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Randall-Sundrum corrections to the width difference and C P-violating phase in BY-meson decays
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We study the impact of the Randall-Sundrum setup on the width difference AI'y and the CP-violating
phase ¢, in the BY-B? system. Our calculations are performed in the general framework of an effective
theory, based on operator product expansion. The results can thus be used for many new-physics models.
We find that the correction to the magnitude of the decay amplitude I'}, is below 4% for a realistic choice
of input parameters. The main modification in the AT',/ B,-plane is caused by a new CP-violating phase in
the mixing amplitude, which allows for a better agreement with the experimental results of the CDF and
DO Collaborations from B? — J/¢ decays. The best-fit value of the CP asymmetry S s¢ can be
reproduced, while simultaneously the theoretical prediction for the semileptonic CP asymmetry Ag; can

enter the 1o range.
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I. INTRODUCTION

Within the search for new physics (NP) in the decay of
B%-mesons, an important observable is the width difference
AT’y =T; —TI'j; between the light and the heavy meson
state. According to the above definition, AI'; happens to be
positive in the standard model (SM). It can be computed
from the dispersive and absorptive part of the BY-BY mix-
ing amplitude, M3, and I'{,. To leading order (LO) in
|5, |/1M3,| one finds the simple relation [1,2]

_ 2Re(M3,I'73)

AT, =
|M3,

= 2|, lcosh,. (1)

We define the relative phase ¢ between the mixing and the
decay amplitude according to the convention
My _ Ml L,

I, MLl

b5 = arg(=M,I'), ()

for which the SM value is positive and explicitly given by
M = (4.2 = 1.4) X 1073 [3]. The combined experimen-
tal results of the CDF and DO Collaborations differ from
the SM prediction in the pBlve, AT))-plane by about 20
[4], whereas the latest CDF results disagree by 1o only [5].
Here, ,Bf/‘/“’s € [—m/2, /2] is the CP-violating phase in
the interference of mixing and decay, obtained from the
time-dependent angular analysis of flavor-tagged B? —
J/ ¢ decays. In the SM it is given by [3,6]

bs

A
gl — — arg<— A—’b) =0.020 = 0.005,  (3)

with AZS = V Vg In the presence of NP, AT’y will be
modified [7,8]. We adopt the notation of [9] and extend the
SM relations according to

— sSM NP _ 1ssSMp i
My = MM + MY = M3MRy e,

PACS numbers: 12.60.—1, 13.25.Hw, 14.40.Nd

From (1) it follows that
AT, = 2|T3M|Rr cos(™M + By — ¢r), (5)

where ATSM = (0.087 = 0.021) ps~! [10]. A further im-
portant observable is the semileptonic CP asymmetry
A = Im(I'{,/M3,). Including NP corrections, we find

Ay =B R G 4 gy - g0 ©
Sb MM Ry, ’

Within the SM, the leading contribution to the dispersive
part of the BY-BY mixing amplitude appears at the one-loop
level. If NP involves flavor-changing neutral currents
(FCNCs) at tree-level, these give rise to sizable corrections
to the mass difference Amp = M}, — Mj = 2|M},| [1].In
the context of Randall-Sundrum (RS) scenarios [11], the
corrections to Mj, have been calculated in [12,13]. See
also [14,15] for a first estimate.

On the other hand, the presence of tree-level FCNCs and
right-handed charged-current interactions gives rise to new
decay diagrams. However, the NP corrections to the ab-
sorptive part of the amplitude are suppressed by m3,/A?
with respect to the SM contribution, where A is the NP
mass scale. Thus, they are neglected in many NP studies.
Recently, model-independent estimates on Ag; in the pres-
ence of heavy gluons have been presented in [16], taking
into account modifications in I'{,. NP contributions from
electroweak (EW) penguin operators as well as right-
handed charged currents have not been considered. We
find that the former can compete with or even dominate
contributions from QCD penguins within the minimal RS
model [13,17], while parts of the latter tend to give the
dominant contribution to I8 for the most natural choice
of input parameters.

This paper is organized as follows. In the next section we
briefly summarize the main features of the RS model. We

4 (4)  distinguish between two variants, the minimal and the

IS, = I"sSM + I‘SNP — FsSMR el¢1‘ . . . —
12 12 12 12 A\ : custodial RS model with protection of the Zb; b; vertex,
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each with a brane-localized Higgs. Then we calculate the
leading contributions to I'{, in the presence of NP, where
we restrict ourselves to operators which are expected to
give the dominant corrections for the models at hand. A
numerical scan across RS contributions is presented in
Sec. IV. Here, we evaluate M}, and I'}, for 10000 appro-
priate random sets of input parameters. Important con-
straints arise from the BY-B? oscillation frequency, which
corresponds to the mass difference Amp , and the observ-
able €. The results are presented in the AT,/ B,- as well as
the Ay /S 4-plane. We conclude in Sec. V. In a series of
appendixes we collect analytic results for RS Wilson co-
efficients needed in our computations.

