Chinese Physics C Vol. 43, No. 7 (2019) 073102

New physics search in the doubly weak decay B - Kt
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Abstract: The doubly weak transition b — dd5 is highly suppressed in the Standard Model, which makes it a poten-

tial channel for exploring new physics signals. We present a study of the exclusive two-body wrong sign weak decay

B’ — K*n~ , which belongs to this class, in the perturbative QCD framework. We perform a model independent ana-

lysis for various effective dimension-6 operators for which large effects are possible. We further analyze the con-

sidered process in the Randall-Sundrum model, including the custodially protected and the bulk-Higgs Randall-Sun-

drum models. Exploring the experimentally favored parameter space of these models leads to a large and significant

enhancement of the decay rate compared to the Standard Model, which might be accessible in future experiments. We

propose to search for the wrong sign decay B° — K*n~ via flavor-tagged time-dependent analyses, which can be per-

formed at LHCb and Belle-II.
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1 Introduction

With only the loop diagram contributions in the
Standard Model (SM), rare B-mesons decays induced by
flavor-changing neutral-current (FCNC) transitions
provide an interesting possibility for exploring virtual ef-
fects from new physics (NP) beyond SM. Various FCNC
processes, which are sensitive to any new source of fla-
vor-violating interactions, are extensively studied in SM
and in many of the extended models. With more and
more precise experimental measurements, many NP para-
meters are severely constrained by these channels. Ex-
amples of this kind of decays are radiative, leptonic and
semi-leptonic decays, which have relatively smaller the-
oretical hadronic uncertainties.

Among the purely hadronic decays, B — Kn decays

have been studied in different NP scenarios [1,2]. In SM,
the main contribution to these channels comes from the
penguin-induced FCNC transition b — §qG3 (q = u,d).
Grossman et al. [3] studied the isospin-violating NP con-
tributions in B — Kn decays. Focusing on B* — Kn de-
cays, these authors have explored the relevant observ-
ables for probing the parameter space of different NP
models. In addition, B — Kr decays have been investig-
ated as a solution of the so-called B — Kx puzzle in SM
[4] and in different NP models [5,6]. However, from all
these studies of rare hadronic decays, one can not make a
definitive conclusion concerning new physics signals.
One of the reasons is that the difficulties due to the theor-
etical hadronic uncertainties are much greater than expec-
ted.

An alternative strategy is to search for rare b decays,
which have extremely small rates in SM, so that mere de-
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tection of such processes will indicate NP. Along these
lines, Huitu et al. [7] have suggested the processes
b — ssd and b — dds as prototypes. In SM, the doubly
weak transitions occur via box diagrams with up-type
quarks and W inside loops, resulting in branching ratios
of approximately O(107!?) and O(107'%), respectively.
Furthermore, both inclusive and exclusive channels for
these transitions in different scenarios beyond SM have
been investigated [8-13], and it is predicted that in differ-
ent NP models they can be greatly enhanced. Notably,
Pirjol and Zupan [14] performed a systematic study of
two-body exclusive B — PP,PV,VV modes based on
b — ssd and b — dd5 transitions, both in SM and for sev-
eral NP models, such as NP with conserved global
charge, minimal flavor violation (MFV), next-to-minim-
al flavor violation (NMFV) and general flavor violating
models.

However, the measurement of these two-body doubly
weak decays, mediated by the b — dds and b — ssd trans-
itions, is challenging, since in most cases they mix with
the ordinary weak decays through BY - B mixing or
K%- K0 mixing. In the case of the b — dds transition, the
only suggested clear channels for experimental searches
are the multi-body decays such as B* - n"2a*K~ and
B? — K~K~n*n* , that occur either directly or via quasi
two-body PV (B* — n*K*) or VV (B? - K*K*°) modes,
respectively. Both B-factories have given the upper limit
for the B* — n*x* K~ decay [15,16], whereas the latest
one is reported by the LHCb collaboration to be
B(B* — 1" 7t K™) <4.6x 1078 [17]. Due to the lack of reli-
able QCD predictions for branching ratios of three body
decays, it is difficult to interpret these upper limits as
constraints for the new physics parameters.

In this paper, by employing the perturbative QCD fac-
torization, we calculate the exclusive two-body pure anni-
hilation decay B’ — K*n~ induced by the b — dd5 trans-
ition. This decay can occur only through the annihilation
diagrams in SM because none of the quarks (antiquarks)
in the final states are those of the initial p meson. It is ex-
tremely rare in SM. Therefore, any new physics contribu-
tion can be overwhelming. Since B® can mix with BY, it
was thought previously that this channel is not distin-
guishable from the B — K*n~ decay with large branch-
ing ratio of the order of 10~°. Here, we would like to point
out that with a large data sample one can search for the
suppressed wrong sign decay by performing a flavor-
tagged time-dependent analysis, following Ref. [18]. Ex-
perimentally, one can identify B° or B® mesons at the pro-
duction point, e.g. using the charge of the lepton from the
semi-leptonic decay of the other B/B meson. In general,
the time-dependent decay rate of the initial B(B°) to the
final state K*x~ is proportional to exp(-I't)[1 ¥ C cos(Ami)+
S sin(Amt)], where Am and T" are the mass difference and
decay width of the BO—B0 system. Without the wrong

sign decay, one expects C =1 and S =0. This can be
tested at Belle-II, LHCD and its future upgrade. Any devi-
ation from C =1 and S =0 is a signal of the wrong sign
B® - K*rn~ decay, which may give an indication of new
physics.

In this work, we also found another advantage of the
wrong sign B’ — K*7~ decay. The effective operators in-
volved in the doubly weak decays b — dds and b — ssd ,
usually also contribute to x0— k0 and B— B mixing, or
B°— BY mixing. Thus they are severely constrained by the
mixing parameters measured in high precision experi-
ments, which cannot contribute much to the hadronic B
decays. On the contrary, in a particular NP model with
conserved charge, some of the new physics operators that
contribute to the wrong sign B® — K™z~ decay through
the annihilation diagram may not be severely constrained
by the meson mixing parameters, due to the hierarchies
among the NP couplings. These operators, with pseudo-
scalar density structure, survive helicity suppression by
the chiral enhancement mechanism. This can lead to a
branching ratio of the wrong sign decay which is suffi-
ciently large to be measured by experiments. Even in the
absence of the signal, with only an upper limit, the meas-
urements of this type of decay will at least give the most
stringent constraint on the new physics parameters.

The paper is organized as follows. In Sec. 2, we cal-
culate the decay rate for the chosen process in SM. In
Sec. 3, we consider a model independent analysis of the
considered channel and give predictions for NP contribu-
tions in different NP scenarios. Next, we consider how a
specific NP model with tree level FCNC transitions, such
as the Randall-Sundrum (RS) model [19,20], could en-
hance the decay rate of B — K*x~ , while satisfying all
relevant constraints. For this study, we consider two mod-
els known as the RS model with custodial protection
(RS,) [21-25] in Sec. 4, followed by the bulk-Higgs RS
model [26] in Sec. 5. Relevant bounds and numerical res-
ults for the two variants of the RS model are given in Sec.
6. Lastly, we summarize our results in Sec. 7.

