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Abstract

We study the Bs — 77~ and Bq — K™K~ decays in the standard model and the family non-universal Z’
model. Since none of the quarks in final states is the same as the initial quark, these decay modes can occur only
via power-suppressed annihilation diagrams. Despite the consistence of the standard model prediction with the
available data, there is a surviving room for a light Z’ boson. Taking into account the Z’ contribution, we find
theoretical results for branching fractions can better accommodate the data. With the relevant data, we also
derive a constraint on the parameter space for the Z’. Moreover, for the By — KK ~, both the direct and the
mixing-induced C'P asymmetry are sensitive to the couplings between Z' and fermions in the parameter spaces
constrained by data. The measurements at future experimental facilities, including the LHC-b, Belle-II and the

proposed high energy e*e™ collider, will provide us useful hints for direct searching for the light Z’ boson.

1 Introduction

Since the discovery of the Higgs boson at the Large Hadron Collider (LHC) [I], the search for new physics (NP)
degrees of freedom beyond Standard Model (SM) becomes one of the most important tasks of high energy particle
physics. In many NP models, an extra U(1)" gauge symmetry is often introduced based on various motivations in
new physics beyond SM, resulting in an additional massive neutral gauge boson usually called the Z’ boson. Quite
a few models are of this type, such as grand unified theories based on the gauge groups SO(10) [2], Es model [3],
supersymmetric models [4], and string inspired models [5] (for a review, see Ref. [6]). Although the U(1)" charges
are usually family-universal, it is not mandatory to be so, and the family non-universal Z’ has been introduced in

some models, such as in aforementioned Eg model [3].
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On the experiment side, many efforts have been expended to search for the Z’ directly at the LEP, Tevatron,
and LHC. With the assumption that the Z’ couplings to the SM fermions are similar to those of the SM Z boson,
the direct searches for the Z’ can be performed in the dilepton events. At this stage, the lower mass limit has
been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of
19.5fb~" by using eTe™ and putpu~ [7] events, and this value becomes 1.90 TeV using the 777~ events [§].

However, if the Z’ boson does not couple to leptons, the above constraint from the LHC is no longer valid.
Theoretically, such leptophobic Z’ boson can be realized in Eg model [3], the phenomenological studies at the LHC
has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z’
boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z’ boson
may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,
most notably meson mixing [I0]. Other effects of the FCNC in flavor physics have also been studied in past decades
[11l 12 [13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the
impact of a family non-universal Z’ boson on the pure annihilation decays By —+ KK~ and B, — w7 . Since
these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,
and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode B, — 777~ was firstly reported by the CDF collaboration
B(Bs — ntn™) = (0.57+0.15+0.10) x 10~° [14], (1)
and it was soon confirmed by the LHCb collaboration with 0.37 fb~! data as
B(Bs — ntn™) = (0.95752 +0.13) x 106 [17]. (2)
So, the averaged result is given as [10]:
B(B, —ntn7) = (0.73+0.14) x 107°, (3)
The branching fraction of another pure annihilation decay mode By — K™K~ has been also measured as [16]:
B(B;— KTK™) =(0.1240.06) x 10=¢ (4)

Theoretically, within QCD factorization (QCDF) approach [I7], only an order of magnitude estimate can be
given for these two decays through introducing new phenomenological parameters (p4 and ¢4) or an effective
gluon propagator [I8] due to the existence of the endpoint singularity. The predicted branching fractions are at
the order of 1078 [I7, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].
On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner
quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation
decay modes reliable. On the basis of PQCD, the decays By — 777~ and By — KTK~ have been explored in
Refs. [22] 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters
(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,



one can find that the LHCb measurement has a central value larger than the theoretical result, which may indicate
some room left for survival of a light Z’ boson. In the following we will use the PQCD approach and investigate
the impact of the family non-universal leptophobic Z’ model on the C'P asymmetries of these two decays. Our
results can be stringently tested at the LHCb experiment, Belle-II, and future high energy eTe™ collider.

This paper is organized as follows. In Sec] after a brief introduction to the PQCD approach, we will present
the numerical results of By — 777~ and By — KK~ in SM. In Sec[] we will discuss the effects of the Z’ on the

branching fractions and C' P asymmetries of these two decay modes. At last, the conclusion will be drawn in the

Secdl

2 SM Calculation

In this section, we will start with the effective weak Hamiltonian for the b — D (D = d, s) transitions, which are

given by [20]
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q=u,c i=3
where Vg, py are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The explicit expressions of the local
four-quark operators O; (i = 1,...,10) and the corresponding wilson coefficients C; at different scales have been

given in Ref. [26]. Note that 0‘1112 are tree operators and others O3_1¢ are penguin ones.
The PQCD approach is based on the kp factorization, and has been applied to calculate the non-leptonic B

meson decays for many years [21] 22]. In this approach, the decay amplitude is conceptually written as
.,4 ~ /dl’ldl’zdl’g / bldblbzdbzb:;db;gTr [C(t)q)B (1’1, b1)<I)2 (1’2, b2)¢’3 (:E3, b3)H($i, bi7 t)St(xi)e*S(t)] ) (6)

