmetry is broken by orbifold boundary conditions on the Planck brane to U(1)R: We

impose (PP ′) = (−+) for W̃ 1,2
R . Note that the TeV brane is SU(2)R symmetric. The

U(1)R × U(1)B−L is spontaneously broken into U(1)Y on the Planck brane. Finally the

EW symmetry breaking of SU(2)L × U(1)Y is triggered by the VEV of the Higgs field

localized on the TeV brane. The SM gauge field is a zero mode of a bulk gauge field with

(++) parity.

A five-dimensional gauge field AM (x, z) (dimension 3/2) is expanded in terms of KK

modes:

Aν(x, z) =
√

k
∑

n

A(n)
ν (x)f

(n)
A (z), (2.4)

where the mode function f
(n)
A (z) is dimensionless. The zero mode function is

f
(0)
A =

1√
kL

, (2.5)

and the n-th (n > 0) mode function is

f
(n)
A (z) =

Tz

N
(n)
A

[
J1(m

(n)
A z) + β

(n)
A Y1(m

(n)
A z)

]
. (2.6)

The following double constraints on β
(n)
A determines the KK masses for the gauge bosons:

β
(n)
A = −J0(m

(n)
A /T )

Y0(m
(n)
A /T )

= −J0(m
(n)
A /k)

Y0(m
(n)
A /k)

. (2.7)

The normalization constant is

N
(n)
A =

∣∣∣∣∣∣∣

[
J1(x

(n)
A ) + β

(n)
A Y1(x

(n)
A )

]2

2
− 2

(
β

(n)
A

πx
(n)
A

)2
∣∣∣∣∣∣∣

1/2

. (2.8)

The five-dimensional action of a bulk fermion Ψ(xµ, y) is

Sfermion =

∫
d4xdy

[
Ψ̂eσiγµ∂µΨ̂ − 1

2
Ψ̂γ5∂yΨ̂ +

1

2
(∂yΨ̂)γ5Ψ̂ + mDΨ̂Ψ̂

]
, (2.9)

where Ψ̂ ≡ e−2σΨ and the 5D Dirac mass is mD = c k sign(y). The bulk fermion field is

decomposed in terms of KK modes as

Ψ̂(x, z) =
√

k
∑

n

[
ψ

(n)
L (x)f

(n)
L (z) + ψ

(n)
R (x)f

(n)
R (z)

]
, (2.10)
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where ψ
(n)
R,L(x) =

1 ± γ5

2
ψ(n). The Dirac mass parameter c determines the KK mass spec-

trum and mode functions. Since Z2 × Z
′
2 parity of ΨL is always opposite to that of ΨR,

the left-handed SM fermion is the zero mode of a 5D fermion whose left-handed part has

(++) parity (and the right-handed part has automatically (−−) parity). And the right-

handed SM fermion, a singlet under SU(2)L, is the zero mode of another 5D fermion whose

right-handed part has (++) parity. We have two non-vanishing zero mode functions,

f
(0)
L (z, c) =

(Tz)−c

N
(0)
L

, f
(0)
R (z, c) =

(Tz)c

N
(0)
R

, (2.11)

with the normalization constants of

N
(0)
L = ε−c

∣∣∣∣
1 − ε2c−1

2c − 1

∣∣∣∣
1/2

, N
(0)
R = ε−c

∣∣∣∣
1 − ε−2c−1

−2c − 1

∣∣∣∣
1/2

. (2.12)

Since the W̃ 1,2
R fields with (−+) parity couples two elements of a SU(2)R doublet, we have

an extra (−+) parity fermion in each SU(2)R doublet. Focusing on the B0
q − B̄0

q mixing

which involves only the zero modes for fermions, we consider the fermion fields which

contains the (++) parity only. Then the whole SM quarks can be contained in the bulk

doublets,

Qi =

(
u

(++)
iL

d
(++)
iL

)
, Ui =

(
u

(++)
iR

D
(−+)
iR

)
, Ui =

(
U

(−+)
iR

d
(++)
iR

)
, (2.13)

where i is the generation index. Note that nine Dirac mass parameters (cQi
, cUi

, and cDi
)

determine the zero-mode functions and KK mass spectra in the quark sector.