2 B > K*n decay in the Standard Model

The doubly weak decay b — dds can only occur in
SM through the box diagram, which is highly suppressed.
The local effective Hamiltonian for the b — dds trans-
ition is given by

HM = CM[(@2y b3y, )], (1)
where
G2 m? m2
CSM — —: 2W VisVig | VisVig f () + VesVig—5-8(x,0) |, (2)
TT mW

with functions f(x) and g(x,y) given explicitly in [7],
where x = m3, /m2, y = m?[m?,.
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The exclusive B — K™z~ decay, induced by the
b — dds transition, can only occur through the annihila-
tion type Feynman diagrams. In the perturbative QCD
framework (PQCD), according to the effective Hamilto-
nian, the four lowest order annihilation Feynman dia-
grams for B” — K*n~ decay are shown in Fig. 1, where

b d b d
_ U u
B B

i R a _

(a) (b)
Fig. 1.
are nonfactorizable.

We consider B° meson at rest for simplicity. It is con-
venient to use light-cone coordinates (P*,P~,kr), which
are defined as:

_Potps p-=Po—ps

v
The B? meson momentum P; and the momenta of K+ and
7~ meson, denoted respectively by P, and P3, can be writ-
ten as

M8 1.1,00), Pr="B1,0,0;), Py=_%

V2 V2 V2

P+

» kr =(p1,p2). (3)

P = 0,1,07).

“4)
The antiquark momenta k;, ky and k3 in BY, K+ and n~
meson are taken as

ki = (0,x1 Py, ki7), k» = (x2P3,0,kor), k3 = (0,x3P3, k3r),

(%)
where the light meson masses have been neglected. In
PQCD [27-31], the decay amplitude is factorized into soft
(@), hard (H) and harder (C) dynamics characterized by
different scales

.ﬂNfdxldXZdX3b1db1b2db2b3db3

X T C()@p(x1,b1) @D (x2,52) @ Dr(x3,b3) ()
X H(xi,bi, DS (x)e 5]

where Tr denotes the trace over Dirac and color indices,
and b; are conjugate variables to k;; of the valence
quarks. The wuniversal wave function @y (x;,b;)
(M = B,K,r), describing hadronization of the quark and
anti-quark into a meson M, can be determined in other
decays. The explicit formulas are given in Appendix A.
The factorization scale 7 is the largest energy scale in H,
as a function of x; and b;. The Wilson coefficient C(r) res-
ults from the radiative corrections at short distances,

(a) and (b) are factorizable diagrams, while (¢) and (d)
are nonfactorizable. The initial » and d quarks annihilate
into d and 5 quarks, which then form a pair of light
mesons by hadronizing with another pair of uiz produced
perturbatively through the one gluon exchange mechan-
ism.

Feynman diagrams which contribute to the B® — K*z~ decay to leading order, () and (b) are factorizable diagrams, (c) and (d)

which includes the harder dynamics at a scale larger than
the mp scale, and describes the evolution of the local 4-
Fermi operators from my down to the ¢ scale. Using the
threshold resummation [32], the large doubly logarithms
(In®x;) are summed, leading to S,(x;) which suppresses
the end-point contributions. 5@, called the Sudakov
form factor [33], contains resummation of two kinds of
logarithms. One of the large logarithms is due to the
renormalization of the ultra-violet divergence Inth, and
the other is a doubly logarithm In?b arising from the
overlap of collinear and soft gluon corrections. Such
factors suppress effectively the soft dynamics, making the
perturbative calculation of the hard part A reliable.

By inserting the SM operator given in Eq. (1) into the
vertices of each Feynman diagram, we calculate the hard
part H to first order in «, and obtain the analytic formu-
las F, and M,;, which represent the factorizable and
nonfactorizable annihilation diagram contributions, re-
spectively. The explicit expressions for F,; and M, are
given in Appendix B. It is obvious that these annihilation
type contributions are suppressed compared to the emis-
sion diagrams, which agrees with the helicity suppres-
sion argument. Finally, the total amplitude for the con-
sidered process in SM is given as

AM=F [gCSM] + Mot [CSM]’ )
with the expression for the decay rate
Py M | ASM[? ®)
64n ’
we calculate the branching fraction of the B® — K*n~ de-
cay in SM
BB > K7 )yM=1.0x10"". 9)

Obviously, this is well below the current experimental
measurement abilities, so this channel can turn out to be
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an ideal probe of NP effects.

3 Model independent
B - K*n decay

analysis of the

In this section we present a model independent ana-
lysis of the NP contributions to the exclusive decay
B® — K*7n~. We start with the most general local effect-
ive Hamiltonian with all possible dimension-6 operators
[3]

B) —_ —
ngp = Z[C,Ol + CjOj], (10)
=1
where
O = dryubr)diy"sp),
0> = ([drbr)(dgs1). O3 = (Al \des)),
Os = (drbu)(dysp), Os = (@D si). (1)

The O ; operators represent the chirality flipped operators
which can be obtained from O; by L < R exchange. In
SM, only O; is present. The new physics beyond SM can
change the Wilson coefficient of operator O;, and it can
also provide non zero Wilson coefficients for the other
operators. These Wilson coefficients are not free para-
meters, as all of them also contribute to K% —K° and
BY— B mixing. The experimentally well measured mix-
ing parameters give stringent constraints on the Wilson
coefficients. This is the main reason why in many new
physics models one can not get large branching ratios for
the b — dds or b — ssd decays, see for example [34].

We first assume that NP only gives a contribution to
the local operator O, similar to SM, which is true for a
large class of NP models including the two-Higgs doublet
model (2HDM) with small tan 8, or the constrained min-
imal supersymmetry standard model (MSSM) [13]. The
NP Hamiltonian for the b — dds transition in this case is
the same as for SM in Eq. (1), but with a new Wilson
coefficient C9%*. The decay width of B — K*x~ will also
have the same formula as in the SM case. The corres-
ponding Hamiltonians for k9 — x° and B0 — B° mixing are

[HE =21 = CR(dpyuso)diysp), (12)

[Haf =1 = C(dryub)dLy'br), (13)
where the coefficients
CI% ~ \JCKCP. Since the SM results for K°-K° and
BY-B° mixing are in good agreement with the experiment-
al data, there is not much room left for the new physics
contributions.

Next, if the NP contributions come from the non-
standard model chiralities, and considering each non-
standard operator in O; individually, the decay amplitude

in general have the form

is given by
_ ~ 4 -

AB - Kin) = Faj[gcj!'“] +Maj[c;?‘“], (14)
where j=2,3,4,5. The explicit expressions for F 43.44.45
and Mu.43,44.45 are given in Appendix B. Similarly, for
O,_s5, we have

_ _ B 4, .
A B - K'n )=Fa,-[gcjd‘f]+ma,-[—c§d'f]. (15)

The corresponding decay widths of each individual oper-
ator 0,5 and O, _s are given by
3
— _ nt, — 2
;B —K'n) = 671%(30 —Sktm)|T,  (16)

3
—_ m ~ —
[,B - K'n) = 2 | A B - Koo, an

We define the ratio R of the branching ratio of the wrong
sign decay to the corresponding SM branching ratio of
the right sign decay (induced by the b — suir),

_ BB’ - K*n)

" BB - K-nt)’
We consider the corresponding LO PQCD prediction for
the right sign decay, whose amplitude is given by Eq.
(22) of [28], while the numerical predictions of the fac-
torizable and nonfactorizable amplitudes are listed in Ta-
ble 1 of [28]. With a direct experimental measurement of
the ratio R, one can give a constraint for each individual
Wilson coefficient of the new physics operator in Eq.
(11). As an example, by considering each non-standard
model NP operator, we give in Table 1 the upper bound
on the corresponding Wilson coefficient by assuming that
the current experimental precision can limit the ratio R to
less than 0.001.

