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Rare decays of B mesons play a crucial role in understanding and exploring the intricacies of physics
beyond the standard model. Various experimental results as well as theoretical investigations involving rare
B meson decays have motivated us to investigate the rare decay, B → ωμþμ−, proceeding through the
quark transition b → dlþl− in standard model and nonuniversal Z0 model. We have incorporated the new
physics (NP) couplings of the Z0 boson with quarks from Bd − Bd mixing. We have estimated the NP
leptonic couplings from the experimental values of branching fractions of other b → dlþl− decays. With
these NP couplings, we have estimated the branching ratio, forward-backward asymmetry, and lepton
polarization asymmetries. We have observed significant deviation from standard model predictions,
especially for the branching fraction and forward-backward asymmetry.

DOI: 10.1103/brtr-td9f

I. INTRODUCTION

The B meson decay sector provides excellent opportu-
nities to explore possible new physics (NP) signatures and
introduces plenty of prospects to examine interactions
beyond the present framework of the standard model
(SM). Recent experimental and phenomenological scenar-
ios depict a growing interest in the investigations involving
flavour changing neutral current (FCNC) decays. In the
SM, these transitions arise through the Glashow-Iliopoulos-
Maiani amplitudes at loop level [1,2]. Furthermore, the
involvement of the weak mixing angles of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix also suppresses these
decays [2–4], thus increasing their sensitivity to potential
NP contributions.
Several experimental observations in the B meson decay

sector which involve b → slþl− transition have prompted
many theoretical and phenomenological searches for NP.
For example, the SM results [5] show tensions of 4.2σ for
Bþ → Kþμþμ− [6] and 3.1σ for B0 → K0μþμ− (in
1.1 < q2 < 6 GeV2) [6]. In the high q2ð15 < q2 <
22 GeV2Þ region, too, there has been a tension of 2.7σ
between SM results and LHCb results for B0 → K0μþμ−
[6]. For B0

s → ϕμþμ− decay, there is a deviation of 3.6σ of
the branching ratio, from the SM predictions, for the region
1.1 < q2 < 6 GeV2 [7]. Furthermore, the LHCb observed
a local discrepancy of 3.7σ in the range of 4.30 < q2 <
8.68 GeV2 for the angular observableP0

5 for the decay B
0 →

K�ð892Þ0μþμ− [8]. Also, for the integrated value of P0
5 over

the interval 1.0 < q2 < 6.0 GeV2, the discrepancy is 2.5σ
with SM estimations [8]. Global analysis performed with the

CP-averaged observables indicate deviation of 3.4σ from the
SM in the case of the B0 → K�0μþμ− decay mode [9].
As the b → dlþl− decays can be complementary probes

to the b → slþl− channels, we can likewise scrutinize
potential hints of NP in the b → dlþl− decays. In fact, the
branching fractions of b → dlþl− decays are further sup-
pressed by a factor of j Vtd

Vts
j2 ≃ 0.04, which makes them

even more influenced by NP than the b → s counterparts
[10]. Moreover, the b → dlþl− decays are susceptible to
the CP-violating phase β as they are sensitive to the CKM
matrix element Vtd. Contrary to this, b → slþl− decays
depict sensitivity to Vts, and the corresponding CP phase is
βs ≈ 0. Consequently, comparatively higher CP-violating
effects can be anticipated for the case of b → dlþl−
decays [11].
Considering the potential of b → dlþl− transitions to

provide stringent tests of SM and discover possible NP
signatures, these transitions have been explored exten-
sively in several phenomenological studies [11–22]. For
formulating NP, one can take either of two approaches:
one involves adding new symmetries to SM for framing
NP models, and the other is where new massive fields
are incorporated using generic effective field theory
[23]. Models such as the Z0 model, the W0 model, and
the leptoquark model introduce particles which are not
present in the SM. These theoretical frameworks with
NP particles have been utilized in several phenomeno-
logical studies of b → d transition. In the nonuniversal
Z0 model, the decays B → ρlþl− and B → πlþl−,
which occur through b → d transition, have been inves-
tigated with the estimation of various observables including
the differential branching ratio,CP-violation asymmetry, and
lepton polarization asymmetry [12]. The influence of the Z0
boson on several important observables including different
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angular observables has also been explored for the decay
mode B → ðρ; a1Þμþμ− [13]. In Ref. [14], a global fit with
b → slþl− and b → dlþl− observables has been per-
formed to constrain NP couplings of the Z0 boson and study
their effects onBs → K �lþl−.Other than theZ0model,B →
ρlþl− and B → πlþl− decays have also been examined in
the two Higgs doublet model with focus on branching ratio,
CP violation, and forward-backward asymmetry [15].
Furthermore,model-independentanalysis for thedecay,Bs →
K�ð→ KπÞμþμ− has depicted deviations from SM predic-
tions for several observables [16]. Model-independent analy-
sis has also been performed from global fits to
B0
s → K̄ �0μþμ−, Bþ → πþμþμ−, B0 → μþμ−, and B →

