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Constraint on the warped space from B—X.y"
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Abstract: We analyze the theoretical prediction on the branching ratio of B— Xgy to order A%y /A%k in extension of
the standard model with a warped extra dimension and the custodial symmetry SU(3)xSU (2)LxSU (2)rxU (1)xxPLR,
where Axk denotes the energy scale of low-lying Kaluze-Klein excitations and Agw denotes the electroweak energy

scale. Contributions from the infinite series of Kaluze-Klein excitations are summed over through the residue theorem.

The numerical result indicates that the present experimental data constrain the parameter space of the concerned

model strongly.
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1 Introduction

The Standard Model (SM) prediction on the branch-
ing ratio of B—X,y at next to-next to-leading order [1]
(NNLO) reads

BR(B—X,y)=(3.15+0.23)x 10, (1)

with the photon-energy cut-off £, >1.6 GeV. This result
certainly coincides with the current experimental obser-
vation [2],

BR(B—X.y)=(3.55+0.2440.09) x 10~*, (2)

with the same energy cut-oftf F,, and constrains strictly
the new physics beyond the SM.

An extension of the SM with a warped dimension [3-
5] provides a naturally geometrical solution to the hier-
archy problem regarding the huge difference between the
Planck scale and the electroweak one. The small mix-
ing between zero modes and heavy Kaluza-Klein (KK)
excitations can induce the observed fermion masses and
corresponding weak mixing angles [6, 7], and suppress
flavor-changing-neutral-current (FCNC) couplings [8, 9].

To accomodate light exciting KK modes with
O(1 TeV) masses, the authors of Refs. [10, 11] sug-
gested that the gauge group in the bulk be enlarged to
SU(3)xSU(2),xSU(2)gxU(1)x x P.r. Constraints on
this kind of model have been of particular interest in the
past few years [12-14]. Tree-level bounds were discussed
in Ref. [12], and bounds at loop-level from the flavor-
changing process B— X,y were examined in a naive di-
mension analysis in Ref. [13]. However, only the zero
mode or the low-lying KK excitations have been consid-
ered in their work. Although the CP-violating param-
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eter ex gives the strongest favor bounds [15-17] in the
typical RS model, the experimental data on B— X,y pro-
vide more accurate constraints on the parameter space
of concerned model because the leading corrections to
the relevant effective Lagrangian originate from the one-
loop diagrams. Since the present experimental data all
indicate the energy scale of low-lying KK excitations
Ak > pgw ~ v, we sum over the infinite series of KK
modes up to order v?/Agyk through the residue theorem
technique presented in Ref. [18]. Here, pgw and v denote
the electroweak scale and the nonzero vacuum expecta-
tion value (VEV) of the Higgs, respectively.

With an appropriate choice of quark bulk masses,
one indeed obtains agreement with the electroweak preci-
sion data in the presence of light KK excitations [19-22].
Here, we analyze the corrections from the KK modes to
the branching ratio of B— X,y.

The discrete symmetry Prr interchanging the local
groups SU(2);, and SU(2)g implies that the five dimen-
sional gauge couplings satisfy gs;, = gsg = g5, the local
gauge group SU(2)y, x SU(2)g xU(1)x is broken to the
SM gauge group by the boundary conditions (BCs) on
the UV brane:

W23 (4+4), Bu(4+4), Wi (=), Zx u(—4), (1=0,1,2,3),
W23 (==),Bs(— =), Wr's(+—), Zx,5(+-). (3)

Here, the first (second) sign is the BC on the UV
(IR) brane: (+) denotes a Neumann BC and (—) de-
notes a Dirichlet BC. In the matter field sector, the
SM quarks and leptons are embedded into the bidou-
blets, triplets and singlets of the local gauge symmetry

* Supported by National Natural Science Foundation of China (10975027)
©2013 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of
Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

063102-1



Chinese Physics C Vol

37, No. 6 (2013) 063102

SU(2)1xSU(2)g. In order to guarantee the explicit gauge
invariance of electromagnetic and strong interaction at
every step of the calculation, we choose the nonlinear R¢
gauge-fixing terms [23] in the electroweak sector and the
background gauge-fixing terms [24] in the strong sector
respectively.

