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Within the QCD factorization approach, we employ the new results of form factors of Bs → ϕ and
calculate the branching fractions, CP asymmetries (CPAs) and polarization fractions of the decay modes
Bs → ϕðρ0;ωÞ in both the standard model (SM) and the family nonuniversal Z0 model. We find that in SM
the above observables are relate to two parameters, ρH and ϕH , which characterize the end-point divergence
in the hard spectator-scattering amplitudes. When setting ρH ¼ 0.5 and ϕH ∈ ½−180; 180�°, the theoretical
uncertainties are large. By combining the experimental data, our results can be used to constrain these two
parameters. Supposing ρH ¼ 0, we study the effects of the Z0 boson on the concerned observables. With the
available branching fraction of Bs → ϕρ0, the possible ranges of parameter spaces are obtained. Within the
allowed parameter spaces, the branching fraction of Bs → ϕω 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 Z0 model, which can also be used to constrain the mass of
Z0 boson in turn.

DOI: 10.1103/PhysRevD.110.013001

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 → ππ,
B → πK�, B → ϕK�, and Bs → ϕϕ 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

of the B → K�μþμ− decay (the “P0
5 anomaly”) and in the

branching fractions of the Bs → ϕμþμ−, B → K�μþμ−,
B → Kμþμ−, and B → Kð�Þνν̄ 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 → sμþμ−
transition. If NP is indeed at the origin of the anomalies in
the b → sμþμ− 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 → sqq̄ transitions. Based on
this strategy, some decays such as B0

s → Kð�ÞK̄ð�Þ [4,5]
and B0

s → ϕϕ [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 B0
s → ϕρ0 and B0

s → ϕω, which are dominated by

*liying@ytu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 110, 013001 (2024)

2470-0010=2024=110(1)=013001(11) 013001-1 Published by the American Physical Society

https://orcid.org/0000-0002-1337-7662
https://ror.org/01rp41m56
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.013001&domain=pdf&date_stamp=2024-07-02
https://doi.org/10.1103/PhysRevD.110.013001
https://doi.org/10.1103/PhysRevD.110.013001
https://doi.org/10.1103/PhysRevD.110.013001
https://doi.org/10.1103/PhysRevD.110.013001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the FCNC b → sqq̄ transition. In SM, the possible
Feynman diagrams for the B0

s → ϕρ0 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-Iizuka rules, because the ρ0 meson is produced from
at least three gluons, thus this contribution is neglected.
Therefore, B0

s → ϕρ0 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 10−7 in SM, both in QCDF [13–17] and in pQCD
[18]. In the experimental side, the branching fraction of
Bs → ϕρ0 decay has been measured by the LHCb collabo-
ration [19],

BðBs → ϕρ0Þ ¼ ð2.7� 0.7stat � 0.2systÞ × 107; ð1Þ

with a significance of about 4σ. However, the polarization
fractions and CPA have not been measured until now. In
addition, Bs → ϕρ0 has been suggested as a tool to measure
γ 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

discovered. The presence of a Z0 boson associated with an
additional Uð1Þ0 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 Z0 gauge bosons can
be found in [22]. The most interesting feature is that the
family nonuniversal Z0 couplings could lead to FCNC in
the tree level [23,24]. The phenomenological effects of Z0
in B decays have been studied extensively [25–29]. In this
work, we will address the effect of the Z0 in the rare decay
modes Bs → ϕρ0 and Bs → ϕω. Because these two decays
are all penguin dominated process and mediated by
b → sqq̄, they are expected to be sensitive to the effect
of the Z0.
The layout of this paper is as follows. In Sec. II we will

present the theoretical predictions of Bs → ϕρ0 and Bs →
ϕω in SM based on QCDF. Section III is devoted to the
contributions of Z0. Some discussions are also given in this
section. We will summarize this work at last.