Xdγ decays [17]. A number of b → dlþl− decays like
B → πlþl−, B → ρlþl−, and B → ωlþl− are recently
examined in the theory of the covariant confined quarkmodel
as well [18].
Although b → d decays have immense potential to

provide pathways for exploring NP, their typical branching
fractions in the SM, which are calculated to be of the order of
Oð10−8Þ [24–26], or even smaller than this, makes them
difficult toobserve in experiments [10].Nevertheless, in2012,
the LHCb observed and measured the branching fraction of
Bþ → πþμþμ− decay as ð2.3� 0.6ðstatÞ � 0.1ðsystÞÞ ×
10−8 [27]. This [27] is considered to be the first ever
measurement for a b → d transition. Later on, the LHCb
Collaboration also measured theCP asymmetry for the same
decay [28]. The BABAR Collaboration has set branching
fraction upper limits on B0 → ηlþl− and B0 → π0lþl−
decays [29]. LHCb has alsomeasured the branching fractions
of B0 → πþπ−μþμ− and B0 → ρ0μþμ− to be ð2.11�
0.51ðstatÞ�0.15ðsystÞÞ×10−8 and ð1.98�0.53Þ×10−8,
respectively [30]. A recent experimental study using a
711 fb−1 data sample carried out by the Belle
Collaboration has performed searches for several b →
dlþl− decays, such as Bþ;0 → ðη;ω; πþ;0; ρþ;0Þlþl−
[10].Theseexperimental investigationsmotivateus to explore

further and perform phenomenological analysis on b −
dlþl− transition.
In the present work, in order to investigate NP, we

have explored B → ωμþμ− decays as a promising probe
for possibilities of NP signatures in the b → dlþl−
sector. The upper limit on the branching fraction of this
decay has recently been set by the Belle Collaboration
[10]. This decay has also been previously analyzed in
the covariant confined quark model [18]. In our work,
we perform a detailed phenomenological analysis of this
decay and evaluate various observables such as the
branching fraction, forward-backward asymmetry, and
lepton polarization asymmetry in the nonuniversal Z0
model and compare the results with the corresponding
SM predictions. We have constrained the NP quark
couplings from Bd − B̄d mixing. To obtain the NP
leptonic couplings of the Z0 boson, we have performed
a χ2 fit with experimental results of branching fractions
of the decays which proceed through b → d transition.
We have used the available experimental results for
Bþ → πþμþμ−, B0

s → K�0μþμ−, and B0 → ρ0μþμ−
decays in our χ2 fit.
In the following section, we discuss the theoretical

framework required for formulating the expressions of
the observables of b → dμþμ− transition. In Sec. III, we
describe the framework and NP couplings in the nonuni-
versal Z0 model. We describe how we estimated the NP
couplings and modified the Wilson coefficients in Sec. IV.
We then discuss the results obtained in Sec. V.

II. b → dμ+ μ− TRANSITION IN SM

A. Effective Hamiltonian and Wilson coefficients

In the SM, the b → dμþμ− transition is described
through an effective Hamiltonian, in terms of operator
product expansion. The effective Hamiltonian may be
written as [18,24,31–33]

HSM
eff ¼ − 4GFffiffiffi

2
p V�

tdVtb

�X10
i¼1

CiðμÞOiðμÞ þ λu
X2
i¼1

CiðμÞ½OiðμÞ −OðuÞ
i ðμÞ�

�
: ð1Þ

In this basis, the short-distance physics is encoded in the Wilson coefficients Ci. The local operators O1;2 represent the
current-current operators,O3−6 correspond to QCD penguin operators, the dipole operators are represented byO7;8, and the
semileptonic electroweak penguin operators are denoted byO9;10 [18]. These local operators, in terms of chirality projection
operators PL;R ¼ ð1 ∓ γ5Þ=2, can be written as [18,32,33]

Ou
1 ¼ ðd̄a1γμPLua2Þðūa2γμPLba1Þ; Ou

2 ¼ ðd̄γμPLuÞðūγμPLbÞ;
O1 ¼ ðd̄a1γμPLca2Þðc̄a2γμPLba1Þ; O2 ¼ ðd̄γμPLcÞðc̄γμPLbÞ;
O3 ¼ ðd̄γμPLbÞΣqðq̄γμPLqÞ; O4 ¼ ðd̄a1γμPLba2ÞΣqðq̄a2γμPLqa1Þ;
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O5 ¼ ðd̄γμPLbÞΣqðq̄γμPRqÞ; O6 ¼ ðd̄a1γμPLba2ÞΣqðq̄a2γμPRqa1Þ;

O7 ¼
e2

16π2
m̄bðd̄σμνPRbÞFμν; O8 ¼

g
16π2

m̄bðd̄a1σμνPRTa1a2ba2ÞGμν;

O9 ¼
e2

16π2
ðd̄γμPLbÞðl̄γμlÞ; O10 ¼

e2

16π2
ðd̄γμPLbÞðl̄γμγ5lÞ:

The dipole operator O7 is represented in terms of photon field strength Fμν, while O8 is constructed with the gluon field
strength Gμν and the SUð3Þ color group generators Ta1a2 . The renormalization scale is represented by μ [18].
The matrix element is written as [2,18,31,32]