(18)

3.1 NP with conserved charge

We start with an NP scenario that involves the ex-
change of NP fields carrying a conserved charge. A par-

Table 1.

ard new physics operators obtained by assuming an experimental

Upper bounds on the Wilson coefficients of the non-stand-

precision of R < 0.001.

allowed range/ (GeV )

parameter
Ci <1.1x1077
Cy <63x107
C, <6.8x107°
Cs3 <5.1x1078
Cs <53%x1078
Cy <49%107°
Ca <4.2x10™
Cs <1.6%x107°
Cs <7.3%1077
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ticular example of a scenario of this type is the R-parity
violating MSSM [13]. In this class, one can start with NP
Lagrangian of a generic form [14]

Laavor =8p—a(dUD)X + gasp(BTd)X + g5—a(dl'5)X
+ g4—s(STd)X +h.c., (19)

assuming that field X with mass My carries a conserved
quantum number broken only by the above terms. Flavor
changing operators are then obtained after integrating out
field x. In this example, one can consider the hierarchies
in NP couplings such that the mixing constraints can be
trivially satisfied, leaving the b — dd5 transitions unboun-
ded. To illustrate this point, we consider four scenarios.
In scenario 1 (S1) and scenario 2 (S2), we consider that
NP matches onto the local operators O; and O, respect-
ively, while in scenario 3 (S3) and scenario 4 (S4), NP
matches onto the linear combination of local operators
04, O4 and Os, Os, respectively. As S2, S3 and S4 in-
volve local operators with non-standard chiralities, it will
be convenient to define the normalized matrix elements
of these non-standard operators with respect to the SM
operator O.
(M>M3|0,|B)
(M, M3|01|B)’
where j=2,3,4,5. Similarly for 51_5, where we denote
the ratio as 7.

Starting with S1 and S2, the NP Hamiltonians are giv-
cn by [7‘{5?5] = C‘lidgnQCDOl, [7_{;1215] =5§1d§7]QCD51, where

VJ(B - M2M3) = (20)

o= 1
C‘de=C‘fds=—2(gb—>dg2_>s+gs—>d82_>b)- As for the RG run-

ning of the coéfficients C9% and C% from the weak scale
my to myp, we suppose that there is no new particle within
these scales, and that the evolution of both coefficients is
the same as in QCD. The evolution factor to NLO is giv-
en by nocp(mp) = 0.87. For S3 and S4, the NP Hamiltoni-
ans and the corresponding Wilson coefficients can be
written as [HEE] = f,-QCD(C;"”O j+5j?d§(3 ,-) and CY% =
1/ M3 (8548}, ), C4%° = 1/M3(85-a8_,)> With j=4,5 for
S3 and S4, respectively. Similarly to the previous case,
we factor out NLO QCD corrections for the Wilson coef-
ficients in S3 and S4. However, the situation is different
here as the operators O4(0), and Os(0)s mix under renor-
malization such that the RG evolution operator is a 2 x?2
matrix, so that each Wilson coefficient gets a small mix-
ing induced contribution at NLO, which we ignore.
Therefore, keeping only the dominant contributions we
obtain fiocp =2, while fsgep = 0.9. Considering the cor-
responding Hamiltonians in all four scenarios, we get the
bounds for k0 — K9 and B° — B® mixing

gs—a&, | 1 18048,
2 Ky\2~ 2
M2 (A%) M2

o (21
(A; )?

where j=1for S1 and S2, while S3 and S4 correspond to

j=4,5, respectively. Considering the relations
ICil = 1/(A%)?, ICY| = 1/(A%)?, where v =K, By, for KO-K°
and BY-B° mixing, respectively, the lower bounds on the
NP scales Af and Af" [35] are listed in Table 2, with

Im(Cj.( ) additionally constrained from eg.

Table 2.
B0 — BY mixing [35].

Lower bounds on the NP scales coming from g0 — K0 and

KO _KO BO_BO
operators
parameter lower limit/TeV ~ parameter lower limit/TeV
O Af 1103 AP 210
0, AY 73%10% NS 12x10%
05 Af 4.1x10° NS 600
04 A 17x 103 AZ 22x10°
0s A¥ 10x 103 NG 1.3x 103

To keep the b — dds transition unbounded and large,
we take as case-l g4 = gpq = 1, where the bounds in
(21) can be trivially satisfied, if for instance
8s—d = &d—b = 0. As mixing bounds do not constrain My
in this case, the ratio Ry can be as large as possible. For
example, after assuming that the NP scale My lies around
the TeV scale, the obtained ratio Ry in each scenario is
listed under case-I in Table 3. One can see that the result-
ing ratio Ry, after satisfying the mixing constraints, is
very large in each scenario compared to the SM result
(Rsm). Therefore, the measurement of the ratio Ry, with
an upper limit for the B® — K*z~ branching ratio if no
signal is found, will provide the most stringent constraint
on the operators in this example of NP.

Further, we assume a higher NP scale at 10 TeV. The
resulting PQCD prediction for the ratio Ry in correspond-
ing scenarios is listed in Table 3 as case-Il. In scenario
S3, the predicted ratio, after satisfying the mixing con-
straints, is large enough to provide stringent constraint for
the coefficient of the operators O or Q4. On the other
hand, the obtained ratio Ry in (S1, S2) and S4 give nine
and eight orders of magnitude increase, respectively,
compared to the SM result, although it is very difficult to

Table 3.
the branching fraction for the right sign decay, after satisfying the

Ratio of the branching fraction for the wrong sign decay to

mixing constraints, in the case of NP involving conserved charge
(Rx). S1—S4 represent NP scenarios corresponding to the presence
of different NP operators (see text for details).

Rx
scenarios Rsm

Myx/TeV  case-l  My/TeV case-11

S1 0.085 8.5x1070
6.8x 10715
S2 0.074 7.3%x107°
1.0 10

S3 55 0.005
S4 0.002 1.9%1077
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reach such a precision experimentally.

As case-III, we consider the situation where accident-
ally one of the g; couplings is very small. For example, if
we take g;_4s=0 and all the other g; =1, then K0 -K°
mixing bounds in (21) are trivially satisfied, while B° — B°
mixing yields a lower bound on My. In this case, the
bound on My isin each scenario more stringent com-
pared to the previous cases. Therefore, the predictions for
the ratio R obtained for scenarios S1, S2, S3 and S4 are of
the order of 1071, 10~'2 and 1076, respectively. However,
compared to Rgy, as given in Table 3, S1 and S2 give
four and three orders of magnitude enhancement, respect-
ively.