where x; are the momentum fractions taken by light quarks in each mesons, and b; are the conjugate variables
of the transverse momenta of light quarks. “Ir” means the trace over both Dirac and color indices. In light of
the factorization hypothesis, the wilson coefficient C(t) encapsulates the dynamics from my, down to the scale ¢,
where t ~ O(Mp/2) is the typical scale of the concerned annihilation type decays. The hard part H, involving the
four-quark operators and the hard gluon, describes the hard dynamics characterized by the scale ¢, and it can be
calculated perturbatively. The wave function ®,;, standing for hadronization of the quark and anti-quark into the
meson M, is independent of the specific processes and thus universal. The factor S;(x;) arises from the resummation

=51 is from

of the large double logarithms (ln2 x;) on the longitudinal direction, while the Sudakov form factor e
the resummation of the double logarithm In? kp. Fortunately, the endpoint could be smeared effectively with the
help of these two functions, which makes our calculation reliable.

In particular, the wave functions @/ o5 (v, 8 being Dirac indices) are decomposed in terms of the spin structure,

Lags Yags (156" )aps (7#75)ap and (75)ap. For the heavy pseudo-scalar meson B, (¢ = d,s) meson, the wave

function ®p o3 is given by

(I)B,a,é’ ((E, b) =

S {BBY5)ap + mBY5as)} OB (2,0), (7)
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Figure 1: The Feynman diagrams for annihilation contribution, with possible four-quark operator insertions

where N, = 3 is the color degree of freedom, and pp is the momentum of B meson. The scalar distribution

amplitude ¢p is normalized by its own decay constant fp

fB
2V2N,’

1
/0 op(x,b=0)dx = (8)

In this work, we employ the function

op(x,b) = NB:E2(1 — :v)2 exp

1 /famp g _ w3b? )
2 wp 2 ’
where the shape parameter wp, = 0.4 GeV (wp, = 0.45 GeV) has been adopted in all previous analysis of exclusive

Bg(s) meson decays [21] 22] 23].
In contrast to the heavy meson, the wave functions of light meson ¢;; are much complicated due to the non-

negligible chiral mass. Taking the KT meson as an example for illustration, we define its wave function as

i

2N,

Bicr aa(0:8) = o= ()0 (2,) + mok150% (,5) + mow sl — D (z.0)] (10)

where p is its momentum, and mox = m3% /(m, +m;) is the aforementioned chiral mass. # and 7 are unit vectors,
and U (1) is (anti-)parallel to px. As nonperturbative parameters, the light cone distribution amplitudes (LCDASs)

ffP’T, should be fixed by experimental data in principle. Though there is no direct experimental measurement for
the moments yet up to now, the non-leptonic charmless B, decays already give much hints on them [21] 22]. Since

the PQCD approach had already given very good results for these decays, especially for the direct C'P asymmetries

in B = 7t7~ and B — K7~ decays, we shall adopt the well constrained LCDAs of the mesons in these



papers [27] (see [2§ for a summary and update of the LCDAs):

62@) = a1 = o)1 + 0430,

o) = i+ 0ascy ),

@) =~ + 05503 )

ph(z) = ?)‘ngx(l—:v)[l—i—O.l?Cf/Q(t)+0.2C§/2(t)],

okle) = Lepromcy o)

hx) = —IE (W) +035C1 ), (11)
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with Gegenbauer polynomials defined as:

1 3 1
Cr2(0) = 1. CY2(0) = 36, G, /(1) = 53¢ — 1), G (1) = 5(51* —1),C5"°(1) = t(5¢° = 3), (12)
and t = 2x — 1. It should be stressed that we have dropped the terms proportional to Ci/ 23/ 2, and only kept the

first two terms, following the arguments of [23].

Now we turn to calculate the hard part H. According to the effective Hamiltonian, eq.(l), we can draw four
kinds of Feynman diagrams contributing to the By — K™K~ and B, — w7~ decays at the leading order, as is
shown in Fig[ll The four diagrams are classed into two types: (a) and (b) are factorizable diagrams , and (¢) and
(d) are non-factorizable ones. Due to the current conservation, the contributions from the factorizable diagrams
(a) and (b) will be canceled exactly by each other, so that contributions from diagrams (a) and (b) are null. As
concerned as diagrams (¢) and (d), by inserting the possible operators, we can obtain the amplitudes for the non-
factorizable annihilation diagram MZEZEL and MZJF | where LL stands for the contribution from (V — A)(V — A)
operators, and SP for the contribution from (S — P)(S + P) operators which result from the Fierz transformation
of the (V — A)(V + A) operators. The expressions of MLL and M2 and the inner functions can be found in [23].

