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Recent measurements of exclusive B� ! ��� and B0 ! �þl� ��l decays via the b ! ul� transition

process differ from the standard model expectation and, if they persist in future B experiments, will be a

definite hint of the physics beyond the standard model. Similar hints of new physics have been observed in

b ! c semileptonic transition processes as well. BABAR measures the ratio of branching fractions of

B ! ðD;D�Þ�� to the corresponding B ! ðD;D�Þl�, where l represents either an electron or a muon, and

finds 3:4� discrepancy with the standard model expectation. In this context, we consider a most general

effective Lagrangian for the b ! ul� and b ! cl� transition processes in the presence of new physics and

perform a combined analysis of all the b ! u and b ! c semi-(leptonic) data to explore various new

physics operators and their couplings. We consider various new physics scenarios and give predictions for

the Bc ! �� and B ! ��� decay branching fractions. We also study the effect of these new physics

parameters on the ratio of the branching ratios of B ! ��� to the corresponding B ! �l� decays.

DOI: 10.1103/PhysRevD.88.114023 PACS numbers: 14.40.Nd, 13.20.He, 13.20.�v

I. INTRODUCTION

Although, the standard model (SM) of particle physics
can explain almost all the existing data to a very good
precision, there are some unknowns which are beyond the
scope of the SM. The latest discovery of a Higgs-like
particle by CMS [1] and ATLAS [2] further confirms the
validity of the SM as a low energy effective theory. There
are two ways to look for evidence of new physics (NP):
direct detection and indirect detection. The Large Hadron
Collider (LHC), which is running successfully at CERN, in
principle, has the ability to detect new particles that are not
within the SM, while, on the other hand the LHCb experi-
ment has the ability to perform indirect searches of NP
effects, and since any NP will affect the SM observables,
any discrepancy between measurements and the SM expec-
tation will be an indirect evidence of NP beyond the SM.

Recent measurements of b ! u�� and b ! c�� lep-
tonic and semileptonic B decays differ from SM expecta-
tion. The measured branching ratio of ð11:4� 2:2Þ � 10�5

[3–5] for the leptonic B� ! ��� decay mode is larger
than the SM expectation [6–8]. However, the measured
branching ratio of ð14:6� 0:7Þ � 10�5 [9–11] for the ex-
clusive semileptonic B0 ! �þl� decays is consistent with
the SM prediction. The SM calculation, however, depends
on the hadronic quantities such as B meson decay constant
and B ! � transition form factors and the Cabibbo-
Kobayashi-Maskawa (CKM) element jVubj. The ratio of
branching fractions defined by

Rl
� ¼ �B0

�B�

BðB� ! ���Þ
BðB0 ! �þl��Þ (1)

is independent of the CKM matrix elements and is mea-
sured to be (0:73� 0:15) [12], and there is still more than
2� discrepancy with the SM expectation. More recently,
BABAR [13] measured the ratio of branching fractions of
B ! ðD;D�Þ�� to the corresponding B ! ðD;D�Þl� and
found 3:4� discrepancy with the SM expectation [14]. The
measured ratios are

RD ¼ Bð �B ! D�� ���Þ
Bð �B ! Dl� ��lÞ ¼ 0:440� 0:058� 0:042;

RD� ¼ Bð �B ! D��� ���Þ
Bð �B ! D�l� ��lÞ

¼ 0:332� 0:024� 0:018;

(2)

where the first error is statistical and the second one is
systematic. For definiteness, we consider B� ! l� ��l,
�B0 ! �þl� ��l, B� ! D0l� ��l, and B� ! D�0l� ��l

throughout this paper. However, for brevity, we denote
all these decay modes as B ! l�, B ! �l�, B ! Dl�,
and B ! D�l�, respectively.
Due to the large mass of the tau lepton, decay processes

with a tau lepton in the final state are more sensitive to
some new physics effects than processes with first two
generation leptons. These NP, in principle, can enhance
the decay rate for these helicity-suppressed decay modes
quite significantly from the SM prediction. In Ref. [14], a
thorough investigation of the lowest dimensional effective
operators that leads to modifications in the B ! D���
decay amplitudes has been done. Possible NP effects on
various observables have been explored. Among all the
leptonic and semileptonic decays, decays with a tau lepton
in the final state can be an excellent probe of new physics
as these are sensitive to non-SM contributions arising from
the violation of lepton flavor universality. A model-
independent analysis to identify the new physics models
has been explored in Ref. [12]. They also look at the
possibility of a scalar leptoquark or a vector leptoquark,

*rupak@iith.ac.in
†ph10p004@iith.ac.in
‡giria@iith.ac.in

PHYSICAL REVIEW D 88, 114023 (2013)

1550-7998=2013=88(11)=114023(17) 114023-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.88.114023


which can contribute to these decay processes at the tree
level and obtain a bound of m � 280 GeV on the mass of
the scalar electroweak triplet leptoquark. Model with com-
posite quarks and leptons also modify these b ! u and
b ! c semileptonic measurements [12]. The enhanced
production of a tau lepton in leptonic and semileptonic
decays can be explained by NP contribution with different
models among which the minimal supersymmetric stan-
dard model (MSSM) is well motivated and is a charming
candidate of NP whose Higgs sector contains the two
Higgs doublet model (2HDMs). There are four types of
2HDMS such as type-I, type-II, lepton specific, and flipped
[15]. New particles such as charged Higgs bosons whose
coupling is proportional to the masses of particles in the
interaction can have a significant effect on decay processes
having a tau lepton in the final state. In Ref. [16], the author
uses the 2HDM model of type-II for purely leptonic B
decays that are sensitive to charged Higgs boson at the tree
level. This model, however, cannot explain all the b ! c
semileptonic measurements simultaneously [13]. A lot of
studies have been done using the 2HDM of type II and type
III models [17]. However, none of the above 2HDMS can
accommodate all the existing data on b ! u and b ! c
semi-(leptonic) decays. Recently, a detailed study of a
2HDM of type III with MSSM-like Higgs potential and
flavor-violation in the up sector in Ref. [18] has demon-
strated that this model can explain the deviation from the
SM in Rl

�, RD, and RD� simultaneously and predict en-
hancement in the B ! ��, B ! D��, and the B ! D���
decay branching ratios. Also, in Refs. [19,20], the authors
have used a model independent way to analyse the B !
D�� and B ! D��� data by considering an effective the-
ory for the b ! c�� processes in the presence of NP and
obtain bounds on each NP parameter. They consider two
different NP scenarios and see the effect of various NP
couplings on different observables. This analysis, however,
does not include the B ! �� data. A similar analysis has
been performed in Ref. [21] considering a tensor operator
in the effective weak Hamiltonian. Also, in Ref. [22], the
author investigates the effects of an effective right handed
charged currents on the determination of Vub and Vcb from
inclusive and exclusive B decays. Moreover, the aligned
two Higgs doublet model [23] and, more recently, a

nonuniversal left-right model [24] have been explored in
order to explain the discrepancies between the measure-
ments and the SM prediction.
The recent measurements suggest the possibility of

having new physics in the third generation leptons only.
However, more experimental studies are needed to confirm
the presence of NP. A thorough investigation of these
decays will enable us to have significant constraints on
NP scenarios. In this report, we use the most general
effective Lagrangian for the b ! q semi-(leptonic) transi-
tion decays and do a combined analysis of b ! u and
b ! c semi-(leptonic) decay processes where we use con-
straints from all the existing data related to these decays. It
differs considerably from earlier treatments. First, we have
introduced the right-handed neutrinos and their interactions
for our analysis. Second, we have performed a combined
analysis of all the b ! u and b ! c data. We illustrate four
different scenarios of the new physics and the effects of
each NP coupling on various observables are shown. We
predict the branching ratio of Bc ! �� and B ! ���
decay processes in all four different scenarios. We also
consider the ratio of branching ratio R� of B ! ��� to
the corresponding B ! �l� decay mode for our analysis.
The paper is organized as follows. In Sec. II, we start

with a brief description of the effective Lagrangian for the
b ! ðu; cÞl� processes and then present all the relevant
formulas of the decay rates for various decay modes in the
presence of various NP couplings. We then define several
observables in B ! ���, B ! D��, and B ! D���
decays. The numerical prediction for various NP couplings
and the effects of each NP coupling on various observables
are presented in Sec. III. We also discuss the effects of
these NP couplings on BðBc ! ��Þ, BðB ! ���Þ, and
the ratio R� for various NP scenarios in this section.
We conclude with a summary of our results in Sec. IV.
We report the details of the kinematics and various form
factors in the Appendix.

