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Within the QCD factorization approach, we employ the new results of form factors of B; — ¢ and
calculate the branching fractions, CP asymmetries (CPAs) and polarization fractions of the decay modes
B, — ¢(p°, ®) in both the standard model (SM) and the family nonuniversal Z’ model. We find that in SM
the above observables are relate to two parameters, py and ¢, which characterize the end-point divergence
in the hard spectator-scattering amplitudes. When setting pi = 0.5 and ¢ € [—180, 180]°, the theoretical
uncertainties are large. By combining the experimental data, our results can be used to constrain these two
parameters. Supposing py = 0, we study the effects of the Z’ boson on the concerned observables. With the
available branching fraction of B; — ¢p°, the possible ranges of parameter spaces are obtained. Within the
allowed parameter spaces, the branching fraction of B; — ¢ can be enlarged remarkably. Furthermore,
the new introduced weak phase plays important roles in significantly affecting the CPAs and polarization
fractions, which are important observables for probing the effects of NP. If these decay modes were
measured in the on-going LHC-b and Belle-II experiments in the future, the peculiar deviation from SM
could provide a signal of the family nonuniversal Z’' model, which can also be used to constrain the mass of

Z' boson in turn.
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I. INTRODUCTION

It is well known that the hadronic charmless B-meson
weak decays play important roles in testing the flavor
dynamics of the standard model (SM) and searching for
possible effects of new physics (NP) beyond of SM.
Particularly, decays dominated by contributions from
flavor-changing neutral-currents (FCNC) provide a sensi-
tive probe for NP because their amplitudes are described by
loop (or penguin) diagrams where new particles may enter.
Moreover, the SM predictions for CP asymmetry (CPA) in
several decays are tiny, making them ideal places to look
for effects of NP. In past decades, there are already many
measurements in rare B decays at the B factories Belle and
BABAR, and the LHC experiments, such as B — zr,
B - zK*, B — ¢K*, and B, — ¢¢ decays [1].

Although new particles have not been observed directly
in the on-going LHC experiments, several experimental
results on rare b decays show poor agreement with the
corresponding SM predictions. For example, the LHCb
collaboration reported deviations in the angular distribution
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of the B - K*u*u~ decay (the “P% anomaly”) and in the
branching fractions of the B, — ¢utu~, B - K'utu,
B — Ku*pu~, and B — K")up decays (for recent reviews,
see, e.g., [2,3] and references therein). Theoretically, in
order to explain the above deviations, on the one hand, we
need to calculate all possible corrections in SM including
high-order and high-power corrections, and on the other
hand we also consider whether these anomalies are due to
contributions of NP. It is found that most deviations of
semileptonic B decays are related to the FCNC b — syt~
transition. If NP is indeed at the origin of the anomalies in
the b — sutu~ transition, it is natural to expect signals in
other observables induced by other b — s transitions,
possibly with different realizations though sharing some
common features. A natural extension to explore the
possible existence of these signals is the charmless had-
ronic B decays induced by b — sgg transitions. Based on
this strategy, some decays such as B — KK [4,5]
and B? — ¢¢ [6] have been studied comprehensively.
However, unlike semileptonic decays, B meson hadronic
decays suffer from larger uncertainties arising from the
nonperturbative inputs and corrections from high order and
high power, so that it is more difficult to calculate with a
high precision. For this reason, we are encouraged to search
for observables of some decay modes that have less
theoretical uncertainties.

Motivated by the above, we would like to study the
process BY — ¢p® and BY — ¢w, which are dominated by
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FIG. 1.
diagram and, (c) is the singlet-annihilation diagram.

the FCNC b — sqgg transition. In SM, the possible
Feynman diagrams for the BY — ¢p° are presented in
Fig. 1, where Fig. 1(a) is the electroweak penguin diagram,
Fig. 1(b) is the suppressed tree diagram, and Fig. 1(c) is the
singlet-annihilation diagram. In particular, the last diagram
called hairpin diagram is viewed as suppressed by Okubo-
Zweig-lizuka rules, because the p° meson is produced from
at least three gluons, thus this contribution is neglected.
Therefore, B — ¢p° decay is independent of weak anni-
hilation contributions and only sensitive to hard spectator
scattering corrections, making it an ideal channel for
determining the end-point parameters in the hard spectator
scattering amplitudes. Furthermore, the interference
between Figs. 1(a) and 1(b) might lead to possible CPA
in this decay.