II. FEATURES OF THE RS MODEL

The RS model is formulated on a five-dimensional (5D)
anti—de Sitter space. The compactified fifth dimension is an
St/ Z,-orbifold, labeled by a dimensionless coordinate
¢ € [—m, 7). The usual 4D space-time is rescaled by a
so-called warp factor, such that length scales depend on the
position in the extra dimension. The whole (5D) space-
time is called the bulk. The RS metric is given by

ds? = e~ 21¢ly dxtdx’ — r2d¢?, )

with 9, = diag(1, —1, —1, —1). Here, k and r denote the
curvature and the radius of the fifth dimension, which are
of the order of the (inverse) Planck scale. The Z,-parity
identifies points (x*, ¢) and (x*, —¢) and thus gives rise
to boundaries at ¢ = 0 and 7, which are called Planck/
ultraviolet (UV) and TeV/infrared (IR) brane, respectively.
The RS model solves the gauge hierarchy problem by
suppressing mass scales on the IR-brane. Explicitly, one
achieves

Mg = e My = eMp = My, (8)

for L = krm =~ 37 (¢ = 107'9). Thus, the strong hierarchy
between the Planck and the weak scale, Mp and My, is
understood by gravitational red-shifting, if the Higgs field
is localized on or near the IR-brane. An effective four-
dimensional description is usually obtained via Kaluza-
Klein (KK) decomposition, which replaces each 5D field
by an infinite tower of massive 4D fields, each of them
supplied with a so-called profile depending on ¢. Even
fields under Z, (which in addition obey Neumann bound-
ary conditions on both branes) possess a massless zero
mode, which can however receive a mass via coupling to
the Higgs field. Those light modes are interpreted as the
SM fields. The masses of the additional heavy KK modes
are of the order of the scale Mg = ke = few TeV, which
is identified with the cutoff A of the effective low-energy
theory. For instance, the mass of the first KK gluon is given
by m") =~ 2.45Myy. Take care of the fact that some au-
thors define Mgy as the mass of the first excitation. Explicit
formulas for the fermion- and gauge-boson profiles were
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first given in [18-21], respectively. The warp factor can be
used to generate fermion-mass hierarchies [18,19,22]. This
is achieved by localizing the fields differently in the bulk
by an appropriate choice of the doublet/singlet 5D mass
parameters M, /., which are often called bulk masses.
The appearance of tree-level FCNCs is caused by the
modified interactions between gauge and matter fields,
which now contain overlap integrals of the corresponding
profiles. If the gauge field possesses a mass, the overlap is
flavor (and KK mode) dependent, giving rise to FCNCs
when changing from the weak interaction to the mass
eigenbasis. A crucial observation is that these nonuniversal
overlap integrals are exponentially suppressed for UV
localized (i.e. light) fermions. This is known as RS-GIM
mechanism [14,15]. Details about the couplings and over-
laps within the minimal RS formulation, with an IR-brane
Higgs and gauge and matter fields in the bulk, can be found
in [17]. The famous custodial extension including a pro-
tection for the Zb,; b, vertex [23,24] is treated in [25,26].
If one deals with SM-like quarks, it is convenient to
expand the profiles in terms of v?/Mzy, where v =
246 GeV is the Higgs vacuum expectation value. This
involves the zero-mode profile evaluated at the IR-brane

1+2
F(c) = sgn[cos(7c)] 1_—€lfh 9)

as a function of the bulk-mass parameters c, = M, /k
andc, = —M, /k[17]. To LO in v?/Mgy the spectrum of
the light down-type quarks corresponds to the eigenvalues
of the effective Yukawa matrix

Yo" = diag[F(cp,)]Y ,diag[F(cy)]

2
_ V2 U diag[my, mg, m,]JW1. (10)
v

The mixing matrices U, and W, are most easily obtained
by a singular-value decomposition of the left-hand side of
the latter equality. From now on, we will refer to the first
nontrivial order in the expansion in v?/M%; (which we
also apply for massive gauge bosons) as the zero-mode
approximation (ZMA).

III. CALCULATION OF I,

Within the SM, I'{, is known to next-to-leading order
(NLO) in QCD [3,27-32]. In this section, we calculate the
leading contribution to I'{, in the presence of NP. It is given
by the hadronic matrix element of the transition amplitude,
which converts B? into BY

1 _
s — 0 0
l—112 ZmBA <BS|T|BS>) (11)

T = Disc f d‘bcéT[}[ AB=1 () 3{35=1(0)],
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Taking the discontinuity in the expression above projects
out those intermediate states, that are on-shell. The leading
correction to the SM result is given by the interference
between SM and NP insertions. The framework of heavy-
quark expansion allows for a systematic evaluation of the
matrix element in powers of 1/m,. At the zeroth order, the
momentum of the B-meson in its rest frame corresponds to
the momentum of the bottom quark, while the strange-
quark momentum is set to zero. At typical hadronic dis-
tances x > 1/my,,, the transition of BY into B? is a local
process. Thus, the matrix element can be expanded in
terms of local AB = 2 operators. QCD corrections are
implemented by running the AB =1 operators from
the matching scale down to the mass of the bottom quark.
The leading SM contributions can be collected into matrix
elements of the AB = 2 operators

Q1 = Gib)y-a(5;bj)y-a,
Q5 = 5:b)s+p(5;b))s+p,

where i and j denote color indices and a summation over
repeated indices is always understood throughout this
paper. The shorthand notation V *£ A indicates the
Dirac structure y*(1 * ) in between the spinors,
whereas § + P denotes (1 * y°). The possibility of having
right-handed charged currents within the RS model asks
for further AB = 2 operators, caused by interference of the
SM with NP insertions. We introduce

Q3= (5ibj)s+p(3;b)s+p,
Q4 = §ibi)s—p(5;ibj)s+sp,
Qs = (5;bj)s—p(3;b)s+p.