Finally, we obtain total decay amplitudes for concerned decays as

AB, = ntr) = % { VsV MEE, [C] = ViV (MEE, [Ca + Col + MEF, [Co + C]
+MLE[Cy - %CIO]ﬂ*Hﬂ-+ + M3E [Co — %Cﬁ]rmﬁ) }; (13)

ABas— K*K™) = G—\/g{VubVJdenLn [C2] = VirVig (anLn [Cy + Cro] + M3, [Co + Cs]
+Mg5[C - %OIO]K*HKJr + My [Co — %Og]K*(—)KJr) } (14)

In eq.([@), when 7t and 7~ exchanging, MLL obtain the results because of SU(2) symmetry. Furthermore, if we

ignore the small z; (the momentum fraction of s quark in the B meson) in the denominators, MLL is same as

ann
M5P 00 . However, for By — KTK—, MaLnLn(SP) do not share same formulaes with MaLnL;SP)|K7<_,K+ due to the

ann?

difference between the mass of up (down) quark and that of the strange quark, and such difference might affect

n Ref.[25], there are typos in eqs.(27) and (28).



the direct CP asymmetry. In fact, in our calculations there are many uncertainties, the most important one of
which is from the distribution amplitude of initial heavy meson, because it cannot calculated directly from QCD
till now yet. In the following work, we shall vary the shape parameter wp, = 0.40 £ 0.05 and wp, = 0.50 £ 0.05.
Furthermore, the contributions from next leading order (NLO) have not been done. In the current work, to estimate
the uncertainties of NLO , we simply vary ¢ from 0.8t to 1.2¢, where ¢ is the largest scale in each diagram and
the expressions of them have been given in [23]. Combining all above uncertainties, we obtain the C'P-averaged

branching fractions of two decay modes

B(Bs —atn™) = (55%54) x 107" (15)

B(By— KTK™) = (1.9753)x107". (16)

Since the uncertainties from the 7w, K meson distribution amplitudes are very small, we will not discuss them here.
In discussing the B meson decays, we usually define direct C P asymmetry as

gdir — [ABq = [P = [A(By = J)I?
CP= 15 2
|A(Bg = )P +[A(Bg = f)I?

(17)

Moveover, because the final states #+7—, K™K~ have definite C P-parity, one can measure the time-dependent

decay width of the the B, — f decay [29]:
T(B(t) = f) x cosh (%) + Hysinh (%) — A& cos(Amt) — Sy sin(Amt), (18)

where Am = my — mp > 0 is the mass difference, and AT' = I'y — I'p is the difference of decay widths for
the heavier and lighter Bg mass eigenstates. Correspondingly, the time dependent decay width I‘(Fg(t) — f)is
obtained from the above expression by flipping the signs of the cos(Amt) and sin(Amt) terms. The Sy and Hy
that can be extracted from the-time dependent decay width are defined as

2Im[)] _ 2Re[)]

IETIE IR (19)

with .

2ic A(Bg — Ji)
A(By = f)’

where 7y is +1(—1) for a CP-even (CP-odd) final state f and € = arg[—V., Vi, Vi, Vi3]. In SM, the predicted results

A =nye (20)

are listed as
AL (Bs — ntn™) = (-1.5 £ 0.2)%,
S¢(Bs = 7tr~) = 0.11+0.01, (21)
Hs(Bs — ntm™) =0.99;
A4 (By — KTK™) = (3773)%,
Sp(By — KTK~) = —0.81+0.05, (22)
Hf(Bd — KJFK*) = —0.45+ 0.05,

For By — 777, both branching fraction and C'P asymmetry parameters agree with previous studies [22] 23] 25],

and small differences are from the uncertainties of the CKM matrix elements. For By — K™K, our branching



fraction consist with prediction of [25], but the direct CP asymmetry is much smaller than theirs because they
may omitted the effect of the SU(3) asymmetry in the LCDAs of K meson. Compared with the experimental data,
although our branching fractions are consistent with data after considering the uncertainties of both theoretical
and experimental sides, the center value of By —+ KTK~ (Bs — w7~ ) is a bit larger (smaller) than the data,
which means there is a little room for us to search for possible effect of NP. Unfortunately, the C'P asymmetries of

these two decays have not been measured in the current experiments.

3 The Contribution of The 7’ Boson

Now we shall study the possible contributions of the extra gauge boson Z’ in these two decay modes. Ignoring the

interference between Z and Z’ bosons, we write the Lagrangian with Z’ on the gauge interaction basis as

/ —I
L7 = —g2Z" > i vul(epy )i P+ (€pr)is PRIV] (23)
2%
where the field ; stands for the ith family fermion, g, for the coupling constant, €y, (€y,) for the left-handed
(right-handed) chiral coupling, and Pr, g = (1 F 75)/2. When rotating to the physical basis, the mass eigenstates
will be obtained by ¥y, r = Vq/,L,Ra/)i’R, and the usual CKM matrix is given by Voxkm = Vi, VdTL. Similarly, we can

get the coupling matrices in the physical basis of up (down)-type quarks,

BX = Vix €ux Vi

u ux

By =Vacea V), (X =L,R). (24)

It is apparent that if €, are not proportional to the identity matrix, the nonzero off-diagonal elements in the

d)L(Rr)