II. EFFECTIVE LAGRANGIAN AND
DECAYAMPLITUDE

The most general effective Lagrangian for b ! q0l� in
presence of NP, where q0 ¼ u, c, can be written as [25,26]

Leff ¼ � g2

2M2
W

Vq0bfð1þ VLÞ�lL���L
�q0L��bL þ VR

�lL���L
�q0R��bR þ ~VL

�lR���R
�q0L��bL

þ ~VR
�lR���R

�q0R��bR þ SL �lR�L
�q0RbL þ SR �lR�L

�q0LbR þ ~SL �lL�R
�q0RbL þ ~SR �lL�R

�q0LbR
þ TL

�lR����L
�q0R���bL þ ~TL

�lL����R
�q0L���bRg þ H:c:; (3)

where g is the weak coupling constant which can be related to the Fermi constant by the relation g2=8M2
W ¼ GF=

ffiffiffi
2

p
and

Vq0b is the CKMmatrix elements. The new physics couplings denoted by VL;R, SL;R, and TL involve left-handed neutrinos,
whereas, the NP couplings denoted by ~VL;R, ~SL;R, and ~TL involve right-handed neutrinos. We assume the NP couplings to
be real for our analysis. Again, the projection operators are PL ¼ ð1� �5Þ=2 and PR ¼ ð1þ �5Þ=2. We neglect the new
physics effects coming from the tensor couplings TL and ~TL for our analysis. With this simplification, we obtain
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Leff ¼ �GFffiffiffi
2

p Vq0bfGV
�l��ð1� �5Þ�l

�q0��b�GA
�l��ð1� �5Þ�l

�q0���5bþGS
�lð1� �5Þ�l

�q0b�GP
�lð1� �5Þ�l

�q0�5b

þ ~GV
�l��ð1þ �5Þ�l

�q0��b� ~GA
�l��ð1þ �5Þ�l

�q0���5bþ ~GS
�lð1þ �5Þ�l

�q0b� ~GP
�lð1þ �5Þ�l

�q0�5bg þ H:c:;

(4)

where

GV ¼ 1þ VL þ VR; GA ¼ 1þ VL � VR; GS ¼ SL þ SR; GP ¼ SL � SR;

~GV ¼ ~VL þ ~VR; ~GA ¼ ~VL � ~VR; ~GS ¼ ~SL þ ~SR; ~GP ¼ ~SL � ~SR:
(5)

In the SM, GV ¼ GA ¼ 1 and all other NP couplings are zero.
The expressions for B ! l�, B ! Pl�, and B ! Vl� decay amplitude depends on nonperturbative hadronic matrix

elements that can be expressed in terms of Bq meson decay constants and B ! ðP; VÞ transition form factors, where P

denotes a pseudoscalar meson and V denotes a vector meson, respectively. The B meson decay constant and B ! ðP; VÞ
transition form factors are defined as

h0j �q0���5bjBðpÞi ¼ �ifBq0p�;

hPðp0Þj �q0��bjBðpÞi ¼ Fþðq2Þ
�
ðpþ p0Þ� �m2

B �m2
P

q2
q�

�
þ F0ðq2Þm

2
B �m2

P

q2
q�;

hVðp0; ��Þj �q0��bjBðpÞi ¼ 2iVðq2Þ
mB þmV

"�����
��p0�p�;

hVðp0; ��Þj �q0���5bjBðpÞi ¼ 2mVA0ðq2Þ �
�:q
q2

q� þ ðmB þmVÞA1ðq2Þ
�
��� � ��:q

q2
q�

�

� A2ðq2Þ ��:q
ðmB þmVÞ

�
ðpþ p0Þ� �m2

B �m2
V

q2
q�

�
;

(6)

where q ¼ p� p0 is the momentum transfer. Again, from
Lorentz invariance and parity, we obtain

h0j �q0��bjBðpÞi ¼ 0; hPðp0Þj �q0���5bjBðpÞi ¼ 0;

hVðp0; ��Þj �q0bjBðpÞi ¼ 0: (7)

We use the equation of motion to find the scalar and
pseudoscalar matrix elements. That is

h0j �q0�5bjBðpÞi ¼ i
m2

B

mbð�Þ þmq0 ð�Þ fBq0 ;

hPðp0Þj �q0bjBðpÞi ¼ m2
B �m2

P

mbð�Þ �mq0 ð�ÞF0ðq2Þ;

hVðp0; ��Þj �q0�5bjBðpÞi ¼ � 2mVA0ðq2Þ
mbð�Þ þmq0 ð�Þ �

�:q;

(8)

where, for the B ! � form factors, we use the formulas
and the input values reported in Ref. [27]. Similarly,
we follow Refs. [28–30] and employ heavy quark effec-
tive theory (HQET) to estimate the B ! D and B ! D�
form factors. All the relevant formulas and various input
parameters pertinent to our analysis are presented in
Appendix B and in Appendix C.

Using the effective Lagrangian of Eq. (4) in the
presence of NP, the partial decay width of B ! l� can be
expressed as

�ðB ! l�Þ ¼ G2
FjVubj2
8�

f2Bm
2
l mB

�
1� m2

l

m2
B

�
2

�
��
GA � m2

B

mlðmbð�Þ þmuð�ÞÞGP

�
2

þ
�
~GA � m2

B

mlðmbð�Þ þmuð�ÞÞ
~GP

�
2
�
; (9)

where, in the SM, we have GA ¼ 1 and GP¼ ~GA¼ ~GP¼0,
so that

�ðB ! l�ÞSM ¼ G2
FjVubj2
8�

f2Bm
2
l mB

�
1� m2

l

m2
B

�
2
: (10)

It is important to note that the right-handed neutrino

couplings denoted by ~VL;R and ~SL;R appear in the decay

width quadratically, whereas, the left-handed neutrino cou-
plings denoted by VL;R and SL;R appear linearly in the

decay rates. The linear dependence, arising due to the
interference between the SM couplings and the NP cou-
plings, is suppressed for the right-handed neutrino cou-
plings as it is proportional to a small factorm� and hence is
neglected. We now proceed to discuss the B ! Pl� and
B ! Vl� decays.
We follow the helicity methods of Refs. [31,32] for

the B ! Pl� and B ! Vl� semileptonic decays. The
differential decay distribution can be written as
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d�

dq2dcos	l
¼G2

FjVq0bj2j ~pðP;VÞj
29�3m2

B

�
1�m2

l

q2

�
L��H

��; (11)

where L�� and H�� are the usual leptonic and hadronic

tensors, respectively. Here, 	l is the angle between the
PðVÞ meson and the lepton three momentum vector in

the q2 rest frame. The three momentum vector j ~pðP;VÞj is
defined as j ~pðP;VÞj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðm2