The profiles of gauge boson zero modes are flat along
the fifth dimension before electroweak symmetry break-
ing, and the profiles of KK gauge bosons are given by

G(n t G(n G(n G(n
X(Bcs) (y(s(ciwt) W(Jl( (13(cz)t)+b(13(ci)yl(y(13(cz) ))
(4)
UL(2/3) = (g g
Ve (2/3) = (= =), U™ (=

i(n)
[ 7qu

(++4):
) = (w4,
w(=1/3) = (4 (++)

i

Wn(-1/3) = (& (++), -

where i=1, 2, 3 is the index of generation, n=1, 2, ---,
oo is the index of KK exciting modes, the signs in paren-
theses denote the BCs satisfied by corresponding fields
on UV and IR branes, respectively. In the chirality basis
Eq. (5), the mass matrices of charged 2/3, —1/3 quarks
are given in Ref. [18].

We then write the mass eigenstates respectively as

Uar = [Uf1(2/3)]

Uar = [U¥r(2/3)]

Doy = [D UL (—-1/3)]

Dor = [Di¥r(=1/3)], (6)

Here, the charged 2/3 quarks U,, U,, Us are identified as
up-type quarks u, ¢, t, and the charged —1/3 quarks D,
D,, Dj are identified as the down-type quarks d,s, b in
the SM, respectively.

In the gauge sector, we can similarly express interac-
tion eigenstates of charged and neutral electroweak gauge
bosons in linear combination of the mass eigenstates as

Wéo):ﬁ: _ (ZW)OOWi+Z ZW W§ ;
a=1
WIEHH: = (ZW)Q';Lfl,OWi_'_Z(ZW)2n71,aWg&’
a=1
Wén)i = (ZW)Qn,oWi‘i‘Z(ZWkn,aW}jI[a’

a=1

(+4), D (=) di (=), )

. . T
(=) DRV (=), i (), )

where t = eexp(o(¢)), Ji(x) and Y;(x) are the Bessel
functions of the first and second kind, and explicit ex-
pressions for b(GBgS), N, can be found in Ref. [18].

Furthermore, the eigenvalues y(BC 5 (n=1,2, ) are de-
termined by the relevant BCs. Correspondingly, the con-
crete expressions of the shape functions f(LB’gS) (yfé@s),t),
f(BCs) (y(c]ggs), ) for fermion KK excitations in a warped
extra dimension are also given in Ref. [18].

To obtain approximately the mixing between the zero
modes of charged 2/3, —1/3 quarks and corresponding
KK excitations, we write the infinite dimensional column

vectors for quarks in the chirality basis as [25]

. ~ . ) ) T
(++),Uﬁ(”)(+—)7Uﬁ<")(+—)7xif,f”(—+)7u£<”)(——)7---) :

i(n)

Fri(n) z(n) Tt
1,0 (=) XD (=) i (), )

T

‘ 0o
ZO = (22),0Z2+Y _(22)y.0 Zua
AR (ZZ)2n71,OZ+Z(ZZ)2n71,aZHOM
a=1
Z(n) (ZZ 2n OZ+Z ZZ ZnQZHoM (7)

a=1

in which Zw, Z; respectively denote the mixing ma-
trices for charged as well as neutral electroweak gauge
bosons, and Z, W* are identified as the corresponding
gauge bosons in the SM. For infinite dimensional column
vectors, we have no means of obtaining the mixing ma-
trices Uy, r, Di,r exactly.

2 Constraint on the warped extra di-
mension from B— X,y

The effective Hamilton for B — X,y at scales u, =
O(my,) is presented in Ref. [26], in which the most inter-
esting magnetic dipole moment operators are

Q7y:

- v
—2mb$a0“ PRb F/“”

(8)
QSG:

9s
167’[ mbSaTaﬁUu PRbﬁG;uﬂ
and tilde operators @W, QSG are obtained from @+, ,Qsc
after interchanging the right-handed projector Py

(14+7v5)/2 with the left-handed P;, = (1—7y5)/2. Here
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o, =1, 2, 3 denote the color indices of quarks, F),, and
Gt (a=1,---,8) are the electromagnetic and strong field
strength tensors, respectively. L
The magnetic penguin operators Q7,, Qsa, @7, Qsc
are induced by virtual heavy freedoms through one loop |

diagrams at electroweak scale, and the relevant Feynman
diagrams are drawn in Fig. 1.