35 ’f will appear, which induce the FCNC interactions at the tree level. In the current work,we assume that the

up-type coupling matrix €,, ,, are proportional to the unit matrix, and the right-handed couplings of are flavor-
diagonal for simplicity. Thereby, the effective Hamiltonian mediated by the Z’, for example b — sqq (¢ = u,d)
transition, is given by

’ 2GF
Hy = =L
NG

2

gam . i 7

(gfmZZ/ ) BE (3b)y_a Z (Bqu(QQ)V—A + B(Z(qq)erA) +he. (25)
q

where g1 = e/(sinfw cosfy ) and myz: is the mass of Z’ boson. The diagonal elements of the effective coupling
matrices Bqu’R are required to be real because of the hermiticity of the effective Hamiltonian. However, for the
off-diagonal one of B, it might be a complex number and a new weak phase ¢y is introduced, which might play
important roles in explaining the large C'P asymmetries in B — K [19]. Since the above operators of the forms
(5b)v—a(G@q)vra already exist in SM, we can represent the Z’ effect by modifying the wilson coefficients of the
corresponding operators. As a result, we reorganize the eq.(28) as

.G
Ml =~ VaVi 3 (ACIOF +ACL0( + A0 + ACIO" ) +he. (26)

q



Correspondingly, the contributions of the extra Z’ boson to the SM wilson coefficients at the my, scale is given

2 gamyz g L [ L L(R)
ACE ) = — 92z ) g (B (R) 4 9B ) , 27
3(5) 3‘/’%‘/;; <glle > bs un + dd ( )
4 gamz g L L(R L(R)
ACS oy =———— | —=—= ) B (B (R) _ B ) . 28
9(7) 3‘/tb‘/t: <glmZ’ > bs uu dd ( )

One can see that the Z’ contributes to the electro-weak penguins ACy(7) as well as the QCD penguins AC3(s)
In order to show that the new physics is primarily manifest in the electro-weak penguins, we simply assume
BL® ~ —2B§;R), and this relation has been used widely [10, 1Tl 12 [I3]. Therefore, the Z’ contributions to the

wilson coefficients are

S S |‘/thS| Z
AC55 =0,  AC5; =4 thvt* CLLR) gidos (29)

where

(X =1L, R)v Pbs = Arg[Bé] : (30)

2
CIX = <92mZ > By, By
° gimz Vo Vis

Note that the other SM wilson coefficients at scale lower than m; will also receive contributions from the Z’ boson
through renormalization group (RG) evolution. Since in this model there is no new particle below my,, the RG
evolution of the modified Wilson coefficients is exactly same as the one in SM [26].

Similarly, we also obtain the hamiltonian b — dgq, and the corresponding wilson coefficients and inner functions

are given as

d d |V;5bv;£d| LL(R) ot
A03(5) = 0, AO Vb‘/t’:i d bd , (31)
2 L
LX g2mz Bdess L
= X =L R), = Arg[B;7] . 32
Ca <91me> ‘ ViV, ( ) bbd g[ Byl (32)

Now, we are in a position to discuss the possible parameter spaces of C LL,LR

and ¢pspq. In particular, we
assume ¢o/g1 ~ 1 because we expect that both the hypercharge U(1)y gauge group and the extra U(1)" have the
same origin from some grand unified models. Furthermore, we also hope mz/mz is at the order of O(1071), so
that the neutral Z’ boson could be detected at LHC experiment directly. Note that the mass of a leptophobic
mz: boson has not been constrained till now, as aforementioned in Sec[ll In addition, we need to determine
the other parameters |BJ.|, |Bj,|, |By,| and new weak phases ¢pqps with the accurate data from B factories and
LHCb experiment. For example, BbLS pa and ¢bs pa could be extracted from BO-EO (¢ = d, s) mixing. In order to
explain the mass differences between Bj) and B with new Z’ boson, |BE, () | ~ Vi V.r vo(d) | is required. Then, with
experimental data of By s nonleptonic charmless decays, qu’ ~ 1 could be extracted. For the new introduced
phases ¢ps and @pq, they have not been constrained totally, although many efforts have been done [I3], we therefore
set them as free parameters. How to constraint of these parameters globally is beyond the scope of current work
and can be found in many references [111, [12] [13]. So as to probe the new physics effect for maximum range, we
assume ¢ ~ (it ~ ¢ €{0.001,0.02], ie, the range of mz is about [636,2800] GeV, and @p4,ps € [~180°, 180°].
In Figl2l we explore the possible effects of Z’ boson on the decay mode B, — w7 . In the left panel, we

present the variation of the CP-averaged branching fraction as a function of the new weak phase ¢ps with different
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Figure 2: The contribution of Z’ to the decay mode By — wtmw~. The left panel represents the branching
fraction as functions of ¢y, the dotdashed (green), dotted (red), and dashed (blue) lines represent results from the
¢ = 0.001, 0.01, 0.02, respectively. The region edged by dotdashed lines (black) is the experimental data, while
edged by the solid lines (red) is prediction of SM. The right panel stands for the relation between the branching
fraction and the direct C'P asymmetry,the region edged by dotdashed lines (black) is the experimental data, while
edged by the solid lines (red) is prediction of SM.