B;m
2
PðVÞ; q

2Þ
q

=2mB, where


ða; b; cÞ ¼ a2 þ b2 þ c2 � 2ðabþ bcþ caÞ. The result-
ing differential decay distribution for B ! Pl� in terms of

the helicity amplitudes H0, Ht, and HS is

d�

dq2d cos	l
¼ 2Njp!Pj

8<
:H2

0sin
2	lðG2

V þ ~G2
VÞ þ

m2
l

q2

2
4H0GV cos 	l �

0
@HtGV þ

ffiffiffiffiffi
q2

p
ml

HSGS

1
A
3
52

þm2
l

q2

2
4H0

~GV cos	l �
0
@Ht

~GV þ
ffiffiffiffiffi
q2

p
ml

HS
~GS

1
A
3
52

9=
;; (12)

where

N¼G2
FjVq0bj2q2
256�3m2

B

�
1�m2

l

q2

�
2
; H0¼2mBjp!Pjffiffiffiffiffi

q2
p Fþðq2Þ; Ht¼m2

B�m2
Pffiffiffiffiffi

q2
p F0ðq2Þ; HS¼ m2

B�m2
P

mbð�Þ�mq0 ð�ÞF0ðq2Þ: (13)

The details of the helicity amplitudes calculation are given in Appendix. A.We refer to Refs. [31,32] for all omitted details.
We determine the differential decay rate d�=dq2 by performing the cos 	l integration, i.e.,

d�P

dq2
¼ 8Nj ~ppj

3

8<
:H2

0ðG2
V þ ~G2

VÞ
�
1þ m2

l

2q2

�
þ 3m2

l

2q2

2
4
0
@HtGV þ

ffiffiffiffiffi
q2

p
ml

HSGS

1
A

2

þ
0
@Ht

~GV þ
ffiffiffiffiffi
q2

p
ml

HS
~GS

1
A

2
3
5
9=
;; (14)

where, in the SM, GV ¼ 1 and all other couplings are zero. One obtains

�
d�P

dq2

�
SM

¼ 8Nj ~ppj
3

�
H2

0

�
1þ m2

l

2q2

�
þ 3m2

l

2q2
H2

t

�
: (15)

Our formulas for the differential branching ratio in the presence of NP couplings in Eq. (12) and (14) differ slightly from
those given in Ref. [19]. The term containingGS and ~GS is positive in Eq. (12) and (14), whereas, it is negative in Ref. [19].
Although, the SM formula is same, the numerical differences may not be negligible once the NP couplings SL;R and ~SL;R
are introduced. It is worth mentioning that, for l ¼ e, �, the term containingm2

l =q
2 can be safely ignored. However, same

is not true for the B ! P�� decay mode, as the mass of � lepton is quite large and one cannot neglect them2
�=q

2 term from
the decay amplitude. We assume that the NP affects only the third generation lepton.

Similarly, the differential decay distribution for B ! Vl� in terms of the helicity amplitudes A0, Ak, A?, AP, and

At is

d�

dq2d cos	l
¼ Nj ~pV j

�
2A2

0sin
2	lðG2

A þ ~G2
AÞ þ ð1þ cos 2	lÞ½A2

kðG2
A þ ~G2

AÞ þA2
?ðG2

V þ ~G2
VÞ�

� 4AkA? cos	lðGAGV � ~GA
~GVÞ þm2

l

q2
sin 2	l½A2

kðG2
A þ ~G2

AÞ þA2
?ðG2

V þ ~G2
VÞ�

þ 2m2
l

q2

2
4
8<
:A0GA cos	l �

0
@AtGA þ

ffiffiffiffiffi
q2

p
ml

APGP

1
A
9=
;

2

þ
8<
:A0

~GA cos	l �
0
@At

~GA þ
ffiffiffiffiffi
q2

p
ml

AP
~GP

1
A
9=
;

2
3
5
9=
;;

(16)

where

A0 ¼ 1

2mV

ffiffiffiffiffi
q2

p
2
4ðm2

B �m2
V � q2ÞðmB þmVÞA1ðq2Þ � 4M2

Bj ~pV j2
mB þmV

A2ðq2Þ
3
5; Ak ¼ 2ðmB þmVÞA1ðq2Þffiffiffi

2
p ;

A? ¼ � 4mBVðq2Þj ~pV jffiffiffi
2

p ðmB þmVÞ
; At ¼ 2mBj ~pV jA0ðq2Þffiffiffiffiffi

q2
p ; AP ¼ � 2mBj ~pV jA0ðq2Þ

ðmbð�Þ þmcð�ÞÞ :
(17)
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We perform the cos	l integration and obtain the differential decay rate d�=dq2, that is

d�V

dq2
¼ 8Nj ~pVj

3

�
A2

AV þ m2
l

2q2
½A2

AV þ 3A2
tP� þ ~A2

AV þ m2
l

2q2
½ ~A2

AV þ 3 ~A2
tP�

�
; (18)

where

A2
AV ¼ A2

0G
2
A þ A2

kG
2
A þ A2

?G
2
V;

~A2
AV ¼ A2

0
~G2
A þ A2

k ~G
2
A þ A2

? ~G2
V;

AtP ¼ AtGA þ
ffiffiffiffiffi
q2

p
ml

APGP;
~AtP ¼ At

~GA þ
ffiffiffiffiffi
q2

p
ml

AP
~GP:

(19)

In the SM, GV ¼ GA ¼ 1 and all other NP couplings are zero. We obtain

�
d�V

dq2

�
SM

¼ 8Nj ~pV j
3

�
ðA2

0 þA2
jj þA2

?Þ
�
1þ m2

l

2q2

�
þ 3m2

l

2q2
A2

t

�
: (20)

We want to mention that our formulas for the B ! Vl� differential decay width in Eq. (16) and (18) differ slightly from
those reported in Ref. [19]. Our formulas, however, agree with those reported in Ref. [14]. In Eq. (16), we have
ð1þ cos 2	lÞ instead of ð1þ cos	lÞ2 reported in Ref. [19]. Again, note that our definition of GP ¼ SL � SR, different

from that of gP ¼ SR � SL [19], leads to a sign discrepancy inAtPð ~AtPÞ. Depending on the NP couplingsGP and ~GP, the
numerical estimates might differ from Ref. [19].

We define some physical observables such as differential branching ratio [DBRðq2Þ], the ratio of branching fractions
Rðq2Þ, and the forward-backward asymmetry AFBðq2Þ.

DBRðq2Þ¼
�
d�

dq2

�
=�tot; Rðq2Þ¼DBRðq2ÞðB!ðP;VÞ��Þ

DBRðq2ÞðB!ðP;VÞl�Þ ½AFB�ðP;VÞðq2Þ¼
ðR0

�1�
R
1
0Þdcos	l d�ðP;VÞ

dq2dcos	l

d�ðP;VÞ
dq2

: (21)

For B ! Pl� decay mode, the forward-backward asymmetry in the presence of NP is

AP
FBðq2Þ ¼

3m2
l

2q2

H0GV

��
HtGV þ

ffiffiffiffi
q2

p
ml

HSGS

�
þ

�
Ht

~GV þ
ffiffiffiffi
q2

p
ml

HS
~GS

��

H2
0ðG2

V þ ~G2
VÞð1þ m2

l

2q2
Þ þ 3m2

l

2q2

��
HtGV þ

ffiffiffiffi
q2

p
ml

HSGS

�
2 þ

�
Ht

~GV þ
ffiffiffiffi
q2

p
ml

HS
~GS

�
2
� ; (22)

where, in the SM, GV ¼ 1 and all other couplings are zero. We obtain

ðAP
FBÞSMðq2Þ ¼

3m2
l

2q2
H0Ht

H2
0ð1þ m2

l

2q2
Þ þ 3m2

l

2q2
H2

t

: (23)