To generate the SM fermion masses, we use the localized Higgs field on the TeV brane

as the usual SM Higgs mechanism. The Yukawa interaction between bulk quarks and Higgs

is [30]

SY = −
∫

d4xdy
δ(y − L)

T

[
λu

5ij ûiR(x, y)H̃†(x)Q̂jL(x, y) + λd
5ij d̂iRH†Q̂jL + h.c.

]
, (2.14)

where H = e−kLφ(x) is canonically normalized Higgs filed, H̃ = iτ2H
∗, and i, j are the

generation indices. The boundary mass term is realized when the Higgs field develops the

VEV of 〈H〉 = v. The SM mass matrices for up- and down-type quarks are then, for

q = U,D,

M q
ij = vλq

5ij

k

T
f

(0)
R (z, cqi

)f
(0)
L (z, cQj

)

∣∣∣∣
z=1/T

. (2.15)

The mass matrix Mu,d is diagonalized by bi-unitary transformation:

UqRM qU †
qL = M q

(diag) for q = u, d. (2.16)

The mass eigenstates are

χqL = UqLψ
(0)
qL , χqR = UqRψ

(0)
qR . (2.17)
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The Cabibbo-Kobayashi-Maskawa (CKM) matrix [25] is defined as V CKM = U †
uLUdL. A

natural choice for UuL and UdL is that both mixing matrices have similar form of the CKM

matrix. This choice of mixing is reasonable since the uL and dL, which belong to the same

SU(2)L doublet, have the same bulk mass. We parameterize

(UqL)ij = κijV
CKM
ij , (2.18)

where κij ’s are complex parameters of order one. To avoid order changing during the

diagonalization of matrix, κ2 should be greater than sin θc (θc is the Cabibbo angle) and

smaller than 1/ sin θc. Therefore, we assume |κij | ∈ [1/
√

2, 2].

In the SM, the huge mass difference between electron and top quark is explained

by hierarchical Yukawa couplings. Even though the SM fermion mass in this model is

also generated through the VEV of the localized Higgs field, the mass hierarchy can be

attributed to different overlapping probability (by controlling c’s) of the zero-mode function

on the TeV brane. The SM fermion mass spectra have been studied for various values of

the Dirac mass parameter c’s, and found that the large SM fermion mass hierarchy can be

explained without introducing large hierarchy in the model parameters [19, 20, 17, 24, 18].

The structure of Yukawa couplings is arbitrary in this model. One popular choice

is to assume that all of the 5D Yukawa couplings (to all flavors) have almost universal

strength of order one: The fermion hierarchy is generated only by different bulk Dirac

mass parameters. Since the mass eigenvalues and CKM parameters are empirically fixed,

only unknowns are λq
5 of eq. (2.15) and κij in eq. (2.18). Since both parameters are all

assumed to be of order one, the numerical ambiguity of λq
5 can be absorbed into κ by the

redefinition of parameters.

In this set-up (where the 5D Yukawa couplings are universal and the mixing matrices

are CKM-like), the SM quark mass spectrum is reproduced with the following Dirac mass

parameters [18]:

cQ1 ' 0.61, cQ2 ' 0.56, cQ3 ' 0.3+0.02
−0.04,

cD1 ' −0.66, cD2 ' −0.61, cD3 ' −0.56,

cU1 ' −0.71, cU2 ' −0.53, 0 <
∼ cU3

<
∼ 0.2.

(2.19)

As discussed before, the hierarchical SM mass spectrum can be explained with moderate

values of the model parameters c’s. At first glance, rather definite values of cQ1,2
seem

unnatural, compared with cQ3
∈ [0.26, 0.32]. This is due to the behavior of the zero mode

function, defined in eq. (2.11), in the fermion mass matrix of eq. (2.15). For c > 0.5, the

f
(0)
L is very sensitive to the change of c, leading to strong constraint on c from the fermion

mass hierarchy: The values of cQ1,2
are practically determined by the SM quark mass

hierarchy. For c < 0.5, however, the zero mode function does not change that much. The

value of cQ3
has some range, though small if we consider EW precision data and Yukawa

coupling around [1/
√

2, 2] [16].