II. PREDICTIONS IN SM

In SM, the effective weak Hamiltonian mediating FCNC
transition of the type b → sqq̄ðq ¼ u; dÞ has the form [30]

Heff ¼
GFffiffiffi
2

p
�X
p¼u;c

VpbV�
psðC1O

p
1 þ C2O

p
2 Þ

− VtbV�
ts

X10
i¼3

CiOi

�
; ð2Þ

where GF is Fermi coupling constant and VpbV�
ps is the

product of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element. Ci are the Wilson coefficients with the
renormalization scale μ ∼mb. The Oi are the local four
fermion operators, and Op

1;2 are the left-handed current-
current operators, O3;…;6 and O7;…;10 are the QCD and
electroweak penguin operators, respectively, and they can
be expressed as follows:

FIG. 1. The possible Feynman diagrams for the B0
s → ϕρ0, in which (a) is the electroweak penguin diagram, (b) is the suppressed tree

diagram and, (c) is the singlet-annihilation diagram.
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Op
1 ¼ ðs̄bÞV−Aðq̄pÞV−A;

Op
2 ¼ ðs̄αbβÞV−Aðq̄βpαÞV−A;

O3 ¼ ðs̄bÞV−A
X
q0
ðq̄qÞV−A;

O4 ¼ ðs̄αbβÞV−A
X
q

ðq̄βqαÞV−A;

O5 ¼ ðs̄bÞV−A
X
q0
ðq̄qÞVþA;

O6 ¼ ðs̄αbβÞV−A
X
q

ðq̄βqαÞVþA;

O7 ¼ ðs̄bÞV−A
X
q

3

2
eqðq̄qÞVþA;

O8 ¼ ðs̄αbβÞV−A
X
q

3

2
eqðq̄βqαÞVþA;

O9 ¼ ðs̄bÞV−A
X
q

3

2
eqðq̄qÞV−A;

O10 ¼ ðs̄αbβÞV−A
X
q

3

2
eqðq̄βqαÞV−A; ð3Þ

where α and β are color indices and eq are charges of the
corresponding quark.
In the QCDF approach, the hadronic matrix element of

the decay B̄s → ϕρ0 can be written as

hϕρ0jOijB̄0
si ¼

X
j

FB0
s→ϕ

j

Z
1

0

dxTI
ijðxÞΦρðxÞ

þ
Z

1

0

dξ
Z

1

0

dx
Z

1

0

dyTII
i ðξ; x; yÞ

×ΦBs
ðξÞΦϕðxÞΦρðyÞ; ð4Þ

where TI
ij and TII

i are the perturbative short-distance
interactions and can be calculated perturbatively.
ΦXðxÞðX ¼ Bs; π;ϕÞ 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

hϕρ0jHeff jB̄0
si ¼

GFffiffiffi
2

p
X
p¼u;c

λðqÞp hϕρ0jT h;p
A jB̄0

si; ð5Þ

where the superscript h denotes the helicity of the final-
state meson. T h;p

A describes contributions from naive
factorization, vertex corrections, penguin contractions,
and spectator scattering expressed in terms of the flavor
operators ap;hi . Specifically,

T p;h
A ¼ ap;h1 ðM1M2Þδpuðs̄bÞV−A ⊗ ðūuÞV−A þ ap;h2 ðM1M2ÞδpuðūbÞV−A ⊗ ðs̄uÞV−A þ ap;h3 ðM1M2Þ

X
ðs̄bÞV−A ⊗ ðq̄qÞV−A

þ ap;h4 ðM1M2Þ
X

ðq̄bÞV−A ⊗ ðs̄qÞV−A þ ap;h5 ðM1M2Þ
X

ðs̄bÞV−A ⊗ ðq̄qÞV−A
þ ap;h6 ðM1M2Þ

X
ð−2Þðq̄bÞS−P ⊗ ðs̄qÞSþP þ ap;h7 ðM1M2Þ

X
ðs̄bÞV−A ⊗

3

2
eqðq̄qÞVþA

þ ap;h8 ðM1M2Þ
X

ð−2Þðq̄bÞS−P ⊗
3

2
eqðs̄qÞSþP þ ap;h9 ðM1M2Þ

X
ðs̄bÞV−A ⊗

3

2
eqðq̄qÞV−A

þ ap;h10 ðM1M2Þ
X

ðq̄bÞV−A ⊗
3

2
eqðs̄qÞV−A; ð6Þ

where ðq̄1q2ÞV�A ≡ q̄1γμð1� γ5Þq2 and ðq̄1q2ÞS�P ≡
q̄1ð1� γ5Þq2, and the summation is over q ¼ u; d. The
symbol ⊗ indicates that the matrix elements of the
operators in T A are to be evaluated in the factorized
form.
The decay constant and form factors are defined