The appropriate AB = 1 Hamiltonian, allowing for new
right-handed charged currents as well as FCNCs, is given
by

(12)

(13)

-, G
s =] 3o it arel
10

10
FCRLQRY+ C,-Q,-] + 3 (CPQ, + E0,).
=3 i=3

(14)

In the RS model the operators Q;, arise from (KK)
W=-boson exchange, and the LR/RL operators involve
right-handed charged currents. They are defined as

Q1= Gic))y-alCbi)y—a,

O =(Gic)lv-a(Cb)ysa

Q> =(5;¢:)y—a(C;bj)y_a,
SR=(5ic)y-a(Ebj)viar
15)
and the QR are chirality-flipped with respect to QMR
Operators of the type RR are not included into our analysis

as their coefficients scale like v*/Mjy in the models
at hand. Because of the hierarchies in the Cabibbo-
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Kobayashi-Maskawa (CKM) matrix and the RS-GIM
mechanism, it is sufficient to restrict ourselves on ¢ quarks
as intermediate states, when we calculate the RS correc-
tions involving the charged-current sector. For the SM
contribution however, we include the combinations uc,
cu, and uu in addition to the operators given above.
Concerning the NP corrections LL, LR, RL, we pull out
the CKM factor A2* for convenience. The measured values
for V., and V,_,, extracted from semileptonic B and D
decays, should be identified with the exchange of all
[SU(2),]1 W-type bosons. As a consequence, the NP coef-
ficients CT5 arise only due to nonfactorizable corrections,
which can not be absorbed into A%S. We further have to
include QCD penguin operators

03 = (Eibi)VfAZ(C?ij)VfA’
q

04 = (Eibj)V—Ag(QjQi)V—A’ (16)

Os = (Eibi)V—AZ(ngj)wA,
q

Qs = (Eibj)V—AZ(C?iji)V+A,
q

as well as EW penguin operators

3

07 = (Eibi)V—AZQq(‘_]jCIj)V+A:
q

(Eib.j)V—Ang(QjQi)V+A» a7

W W N

Qo (Eibi)V—AZQq((’iij)V—Ar
q

w

Qi =5 (Eibj)V—AZQq(QjQi)V—Ar
q

[\

where ¢ = u, ¢, d, s, and Q,, is the electric charge. Here, no
CKM factors are involved and one has to keep all light
quarks as intermediate states if one considers neutral-
current insertions only. The operators Q~3u_10 are chirality-
flipped with respect to (16) and (17). In principle, there is
the possibility of a flavor change on both vertices for NP
penguins, and the Wilson coefficients depend on the quark
flavor g. However, these effects suffer from an additional
RS-GIM suppression and can be neglected for all practical
purposes. For the same reason the chirality-flipped pen-
guins CRS, can be neglected compared to CXS,, for bs
transitions [13]. Within the minimal RS model it will turn
out that, despite of the a/a -suppression, the EW penguin
operators can dominate over the gluon penguins [13-15].
This is explained by an extra factor L, which shows up in
the leading correction to the left-handed Z°-coupling. Note
that this is not the case in the custodial RS variant [23,24],
which features a protection for the Zb, b; vertex. The RS
Wilson coefficients of the penguin operators can be found
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in [13] and are collected in Appendix B for completeness.
There further is the possibility of flavor-changing Higgs
couplings which, however, can be neglected against the
contributions of flavor-changing heavy gauge bosons in RS
models.

Concerning the double-penguin insertions, we include
all light quarks with masses set to zero (besides m,). The
double-penguin insertion also allows for leptons within the
cut-diagram. However, as the related SM coefficient is
|
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suppressed by a/a,, there is no chance to obtain big
effects from §b — 77 transitions, which are less con-
strained by experiment [33]. Note that this is not a general
statement about NP models. If there is a tree-level transi-
tion §b — 77 mediated by light NP particles in the range of
~100 GeV, the double NP insertion becomes comparable
to the SM diagrams [34]. Possible candidates are scalar
leptoquarks [9,35]. Neglecting intermediate leptons, we
find to LO in 1/m,,

2
Mt = ~ 3o )G;ugsym{[a = )+ 34+ (- 493, + I + 32(3; + K
3 | | ] 3 Abs
— VAR BE KR+ KPR + = ((31{'{ + K SR+ SKD) + /\_’Z“(l - X2 + 2)K,
bs\2
+(1- Ky + ; 8\}“;2 (2K, + Kz))]<Ql> + [(1 +22)(S, + SH — 3, — 3L — 3 Z@3IR + SR — KIR)
I ((312" F R 3RY - K 422 (12 20k, — ko) + Ak, ))](Q )
m 1 sl 2 52 /\?s 1 2 (/\bs) 1 2 2
~ 3VEEHR + 2580 + KIR(Qq) + 3VESR - KEY(Q) + 3VEEE - KF(Qs)]
m\/_GF/\’”\/I - 41{[(1 — 7)SAP + (1 47)3NP + 373NP
1 | INP IINP 3 [ INP 1 IINP NP NP
+ m<3K1 + K" +§K2 +§KS2 )](Q]H [(1 + 22)(ZF = 20P)
1 _ 1
+ 3K//NP + K//NP 3K//NP _ K//NP + @(_) . 18
\/1_—( 2 52 ]<Q2> m, } ( )

where z = m2/m? and (Q) =
(A,B € {L,R}

Ei - Ki + Kl/ + Kl{l,
Sy = K + K,

EfxB _ KIAB + KI{AB’
NP _ g /NP /INP
SN = KNP+ K

(B°| Q|BY. In order to get a compact result, we have defined the linear combinations

i=12,
i=1273

(19)

where the coefficients on the right-hand side of (19) are themselves linear combinations of Wilson coefficients. In

agreement with [27] we have (C;y; = C; + C))

K, = N.C? +2C,C,, K, =C5,
K; =2(N.C\Cs17 + C,Cgr3 + C2Cs7 + C1Cq43),
Ky = C421+10 + C%+8’

The combinations K; stem from the insertion of charged-
current operators and give the dominant contribution in
the SM. The coefficients K] and K correspond to the
interference of charged-current with penguin operators
and penguin-penguin insertions, respectively. As we con-
sider light quarks (¢ = u, d, s) in the limit m, = 0, there
is a cancellation in the EW penguin sector due to the
electric charges. The coefficients K/ therefore resemble
the K, with C; ;o set to zero. For strange quarks as
intermediate states, there is a second possibility for the

