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Semileptonic B-meson decays induced by b → sðdÞlþl− flavor-changing neutral current (FCNC)
transitions are very important to probe the quark-flavor sector of the standard model (SM) and also offer a
probe to test new physics (NP). Although there exist a lot of precise results on b → slþl−-induced
processes, there is a lack of sufficient data for b → dlþl−-induced decays. Here, we are interested to study
B → πlþl− and B → ρlþl− decays that proceed via a b → dlþl− transition at the quark level. In this work,
we investigate the differential branching ratio, forward-backward asymmetry, CP violation asymmetry,
and lepton polarization asymmetry in these two decay channels in a nonuniversal Z0 model. We find a
significant deviation from the SM value of these physical observables for these decays which provide a
clear conjecture for NP arising from the Z0 gauge boson.

DOI: 10.1103/PhysRevD.99.013005

I. INTRODUCTION

In recent years, a broad amount of experimental data on
many observables of rare b-hadron decays have been
compiled by LHCb, ATLAS, and CMS experiments at
the LHC. Though we have found a puzzling list of
deviations between experimental and theoretical values
of flavor observables, there is no such direct evidence
for a new physics (NP) effect that shows a large discrep-
ancy from the standard model (SM). Some experimentally
observed parameters that show small inconsistencies from
the SM are the angular observable P0

5 [1–5] of B →
K�μþμ− decay mode, the observation of more than 3σ
deviation in the measurements of the decay rate of the
BS → φμþμ− [6] process, the branching ratio of hadronic
decays b → sμþμ− [7–9], and the observation of lepton
flavor universality (LFU) violation in RK ¼ ℬðBþ →
Kþμþμ−Þ=ℬðBþ → Kþeþe−Þ [10] and RK� ¼ ℬðB →
K�μþμ−Þ=ℬðB → K�eþe−Þ [11]. These deviations explain
several anomalies in rare B-meson decays particularly
which are induced by the flavor-changing neutral current
(FCNC) transition b → sðdÞ. Thus, it is essential to study
these anomalies in various NPmodels as well as in a model-
independent way. Some of the NP models that can illustrate
these discrepancies from the SM are the models with an

extra Z0 boson [12,13] and/or additional Higgs doublets
[14] and the models with lepto-quarks [15–18], etc.
Rare B-meson decays which are induced by FCNC

transition b → sðdÞ play one of the most important roles
in the research area of particle physics, especially in the
flavor sector of the SM. These decays occur at the loop
level and generally are suppressed at the tree level in SM.
On the basis of many experimental observations, it is found
that the semileptonic rare B-meson decays are challenging
because of small branching ratio (Oð10−6Þ for b → slþl−
and Oð10−8Þ for b → dlþl− transition [19,20]) and due to
the presence of low pT electrons and muons in the final
state which are very problematic to reconstruct, particularly
in hadronic environments. The exclusive semileptonic
decays B → Mlþl− (M is meson) require the concept of
B → M form factors in the full kinematic range 4ml

2 <
q2 < ðmB −mMÞ2. So, these semileptonic rare B-meson
decay channels have received special attention [21,22]. For
the semileptonic decay mode B → KðK�Þlþl−, B → πlþl−,
B → ρlþl−, etc., the basic quark-level transition is
b → sðdÞlþl−. Though there exist data for b → slþl−
processes, the detection of decays having the b → d
quark-level transition is more problematic because of the
lower branching ratio. For the transitions b → dlþl−, three
CKM factors which are related to the tt̄, cc̄, and uū loop are
of the order of λ4 i.e., VtbV�

td, VcbV�
cd, and VubV�

ud ∼ λ4,
where λ ¼ 0.22. In addition, these cc̄ and uū loop con-
tributions are associated with different unitary phases
corresponding to real intermediated states. So, we get
the amplitude in such a form where different CKM phases
as well as different dynamical (unitary) phases are both
present. So the decays having this b → d transition have
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large CP violation quantities. It is also found that the
leading-order contribution for b → d quark-level transition
is smaller than that of the transition b → s. Hence, rare
semileptonic B-meson decays especially which are induced
by b → d FCNC transition give a signal for NP beyond the
SM. The effect of supersymmetry on some observables
of B → πτþτ− and B → ρτþτ− two decay channels are
studied in [23], the decay modes→πeþe− and B → ρeþe−
are studied in the two Higgs doublet model [24], B →
πlþl− and B → ρlþl−ðl ¼ τ; μÞ are discussed in the rela-
tivistic quark model [25], some of the angular observables
for the decay mode B → ρμþμ− are predicted in the SM
[26], and CP violation in the decay modes →πeþe− and
B → ρeþe− has been studied in [27]. Here, we are
interested to study B → πlþl− and B → ρlþl− decays in
the nonuniversal Z0 model.
The nonuniversal Z0 model is one of the most important

theoretically constructed NP models beyond the SM
[28–33]. Since the Z0 boson has not yet been discovered,
its exact mass is unknown. But the mass of the Z0 boson is
constrained by direct searches from different accelerators
and detectors [34–36] which give model-dependent lower
bounds around 500 GeV. Sahoo et al. estimated the mass of

the Z0 boson from B0
q − B0

q mixing in the range of 1352–
1665 GeV [37]. If the Z0 boson couples to quarks and
leptons not too weakly and if its mass is not too large, it will
be produced at the LHC and can be detected through its
leptonic decay modes. The main discovery mode for a Z0
boson at the LHC is Drell-Yan production of a dilepton
resonance pp → Z0 → lþl− þ X [38–40]. The LHC Drell-
Yan data [38–40] constraints three quantities namely mass
of Z0 boson ðMZ0 Þ, the Z-Z0 mixing angle ðθ0Þ and the extra
U(1) effective gauge coupling ðg0Þ. At the ATLAS, the mass
of the Z0 boson is constrained as MZ0 > 2.42 TeV [38] for
the sequential standard model (SSM) and MZ0 > 4.1 TeV
[41] for the E6-motivated Z0

χ . Z0 bosons decaying into
dilepton final states in proton-proton collisions with

ffiffiffi
s

p ¼
13 TeV have been recently studied by the CMS
Collaboration [39] and predicted the lower limit on the
mass of Z0 boson as 4.5 TeV in the sequential standard
model and 3.9 TeV in the superstring-inspired model.
Using the current LHC Drell-Yan data, Bandyopadhyay
et al. [40] have obtained MZ0 > 4.4 TeV and the Z-Z0

mixing angle θ0 < 10−3, when the strength of the addi-
tional U(1) gauge coupling is the same as that of the SM
SUð2ÞL. In a classically conformal Uð1Þ0 extended standard
model [42], an upper bound for the mass of the Z0 boson is
estimated as MZ0 ≤ 6 TeV. Basically, flavor mixing
between ordinary and exotic left-handed quark sector
induces Z-mediated FCNC but right-handed quarks dR,
sR and bR have different Uð1Þ0 quantum numbers which
induce Z0-mediated FCNC while mixing with the exotic qR
[43–47]. The FCNC transition mediated by the addition of
the Z and Z0 bosons occurs at the tree level in the up-type
quark sector [48]. In the Z0 model, FCNC b − s − Z0

coupling is related to flavor diagonal couplings qqZ0
and, in this similar way, the Z0 boson is also coupled with
leptons like llZ0 [49]. The FCNC transition mediated by
both the Z and Z0 bosons occurs at the tree level, and this
will hamper the SM contributions [46–48,50]. In this paper,
we study semileptonic rare B-meson decay modes B →
πlþl− and B → ρlþl−ðl ¼ τ; μ; eÞ in the nonuniversal Z0
model to probe the knowledge beyond the SM.
This paper is arranged as follows: In Sec. II, we present

general formalism where we discuss effective Hamiltonian
for b → dlþl− transition in SM and also define differential
decay rate (DDR), forward backward (FB) asymmetry,
polarization asymmetry and CP violation asymmetry
briefly. In Sec. III, we discuss the decay mode B →
πlþl− in the SM and define the kinematic variables
associated with this decay. In Sec. IV, we discuss the
decay channel B → ρlþl− in the SM. In Sec. V, the
contribution of the Z0 gauge boson on the decay modes
B → πlþl− and B → ρlþl− is discussed. In Sec. VI, we
present our predicted values of physical observables:
differential branching ratio, FB asymmetry, polarization
asymmetry, and CP violation asymmetry of B → πlþl−
and B → ρlþl− decays with numerical and graphical
analysis. Finally, we present our conclusions in Sec. VII.