The 5D action for the gauge interaction of a fermion is

SG =

∫
d4xdy

√
G

g5√
k

Ψ̄(x, y)iγµAµ(x, y)Ψ(x, y), (2.20)
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where g5 is the 5D dimensionless gauge coupling, and Ψ = QiL, uiR, diR. For the B0
q − B̄0

q

mixing, only the zero modes of QiL and diR are relevant. With the preferred values of ci’s

in eq. (2.19), the zero modes of QiL are dominant over those of diR. Therefore, we take the

contributions of the zero modes of QiL only. Substituting eqs. (2.5), (2.6) and (2.11) into

eq. (2.20) leads to the four-dimensional gauge couplings, defined by

L4D = gSMψ̄
(0)
jL iγµψ

(0)
jL Aµ(0) + gSM

∞∑

n=1

ĝ
(n)
j (cQi

) ψ̄
(0)
jL iγµψ

(0)
jL A(n)

µ , (2.21)

where gSM = g5/
√

kL and

ĝ
(n)
i (cQi

) =
√

kL

∫
dzk

[
f

(0)
L (z, cQi

)
]2

f
(n)
A (z) . (2.22)

With the preferred Dirac mass parameters in eq. (2.19), we have the following hierarchy in

ĝ
(n)
i ’s:

ĝ
(n)
1 ∼ λ2ĝ

(n)
3 , ĝ

(n)
2 ∼ λ2ĝ

(n)
3 , (2.23)

where λ = sin θc ' 0.22. Thus, ĝ
(n)
3 is dominant, of which the value is determined by cQ3

:

ĝ
(1)
3 =





1.97 for cQ3
= 0.3 ;

1.80 for cQ3
= 0.3 + 0.02 ;

2.31 for cQ3
= 0.3 − 0.04 .

(2.24)

The localized Yukawa interaction causes the mixing between the gauge eigenstates and

the mass eigenstates as in eq. (2.17). The n-th KK gauge interaction among down-type

quark mass eigenstates is

L4D ⊃ gSM

3∑

i,j=1

∞∑

n=1

K
(n)
ij d̄

(0)
iL iγµd

(0)
jL A(n)

µ , (2.25)

where diL is the mass eigenstate, and

K
(n)
ij =

3∑

k=1

(
UdL

)
ik

ĝ
(n)
k (cQk

)
(
U †

dL

)
kj

. (2.26)

Note that if all of the cQi
are the same for three generations so that ĝ

(n)
k (cQk

) is common,

the K
(n)
ij is proportional to δij : No generation mixing and thus no contribution to B0

q − B̄0
q

mixing occur.

Through the n-th KK mode of a gluon exchange, B0
q − B̄0

q mixing amplitude is pro-

portional to

M
q(n)

bb̄
∝

(
K

(n)
q3

)2
'

[
κ33κq3V

∗
tbVtq ĝ

(n)
3 (cQ3

)
]2

, (2.27)

where for the second equality we have included only the dominant ĝ
(n)
3 as in eq. (2.23).
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3. The effects on B0
q − B̄0

q mixing

In the bulk RS model, the B0
q − B̄0

q mixing is due to the SM box diagrams and the RS KK

gluons:

M q
bb̄

= M q,SM
bb̄

(
1 +

M q,RS
bb̄

M q,SM
bb̄

)
. (3.1)

We parameterize, following the notation in ref. [23], the new physics effect by

rqe
iσq =

M q,RS
bb̄

M q,SM
bb̄

, (3.2)

where rq ≥ 0 and σq is real. The rq and σq are constrained by the experimental result for

∆Mq and the theoretical calculation of the ∆MSM
q , of which the ratio is defined by ρq:

ρq ≡
∣∣∣∣

∆Mq

∆MSM
q

∣∣∣∣ =

∣∣∣∣∣
M q,SM

bb̄
+ M q,RS

bb̄

M q,SM
bb̄

∣∣∣∣∣ =
√

1 + 2rq cos σq + r2
q . (3.3)

The CP-violating phase φd can be divided into the phase from the SM and that from

New Physic (NP) contributions.