by [15]

hVðp; εÞjVμj0i ¼ fVmVε
�
μ; ð7Þ

hVðp; εÞjVμjBðpBÞi ¼
2

mB þmV
ϵμναβε

�νpα
Bp

βVðq2Þ; ð8Þ

hVðp;εÞjAμjBðpBÞi ¼ i

�
ðmB þmVÞε�μA1ðq2Þ

−
ε� ·pB

mB þmV
ðpB þpÞμA2ðq2Þ

− 2mV
ε� ·pB

q2
qμ½A3ðq2Þ−A0ðq2Þ�

�
;

ð9Þ

where q ¼ p − p0, A3ð0Þ ¼ A0ð0Þ, and

A3ðq2Þ ¼
mB þmV

2mV
A1ðq2Þ −

mB −mV

2mV
A2ðq2Þ: ð10Þ
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In this work, the form factors of Bs → ϕ we adopted are from [31] based on the light-cone sum rules.
For a decay BðpBÞ → V1ðε�1; p1ÞV2ðε�2; p2Þ, its factorizable matrix elements are thus given as

XðBV1;V2Þ
h ≡ hV2jJμj0ihV1jJμ0 jBi ð11Þ

¼−ifV2
m2

�
ðε�1 ·ε�2ÞðmBþmV1

ÞABV1

1 ðm2
V2
Þ−ðε�1 ·pBÞðε�2 ·pBÞ

2ABV1

2 ðm2
V2
Þ

mBþmV1

þiϵμναβε
�μ
2 ε�ν1 pα

Bp
β
1

2VBV1ðm2
V2
Þ

ðmBþmV1
Þ
�
; ð12Þ

where V1 takes the spectator quark of the Bmeson and V2 is the emitted meson. So, the longitudinal (h ¼ 0) and transverse
ðh ¼ �Þ components are obtained as

XðBV1;V2Þ
0 ¼ ifV2

2mV1

�
ðm2

B −m2
V1

−m2
V2
ÞðmB þmV1

ÞABV1

1 ðq2Þ − 4m2
Bp

2
c

mB þmV1

ABV1

2 ðq2Þ
�
; ð13Þ

XðBV1;V2Þ
� ¼ −ifV2

mBmV2

��
1þmV1

mB

�
ABV1

1 ðq2Þ ∓ 2pc

mB þmV1

VBV1ðq2Þ
�
: ð14Þ

In QCDF, ap;hi 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

ap;hi ðV1V2Þ ¼
�
Ci þ

Ci�1

Nc

�
Nh

i ðV2Þ þ
Ci�1

Nc

CFαs
4π

�
Vh
i ðV2Þ þ

4π2

Nc
Hh

i ðV1V2Þ
�
þ Ph;p

i ðV2Þ; ð15Þ

where i ¼ 1;…; 10. The upper (lower) signs apply when i
is odd (even), Ci are the Wilson coefficients, CF ¼
ðN2

c − 1Þ=ð2NcÞ with Nc ¼ 3. The functions Vh
i ðV2Þ stand

for vertex corrections, Hh
i ðV1V2Þ for hard spectator inter-

actions with a hard gluon exchange between the emitted
meson and the spectator quark, and PiðV2Þ for penguin
contractions. In addition, the expression of the quantities
Nh

i reads

Nh
i ðV2Þ ¼

�
0; i ¼ 6; 8

1; else:
ð16Þ

It is noted that there are end-point divergences when we
study power corrections in QCDF. When we calculate the
hard spectator interactions Hh

i ðV1V2Þ 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 Hh

i ðV1V2Þ as

XH ≡
Z

1

0

dx
1 − x

¼ ð1þ ρHeiϕHÞ ln
�
mB

Λh

�
; ð17Þ

where Λh ¼ 500 MeV is a typical scale, and ρH;ϕH are
the unknown real parameters. The related discussions
of ðρH;ϕHÞ in B → PP;PV VV decays are found in
Refs. [14,32–34].