3.2 NP scenarios with MFV and NMFV

In MFV [36], the coefficients can be considered as
F
C'=——
7 [(AME)'T?
transition, and K°—k° and B° - B mixing, respectively.

where v=4dds,K,B; for the b— dds

First, we consider the class of MFV models in which
AF =2 processes are strongly dominated by the same
single operator with the (V —A) x (V — A) structure [36], as
in the low energy effective Hamiltonian of SM. All the
other non-standard operators (O,_s and O;_s), if gener-
ated, are suppressed and do not contribute significantly.
For instance, in the MFV effective theory [36], the non-
standard dimension-6 FCNC operators for AF =2 pro-
cesses involving external down-type quarks can be con-
structed with the bilinear FCNC structure of the form
DrA4ArcQr, where Apc represents the effective coupling
for all FCNC processes with external down-type quarks.
Therefore, the constructed operators will be suppressed
by the Yukawa couplings (1) corresponding to the ex-
ternal masses. Example of this class of models are 2HDM
II and MSSM, provided that tanf (the ratio between the
two vacuum expectation values of the two-Higgs doublet)
is not too large. Therefore, in the MFV case with
small/moderately large tangB, we have F|=Fg,, and
F ; L = 0. Fg,, are the appropriate CKM matrix elements,
such as  FS=v,v:v,v:,  F&,=W,V:)? and
F f{(/l = (V,,,V,*d)z. In this case, the UTfit collaboration has
given, from a global fit, a model independent lower
bound on the MFV scale (Avry), at 95% probability, such
that (Ampv), > 5.5 (5.1) TeV for small (moderately large)
tanB [35]. We define the suppression scales that include
the hierarchy of the NP induced flavor changing coup-
lings, such that

dds
FSM = 1 FgM = 1
[(AMp)™ 2 (AJ95)? [(Ampv)K12 (AF)?

Fau I
= . 22
[(Amr) 1 (AD2 =

With all parameters known, one observes that the sup-
pression scale AY‘S is the geometric average of the NP
scales in K9—K° and BO—B° mixing, A% = \JAKAD.
The resulting order of magnitude prediction for the ratio
R(Oy) is 107'¢ for small tanB , while it is of the same or-
der as the SM prediction for moderately large tang.

Next, we consider the class of MFV models, often
called generalized MFV models (GMFV), in which the
non-standard operators (O,—s and O;_s) are allowed to
contribute significantly to the AF =2 processes. The
above mentioned models, 2HDM II and MSSM, trans-
form to GMFV models for very large tanB [37]. Gener-
ally, in models with a two-Higgs doublet and very large
tanB, the most prominent contributions from the non-
standard operators to the AF =2 processes with external
down-type quarks, come from the O, operator, which ori-
ginates in the MFV effective theory as (DrAydrcQr)
(OrArcAqaDr) [36]. Although still suppressed by the
Yukawa couplings (14), the corresponding O4 operators
in the case of B)—BY) mixing (¢ =d.,s), give non-negli-
gible contributions for very large tang, so that [36]

B (ap +ay)(ap+az)

q

4 [(Amrv)Er 12

In this case, the UTfit collaboration obtained the lower
bound on (Amgy),, which represents the NP scale corres-
ponding to the mass of non-standard Higgs bosons [35]

(AMFV)4 =My>5 Y (ap+ay)(ao + aﬁ(%{)TeV. (24)

In order to give a prediction for the ratios R(O4) and
R(O,), it is required to opt for a specific model to obtain
the ag 1 factors, which represent the tanB-enhanced loop
factors of O(1). However, irrespective of the particular
values of ag;> and tang, the prediction of R(O;) and
R(O,) will be smaller than Rsy because of the sup-
pressed Yukawa couplings in C%4° and C4%.

In NMFV [38], we have |F§.’| = Fg,, with an arbitrary
phase, so that the strict correlation between the Wilson
coefficients is lost, and we have approximately

ApAgFyy. (23)

A?di ~ /AfAf”. Considering each operator O; separ-
ately, one can obtain the approximate value of the sup-
pression scale A" by using the bounds from Table 2.
The corresponding PQCD predictions for the ratio R(O)),
with j=1,2,3,4,5, are of O(107'2), O(10713), O(1071%),
0(107'%) and O(107'7), respectively. Although the PQCD
amplitudes for the O ; operators are slightly different, the
predictions of the order of magnitude for the ratios R(5 )
remain the same.

The model-independent results of the UTfit group
[35] suggested that the scale of heavy particles mediating
tree-level FCNC in NMFV models must be heavier than
~ 60 TeV. An application of these results to the RS-type
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models [39] showed that the measured value of ex im-
plies that the mass scale of the lightest KK gluon must lie
above ~ 21 TeV, if the hierarchy of the fermion masses
and weak mixings is solely due to the geometry, and the
5D Yukawa couplings are anarchic and of O(1). A follow
up study of the RS, model [40], while confirming the res-
ults of [39], pointed out that there exist regions in para-
meter space, without much fine-tuning of the 5D Yukawa
couplings, which satisfy all AF =2 and EW precision
constraints for the masses of the lightest KK gauge bo-
sons, Mkx =~ 3 TeV. Therefore, in a specific NMFV mod-
el the bounds, including the accidental cancellations of
the contributions of different operators, can be weaker.
We study the B® - K*n~ decay in the RS-type models
below. Moreover, while considering any specific NP
model one must consider additional bounds, apart from
those from k0 — K9 and B® — B mixing.

Finally, we assume that the NP scale is at the mass
scale probed by k0 — K° mixing, such that the correspond-
ing Af are given in Table 2, and all flavor violating coup-
lings are of O(1). The resulting ratio R(O;) is one order of
magnitude larger than the SM prediction, while for all
other cases, it is of the same order of magnitude as the
SM value, or even smaller. Similarly, for the O; operat-
ors, the order of magnitude of the predictions for R(5j)
remains the same as for R(O).

4 B’ - K*z~ in the custodial RS model

In the RS model with custodial symmetry, we have a
single warped extra dimension with the SM gauge sym-
metry group enlarged to the gauge group SU(3).%
S U(Z)L xS U(Z)R X U(l)x X Prg [21 23] In the RS model
the B® — K*zn~ decay, occurring through the b — dds
transition, is mainly affected by the tree level contribu-
tions from the lightest KK excitations of the model, such
as the KK gluons GV, KK photon A() and the new heavy
EW gauge bosons (Zy,Z’), while in principle Z and the
Higgs boson should also contribute. Since Zb;b; coup-
ling is protected by the discrete Py g symmetry in order to
satisfy the EW precision constraints, the tree-level Z con-
tributions are negligible. Moreover, in the RS, model,
AF =2 contributions from the Higgs boson exchanges are
of O(v*/Mkx*) [41], which implies that the Higgs FCNCs
have limited importance. For the AF = 2 observables, the
Higgs FCNCs provide the most prominent effects on the
CP-violating parameter ex, but even in this case they are
typically smaller compared to the KK-gluons exchange
contributions [42]. Therefore, for the considered RS,
setup [23], realizing the insignificance of the possible
Higgs boson effects in the AF =2 processes, we ignore
them in our study of the B — K*7~ decay.

Furthermore, neglecting the corrections from the EW

symmetry breaking, and the small SU(2)z breaking ef-
fects on the UV brane, we assign a common name to the
masses of the first KK gauge bosons

Mgm = MZH = MZr = MA(I) = Mgn = 2. 45MKK’ (25)

where the KK-scale, Mk ~ O(TeV), sets the mass scale
for the low-lying KK excitations. The dominant contribu-
tion comes from KK gluons (G'"), while the new heavy
EW gauge bosons (Zy,Z’) can compete with it. The KK
photon A gives a very small contribution.