M ðb → dlþl−Þ ¼ GFαffiffiffi
2

p
π
V�
tdVtb

�
Ceff
9 ½dγμPLb�½l̄γμl� þ C10½d̄γμPLb�½l̄γμγ5l�−2m̂bCeff

7

�
d̄iσμν

q̂ν

ŝ
PRb

�
½l̄γμl�

�
: ð2Þ

We have followed the approach of Ref. [2] and denote the MS (Modified Minimal Subtraction) mass evaluated at a scale
μ asmb ≡mbðμÞ and the pole mass of the b− quark asmb;pole. In perturbation theory, up to next-to-leading order, these two
masses are related by [2]

mbðμÞ ¼ mb;pole

�
1 − 4

3

αsðμÞ
π

�
1 − 3

4
ln

�
m2

b;pole

μ2

���
: ð3Þ

We choose μb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

B −m2
b

q
≃ 2.4 GeV as the scale of the B decays. The values of the Wilson coefficients considered in

our work are given in Table I. The effective Wilson coefficient Ceff
9 is written as [31,34,35]

Ceff
9 ðŝÞ ¼ C9 þ gðm̂c; ŝÞ½3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6�

− 1

2
gð1; ŝÞ½4C3 þ 4C4 þ 3C5 þ C6� − 1

2
gð0; ŝÞ½C3 þ 3C4�

þ 2

9
½3C3 þ C4 þ 3C5 þ C6� − V�

udVub

V�
tdVtb

½3C1 þ C2�½gð0; ŝÞ − gðm̂c; ŝÞ�; ð4Þ

with

gð0; ŝÞ ¼ 8

27
− 8

9
ln
mb

μ
− 4

9
ln ŝþ 4

9
iπ; ð5Þ

gðz; ŝÞ ¼ 8

27
− 8

9
ln
mb

μ
− 8

9
ln zþ 4

9
x − 2

9
ð2þ xÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
j1 − xj

p

×

8>><
>>:

�
ln
			 ffiffiffiffiffiffi

1−xp þ1ffiffiffiffiffiffi
1−xp −1

			 − iπ

�
for x≡ 4z2

ŝ ≤ 1;

2 arctan 1ffiffiffiffiffiffi
x−1p for x≡ 4z2

ŝ > 1:
ð6Þ

B. Form factors

The transition matrix elements required for describing the above decays may be classified into semileptonic and penguin
contributions [34,36–38]. The penguin type form factors can be described in terms of the semileptonic type form factors
as [34]

TABLE I. Wilson coefficients [34].

C1 C2 C3 C4 C5 C6 Ceff
7 C9 C10

−0.360 1.169 0.017 −0.036 0.010 −0.048 −0.355 4.42 −4.398
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T1ðq2Þ ¼
M2

B −M2
ω þ q2

2MB

Vðq2Þ
MB þMω

þMB þMω

2MB
A1ðq2Þ; ð7Þ

T2ðq2Þ ¼
2

M2
B −M2

ω

�ðMB − yÞðMB þMωÞ
2

A1ðq2Þ þ
MBðy2 −M2

ωÞ
MB þMω

Vðq2Þ
�
; ð8Þ

T3ðq2Þ ¼ −MB þMω

2MB
A1ðq2Þ þ

MB −Mω

2MB
½A2ðq2Þ − A3ðq2Þ� þ

M2
B þ 3M2

ω − q2

2MBðMB þMωÞ
Vðq2Þ; ð9Þ

with y ¼ M2
BþM2

ω−q2
2MB

being the energy of the final light meson.
Four independent form factors, A1, A2, A3, and V, are required for the B → ω decay mode. In this study, we have used

these form factors obtained from light cone sum rules [34]. We utilize the following parametrization to obtain reasonable
behavior of the form factors since at large momentum transfer (q2 ∼m2

Q) light cone sum rules break down [34],

Fðq2Þ ¼ Fð0Þ
1 − aF

q2

M2
B
þ bFð q

2

M2
B
Þ2
; ð10Þ

where Fðq2Þ denotes the form factors Ai and V.
The form factors for B → ω decay used in our study are given in Table II.

C. Expressions of observables

Following the approach of Refs. [2,34,39,40], the decay width can be constructed in terms of auxiliary coefficients, and
these auxiliary coefficients are in turn structured in terms of form factors andWilson coefficients. Thus, the decay width can
be described as

dΓ
dŝ

¼ G2
Fα

2M5
B

210π5
jV�

tdVtbj2ûðŝÞD; ð11Þ

where

D ¼ jAj2
3

ŝλ

�
1þ 2

m̂2
μ

ŝ

�
þ jEj2ŝ ûðŝÞ

2

3

þ 1

4M̂ 2
ω

�
jBj2

�
λ − ûðŝÞ2

3
þ 8M̂ 2

ωðŝþ 2m̂ 2
μÞ
�
þ jFj2

�
λ − ûðŝÞ2

3
þ 8M̂ 2

ωðŝ − 4m̂ 2
μÞ
��

þ λ

4M̂ 2
ω

�
jCj2

�
λ − ûðŝÞ2

3

�
þ jGj2

�
λ − ûðŝÞ2

3
þ 4m̂ 2

μð2þ 2M̂ 2
ω − ŝÞ

��

− 1

2M̂ 2
ω

�
ReðBC�Þ

�
λ − ûðŝÞ2

3

�
ð1 − M̂ 2

ω − ŝÞ þ ReðFG�Þ
��

λ − ûðŝÞ2
3

�
ð1 − M̂ 2

ω − ŝÞ þ 4m̂ 2
μλ

��

− 2
m̂ 2

μ

M̂ 2
ω

λ½ReðFH�Þ − ReðGH�Þð1 − M̂ 2
ωÞ� þ

m̂ 2
μ

M̂ 2
ω

ŝλjHj2 ð12Þ

with m̂μ ¼ mμ=MB, and M̂ω ¼ Mω=MB.