K| =2(N.C Cs319 + C1Cy4y19 + C2C349),

K) = 2C,Cy410,
= N.C3,9 +2C3:9Cay19 + N.C3 5 + 2C571Ce 13,

KY{ = 2(N.C319Cs47 + C3+9C6+8 + C4110C5+7 T C41+10Ce+8)- (20)

penguin insertion. In the limit m; = 0, there are additional
contributions

K/ =Q2+N)(Cy—C19/2)* +2(N, + 1)(C3 — Co/2)
X (Cy—Ci0/2) +2(C3 — Cy/2),
K, =2(C3— Cy/2)(Cy— C10/2) +(C5 — Co/2)% (2D

Note that these terms have not been taken into account in
[27]. However, as all double-penguin insertions are
numerically suppressed, this omission has no significant
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effect. Next we come to the interference of SM diagrams
with NP penguins, which is collected in

KT =2(N.C\C3Fy + C1CiY 1+ C.CFYy),
KNP =2C,CY
KNP =2(N.C,C5Y, + C G g + C,CRY, + CLCRY),

KNP =2((N, +2)C4(CY* - C)F /2)

+ (N, + 1)Cy(CEF = C5F/2)

+ (N, +1)C5(CYF — NP /2) +2C5(CYP — C§F /2)),
KNP =2(C5(CYP — CYP/2) + C5(CYP — CYP /2)

+C4(CFF — C57/2)) (22)

and
KN = 2(N.CyC3Yy + C3CY g + CoCYYy + N.C5CEY;
+ CsCNPy + CoCYP),
KN = 2(C4CYY 1y + CoChly),
KN = 2(NC3C5Y; + C3CRlg + CuCY, + CuClg
+ N.CsCYYy + C5CYY 1o + CoChTy + CoCiY1o)-
(23)

Here, we have neglected the tiny contributions from the
interference of SM EW penguins with NP graphs. There
further is interference between NP charged currents and
SM penguins

KM = 2(N,C3CE- + C5CE- + €,CHY),

K- = 2C,C5",

K = 2(N,C5CH- + C5CEY + CoCH- + CChY),

KIR = 2(N,C3CR + C3CHR + C,CLR), (24)
KR = 2C,CR,

KR = 2(N,CsCR + C5CHR + CoCHR),

KR = 2C,CiR.

The corrections to the purely charged-current interactions
are collected into

KII"L = Z(NCCICII“L + C1C12"L + CzC]fL),

K =20,C4-

(25)
KR = 2(N.C,CiR + C,C5R + C,CR),
KLR ZcchR

The coefficients K\ ®" resemble K"}, with CLR replaced
by CRL. All NP coefficients should by calculated at the NP
mass scale and then be evolved down to my,. Explicit
expressions for the minimal and the custodial RS model
can be found in the appendixes.
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For the sake of completeness, we finally quote the
known results for the mixing amplitude. One defines

5
HEE2=DC9,+ (26)
i=1

M-
o

where there are no tree-level contributions to C, 3 and C 23
in the RS model [12,13]. The RS correction to

2mp M3, = (BY| H 52| BY) 27)

can be found in [12,13], and is given by
MiES = S 13 [ (C0m,) + B,

1
+ ZR(”_@b)CAlRS(mb)B4 + ZR(rhb)CSRS(ﬁab)B5 ]
(28)

The bag parameters B 4 5 are listed in (34), and the AB = 2
coefficients can be found in Appendix C. Compared to
CR5(imy), the coefficient CRS(r,,) is suppressed by about 2
orders of magnitude due to a stronger RS-GIM mechanism.
The coefficients C}S(rm,) and C®S(imy,) are even further
suppressed. The SM mixing amplitude can be taken from
[3,36,37]

G2
127

MM = =55 (AP miymp mpf5, B1So(x,), (29)
where 17 = 0.837 involves NLO QCD corrections in naive
dimensional reduction (NDR). Sy(x,) is the Inami-Lim
function and x, = m,(m,)*/m%, with m,(m,) = (163.8 =
2.0) GeV. The meson mass and decay constant are given
by mp =5366(1) GeV [38] and fp = (238.8*
9.5) MeV [39], respectively. If not stated otherwise, all
other experimental input is taken from [38].

IV. NUMERICAL ANALYSIS

In order to obtain the RS predictions, we need an ap-
propriate set of input parameters, consisting of the Yukawa
matrices, the bulk-mass parameters ¢y and c, of the
SU(2),-doublet and singlet fermions, as well as the KK
scale Mggk. Within an anarchic approach to flavor, all
Yukawa entries are chosen to be of O(1). The generation
of input points is most easily achieved by making use of the
warped-space Froggatt-Nielsen mechanism [15,17], which
provides simple analytic expressions for the fermion
masses and Wolfenstein parameters in terms of the zero-
mode profiles (9) and entries of the Yukawa matrices, but
independent of My to first approximation. In our analysis,
we use 10000 randomly generated parameter sets
with (Y, 4);;| € [0.1, 3], which guarantees perturbativity
of the Yukawa couplings in higher order corrections
[40]. The points are chosen such that they fit the correct
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zero-mode masses, CKM mixing angles and phase in
standard convention [38] within the 10 range.