For the B — K*zn~ decay, tree level contributions
from the lightest KK gluons GV, the lightest KK photon
AWM and (Zy,Z’) lead to the following effective Hamilto-
nian

[ﬂeﬂf]Rs( =C}/LL01 + CYRR51 + CiRO4 + C5L54

+ C§R05 + C§L55, (26)

where the chosen operator basis is the same as in Eq.
(11), and the Wilson -coefficients correspond to
u=0(Mgy0). The Wilson coefficients are given by the
sum
Ci(Mgn) = [Ci(Mg)I®" + [CYM)T* + [C Mo )7,
27)
with j=1,4,5and i = VLL,VRR,LR,RL. We point out that
in the RS, model, compared to the similar k9 —k° and
B — B® mixing processes [40], the B — K*n™ decay re-
ceives additional contributions from the O, and Os oper-
ators. Using the Fierz transformations, we calculate the
contributions to the Wilson coefficients from KK gluons,
denoted by [C".(Mgm)]gm in Eq. (27), to be

(1)

[CY (M8 = PoviAP(GNAL (G )],

3[Mo]?

[CYRR(M)19" =

S P VAR @A G )],
CH M =~ s P I )
[CRE M) = - TUAE PV IAR (GIIAF G,
[CER(M)I¢" = L, ]2pUVZ[Aib(g(”)J[AZS(QU))J,
[CRH (M )18 = St APGENAE GO,

(28)
where pyy parameterizes the influence of brane kinetic
terms on the S U(3), coupling. We set pyy = 1. Similarly,
the contributions coming from the KK photon A and the
new heavy EW gauge bosons (Zy,Z’), are given by

[CYEE (M) = ——— [AP(AD)[ABAD)],

[Mgo 2

[CYRRM )Y = —— [A%(AD)][A%(AD)),

M2
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[CER (M) = - —=— [AP(AD)][AL (AD)),

Mo ]2

[CEH M) = - ——— [APADALFAD)],  (29)
[Mgm]
VLL ZnZ _ db ;7D\ ads (1)
[CYH (M) —[M(,,]ZIA VADINEPAS)
+ AP A ZON,
CVRR(Af V2 = Adb 7(1) Ads 7(1)
[CY (Mg [Mg(.)]z[ ZMag @)
+ AL A ZON,
[CER(M )7 = SIAPPZD)AR D)
[Mgo]
+ AP ZOIAGZO,
[CSE MgV == ——— [ ZD)AP (ZD)
[Mgo]
+ AR AP TN, (30)

where the different flavor violating couplings A% (V) and
APV, with V=D, AD, z0, Z), are given in Ref.
[40]. These couplings involve overlap integrals with the
profiles of the zero mode fermions and shape functions of
the KK gauge bosons.

Similar to Fig. 1, we calculate the LO diagrams for
the B’ - K*n~ decay in the RS, model in the PQCD
framework. We adopt (F,1, Fu, Fas) and (Mgr, Maa, Mas)
to stand for the contributions of the factorizable and non-
factorizable annihilation  diagrams from  the
(01,01) (04,04) and (05,05) operators, respectively. In
PQCD, the Wilson coefficients are calculated at the scale
t, which is typically of O(1 —2) GeV. We employ the RG

running of the WC's from the scale M, to r. The relevant
NLO QCD factors are given in Ref. [43]. Moreover, one
loop QCD and QED anomalous dimensions for the oper-
ator basis corresponding to the b — ssd and b — dds
transitions were derived recently [44]. Finally, the total
decay amplitude for the B — K*zn~ decay in the RS,
model is given by

A=Fq [;-‘ (CYH+CYRR)

+Fa4

g (cﬁ’e + CfL)}

+Fas g (CER+ CEM) [+ M| CYHE - YRR

G

where the obtained expressions for the factorization for-
mulas (FalvFa4a FaS) and (Mal’Ma47 MaS) are given in
Appendix B.

+ Maa| CER = CRE| + Mas| CEF - CE],

5 B’ - K*z~ in the bulk-Higgs RS model

The bulk-Higgs RS model is based on the 5D gauge
group SUQ3).xSUQR)y xU(1)y, where all the fields are
allowed to propagate in the 5D space-time including the
Higgs field [26]. For the B’ — K*n~ decay in the bulk-
Higgs RS model, we consider contributions from the tree-
level exchanges of KK gluons and photons, the Z boson
and the Higgs boson, as well as from their KK excita-
tions and the extended scalar fields ¢#™, which are
present in the model. Furthermore, in the bulk-Higgs RS
model we consider the summation over the contributions
from the whole tower of KK excitations, with the lightest
KK gauge boson states having a mass Myn = 2.45 Mkk.
We start with the most general local effective Hamiltoni-
an as given in Eq. (10), containing all possible dimen-
sion-6 operators of Eq. (11), and calculate the Wilson
coefficients at O(Mkx)

N

4nL 1
Ci= M—(AD)B ®(Ap)i2 [—(1 - —)+aQ;+ f‘cz (T4 - stif],

KK

~  4nL
Ci = M—(Ad)13®(Ad)12[—(1——)+6¥Qd+ 7} 2( Qusy,) ]

KK
dnLag

M2, Ap)ia ®(Kd)12 -

Cy=-

47r

— L
Cy= A3 ®(A -
4 Yz “(A)13®(Ap)i s

KK

anL
Cs= M_(AD)IS ®(Aa’)12[ —2aQ%+

KK

—~ 4rL
Cs= M—(Ad)13 ®(Ap)i2 [— —2aQ%+

KK

(Qd)ls ®(Qp)12,
My

Q)30 Q)12
KK

= E (T = 0us2)(Qus? >]

W W

= T - Qa2 )(Qus? >] (32)

W w
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where O, =-1/3, T§’ =—1/2, and N, = 3. B is a parameter
of the model related to the Higgs profile. The Higgs and
the scalar field ¢ give opposite contributions to the
Wilson coefficient C,, thus they cancel each other, giv-
ing C, = 0. Similarly, C; = 0. The expressions for the re-
quired mixing matrices (ZD(d))l3 ®(ZD(d))12 and (ﬁD(d))B@
(ﬁD(d))IZs in terms of the overlap integrals of boson and
fermion profiles, are similar in the bulk-Higgs RS model
to the ones given in [34,45], and are obtained by replace-
ment of the flavors in the b — dds transition.

The effective Hamiltonian given in Eq. (10) is valid at
O(Mxk), which must be evolved to a low-energy scale ¢ in
the PQCD formalism. Hence, for the evolution of the
Wilson coefficients we use the formulas for the NLO
QCD factors given in Ref. [43]. Similarly to the RS,
model, the LO PQCD factorization calculation of the total
amplitude for the B® — K*n~ process yields in the bulk
Higgs RS model:

4
3
+Ma1[C1 —Cl] +Ma4[C4—C4] +Ma5[C5 —Cs].

.7{=Fa1[ (C1+51) + Fuy g(C4+54)

+ Fys5 [g (C5 +E5)

(33)

The corresponding factorization formulas are given in
Appendix B. Finally, the decay rate in both RS models is
given by the expression
3
m
r=—2ap. 34
A (34)

6 Numerical results for the RS models

In this section, we present the results for the branch-
ing ratio of the B — K*n~ decay in the RS models we
considered. We first describe the relevant constraints on
the parameter spaces of the RS models coming from the
direct searches at the LHC [46,47], EW precision tests
[26,48-50], the measurements of the Higgs signal
strengths at the LHC [26,50] and from the AF =2 flavor
observables [40].