We present the corrections from Fig. 1(a) to the Wil-
son coefficients at the electroweak scale pugw to order
v/ A% as:

3
CL (ppw) = (1-AGy) O (MEW)+Z(T§?1>)sbxwiFffg (Lo, T)
i=1

4
2myy

CKM

3
My, (0)
ML ST
Pw Afice? ; my,

3

f 2
) ; (A‘r’{vi)ibF;:lv) (@, 2w+ )+O (AUT) ,
S1 KK

CL ) = (1-AGe) B uene 3 (1) o B )

i=1

4
2miy

2 2 _2
P Afice

+
m
i=1 b

3

4
2miy My,

2 12 .2
piwAkke im1

C%) (MEW) = m
b

4
2myy

a(a)(MEW) = 5 12 .2
5 Hiw ARk e? i1

with z;=m? /2., and

3

+
O%M(“)(uaw) = xwiZ(Véng)

=1

3

+
ngl(a)(MEW) = Tw= Z (V(E(I)()M)s

i=1

W, W, G
U, / U, \
b @ b (b) s
Z,Zy, () g(n)
D, D,
b (© S b (d) S
H0> GO
l' D[} ‘I
b (e s

Fig. 1. The Feynman diagrams for b — sy and
b—sg in the warped extra dimension with custo-
dial symmetry, where the photon and gluon can
be attached in all possible ways.

o 1
(VC(TS()M) b (Fl(,g) (‘Tui ,Tw+ )+ g) )

3
My, t “ v?
S (Vi) (882, PSS )40 ().
St KK

i o v?
(882, (V) i) +0 (- ).
v KK

2 M, “ 2
3 M (aL)! (VC(SQM)Z_}JF;;(%,xwi)+(9( yo K) )

a 23
(Vé(I?M)ib (Fl(ﬂ,) (:Cui,xwi)_p%) ,

(10)

| representing the SM corrections from Fig. 1(a). The form

factors are explicitly given by

10°,, 19%°0,, 190,

(a) _
A5 (@)= 36 dy? 4 dy? 3 dy

] (z,9),

(10 49
P (2,y)= |2 5220 4 o Q“](z, ),

3 dy> 3 dy
] (11)
1 839 1001,
P _ | 3,1+ ,
1,9 (l',y) 12 ayg 2 ay (‘Tuy)u
9’0,, 0o
(a) _ 2,1 1,1
F2,g (-T,y)— - ayg ay (-T,y)
Here, the function g, , (2,y) is defined through
™ In"x—y™In"y
O (@,Y)= : (12)

=Y
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Adopting the 3x3 matrices LIIEO%{, ’DI(JO,)R denoting the ro-

tation from chirality eigenstates to quark mass eigen-
states in the absence of mixing between zero modes and
corresponding KK excitations, we define the Cabibbo-
Kobayashi-Maskawa (CKM) matrix as

— (a0 (=) (3

(Verm)w (V%Kmﬁb+

2
AKK

with Véng L{IEO)TDIEO) being a unitary 3 x 3 matrix, and
the leading order correction A%L together with other

higher order corrections from heavy KK excitations
break down the unitary property of Vexm [22]. AGr
denotes the corrections from exciting KK modes to
the Fermi constant Gy extracted from the muon decay

1 —e V.V, [27], the effective couplings A% ., (TE‘?)
(1,7=1, 2, 3) can be found in Ref. [18].