In order to calculate the two body charmless nonleptonic
B decays, several attractive QCD-inspired approaches, such
as QCD factorization (QCDF) [7,8], perturbative QCD
(pQCD) [9,10], and soft-collinear effective theory [11,12],
have been proposed in the past decades. In previous studies,
the branching fractions of these decays are shown to be
about 107 in SM, both in QCDF [13-17] and in pQCD
[18]. In the experimental side, the branching fraction of
B, — ¢p° decay has been measured by the LHCb collabo-
ration [19],

B(By = ¢p°) = (2.7 £ 0.7 £ 0.24y5) X 107, (1)

with a significance of about 46. However, the polarization
fractions and CPA have not been measured until now. In
addition, B; — ¢p" has been suggested as a tool to measure
y via the mixing-induced CP asymmetry [20]. Since in the
era of LHCb and Belle-II these two processes become
interesting objects for tests of isospin-violation and poten-
tial NP [21], we will in the following study their phenom-
enology in full detail, in SM and beyond. In the calculation,
we will adopt the QCDF approach, since there is no
annihilation contribution in these decays.

Although most experimental data is consistent with the
SM predictions, most of us believe that SM is just an
effective theory of a more fundamental one yet to be
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The possible Feynman diagrams for the B — ¢p°, in which (a) is the electroweak penguin diagram, (b) is the suppressed tree

discovered. The presence of a Z’ boson associated with an
additional U(1)" gauge symmetry is a well-motivated
extension of SM. It should be emphasized that this addi-
tional symmetry has not been invented to solve a particular
problem of SM, but rather occurs as a by-product in many
models like, e.g., grand unified theories, various models of
dynamical symmetry breaking, and little-Higgs models. An
extensive review about the physics of Z’ gauge bosons can
be found in [22]. The most interesting feature is that the
family nonuniversal Z’ couplings could lead to FCNC in
the tree level [23,24]. The phenomenological effects of Z’
in B decays have been studied extensively [25-29]. In this
work, we will address the effect of the Z’ in the rare decay
modes B; — ¢p° and B, — ¢w. Because these two decays
are all penguin dominated process and mediated by
b — sqq, they are expected to be sensitive to the effect
of the Z'.

The layout of this paper is as follows. In Sec. II we will
present the theoretical predictions of B, — ¢p° and B, —
¢ in SM based on QCDE. Section III is devoted to the
contributions of Z'. Some discussions are also given in this
section. We will summarize this work at last.

I1. PREDICTIONS IN SM

In SM, the effective weak Hamiltonian mediating FCNC
transition of the type b — sqg(g = u, d) has the form [30]

G
Hetr = —= {Z Vi Vs (€107 + C,05)

\/i p=u,c
10

“VaVi > c,o,-] : (2)
i=3

where G is Fermi coupling constant and V,, V7, is the
product of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element. C; are the Wilson coefficients with the
renormalization scale y ~ m,. The O; are the local four
fermion operators, and Of, are the left-handed current-
current operators, Os 10 are the QCD and
electroweak penguin operators, respectively, and they can
be expressed as follows:

.....
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= (5b)y_a(@P)v-a>
Op ( bp)v-a(@sPa)v-a

5b) —AZ 49)y-a»
04 = (Eabﬂ V—AZ Q[)’Q(l V-A>
q
0s = (Eb)V—AZ(ZIQ)VJrA’
q/
O¢ = (Eabﬁ)V—AZ(Z]ﬂQa)V-ﬁ—A’
q
_ 3
0; = (Sb)V—AZEeq(qq)
Sab/)' V. AZ
Oy = (§b)V—AZ§€q(EICI)V—Av
q

30
V—AZEeq(qﬂQa>V—Av (3)
q

V+A»

61/1% V+A>

Oy = (Eabﬁ)

where a and f are color indices and e, are charges of the
corresponding quark.