In the direct search for the KK gluon resonances, de-
caying into a #f pair, recent measurements at the LHC
have constrained the lightest KK gluon mass My» > 3.3
TeV at 95% confidence level [47]. Furthermore, in the
RS. model, the EW precision constraints imposed by the
tree-level analysis of the S and T parameters lead to
Mgyn > 4.8 TeV for the lowest KK gluons and KK photon
masses [48]. Similarly, in the bulk-Higgs RS model, the
KK scale (Mxx) is constrained by the analyses of the EW
precision data [26], such that for a constrained fit (i.e.
U =0), the obtained lower bounds on the KK mass scale
vary between Mgk > 3.0 TeV for 8=0 to Mgk > 5.1 TeV
for B=10 at 95% CL. For an unconstrained fit, these

bounds are relaxed to Mkx >2.5 TeV and Mgk >4.3
TeV, respectively. Furthermore, comparison of the RS,
model results for all relevant Higgs decays with the LHC
data indicates that pp — h — ZZ*, WW* signal rates yield
the most stringent bounds, such that M« values less than
22.7 TeVx(y«/3) in the brane-Higgs scenario, and Mo
values less than 13.2 TeVx(y4/3) is in the narrow bulk-
Higgs scenario, are excluded at 95% probability [50].
Here, y, is an O(1) free parameter that is defined as the
maximum allowed value for the elements of the anarchic
5D Yukawa coupling matrices such that |(Y¢);;| < y.. Tak-
ing y,. =3, which is implied by the perturbativity bound
of the RS, model, leads to much stronger constraints on
Mo from the Higgs physics than those from the EW pre-
cision tests. Although these constraints can be relaxed by
considering smaller values of y,, one should keep in mind
that lowering the bounds up to the KK gauge bosons
masses implied by the EW precision constraints,
Mgy =4.8 TeV, requires very small Yukawa couplings,
v« < 0.3 for the brane-Higgs scenario [50], which in turn
reinforce the RS flavor problem due to the enhanced cor-
rections to the ex parameter. Therefore, it is required to
take moderate values of y, by increasing the KK scale, in
order to avoid the constraints from both flavor observ-
ables and Higgs physics. On the other hand, in the bulk-
Higgs RS model, the study of Higgs decays and the sig-
nal strengths [26] show that different fixed values of y,
can be considered in the range y, € [0.5,3] for the lightest
KK masses up to those allowed by the EW precision data.
Therefore, keeping these constraints in mind, we gener-
ate in our numerical analysis two sets of fundamental 5D
Yukawa matrices with y, = 1.5 and 3, for both RS mod-
els. Additionally, while exploring the parameter spaces of
both RS models, we apply the simultaneous constraints
from Amg, ex and Amp, observables in K9—K° and
B — BY mixing, relevant to our study of the B’ — K*n~
decay.

Next, similar to our previous analyses [34,51], we
generate two sets of data points for the RS, model, cor-
responding to anarchic 5D Yukawa matrices with y, = 1.5
and 3, with the nine quark bulk-mass parameters fitted to
reproduce the correct values of the quark masses, CKM
mixing angles and the Jarlskog determinant, all within
their respective 20~ ranges. For details we refer the reader
to [34,40]. Similarly, for the bulk-Higgs RS model, fol-
lowing Refs. [26,41], we generate two sets of anarchic
5D Yukawa matrices with y, = 1.5 and 3 for given val-
ues of 8 and Mxx. In general, lower values of y, can be
considered, but it is observed that for values y, < 1 it be-
comes increasingly difficult to fit the top quark mass.
Next, proper quark bulk-mass parameters cg < 1.5 and
cq, < 1.5 are chosen, which together with the 5D Yukawa
matrices reproduce the correct values for the SM quark
masses at the KK scale u=1TeV. Also, we consider two
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different values of 8, which correspond to different local-
ization of the Higgs field along the extra dimension. 8 =1
corresponds to the broad Higgs profile, while 8= 10 in-
dicates the narrow Higgs profile.

After generating the data points for the two RS mod-
els, we proceed to the numerical analysis. Figure 2 shows
a range of the branching fraction predictions for the
B° — K*n~ decay as a function of M, for two different
values of y, in the RS, model. The red and blue scatter
points represent the cases of y, = 1.5 and 3, respectively.
The area shaded in gray indicates the region of parameter
space excluded by the tree-level analysis of the EW preci-
sion measurements. Expressions for (mf)xk and (m?,)xx
relevant to k0 —K° and B° — B° mixing constraints, calcu-
lated in the RS, model, are given in Egs. (4.32) and (4.33)
of [40], respectively. As described previously, y, =3
value in the RS, model with the brane Higgs suffers from
strong bounds coming from Higgs physics. Therefore, for
the considered range of M, in Fig. 2, all scatter points
for y, =3 are excluded, and we do not discuss this case
further, except for a comparison with the results of the
bulk-Higgs RS model. In the case of y, = 1.5, and after
applying the simultaneous constraints for Amg, ex and
Amg,, we observe in Fig. 2 that most scatter points in the
allowed parameter space lie in the central region for each
value of Mg , while only a few points lies around the
edges. This implies that for a given value of M., the
more probable predictions of the RS, model are the ones
lying around the central region. For example, in Fig. 2,
for My» =13 TeV the central predictions for the branch-
ing ratio of the B” — K™z~ decay in the RS, model are
between O(107!©—10715), which is three orders of mag-
nitude above the SM prediction. On the other hand, there
are a few scatter points for Mg =13 TeV, which sug-

gests that the maximum possible enhancement of the
branching ratio is of O(107!3), indicating that an increase
of six orders of magnitude compared to the SM result is
possible in the RS, model.

The dominant contributions in the RS, model come
from the KK gluons. Observing the effects of the new
heavy EW gauge bosons Zy and 7’ on the B’ — K*7~ de-
cay, we found, in agreement with [40], that imposing the
Amg and eg constraints, Zy and 7z’ give subleading contri-
butions because the KK gluons still dominate the EW
contributions in the (mf,)kk expression due to the strong
RG enhancement of the Ci® coefficient. And the chiral
enhancement of the O, hadronic matrix element. In con-
trast, for the Amp, constraint, Zy and 7’ give comparable
contributions to that of KK gluons because the RG en-
hancement of the C4® coefficient is smaller and the chiral
enhancement of the matrix elements of the LR type oper-
ators is absent. Despite the fact that the chiral enhance-
ment of the matrix elements of the LR type operators in
the B, physics observables is absent, the matrix elements
of the O, and O, operators with (S —P)(S +P) and
(S +P)(S —P) structures are chirally enhanced in the
PQCD formalism used for the amplitude of the
B - K*n~ process. Also, as discussed previously, the
WC's in the PQCD are calculated at the scale 7 of
O~ (1-2) GeV, so that the RG enhancement is also
large. Both of these factors play a role in increasing the
B — K*n~ branching ratio in the RS, model, and togeth-
er ensure that KK gluon contributions dominate over Zy
and 7z’ contributions for a parameter point that satisfies
the simultaneous constraints for Amg, ex and Amg,.