φq = φSM
q + φNP

q = φSM
q + arg(1 + rqe

iσq). (3.4)

The NP phase φNP
q is determined by rq and σq. Therefore, the observation of φNP

q can

constrain rq and σq, independently of ρq, through the following relations:

sin φNP
q =

rq sin σq√
1 + 2rq cos σq + r2

q

, (3.5)

cos φNP
q =

1 + rq cos σq√
1 + 2rq cos σq + r2

q

. (3.6)

The SM contribution is poorly known mainly due to non-perturbative nature of the

input hadronic parameters even though experiments have measured ∆Md and ∆Ms with

high precision. M q
12 within the SM is

M q,SM

bb̄
=

G2
Fm2

W

12π2
MBq η̂

BB̂Bqf
2
Bq

(V ∗
tqVtb)

2S0(xt) , (3.7)

where xt = m2
top/m2

W , and S0 is an “Inami-Lim” function [26]. For CKM parameters, we

used |V ∗
tdVtb| = (8.6 ± 1.3) × 10−3 and |V ∗

tsVtb| = (41.3 ± 0.7) × 10−3 [22, 23]. Common

quantities for both Bd and Bs system are mW and a short-distance QCD correction η̂B =

0.552 [27]. Flavor dependent and non-perturbative quantities are the bag parameter B̂Bq

and the decay constant fBq . rqe
iσq in this model becomes

rqe
iσq ≡

M q,RS
bb̄

M q,SM
bb̄

=
16π2

NC

8g2
s

g4S0(xt)
m2

W κ2
33κ

2
q3

∑

n=1

(
ĝ
(n)
3 (cQ3

)

m
(n)
A

)2

, (3.8)
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where σq = 2arg(κ3q). rq represents the magnitude of the new physics effect, and σq is a

new source of CP violation. Note that the parametrization in eq. (2.18) removes the CKM

factor in the ratio.

There are several estimates of the SM values for ∆MSM
q . We use the following two

results for the input hadronic parameters B̂Bd,s
f2

Bd,s
. The first one is from the most recent

(unquenched) simulation by JLQCD collaboration [28], with non-relativistic b quark and

two flavors of dynamical light quarks. The second one is from combined results, denoted

by (HP+JL)QCD: Lacking any direct calculation of B̂Bq with three dynamical flavors, it

has been suggested to combine the results of fBq from HPQCD collaboration [29] with that

of B̂Bq from JLQCD. Two numerical results are

∆MSM
d =

{
0.52 ± 0.17−0.09

+0.13 ps−1, for JLQCD;

0.69 ± 0.13 ± 0.08 ps−1, for (HP+JL)QCD ,
(3.9)

∆MSM
s =

{
16.1 ± 2.8 ps−1, for JLQCD ;

23.4 ± 3.8 ps−1, for (HP+JL)QCD ,
(3.10)

where the first error in eq. (3.9) is from the uncertainties of the CKM angle γ and Rb,

while the second one is from those of fBd
B̂

1/2
Bd

.

From the relation of ∆MRS
q = ∆MSM

q ρq in this model, we compute ρq by using the

experimental values and the SM values for ∆Md,s as

ρd =

{
0.97 ± 0.33−0.17

+0.26, for JLQCD;

0.75 ± 0.25 ± 0.16, for (HP+JL)QCD ,
(3.11)

ρs =

{
1.08+0.03

−0.01(exp) ± 0.19 (th), for JLQCD;

0.74+0.02
−0.01(exp) ± 0.18(th), for (HP+JL)QCD .

.

The CP-violating phase φd associated with B0
d − B̄0

d is well measured, of which the

most recent average is [3]

(sin φd)ccs̄ = sin(2β + φNP
d ) = 0.687 ± 0.032, (3.12)

where we have used φSM
d = 2β. The angle β depends on two tree-level quantities of Rb

and γ. In spite of very large uncertainty in the angle γ, the angle β can be reasonably well

constrained since β is very weakly affected by γ. The new CP-violating phase is shown to

be

φNP
d

∣∣
incl

= −(10.1 ± 4.6)◦, φNP
d

∣∣
excl

= −(2.5 ± 8.0)◦. (3.13)

The detailed explanation for φNP
d

∣∣
incl

and φNP
d

∣∣
excl

is referred to ref. [23]. Note that sin σd

has the same sign with sin φNP
d through the relation in eq. (3.5) with rq ≥ 0: For φNP

d

∣∣
incl

,

therefore, we explore the parameter σd in [π, 2π] to satisfy eq. (3.6).