II. GENERAL FORMALISM

The semileptonic B-meson decay channels B → πlþl−
and B → ρlþl− involve a b → dlþl− quark-level transition
[51]. Basically, the b → d transition involves three CKM
factors i.e., VtbV�

td, VcbV�
cd, and VubV�

ud which are com-
parable in magnitude and, hence, the cross sections have
significant interference terms between them. These terms
introduce the possibility of observing complex CKM
factors. In the SM, the effective Hamiltonian for the
transition b → dlþl− is expressed as [51,52]

Heff ¼ − 4GFαffiffiffi
2

p VtbV�
td

�X10
i¼1

CiOi − λufC1jOu
1 −O1j

þ C2jOu
2 −O2jg

�
; ð1Þ

where we have used the unitary condition for the CKM

matrix as VtbV�
td þ VubV�

ud ≈ −VcbV�
cd and λu ¼ VubV�

ud
VtbV�

td
.

O1 and O2 are the current operators, O3……..O6 are the
QCD penguin operators, and O9, O10 are two semileptonic
electroweak penguin operators [51,53], GF is the Fermi
coupling constant, and Ci s are Wilson coefficients [51].
The operators fOig are given in [54,55] by replacing s → d.
The other two operators Ou

1 and Ou
2 are represented as

Ou
1 ¼ ðd̄αγμPLuβÞðūβγμPLbαÞ;

Ou
2 ¼ ðd̄αγμPLuαÞðūβγμPLbβÞ; ð2Þ

P. NAYEK, P. MAJI, and S. SAHOO PHYS. REV. D 99, 013005 (2019)

013005-2



where PL;R ¼ ð1 ∓ γ5Þ=2. Here, we use the Wolfenstein
representation of the CKM matrix with four real parameters
λ, A, η, and ρ, where λ ¼ sin θC ≈ 0.22 and η is the measure
of CP violation. So in terms of these parameters λu can be
written as [23]

λu ¼
ρð1 − ρÞ − η2

ð1 − ρÞ2 þ η2
− i

η

ð1 − ρÞ2 þ η2
þOðλ2Þ: ð3Þ

Now the QCD corrected matrix element can be written as

ℳ ¼ GFαffiffiffi
2

p
π
VtbV�

td

�
−2Ceff

7

mb

q2
ðd̄iσμυqυPRbÞðl̄γμlÞ

þ Ceff
9 ðd̄γμPLbÞðl̄γμlÞ þ C10ðd̄γμPLbÞðl̄γμγ5lÞ

�
:

ð4Þ

The analytic expressions for all Wilson coefficients
(except Ceff

9 [22,52,56]) are the same as in the b → s
analogue [27,51,52,55,57–61] and using the next-to-
leading-order QCD correction,

Ceff
7 ¼ −0.315; C10 ¼ −4.642; CSM

9 ¼ 4.227;

ð5Þ

and in next–to-leading approximation,

Ceff
9 ¼ CSM

9 þ 0.124ωðŝÞ þ gðm̂c; ŝÞð3C1 þ C2 þ 3C3

þ C4 þ 3C5 þ C6Þ þ λuðgðm̂c; ŝÞ − gðm̂u; ŝÞÞ

× ð3C1 þ C2Þ − 1

2
gðm̂d; ŝÞðC3 þ 3C4Þ

− 1

2
gðm̂b; ŝÞð4C3 þ 4C4 þ 3C5 þ C6Þ

þ 2

9
ð3C3 þ C4 þ 3C5 þ C6Þ; ð6Þ

where m̂q ¼ mq

mb
. In the above equation, ωðŝÞ represents the

one-gluon correction to the matrix element of the operator
O9, and it can be represented as [62]

ωðŝÞ ¼ − 2

9
π2 − 4

3
Li2ðŝÞ − 2

3
ln ŝ lnð1 − ŝÞ

− 5þ 4ŝ
3ð1þ 2ŝÞ lnð1 − ŝÞ − 2ŝð1þ ŝÞð1 − 2ŝÞ

3ð1 − ŝÞ2ð1þ 2ŝÞ ln ŝ

þ 5þ 9ŝ − 6ŝ2

6ð1 − ŝÞð1þ 2ŝÞ ; ð7Þ

and the function gðm̂q; ŝÞ which arises from the one-
loop contributions of the four quark operators O1 −O6

is given as

gðm̂q; ŝÞ ¼ − 8

9
lnðm̂qÞ þ

8

27
þ 4

9
yq − 2

9
ð2þ yqÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j1 − yqj

q

×

�
Θð1 − yqÞ

�
ln

�
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − yq
p

1 − ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − yq

p
�
− iπ

�

þ Θðyq − 1Þ2 arctan 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
yq − 1

p
�
; ð8Þ

where yq ≡ 4m̂q
2

ŝ . gðm̂u; ŝÞ and gðm̂c; ŝÞ describe the effects
of uū and cc̄ loops. So with this SM value of C9, there are
two additional effective terms present in Ceff

9 —one is due to
the one-gluon correction to the matrix elements of the
operator O9 and another perturbative part arises from the
one-loop contribution of the four-quark operatorsO1 −O6.
In addition to this short distance, this Ceff

9 also receives a
long-distance contribution, which has its origin in the real
uū, dd̄, and cc̄ intermediate states i.e., the ρ, ω, J=ψ family
[52]. Now, by introducing the Breit-Wigner form of the
resonances prescribed in [63], Ceff

9 can be written as

Ceff
9 ¼ CSM

9 þ 0.124ωðŝÞ þ gðm̂c; ŝÞð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ þ λuðgðm̂c; ŝÞ − gðm̂u; ŝÞÞð3C1 þ C2Þ

− 1

2
gðm̂d; ŝÞðC3 þ 3C4Þ − 1

2
gðm̂b; ŝÞð4C3 þ 4C4 þ 3C5 þ C6Þ þ

2

9
ð3C3 þ C4 þ 3C5 þ C6Þ þ Yres; ð9Þ

where

Yres ¼ − 3π

α2

�
fð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ þ λuð3C1 þ C2Þg

×
X

V¼J
ψ;ψ

0;…...

m̂VBrðV → lþl−ÞΓ̂V
total

ŝ − m̂V
2 þ im̂V Γ̂V

total

− λugðm̂u; ŝÞð3C1 þ C2Þ ×
X
V¼ρ;ω

m̂VBrðV → lþl−ÞΓ̂V
total

ŝ − m̂V
2 þ im̂V Γ̂V

total

�
; ð10Þ

and
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gðm̂c; ŝÞ → gðm̂c; ŝÞ − 3π