In Fig. 3, we show the predictions of the decay rate in
the bulk-Higgs RS model for two representative values of
B, after simultaneously imposing the Amg, ex and Amg,

10—11 L

- -

+7T_)

10—15

B(B-K

10—17

107"9¢

10721

My [TeV]

Fig. 2. (color online) Predictions for the B® — K*x~ branching ratio as a function of the KK gluon mass M) in the RS, model for two
different values of y,. The gray region is excluded by the analysis of the electroweak precision observables.
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(color online) Predictions for the B® — K*z~ branching ratio as a function of the KK gluon mass M, in the bulk-Higgs RS

model with g=1and B =10. The red and blue scatter points correspond to y, = 1.5 and 3, respectively. The gray regions are excluded

by the analysis of the electroweak precision observables.

constraints. The red and blue scatter points again corres-
pond to model points obtained using y, = 1.5 and 3, re-
spectively. The gray shaded regions in Figs. 3(a) and 3(b)
indicate the parameter space excluded by the analysis of
the electroweak precision data for the cases of =1 and
B =10 . Here, we mention that while imposing the experi-
mental constraints for Amg, ex and Amp,, we set the re-
quired input parameters to their central values in both RS
models and allow the resulting observables to deviate by
+50%, £30% and +30%, respectively, in analogy to the
analysis in [40]. Again, we see in the figures that a large
number of scatter points in the allowed parameter space
lies in the central region for each value of M,w. In the
case of y, =3, there are more elementary fermions such
that their profiles are shifted towards the UV brane,
which results in more suppressed FCNCs compared to the
case of y, = 1.5. Therefore, from Fig. 3, we see that the
predictions of the B" — K*7~ decay rates for the paramet-
er points with y, = 1.5 are generally larger due to less
suppressed FCNCs than for y, = 3. However, the smaller
Yy« are subjecte to more severe constraints from flavor ob-
servables. Hence, after applying the Amg, ex and Amg,
constraints simultaneously, the maximum possible pre-
dictions for y, = 1.5 move towards the case y, = 3. Con-
sidering the maximum possible enhancement of the
branching ratio in Fig. 3(a), we note that the y, = 3 case is
subject to relatively less severe constraints from g9 — g0
and B° — B mixing, and the branching ratio of O(10~%) is
predicted for some parameter points. In the case of
v« = 1.5, the maximum possible branching ratio is of
0(10713) for a number of parameter points, which sug-
gests an increase of six orders of magnitude above the
SM prediction. Comparing the results for 8 = 10 with the
scenario with 8 =1, we observe a wider range of predic-
tions for both cases of y, in the case of g = 10. The max-
imum possible branching ratios in both cases of y, move
further above in the 8 = 10 scenario, but in general the or-
der of magnitude for the branching ratio remains the same

for both y, cases.
7 Conclusions

The doubly weak transition b — dds is highly sup-
pressed in SM, which makes it sensitive to any new phys-
ics contributions beyond SM. In this paper, we studied
the pure annihilation type rare two-body exclusive decay
B - K*7~, mediated by the b — dd5 transition, in the
PQCD framework. The wrong sign decay B® — K*7~ can
be distinguished from the right sign decay B® — K*n~ by
the time-dependent measurement of the neutral B decays
through BY — B° mixing. Therefore, we propose to per-
form a time-dependent analysis to search for the wrong
sign B® - K*n~ decay, which may expose possible NP
effects.

Starting with the most general local -effective
Hamiltonian for the b — dd5 processes, we analyzed the
B - K*7~ decay in a model independent way, where the
constraints on the Wilson coefficients of different new
physics dimension-6 operators were obtained for a specif-
ic experimental precision for the observable R. Moreover,
several examples of NP models, such as NP with con-
served global charge, minimal flavor violation (MFV)
and next-to-minimal flavor violation (NMFV), were dis-
cussed, and their predictions for the ratio R presented. In
the case of NP with conserved charge we pointed out that
due to the hierarchies among the NP couplings, the ratio
Ry in different NP scenarios can be very large, after satis-
fying the bounds from K9 —k? and B®— B mixing. This
mechanism represents a generalization of the sneutrino
exchange in R-parity violating supersymmetry. Further-
more, sizable enhancement of the ratio R is possible in
NMFV models in the presence of different new physics
dimension-6 operators.

We also presented the results for the B’ — K*n~
branching fraction in two types of RS models, after con-
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sidering all relevant constraints. In both models, the main
contribution to the decay rate comes from the tree level
exchanges of KK gluons such that, after satisfying the
Amg, ex and Amg, constraints simultaneously, for the case
of theRS. model with y, = 1.5, a maximum increase of
six orders of magnitude of the branching fraction is pos-
sible for a few parameter points. Similarly, in the bulk-
Higgs RS model, after considering all relevant con-

Appendix A: Wave functions

The wave functions describe the hadronization of a quark and
anti-quark into a meson j7, which is a non-perturbative but univer-
sal process. For the incoming p meson, the wave function is writ-
ten as

i
V2N.
where N, =3 is the color degree of freedom, and P, isits mo-
mentum. For ¢z, the model wave function was proposed in [27-
29,31]

Dp ap(x,b) = [(P1Y5)ap + mBysap| $50x.b), (A1)

1 MJ)Z B w%;b2 } (A2)

2 2
= 1— -
¢p(x,b) = Npx~(1—x) exp[ 2( s >
where the normalization constant Np is related to the decay con-
stant fz through
/B

242N,
The wave functions of the outgoing kaon and pion, up to twist-

3 accuracy, with momenta respectively P, and P; , are defined as
[52,53]

1
f dx¢p(x,b=0)= (A3)
0

i
V2N,
+ysmok ph(x2) = mokys(hY — Dok (02)lap,  (A4)

l .
(K*(P)lag(0)s4(2)I0) =~ fo dxy €222 ys Py g (x2)

. 1 )
<n*<P3>|J5<0>ua<z>|0>=—\/% fo divs €333 ys Py (x3)
+Ysmondh (x3) = moxys(P— DL (x3)lap,  (AS)

Appendix B: Analytic formulae

First, we present the auxiliary functions as

G3 = (1-x2)x3m3, (B1)

G2 = x3mj, (B2)

Gy = (1-x)mp, (B3)

G? = (1-x2)(x1 — x3)my, (B4)
G%=(1-x(1 —x1 = x3))m. (BS)

The hard scale ¢ in the amplitudes is selected as the largest energy

scale:

straints, the maximum possible enhancement of five and
six orders of magnitude is probable for y, =3 and
v« = 1.5, respectively, for both broad and narrow Higgs
profile cases. This decay is therefore interesting for
search of new physics in future experiments.

We are grateful to Qin Qin, Wei Wang, Qi-An Zhang,
Jing-Bin Liu and Chao Wang for useful discussions.

where n = (1,0,07) « P>, v = (0,1,07) o< P3, and the chiral masses are

2 2
m m
mog = ——— gz = —=—. (A6)
my, +mg my +mg

The light-cone distribution amplitudes ¢7 4, ¢% 4, and ¢, have
been studied within the QCD sum rules [52-54], and they are ex-
panded in the Gegenbauer polynomials,

Sk
G ) =5 ”(2;]0 6x(1-2)[1+a70C3(r)
+dy 0P +df 0] (A7)
P fzr(K) 5 2 1/2
Py (X) = VI [1 + (30773 - Ep;r(K))CZ/ ®
9
—3{773«)3 + 551 +6a§<K>>} Ci“(n] . (A8)
VO /(9 1 7,
¢n(K)(X) =3 AN, ¢ _2X)[1 +6(5773 - 57730)3 - EPK(K)
3
—gp,2,<K)a’2f<">)(1 —10x+ 10x2)] , (A9)
with prx) = myx)/moxxy. The Gegenbauer polynomials are defined
as
1 1
G20 =5(37-1).¢;%0 = £ (3-302 +35¢%) ,
3 15
3/2, 4 3/2, 0 _ 2 3/2, 0 _ 2 4
€l =31.0% 0 = 5 (57 1) .C%0 = < (1-147 +21)