The amplitudes of B̄0
s → ϕρ0 and B̄0

s → ϕω decays are
written as

AhðB̄0
s → ϕρ0Þ ¼ GF

2

X
p¼u;c

λðsÞp

�
δpua

p;h
2 þ 3

2
ðap;h7 þ ap;h9 Þ

�

× XðB̄0
sϕ;ρÞ

h ; ð18Þ

AhðB̄0
s → ϕωÞ ¼ GF

2

X
p¼u;c

λðsÞp

�
δpua

p;h
2 þ 2ðap;h3 þ ap;h5 Þ

þ 1

2
ðap;h7 þ ap;h9 Þ

�
XðB̄0

sϕ;ωÞ
h : ð19Þ

We note that the transverse amplitudes A� are suppressed
by a factorm2=mB relative toA0, as shown in Eqs. (13) and
(14). In addition, the axial-vector and vector contributions
to Aþ 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

A0∶ A−∶Aþ ¼ 1∶
ΛQCD

mb
∶
�
ΛQCD

mb

�
2

ð20Þ

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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Ak ¼
Aþ þA−ffiffiffi

2
p ; A⊥ ¼ Aþ −A−ffiffiffi

2
p : ð21Þ

With the amplitudes, we then obtain the branching
fraction of B̄0

s → V1V2 as

BðB̄0
s → V1V2Þ ¼

τBs
jpcj

8πmBs
2
ðjALj2 þ jAkj2 þ jA⊥j2Þ; ð22Þ

where τBs
is the lifetime of the Bs meson and jpcj is the

absolute value of two final-state hadrons’momentum in the
Bs rest frame. Then, three polarization fractions are then
defined as

fα ≡ jAαj2
jA0j2 þ jAkj2 þ jA⊥j2

ð23Þ

with α ¼ L; k;⊥. In addition, we can also define the direct
CPAs as

ACP ¼ jAðB̄s → V̄1V̄2Þj2 − jAðBs → V1V2Þj2
jAðB̄s → V̄1V̄2Þj2 þ jAðBs → V1V2Þj2

; ð24Þ

Aα
CP ¼ fαðB̄s → V̄1V̄2Þ − fαðBs → V1V2Þ

fðαB̄s → V̄1V̄2Þ þ fαðBs → V1V2Þ
: ð25Þ

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 ρH and ϕH. We first follow [13]
and adopt the default values ρH ¼ 0 and ϕH ¼ 0. Three
observables of decay Bs → ϕρ0 and Bs → ϕω in SM are
presented as

BðBs → ϕρ0Þ ¼ ð4.1� 0.5Þ × 10−7;

BðBs → ϕωÞ ¼ ð1.5þ0.6
−0.5Þ × 10−7; ð26Þ

fLðBs → ϕρ0Þ ¼ ð89.5þ0.9
−1.0Þ%;

fLðBs → ϕωÞ ¼ ð82.1þ2.4
−2.8Þ%; ð27Þ

ACPðBs → ϕρ0Þ ¼ ð32.8þ0.1
−0.6Þ%;

ACPðBs → ϕωÞ ¼ ð−0.6þ3.8
−2.1Þ%; ð28Þ

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 Bs → ϕρ0 the major uncertainties
are from the form factors, while the decay constants
dominate the uncertainties in Bs → ϕω. The branching
fractions are in agreement with the previous predictions of
[13], and are larger than those of [15], because the form
factors of Bs → ϕ 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 ρH ¼ 0.5 within all

Bu;d;s → VV data. Within these ranges, we suppose
ϕH ∈ ½−180°; 180°� and obtain the results as

BðBs → ϕρ0Þ ¼ ð4.2þ0.7þ0.6
−0.6−0.5 Þ × 10−7;

BðBs → ϕωÞ ¼ ð2.9þ1.1þ0.0
−0.9−2.2 Þ × 10−7; ð29Þ

TABLE I. Summary of input parameters.