α2
X

V¼J
ψ;ψ

0;…...

m̂VBrðV → lþl−ÞΓ̂V
total

ŝ − m̂V
2 þ im̂V Γ̂V

total

:

ð11Þ

and

gðm̂u; ŝÞ → gðm̂u; ŝÞ
�
1 − 3π

α2
X
V¼ρ;ω

m̂VBrðV → lþl−ÞΓ̂V
total

ŝ − m̂V
2 þ im̂V Γ̂V

total

�
:

ð12Þ

From Eq. (4) the expression of differential decay rate of
the decay process B → Mlþl−, obtained by the phase space
integration is given by [23]

dΓðB → Mlþl−Þ
dŝdz

¼ mB

29π3
λ1=2ð1; ŝ; m̂M

2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
jℳj2;
ð13Þ

where ŝ ¼ s
mB

2, m̂l ¼ ml
mB
, m̂M ¼ mM

mB
are the dimensionless

quantities. λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc
is the triangular function. s is the momentum transferred
to the lepton pair which is the sum of the momenta of the lþ
and l−. mM is the mass of the meson particle M, and z ¼
cos θ where θ is the angle between l− and B three momenta
in the CM frame of lþl−. From this differential decay rate,
we can define the expression of FB as [23,63]:

AFB ¼
R
1
0 dz

dΓ
dŝdz −

R
0−1 dz dΓ

dŝdzR
1
0 dz

dΓ
dŝdz þ

R
0−1 dz dΓ

dŝdz

: ð14Þ

To define polarization asymmetries, we first introduce
the unit vectors, S in the rest frame of l− for the polarization
of lepton l− [23,64,65] to the longitudinal direction (L),
normal direction (N), and transverse direction (T).

SμL ≡ ð0; eLÞ ¼
�
0;

p−
jp−j

�

SμN ≡ ð0; eNÞ ¼
�
0;

q × p−
jq × p−j

�

SμT ≡ ð0; eTÞ ¼ ð0; eN × eLÞ; ð15Þ

where p− and q are the three momenta of l− and the photon
in the CM frame of the lþl− system. Now boosting all three
vectors in Eq. (15), the longitudinal vector becomes

SμL ¼
�jp−j

ml
;
E−p−
mljp−j

�
; ð16Þ

Where the other two will remain the same. Now the
expression of polarization asymmetry can be written as

PxðŝÞ≡
dΓðSxÞ
dŝ − dΓð−SxÞ

dŝ
dΓðSxÞ
dŝ þ dΓð−SxÞ

dŝ

; ð17Þ

with x ¼ L, N, T, respectively, for longitudinal, normal,
and transverse polarization asymmetry. We can also define
CP-violating partial width asymmetry between B and B̄
decay as

ACP ¼
dΓ
dŝ − dΓ̄

dŝ
dΓ
dŝ þ dΓ̄

dŝ

: ð18Þ

In the next sections, we calculate various measurable
quantities that we have discussed before.

III. B → πl + l− DECAY MODE IN THE
STANDARD MODEL

In order to investigate the B → πlþl− decay theoreti-
cally, we have to determine the decay matrix element of
the weak current between the initial and final meson
states. It is essential to parametrize these decay matrix
elements in terms of invariant form factors. B → πlþl−
decay involves the transition between the initial B meson
to scalar meson π. Using the form factors which are
elaborately discussed in Appendix B [23], the decay
matrix element of the weak current for the heavy to light
b → d weak transition between the initial B to final π
meson can be written as

ℳB→π ¼ GFαffiffiffi
2

p
π
VtbV�

tdfAðpBÞμðl̄γμlÞ

þ BðpBÞμðl̄γμγ5lÞ þ Cðl̄γ5lÞg; ð19Þ

where

A ¼ Ceff
9 F1ðq2Þ − 2Ceff

7 F̃Tðq2Þ ð20Þ

B ¼ C10F1ðq2Þ ð21Þ

C ¼ mlC10

�
−F1ðq2Þ þ

mB
2 −mπ

2

q2
ðF0ðq2Þ − F1ðq2ÞÞ

�
:

ð22Þ

where F1, F̃T and F0 are summarized in Appendix B and
values are given in Table X.

A. Differential decay rate (DDR)

From the above expression, we get the analytic form of
the differential decay rate of the decay as

dΓ
dŝ

¼ GF
2mB

5α2

3 × 29 × π5
jVtbV�

tdj2λ
1
2ð1; ŝ; m̂π

2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
Σπ;

ð23Þ
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where

Σπ ¼ λð1; ŝ; m̂π
2Þ
�
1þ 2m̂l

2

ŝ

�
jAj2

þ
�
λð1; ŝ; m̂π

2Þ
�
1þ 2m̂l

2

ŝ

�
þ 24m̂l

2

�
jBj2

þ 6
ŝ

mB
2
jCj2 þ 12

m̂l

mB
ð1þ ŝ − m̂π

2ÞReðC�BÞ: ð24Þ

From Eq. (23), we can determine the expression of
differential branching ratio of the decay B → πlþl−.

B. CP violation

To obtain the expression of CP partial width asymmetry,
first we have to write down the expression of decay rate Γ
and Γ̄ which is associated with the decays B̄ → πlþl− and
B → π̄lþl−, respectively. Γ is obtained from Eq. (23),
whereas Γ̄ can be calculated from the following expression,

dΓðB → π̄lþl−Þ
dŝ

¼ GF
2mB

5α2

3 × 29 × π5
jVtbV�

tdj2λ
1
2ð1; ŝ; m̂π

2Þ

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
fΣπ þ 4ImλuΔπg; ð25Þ

where

Δπ ¼
�
Imðξ�1ξ2ÞjF1ðsÞj2 − 2Ceff

7 Imξ2FTðsÞF1ðsÞ

×
mb

mB þmπ

�
λð1; ŝ; m̂π

2Þ
�
1þ 2m̂l

2

ŝ

�
; ð26Þ

where ξ1 and ξ2 can be obtained from the expression of
Ceff
9 i.e.,

Ceff
9 ¼ ξ1 þ λuξ2: ð27Þ

Hence, we can obtain the expression of CP violating
partial width asymmetry as

ACPðŝÞ ¼
−2ImλuΔπ

Σπ þ 2ImλuΔπ
: ð28Þ

In this section, we have discussed two form factor
dependent kinematic variables DDR and CP violating
asymmetry for this decay B → πlþl− whereas FB asym-
metry and polarization asymmetry are zero in the SM.

IV. B → ρl + l− DECAY MODE IN STANDARD
MODEL

The decay channel B → ρlþl− involves the b → dlþl−
quark-level transition. To the best of our knowledge, this
decay mode has been not studied experimentally yet. The

theoretical study of this decay is based on a type of effective
Hamiltonian approach where the heavy degrees of freedom
(e.g., gauge bosons and top quark) are integrated out [26].
This decay channel involves the transition from Bmeson to
vector meson ρ at the hadronic level. Now the matrix
element of the decay B → ρlþl− in terms of form factors
can be represented as follows [23]. These form factors are
described broadly in Appendix C.