TABLE II. Form factors [34].

Fð0Þ aF bF

A1 0.221þ0.012−0.013 0.46−0.01þ0.02 −0.08−0.01þ0.01

A2 0.211þ0.011−0.011 1.16−0.01þ0.01 0.35−0.01þ0.01

A3 −0.211þ0.011−0.011 1.16þ0.01−0.01 0.35þ0.01−0.01
V 0.275þ0.014−0.015 1.40−0.02þ0.02 0.51−0.02þ0.04
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The auxiliary functions are represented by
A;B;C; E; F;G, and H, and they are structured as [2]

AðŝÞ ¼ 2

1þ M̂ω

Ceff
9 ðŝÞVðŝÞ þ 4m̂b

ŝ
Ceff
7 T1ðŝÞ; ð13Þ

BðŝÞ¼ð1þM̂ωÞ
�
Ceff
9 ðŝÞA1ðŝÞþ

2m̂b

ŝ
ð1−M̂ωÞCeff

7 T2ðŝÞ
�
;

ð14Þ

CðŝÞ ¼ 1

1 − M̂ 2
ω

�
ð1 − M̂ωÞCeff

9 ðŝÞA2ðŝÞ

þ 2m̂bCeff
7

�
T3ðŝÞ þ

1 − M̂2
ω

ŝ
T2ðŝÞ

��
; ð15Þ

EðŝÞ ¼ 2

1þ M̂ω

C10VðŝÞ; ð16Þ

FðŝÞ ¼ ð1þ M̂ωÞC10A1ðŝÞ; ð17Þ

GðŝÞ ¼ 1

1þ M̂ω

C10A2ðŝÞ; ð18Þ

HðŝÞ ¼ 1

1þ M̂ω

C10A3ðŝÞ: ð19Þ

The terms λðŝÞ and ûðŝÞ are

λðŝÞ ¼ 1þ M̂ 4
ω þ ŝ 2 − 2ŝ − 2M̂ 2

ωð1þ ŝÞ; ð20Þ

ûðŝÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðŝÞ

�
1 − 4

m̂ 2
μ

ŝ

�s
: ð21Þ

The forward-backward asymmetry is expressed as [2]

dAFB

dŝ
¼ G2

Fα
2M5

B

210π5
jV�

tdVtbj2ŝ û ðŝÞ2½ReðBE�Þ þ ReðAF�Þ�

¼ G2
Fα

2M5
B

28π5
jV�

tdVtbj2ŝ û ðŝÞ2C10½ReðCeff
9 ÞVA1

þ m̂b

ŝ
Ceff
7 fVT2ð1 − M̂2

ωÞ þ A1T1ð1þ M̂ωÞg�:
ð22Þ

In the plot of forward-backward asymmetry, we need to
equate the two parts of the expressions in the square
brackets of Eq. (22) [2]. Thus, at the zero-crossing point,

ReðCeff
9 ðŝ0ÞÞ ¼ − m̂b

ŝ0
Ceff
7

�
T2ðŝ0Þ
A1ðŝ0Þ

ð1 − M̂ωÞ

þ T1ðŝ0Þ
Vðŝ0Þ

ð1þ M̂ωÞ
�
: ð23Þ

From the experimental perspective, the normalized for-
ward-backward asymmetry is more advantageous, and it is
defined as [2]

dĀFB

dŝ
¼ dAFB

dŝ =
dΓ
dŝ

: ð24Þ

In terms of lepton polarization asymmetries [40],

dΓðûÞ
dŝ

¼ 1

2

�
dΓ
dŝ

�
0

½1þ ðPLêL þ PNêN þ PTêTÞ: n̂�; ð25Þ

where ðdΓdŝÞ0 is the unpolarized decay width and n̂ represents
unit vector in the center of mass frame of dilepton. PL, PN ,
and PT represent longitudinal polarization asymmetry,
normal polarization asymmetry, and transverse polarization
asymmetry, respectively. Both PL and PT are in the decay
plane, while PN is perpendicular to the decay plane.
Following Refs. [39,40], we write the lepton polarization

asymmetry Pi as

PiðŝÞ ¼
dΓðn̂¼êiÞ

dŝ − dΓðn̂¼−êiÞ
dŝ

dΓðn̂¼êiÞ
dŝ þ dΓðn̂¼−êiÞ

dŝ

; ð26Þ

PLD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4

m̂2
μ

ŝ

s �
2ŝλ
3

ReðAE�Þþðλþ12ŝM̂ 2
ωÞ

3M̂2
ω

ReðBF�Þ −λð1−M̂ 2
ω− ŝÞ

3M̂ 2
ω

ReðBG�þCF�Þþ λ2

3M̂ 2
ω

ReðCG�Þ
�
; ð27Þ

PND¼−π ffiffiffî
s

p
ûðŝÞ

4M̂ω

�
m̂μ

M̂ω

½ImðFG�Þð1þ3M̂ 2
ω− ŝÞþ ImðFH�Þð1−M̂ 2

ω− ŝÞ− ImðGH�Þλ�þ2M̂ωm̂μ½ImðBE�Þþ ImðAF�Þ�
�
;