In the QCDF approach, the hadronic matrix element of
the decay B, — ¢p° can be written as

- 0_, 1
(#10,B3) = S | sty

/df/ dx/ dyT! (€, x,9)

X @p, (§)Py(x)D, (4)

where T}, and Tj' are the perturbative short-distance

interactions and can be calculated perturbatively.
@y (x)(X = By, x, ¢) are the universal and nonperturbative
distribution amplitudes, which can be estimated by the
nonperturbative approaches, such as the light cone QCD
sum rules, QCD sum rules, or lattice QCD.

Because the initial state heavy meson has spin 0, the two
vector mesons must have the same helicity due to the
conservation of angular momentum. Within the framework
of QCDF, the effective Hamiltonian matrix elements are
written in the form

(" Hese| BY) = IZA (| TP 1BY).  (5)

p=u.c

where the superscript /2 denotes the helicity of the final-
state meson. Tﬁl‘p describes contributions from naive
factorization, vertex corrections, penguin contractions,
and spectator scattering expressed in terms of the flavor

operators a’ Spec1ﬁcally,

Tph = al" (M M3)5,,(5b)y_s ® ()y_s + a5" (M M2)5,,(b)y_s ® (5u)y_s + ab" (M, M2)Z(§b)V—A ® (49)y-a

+al" (M M) Z(C_Ib)V—A ® (3q)y_s + ab" (M M,) Z(Eb)

+al" (M M) Z(_Z)(Z]b>S—P ® (5q)s,p + i (M M) Z(Sb)v A ®

(M) S (- 2><zﬂa>s_P®j

+af(’)h(M1M2)Z( b)y_x ® €4(5q)y_s-

where  (§192)yia = q17,(1 £75)qx and  (§192)5:p =
q,(1 £y5)g,, and the summation is over ¢ = u,d. The

symbol ® indicates that the matrix elements of the
operators in 7 4 are to be evaluated in the factorized
form.

The decay constant and form factors are defined
by [15]

(V(p,e)|V,,|0> = fymye,, (7)

2

(V(p.€)|V,|B(pg)) =gty

eﬂyaﬂg*yp%’pﬂv(qz)’ (8)

® (r'zq)

( Q)V-s-A

¢(539)s.p +ay " (M M,) Z(Eb)V—A ® Eeq(EIQ)V—A

(6)
[
(V(p.€)|A,1B(pa)) = {<m3 £ my)esA (¢?)
—%(Ptz + P)ﬂAz(qz)
- 2mv€*'#61,4[f13(q2) —Ao(qz)]},
)
where ¢ = p — p’, A3(0) = Ay(0), and
As(?) =TI 4 2y Z BTV A (g2), (10)
2my 2my
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In this work, the form factors of B, — ¢ we adopted are from [31] based on the light-cone sum rules.

For a decay

XV = (v,)7,10) (v, || B)

—ifymy {<e:~e;><m3+mvl AP ()

—(¢1-pp)(&5- pp)

B(pp) = Vi(&}, p1)V2(&;, pa), its factorizable matrix elements are thus given as

(11)

243" (m3,)

mpg+my,

52VEY (m3,)

i€, e € —, (12
Hvafe2 lpol( B+mv1)] (12)

where V| takes the spectator quark of the B meson and V, is the emitted meson. So, the longitudinal (2 = 0) and transverse

(h = +) components are obtained as

BV,,V ifV')
xEn - Hv {WB o, — 3 (g my JAP (q?)

2mvl

m 2p.