ℳB→ρ ¼ ½i ∈μναβ ϵ
ν�pβ

Bq
βAþ ϵ�μBþ ðϵ�qÞðpBÞμC�ðl̄γμlÞ

þ ½i ∈μναβ ϵ
ν�pα

Bq
βDþ ϵ�μEþ ðϵ�qÞðpBÞμF�

× ðl̄γμlÞ þHðϵ�qÞðl̄γ5lÞ; ð29Þ
where

A ¼ 4
Ceff
7

s
mbT1ðsÞ þ Ceff

9

VðsÞ
ðmB þmρÞ

ð30Þ

B¼−2C
eff
7

s
mbðmB

2−mρ
2ÞT2ðsÞ−1

2
Ceff
9 ðmBþmρÞA1ðsÞ

ð31Þ

C ¼ 4
Ceff
7

s
mb

�
T2ðsÞ þ

s
ðmB

2 −mρ
2ÞT3ðŝÞ

�

þ Ceff
9

A2ðsÞ
ðmB þmρÞ

ð32Þ

D ¼ C10

VðsÞ
ðmB þmρÞ

ð33Þ

E ¼ − 1

2
ðmB þmρÞA1ðsÞ ð34Þ

F ¼ C10

A2ðsÞ
ðmB þmρÞ

ð35Þ

H¼−C10

mlA2ðsÞ
ðmBþmρÞ

þ2mlmρ

s
ðA3ðsÞ−A0ðsÞÞC10 ð36Þ

where V, A1, A2, A0, T1, T2, and T3 are summarized in
Appendix B and values are given in Table XI.

A. Differential decay rate (DDR)

Using this matrix element mentioned in Eq. (29) we can
write the expression of the differential decay rate as

dΓ
dŝ

¼ GF
2mB

5α2

3 × 210 × π5
jVtbV�

tdj2λ
1
2ð1; ŝ; m̂ρ

2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
Σρ;

ð37Þ
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with

Σρ ¼
�
1þ 2m̂l

2

ŝ

�
λð1; ŝ; m̂ρ

2Þ
�
4mB

2ŝjAj2 þ 2

mB
2m̂ρ

2

�
1þ 12

m̂ρ
2ŝ

λð1; ŝ; m̂ρ
2Þ jBj

2

�

þ mB
2

2m̂ρ
2
λð1; ŝ; m̂ρ

2ÞjCj2 þ 2

m̂ρ
2
ð1 − m̂ρ

2 þ ŝÞReðB�CÞ
�
þ 4mB

2λð1; ŝ; m̂ρ
2Þ × ðŝ − 4m̂l

2ÞjDj2

þ 2

mB
2

½2ð2m̂l
2 þ ŝÞ − 2ð2m̂l

2 þ ŝÞðm̂ρ
2 þ ŝÞ þ 2m̂l

2ðm̂ρ
4 − 26m̂ρ

2 þ ŝ2Þ þ ŝðm̂ρ
4 þ 10m̂ρ

2ŝþ ŝ2Þ�
m̂ρ

2ŝ
jEj2

þ mB
2

2m̂ρ
2ŝ
λð1; ŝ; m̂ρ

2Þ½ð2m̂l
2 þ ŝÞðλð1; ŝ; m̂ρ

2Þ þ 2ŝþ 2m̂ρ
2Þ − 2f2m̂l

2 × ðm̂ρ
2 − 5ŝÞ þ ŝðm̂ρ

2 þ ŝÞg�jFj2

þ 3
ŝ

m̂ρ
2
λð1; ŝ; m̂ρ

2ÞjHj2 þ 2λð1; ŝ; m̂ρ
2Þ

m̂ρ
2ŝ

½−2m̂l
2ðm̂ρ

2 − 5ŝÞ þ ð2m̂l
2 þ ŝÞ − ŝðm̂ρ

2 þ ŝÞ�ReðE�FÞ

þ 12m̂l

mBm̂ρ
2
λð1; ŝ; m̂ρ

2ÞReðH�EÞ þ 2mBm̂l

m̂ρ
2

λð1; ŝ; m̂ρ
2Þð1 − m̂ρ

2 þ ŝÞReðH�FÞ ð38Þ

Using Eq. (37), we can calculate the differential branching ratio of this decay mode.

B. FB asymmetry

Next we discuss the FB asymmetry AFB which consists of different combination of Wilson coefficients. The analysis of AFB
is very useful as it gives the precise information about the sign of the Wilson coefficients and the NP. In terms of form factors
AFB can be represented as

AFB ¼ − 12λ
1
2ð1; ŝ; m̂ρ

2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

q
ŝ½ReðA�DÞ þ ReðA�EÞ�

Σρ
: ð39Þ

C. CP violation

In the similar process, the expression of the differential decay rate of B → ρ̄lþl− can be obtained as

dΓðB → ρ̄lþl−Þ
dŝ

¼ GF
2mB

5α2

3 × 210 × π5
jVtbV�

tdj2λ
1
2ð1; ŝ; m̂ρ

2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
ðΣρ þ 4ImλuΔρÞ; ð40Þ

where

Δρ ¼
�
Imðξ�1ξ2Þ

�
4ŝ

jVðsÞj2
1þ m̂ρ

2
þ ð1þ m̂ρ

2Þ
�

6ŝ
λð1; ŝ; m̂ρ

2Þ þ
1

2m̂ρ
2

�
jA1ðsÞj2 þ

λð1; ŝ; m̂ρ
2Þ

2m̂ρ
2ð1þmρÞ2

jA2ðsÞj2

− 1 − m̂ρ
2 − ŝ

m̂ρ
2

A1ðsÞA2ðsÞ
�
þ 2

Ceff
7 m̂b

ŝ
Imðξ2Þ

�
8
T1ðsÞVðsÞŝ
1þ m̂ρ

þ 2A1ðsÞT2ðsÞð1þ m̂ρÞ2ð1 − m̂ρÞ

×

�
6

ŝ
λð1; ŝ; m̂ρ

2Þ þ
1

2m̂ρ
2

�
þ A2ðsÞ

�
T2ðsÞ þ

ŝ
1 − m̂ρ

2
T3ðsÞ

�
λð1; ŝ; m̂ρ

2Þ
m̂ρ

2ð1þ m̂ρÞ

− ð1þ m̂ρÞA1ðsÞ
�
T2ðsÞ þ

ŝ
1 − m̂ρ

2
T3ðsÞ

�
1 − m̂ρ

2 − ŝ

m̂ρ
2

þ A2ðsÞT2ðsÞð1 − m̂ρÞ
1 − m̂ρ

2 − ŝ

m̂ρ
2

��

×

�
1þ 2m̂l

2

ŝ

�
λð1; ŝ; m̂ρ

2Þ ð41Þ

Using Eqs. (37) and (40), we can calculate the decay rate of B̄ → ρlþl− and B → ρ̄lþl−, respectively. Putting these values
of decay rate, we get the expression of the partial width CP asymmetry as

ACPðŝÞ ¼
−2ImλuΔρ

Σρ þ 2ImλuΔρ
: ð42Þ
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D. Polarization asymmetry

Along with the FB asymmetry and CP violating asym-
metry we are also interested to study another form factor
dependent parameter polarization asymmetry (longitudinal
and normal), which is associated with the final state leptons
in this decay channel. The importance of polarization

asymmetry for various inclusive and exclusive semileptonic
decay modes are elaborately discussed in [64–68].