ð28Þ
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PTD ¼ π
ffiffiffi
λ

p
m̂μ

4
ffiffiffî
s

p
�
4ŝReðAB�Þ þ ð1 − M̂ 2

ω − ŝÞ
M̂ 2

ω

½−ReðBF�Þ þ ð1 − M̂ 2
ωÞReðBG�Þ þ ŝReðBH�Þ�

þ λ

M̂2
ω

½ReðCF�Þ − ð1 − M̂ 2
ωÞReðCG�Þ − ŝReðCH�Þ�

�
: ð29Þ

With the expressions of these observables and the form
factors, we estimate their values for B → ωμþμ− decays.

III. Z0 MODEL

The Z0 boson is a hypothetical beyond-the-standard-
model particle and is a colorless, chargeless vector boson.
The Z0 boson is introduced in several theoretical models
such as grand unified theories, supersymmetric extensions
of SM, theories with large extra dimensions, and super-
string theories [41–49]. In family nonuniversal Z0 models,
flavor mixing in the quark and lepton sectors leads to
flavor-changing couplings of the Z0 boson [41]. Because of
the nondiagonal chiral coupling matrix, the FCNC tran-
sitions occur at the tree level in the nonuniversal Z0 model
[22]. Models with flavor nonuniversal Z0 couplings have
been extensively used in phenomenological studies of
FCNC decays [12–14,22,39,50–55].
In the Z0 model, the Uð1Þ0 currents may be expressed as

[12,41,56,57]

Jμ ¼
X
i;j

ψ̄ iγμ½ϵψLij
PL þ ϵψRij

PR�ψ j; ð30Þ

where ϵψR;Lij
represent the chiral couplings of the Z0 boson.

It is considered that the Z0 couplings are diagonal and
nonuniversal [12]. Thus, fermion mixing induces flavor-
changing couplings. These FCNCs occur at tree level in the
Z0 model in both the left-handed and the right-handed
sectors. We write the couplings explicitly as [12]

BψL
ij ≡ ðVψ

LϵψL
Vψ†

L Þij; BψR
ij ≡ ðVψ

RϵψR
Vψ†

R Þij: ð31Þ
Neglecting Z − Z0 mixing and considering that only the

right-handed quark couplings with the Z0 boson are
diagonal [12,58–66], the modified Hamiltonian for the
Z0 part is written as [12]

HZ0
eff ¼

2GFffiffiffi
2

p
π
VtbV�

td

�
BL
dbB

L
ll

VtbV�
td
d̄γμð1 − γ5Þbl̄γμð1 − γ5Þl

þ BL
dbB

R
ll

VtbV�
td
d̄γμð1 − γ5Þbl̄γμð1þ γ5Þl

�
; ð32Þ

where BL
db ¼ jBL

dbje−iϕ
L
db denotes the off-diagonal left-

handed couplings of quark sector with the Z0 boson and
ϕL
db is the new weak phase. Thus,

HZ0
eff ¼ − 4GFffiffiffi

2
p VtbV�

td½CZ0
9 O9 þ CZ0

10O10�; ð33Þ

with [12]

CZ0
9 ¼ 4πe−iϕL

db

αVtbV�
td
jBL

dbjðBL
ll þ BR

llÞ; ð34Þ

CZ0
10 ¼

4πe−iϕL
db

αVtbV�
td
jBL

dbjðBL
ll − BR

llÞ: ð35Þ

BL
ll and B

R
ll represent the couplings of Z

0 boson with the
left- and right-handed leptons, respectively.
Thus, the modified Wilson coefficients, C9 and C10,

including the contributions from both the SM and Z0 model,
can be written as

CNP
9 ¼ Ceff

9 þ CZ0
9 ; ð36Þ

CNP
10 ¼ C10 þ CZ0

10: ð37Þ

IV. ESTIMATION OF NP COUPLINGS

To investigate the influence of the Z0 boson, we need to
incorporate NP couplings in the Wilson coefficients C9 and
C10. It has been found in Ref. [67] that the strength of the
quark coupling with the Z0 boson is strongly constrained by
Bd − Bd mixing. In Ref. [22], the fitting results of the
mixing parameters CBd

and ϕBd
from the UTfit

Collaboration are considered [68,69] for the estimation
of the quark coupling. Following Refs. [22,67], we have
constrained the available parameter space of NP quark
coupling BL

db with the recent results of CBd
and ϕBd

from
the UTfit Collaboration [70].
Here, we discuss the theoretical formulation required for