B meson parameters
B mB (GeV) τBðpsÞ fB (MeV) λB (MeV)
Bs 5.366 1.472 230� 20 300� 100

Light vector mesons
V fV (MeV) f⊥V (MeV) aV1 aV2 a⊥;V

1 a⊥;V
2

ρ 216� 3 165� 9 0 0.15� 0.07 0 0.14� 0.02
ϕ 233� 5 191� 9 0 0.18� 0.05 0 0.14� 0.02
ω 197� 3 148� 9 0 0.15� 0.07 0 0.14� 0.02

Form factors at q2 ¼ 0

ABsϕ
1 ABsϕ

2
VBsϕ

0.296� 0.03 0.25� 0.03 0.387� 0.03

Quark masses
mbðmbÞ (GeV) mcðmbÞ (GeV) mpole

c =mpole
b

msð2.1 GeVÞðGeVÞ
4.2 0.91 0.3 0.095� 0.020

Wolfenstein parameters
A λ ρ̄ η̄ γ
0.825 0.2265 0.1598 0.3499 67.6
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fLðBs → ϕρ0Þ ¼ ð86.5þ1.0þ8.0
−2.2−5.3 Þ%;

fLðBs → ϕωÞ ¼ ð75.7þ2.3þ13.4
−2.7−16.1 Þ%; ð30Þ

ACPðBs → ϕρ0Þ ¼ ð31.4þ0.8þ15.6
−2.8−14.7 Þ%;

ACPðBs → ϕωÞ ¼ ð−2.3þ1.6þ14.3
−0.8−8.9 Þ%; ð31Þ

where the first errors are from the uncertainties of the
nonperturbative parameters, and the second ones come
from the phase ϕH. From the results, it is obvious that the
strong phase ϕH takes larger uncertainties, especially for
decay Bs → ϕω. Moreover, when the ϕH is in the range
½35; 160�°, the branching fraction of Bs → ϕρ0 agrees with
the data [19]. In QCDF, vertex corrections Vi, penguin
contractions Pi, and hard spectator scattering Hi 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 ðρH;ϕHÞ,

we set ρH ¼ 0 and ρH ¼ 0.5 and plot the variations of the
branching fractions, CPAs and longitudinal polarization
fractions of Bs → ϕρ0 and Bs → ϕω decays with the phase
ϕH in Figs. 2 and 3, respectively. In fact, if ρH becomes
larger, the uncertainties taken by ϕH will be even larger. In
all figures, only uncertainties of the form factors (decay
constants) in Bs → ϕρ0 (Bs → ϕω) are considered.

From Eqs. (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 Bs → ϕω 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 Bs → ϕρ0 decay. In addition, in
Bs → ϕω decay, the nonfactorization of transverse specta-
tor scattering is important. This is the reason that QCD
corrections become much important, even though they are
αs 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 ðρH;ϕHÞ 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 ρA and ϕA.
Though in most literature ρA ¼ ρH and ϕA ¼ ϕH are
supposed for simplicity, these relations cannot be proved.
As aforementioned, both Bs → ϕρ0 and Bs → ϕω are
irrelevant to the annihilation contributions, and suitable
for determining the parameters of hard spectator scattering.
Once the parameters ðρH;ϕHÞ were determined, the future
measurements of Bs → K�K�, ϕϕ would be helpful to

FIG. 2. The possible regions of CP averaged branching fraction, CPA and longitudinal polarization fraction of decay Bs → ϕρ0 as a
function of the phase θH , the red regions represent results from the ρ ¼ 0.5, and the horizontal (gray) regions are results of ρ ¼ 0.