B

4m%31’2 BV ]
— BT ABVi(g2)] 13
o 4@ (13)
VBV 2]. 14
- (¢°) (14)

In QCDF, a? M in Eq. (6) are basically the Wilson coefficients in conjunction with short-distance nonfactorizable
corrections including vertex corrections and hard spectator interactions, and they have the expressions as

Ciil
N,

a’"(vV,v,) = <cl- + )N,'-’(Vz)

N.

where i = 1, ..., 10. The upper (lower) signs apply when i
is odd (even), C; are the Wilson coefficients, Cp =
(N2-1)/(2N,) with N, = 3. The functions V/(V,) stand
for vertex corrections, H"(V,V,) for hard spectator inter-
actions with a hard gluon exchange between the emitted
meson and the spectator quark, and P;(V,) for penguin
contractions. In addition, the expression of the quantities
N’ reads

0, i=6,8

NH(V2) = { s (16)

It is noted that there are end-point divergences when we
study power corrections in QCDF. When we calculate the
hard spectator interactions H”(VV,) at twist-3 order, soft
and collinear divergences arise from the soft spectator
quark [7]. Since the treatment of end-point divergences is
model dependent, these subleading power corrections
generally can be studied only in a phenomenological
way. In this work, we shall follow [7,13] to model the
end-point divergence in H(V,V,) as

/ 1 dx
XH = =
0 1—x
where A;, = 500 MeV is a typical scale, and py, ¢y are
the unknown real parameters. The related discussions

of (py,¢y) in B— PP,PV VV decays are found in
Refs. [14,32-34].

(1 puen)n(R2). (17

Czil CFa

2

[vh<v2> Hf?(vlvz)} P (V). (15)

c

The amplitudes of B? — ¢p° and B? — ¢pw decays are
written as

Ap(BY — ¢p°) GFZ,I [ 3( +ab™
p=u,c
X Xiég(p"’); (18)
ABY = g0) = 5 50 |t 2"+ a5
p=u,.c
+%(a§”h+a )]X(B¢“’) (19)

We note that the transverse amplitudes A, are suppressed
by a factor m,/mp relative to A, as shown in Egs. (13) and
(14). In addition, the axial-vector and vector contributions
to A, are canceled by each other in the heavy-quark limit,
due to an exact form factor relation [35]. Thus, in quark
model [36] or naive factorization [37], the hierarchy of
helicity amplitudes

A, A
Aot A A, = 1502 (;f)) (20)

is therefore expected. This hierarchy can also be explained
by the chirality flip [38]. The transverse amplitudes defined
in the transversity basis are related to the helicity ones via
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A++A_ A+_A_
V2o V2o

With the amplitudes, we then obtain the branching
fraction of B — V,V, as

AH = AJ_ = (21)

- Tg |Pe
BB — v,vy) — 27

oz (P + LA P +LALP). (22

where 7 is the lifetime of the B; meson and |p.| is the
absolute value of two final-state hadrons’ momentum in the
B, rest frame. Then, three polarization fractions are then
defined as

f = ‘A(l|2 (23)
AN+ AP+ AL
with a = L, ||, L. In addition, we can also define the direct
CPAs as
|A(Bs - ‘71‘72)|2 - |A(Bs - V1V2)|2
Acr = 7= T 51 (24)
|A(B; = Vi V))[* + |A(B; = Vi V2)|
B, = V,Vy)) = f. (B, = V|,V
A%P_fa( s >V 2) fa( s >V 2) (25)

B f(aBs - V1V2) +fa(Bs - VIVZ) ‘

Using the input parameters listed in Table I, we now
calculate the branching fractions, polarization fractions,
and direct CPAs. As aforementioned, two of the most
important parameters are py and ¢y. We first follow [13]
and adopt the default values py = 0 and ¢y = 0. Three
observables of decay B, — ¢p° and B; — ¢w in SM are
presented as

B(B; — ¢p°) = (4.1 4£0.5) x 1077,

B(B; = ¢w) = (1.550%) x 1077, (26)
fL(By = dp°) = (89.5175)%.

fL(B; = ¢w) = (82.1135)%. (27)
Acp(By = ¢p°) = (32.8701)%,

Acp(By = pw) = (=0.6157)%, (28)

where the errors are from the uncertainties of the non-
perturbative parameters. It can be seen that the longitudinal
polarization fractions and the CPAs are not sensitive to the
nonperturbative inputs, such as decay constants, form
factors, and moments in the distribution amplitudes. In
addition, we find that for B, — ¢p° the major uncertainties
are from the form factors, while the decay constants
dominate the uncertainties in B; — ¢w. The branching
fractions are in agreement with the previous predictions of
[13], and are larger than those of [15], because the form
factors of By — ¢ we used are larger than theirs.
Comparing to the experimental data [19] shown in
Eq. (1), our result is a bit larger than the data. The other
observables have not been measured until now.