The contributions of some individual ingredients of I},
(18) are summarized in Table I. The SM coefficients
are taken from [41]. For the sake of comparison, we rescale
the RS penguin coefficients, for instance KRS =
V2(GpAL) ' KRS (SM: K}y, = K3), as they are not supple-
mented with a CKM factor in (14). We compare the mean
absolute values of our RS predictions to the corresponding
sizes of the SM coefficients, where the numbers have to be
multiplied by the order of magnitude given in the last
column of Table I. The maximum values exceed the given
numbers by at least 1 order of magnitude, as suggested by
the large standard deviations. The NP mass scale is set to
Myx = 2 TeV and we discard all points, which are in
conflict with the Z° — bb “pseudo observables.” These
are the ratio of the width of the Z°-boson decay into bottom
quarks and the total hadronic width, Rg, the bottom quark
left-right asymmetry parameter A,, and the forward-
backward asymmetry for bottom quarks A%é’ , which set
an upper limiton ¢;,, = ¢y, [17]. For Mgg = 2 TeV, most
of the points with ¢;,, > —0.5 are excluded. On the other
hand, for O(1) Yukawa couplings, the top-quark mass only
allows for a minimal UV localization of the (z,, b, )"
doublet. Thus, the valid bulk-mass parameters cg, are
clustered around —1/2. We reject all points which lie
outside the 95% confidence region in the g? — g% plane
(see analysis in [17]). Within the custodial RS variant with
protection of the Z°b, b, -vertex, the related upper bound
on ¢, vanishes. On the other hand, there is no stringent
upper bound on the bulk-mass parameter ¢, = c,,, which
we allow to vary within [—0.5, 1].

Neglecting experimental constraints, there is no differ-
ence between the minimal and the custodial RS variant at
LO in v?/M%y in the charged-current sector (see
Appendix A). For the natural assumption of ¢y, < —1/2
the biggest correction comes from the operator Q5R. This
is easy to understand if we apply the Froggatt-Nielsen
analysis of [17] to (AS5) and (A8). Setting all Yukawa
factors to one, we can derive simple expressions for the
Wilsons coefficients by performing an expansion in the
Wolfenstein parameter A = 0.225, which is related to ra-
tios of IR zero-mode profiles [17]

TABLE I.

PHYSICAL REVIEW D 84, 095016 (2011)

|F(CQ2)| _
|F(CQ3)|

IFGeq) 2 )
|F(co)l A% |F(eo)l~ O(D).

(30)
Thus, we find as a crude approximation

2
myy,

CHL o M LF(cg,)*F(co,)%
v Flcp.) m.m 1
CLR [ F(C )F(C )oc c b—’
? 2Miy F(cg,) " & Mgy F(CQz)2
v2 2m,.m, 1
CRL « F(c, )F(c, ) o« =52 ) 31
2 MIZ(K ( uz) ( dz) MIZ(K F(CQZ)Z ( )

Note that the importance of C5® grows with increasing UV
localization of the (c;, s;)” doublet. The coefficients CB
with A, B € {L, R} are zero at the matching scale, but
generated through operator mixing when running down
to u = . As it turns out, the values of |K#B| are about
a third of the respective values of |K28| at u = ;. In the
RS model the contributions from the coefficients C-- and
CRL can be neglected, just as those of the chirality-flipped
penguins. The coefficients K5 and KRS grow with an
increasing value of ¢;,, and ¢, = cy,. The reason is that
the RS corrections due to penguin operators are dominated
by overlap integrals of left-handed fermions with inter-
mediate KK-gauge bosons and mixing effects of the latter
with Z°. The relevant expressions are given in (B1). As KK
modes are peaked toward the IR-brane, overlap integrals
with UV-localized fermions are exponentially suppressed
and RS-GIM is at work. The leading correction due to Z°
exchange is enhanced by a factor L within the minimal RS
variant. Nevertheless, due to the stringent bounds from
Z%bb, the total penguin contributions remain smaller than
in the custodial model. In both models, it is sufficient to
consider just the contributions stemming from the coeffi-
cients KNP in the neutral-current sector. The impact of
double penguins is typically about 1% of the leading
correction due to charged currents.

In order to get the overall picture, we have to evaluate
the whole expressions (18) and (28). In terms of

M B, )2’ 32)

0 = (G +

Selected SM penguin and charged-current coefficients contributing to I'}, compared to the mean absolute values of the

corresponding RS coefficients for Mg = 2 TeV and u = m,,. See text for details.

Model/Coefficient IR |KY| [k |KLR| |KRL| X

SM 0.543 0.016 12.656 107!
Mean (minimal RS) 0.16 0.03 0.01 4.40 0.04 1073
Standard deviation 0.17 0.03 0.05 7.41 0.06 1073
Mean (custodial RS) 0.94 0.06 0.23 2.22 0.03 1073
Standard deviation 1.39 0.09 1.38 4.98 0.05 1073

095016-6



RANDALL-SUNDRUM CORRECTIONS TO THE WIDTH ...

the matrix elements are given by
8 2
Q)= gMB‘\fBA_Bl(M),

(Q2) = =2 M3, 13 R(u)Bal),

(Q) = +M3, 3, R(u)By (), (33)

(Qy) = 2M1235f1235R(,U«)B4(,U~),
(Q5) = 2 M3, 13 R(w)Bs ().