¢ = 0.001(dotdashed), 0.01(dotted), 0.02(dashed). The experimental region (filled by horizontal lines) and the SM
predictions (filled by vertical lines) are also shown for the comparison. From this figure, one can see that the
SM is consistent with the data within 1o. Including the Z’ contribution, it is apparent that the parameter space
|pps| < 80° will be excluded. For |¢pps| > 80°, if ¢ < 0.01, the contribution of Z’ boson will be buried by the
uncertainties of SM. One also sees that when ¢ = 0.02 the branching ratio will be enhanced to 7.6 x 10~7, which
is larger than the SM prediction. Note that the averaged experimental have large errors, and the small band will
help us to determine the magnitude of ¢. It is emphasized that the LHCb had obtained a bit larger result, which
indicates the existence of a light Z’. In the right panel, we plot the relation between the branching ratio and the
direct C'P asymmetry Adcilrg with an extra Z’ boson. The region edged by blue curve is the possible region with
parameter ¢ < 0.02 and ¢ps € [—180°,180°]. With the experimental data, the lower half of the region can be
excluded. In the permitted region, the range of direct C'P asymmetry is [—3.2%,0.1%], which is much larger than
the estimation of SM (the grey region). The future measurement of these values in LHCb (LHC-II) experiment
and the high energy ete™ collider will help us to probe the effects of Z’. Note that when discussing the effects of
7' boson, we will not include the uncertainties induced by wave functions and scale ¢, because the major objective
of this work is searching for the possibility of new physics signal, rather than producing acute numerical results.
Similarly, the effects of the extra Z’ boson in By — KK~ are also presented in Fig. Bl In the left panel, it is
clear that the position of SM prediction is on the top of the experimental data, although some parts of them overlap

with each other. Furthermore, the heavy Z’ contributions (¢ < 0.1) are not apparent due to the uncertainties of
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Figure 3: The contribution of Z’ to the decay mode By — KT K. The legends are the same as in Fig.

SM. Moreover, for the ¢pq, the ranges [0°,180°] and [—180°, —110°] will be excluded. We also plot the region (edged
by curve) related to the direct C'P asymmetry and the branching fraction, as shown in the right panel. Note that
the SM prediction is 30% ~ 42%, but with a light Z’ the estimated range is to be 5% ~ 60% after considering the
constraint from the experimental data. It is concluded that for By — KTK~ the future measurement of direct
C'P asymmetry will help us to search for the possible effect of a light Z’, though its contribution to the branching
fraction is polluted by the SM uncertainties.

At last, we shall discuss the Z’ effect on the C'P symmetry parameters Sy and Hy. For By — n77~, as the
weak phase of V3, V;% is very small, both Sy and H are not sensitive to the NP. On the contrary, for By — KK,
Sy and Hj are sensitive to the extra leptophobic Z’ boson. In Figldl we plot the relations of Sy (right panel) and
H (left panel) with varying ¢pq from —180° to 180°, when ¢ = 0.01 and ¢ = 0.02. The estimations of SM (edged
by the lines) are also presented. From the figures, one can see that in the permitted range of ¢4, with a light Z’
boson (¢ = 0.02), Sy could reach —0.55, which is larger than the prediction of SM. For #, its values could reach
to —0.75 when ¢pq = —50°. The future measurement of them will help us to further constrain the parameters,

which might helpful for direct searching for a light Z’ boson.

4 Summary

In this work, we have studied the pure annihilation decays By — KTK~ and B, — 777~ in the SM and the family
non-universal leptophobic Z’ model. Although the SM predictions in the PQCD approach are in agreement with
experimental data, the branching fraction of By — 77~ (By — KTK ™) is a little bigger (smaller) than the LHCb
result, which may indicate the survival space for a light Z’ boson. Inspired by this fact, we have constrained the
U(1) phase as ¢pq € [—110°,0°], and ¢ps is |dps| > 80°. Within the allowed space range, the direct CP asymmetry
for By — w7~ is predicted as [—3.2%,0.1%], while it is 5% ~ 60% for By — KTK~. Furthermore, we have
also calculated the mixing-induced C'P asymmetries and found that the parameters Sy and Hy of By — KTK~
are very sensitive to the effect of Z’. With a light Z’, the maximum (minimal) value of Sy(Hy) can reach —0.55
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Figure 4: The CP symmetry parameters Sy (left panel) and H; (right panel) as a function of the weak phase ¢pq,
the dotted (red) and dashed (blue) lines represent results from the ¢ = 0.01, 0.02, and the regions edged by solid
line (green) are the predictions of SM.

(—0.75). The future measurements of these observables may provide us some hints for direct searching for a light

leptophobic Z’ boson.

Acknowledgments

This work is supported by the National Science Foundation (Grants No. 11175151 and No. 11235005), and the
Program for New Century Excellent Talents in University (NCET) by Ministry of Education of P. R. China (Grant
No. NCET-13-0991).