1. Longitudinal polarization

The longitudinal polarization can be expressed as

PL ¼
�
24ReðA�BÞð1 − m̂ρ

2 − ŝÞŝ
�
−1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r �
þ 4mB

2λð1; ŝ; m̂ρ
2Þŝ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r
ReðA�DÞ

þ 1

m̂ρ
2

�
3þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r ��
2ReðB�EÞ × ð1þ m̂ρ

4 þ 2m̂ρ
2ŝþ ŝ2 − 2ðm̂ρ

2 þ ŝÞÞ þmB
2ReðC�EÞð1 − 3ðm̂ρ

2 þ ŝÞ

− ðm̂ρ
2 − ŝÞ2ðm̂ρ

2 þ ŝÞ þ ð3m̂ρ
4 þ 2m̂ρ

2ŝþ 3ŝ2ÞÞ
�
þ 1

m̂ρ
2
× ðReðB�FÞ × ð1 − m̂ρ

2 − ŝÞ þ ReðC�FÞ

×mB
2 × λð1; ŝ; m̂ρ

2ÞÞ ×
��

3þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r �
× ð1þ m̂ρ

2ðm̂ρ
2 − ŝÞ − 2m̂ρ

2Þ

þ
�
3 − 7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r �
ŝðm̂ρ

2 − ŝÞ − 8ŝ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂l

2

ŝ

r ��	
Σρ ð43Þ

2. Normal polarization

Normal polarization can be represented as

PN ¼ λ1=2ð1; ŝ; m̂ρ
2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðŝ− 4m̂l

2Þ
q

π

�
2ImðE�FÞ1þ m̂ρ

2 − ŝ

m̂ρ
2

þ 2ImðA�EþB�DÞ
�
: ð44Þ

V. CONTRIBUTION OF Z0 GAUGE BOSON ON
TWO DECAY MODES B → πl + l− AND B → ρl + l−

Theoretically, the nonuniversal Z0 boson exists in various
extension of the SM by introducing extra gauge group
[28,29,33]. Such models are the SUð5Þ or E6 model
[69,70], superstring theories, and the theories with extra
dimension. One fundamental feature of the Z0 model is that
due to family nonuniversal couplings, the Z0 boson has
flavor-changing fermionic coupling at the tree level leading
to important phenomenological indications. In the nonuni-
versal Z0 model, FCNC transition for b → dlþl− process
occurs at the tree level due to the presence of the non-
diagonal chiral coupling matrix. The detail analysis of this
model is discussed in [30]. Basically, NP effects in the
nonuniversal Z0 model arise in two different ways: either by
introducing new terms in Wilson coefficients or by modi-
fying the SM structure of effective Hamiltonian. In this
paper, it is desired to change two Wilson coefficients Ceff

9

and C10 by considering the off-diagonal couplings of
quarks as well as leptons with the Z0 boson. Here, we

consider the extension of the SM by a single additional
Uð1Þ0 gauge symmetry. In the gauge basis, the Uð1Þ0
currents can be written as [30,71,72]

Jμ ¼
X
i;j

ψ̄ iγμ½ϵψLij
PL þ ϵψRij

PR�ψ j; ð45Þ

where the sum extends over all quarks, and leptons ψ i;j

and ϵψR;Lij
denote the chiral couplings of the new gauge

boson. It is assumed that the Z0 couplings are diagonal but
nonuniversal. Hence, flavor-changing couplings are
induced by fermion mixing. FCNCs generally appear at
the tree level in both the LH and RH sectors. Explicitly, we
can write

BψL
ij ≡ ðVψ

LϵψL
Vψ†

L Þij; BψR
ij ≡ ðVψ

RϵψR
Vψ†

R Þij: ð46Þ

The Z0b̄d couplings can be generated as

LZ0
FCNC ¼ −g0ðBL

dbd̄LγμbL þ BR
dbd̄RγμbRÞZ0μ þ H:c:; ð47Þ

where g0 is the gauge coupling associated with the Uð1Þ0
group, and the effective Hamiltonian can be written as

HZ0
eff ¼

8GFffiffiffi
2

p ðρLdbd̄LγμbL þ ρRdbd̄RγμbRÞ

× ðρLlll̄LγμlL þ ρRlll̄RγμlRÞ; ð48Þ

where
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ρL;Rff0 ≡
g0MZ

gMZ
0 B

L;R
ff0 : ð49Þ

The current LHC Drell-Yan data [38,39] constrain the
parameters: the mass of the Z0 boson ðMZ0 Þ, the Z-Z0
mixing angle ðθ0Þ, and the extra U(1) effective gauge
coupling ðg0Þ which are discussed in the Introduction.
Using the current LHC Drell-Yan data, Bandyopadhyay
et al. [40] obtained MZ0 > 4.4 TeV and the Z-Z0 mixing
angle θ0 < 10−3. Recently, Bobovnikov et al. [73] derived
the constraints on the mixing angle from resonant diboson
searches at the LHC at

ffiffiffi
s

p ¼ 13 TeV, of the order of a few
×10−4. The value of j g0g j is undetermined [74]. However,

generally one expects that j g0g j ∼ 1 if bothUð1Þ groups have
the same origin from some grand unified theory and Mz

MZ0
∼

0.1 for the TeV-scale Z0 [43,47]. The combined results of

the four LEP experiments [75] have also proposed the
existence of Z0 boson with the same couplings to fermions
as that of the standard model Z boson. If jBL

dbj ∼ jVtbV�
tdj,

then we get the order of ρL;Rff0 as ρL;Rff0 ∼Oð10−3Þ. By
neglecting Z − Z0 mixing and consideringthat the cou-
plings of only the right-handed quarks with Z0 are diagonal
[48,49,76–82], we can write the new modified Z0 part of the
effective Hamiltonian for the transition b → dlþl− as

HZ0
eff ¼

2GFffiffiffi
2

p
π
VtbV�

td

�
BL
dbS

L
ll

VtbV�
td
d̄γμð1 − γ5Þbl̄γμð1 − γ5Þl

þ BL
dbS

R
ll

VtbV�
td
d̄γμð1 − γ5Þbl̄γμð1þ γ5Þl

�
; ð50Þ

where BL
db ¼ jBL

dbje−iφdb indicates the off-diagonal left-
handed couplings of the quark sector with the Z0 boson and
φdb is the new weak phase. The contributions of Z0 on the
current operators, semileptonic electroweak penguin oper-
ators, and QCD penguin operators remain the same as those
of the SM. In Eq. (50), the modified forms of Ceff

9 and C10

are given. Hence, the effective Hamiltonian given in
Eq. (50) can be summarized as follows,

TABLE I. Numerical values of Z0 coupling parameters and
weak phase [83,84].