Bd − Bd mixing. In the SM, the effective Hamiltonian for
B̄d − Bd mixing is given by [33,67,71,72]

H SM
eff ðΔB ¼ 2Þ ¼ G2

F

16π2
M2

WðVtbV�
tdÞ2

× CQðμbÞQðΔB ¼ 2Þ þ H:c:; ð38Þ

where QðΔB ¼ 2Þ ¼ ðq̄bÞV−Aðq̄bÞV−A. The off-diagonal
term MSM

12 in the B meson mass matrix is given by [67]
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2MBd
MSM

12 ¼ hB0
djH SM

eff ðΔB ¼ 2ÞjB̄ 0
di

¼ G2
F

6π2
M2

WðVtbV�
tdÞ2ðB̂Bd

f2Bd
ÞM2

Bd
ηBS0ðxtÞ:

ð39Þ

Here, MW denotes the mass of W boson, B̂Bd
is the bag

parameter, fBd
is the B meson decay constant, ηB is the

short-distance QCD correction function, and S0ðxtÞ is
the Inami-Lim function. For our work, we have taken
the values ηB ¼ 0.55 [33,71] and fBd

ffiffiffiffiffiffiffiffi
BBd

p ¼ 210.6 MeV
[73]. The Inami-Lim function is given by [71]

S0ðxtÞ ¼
4xt − 11x2t þ x3t

4ð1 − xtÞ2
− 3x3t ln xt
2ð1 − xtÞ3

; ð40Þ

where xt ¼ ðm̄tðm̄tÞ
MW

Þ2. We have taken the scale-dependent

mass m̄tðm̄tÞ as mMS
t ðmtÞ ¼ 162.69 GeV [74].

Now, in the Z0 model, in terms of the NP quark coupling
BL
db and the new weak phase ϕL

db, the contribution of the Z
0

boson to M12 can be written as [67]

2MBd
MZ0

12 ¼
GFffiffiffi
2

p U0
LLjBL

dbj2ei2ϕ
L
db
8

3
M2

Bd
ðB̂Bd

f2Bd
Þ; ð41Þ

with

U0
LL ¼ ðαsðμWÞÞ

γ
ð0Þ
Q
2β0

�
1 − αsðμWÞ

4π
J5

�
; ð42Þ

where γð0ÞQ ¼ 4 [67,71], β0 ¼ 23=3 [67,71], and J5 ¼
1.627 [67,71].
The UTfit Collaboration has performed model-indepen-

dent analysis of B̄q − Bq mixing with the parametrization
[68,69]

CBq
e2iϕBq ¼hBqjH full

eff jB̄qi
hBqjH SM

eff jB̄qi
¼ASM

q eiϕ
SM
q þANP

q eið2ϕNP
q þϕSM

q Þ

ASM
q eiϕ

SM
q

;

ð43Þ

whereH full
eff is the effective Hamiltonian with both SM and

NP contributions while H SM
eff has only the SM contribu-

tions [67]. In the SM, the modulus of CBq
is predicted to be

1, while the phase ϕBq
is 0 [67]. However, the fit results by

the UTfit Collaboration deviate from the SM predictions.
Following the methodology of Refs. [22,67], we have
estimated the parameter space of the NP quark couplings of
the Z0 boson, while considering the recent results of the
UTfit Collaboration for B̄d − Bd mixing (Table III). With
these data from Table III, the obtained parameter space for
the quark coupling BL

db and the new weak phase ϕL
db is

shown in Fig. 1. The overlapping area is the region of
allowed coupling. We have performed naïve χ2 minimiza-
tion to obtain the values of the quark coupling and the new
weak phase. Here, we have defined the χ2 function as

χ2 ¼
X
i

ðOthðZ0Þ
i −OUTfit

i Þ2
ðΔOiÞ2

; ð44Þ

where OthðZ0Þ
i ’s are the expressions for the parameters CBd

and ϕBd
including the contribution of Z0 boson andOUTfit

i is
the data from UTfit Collaboration with the uncertainties
included inΔOi. The quark coupling BL

db and the new weak
phase ϕL

db obtained by χ2 minimization are given in
Table IV.
To evaluate the leptonic couplings, we have considered

the experimental results of branching fractions of the
decays Bþ→πþμþμ−, B0

s → K�0μþμ− and B0 → ρ0μþμ−

FIG. 1. The quark coupling BL
db and the new weak phase ϕL

db
parameter space constrained from the fit results of the parameters
CBd

and ϕBd
from UTfit Collaboration. The pink region is

constrained from CBd
, while the blue region is constrained from

ϕBd
. The overlapping region shows the available parameter space

for BL
db and ϕL

db. The coupling determined by χ2 minimization is
shown by the blue dot.

TABLE III. Fit results from UTfit Collaboration for B̄d − Bd
mixing [70].

Parameter Value

CBd
1.06� 0.08

ϕBd
½°� −1.8� 2.4

TABLE IV. Values of quark coupling and new weak phase.