References

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1 (2012); S. Chatrchyan et al. (CMS Collaboration),
Phys. Lett. B 716, 30 (2012).

[2] See, for example, R.N. Mohapatra, Unification and Supersymmetry, Springer, New York, 1986, and references

therein.

[3] E. Ma, Phys. Rev. D 36, 274 (1987); K. S. Babu, X. -G. He and E. Ma, Phys. Rev. D 36, 878 (1987);

F
Zwirner, Int. J. Mod. Phys. A 3 | 49 (1988); J. L. Hewett and T. G. Rizzo, Phys. Rept.183, 193 (1989); Y.
Daikoku and H. Okada, Phys. Rev. D 82, 033007 (2010) [arXiv:0910.3370 [hep-ph]].

[4] S. W. Ham, E. J. Yoo and S. K. Oh, Phys. Rev. D 76, 015004 (2007) [hep-ph/0703041 [HEP-PH]]. S. W. Ham,
E. J. Yoo and S. K. Oh, Phys. Rev. D 76, 075011 (2007) [arXiv:0704.0328 [hep-ph]]; C. W. Chiang and
E. Senaha, JHEP 1006, 030 (2010) [arXiv:0912.5069 [hep-ph]]; A. Ahriche and S. Nasri, Phys. Rev. D 83,
045032 (2011) [arXiv:1008.3106 [hep-ph]].

11


http://arxiv.org/abs/0910.3370
http://arxiv.org/abs/hep-ph/0703041
http://arxiv.org/abs/0704.0328
http://arxiv.org/abs/0912.5069
http://arxiv.org/abs/1008.3106

[5]

[11]

S. Chaudhuri, S. W. Chung, G. Hockney and J. Lykken, Nucl. Phys. B 456, 89 (1995); G. Cleaver, M. Cvetic,
J. R. Espinosa, L. L. Everett, P. Langacker and J. Wang, Phys. Rev. D 59 , 055005 (1999); M. Cvetic, G.
Shiu and A. M. Uranga, Phys. Rev. Lett. 87, 201801 (2001); M. Cvetic, P. Langacker and G. Shiu, Phys. Rev.
D 66 , 066004 (2002).

P. Langacker and M. Plumacher, Phys. Rev. D 62, 013006 (2000); P. Langacker,Rev. Mod. Phys. 81, 1199
(2009) [arXiv:0801.1345 [hep-ph]], and references therein.

The ATLAS Collaboration, ATLAS-CONF-2013-017, ATLAS-COM-CONF-2013-010.
The ATLAS Collaboration, ATLAS-CONF-2013-066, ATLAS-COM-CONF-2013-083.

C. W. Chiang, T. Nomura and K. Yagyu, JHEP 1405, 106 (2014)|arXiv:1402.5579 [hep-ph]]; C. W. Chiang,
T. Nomura and K. Yagyu, larXiv:1502.00855 [hep-ph].

P. Langacker and M. Plumacher, Phys. Rev. D 62, 013006 (2000) [arXiv:hep-ph/0001204]; X. G. He and
G. Valencia, Phys. Rev. D 70, 053003 (2004) |arXiv:hep-ph/0404229]; X. G. He and G. Valencia, Phys.
Rev. D 74, 013011 (2006) [arXiv:hep-ph/0605202; C. W. Chiang, N. G. Deshpande and J. Jiang, JHEP
0608, 075 (2006) [arXiv:hep-ph/0606122); S. Back, J. H. Jeon and C. S. Kim, Phys. Lett. B 641, 183 (2006)
|arXiv:hep-ph/0607113]; X. G. He and G. Valencia, Phys. Lett. B 651, 135 (2007) |arXiv:hep-ph/0703270];
S. Baek, J. H. Jeon and C. S. Kim, Phys. Lett. B 664, 84 (2008) [arXiv:0803.0062 [hep-ph]]; R. Mohanta
and A. K. Giri, Phys. Rev. D 79, 057902 (2009) [arXiv:0812.1842 [hep-ph]]; V. Barger, L. Everett, J. Jiang,
P. Langacker, T. Liu and C. Wagner, Phys. Rev. D 80, 055008 (2009) [arXiv:0902.4507 [hep-ph]]; V. Barger,
L. L. Everett, J. Jiang, P. Langacker, T. Liu and C. E. M. Wagner, JHEP 0912, 048 (2009) [arXiv:0906.3745
[hep-ph]]; L. L. Everett, J. Jiang, P. G. Langacker and T. Liu, Phys. Rev. D 82, 094024 (2010) [arXiv:0911.5349
[hep-ph]] X. G. He and G. Valencia, Phys. Lett. B 680, 72 (2009) [arXiv:0907.4034 [hep-ph]]; S. K. Gupta and
G. Valencia, Phys. Rev. D 82, 035017 (2010) [arXiv:1005.4578 [hep-ph]].

C. W. Chiang, Y. F. Lin, J. Tandean, JHEP 1111 (2011) 083 [arXiv:1108.3969]. V. Barger, C. W. Chiang,
P. Langacker and H. S. Lee, Phys. Lett. B 580 (2004) 186 [hep-ph/0310073]; V. Barger, C. W. Chiang, J. Jiang
and P. Langacker, Phys. Lett. B 596 (2004) 229 [hep-ph/0405108].