In Ref. [14], the authors had fitted py = 0.5 within all
B, s — VV data. Within these ranges, we suppose
¢y €[—180° 180°] and obtain the results as

B(By — ¢p°) = (4.277198) x 1077,
1

£
B(B, = do) = (29155155) x 107, (29)

TABLE I.  Summary of input parameters.
B meson parameters
B mp (GeV) 5(ps)
B, 5.366 1.472
Light vector mesons
4 fv MeV)  f (MeV)
P 216 +3 165+9
¢ 233+5 191+9
1) 197 £3 148 +9
Form factors at g> = 0

B, B, B
A].(/’ A2 ¢ Vv ¢
0.296 +0.03 0.25+0.03 0.387 £0.03
Quark masses
my(my) (GeV) me(mp) (GeV)  ppole ppole
4.2 0.91 0.3
Wolfenstein parameters
A A p
0.825 0.2265 0.1598

fp MeV) Ag MeV)

230 + 20 300 + 100
aY ag all’v azl'v
0 0.15+0.07 0 0.144+0.02
0 0.18+0.05 0 0.144+0.02
0 0.15£0.07 0 0.14+£0.02

mg(2.1 GeV)(GeV)
0.095 £+ 0.020
U Y
0.3499 67.6
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FL(Bs = dp°) = (86.55,3539)%.

fL(Bs = ¢w) = (75-7J—r22.';—+1]63.'14)%v (30)

Acp(By = ¢p°) = (3141351307 %,
Acp(B, = ¢o) = (-23%53%57) %, (31)
where the first errors are from the uncertainties of the
nonperturbative parameters, and the second ones come
from the phase ¢y. From the results, it is obvious that the
strong phase ¢ takes larger uncertainties, especially for
decay B, — ¢w. Moreover, when the ¢y is in the range
[35, 160]°, the branching fraction of By — ¢p° agrees with
the data [19]. In QCDEF, vertex corrections V;, penguin
contractions P;, and hard spectator scattering H,; all take
strong phases. The contributions from vertex corrections
and penguins are calculable. However, the end-point
singularities appearing in the hard spectator scattering will
take large uncertainties.

In order to show the effects of the parameters (py, dg),
we set py = 0 and py = 0.5 and plot the variations of the
branching fractions, CPAs and longitudinal polarization
fractions of B; — ¢p” and B, — ¢w decays with the phase
¢y in Figs. 2 and 3, respectively. In fact, if py becomes
larger, the uncertainties taken by ¢y will be even larger. In
all figures, only uncertainties of the form factors (decay
constants) in B; — ¢p° (B, = ¢w) are considered.

n
S

500

'S
0

Pl

n
'S
S

>
>

©
b

From Egs. (18) and (19), one finds that these two decay
modes are characterized by an interplay of the flavor-singlet
QCD penguin amplitude, the color-allowed electroweak
penguin amplitude, and the color- and CKM-suppressed
tree amplitude. For B; - ¢w decay, due to a partial
cancellation between the QCD and electroweak penguin
contributions, the CKM suppressed tree amplitude is the
largest partial amplitude, which is very sensitive to the hard
spectator scattering. The roles of tree and penguin ampli-
tudes are reversed in the B, — ¢p° decay. In addition, in
B, — ¢w decay, the nonfactorization of transverse specta-
tor scattering is important. This is the reason that QCD
corrections become much important, even though they are
a, suppressed, as shown in the figures.