Parameter Value

BL
db 0.990 × 10−4

ϕL
db −1.797°
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(Table V). The available parameter space of the leptonic
couplings BL

μμ and BR
μμ for each decay mode is constrained

from the experimental error ranges as well as 1σ theo-
retical uncertainties. The overlapping space of all the
decays gives the allowed region of the leptonic couplings.
The 1σ- favored parameter space constrained from b →
dlþl− decays is depicted in Fig. 2. We have also
performed a naive χ2 analysis to obtain the values of
the coupling from the allowed parameter space. We have
defined χ2 as [55]

χ2 ¼
X
i

ðOth
i ðCNP

9;10Þ −Oexp
i Þ2

ðΔOexp
i Þ2 þ ðΔOSM

i Þ2 ; ð45Þ

with Oth
i ðCNP

9;10Þ being the theoretical expressions which
include the NP contributions from Z0 boson and Oexp

i
being the experimental values of the branching fractions.
ΔOexp

i and ΔOSM
i represent the 1σ uncertainties of

experimental values and theoretically calculated values,
respectively. The values of the leptonic couplings obtained
by minimizing the χ2 function is shown by a blue dot in
Fig. 2 and also listed in Table VI.

V. RESULTS OF DIFFERENT OBSERVABLES

With the NP couplings obtained, we have modified the
Wilson coefficients C9 and C10. Incorporating these NP
couplings, we have estimated several important observ-
ables. We have compared them with the corresponding
values in the SM.
The central curves in all the observables, for both the SM

and Z0 model, have been obtained by considering only the
central value of the form factors and other input parameters.
The light pink and light blue shaded regions depict the 1σ
uncertainties in SM and Z0 model, respectively. The
uncertainties arise due to the uncertainties of the form
factors. We have obtained the 1σ band by varying the form
factors within their error ranges.
We have integrated all the observables in the full-ŝ range,

and the values are given in Table VII. The masses and the
decay rates are taken from Ref. [74]. We have listed these
values in Table IX of the Appendix. Also, we have
considered the CKM matrix coefficients from the SM fit
results available at the UTfit website [75]. Following
Ref. [18], we have also calculated the observables in
two bins in the low-q2 region, one in ½0.1 − 0.98� GeV2

and the other in ½1.1 − 6� GeV2, while excluding the region
of charm resonances. These two bins correspond to
[0.003, 0.035] and [0.039, 0.215] in terms of ŝ in our
study. These results are listed in Table VIII.
The variation of the differential branching ratio with

respect to ŝ ¼ q2=M2
B is shown in Fig. 3(a). In the low-ŝ

region, the differential branching ratio values are higher in
the Z0 model compared to the SM values. This enhance-
ment depicts significant influence of the effect of Z0 boson.
In the mid-ŝ region, although there is slight overlap
between 1σ uncertainty regions of SM and Z0 values, the
central values are still higher in the Z0 model. However, in
the high-ŝ region, the differential branching ratio values in
the Z0 model cannot be distinguished as the 1σ uncertainty
region in the Z0 model overlaps with that of the SM values.
The integrated value of branching ratio over the whole
kinematic region is 2.48þ0.30−0.29 × 10−8, while in the Z0 model,
it is 2.78þ0.29−0.28 × 10−8, which is higher than the SM
prediction. Recently, the Belle Collaboration has set the
upper limit of the branching fraction for this decay at
24.9 × 10−8 [10]. Our result is within the range of the
experimental upper limit.
Figure 3(b) shows how the forward-backward asymme-

try varies in the whole dynamical range of momentum

FIG. 2. The leptonic coupling BR
μμ − BL

μμ parameter space
constrained from the experimental results of branching fractions
of b → dlþl− decays. The overlapping region shows the
available parameter space for the leptonic couplings. The
coupling determined by χ2 minimization is shown by the
blue dot.

TABLE V. Experimental values of branching ratios of b →
dlþl− decays.

Decay mode Experimental value

Bþ → πþμþμ− ð1.78� 0.23Þ × 10−8 [74]

B0
s → K�0μþμ− ð2.9� 1.1Þ × 10−8 [74]

B0 → ρ0μþμ− ð1.98� 0.53Þ × 10−8 [30]

TABLE VI. Values of leptonic coupling constrained from b →
dlþl− decays.

Left-handed leptonic coupling
BL
μμ

Right-handed leptonic coupling
BR
μμ

0.061 −0.368
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transfer squared. In the Z0 model, the zero-crossing point
vanishes, which is in stark contrast with the SM result. It
can be inferred from Eq. (23) that to obtain a zero-crossing
point it is required that signðCeff

7 ReðCeff
9 ÞÞ ¼ −1 [2]. In the

SM, Ceff
7 < 0 and ReðCeff

9 Þ > 0 throughout the kinematic
region. Hence, Eq. (23) is satisfied for a point s0, where s0
is the zero-crossing point. However, in the Z0 model, due to
the inclusion of the NP couplings, ReðCNP