The bag parameters B; can be extracted from the lattice.
We take the values of [42] in the NDR-MS scheme of [28].
They read

B, = 0.87(2)<J_r5),

4 B, = 0.84(2)(4),

By —0913)8), By — 1.16(2)(f§), (34)

By = 1756)( )

where the first (second) number in brackets corresponds to
the statistical (systematic) error. In order to resum large
logarithms we employ z = m2(m,)/m3(im;,) = 0.048(4)
[3] in our numerical analysis. We further use i, (/m;,) =
(4.22 £0.08) GeV and i (m;,) = (0.085 = 0.017) GeV.
In the first panel of Fig. 1 we show the RS corrections to
the magnitude and CP-violating phase of the BY-B? decay
width, Rp and ¢r, for a set of 10000 parameter points for
Myx = 2 TeV. The blue (dark gray) points correspond to
the minimal RS model, where we plot only those that are in
agreement with the Z° — bb pseudo observables. The
orange (light gray) points correspond to the custodial ex-
tension, where the latter bound vanishes. As we are just
interested in the approximate size of RS corrections, we
work with the LO SM expressions. For precise predictions
for a certain parameter point, one should include the full
NLO corrections to I'{, and M7,. As expected, the RS
corrections to |I'{,| are rather small, typically not exceed-
ing £4%. The corrections to the magnitude and phase of
the dispersive part of the mixing amplitude, R, and ¢,
are plotted in the second panel of Fig. 1. At this point, one
should keep in mind the experimental result from the
measurement of the BY-BY oscillation frequency [43]

Am§P = (17.77 = 0.10 (stat) + 0.07 (syst) ps ', (35)

which is in good agreement with the SM prediction
(17.3 £2.6) ps~! [10]. As a consequence, all points with
Ry, € [0.718, 1.336] are excluded at 95% confidence level,
as indicated by the dashed lines. For a sufficient amount of
scatter points, the phase correction ¢, can take any value
of [—ar, 7r] within the custodial RS model. Compared to

PHYSICAL REVIEW D 84, 095016 (2011)
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FIG. 1 (color online). RS corrections to the magnitude and
CP-violating phase of the BY-B? decay amplitude, Ry and ¢r, as
well as for the mixing amplitude, Ry, and ¢,. Blue (dark gray)
points correspond to the minimal, orange (light gray) to the
custodial RS model. The dashed lines mark the 95% confidence
region with respect to the measurement of Amy . See text for
details.

&y, the new phase ¢ can be neglected (what we will do
from now on).

We further take into account additional constraints from
ex = e + €X5[12,13,40,44,45]. Explicitly, one needs to
satisfy |ex| € [1.2,3.2] X 1073, where

_ Kee'¥e
\/E(Aml()exp

with ¢, = (43.51 = 0.05)° [38] and «, = 0.92 = 0.02
[46]. The neutral kaon mixing amplitude is defined in
analogy to (27). The input data needed for the calculation
is given in Appendix B of [13]. As it turns out, without
some tuning, the prediction for €y is generically too large.
The dangerous contributions from the operators ijis
[40,44], which can become comparable to those of Q{d
due to Ry = (Mg /(m, + m,))? = 20 for u = 2 GeV and
a more pronounced renormalization group running, can be

ex Im(MESM + MKRS) (36)
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suppressed by imposing a U(3) flavor symmetry in the
right-handed down-quark sector. This symmetry is broken
by the Yukawa couplings to obtain the correct zero-mode
masses [47]. Nevertheless, if all bulk masses are equal,
there are no tree-level FCNCs in the ZMA. This is evident
from (C1), as (W}),,;(W,);, =0 for m # n due to the
unitarity of W,. Nonvanishing contributions from the ex-
change of KK-gauge bosons arise from the mixing of the
right-handed fermion zero modes with their KK excita-
tions, thus involving an additional v?/MZ-suppression
factor. For Mg = 2 TeV, one could therefore reduce
Cf"d5 by a factor of about 100. The same suppression factor
then applies to the B-meson sector. For the coefficient CRS,
there is no such protection. In our analysis, however, we do
not impose an additional flavor symmetry on the bulk
masses, but rather use the bound from ey as a filter for
our scattering points.

Neglecting the small SM phases, the width difference (5)
can be written as

AT, = ATSMR}- cos2,, (37)

where 23, = —@&> [4]. The preliminary CDF analysis [5]
uses the older SM prediction AI'M = (0.096 +
0.039) ps~! [3], which we will take as central value for
our calculation. Taking the more recent value will not
change our conclusions. The resulting RS predictions for
AT’ are plotted against B in the upper panel of Fig. 2.
Comparing to the CDF results in the lower panel, we
conclude that the RS model can enter the 68% confidence
region and come close to the best-fit value. It stays below
the desired value for AT, as there are no sizable positive
corrections to [I'},].

It should be noted that the latest LHCb result for the
phase d)f/’/’d’ = —2,8{/‘”‘ZS =0.03 £0.16 = 0.07 agrees
with the SM prediction (3) within errors. The above num-
ber combines measurements of BY decays into J/ ¢ and
J/ ¥ fo [48,49]. In agreement with the Tevatron results, an
enhancement of the width difference compared to the SM
value has been found. The best-fit value is given by AT’y =
(0.123 = 0.029 = 0.011) ps~! [48].

The SM prediction (Ag; )sp = (1.9 + 0.3) X 1073 [10],
which is often named a; or aj, in the literature, agrees with
the direct measurement (Ag )e, = —0.0017 + 0.0092
[50] within the (large) error. However, recent measure-
ments of the like-sign dimuon charge asymmetry A%
[51], which connects A} to its counterpart A% of the
BY-meson sector [52], imply a deviation of almost 2o If
one neglects the tiny SM phases and the NP phase correc-
tions related to decay, A§; is proportional to the quantity
Sy [6], which is given by the amplitude of the time-
dependent asymmetry in B — J/¢¢p decays, ALp(1) =
Sy sin(Amg t). Setting just the NP phase in decay to
zero, one obtains the well-known expression § Ve =

sin2B82/"* — ¢,,) [53], and thus
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FIG. 2 (color online). Upper panel: Corrections within the
ATSM/ B -plane for the minimal (blue/dark gray) and custodial
(orange/light gray) RS model. Bounds from Z°bb, Ampg , and ex
are satisfied. See text for details. Lower panel: Experimental
constraints from flavor-tagged BY — J/ i ¢ decays. Figure taken
from [5].