K. Cheung, C. W. Chiang, N. G. Deshpande and J . Jiang, Phys. Lett. B 652 (2007) 285 |hep-ph/0604223];
J. H. Jeon, C. S. Kim, J. Lee and C. Yu Phys. Lett. B 636 (2006) 270 [hep-ph/0602156); C. H. Chen and
H. Hatanaka, Phys. Rev. D 73 (2006) 075003 [hep-ph/0602140]; I. Ahmed, M. J. Aslam and M. A. Paracha,
Phys. Rev. D 88 (2013) 014019 [arXiv:1307.5359); N. Katirci and K. Azizi, J. Phys. G 40 (2013) 085005
[arXiv:1207.4053]; T. M. Aliev and M. Savci, Phys. Lett. B718 (2012) 566 [arXiv:1202.5444]; Nucl. Phys. B 863
(2012) 398 [arXiv:1202.0398]; Y. Li, J. Hua and K. C. Yang, Eur. Phys. J. C 71 (2011) 1775 [arXiv:1107.0630];
Y. Li, X. J. Fan, J. Hua and E. L. Wang, Phys. Rev. D 85 (2012) 074010 [arXiv:1111.7153]; R. H. Li, C. D. Lu
and W. Wang, Phys. Rev. D 83 (2011) 034034 [arXiv:1012.2129]; E. Golowich, J. A. Hewett, S. Pakvasa,
A. A. Petrov and G. K. Yeghiyan, Phys. Rev. D 83 (2011) 114017 [arXiv:1102.0009]; A. Dighe, D. Ghosh,

12


http://arxiv.org/abs/0801.1345
http://arxiv.org/abs/1402.5579
http://arxiv.org/abs/1502.00855
http://arxiv.org/abs/hep-ph/0001204
http://arxiv.org/abs/hep-ph/0404229
http://arxiv.org/abs/hep-ph/0605202
http://arxiv.org/abs/hep-ph/0606122
http://arxiv.org/abs/hep-ph/0607113
http://arxiv.org/abs/hep-ph/0703270
http://arxiv.org/abs/0803.0062
http://arxiv.org/abs/0812.1842
http://arxiv.org/abs/0902.4507
http://arxiv.org/abs/0906.3745
http://arxiv.org/abs/0911.5349
http://arxiv.org/abs/0907.4034
http://arxiv.org/abs/1005.4578
http://arxiv.org/abs/1108.3969
http://arxiv.org/abs/hep-ph/0310073
http://arxiv.org/abs/hep-ph/0405108
http://arxiv.org/abs/hep-ph/0604223
http://arxiv.org/abs/hep-ph/0602156
http://arxiv.org/abs/hep-ph/0602140
http://arxiv.org/abs/1307.5359
http://arxiv.org/abs/1207.4053
http://arxiv.org/abs/1202.5444
http://arxiv.org/abs/1202.0398
http://arxiv.org/abs/1107.0630
http://arxiv.org/abs/1111.7153
http://arxiv.org/abs/1012.2129
http://arxiv.org/abs/1102.0009

22]

23]

[24]

[25]

Phys. Rev. D 86 (2012) 054023 [arXiv:1207.1324]; A. J. Buras, F. D. Fazio and J. Girrbach, JHEP 1302 (2013)
116 [arXiv:1211.1896]; A. J. Buras and J. Girrbach, JHEP 1312, 009 (2013) [arXiv:1309.2466 [hep-ph]]..

Q. Chang, X. Q. Li and Y. D. Yang, JHEP 0905 (2009) 056 [arXiv:0903.0275]; Q. Chang, X. Q. Li and
Y. D. Yang, JHEP 1002 (2010) 082 [arXiv:0907.4408]; Q. Chang, X. Q. Li and Y. D. Yang, JHEP 1004
(2010) 052 [arXiv:1002.2758]; Q. Chang and Y. H. Gao, Nucl. Phys. B 845 (2011) 179 [arXiv:1101.1272];
Q. Chang, X. Q. Li and Y. D. Yang, J. Phys. G 41, 105002 (2014) [arXiv:1312.1302 [hep-ph]].

T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 108 (2012) 211803 [arXiv:1111.0485| [hep-ex]].
RAaijj et al. [LHCb Collaboration], JHEP 1210 (2012) 037 [arXiv:1206.2794 [hep-ex]].

Y. Ambhis et al. [Heavy Flavor Averaging Group Collaboration|, larXiv:1207.1158 [hep-ex] and online update
at [http://www.slac.stanford.edu/xorg/hfag

M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914
(1999)[arXiv:hep-ph/9905312]; M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys.
B 591, 313 (2000) [arXiv:hep-ph/0006124; M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003)
|arXiv:hep-ph/0308039]; S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. Lett. 97, 061801 (2006)
|[hep-ph/0603239]; S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. D 85, 034010 (2012) [arXiv:1111.4882
[hep-ph]].