Scenarios Bdb × 10−3 φdb in Degree

S1 0.16� 0.08 −33� 45
S2 0.12� 0.03 −23� 21

FIG. 1. The dependence of differential branching ratio dBr
dŝ (DBR) on coupling parameters SLL andDLL for the decays (a) B → πτþτ−,

(b) B → πμþμ− and (c) B → πeþe− for SM (DBRSM), scenario-1 (DBRS1) and scenario-2 (DBRS2).
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HZ0
eff ¼ − 4GFffiffiffi

2
p VtbV�

td½∧db CZ0
9 O9þ ∧db CZ0

10O10�; ð51Þ

with

∧db¼
4πe−iφdb

αVtbV�
td
; ð52Þ

CZ0
9 ¼ jBdbjSLL; ð53Þ

and
CZ0
10 ¼ jBdbjDLL ð54Þ

Here,

SLL ¼ SLll þ SRll and DLL ¼ SLll − SRll: ð55Þ

SLll and SRll represent the couplings of the Z
0 boson with the

left- and right-handed leptons, respectively. In Eq. (51),
the Z0 contributions of Ceff

9 and C10 are given. The total
contributions (SM and Z0 model) on two Wilson coeffi-
cients C9 and C10 can be written as

TABLE II. Values of differential branching ratio in Z0 model for
scenarios S1 and S2 with SLL ¼ 0.04 and DLL ¼ −0.04.
Decay mode DBRSM × 108 DBRSMþZ0 × 108

B → πτþτ− 2.6 [23] S1 3.88
S2 3.451

B → πμþμ− 1.566 S1 2.27
S2 1.634

B → πeþe− 1.556 S1 2.244
S2 1.621

FIG. 2. The dependence of CP violation asymmetry ACPðŝÞ on coupling parameters SLL and DLL for the decays (a) B → πτþτ−, (b)
B → πμþμ− and (c) B → πeþe− for SM (ACPSM), scenario-1 (ACPS1) and scenario-2 (ACPS2).

TABLE III. Values of CP partial width asymmetry in Z0 model
for scenarios S1 and S2 with SLL ¼ 0.04 and DLL ¼ −0.04.
Decay mode ACPSM ACPSMþZ0

B → πτþτ− 0.0051 [23] S1 0.0062
S2 0.00608

B → πμþμ− 0.0059 S1 0.0062
S2 0.0061

B → πeþe− 0.0059 S1 0.00629
S2 0.0061
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CTotal
9 ¼ Ceff

9 þ CNP
9 ; ð56Þ

CTotal
10 ¼ C10 þ CNP

10 ; ð57Þ

with

CNP
9 ¼∧db CZ0

9 ; ð58Þ

CNP
10 ¼∧db CZ0

10: ð59Þ

The NP contributions of the nonuniversal Z0 model on
the different observables: differential branching ratio, FB
asymmetry, CP partial width asymmetry, and polarization
asymmetry (longitudinal and normal) for the two decay
processes B → πlþl− and B → ρlþl− are analyzed in the
next section.

VI. NUMERICAL ANALYSIS

In this section, we discuss DBR, FB asymmetry, CP
asymmetry and lepton polarization asymmetry for the
decay modes B → πlþl− and B → ρlþl− in the frame work
of the nonuniversal Z0 model. To evaluate these observ-
ables in the Z0 model, we have fixed the numerical values

of the coupling parameter jBdbj and the weak phase φdb.

But the values are strictly constrained from B0
d − B0

d
mixing. These values are taken from [83,84] where NP

effects to B0
q − B0

qðq ¼ d; sÞ mixing in terms of coupling
parameters and weak phase are discussed and encapsu-
lated in Table I for two different scenarios S1 and S2. The
numerical values of all input parameters shown in
Table IX of Appendix A are taken from [23,85].
Putting these values in the expressions of different
observables discussed in the above sections, we have
shown the variations of the parameters with the coupling
parameters SLL and DLL.

FIG. 3. The dependence of differential branching ratio dBr
dŝ (DBR) on coupling parameters SLL and DLL for the decays (a) B → ρτþτ−,

(b) B → ρμþμ− and (c) B → ρeþe− for SM (DBRSM), scenario-1 (DBRS1) and scenario-2 (DBRS2).

TABLE IV. Values of differential branching ratio in Z0 model
for scenarios S1 and S2 with SLL ¼ 0.01 and DLL ¼ −0.09.
Decay mode DBRSM × 108 DBRSMþZ0 × 108

B → ρτþτ− 3.9 [23] S1 5.835
S2 5.089

B → ρμþμ− 4.444 S1 5.037
S2 4.697

B → ρeþe− 4.440 S1 5.026
S2 4.74
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For our calculation, we have taken the maximum values
of the coupling parameter of the Z0 boson with the quark
sector, i.e., Bdb, and the new weak phase, i.e., φdb, from the
two scenarios given in Table I to get the maximum effect of
the Z0 boson on the different physical observables of two
decay modes. So we formulate two sets of scenarios of
the numerical values of the coupling parameters which are
as follows:
Set-I
The ranges of the coupling parameter Bdb and weak

phase φdb are given in S1. To get the magnified impact of
the Z0 boson, we have taken the maximum value of these
two parameters as Bdb ¼ 0.24 × 10−3 and φdb ¼ 12°
Set-II
The values of coupling parameter Bdb vary from

0.09 × 10−3 to 0.15 × 10−3 and the weak phase φdb is
from −44° to −2° which are given in S2. Now, we take the
maximum value of these parameters as Bdb ¼ 0.15 × 10−3
and φdb ¼ −2°.
With all these numerical data, we proceed further.

Considering the total contribution of Wilson coefficients
Ceff
9 and C10 given in Eqs. (53) and (54), we show

graphically the variation of asymmetry observables for
the decay modes B → πlþl− and B → ρlþl− with the

different values of SLL and DLL at a fixed value of ŝ as
0.7. First, we represent the variations of two parameters
DBR and CP partial width asymmetry for the decay
B → πlþl−‘ and then the variations of DBR, FB asymme-
try, CP partial width asymmetry, and lepton polarization
asymmetry (longitudinal and normal) for the decay
B → ρlþl−.
From Fig. 1, we have found that for ŝ ¼ 0.7, initially

DBR slowly increases, touches the SM value at a large
value of coupling parameters, and then crosses the SM
value with further increase in the coupling parameters

FIG. 4. The dependence of forward backward asymmetry (FB) AFBðŝÞ on coupling parameters SLL and DLL for the decays (a)
B → ρτþτ−, (b) B → ρμþμ− and (c) B → ρeþe− for SM (AFBSM), scenario-1 (AFBS1) and scenario-2 (AFBS2).

TABLE V. Values of forward backward asymmetry in Z0 model
for scenarios S1 and S2 with SLL ¼ 0.02 and DLL ¼ −0.05.
Decay mode AFBSM AFBSMþZ0

B → ρτþτ− −0.072 [23] S1 −0.0256
S2 −0.0296

B → ρμþμ− −0.0795 S1 −0.0575
S2 −0.0669

B → ρeþe− −0.0797 S1 −0.0592
S2 −0.0684
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SLL and DLL. This deviation of DBR from the SM value
provides a clear conjecture for NP. The values of the
differential branching ratio for S1 and S2 with SLL ¼ 0.04
and DLL ¼ −0.04 are shown in Table II. For different
values of SLL and DLL, the values of DBR are plotted in
Fig. 1. The enhancement of DBR for the decay B → πτþτ−
shown in Fig. 1(a) is significantly large in comparison to
the other two decays, i.e., B → πμþμ− and B → πeþe−,
this may indicate the lepton flavor nonuniversality.
Again the maximum variation of DBR for three decays
B → πτþτ−, B → πμþμ−, and B → πeþe− shown in
Fig. 1(a)–1(c), respectively, is observed for the S1 scenario.
Hence, we can say that with the higher contribution of
the coupling parameter and weak phase, the differential
branching ratio increases.
The values of CP partial width asymmetry for S1 and S2

with SLL ¼ 0.04 and DLL ¼ −0.04 are shown in Table III.
For different values of SLL and DLL, the ACPðŝÞ is plotted
in Fig. 2. From Fig. 2, we have found that for ŝ ¼ 0.7,
initially ACPðŝÞ slowly increases and crosses the SM value
with increase in the coupling parameters SLL andDLL. This
deviation of ACPðŝÞ from the SM value gives a signal for
NP. The enhancement of CP for the decay B → πτþτ−
shown in Fig. 2(a) is significantly large compared to the

other two decays, i.e., B → πμþμ− and B → πeþe−, which
points towards the lepton flavor nonuniversality.
Now we show the variations of the physical observables

for the decay B → ρlþl−. The dependence of the differ-
ential branching ratio (DBR), forward backward asymme-
try (FB), CP partial width asymmetry (ACPðŝÞ), and
longitudinal and normal polarization asymmetry (PLðŝÞ
and PNðŝÞ) on coupling parameters for the decays
B → ρlþl− are represented in Figs. 3–7, respectively.
For particular values of SLL and DLL, the values of these
observables are shown in Table IV–VIII, respectively.