For the Feynman diagram Fig. 1(b), we approach the
corrections to the Wilson coefficients at the electroweak
scale pugpw to order v/ A%, as:

sb

3
=1

2mws

9A§<K

i,7,k=1

< (155 0.1)] (Dim)jﬁo (AZK) ’

€8 () = (1=AGE)CH® (i +Z{(T5bf) v B o)+ (1) o

3
My sy

1912 2
Tz e ol

3

O (pmw) = (1) @, B3 apawe )+

i=1

< s (o) +of

2m3, s2

9A% ce?

w L cL u R,c§ u ok
Z (D<°>) £k (0, 1)]{1@,@[2@5(171)]ij*+23§%[2{1;)(171)]Y£}T}

iF;};) (xui , Ty )}

Z (D@) O VRIZRet (L v 2y (5 (L 0]y )

3

> (o) o)

i k=1
v? )
2 9
Ak

3 3
~ m S R,ck
C(umw) = 32 (T9) wu, By upsaws J+ s 2 (2) 150,01
i=1 s KK, 00
d [ ybock dt o1 Rt ©) v?
XV LI XUEH O] (PR) +0( ) (14)
where the SM corrections from Fig. 1(b) to the Wilson coefficients are written as
3
C2 (ew) =) (VERn) L (VeRn)ata, (FLZ +F32) (2, s ),
i=1

SM(b)

i=1

3
Z VCS?()M sz V(S(I)()M)lbxul (Fl(g)_'—FQ(g))(‘rumei)a
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and the form factors are Here, the concrete expressions for the effective couplings
b .. / ,C /

Fl(b)(x,y) 10° 03,1 ia2 02,1 1891,1} ( ), AGiu (Tg’j))sb (4,=1, 2,3) and E(C};a(x)(tat )7 E(LBCS) (t7t )7

v 72 9y 24 0y® 6 dy 28‘385) (t,t") are given in Ref. [18]. Choosing pgw=my,

. (1 %0,, 10011 1014 one can easily find that the sum (Eq. (10) and Eq. (15))
Fz(y) (x,y)= 12902 6 ou 3 aa; ] (z,y), recovers the theoretical predictions on the Wilson coef-
- Y 4 (16)  ficients of the dipole operators in the SM at electroweak

) [ %051 10°0,1 1001, energy scale.
Lo (€,Y)= ﬂ oy? 4 012 1 dy (2.9), For the diagram Fig. 1(c), the corrections to the rel-

19 13 13 evant Wilson coefficients are analogously formulated to
F® |20, 10011 1911 ) order O(v?/A%y) in Eq. (17).
29 (:9) 4 dy? 2 dy 2 dx (2.) e

(c) _ [ (8=2s%)? d d v? L v? L 1r 2,
ot (pLEW)—{ ) [201),, 120, 5 (40, e (0L )+ (-5

2

A e CONCORCONCON

=1

x| (820).,+(521) .+

L] ar (B [z |+ 2O [0 ] isth0r U 00
().

Oég (hew) = —30( )(MEW)

2 2

CL9 (i) = {%%[2(52@‘) H2(820) g (A8) g (45)) .+ ;<1—§53v>[(5zg)1b

d v’ Ryt B2msimy = [ May () (O O\ (O R
+ (8% ) 2A2 4 (47) b} }+9A%<K(kre)2 Z { My, (DR )si (DR )zk (DL )k:j (DL )ij' dtJ di

i,5,k=1 € €

<3 (T e+ R (e en] oo

02
+0( ) |
A

Ce (pew) = —3C%) (ew)- (17)
The 6Zﬁ’R are corrections from KK exciting modes to a 3x3 mixing matrix of left- or right-handed charged —1/3
zero mode quarks. It is defined through Z{ , =146Z  with Z{ ; denoting the mixing matrices [18]. Here, A;™
represent the corrections from exciting KK modes to couplings of neutral gauge bosons and quarks similar to Ay=+.
The corrections from KK exciting modes of a gluon to the Wilson coeflicients of the dipole moment operators at
the electroweak energy scale are given by

CD () = _ 2567s3ymiy g2 23: M, (D(‘”) (D(O)) (Dw))T (D(O))
W 9AZ (kre)?e? My, si e\ TR

i,,k=1

xﬁdtﬁdt' (56 OB 0P S o) }+0 (AUTI;)
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256ms2m2 g2 <~ [m
ng(é:)(UEw) =V ws Z { O

my

3N (kre)2e?

i,J,k=1

X Jl th dt’ {Eaﬂ(t,t’)} f

~ 256752,m% 07
C;:i/) (/’LEW) = s Z

9NZ 1 (kre)2e?