9 Þ < 0 for the
entire kinematic range. Since both Ceff

7 < 0 and
ReðCNP

9 Þ < 0, we do not obtain any point for ŝ where
Eq. (23) is satisfied in the Z0 model. This indicates that
B → ωμþμ− decay is sensitive to the effects of the Z0
boson. Furthermore, the magnitude of the integrated value
of forward-backward asymmetry is considerably higher
than the SM value.
The longitudinal lepton polarization asymmetry, PL, has

also deviated from the SM prediction [Fig. 3(c)]. In the low-
ŝ region, the values of PL in the Z0 model are lower than

those in the SM plot. However, in the high-ŝ region, the Z0
plot increases compared to the SM plot. In addition, in both
the ŝ bins as well as in the full kinematic region, the
averaged values in the Z0 model have deviated significantly
from their corresponding SM values.
For the normal polarization asymmetry, the Z0 plot has

deviated significantly from the SM plot [Fig. 3(d)]. Even
though the magnitudes of PN for both the SM and Z0 model
are very small (∼10−4 and ∼10−2), NP sensitivity is still
depicted here, especially in the low-ŝ region.
The variation of transverse polarization asymmetry in the

SM and in Z0 model is shown in Fig. 3(e). For the full ŝ
region, the Z0 plot almost coincides with the SM plot.
Hence, PT is not as sensitive as the other observables are to
the NP effects of the Z0 boson. Nevertheless, the averaged
value of PT in the bin [0.039, 0.215] as well as the averaged
value in the complete ŝ range are higher in comparison to
the SM value, signifying slight sensitivity to the Z0 boson.

TABLE VII. Integrated values of the observables.

Observable SM Z0 model

Branching ratio 2.48þ0.30−0.29 × 10−8 2.78þ0.29−0.28 × 10−8

Forward-backward asymmetry −0.242þ0.018−0.015 −0.305þ0.019−0.016

Longitudinal lepton polarization asymmetry PL −0.903þ0.004−0.005 −0.872þ0.001−0.001

Normal lepton polarization asymmetry PN 1.937þ0.117−0.136 × 10−4 2.007þ0.105−0.101 × 10−3

Transverse lepton polarization asymmetry PT 5.792þ0.227−0.307 × 10−2 6.078þ0.142−0.205 × 10−2

TABLE VIII. Binned values of the observables.

Observable ŝ SM Z0 model

Branching ratio ½0.003; 0.035� 2.02þ0.23−0.24 × 10−9 2.44þ0.23−0.24 × 10−9
½0.039; 0.215� 4.84þ0.96−0.94 × 10−9 6.59þ0.94−0.92 × 10−9

Forward-backward asymmetry ½0.003; 0.035� 0.102þ0.009−0.007 −0.091þ0.005−0.006
½0.039; 0.215� −0.012þ0.002−0.003 −0.320þ0.031−0.040

Longitudinal lepton polarization asymmetry PL ½0.003; 0.035� −0.142þ0.066−0.055 −0.313þ0.031−0.026
½0.039; 0.215� −0.740þ0.047−0.033 −0.867þ0.002−0.001

Normal lepton polarization asymmetry PN ½0.003; 0.035� 1.002þ0.091−0.076 × 10−4 1.657þ0.108−0.092 × 10−2
½0.039; 0.215� 3.923þ0.785−0.558 × 10−4 1.045þ0.127−0.100 × 10−2

Transverse lepton polarization asymmetry PT ½0.003; 0.035� 0.413þ0.005−0.004 0.396þ0.005−0.004
½0.039; 0.215� 0.106þ0.005−0.007 0.108þ0.002−0.002
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VI. CONCLUSION

FCNC transitions in the Bmeson decay channels provide
plenty of opportunities to investigate possibilities of NP
signatures. In this work, we have explored B → ωμþμ−
decay in the framework of the nonuniversal Z0 model and
evaluated several key observables of this decay channel.
We have constrained the available parameter space of the
NP leptonic coupling from other decays following b →
dlþl− transition, while the NP quark coupling is con-
strained from UTfit Collaboration data for Bd − Bd mixing.

These couplings were then incorporated in the modified
Wilson coefficients in order to estimate observables in the
Z0 model. We have observed that the central value of the
branching fraction in the available ŝ range deviates from the
SM prediction, mainly in the low- and mid-ŝ region. In
addition, our results also depict considerable deviation of
forward-backward asymmetry from the SM result. In fact,
the disappearance of the zero-crossing point of the forward-
backward asymmetry in the nonuniversal Z0 model sug-
gests that this decay channel is highly sensitive to the
NP effects of the Z0 boson. Although the transverse

FIG. 3. The variation of the observables in the allowed kinematic region for (a) differential branching fraction, (b) forward-backward
asymmetry, (c) longitudinal polarization asymmetry PL, (d) normal polarization asymmetry PN, and (e) transverse polarization
asymmetry PT. The pink line denotes the variation of the observable in the SM, while the blue line denotes the variation of the
observable in the Z0 model. The shaded regions in each plot correspond to the 1σ uncertainties which arise from the form factors.
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polarization asymmetry does not differ much from the
SM result, the longitudinal and the normal polarization

asymmetries shift considerably from the corresponding SM
plot. In addition, we have also calculated the values of the
observables in two ŝ bins. The values in both the bins for all
the observables have deviated considerably from the SM
calculations. The integrated values of the observables for
the whole ŝ region also have shifted from the SM values.
Our results demonstrate that this decay mode provides a
complementary and sensitive testing ground for detecting
possible effects of NP beyond the SM.
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