FIG. 3. The possible regions of CP averaged branching fraction, CPA and longitudinal polarization fraction of decay Bs → ϕω as a
function of the phase θH , the red regions represent results from the ρ ¼ 0.5, and the horizontal (gray) regions are results of ρ ¼ 0.

YING LI, YUE SUN, and ZHI-TIAN ZOU PHYS. REV. D 110, 013001 (2024)

013001-6



study the dynamics of annihilations and further determine
the parameters ðρA;ϕAÞ.

III. EFFECTS OF NEW PHYSICS

Though when ρH ¼ 0.5, the SM prediction of branching
fraction of Bs → ϕρ0 can explain the data, we have chances
to search for the effects of NP, because ρH and ϕH have not
been completely confirmed yet. In this section, we will
study the effects of an extra Z0 gauge boson in these decays
Bs → ϕðρ0;ωÞ. Ignoring the mixing between Z0 and Z0, we
write the couplings of the Z0 to fermions as [22]

JμZ0 ¼ g0
X
i

ψ̄ iγ
μ½ϵψL

i PL þ ϵψR
i PR�ψ i; ð32Þ

where i is the family index and ψ labels the fermions and
PL;R ¼ ð1 ∓ γ5Þ=2. In some string and grand unified
theory models [39–44], the Z0 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 ¼ VψL
ϵψLV†

ψL ; BR ¼ VψR
ϵψRV†

ψR : ð33Þ

For simplicity, we suppose that the right-handed couplings
are flavor diagonal and BR

sb ¼ 0. As a result, the Z0 part of
the effective Hamiltonian for b → sq̄qðq ¼ u; dÞ transition
has the form

HZ0
eff ¼

2GFffiffiffi
2

p
�
g0MZ

g1MZ0

�
2

BL
sbðs̄bÞV−A

×
X
q

½BL
qqðq̄qÞV−A þ BR

qqðq̄qÞVþA�; ð34Þ

where g1 ¼ e=ðsin θW cos θWÞ and MZ0 is the Z0 mass.
Compared with the effective weak Hamiltonian of SM
shown in Eq. (2), the above Hamiltonian Eq. (34) can be
rearranged as

HZ0
eff ¼−

GFffiffiffi
2

p VtbV�
ts

×
X
q

ðΔC3O
q
3þΔC5O

q
5þΔC7O

q
7þΔC9O

q
9Þ; ð35Þ

where Oq
i (i ¼ 3; 5; 7; 9) are the effective operators of SM.

ΔCi are the modifications to the corresponding SMWilson
coefficients caused by the Z0 boson, which are expressed as

ΔC3 ¼ −
2

3VtbV�
ts

�
g0MZ

g1MZ0

�
2

BL
sbðBL

uu þ 2BL
ddÞ;

ΔC5 ¼ −
2

3VtbV�
ts

�
g0MZ

g1MZ0

�
2

BL
sbðBR

uu þ 2BR
ddÞ;

ΔC7 ¼ −
4

3VtbV�
ts

�
g0MZ

g1MZ0

�
2

BL
sbðBR

uu − BR
ddÞ;

ΔC9 ¼ −
4

3VtbV�
ts

�
g0MZ

g1MZ0

�
2

BL
sbðBL

uu − BL
ddÞ; ð36Þ

in terms of the model parameters at the MW scale. It is
found that the Z0 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 BL;R

uu ¼ −2BL;R
dd as done in [45].

Because of the Hermiticity of the effective Hamiltonian, the
diagonal elements of the effective coupling matrices BL;R

qq

are real. However, for the off-diagonal one BL
sb, it could be a

complex with a new weak phase ϕL
sb. As a result, the

resulting Z0 contributions to the Wilson coefficients are
then written as

ΔC3;5 ≃ 0;