_ATSMI Ry

A = ——— — .
SL |M£M| Ry v

(38)

The RS result is shown in Fig. 3, where we have sketched
the experimental favored values S, = 0.56 * 0.22 [54]
and Ay = —0.0085 £ 0.0058 [50]. The latter number
combines the direct measurement with the results derived
from the measurement of A’gL in semileptonic B-decays
together with the average A¢, = —0.0047 = 0.0046 from
B-factories. It is evident from the plot that the best-fit value
of §,4 can be reproduced (with some tuning in the mini-
mal RS variant), which has already been noted in [12,13].
Furthermore, the custodial RS model can enter the 1o
range of the measured value of Ag; . The same conclusion
has been drawn in [16] recently, using a different approach.
Here, the authors did not produce any concrete sets of input
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FIG. 3 (color online). Corrections within the A§; /S we-plane

for the minimal (blue/dark gray) and custodial (orange/light

gray) RS model. Bounds from Z0bb, AmBJ, and ey are satisfied.
See text for details.

parameters, but scanned FCNC vertices across the allowed
range subject to bounds from AI'y and Amy .

Note that due to S, 4 = sin2f;, the corrections in the
ATSM/ B,-plane and the Ay /S, 4-plane are correlated. An
improvement in the former leads to an improvement in the
latter.

V. CONCLUSIONS

In this paper, we investigated the impact of RS models
on the width difference AT, of the BY-B? system and the
related CP-violating observables Ag; and S, 4. Therefore
we calculated the leading corrections to I'{, in terms of NP
Wilson coefficients and took the known analytic expres-
sion for M3},. As we use an effective Hamiltonian approach,
our result for I'{, can be applied to other NP models. Our
analysis involves a scan over a set of 10 000 random points
reproducing the correct low-energy spectrum as well as the
CKM mixing angles and phase. Bounds from Z°bb, e,
and Amg_ have been taken into account. Because of the
protection of the Z°b, b, vertex, the custodial extension
allows for bulk masses Cp, > —1/2, which enlarges the
contribution of RS penguin operators and LL charged
currents. While corrections to the magnitude and phase
of I'{, turn out to be small, where for both RS variants the
biggest contribution comes from QR for most of the
allowed parameter space, the new CP-violating phase in
M3, allows to relax the disagreement between theory and
experiment. Concerning the combined AI',/ B, analysis, it
is possible to enter the 68% confidence region. In order to
reach the best-fit value however, moderate corrections to
T}, | would be required [9], which are unlikely to appear in
the models at hand. For the case of the semileptonic CP
asymmetry Ag;, agreement can be obtained within 1o,
where, at the same time, the best-fit value of S, can be
reached.
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APPENDIX A: WILSON COEFFICIENTS OF
CHARGED-CURRENT OPERATORS

The effective four-quark charged-current Hamiltonian
can be written as

HE = 2V2G [y, v (VDnttn, + Ay ¥ (VD it ]
® [l’_tm’L 7# (VL)m’n’dnL + ﬁm’R YM(VR)m’n’dn/R]

(+H.c.)}, (A1)
where m, n, m’, n’ € {1, 2, 3}, and a summation over the
repeated indices is understood. Here, we have already
absorbed a universal correction factor (1 + m,/(2Mp;) X
[1 —1/(2L)]) into the Fermi constant due to the normal-
ization to muon decay, from which Gy is extracted [17].
The tensor symbol merely indicates that the full analytic
result contains terms that cannot be separated into inde-
pendent matrix products. This is due to the sum over
W-gauge boson profiles, which in the minimal model reads

Dx,(t
277_2 Xn( 3’;\;"( )
n=0 n
LI [L(t2 =) +1- L] (A2)
my  2My LT 2L

where 2 = min(?, #?) [17], and we dropped terms of
O(v*/Mgy). The term o r2 prevents a factorization into
separate vertex factors. Performing the overlap integrals
with the corresponding fermion profiles and employing the
ZMA gives the rather simple result

(Vz)mn ® (VL)m/n’

_ (Uj,Uu)m(UiUd)m/n’[1 * (9(1\;}22 )]

KK

2
m -
+ 2MV21ZK L(Ug)mi(Uu)in(AQQ)ij(Ul)m’j(Ud)jn/ (A3)
with the nonfactorizable correction [45]
~ FZ(C ) 3+ CQi + CQ[ FZ(CQ)
(App)ij = 2 ' : (A4)

3+2CQi 2+CQ,’+CQ;’ 3+2CQJ

For B%-meson decays, the whole expression has to be
evaluated for im =2, n =2, m' = 2, n’ = 3). Here, the
leading term in (A3), together with factorizable corrections
of the form v?/Mzy(-**)pn* (-* ) [26], should be
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identified with A%*. Concerning the custodial RS model,
one would find additional factorizable terms, which also
will be absorbed into CKM-matrix elements. Thus, we find
at LO in v?/M%y

m3, I % (U:E)zi(Uu)iz
> T
2Mix ULU,)xn
% (UZ)Zj(Ud)ﬂ
(UIU )

C5-(Mgg) = (&QQ)U

(A5)

independent of the chosen scenario, and Ct-(Mgy) = 0.
The biggest corrections are found for ¢, > —1 /2. For the

mixed-chirality currents we have

1
(Vz)mn ® (VR)m'n’ = M—Z(Uji- Uu)mn(muUI)m’jf(cQj)
KK
X (Ugmy) i,

1
(VI-E)mn ® (VL)m’n’ = M—z(mdU;S)mif(ch)(Uumu)in
KK
X (ULU ) - (A6)

Here, m, and m, are 3 X 3 diagonal matrices containing
the SM-like quark masses, and

1
F2(c)1—2¢) 1—-2c

(= )
X -1+ .
1—2c 34+ 2c¢

Modifications due to the custodial model are of higher
order. We find the general RS prediction C%R/ RL— 0 and

F(c)
(1 + 2¢)?

flo)=

(A7)

1 (muUI)Zif(CQ,-)(Udmd)B

CR=— -
M vlu '
KK T (UaU ) A9)
CRL — 1 (maUp)yif(co)U,m,);,
My (Uqu)zz

where the coefficients should be matched at the KK scale.
The evolution down to the bottom mass is treated in
Appendix D.