,J,k=1

~ 256753, m2, g2 L (m
Clt ) = S, 57 f o

my

3N% . (kre)2e? o

=1

X Jl th dt’ {Eaﬂ(t,t’)} f

As the coupling among the neutral Higgs/Goldstone,
the standard charged —1/3 quark and the corresponding
KK excitation of a charged —1/3 quark is proportional
to quark mass (m, or my,), the corresponding corrections
to the Wilson coefficients of dipole moment operators
from Fig. 1(e) contain an additional suppression factor
myms/m3, besides the global suppression factor v?/ A%,
and can be ignored safely [18].

With the elements of the evolution matrices presented
in Ref. [28], the branching ratio of B — X,y at hadron
scale is written as

Br(B—Xy) =R (|Cr (1) P+Crs ()P N(E,) ), (19)

where the overall factor R =2.47x107%, and the non-
perturbative contribution N(E,)=(3.6+0.6)x107% [28].
In our numerical analysis, we choose the hadron scale
u,=2.5 GeV, and include the SM contribution at NNLO
level Cr, (1,)=—0.3523 [1]. Meanwhile we approach the
corrections from the KK excitations in the leading-order
approximation.

To apply the warped Froggatt-Nielsen mecha-
nism [29], we adopt the ansatz for the hierarchical struc-
tures of the profiles of zero modes on the IR brane pre-
sented in Refs. [18, 27]. Without losing generality, we
choose the Yukawa couplings Y} =0.01 (i # j, i,j =1,
2,3), Y2 =Y4 =Y =001 and Agx =1 TeV. Fixing
the bulk masses cg, ci, ¢k, we derive the other elements
of Yukawa couplings numerically through the warped
Froggatt-Nielsen mechanism.

Because the branching ratio of B — X,y is quite in-
sensitive to the bulk masses ¢§ (=1, 2, 3), we choose
cg = —0.75, ¢ = —0.55, ¢ = —0.35 in our numerical
analysis. In addition, we also assume ¢} < ¢ <cg and
¢3 > 2 > ¢k to guarantee the profiles of zero modes on

T T
D(O)) (D(O)) (D(O)) (D(O))
( L si L ik R kj R jb

L,ck R,c? v?
(+’3(0,t)]2[f(+’5(O,t’)]2}+<9(ATKK),
2o (o) (o), (), (P)

X Jl th dt’ {E&H(m’)} Lf

ck ’Cj / U2
(R+7+PI; (Oat)]Q[f(LJrf) (Oat )]2}+O (A%(K) ’

T T
D(O)) (D(O)) (D(O)) (D(O))
( R si R ik L kj L jb

pe <o,t>12[ff;i%<0at’>12}+o (A) | "

the IR brane to satisfy the hierarchical structures.

In Fig. 2(a), we present the constraint on the ¢y —cr.
plane from the experimental data when ¢} =c¢%—0.1=
cg—0.2, and ¢i=c3+0.1=c1+0.2. The solid line repre-
sents the theoretical prediction on the branching ratio of
B— X,y by fitting the central value of the present exper-
imental data BR(B—X,y)=3.55x10"%, the gray region
represents the difference between the theoretical predic-
tion and the central value of experimental data lying in
one standard derivation, the gray slashed region repre-
sents the difference lying in two standard derivations,
the gray meshed region represents the difference lying in
three standard derivations, respectively. In Fig. 2(b), we
plot the dependence of the branching ratio of B — X,y
on the bulk masses cg, ct. Besides the global suppres-
sion factor v?/A%,, the dominating corrections from
KK excitations to the branching ratio of B — X,y de-
pend on the bulk masses ¢y (i =1, 2, 3) in terms of

[f(LJriB) (O,t)][f(LJriB) (0,)]. Because of this reason, the con-
tributions from new physics to the branching ratio of
B— X,y decrease quickly as c;>1, and can be neglected
safely compared with the contributions from the SM to
the branching ratio of B— X,y. Actually, the function
[ };1)(0,1)] tends to zero steeply as ¢>0.5.