ΔC9;7 ¼ 4
jVtbV�

tsj
VtbV�

ts
ξL;Rsb e−iϕ

L
sb ; ð37Þ

with

ξL;Rsb ¼
�
g0MZ

g1MZ0

�
2
				B

L
sbB

L;R
dd

VtbV�
ts

				: ð38Þ

The next step is to constrain the ranges of the new
defined parameters ξL;Rsb . In generally, we suppose that both
the Uð1ÞY and U0ð1Þ gauge groups originate from the same
grand unified theories, and g0=g1 ∼ 1 is expected. The direct
search for Z0 boson is one of important physics programs of
current and future high-energy colliders. However, the
direct signal of the new Z0 boson has not been observed
in the current experiments such as CMS and ATLAS,
implying that the mass of Z0 would be larger than the TeV
scale. In this work, we set MZ0 ≥ 3 TeV conservatively.
The family nonuniversal Z0 leads to ΔB ¼ 2 and ΔS ¼ 2

FCNC, so that B0
s − B̄0

s mixing happens at the tree level.
Then, the mass difference ΔmBs

presents the most strong
constraint to the models with the Z0 boson, and jBL

sbj ∼
jVtbV�

tsj is theoretically required [46–48]. Meanwhile, in
order to explain CPAs of B → Kπ and branching fractions
of B → Kϕ and B → K�ϕ, the diagonal elements should
satisfy jBL;R

ss j ∼ jBL;R
dd j ∼Oð1Þ [25,26]. In addition, this

parameter region is of interest for collider detection.
Based on the above results obtained, we shall use

jξj ¼ jξL;Rdb j ¼ jξL;Rsb j∈ ð1 ∼ 2Þ × 10−3: ð39Þ
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We also note that the other SM Wilson coefficients also
receive contributions from the Z0 boson through renorm-
alization group (RG) evolution. Given that there is no
significant RG running effect between MZ0 and MW scale,
the RG evolution of the modified Wilson coefficients is
exactly the same as the ones in the SM [30]. The Wilson
coefficients atmb and

ffiffiffiffiffiffiffiffiffiffiffiffi
Λhmb

p
scale have been presented in

Table II.

To illustrate the effect of the Z0 boson, by setting ρH ¼ 0

and ξ ¼ ð1; 2Þ × 10−3, one can get the variations of the CP
averaged branching fractions, CPAs and longitudinal
polarization fractions of decays Bs → ϕρ0 and Bs → ϕω
as a function of the new weak phase ϕsb, 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 ξ > 0.003, namely a lighter Z0 boson, is

FIG. 4. The CP averaged branching fractions, CPAs and longitudinal polarization fractions of decay Bs → ϕρ0 as a function of the
new weak phase ϕsb, the dotted (red) and solid (black) lines represent results from the ξ ¼ 0.001, 0.002, and the solid horizontal (green)
lines are the center values of SM.

TABLE II. The Wilson coefficients Ci within the SM and with the contribution from the Z0 boson included in the
naive dimensional regularization scheme at the scale μ ¼ mb and μh ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Λhmb

p
[27].

μ ¼ mb μh ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Λhmb

p

Wilson coefficients CSM
i ΔCZ0

i CSM
i ΔCZ0

i

C1 1.075 −0.006ξL 1.166 −0.008ξL
C2 −0.170 −0.009ξL −0.336 −0.014ξL
C3 0.013 0.05ξL − 0.01ξR 0.025 0.11ξL − 0.02ξR

C4 −0.033 −0.13ξL þ 0.01ξR −0.057 −0.24ξL þ 0.02ξR

C5 0.008 0.03ξL þ 0.01ξR 0.011 0.03ξL þ 0.02ξR

C6 −0.038 −0.15ξL þ 0.01ξR −0.076 −0.32ξL þ 0.04ξR

C7=αem −0.015 4.18ξL − 473ξR −0.034 5.7ξL − 459ξR

C8=αem 0.045 1.18ξL − 166ξR 0.089 3.2ξL − 355ξR

C9=αem −1.119 −561ξL þ 4.52ξR −1.228 −611ξL þ 6.7ξR

C10=αem 0.190 118ξL − 0.5ξR 0.356 207ξL − 1.4ξR

FIG. 5. The CP averaged branching fractions, CPAs and longitudinal polarization fractions of decay Bs → ϕω as a function of the new
weak phase ϕsb, the dotted (red) and solid (black) lines represent results from the ξ ¼ 0.001, 0.002, and the solid lines the horizontal
(green) lines are the center values of SM.