Similarly, for B ! Vl� decay mode, in the presence of NP

AV
FBðq2Þ ¼

3

2

AkA?ðGAGV � ~GA
~GVÞ þ m2

l

q2
A0GA

�
AtGA �

ffiffiffiffi
q2

p
ml

APGP þAt
~GA �

ffiffiffiffi
q2

p
ml

AP
~GP

�

A2
AV þ m2

l

2q2
½A2

AV þ 3A2
tP� þ ~A2

AV þ m2
l

2q2
½ ~A2

AV þ 3 ~A2
tP�

: (24)

In the SM, GA ¼ GV ¼ 1 while all other NP couplings are zero. Thus we obtain

ðAV
FBÞSMðq2Þ ¼

3

2

AkA? þ m2
l

q2
A0At

fðA2
0 þA2

jj þA2
?Þð1þ m2

l

2q2
Þ þ 3m2

l

2q2
A2

t g
: (25)

We see that, in the SM, for the light leptons l ¼ e, �, the
forward backward asymmetry is vanishingly small due to the
m2

l =q
2 term for the B ! Pl� decay modes. However, for

B ! Vl�, the first term will contribute and we will get a
nonzero value for the forward-backward asymmetry. Any
nonzero value of the AFB parameter for the B ! Pl� decay

modes will be a hint of NP in all generation leptons.
We, however, ignore the NP effects in the case of l ¼ e, �.
We strictly assume that only third generation leptons get
modified due to NP couplings.
We wish to determine various NP effects in a

model independent way. The theoretical uncertainties in
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the calculation of the decay branching fractions come from
various input parameters. First, there are uncertainties
associated with well-known input parameters such as quark
masses, meson masses, and lifetime of the mesons. We
ignore these uncertainties as these are not important for our
analysis. Second, there are uncertainties that are associated
with not so well-known hadronic input parameters such as
form factors, decay constants, and the CKM elements. In
order to realize the effect of the above-mentioned uncer-
tainties on various observables, we use a random number
generator and perform a random scan of all the allowed
hadronic as well as the CKM elements. In our random scan
of the theoretical parameter space, we vary all the hadronic
inputs such as B ! ðP;VÞ form factors, fBq

decay con-

stants, and CKM elements jVqbj within 3� from their

central values. In order to determine the allowed NP
parameter space, we impose the experimental constraints
coming from the measured ratio of branching fractions Rl

�,
RD, and RD� simultaneously. This is to ensure that the
resulting NP parameter space can simultaneously accom-
modate all the existing data on b ! u and b ! c leptonic
and semileptonic decays. We impose the experimental
constraints in such a way that we ignore those theoretical
models that are not compatible within 3� of the experi-
mental constraints for the 3� random scan.

III. RESULTS AND DISCUSSION

For definiteness, we summarize the input parameters for
our numerical analysis. We use the following inputs from
Ref. [5].

mb ¼ 4:18 GeV; mc ¼ 1:275 GeV;

m� ¼ 0:13957 GeV; mB� ¼ 5:27925 GeV;

mB0 ¼ 5:27955 GeV; mBc
¼ 6:277 GeV;

mD0 ¼ 1:86486 GeV; mD�0 ¼ 2:00698 GeV;

�B0 ¼ 1:519� 10�12 Sec; �B� ¼ 1:641� 10�12 Sec;

�Bc
¼ 0:453� 10�12 Sec; (26)

wheremb � mbðmbÞ andmc � mcðmcÞ denote the running
b and c quark masses in MS scheme. We employ a renor-
malization scale � ¼ mb for which the strong coupling
constant �sðmbÞ ¼ 0:224. Using the two-loop expression
for the running quark mass [33], we find mcðmbÞ ¼
0:91 GeV. Thus, the coefficients VL;R, ~VL;R, SL;R, and
~SL;R are defined at the scale � ¼ mb. The error associated

with the quark masses, meson masses, and the mean life-
time of mesons is not important and we ignore them in our
analysis. In Table I and II, we present the most important
theoretical and experimental inputs with their uncertainties
that are used for our random scan.
We wish to study the effects of each new physics

parameter on various observables and the Bc ! �� and
B0 ! ��� decays in a model independent way. We also
consider the ratio of branching fractions of B0 ! ��� to
B0 ! �l� decays, defined as

R� ¼ BðB ! ���Þ
BðB ! �l�Þ ; (27)

which, in the SM, only depends on the ratio of form factors
F0ðq2Þ=Fþðq2Þ. The decay mode B ! ��� is particularly
important because it originates from the same flavor chang-
ing interaction as the B ! �� decay mode and hence can
be used as an indicator for NP operators. Similarly, the
Bc ! �� is important as it is mediated via b ! c transition
decays, same as B ! D�� and B ! D��� decays, and, in
principle, can help in identifying the nature of NP in b ! c
processes. The SM prediction for the branching ratios and
ratio of branching ratios is reported in Table III, where, for
the central values we have used the central values of all the
input parameters from Eq. (26) and from Table I. We vary
all the theory inputs such as Bq meson decay constants,

B ! ðP; VÞ transition form factors, and the CKM matrix
elements jVqbj within 1� of their central values and obtain

the 1� allowed ranges in all the different observables in
Table III. The uncertainties associated with the input
parameters for the calculation of the form factors, reported
in Appendix B and C are added in quadrature and tabulated
in Table I.

TABLE I. Theory input parameters.

CKM Elements: Meson Decay constants (in GeV):

jVubj (Exclusive) ð3:23� 0:31Þ � 10�3 [5] fB 0:1906� 0:0047 [34–36]

jVcbj (Average) ð40:9� 1:1Þ � 10�3 [5] fBc
0:395� 0:015 [37]

Inputs for ðB ! �Þ Form Factors: Inputs for ðB ! D�Þ Form Factors:

Fþð0Þ ¼ F0ð0Þ 0:281� 0:028 [27] hA1
ð1ÞjVcbj ð34:6� 1:02Þ � 10�3 [38]

b1 �1:62� 0:70 [27] �2
1 1:214� 0:035 [38]

b01 �3:98� 0:97 [27] R1ð1Þ 1:401� 0:038 [38]

Inputs for ðB ! DÞ Form Factors: R2ð1Þ 0:864� 0:025 [38]

V1ð1ÞjVcbj ð43:0� 2:36Þ � 10�3 [39] R0ð1Þ 1:14� 0:114 [14]

�2
1 1:20� 0:098 [39]
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We now proceed to describe four different scenarios of
new physics and the effect of these NP parameters. We
consider all the NP parameters to be real for our analysis.
We assume that only the third generation leptons get
corrections from the NP couplings in the b ! ðu; cÞl�
processes and for l ¼ e�, �� cases the NP is absent. We
use 3� experimental constraint coming from the ratio of
branching ratios Rl

�, RD, and R
�
D to find the allowed ranges

of all the NP couplngs. We then show how different
observables behave with various NP couplings under four
different NP scenarios that we consider for our analysis.
We also give predictions for the branching ratios of
Bc ! �� and B ! ��� decays and the ratio R� for all
the different NP scenarios.