Y.D. Yang, F. Su, G.R. Lu and H.J. Hao, Eur. Phys. J. C 44, 243 (2005); Q. Chang, X. Q. Li and Y. D. Yang,
JHEP 0809, 038 (2008) [arXiv:0807.4295 [hep-ph]].

H. -Y. Cheng and C. -K. Chua, Phys. Rev. D 80 (2009) 114026 [arXiv:0910.5237 [hep-ph]]. Q. Chang, X. -
W. Cui, L. Han and Y. -D. Yang, Phys. Rev. D 86 (2012) 054016 [arXiv:1205.4325 [hep-ph]]. Q. Chang, J. Sun,
Y. Yang and X. Li, Phys. Lett. B 740, 56 (2015) [arXiv:1409.2995 [hep-ph]].

G. Zhu, Phys. Lett. B 702 (2011) 408 [arXiv:1106.4709 [hep-ph]]. K. Wang and G. Zhu, Phys. Rev. D 88,
014043 (2013) [arXiv:1304.7438 [hep-ph]].

Y.-Y. Keum, H. -n. Li, A. I. Sanda, Phys. Lett. B504 (2001) 6-14 [hep-ph/0004004]. Y. -Y. Keum, H. -N. Li,
A. 1. Sanda, Phys. Rev. D63 (2001) 054008 [hep-ph/0004173]. C. -D. Lu, K. Ukai, M. -Z. Yang, Phys. Rev.
D63 (2001) 074009 [hep-ph /0004213

Y. Li, C. -D. Lu, Z. -J. Xiao, X. -Q. Yu, Phys. Rev. D70 (2004) 034009 [hep-ph/0404028].

A. Ali, G. Kramer, Y. Li, C. -D. Lu, Y. -L. Shen, W. Wang, Y. -M. Wang, Phys. Rev. D76 (2007) 074018
|hep-ph/0703162 [HEP-PH]].

C. H. Chen and H. n. Li, Phys. Rev. D 63, 014003 (2001) [hep-ph/0006351].

Z.J. Xiao, W. F. Wang and Y. Y. Fan, Phys. Rev. D 85, 094003 (2012) larXiv:1111.6264/ [hep-ph]].

13


http://arxiv.org/abs/1207.1324
http://arxiv.org/abs/1211.1896
http://arxiv.org/abs/1309.2466
http://arxiv.org/abs/0903.0275
http://arxiv.org/abs/0907.4408
http://arxiv.org/abs/1002.2758
http://arxiv.org/abs/1101.1272
http://arxiv.org/abs/1312.1302
http://arxiv.org/abs/1111.0485
http://arxiv.org/abs/1206.2794
http://arxiv.org/abs/1207.1158
http://www.slac.stanford.edu/xorg/hfag
http://arxiv.org/abs/hep-ph/9905312
http://arxiv.org/abs/hep-ph/0006124
http://arxiv.org/abs/hep-ph/0308039
http://arxiv.org/abs/hep-ph/0603239
http://arxiv.org/abs/1111.4882
http://arxiv.org/abs/0807.4295
http://arxiv.org/abs/0910.5237
http://arxiv.org/abs/1205.4325
http://arxiv.org/abs/1409.2995
http://arxiv.org/abs/1106.4709
http://arxiv.org/abs/1304.7438
http://arxiv.org/abs/hep-ph/0004004
http://arxiv.org/abs/hep-ph/0004173
http://arxiv.org/abs/hep-ph/0004213
http://arxiv.org/abs/hep-ph/0404028
http://arxiv.org/abs/hep-ph/0703162
http://arxiv.org/abs/hep-ph/0006351
http://arxiv.org/abs/1111.6264

[26] For a review, see G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996)
|arXiv:hep-ph/9512380].

[27] V. L. Chernyak and A.R. Zhitnitsky, Phys. Rept. 112, 173 (1984); V. M. Braun and I. E. Filyanov, Z. Physik
C44, 157(1989); P. Ball, JHEP 9809, 005 (1998) [hep-ph/9802394]; V. M. Braun and I. E.Filyanov, Z. Physik
C48, 239 (1990); A. R. Zhitnisky, I. R.Zhitnitsky and V. L. Chernyak, Sov. J. Nucl. Phys. 41,284(1985), Yad.
Fiz. 41, 445 (1985).

28] P. Ball, JHEP 9901, 010 (1999) [hep-ph/9812375]; P. Ball and R. Zwicky, Phys. Rev. D 71, 014015 (2005);
P. Ball, V.M. Braun, and A. Lenz, JHEP 0605 (2006) 004.

[29] T. Dunietz, Phys. Rev. D52, 3048 (1995) |hep-ph/9501287].

14


http://arxiv.org/abs/hep-ph/9512380
http://arxiv.org/abs/hep-ph/9802394
http://arxiv.org/abs/hep-ph/9812375
http://arxiv.org/abs/hep-ph/9501287

	1 Introduction
	2 SM Calculation
	3 The Contribution of The Z Boson
	4 Summary