In Fig. 3(a), we present similarly the constraint on
the c—ch plane from the experimental data as c% /=
B /ch = (2/3)5b), ¢4/ = i fck = (2/3) b, Tn
Fig. 3(b), we plot the dependence of the branching ra-
tio of B— X,y on the bulk masses cl, c.. Because the
function [f(i’i)(OJ)] drops to zero steeply as ¢>1, the
contributions from new physics to the branching ratio of
B— X,y decrease quickly as c5>1, and can be neglected
safely compared with the contributions from the SM to

the branching ratio of B—X,y.
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Br(B—Xy) (x10%

02 03 04 05 06 07 08 09

1
cli

Fig. 2.

As ¢ =c—0.1=c5—0.2, and ¢ =c%+0.1=c%+0.2, (a) the constraint on cj-ck plane from B—Xsy; (b) the

dependence of the branching ratio of B— Xy on the bulk masses cg, cx.

Br(B—Xy) (x10%

02 03

04 05

1
cB

06 07 08

Fig. 3. As &/ =ck/ch :(2/3)5g"(6113), and cgi«/c?r:c?r/_crlr :(2/3)_Sg“(°%), (a) the constraint on ch-ci plane from
B—Xsy; (b) the dependence of the branching ratio of B—Xsy on the bulk masses e, .

In Fig. 4, we present the branching ratio of B— X,y
varying with Y2 at different energy scales of low-lying
Kaluza-Klein excitations. The bulk masses are chosen as
¢t ={-0.75, —0.55, —0.35}, ¢4 ={0.65, 0.55, 0.45} and
- ={-0.5, —=0.4, —0.3}, and the imagined part of the
Yukawa entries are set to be zero for simplification. The
gray band in this figure denotes the experimental data
with 30 deviation. The solid line represents the energy
scale of low-lying KK mode Axx=1 TeV, the dotted line
represents Axx = 1.5 TeV, the dash-dot line represents
Axx =2 TeV, the dashed line represents Axx =2.5 TeV,
and the dash-dot-dot line represents Axx =3 TeV. As the
branching ratio is suppressed by Ay, the contributions
from new physics become smaller with Axyk increasing.
If the other entries of Yukawa coupling are set to 0.01,
the result shows that the branching ratio of B — X,y
increases when Y3 runs from 0.0001 to 0.25. From the
upper boundary of gray region, we can obtain the con-
straints on Y. Branching ratio varying with other en-

tries can also be obtained similarly, i.e., Y] and Y3, etc.

10 L I
— Ag=1TeV ]
- Ag=1.5TeV
8 | A2 TeV -
2 - Ag=25TeV
S ~ A3 TeV
Z 6 4
=
e
1 e
B 4 -
<
]
2 - i
| | L | | |
0.05 0.10 0.15 0.20 0.25
Y
Fig. 4. (color online). Assuming the Yukawa en-

tries Y} =Y31 =Y35,=0.01, (i#j, i,j=1, 2, 3), we

give the branching ratio of B— Xy varying with
Y5 at Axkx={1, 1.5, 2, 2.5, 3}.
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10 —
I Y — ¥}=Y¢,=0.03 |
e Y=Y =004
8 1 % = Y=Y,,=0.057)
T - ¥,=Y,,=0.06 ]
: .| N YEr,=007
=
F o1
1
| 4
s 4
2 L .
| | L | | L
0 2 4 6 8 10
A/ TeV
Fig. 5. (color online) The dependence of the

branching ratio of B — X,y on the energy scale
of low-lying Kaluza-Klein excitations Axx with
different Yukawa entries.

As an important model parameter, the new physics
energy scale provides a suppression factor Axy. We show
the branching ratio varying with Axx in Fig. 5 when all
the entries of Yukawa take the same value. Constraints
on Axk can be obtained from the experimental band
with 30 deviation. The contributions from new physics
drop to zero at limit Axx — 0o, then the branching ra-
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