A. Scenario A

We vary VL and VR while keeping all other NP couplings
to zero. The allowed ranges of VL and VR that satisfies 3�
constraint coming from Rl

�, RD, and R�
D are shown in the

left panel of Fig. 1. We see that the experimental values put
a severe constraint on the ðVL; VRÞ parameter space. In
the presence of such NP couplings, the �ðBq ! ��Þ,
d�=dq2ðB ! P��Þ, and d�=dq2ðB ! V��Þ, where P
stands for pseudoscalar and V stands for vector meson,
can be written as

�ðBq ! ��Þ ¼ �ðBq ! ��ÞjSMG2
A;

d�

dq2
ðB ! P��Þ ¼

�
d�

dq2
ðB ! P��Þ

�
SM

G2
V;

d�

dq2
ðB ! V��Þ ¼ 8Njp!V j

3

�
ðA2

0G
2
A þA2

jjG
2
A

þA2
?G

2
VÞ
�
1þ m2

�

2q2

�
þ 3m2

�

2q2
A2

t G
2
A

�
:

(28)

It is evident that, the value of BðBc ! ��Þ varies as G2
A,

whereas,BðB ! ���Þ and the ratio R� varies asG2
V in the

presence of these NP couplings. The ranges in B ! ���
branching ratio and the ratio R� in the presence of VL and
VR are shown in the right panel of Fig. 1. The resulting
ranges in BðBc ! ��Þ, BðB ! ���Þ, and R� are

BðBc ! ��Þ ¼ ð1:02; 3:95Þ%;

BðB ! ���Þ ¼ ð1:86; 59:42Þ � 10�5;

R� ¼ ð0:36; 2:05Þ:
We see a significant deviation from the SM expectation
in such a new physics scenario. Measurement of the
BðBc ! ��Þ, BðB ! ���Þ and the ratio R� will put addi-
tional constraints on the NP parameters. We want to see the
effects of these NP couplings on various observables that
we defined in Sec. II. In Fig. 2, we show in blue (dark)
bands the SM range and show in red (light) bands the range
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FIG. 1 (color online). Allowed regions of VL and VR are shown in the left panel once the 3� experimental constraint is imposed. The
corresponding ranges in BðB ! ���Þ and the ratio R� in the presence of these NP couplings are shown in the right panel.

TABLE II. Experimental input parameters.

Ratio of branching ratios:

Rl
� 0:73� 0:15 [12]

RD 0:440� 0:072 [13]

RD� 0:332� 0:030 [13]

TABLE III. Branching ratio and ratio of branching ratios
within the SM.

Central value 1� range

BðB ! ��Þ 6:70� 10�5 ð5:22; 8:45Þ � 10�5

BðBc ! ��Þ 1:63� 10�2 ð1:43; 1:85Þ � 10�2

BðB ! �l�Þ 12:77� 10�5 ð7:39; 21:28Þ � 10�5

BðB ! ���Þ 8:91� 10�5 ð4:93; 15:40Þ � 10�5

BðB ! Dl�Þ 2:32� 10�2 ð1:89; 2:81Þ � 10�2

BðB ! D��Þ 0:72� 10�2 ð0:62; 0:84Þ � 10�2

BðB ! D�l�Þ 4:93� 10�2 ð4:51; 5:39Þ � 10�2

BðB ! D���Þ 1:25� 10�2 ð1:14; 1:37Þ � 10�2

Rl
� 0.486 (0.328, 0.733)

R� 0.698 (0.654, 0.764)

RD 0.313 (0.300, 0.327)

R�
D 0.253 (0.245, 0.261)
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of each observable once the NP couplings VL and VR are
switched on. It is clear from Fig. 2 that, the differential
branching ratios (DBR) and the ratio of branching ratio get
considerable deviations once we include the NP couplings.
This is expected and can be understood very easily from
Eq. (28). In the presence of VL and VR alone, the DBR and
the ratio for B ! P�� decays depends on only GV cou-
pling and is proportional to G2

V . Whereas, for B ! V��
decay mode the DBR and the ratio depends on GV as well
asGA couplings and is proportional toG

2
V andG2

A as can be

seen from Eq. (28). We see that the DBR for each decay
mode can increase by 100% at the peak of its distribution.
Similar conclusions can be made for the ratio of branching
ratios as well, where we see a 100% increase at the peak of
its distribution. The forward-backward asymmetry, as we
expected, does not vary with VL and VR for the B ! ���
and the B ! D�� decay modes. Since it depends on GV

couplings only, the NP dependency gets canceled in the
ratio as can be seen from Eq. (22). However, for B !
D���, the deviation is quite large. Again, it can be very
easily understood from Eq. (24). It is mainly because of the
presence of GV as well as GA couplings. We see a zero
crossing at q2 � 6:0 GeV2 in the SM for this decay mode.

However, in the presence of such NP, depending on VL and
VR, there may or may not be a zero crossing as is evident
from Fig. 2.
Again, we want to emphasize the fact that a pure

GV coupling will contribute to the B ! P�� as well as
B ! V�� decay processes, whereas a pure GA coupling
will contribute to the B ! �� as well as the B ! V��
decay modes. We do not consider pure GV and GA cou-
plings for our analysis as a pure GV or a pure GA type NP
coupling will not be able to accommodate all the existing
data since current experiments on b ! u and b ! c semi-
(leptonic) decays suggest that there could be new physics
in all the three decay modes. Hence, if NP is present in Rl

�,
RD, and RD� , one can rule out the possibility of having a
pure GV or a pure GA type of NP couplings.

B. Scenario B

Here we consider nonzero SL and SR couplings and keep
all other NP couplings to zero. The allowed ranges of SL
and SR that satisfy the 3� experimental constraints are
shown in the left panel of Fig. 3. In the presence of SL
and SR, the �ðBq ! ��Þ, d�=dq2ðB ! P��Þ, and

d�=dq2ðB ! V��Þ can be written as
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FIG. 2 (color online). Range in DBRðq2Þ, Rðq2Þ, and the forward-backward asymmetry AFBðq2Þ for the B ! ���, B ! D��, and
B ! D��� decay modes. The darker (blue) interior region corresponds to the SM prediction, whereas the lighter (red), larger region
corresponds to the allowed ðVL; VRÞ NP couplings of Fig. 1.

RUPAK DUTTA, ANUPAMA BHOL, AND ANJAN K. GIRI PHYSICAL REVIEW D 88, 114023 (2013)

114023-8



�ðBq ! ��Þ ¼ �ðBq ! ��ÞjSM
�
1� m2

B

m�ðmbþmqÞGP

�
2
;

d�

dq2
ðB!P��Þ ¼ 8Nj ~pPj

3

�
H2

0

�
1þ m2

�

2q2

�
þ 3m2

�

2q2
H2

t

þ 3

2

�
H2

SG
2
Sþ

2m�ffiffiffiffiffi
q2

p HtHSGS

��
;

d�

dq2
ðB! V��Þ ¼ 8Nj ~pV j

3

�
ðA2

0þA2
jj þA2

?Þ

�
�
1þ m2

�

2q2

�
þ 3m2

�

2q2
A2

t

þ 3

2

�
A2

PG
2
Pþ

2m�ffiffiffiffiffi
q2

p AtAPGP

��
: (29)

We see that B ! �� and B ! D��� depend on pure GP

coupling, whereas, B ! ��� and B ! D�� depend on
pure GS coupling. Hence, we do not consider pure GP

and pure GS NP couplings for our analysis as these will
not simultaneously explain all the existing data. The effects
of these NP couplings on the BðB ! ���Þ and the ratio
R� is shown in the right panel of Fig. 3. In the presence of
such NP, the 3� allowed ranges of the branching ratio of
Bc ! ��, B ! ���, and the ratio R� of the branching
ratios of B ! ��� to the corresponding B ! �l� are

BðBc ! ��Þ ¼ ð0:21; 13:66Þ%;

BðB ! ���Þ ¼ ð1:69; 119:66Þ � 10�5;

R� ¼ ð0:49; 7:06Þ:
We see that the BðBc ! ��Þ, BðB ! ���Þ, and the
ratio R� are quite sensitive to the SL and SR NP couplings.
The deviation from the SM is quite large once these NP
couplings are switched on.