YING LI, YUE SUN, and ZHI-TIAN ZOU PHYS. REV. D 110, 013001 (2024)

013001-8



ruled out. When ξ ¼ 0.001, ϕsb ∈ ð−40; 80Þ° is favored.
With this range, the branching fraction of Bs → ϕω would
be ð0.8 ∼ 1.2Þ × 10−6, 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 ϕsb in
the off-diagonal element of BL

sb plays a major role in
changing CPA. The CPAs are much sensitive to ξ and ϕsb.
For Bs → ϕρ0, if ξ ¼ 0.002, the range of CPA is
−56% ∼ 38%. If ξ ¼ 0.001, its CPA could reach �85%
for some special ϕsb. The CPA of Bs → ϕω shares the same
characteristics with Bs → ϕρ. 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 → ϕρ0, the longitudinal polarization

fraction fL is not sensitive to nonperturbative parameters if
we adopt ρH ¼ 0 and ϕH ¼ 0, as shown in the right panel
of Fig. 2. When including the contribution of Z0, it could
decrease to 0.33, when ξ ¼ 0.001 and ϕsb ¼ 27°. If
ϕsb ¼ −10°, it could be enhanced to 0.97. For the decay
B → ϕω, if ϕsb ∈ ð−40; 80Þ°, the fL is in the range (0.84,
1), which is larger than the prediction of SM. In addition,
we also note that when ξ ¼ 0.002, the change is not as
remarkable as the case of ξ ¼ 0.001, which can be seen in
the right panels of Figs. 4 and 5. The reason is that, when
ξ ¼ 0.001, the contribution of Z0 is comparable with that of
SM, however when ξ ¼ 0.002, the contribution of Z0
becomes larger than that of SM and dominates the
amplitude. If we only consider the effect of Z0, fL ¼
0.91 for both decays. In the future, these observables could
be used to probe the effect of new physics. If the Z0 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
Bs → ϕρ0 and Bs → ϕω within the QCD factorization
approach in both the SM and the family nonuniversal Z0
model. This approach is suitable because these decay

modes have no contributions from annihilation diagrams.
In SM, both decays are sensitive to two parameters, ρH and
ϕH, which are from end-point singularities in the hard
spectator scattering.
Using the latest results of form factors of Bs → ϕ,

we obtained BðBs → ϕρ0Þ ¼ ð4.1� 0.5Þ × 10−7 with
ρH ¼ 0, and is ð4.2þ0.7þ0.6

−0.6−0.5 Þ × 10−7 with ρH ¼ 0.5 and
ϕH ∈ ½−180; 180�°. These results are a bit larger than the
current experimental data. In addition, the longitudinal
polarization fraction fL is 89.4% and 86.3% for different
values of ρH. Because of the interference between tree and
penguin contributions, the CPA ACP is about 30%. The
future measurements of fL and ACP are helpful to deter-
mine the parameters (ρH;ϕH). The decay Bs → ϕω was
also studied.
Because when we adopt ρH ¼ 0.5, the effects of Z0 will

be buried in the large uncertainties taken from ϕH, we only
study its effects in Bs → ϕρ0 and Bs → ϕω by setting
ρH ¼ 0. In comparison with experimental data, ξ > 0.003
(light Z0) is ruled out. By setting ξ ¼ 0.001, the range
ϕsb ∈ ð−40; 80Þ° is favored. The branching fraction of
Bs → ϕω may be enlarged by 1 order of magnitude by
the Z0 boson within the allowed parameter space. The fL of
Bs → ϕρ0 decreases to 0.33 with ϕsb ¼ 27°, and reaches to
0.97 with ϕsb ¼ −10°. Furthermore, as the direct CPA is
concerned, it can reach −85% with suitable parameter
space. The contribution of Z0 to Bs → ϕω 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 Z0 model, and can be used to
constrain the mass of the Z0 boson in turn.
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