In the future, if these above observables could be
measured with high precision, our theoretical results will
be useful for determining the range of (py, ¢y ) in turn. It is
known to us that in B decays, weak annihilation also plays
important roles in explaining CP asymmetries and large
transverse polarization fractions in some decays. Similarly,
the end-point singularity is also parametrized by p, and ¢,.
Though in most literature py, = py and ¢, = ¢y are
supposed for simplicity, these relations cannot be proved.
As aforementioned, both B, — ¢p° and B, - ¢w are
irrelevant to the annihilation contributions, and suitable
for determining the parameters of hard spectator scattering.
Once the parameters (py, ¢y ) were determined, the future
measurements of B, - K*K*, ¢¢p would be helpful to

947 ‘
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FIG. 2. The possible regions of CP averaged branching fraction, CPA and longitudinal polarization fraction of decay B, — ¢p° as a
function of the phase 0y, the red regions represent results from the p = 0.5, and the horizontal (gray) regions are results of p = 0.

40 20 90
35 15 85 f\
T 30 s 10 ~ 80'{’ AN
2 g g
X < =
Z 25
g s z N % 75
S ¢ T ;T
1 20 S b N 77 & 70
g 5 3
£ 15 < 65
-5
1.0 60
-10
05 55

-150 -100 -50 0 50 100 150
u

-150 -100 -50

FIG. 3.

0 50 100 150 -150 -100 -50 0 50 100 150

[ [

The possible regions of CP averaged branching fraction, CPA and longitudinal polarization fraction of decay B, — ¢w as a

function of the phase 6y, the red regions represent results from the p = 0.5, and the horizontal (gray) regions are results of p = 0.
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study the dynamics of annihilations and further determine
the parameters (py, ¢4).

III. EFFECTS OF NEW PHYSICS

Though when py = 0.5, the SM prediction of branching
fraction of B, — ¢p° can explain the data, we have chances
to search for the effects of NP, because py and ¢y have not
been completely confirmed yet. In this section, we will
study the effects of an extra Z’ gauge boson in these decays
B, — ¢(p°, w). Ignoring the mixing between Z° and Z’, we
write the couplings of the Z’ to fermions as [22]

Ty =g Wir'lel P+ e Prly, (32)
i

where i is the family index and y labels the fermions and
P r=(1 Fys)/2. In some string and grand unified
theory models [39-44], the Z' couplings are not required
to be family universal. When rotating to the physical basis,
FCNCs generally appear at tree level in both left-handed
and right-handed sectors, explicitly, as

BL =V, eV,  BR=V, eV . (33

For simplicity, we suppose that the right-handed couplings
are flavor diagonal and B® = 0. As a result, the Z' part of
the effective Hamiltonian for b — sgq(q = u, d) transition
has the form

ZGF glMZ
Heﬁ (

2
\/5 91MZ’> By, (5b)y_4
<Y [BL(aq)y_s + BE,(39)y,a).  (34)

where g, = e/(sinfy cosOy) and M, is the Z' mass.
Compared with the effective weak Hamiltonian of SM
shown in Eq. (2), the above Hamiltonian Eq. (34) can be
rearranged as

_Gr
V2

x Y (AC30%+AC501+AC;01+ACy07).  (35)
q

Heff V[ b V;ks

where O (i = 3,5,7,9) are the effective operators of SM.
AC; are the modifications to the corresponding SM Wilson
coefficients caused by the Z’ boson, which are expressed as

2 'M,
AC; = — J Bf,,(Bgu +2BL,
3V Vis \giMyz
2 gM
ACs = —37= <g]M;> BL (BR, +2B%,
1 ts
4 g/MZ 2
AC, = — BL (BR, — BR ),
! 3V Vi (gle’ w» (B aa)
4 "M, \?2
AC9 = _3V V* <gMZ> be(B{ZM Bsd)’ (36)
Vs \g1ilz

in terms of the model parameters at the My, scale. It is
found that the Z’ contributes not only to the electroweak
(EW) penguin operators but also to the QCD penguin ones.
In particular, we suppose that new physics is manifest in the
EW penguins by setting B5;X = —ZBZR as done in [45].
Because of the Hermiticity of the effective Hamiltonian, the
diagonal elements of the effective coupling matrices Bl
are real. However, for the off-diagonal one B, , it could be a
complex with a new weak phase ¢%. As a result, the
resulting Z' contributions to the Wilson coefficients are
then written as