We now wish to see how different observables behave
with SL and SR. The corresponding DBR, the ratio Rðq2Þ,
and the forward-backward asymmetries AFBðq2Þ as a

function of q2 are shown in Fig. 4. We see that deviation
from the SM is much larger in the case of the B ! ��� and
B ! D�� decay modes than the B ! D��� decay mode.
We see that the variation is quite similar in B ! ��� and
B ! D�� decay modes. It is expected, since both the
decay modes depend on the NP couplings through GS,
whereas the B ! D��� depends on the NP couplings
through GP and hence the variation is quite different
from the B ! ��� and B ! D�� decay modes. Again,
the peak of the distribution of differential branching ratio
for the B ! ��� and B ! D�� can shift to a higher q2

region once the NP couplings are introduced.
Again in the SM, as mentioned earlier, we see a zero

crossing in the forward-backward asymmetry for the B !
D��� decay mode. Moreover, we observe no such zero
crossing in the case of B ! ��� and B ! D�� decay
modes. However, once the NP couplings SL and SR are
switched on, we see a zero crossing for the B ! ��� as
well as the B ! D�� decay modes. Depending on the
value of the NP couplings, there may be a zero crossing
or there could be a total change of sign of the AFB parame-
ter, as can be seen from Fig. 4. Thus, we see that the
forward-backward asymmetry in the cases of the B !
��� and B ! D�� is very sensitive to the SL and SR
couplings. In the case of the B ! D��� decay mode,
however, the sensitivity is much smaller than the B !
��� and B ! D�� modes. It is worth mentioning that,
depending on the value of the NP couplings, there can be a
zero crossing for the B ! D��� decay process which is
marginally different from the SM, as is evident from Fig. 4.

C. Scenario C

We set all the other NP couplings to zero while varying
~VL and ~VR. These couplings are related to the right-handed
neutrino interactions. As already mentioned in Sec. II, the
decay rate depends quadratically on these NP couplings.
The linear term that comes from the interference between
the SM and the NP is negligible due to the mass of the
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FIG. 3 (color online). Allowed ranges of ðSL; SRÞ is shown in the left panel once the experimental constraint is imposed. The right
panel shows the ranges of B ! ��� branching fractions and the ratio R� with these NP couplings.
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neutrino. The allowed ranges of ~VL and ~VR are shown in
the left panel of Fig. 5. It is evident that the parameter space
is much less restricted than Scenario A ðVL;R � 0Þ and

Scenario B ðSL;R � 0Þ.

In the presence of such NP couplings, the �ðBq ! ��Þ,
d�=dq2ðB ! P��Þ, and d�=dq2ðB ! V��Þ, where P
stands for pseudoscalar and V stands for vector meson,
can be written as
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�ðBq ! ��Þ ¼ �ðBq ! ��ÞjSMð1þ ~G2
AÞ;

d�

dq2
ðB ! P��Þ ¼

�
d�

dq2
ðB ! P��Þ

�
SM

ð1þ ~G2
VÞ;

d�

dq2
ðB ! V��Þ ¼ 8Nj ~pV j

3

�
½A2

0ð1þ ~G2
AÞ þA2

jjð1þ ~G2
AÞ

þA2
?ð1þ ~G2

VÞ�
�
1þ m2

�

2q2

�

þ 3m2
�

2q2
A2

t ð1þ ~G2
AÞ
�
: (30)

It is evident from Eq. (30) that the B ! �� decay branch-

ing ratio depends on the NP couplings through ~G2
A term and

the B ! D��� branching ratio depend on ~VL and ~VR

couplings through the ~G2
A as well as ~G2

V term, whereas
the B ! ��� and B ! D�� branching ratios depend on

these couplings through ~G2
V term. The corresponding 3�

allowed ranges of BðB ! ���Þ and the ratio R� is shown
in the right panel of Fig. 5. The ranges are

BðBc ! ��Þ ¼ ð1:09; 4:13Þ%;

BðB ! ���Þ ¼ ð1:71; 69:39Þ � 10�5;

R� ¼ ð0:57; 2:19Þ;

and are quite similar to Scenario A. Again, a significant
deviation from the SM prediction is expected in such NP
scenario.
The allowed ranges of all the different observables with

these NP couplings are shown in Fig. 6. We see that the
differential branching ratio, the ratio of branching ratio, and
the forward backward asymmetry parameters vary quite sig-
nificantly with the inclusion of the NP couplings. The q2

distribution looks quite similar to what we obtain for
Scenario A. Although, the differential branching ratio and
the ratio of branching ratios are quite sensitive to ~VL and ~VR,
the forward-backward asymmetry for theB ! ��� andB !
D�� does not depend on theNP couplings at all. However, for
theB ! D��� decaymode, all the three observables are very
sensitive to these right-handed neutrino couplings. Again,
depending on these NP couplings, there may be a zero
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FIG. 6 (color online). Range in DBRðq2Þ, Rðq2Þ, and AFBðq2Þ for the B ! ���, B ! D��, and the B ! D��� decay modes. The
dark (blue) band corresponds to the SM range, whereas, the light (red) band corresponds to the NP couplings ð ~VL; ~VRÞ that are shown
in the left panel of Fig. 5.
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crossing in theq2 distribution of theAFB parameterwhich can
be quite different from the SM prediction.

D. Scenario D

We include the new physics effects coming from the ~SL
and ~SR alone while keeping all the other NP couplings to

zero. We impose the experimental constraint coming from

the measured data of Rl
�, RD, and RD� and the resulting

allowed ranges of ~SL and ~SR are shown in the left panel of

Fig. 7. Similar to ~VL and ~VR, these couplings also arise due

to the right-handed neutrino interactions. The decay rate

depends on these NP couplings quadratically and hence
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the parameter space is less constrained. In the presence of
~SL and ~SR, the �ðBq ! ��Þ, d�=dq2ðB ! P��Þ, and

d�=dq2ðB ! V��Þ can be written as

�ðBq!��Þ¼�ðBq!��ÞjSM
�
1þ m4

B

m2
�ðmbþmqÞ2

~G2
P

�
;

d�

dq2
ðB!P��Þ¼8Nj ~pPj

3

�
�
H2

0

�
1þ m2

�

2q2

�
þ3m2

�

2q2
H2

t þ3

2
H2

S
~G2
S

�
;

d�

dq2
ðB!V��Þ¼8Nj ~pV j

3

�
ðA2

0þA2
jj þA2

?Þ
�
1þ m2

�

2q2

�

þ3m2
�

2q2
A2

t þ3

2
A2

P
~G2
P

�
: (31)

The 3� allowed ranges of the B ! ��� branching ratio
and the ratio R� are shown in the right panel of Fig. 7. The
ranges of BðBc ! ��Þ, BðB ! ���Þ, and R� are

BðBc ! ��Þ ¼ ð1:11; 16:71Þ%;

BðB ! ���Þ ¼ ð1:70; 93:90Þ � 10�5;

R� ¼ ð0:56; 4:32Þ:
The effect of these NP couplings on various observables

are quite similar to the scenario where only the SL and SR
are nonzero. The allowed ranges of all the observables are
shown in Fig. 8. The differential branching ratio, the ratio
of branching ratios, and the forward-backward asymmetry
parameters deviate quite significantly from the SM predic-
tion for the B ! ��� and B ! D�� decay modes,
whereas there is no or very little deviation of these observ-
ables from the SM value in case of B ! D��� decay
process. We see that the B ! �� and B ! D��� decay

branching ratios depend on these NP couplings through ~G2
P

terms, but, the B ! ��� and B ! D�� decay branching

fractions depend on these NP couplings through ~G2
S terms.

Hence, we see similar behavior for the B ! ��� and B !
D�� decay modes. However, as expected, the variation in
the B ! D��� decay mode is quite different from the B !
��� and the B ! D�� decay modes. Again, we see that
the peak of the distribution of B ! ��� and B ! D��
decay branching ratios shift toward a large q2 region.
Although the effects of these right-handed couplings are
quite similar to its left-handed counterpart, there are some
differences. We do not see any zero crossing in the q2

distribution of the AFB parameter for the B ! ��� and
B ! D�� decay modes.