APPENDIX B: WILSON COEFFICIENTS OF
PENGUIN OPERATORS

At O(v?/M%y) the Wilson coefficients of the penguin
operators in Eq. (14) are explicitly given by [13]

PHYSICAL REVIEW D 84, 095016 (2011)

T (A/ )23 T
cs = T 20 _ )
ST, 2N, e, P
To
CRS =B = _ZM%:K (AD)23,
CRS — T (A/D)Z%
> Mk 2N, B1)
27« 2o
o’ = 2T (A ).
7 9MI2(K( D)Z’% 3 %VMzKK( D)23
o = i =0
2o 2T
C8 = ——(Ah)y + =55 (Zp)n,
9 9 12(1( D/23 3S%VM%K DJ23

where s,, (c,,) is the sine (cosine) of the Weinberg angle,
and

1 52 M
3p= deL(— — —W>AD + —XK§5,. (B2)
272 3 m%

These results are to be evaluated at the KK scale and are

valid for the minimal RS variant for w% = 1. In the
custodial RS model with Pji-symmetry, one finds
wéL = 0 [26]. Exact analytic expressions for Ap, Al
and &, can be found in [17]. However, as we only deal
with light SM quarks in the initial and final state, it is
convenient to apply the ZMA to the above expressions.
Therefore we have to replace

F2
Ap— U diag[ﬁ]Ud,

+
+ 2¢
T 4 0;
AID — Ud dlag[sz(CQi)]Ud;
as well as
1 t
SD — —Zded
KK
1 1 F(cy,)
X di -1+ d w .
‘ag[1 ~2c, (Fz(cd[_) 3+ 2cd,):| A
(B4)

In the custodial model with extended Pji-symmetry, the
term « 1/F 2(cd[) in 8, is zero [26]. All other expressions
hold for both scenarios. The running of the penguin coef-
ficients is also treated in Appendix D.

APPENDIX C: WILSON COEFFICIENTS FOR
AB = 2 OPERATORS

The AB =2 operators that contribute to the B9-BY
mixing amplitude at tree-level are given by @, 9,, 9,
and Q5. There is no mixing between Q; and 9, under
renormalization. The anomalous dimension for both cases
is given by yOVLL = 6 — 6/N, [55]. The operators Q4 s
mix under renormalization and the anomalous dimension
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matrix can be taken from [55,56]. The running of the
coefficients is described by the general formula (DI).
Defining &dd and &Qd in analogy to (A4), the RS coef-
ficients evaluated at the KK scale are given by [13]

CcP = (U )Zz(Ud)13(AQQ)zj(Ud)Zj(Ud)ﬂ
My
Qg 1 i (T¢ =530, a
<505 oo B ]
C~‘llzs - M—IQ(K(W+)21(Wd)13(Add)tj(Wd)2](Wd)
a; 1 dudey (53 0a)
X[?(I_N_)—i_Q%a (w5 *)—55— 232 ]
CS = —2a M2 (U )2i(Ua)i3(A p0)i;(W ;)Zj(Wd)ﬁ
KK
CY¥ = (U )2t(Ud)t3(AQd)z/(Wd)Zj(Wd)ﬂ
kK
2a; ol 452.04(T§ — s204)a
[ . At 522, ]
(CDh
Here we have introduced the correction factors w?% Wthh

are equal to 1 in the minimal RS model, and given by

1 (s%‘,(Tiq — Q1) — C%VTISJI)
WA T =00

3/ ! 3/
X(s%v( " —Q‘f)—cZTR">
314 S Qq

in the custodial RS variant with Pjgr-symmetry.

Numerically we find wéLdL ~ 209, a)g’?d’* ~ 150.9, and
deR ~

lel
wy l+c2—s
w w

(C2)

—15.7. The quantum numbers Tzq can be found
in [26] and T;% = T¢.
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APPENDIX D: RUNNING OF THE AB =1
COEFFICIENTS

Concerning the evolution of the RS Wilson coefficients,
we will restrict ourselves to the LO running in «,. Within
the operator basis Q = (Q, 0», O3 1), the anomalous
dimension matrix ¥, which is a function of N, ng, n,,
and n,; (number of colors, flavors, up-, and down-type
quarks), can be found in [57,58]. The running of the
coefficients is given by

Cm,) = U (my, m)U (m,, Mgx)C(Mgg), (D)
where
) ©/280(n))\ A
U(nf)(/.Ll /-LZ) = ([W]Y 0 f) V*l. (DZ)
" () D
M1

Here, V diagonalizes y©" via y© , = V"'V and 7©
contains the entries of y®,. The QCD beta function is
given by By(n;) = (11N, — 2ny)/3, and we fix the run-
ning of a,(w) at u = m, = 171.2 GeV and u = Mg =
2 TeV. As it turns out, there is a mixing between Q; and
0, independent of ny, n,, and n,. The evolution in the
penguin sector gets a small admixture from charged cur-
rents. The operators QLR/ RL and Q;R/ RL 40 not mix into the
penguin sector. Their internal mixing is identical to that of
the LL operators, and there is no mixing between charged
currents of different chiralities. For the running of the
LR/RL coefficients, we insert

_ 6
y<o>=( A 66)
6 -

into Eq. (D1), where this formula also holds for the LL
coefficients separately.
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