AC; 5 ~0,
|thVtS‘

ACy7 =4 —""
VLV

le it (37)

with

§L,R . <gIMZ > 2‘ BsLthdR (38)

s glMZ’ thV;s '

The next step is to constrain the ranges of the new
defined parameters §ng . In generally, we suppose that both
the U(1), and U’(1) gauge groups originate from the same
grand unified theories, and ¢'/ g, ~ 1 is expected. The direct
search for Z' boson is one of important physics programs of
current and future high-energy colliders. However, the
direct signal of the new Z’' boson has not been observed
in the current experiments such as CMS and ATLAS,
implying that the mass of Z’ would be larger than the TeV
scale. In this work, we set M, >3 TeV conservatively.
The family nonuniversal Z’ leads to AB =2 and AS =2
FCNC, so that B — BY mixing happens at the tree level.
Then, the mass difference Amp_ presents the most strong
constraint to the models with the Z’ boson, and |BL| ~
|V, Vis| is theoretically required [46-48]. Meanwhile, in
order to explain CPAs of B — Kz and branching fractions
of B — K¢ and B — K*¢, the diagonal elements should
satisfy |BE%|~ |BLff| ~O(1) [25,26]. In addition, this
parameter region is of interest for collider detection.
Based on the above results obtained, we shall use

& = 158 = 1e5F e (1~2) x 1073 (39)
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TABLE II. The Wilson coefficients C; within the SM and with the contribution from the Z’ boson included in the
naive dimensional regularization scheme at the scale ¢ = m;, and p;, = /A,m, [27].

H=my Hn = VApmy
Wilson coefficients CcM AC? cM AC?
C 1.075 —0.006£- 1.166 —0.008¢&-
G, -0.170 —0.009¢F —-0.336 —0.014&F
C; 0.013 0.05&F — 0.01&R 0.025 0.11&F —0.02&R
Cy —-0.033 —0.13& +0.01&R —-0.057 —0.24EL 4+ 0.02&R
Cs 0.008 0.03&8 +0.01&R 0.011 0.03&" 4 0.02&R
Cs —0.038 —0.15&F +0.01&£8 -0.076 —0.32EL + 0.04&R
C7/ Qo —-0.015 4,188 — 473&R —-0.034 5.7EL — 459¢R
Cs/Qp 0.045 1.18L — 166£R 0.089 3.288 — 355¢k
Co/t,, —1.119 —561£L + 4.52&R —1.228 —611&F +6.7ER
Cio/ e 0.190 118£L — 0.5&R 0.356 207&F — 1.4&R

We also note that the other SM Wilson coefficients also
receive contributions from the Z' boson through renorm-
alization group (RG) evolution. Given that there is no
significant RG running effect between M, and My, scale,
the RG evolution of the modified Wilson coefficients is
exactly the same as the ones in the SM [30]. The Wilson
coefficients at m, and \/Aj,m, scale have been presented in
Table II.

To illustrate the effect of the Z’ boson, by setting py; = 0
and & = (1,2) x 1073, one can get the variations of the CP
averaged branching fractions, CPAs and longitudinal
polarization fractions of decays B, — ¢p° and B; — ¢
as a function of the new weak phase ¢,;,, as shown in
Figs. 4 and 5, where the horizontal lines are the center
values predicted in SM. From the left panel of Fig. 4, we
find that large & > 0.003, namely a lighter Z’' boson, is

CP(B—¢p") (%)

-150

~100 -50

0

[

-100 -50 0 50 100 150
[

-150

FIG. 4. The CP averaged branching fractions, CPAs and longitudinal polarization fractions of decay B; — ¢p° as a function of the
new weak phase ¢y, the dotted (red) and solid (black) lines represent results from the £ = 0.001, 0.002, and the solid horizontal (green)

lines are the center values of SM.

% . o . o . .

30~

20

. . .
CP(B$w)(%)

BF(Bso¢w)(x107)

Si(B>dw)

=150 =100 =50

FIG.5.