IV. CONCLUSION

B decay measurements have been providing us a lot of
useful information regarding the nature of new physics.
Several recent measurements in the rare processes have put
severe constraints on the NP parameters. Precision

measurements in B meson decays have been a great plat-
form for indirect evidences of beyond the standard model
physics. The recent measurements of the ratio of the
branching ratio RD of B ! D�� to that of B ! Dl� and
R�
D of B ! D��� to that of B ! D�l� differ from the

standard model expectation at the 3:4� level. It is still
not conclusive enough that new physics is indeed present
in this b ! c�� processes. More precise measurements
will reveal the nature of the new physics. Similar new
physics effects have been observed in b ! u�� processes
as well. The measurement of the branching ratio of B !
�� and the ratio Rl

� of the branching ratio of B ! �� to
B ! �l� decays differ from the standard model expecta-
tion at more than the 2:5� level. A lot of phenomenological
studies have been done in order to explain all these dis-
crepancies. In this paper, we consider an effective
Lagrangian for the b ! ql� transition processes in the
presence of NP, where q ¼ u, c, and perform a combined
analysis of B ! ��, B ! D�� and B ! D��� decay pro-
cesses. Our work differs significantly from others as we
include the right-handed neutrino couplings. We assume
that new physics is present only in the third generation
leptons. We look at four different NP scenarios. The results
of our analysis are as follows.
We assume new physics in the third generation lepton

only and see the effect of each NP coupling on various
observables. We first find the allowed ranges of each NP
coupling using a 3� constraint coming from the most
recent data of Rl

�, RD, and RD� . For nonzero VL and VR

couplings, the differential branching ratio and the ratio of
branching ratios are quite sensitive to these NP couplings
for each decay mode. However, the forward-backward
asymmetry for the B ! ��� and B ! D�� is not sensitive
to these couplings at all. The forward-backward asymme-
try is quite sensitive to these NP couplings for B ! D���
decays and the deviation from the standard model predic-
tion can be quite significant depending on the value of VL

and VR. Although, we see a zero crossing in the q2 distri-
bution, it may or may not be there depending on the NP
couplings. Again, even if we see a zero crossing, it can
deviate quite significantly from the standard model
prediction.
In the case of SL and SR couplings, all the observables

such as the differential branching ratio, ratio of branching
ratios, and the forward-backward asymmetry are quite
sensitive to the NP couplings for the B ! ��� and B !
D�� decays. However, the sensitivity is somewhat re-
duced for the B ! D��� decay mode. Although, in the
standard model, there is no zero crossing in the forward-
backward asymmetry parameter for the B ! ��� and
B ! D�� decay modes; however, depending on the value
of SL and SR, one might see a zero crossing for both the
decay modes. For the B ! D��� mode, the zero crossing
can be similar or marginally different from the standard
model one.
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For the right-handed neutrino couplings ð ~VL; ~VRÞ and

ð~SL; ~SRÞ, the effects are quite similar to its left-handed
counterpart ðVL; VRÞ and ðSL; SRÞ. However, the sensitivity
is somewhat reduced.

Although current experimental results are pointing
towards the third generation leptons for possible new
physics, there could be, in principle, new physics in the
first two generations as well. If there is NP in all
generation leptons, then it might be possible to identify
it by measuring the forward-backward asymmetry for
B ! �l�, B ! Dl�, and B ! D�l� decay modes,
where l could be either an electron or a muon. It will
provide useful information regarding the NP couplings

ðSL; SRÞ and ð~SL; ~SRÞ. Similarly, measurement of the
branching ratio of Bc ! �� and B ! ��� and the ratio
R� will put additional constraints on the nature of NP
couplings. Retaining our current approach, we could
also sharpen our estimates once improved measurements
of various branching ratios and the ratio of branching
ratios become available. At the same time, reducing the
theoretical uncertainties in various form factors and
decay constants will also improve our estimates in the
future.
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APPENDIX A: KINEMATICS AND
HELICITYAMPLITUDES

We use the helicity method of Refs. [31,32] to calculate
the different helicity amplitudes for a B meson decaying
to pseudoscalar(vector) meson along with a charged lep-
ton and an antineutrino in the final state. We know that
the amplitude square of the decay B ! PðVÞl� can be
factorised into leptonic ðL��Þ and hadronic ðH��Þ tensors.
That is

jMðB ! PðVÞl�Þj2 ¼ jhPðVÞl�jLeffjBij2 ¼ L��H
��:

(A1)

The leptonic and hadronic tensor product L��H
��

depends on the polar angle cos	l, where 	l is the angle
between the PðVÞ meson three momentum vector and the
lepton three momentum vector in the q2 rest frame, and can
be worked out using the completeness relation of the
polarization four vectors �ðt;�; 0Þ, i.e,

X
m;m0¼t;�;0

��ðmÞ���ðm0Þgmm0 ¼ g��; (A2)

where gmm0 ¼ diagðþ;�;�;�Þ. Using this approach, one
can factorize L��H

�� in terms of two Lorentz invariant

quantities such that

L��H
��

¼L�0�0
g�0�g�0�H

��

¼ X
m;m0;n;n0

L�0�0��0 ðmÞ���ðm0Þgmm0���0 ðnÞ��ðn0Þgnn0H��;

¼ X
m;m0;n;n0

ðL�0�0
��0 ðmÞ���0 ðnÞÞðH�����ðm0Þ��ðn0ÞÞgmm0gnn0 ;

¼ X
m;m0;n;n0

Lðm;nÞHðm0;n0Þgmm0gnn0 ; (A3)

where Lðm; nÞ and Hðm0; n0Þ can now be evaluated in
different Lorentz frames. We evaluate Lðm; nÞ in the
l� � center-of-mass frame, i.e, in the q2 rest frame and
Hðm0; n0Þ in the B meson rest frame.
In the B meson rest frame, the helicity basis � is taken

to be

�ð0Þ¼ 1ffiffiffiffiffi
q2

p ðjpMj;0;0;�q0Þ; �ð�Þ¼� 1ffiffiffi
2

p ð0;�1;�i;0Þ;

�ðtÞ¼ 1ffiffiffiffiffi
q2

p ðq0;0;0;�jpMjÞ; (A4)

where q0 ¼ ðm2
B �m2

M þ q2Þ=2mB and q ¼ pB � pM is
the momentum transfer, respectively. Here mM and pM

denote the mass and the four momentum of the final state
pseudoscalar(vector) meson M, respectively. Again, we

have jpMj ¼ 
1=2ðm2
B;m

2
M; q

2Þ=2mB. In the B meson rest
frame, the B and M meson four momenta pB and pM are

pB ¼ ðmB; 0; 0; 0Þ; pM ¼ ðEM; 0; 0; j ~pMjÞ; (A5)

where the EM ¼ ðm2
B þm2

M � q2Þ=2mB. For a vector
meson in the final state, the polarization four vectors
obey the following orthonormality condition

���ðmÞ��ðm0Þ ¼ ��mm0 (A6)

and the completeness relation

X
m;m0

��ðmÞ�ðm0Þ�mm0 ¼ �g� þ ðpVÞ�ðpVÞ
m2

V

: (A7)

The leptonic tensor Lðm; nÞ is evaluated in the l� �l

center-of-mass frame, i.e, in the q2 rest frame. In this
frame, the helicity basis � is taken to be

�ð0Þ ¼ ð0; 0; 0;�1Þ; �ð�Þ ¼ � 1ffiffiffi
2

p ð0;�1;�i; 0Þ;

�ðtÞ ¼ ð1; 0; 0; 0Þ (A8)

In the q2 rest frame, the four momenta of the lepton and
the antineutrino pair can be written as

p�
l ¼ ðEl; jplj sin	l; 0;�jplj cos	lÞ;

p�
� ¼ ðjplj;�jplj sin 	l; 0; jplj cos	lÞ;

(A9)

where the lepton energy El ¼ ðq2 þm2
l Þ=2

ffiffiffiffiffi
q2

p
and the

magnitude of its three momenta is jplj ¼ ðq2 �m2
l Þ=2

ffiffiffiffiffi
q2

p
.