The new contribution depends on two parameters, σd and MKK. Here MKK denotes

the TeV scale mass of the first KK mode of a gluon. In figure 2, we show in the parameter

space of (σd,MKK) the contours for ρd (three red lines) and φNP
d |incl (three blue lines) with

1σ hadronic uncertainty. With cQ3
= 0.3 and κ = 1, we use the JLQCD ones for the SM
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π

Figure 2: Allowed parameter space of (σd, MKK) by ρd and φNP
d |incl. Three red (thin) lines satisfy

the observed ρd and three blue (thick) lines for φNP
d |incl, both with 1σ uncertainty. We set cQ3

= 0.3

and κ = 1, and use JLQCD hadronic input parameters.
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ρ
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0 π π π π π π π π π π

σ
d

Figure 3: The same plots as in figure 2 except for φNP
d |excl.

results. The yellow region is allowed by two observation of ρd and φNP
d |incl. Only with

the ρd constraint, MKK can be as low as about 4 TeV and σd in the whole range can be

accepted. The φNP
d constraint is quite strong to raise the allowed MKK above 8TeV. This

heavy KK mode is practically impossible to probe at LHC. In addition, the allowed region

for σd is quite limited to two small regions around π and 1.8π.

Figure 3 shows the same plots but with different CP-violating phase φNP
d |excl. Large

uncertainty in φNP
d |excl does not lower the allowed MKK significantly. In figure 4, we
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Figure 4: The same plots as in figure 2 for the (HP+JL)QCD hadronic input parameters.
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Figure 5: The same plots as in figure 2 but with cQ3
= 0.32 and κ = 1/

√
2.

present the same allowed parameter space but with different hadronic input parameters,

the (HP+JL)QCD one. The ρd constraint becomes stronger, which narrows the allowed

σd region: σd is limited around [π, 1.2π]. The lowest allowed MKK is a little reduced, but

not significantly. It is still difficult to produce at LHC.

In figure 5, we consider other values for cq3
and κ to see how much they affect the lowest

allowed value for MKK. As can be seen from eq. (3.8), the smaller κ and ĝ
(1)
3 allow the
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Figure 6: The allowed parameter space of (σs, MKK) from the observed ∆Ms. We set cQ3
= 0.32

and κ = 1/
√

2 and used JLQCD and (HP+JL)QCD hadronic input parameters.

lower MKK value. In figure 5, we present the allowed parameter space with cQ3
= 0.32 and

κ = 1/
√

2. The allowed region of σd is significantly extended into [π, 1.9π]. The allowed

MKK is also remarkably reduced around 3.7 TeV so that the first KK gauge boson can be

marginally produced at LHC. Note that we can choose even lower κ < 1/
√

2 to allow lower

MKK. However, such a choice may ruin the consistency of the bulk mass form in eq. (2.19).

The CP-violating phase φs, which enters the B0
s − B̄0

s mixing-induced CP-violation,

has not been constrained to this day. The σs measurement in the future experiment is of

great significance. For example, the ACP(Bx → ψφ) and the semi-leptonic asymmetry As
SL

have very suppressed contribution from the SM. Any significant measurement can indicate

the new physics effect, which the bulk Randall-Sundrum model under consideration can

provide.

In figure (6), we plot the allowed region by the observed ∆Ms. We consider the

cQ3
= 0.32 and κ = 1/

√
2 case with both of JLQCD and (HP+JL)QCD hadronic input

parameters. Without any information on φs, there exist narrow but substantial region for

MKK ' 2TeV. However, this region is excluded by the observed φd.

4. Conclusions

The warped extra dimensional model with custodial isospin symmetry can contribute to

B0
d,s − B̄0

d,s mixing at tree level, dominantly through the Kaluza-Klein modes of gluons.

This FCNC process at tree level originates from the mixing between the gauge eigenstates

and the mass eigenstates due to the flavor-mixing Yukawa couplings localized on the TeV

brane: Even though the FCNC among the SM fermions (or zero modes of the bulk fermion)

is absent in the 5D gauge interaction, the localized Yukawa couplings can mix the gauge

eigenstates. We assume the simplest set-up for the SM mass spectra such that all the 5D

Yukawa couplings are of the same order and the mixing matrices have the same form as

the CKM matrix. This assumption almost fixes the bulk Dirac mass parameters ci for

each 5D fermion. With the suggested ci, we have calculated the new contributions to the
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B0
d,s − B̄0

d,s mixings, and compare with the recent experimental results. Main uncertainties

are from the hadronic input parameters. However, we found that the lower bound on

MKK by the observed B0
q − B̄0

q mixing is, irrespective to hadronic uncertainties, rather

high above ∼ 3.7 TeV. The LHC can marginally produce the KK gluons. The strongest

constraint comes from the observation of the CP-violating phase φd.
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