FIG. 5. The dependence of CP violation asymmetry ACPðŝÞ on coupling parameters SLL and DLL for the decays (a) B → ρτþτ−, (b)
B → ρμþμ− and (c) B → ρeþe− for SM (ACPSM), scenario-1 (ACPS1) and scenario-2 (ACPS2).

TABLE VI. Values of CP partial width asymmetry in Z0 model
for scenarios S1 and S2 with SLL ¼ 0.09 and DLL ¼ −0.02.
Decay mode ACPSM ACPSMþZ0

B → ρτþτ− 0.013 [23] S1 0.0136
S2 0.0127

B → ρμþμ− 0.0116 S1 0.0141
S2 0.0130

B → ρeþe− 0.0116 S1 0.0141
S2 0.0130
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FromFigs. 3(a)–3(c), similar observations [like Figs. 1(a)–
1(c)] are found for the enhancement of DBR for decay
modes B → ρτþτ−, B → ρμþμ−, and B → ρeþe−, respec-
tively. Table IV shows the values of the differential branching
ratio for the decayB → ρτþτ−,B → ρμþμ−, andB → ρeþe−
with SLL ¼ 0.01 and DLL ¼ −0.09.
In Fig. 4(a), we find that for ŝ ¼ 0.7, AFBðŝÞ enhances

significantly with the increase of coupling parameters SLL
and DLL in B → ρτþτ− decay for two scenarios. But in
Figs. 4(b) and 4(c), AFBðŝÞ increases slowly and crosses the
SM value with the increase of Z0 coupling parameters for
B → ρμþμ− and B → ρeþe− decays, respectively. This
deviation of AFBðŝÞ from the SM value provides a clue for
NP. The deviation of the B → ρτþτ− decay is significantly
large compared to B → ρμþμ− and B → ρeþe− decays.
This may indicate the lepton flavor nonuniversality. In
Figs. 4(a)–4(c), we find that the variation of AFBðŝÞ is more
for S1 compared to S2. Hence, we can say that with the
higher value of the coupling parameter and weak phase,
AFBðŝÞ increases. Table V shows the values of forward
backward asymmetry for scenarios 1 and 2 with SLL ¼
0.02 and DLL ¼ −0.05.
In Fig. 5(a), we find that for ŝ ¼ 0.7, ACPðŝÞ slowly

increases and crosses the SM value with an increase in the

coupling parameters SLL and DLL in B → ρτþτ− decay.
This variation is significantly large for S1. For S2, ACPðŝÞ
touches the SM value at the higher value of coupling
parameters. In Figs. 5(b) and 5(c), ACPðŝÞ also increases
slowly and crosses the SM value with the increase
of Z0 coupling parameters for B → ρμþμ− and B →
ρeþe− decays, respectively. This deviation of ACPðŝÞ
from the SM value provides a clue for NP. This may
indicate the lepton flavor nonuniversality due to unequal
enhancement of ACPðŝÞ for B → ρτþτ−, B → ρμþμ− and

FIG. 6. The dependence of longitudinal polarization asymmetry PLðŝÞ on coupling parameters SLL and DLL for the decays (a)
B → ρτþτ−, (b) B → ρμþμ− and (c) B → ρeþe− for SM (PLSM), scenario-1 (PLS1) and scenario-2 (PLS2).

TABLE VII. Values of longitudinal polarization asymmetry in
Z0 model for scenarios S1 and S2 with SLL ¼ 0.01 and
DLL ¼ −0.02.
Decay mode PLSM PLSMþZ0

B → ρτþτ− 0.109 [23] S1 0.119
S2 0.124

B → ρμþμ− −0.26 S1 −0.145
S2 0.0671

B → ρeþe− −0.26 S1 −0.145
S2 0.0671
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B → ρeþe− decay modes. Figs. 5(a)–(c)we find that the
variation of ACPðŝÞ is more for S1 compared to S2. Hence,
we can say that with the higher value of coupling
parameter and weak phase, ACPðŝÞ increases. The values
of CP partial width asymmetry for S1 and S2 from the SM
value with SLL ¼ 0.09 and DLL ¼ −0.02 are shown in
Table VI.
From Figs. 6, we have found that for ŝ ¼ 0.7, initially

PLðŝÞ increases sharply and crosses the SM value with the
increase in the coupling parameters SLL and DLL. This

deviation of PLðŝÞ from the SM value gives a signal for NP.
The enhancement ofPLðŝÞ for the decayB → ρτþτ− shown
in Fig. 6(a) is significantly large and touches the SMvalue at
different values of coupling parameters compared to the
decaysB → ρμþμ− andB → ρeþe− shown in Figs. 6(b) and
6(c), respectively. This points towards the lepton flavor
nonuniversality. Again the maximum variation of PLðŝÞ for
three decays B → ρτþτ−, B → ρμþμ− and B → ρeþe−
shown in Figs. 6(a)–6(c), respectively, is observed for S1
scenario. Hence, we can say that with the higher value of
coupling parameter and weak phase, PLðŝÞ increases.
Similar observations are also found for the normal polari-
zation asymmetry. The variations of normal polarization
asymmetry are shown in Figs. 7(a)–7(c) for the decaymodes
B → ρτþτ−, B → ρμþμ− and B → ρeþe−, respectively.
Tables VII and VIII show the values of the kinematic
observables i.e., PLðŝÞ and PNðŝÞ for scenario 1 and 2 with
SLL ¼ 0.01, DLL ¼ −0.02 SLL ¼ 0.06, DLL ¼ −0.01,
respectively.

VII. SUMMARY AND CONCLUSIONS

In recent years, semileptonic decays of bottom hadrons
are in the focus ofmany theoretical and experimental studies

FIG. 7. The dependence of normal polarization asymmetry PNðŝÞ on coupling parameters SLL andDLL for the decays (a) B → ρτþτ−,
(b) B → ρμþμ− and (c) B → ρeþe− for SM (PNSM), scenario-1 (PNS1) and scenario-2 (PNS2).