RUPAK DUTTA, ANUPAMA BHOL, AND ANJAN K. GIRI PHYSICAL REVIEW D 88, 114023 (2013)

114023-14



APPENDIX B: B TO � FORM FACTORS

For the B ! � transition form factors, there are two
nonperturbative methods for calculating the B ! � form
factors: light-cone sum rules and lattice QCD. QCD light-
cone sum rules with pion distribution amplitudes allow one
to calculate the B ! � form factors at small and intermedi-
ate momentum transfers 0 	 q2 	 q2max , where q

2
max varies

from 12 to 16 GeV2 [40]. The most recent lattice QCD
computations with three dynamical flavors predict these
form factors at q2 � 16GeV2, in the upper part of the
semileptonic region 0 	 q2 	 ðmB �m�Þ2, with an accu-
racy reaching 10%. There are also recent results available in
the quenched approximation on a fine lattice [41]. Very
recently, in Ref. [27], the author uses the sum rule results
for the form factors as an input for a z-series parametriza-
tion that yield the q2 shape in the whole semileptonic region
of B ! �l�. The relevant formulas for Fþðq2Þ and F0ðq2Þ
pertinent for our discussion, taken from Ref. [27], are

Fþðq2Þ ¼ Fþð0Þ�
1� q2

m2
B

	
�
1þ XN�1

k¼1

bkðzðq2; t0Þk � zð0; t0Þk

� ð�1ÞN�k k

N
½zðq2; t0ÞN � zð0; t0ÞN�Þ

�
;

F0ðq2Þ ¼ F0ð0Þ
�
1þ XN

k¼1

b0kðzðq2; t0Þk � zð0; t0ÞkÞ
�
; (B1)

where by default Fþð0Þ ¼ F0ð0Þ and

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðmB þm�Þ2 � q2

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðmB þm�Þ2 � t0
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðmB þm�Þ2 � q2
p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðmB þm�Þ2 � t0

p ;

(B2)

where the auxiliary parameter t0 is defined as t0¼
ðmBþm�Þ2�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBm�

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmBþm�Þ2�q2min

q
. The central

values of Fþð0Þ ¼ F0ð0Þ and the slope parameters b1 and
b01 are

F0ð0Þ ¼ Fþð0Þ ¼ 0:281� 0:028;

b1 ¼ �1:62� 0:70; b01 ¼ �3:98� 0:97:
(B3)

For the uncertainties, we add the various errors reported in
Ref. [27] in quadrature.

APPENDIX C: B ! D, D� FORM FACTORS
USING HQET

In the heavy quark effective theory one can write the
hadronic matrix elements of current between two hadrons
in inverse powers of heavy quark mass and the hadronic
form factor in a reduced single universal form, which is a
function of the kinematic variable vB:vPðVÞ, where vB and

vPðVÞ are the four velocity of the B meson and the pseu-

doscalar (vector) meson, respectively. The weak vector and
axial vector currents are parametrized as [28]

hDðv0Þj �c��bjBðvÞi
¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mBmD

p ½hþð!Þðvþ v0Þ� þ h�ð!Þðv� v0Þ��;
hD�ðv0; �0Þj �c��bjBðvÞi

¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hVð!Þ"����

0��v0�v;

hD�ðv0; �0Þj �c���5bjBðvÞi
¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mBmD

p ½hA1
ð!Þð!þ 1Þ�0�� � hA2

ð!Þ�0� 
 vv�

� hA3
ð!Þ�0�:vv0

��; (C1)

where the kinemetic variable ! ¼ vB:vðD;D�Þ ¼
ðm2

B þm2
ðD;D�Þ � q2Þ=2mBmðD;D�Þ. Now, for the B ! D

form factors Fþðq2Þ and F0ðq2Þ, we obtain

Fþðq2Þ ¼ V1ð!Þ
rD

; F0ðq2Þ ¼ ð1þ!ÞrD
2

S1ð!Þ; (C2)

where V1ð!Þ and S1ð!Þ, taken from Ref. [29], are

V1ð!Þ ¼
�
hþð!Þ � ð1� rÞ

ð1þ rÞh�ð!Þ
�
;

S1ð!Þ ¼
�
hþð!Þ � ð1þ rÞð!� 1Þ

ð1� rÞð!þ 1Þh�ð!Þ
�
;

(C3)

and

rD ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
ðmB þmDÞ ; r ¼ mD

mB

: (C4)

We follow Ref. [30] and parametrized V1ð!Þ in terms of �1

and z parameters as

V1ð!Þ ¼ V1ð1Þ½1� 8�2
1zþ ð51�2

1 � 10Þz2
� ð252�2

1 � 84Þz3�; (C5)

where z ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffiffi
!þ 1

p � ffiffiffi
2

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffiffi
!þ 1

p þ ffiffiffi
2

p Þ. The numeri-
cal value of V1ð1Þ and �2

1 are [39]

V1ð1ÞjVcbj ¼ ð43:0� 1:9� 1:4Þ � 10�3;

�2
1 ¼ 1:20� 0:09� 0:04:

(C6)

The form factor S1ð!Þ has the following parametrization
[30].

S1ð!Þ ¼ 1:0036½1� 0:0068ð!� 1Þ þ 0:0017ð!� 1Þ2
� 0:0013ð!� 1Þ3�V1ð!Þ: (C7)

We now concentrate on the B ! V i.e. B ! D� form
factor in the HQET [14] by defining the universal form
factor hA1

which can be related to A0ðq2Þ, A1ðq2Þ, A2ðq2Þ,
and Vðq2Þ as

A1ðq2Þ ¼ rD�
!þ 1

2
hA1

ð!Þ; A0ðq2Þ ¼ R0ð!Þ
rD�

hA1
ð!Þ;

A2ðq2Þ ¼ R2ð!Þ
rD�

hA1
ð!Þ; V0ðq2Þ ¼ R1ð!Þ

rD�
hA1

ð!Þ;
(C8)
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where rD� ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
=ðmB þmD� Þ. The ! dependence

of the form factors in the heavy quark limit can be written
as [14,29]

hA1
ð!Þ ¼ hA1

ð1Þ½1� 8�2zþ ð53�2 � 15Þz2
� ð231�2 � 91Þz3�;

R1ð!Þ ¼ R1ð1Þ � 0:12ð!� 1Þ þ 0:05ð!� 1Þ2;
R2ð!Þ ¼ R2ð1Þ þ 0:11ð!� 1Þ � 0:06ð!� 1Þ2;
R0ð!Þ ¼ R0ð1Þ � 0:11ð!� 1Þ þ 0:01ð!� 1Þ2; (C9)

where, we use the following numerical values of the free
parameters from Refs. [14,38] for our numerical analysis.
That is

hA1
ð1ÞjVcbj ¼ ð34:6� 0:2� 1:0Þ � 10�3;

�2
1 ¼ 1:214� 0:034� 0:009;

R1ð1Þ ¼ 1:401� 0:034� 0:018;

R2ð1Þ ¼ 0:864� 0:024� 0:008;

R0ð1Þ ¼ 1:14� 0:114:

(C10)
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