0

(2%

50 100 150 =150 =100 =50 0 50 100 150

(2%

The CP averaged branching fractions, CPAs and longitudinal polarization fractions of decay B; — ¢ as a function of the new

weak phase ¢, the dotted (red) and solid (black) lines represent results from the £ = 0.001, 0.002, and the solid lines the horizontal

(green) lines are the center values of SM.
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ruled out. When & = 0.001, ¢,, € (—40,80)° is favored.
With this range, the branching fraction of B; — ¢@ would
be (0.8 ~ 1.2) x 107, which is larger than that of SM by 1
order of magnitude, as shown in the left panel of Fig. 5. As
aforementioned, the newly introduced weak phase ¢y, in
the off-diagonal element of BL, plays a major role in
changing CPA. The CPAs are much sensitive to & and ¢,,.
For B, — ¢p° if &=0.002, the range of CPA is
—56% ~ 38%. If £ =0.001, its CPA could reach £85%
for some special ¢,;,. The CPA of B; — ¢ shares the same
characteristics with B, — ¢p. These remarkable changes
shown in the center panels of Figs. 4 and 5 will be
important signals in testing the model.

For the decay B — ¢p°, the longitudinal polarization
fraction f; is not sensitive to nonperturbative parameters if
we adopt py = 0 and ¢y = 0, as shown in the right panel
of Fig. 2. When including the contribution of Z’, it could
decrease to 0.33, when &=0.001 and ¢, =27°. If
¢4, = —10°, it could be enhanced to 0.97. For the decay
B — ¢w, if ¢, € (—40,80)°, the f; is in the range (0.84,
1), which is larger than the prediction of SM. In addition,
we also note that when & = 0.002, the change is not as
remarkable as the case of £ = 0.001, which can be seen in
the right panels of Figs. 4 and 5. The reason is that, when
£ =0.001, the contribution of Z’ is comparable with that of
SM, however when &= 0.002, the contribution of Z’
becomes larger than that of SM and dominates the
amplitude. If we only consider the effect of Z', f; =
0.91 for both decays. In the future, these observables could
be used to probe the effect of new physics. If the Z’ were
detected in the colliders directly, these decays would also
be useful to constrain the couplings.

IV. SUMMARY

In this work, we calculated the branching fractions, CP
asymmetries, and polarization fractions of the decay mode
B, = ¢p° and B, — ¢w within the QCD factorization
approach in both the SM and the family nonuniversal Z’
model. This approach is suitable because these decay

modes have no contributions from annihilation diagrams.
In SM, both decays are sensitive to two parameters, py and
¢y, which are from end-point singularities in the hard
spectator scattering.

Using the latest results of form factors of B, — ¢,
we obtained B(B, — ¢p°) = (4.1 +£0.5) x 1077  with
pr =0, and is (4.2757198) x 1077 with py = 0.5 and
¢y € [—180,180]°. These results are a bit larger than the
current experimental data. In addition, the longitudinal
polarization fraction f; is 89.4% and 86.3% for different
values of py. Because of the interference between tree and
penguin contributions, the CPA A.p is about 30%. The
future measurements of f; and A.p are helpful to deter-
mine the parameters (py, ¢y). The decay B, — ¢w was
also studied.

Because when we adopt py = 0.5, the effects of Z’ will
be buried in the large uncertainties taken from ¢y, we only
study its effects in B, — ¢p° and B, — ¢w by setting
pr = 0. In comparison with experimental data, £ > 0.003
(light Z') is ruled out. By setting £ = 0.001, the range
¢y, € (—40,80)° is favored. The branching fraction of
B; — ¢ may be enlarged by 1 order of magnitude by
the Z' boson within the allowed parameter space. The f; of
B, — ¢p° decreases to 0.33 with ¢, = 27°, and reaches to
0.97 with ¢, = —10°. Furthermore, as the direct CPA is
concerned, it can reach —85% with suitable parameter
space. The contribution of Z' to B, — ¢pw was also
calculated. All above observables could be measured in
the on-going LHC-b experiment and Belle-II, and the
future measurements with high precision will provide a
plate to test the nonuniversal Z’ model, and can be used to
constrain the mass of the Z’ boson in turn.
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