(A10)

with ¢ =2x-1. For the other parameters, such as a;, ; and w;, we
refer the reader to [4].

ta= max[\/@, \/@,1/192,1/173}, (B6)
= max[\/@, @,1/@,1/273}, (B7)
to = max{ IG31, G231 1761, 1/83), (8)
ti= max[\/@, M,l/b.,l/bg]. (B9)

By inserting the different operators, we calculate the amplitudes
for the factorizable annihilation diagram in Fig. 1(a) and (b) and

obtain

073102-12
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1 00
Fa1 =4nCrpm>fp j(; dxodxs j(; bzdbzbadb3[{X3¢?}(XZ)¢Q(X3)
+ 2k (02| (05 (3) — 07 (13)) + x3 (05 (x3) + 07 (1)) |
X Eq(ta)ha(x2,x3,b2,53)8 1(x3) = {(1 = x2)¢ (x2) ¢ (x3)
+ A1k R ()P (13) = 2rark xagh (x3) (9 (12) — 9 (x2)) )

X Ealty)y(x2,53,b2.53)S 1 (32)| (B10)

1 00
Fup =47Cpml f f dxadxs f badbabsdbs| {2 (o) )
0 0

+ 13 (02) (85 (63) = 0F (13)) | Ea(ta)ha(x2, %3,b2,53)S 1(x3)
+{rr (1= 2285 (13) (80 (x2) + B (x2)

2 )L )| Ealty ) (2. 0,2, )8 ()| (B11)
1
Fa3=_§Fa2’ Fuoa=Fg,
1
Fu5= -3 s (B12)

where Cr =4/3 is the group factor of the SU(3). gauge group, and
ri = moi/Mp (i = K,r). The threshold resummation S ,(x) is parameter-
ized as [32]
21+21(3/2 4 ¢) ,
S0 = ——T (1 - D),
1(x) YIRS [x(1-x)]

The amplitudes for the nonfactorizable annihilation diagram in Fig.

c=03. (B13)

1(c) and 1(d) are given by

V2N,

1 00
Mar=smCr o [ dxidindss [ bidbibadbags{(1-m)0t (1)
c

+ reri | (1=62) (8 (x2) = O (¥2)) (@5 (¥3)+ 85 (x3))+ X3 (9 (X2)+ 0 (x2))
X (95 (x3) = oF (x3) || EL (teDhe 1, %2, x3, b1, b3) = {xadpf (x2) i (x3)
+ralk [4¢2(x2)¢§(x3) —(1 - x3)(@%(x2) — pL ()L (x3) + ¢L (x3))

= X2 (02) + R ()P (x3) — 81 (x3)) |}

X E,(ta)ha(x1, 2,33, by ,b3)J.

(B14)

F

Mgp =4nCp dx1dx2dxzf b1db1b3db3¢3[[rk(1—x2)
0 0

X (x3>(¢,((xz> + ¢£<xz)) + 2ra X3 (X2l (x3)| E (1)
X he(x1,x2,%3,b1,b3) + {VK¢§3(X3)(¢2(X2) +5(x2))
= 2 X2 (X3 (2) + Fadb e (x2)| (95 (x3) + 81 (x3)) + X3 (9 (x3)

~ 9L )| Bl tahaCet 52, 33.51,63)|
(B15)

F

Myz =4nCrp d)c]dxzdxzf b1db1b3dbipp
0 0

x[{-2r(1 —xz)¢2(xz)¢ﬁ<x3)

+ X (X2)(Bh (43) = B () EL (te)he(x1, %2, %3, b1, b3)
+ {Fszdﬁ (X3)(Bh (x2) + PR (12)) = 2r e (x3) P (x2)

+ I () (0F (x3) + 61 (x3)) = 2rn X3 g (x2)F (x3))

><E;(td)hd(xhx2,x3,b1,b3)]- (B16)

\/ZN
My =—4nCr

mB dx1 dxodxsz f bidb, bgdbz(bg[[xztﬁ,((xz)lﬁﬂ (x3)

+ran[x3<¢,(<xz>—¢K<xz))<¢n(x3>+¢n<x3»
+ (1= x2)(@f (x2) + PR () h (x3) = of (x3)) | EL (1)
X he(x1, %2, %3,b1,b3) = { (1= 22)0 4 (12)07 (x3) = raric | - 49 (x2)65 (x3)
+ 202 (02) = G (x2)) (B (x3) + 67 (x3)) + (1 = x3)
x(¢2(xz>+¢,C<xz)><¢,’,’(x3>—¢Z<x3>>]}E;(zd>hd(x1,xz,x3,b1,b3>].
(B17)
Mas:_4ncF%mg Oldxldxzdx3fowbldblb3db3¢3[{—r1<(l—xz)

X B (X3)(PR (¥2) = B (x2)) + Fr X3 (X2)(Bh (x3) + B (x3))}
X Eg(te)he(x1,%2,%3,b1,b3) = {ric(1 + 1) (x3)(@F (32) = 6 (x2)

+ra(x3 = 2)p (x2)($5 (x3) + ¢£(X3)>]E;(fd)hd(xl 2 X2, X3, b1 ,b3)]~
(B18)

In the above formulas, the functions E,(r) and E.(r) are

Eo(t) =ag(nexp[-S k() = S(1)];

E (1) =as(t)exp[=S (1) = S k(1) = S z(D]lpy = - (B19)
Sp, Sk, and S, result from resummation of doubly logarithms
caused by the overlap of soft collinear gluon corrections and single
logarithms due to the renormalization of ultra-violet divergence
[33], which are defined as

!
SB(I)=S(X1P+,b1)+§f 7
3Jip, M

(B20)

t du’

S k(1) = s(x2P5,b2) + s((1 — x2) Py ,bo) + 2]1‘/b 'ui,yq(y'), (B21)
2

! d ’
S (1) = s(x3P3,b3) +s((1 —X3)P;,b3)+2f ” ). (B22)
1/by K

s(0,b), the so-called Sudakov factor, is given as [55]
as(y)

5(0,b) = f—[{§(2y5—1—10g2)+Cp10g }
2

+{6—7—”——1—0n,~+§ﬁ010g%5}("57(:‘ )) 7/], (B23)

where yg is the Euler constant, and y, = a,/x is the quark anomal-
ous dimension. For the strong coupling constant, we use
4n
Bolog(u?/A?)’
where By =(33-2ny)/3 , and ny is the number of active flavors.
A =250MeV is QCD scale at ny = 4.
The functions A; (i = a,b,c,d) in the decay amplitudes arise from

as(y) = (B24)

the propagators of the virtual quarks and gluons, which are ex-
pressed by

mi\ )
ha(xa.x3,by. b3) = (E)H ( sz)

{ (\/7;2)10(\/»1;3)9(172 b3)+(b2<—>b3)}

(B25)
hp(x2,x3,b2,b3) = (%) H(l)(fb)

< Tl i)

(B26)
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i
heCit,x2,33.b1.63) ={ T H (G bUTo( G b)0b1 ~bs) + b1 b))}

Ko(+/G?by), for G%2>0

X .
Tl ’
FHy( \IG2 by, for G2<0
(B27)

i
hatxr. 2,33 b1.b3) ={ SR (G bIo(G 0200001 = ba) + (b1 o)

Ko(,le,bl), for Gi >0

. ﬂ—iHm(,/|G2|b) for G2<0]
5 0 alo1),tor by
(B28)

where H{"(2) = Jo(2) + Yo(2).
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