TABLE VIII. Values of normal polarization asymmetry in Z0
model for scenarios S1 and S2 with SLL ¼ 0.06 and
DLL ¼ −0.01.
Decay mode PNSM PNSMþZ0

B → ρτþτ− 0.016 [23] S1 0.134
S2 0.0724

B → ρμþμ− 0.0416 S1 0.169
S2 0.031

B → ρeþe− 0.0416 S1 0.170
S2 0.0311
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due to increasing experimental evidence of NP. Several
exclusive semileptonic decays mediated by b → slþl− have
shown significant deviations from SM predictions. But it is
not clear whether these deviations are due to physics beyond
the SM or just hadronic artifacts [86–89]. So it is necessary
to give a lot of attention to the decays mediated by the
b → dlþl− FCNC transition. Recently, the LHCb [90]
has observed Bþ → πþμþμ− decay with branching
ratio ℬðBþ → πþμþμ−Þ ¼ ð1.83� 0.24� 0.05Þ × 10−8
and the CP asymmetry ACPðBþ → πþμþμ−Þ ¼ ð−0.11�
0.12� 0.01Þ, where uncertainties are of a statistical and
systematic nature. To the best of our knowledge, the B →
ρlþl− decay has not been studied experimentally. In this
paper, we have discussed several kinematic observables for
b → dlþl− mediated decays B → πlþl− and B → ρlþl− in
the SM and the nonuniversal Z0 model. We have shown
several plots of physical observables with respect to Z0
coupling parameters assuming ρ ¼ −0.07, η ¼ 0.34, and
ŝ ¼ 0.7. From the significant enhancements of the param-
eters DBR, FB asymmetry, CP partial width asymmetry,
lepton polarization asymmetry for the decay process B →
ρlþl− andDBR, andCP violation asymmetry for the decay
mode B → πlþl− in the nonuniversal Z0 model, we can
conclude that the Z0 model plays an important role in
modifying the SM picture and gives signal for NP beyond
the SM. Furthermore, it is found that the enhancement of
the observables for the decay B → πτþτ− and B → ρτþτ−
is different from other decays i.e., B → πμþμ−, B →
πeþe− and B → ρμþμ−, B → ρeþe−, respectively, which
may indicate the lepton flavor nonuniversality. It is
expected that themeasurements of these kinematic observ-
ables will provide a good hunting ground to determine the
precise values of the coupling parameters of Z0 boson with
leptons and quarks. Furthermore, the ratio of b → slþl−
and b → dlþl− decays is also important to study the
hypothesis of minimal flavor violation [91]. We hope
the observation ofB → πlþl− andB → ρlþl− decaymodes
at the upcoming upgraded LHCb and/or at the Belle II
detector will be very useful for searching the new physics
beyond the SM.
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APPENDIX A: INPUT PARAMETERS

APPENDIX B: FORM FACTORS FOR
THE B → π TRANSITION

The form factors which are used to determine the matrix
element of B → πlþl− decay process are given by
Coleangelo et al. [92]. The matrix elements are in terms
of form factors as follows [23,92]:

hπðpπÞjd̄γμPL;RbjBðpBÞi

¼ 1

2

�
ð2pB − qÞμF1ðq2Þ

þmB
2 −mπ

2

q2
qμðF0ðq2Þ − F1ðq2ÞÞ

�
ðB1Þ

hπðpπÞjd̄iσμυqυPL;RbjBðpBÞi

¼ 1

2
fð2pB − qÞμ − ðmB

2 −mπ
2Þqμg

FTðq2Þ
mB þmπ

ðB2Þ

To get the matrix element for the scalar current, we have
to multiply Eq. (B1) by qμ

hπðpπÞjd̄PRbjBðpBÞi ¼
1

2mb
ðmB

2 −mπ
2ÞF0ðq2Þ: ðB3Þ

The definition of form factors given in Eqs. (B1)–(B3) is
represented as

F0ðq2Þ ¼
F0ð0Þ

1 − q2=72
; ðB4Þ

TABLE IX. Numerical values of input parameters [23,85].

Parameters Value

mu ¼ md 10 MeV
mb 4.8 GeV
mc 1.4 GeV
mt 176 GeV
mB 5.26 GeV
mπ 0.135 GeV
mρ 0.768 GeV
jVtbV�

tdj 0.011
α 1=137
GF 1.17 × 10−5 GeV−2
mτ 1.77 GeV
τB 1.54 × 10−12 s
ρ −0.07
η 0.34
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F1ðq2Þ ¼
F1ð0Þ

1 − q2=5.32
; ðB5Þ

FTðq2Þ ¼
FTð0Þ

ð1 − q2=72Þð1 − q2=5.32Þ ; ðB6Þ

F̃Tðq2Þ ¼
FTðq2Þ

ðmB þmπÞ
mb; ðB7Þ

where q2 is in the units of GeV2 and the values of F0ð0Þ,
F1ð0Þ, and FTð0Þ are encapsulated as follows.

APPENDIX C: FORM FACTORS FOR
THE B → ρ TRANSITION

We use the form factors given by Coleangelo et al. [92]
for the transition B → ρ [23]:

hρðpρÞjd̄γμPLbjB̄ðpBÞi ¼ i ∈μναβ ϵ
ν�pα

Bq
β Vðq2Þ
mB þmρ

− 1

2

�
ϵμðmB þmρÞA1ðq2Þ

− ð∈� qÞð2pB − qÞμ
A1ðq2Þ
mB þmρ

− 2mρ

q2
ð∈� qÞ½A3ðq2Þ − A0ðq2Þ�

�
; ðC1Þ

hρðpρÞjd̄iσμυqυPL;RbjB̄ðpBÞi ¼ −2i ∈μναβ ϵ
ν�pα

Bq
βT1ðq2Þ � ½∈�

μ ðmB
2 −mρ

2Þ − ð∈� qÞð2pB − qÞμ�T2ðq2Þ

� ð∈� qÞ
�
qμ − q2

ðmB
2 −mρ

2Þ ð2pB − qÞμ
�
T3ðq2Þ; ðC2Þ

where∈ is the polarization vector of the ρmeson. Now to
get the matrix element for the scalar (pseudosacalar)
current, we have to multiply both sides of Eq. (C1) by
qμ. Hence, we get

hρðpρÞjdPRbjB̄ðpBÞi ¼ −mρ

mb
ð∈� qÞA0ðq2Þ: ðC3Þ

In the above equations, the definitions of the form factors
are represented as follows:

Vðq2Þ ¼ Vð0Þ
1 − q2=52

; ðC4Þ

A1ðq2Þ ¼ A1ð0Þð1 − 0.023q2Þ; ðC5Þ

A2ðq2Þ ¼ A2ð0Þð1þ 0.034q2Þ; ðC6Þ

A0ðq2Þ ¼
A3ð0Þ

1 − q2=4.82
; ðC7Þ

A3ðq2Þ ¼
mB þmρ

2mρ
A1ðq2Þ −mB −mρ

2mρ
A2ðq2Þ; ðC8Þ

T1ðq2Þ ¼
T1ð0Þ

1 − q2=5.32
; ðC9Þ

T2ðq2Þ ¼ T2ð0Þð1 − 0.02q2Þ; ðC10Þ

T3ðq2Þ ¼ T3ð0Þð1þ 0.005q2Þ: ðC11Þ

The values of Vð0Þ, A1ð0Þ, A2ð0Þ, A0ð0Þ, T1ð0Þ, T2ð0Þ,
and T3ð0Þ are tabulated as follows:

TABLE X. Numerical values of form factors [23].

Form Factors Value

F0ð0Þ 0
F1ð0Þ 0.25
FTð0Þ −0.14

TABLE XI. Numerical values of form factors [23].

Form facors Value

Vð0Þ 0.47
A1ð0Þ 0.37
A2ð0Þ 0.4
A0ð0Þ 0.3
T1ð0Þ 0.19
T2ð0Þ 0.19
T3ð0Þ −0.7
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