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We study potential new physics effects in the �B ! Dð�Þ� �� decays. As a particular example of new

physics models, we consider the class of leptoquark models and put the constraints on the leptoquark

couplings using the recently measured ratios RðDð�ÞÞ ¼ Bð �B ! Dð�Þ� ��Þ=Bð �B ! Dð�Þ� ��Þ. For consis-

tency, some of the constraints are compared with the ones coming from the current experimental bound on

BðB ! Xs� ��Þ. In order to discriminate various new physics scenarios, we examine the correlations

between different observables that can be measured in the future.
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I. INTRODUCTION

An excess of exclusive semitauonic decays of the B

meson, �B ! Dð�Þ� ��, has been reported by the BABAR
and Belle collaborations. In order to test the lepton univer-
sality with less theoretical uncertainty, the ratios of the
branching fractions are introduced as observables,

RðDð�ÞÞ � Bð �B ! Dð�Þ� ��Þ
Bð �B ! Dð�Þ‘ ��Þ ; (1)

where ‘ denotes e or �. The present experimental results
coming from the BABAR experiment are given by [1,2]

RðDÞBABAR¼0:440�0:072; RðD�ÞBABAR¼0:332�0:030;

(2)

with their correlation � ¼ �0:27, where the statistical and
systematical errors are combined assuming Gaussian dis-
tribution. For the corresponding results from several Belle
publications [3–5], we combine the results that have
the smallest errors for each charge mode, and obtain the
following numbers:

RðDÞBelle ¼ 0:390� 0:100; RðD�ÞBelle ¼ 0:347� 0:050;

(3)

where the unknown correlation is assumed to be zero in
this case. Further combining Eqs. (2) and (3), we obtain

RðDÞ ¼ 0:421� 0:058; RðD�Þ ¼ 0:337� 0:025; (4)

with the correlation to be �0:19. Comparing these experi-
mental results with the Standard Model (SM) predictions,

RðDÞSM¼0:305�0:012; RðD�ÞSM¼0:252�0:004; (5)

we find that the discrepancy is 3:5� combining RðDÞ and
RðD�Þ.
From the theoretical point of view, the two-Higgs-

doublet model of type II (2HDM-II) [6], which is the
Higgs sector of the minimal supersymmetric Standard
Model (MSSM) [7], has been studied well in the literature
[8–12] as a candidate of new physics (NP) that significantly
affects the semitauonic B decays. Based on these theoreti-
cal works and their experimental data, the BABAR
Collaboration shows that the 2HDM-II is excluded at
99.8% confidence level (C.L.) [1,2].
This observation has stimulated further theoretical activ-

ities for clarifying the origin of the above discrepancy. Several
authors have studied various NP scenarios other than 2HDM-
II. Possible structures of the relevant four-fermion interaction
are identified and models that induce such structures are
proposed in the literature [13–22]. One of the interesting
four-fermion operators is the scalar type generated in the
2HDMs with flavor changing neutral currents, the so-called
2HDM of type III [23]. It is shown that this operator, men-
tioned asOl

S2
below, explains the experimental data. Another

compelling possibility is the tensor operator Ol
T . Two of us

have shown that Ol
T describes the present experimental re-

sults with a reasonable range of its Wilson coefficient and
predicts � andD� polarizations different fromOl

S2
[24]. They

have also studied a leptoquarkmodel as an intriguing example
that induces these operators. The effect of the tensor operator
also has been studied recently in Ref. [25] in a model-
independent way and in Ref. [26] in leptoquark models.
In this work, we extend the analysis in Ref. [24] to all

possible leptoquark models [27]. It is shown that three of
them explain the present experimental data quite well. In
our study, we carefully investigate theoretical uncertainty

in the evaluation of NP contributions in �B ! Dð�Þ� �� by
employing two different sets of relevant hadronic form
factors. The rest of the paper is organized as follows. The
effective Hamiltonian including all possible four-fermion

operators, the relevant helicity amplitudes of �B ! Dð�Þ� ��,
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and the analytic formulas of differential decay rates are
presented in Sec. II. After introducing all possible
leptoquark models, we evaluate Wilson coefficients of
the effective Hamiltonian in Sec. III. Constraints from
�B ! Dð�Þ� �� as well as those from �B ! Xs� �� are also
shown in Sec. III. Section III also contains a discussion

on theoretical uncertainty in the constraints from �B !
Dð�Þ� ��. In Sec. IV we study all possible correlations be-
tween various observables in order to distinguish different
NP models. Section V is devoted to our conclusions. Some
details of hadronic form factors and decay distributions are
relegated to appendixes.

II. EFFECTIVE HAMILTONIAN AND
HELICITYAMPLITUDES

Assuming the neutrinos to be left-handed, we introduce
the most general effective Hamiltonian that contains all
possible four-fermion operators of the lowest dimension
for the b ! c� ��l transition,

H eff ¼ 4GFffiffiffi
2

p Vcb½ð�l� þ Cl
V1
ÞOl

V1
þ Cl

V2
Ol

V2

þ Cl
S1
Ol

S1
þ Cl

S2
Ol

S2
þ Cl

TO
l
T�; (6)

with the operator basis defined as

Ol
V1
¼ð �cL��bLÞð ��L���lLÞ; Ol

V2
¼ð �cR��bRÞð ��L���lLÞ;

Ol
S1
¼ð �cLbRÞð ��R�lLÞ; Ol

S2
¼ð �cRbLÞð ��R�lLÞ;

Ol
T ¼ð �cR���bLÞð ��R����lLÞ: (7)

Since the neutrino flavor l is not determined experi-
mentally in B decays, we consider l ¼ e, � or �. In
the SM, the Wilson coefficients are set to zero, Cl

X ¼ 0
(X ¼ V1;2, S1;2, T).
Using this effective Hamiltonian in Eq. (6) and calculat-

ing the helicity amplitudes (for the details see Ref. [24]),
one finds the differential decay rates as follows:

d�ð �B ! D� ��lÞ
dq2

¼ G2
FjVcbj2

192�3m3
B

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	Dðq2Þ

q �
1�m2

�

q2

�
2 �

�
j�l� þ Cl

V1
þ Cl

V2
j2
��

1þ m2
�

2q2

�
Hs2

V;0 þ
3

2

m2
�

q2
Hs2

V;t

�

þ 3

2
jCl

S1
þ Cl

S2
j2Hs2

S þ 8jCl
Tj2

�
1þ 2m2

�

q2

�
Hs2

T þ 3Re½ð�l� þ Cl
V1

þ Cl
V2
ÞðCl�

S1
þ Cl�

S2
Þ� m�ffiffiffiffiffi

q2
p Hs

SH
s
V;t

� 12Re½ð�l� þ Cl
V1

þ Cl
V2
ÞCl�

T �
m�ffiffiffiffiffi
q2

p Hs
TH

s
V;0

�
; (8)

and

d�ð �B ! D�� ��lÞ
dq2

¼ G2
FjVcbj2

192�3m3
B

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	D� ðq2Þ

q �
1�m2

�

q2

�
2

�
�
ðj�l� þ Cl

V1
j2 þ jCl

V2
j2Þ

��
1þ m2

�

2q2

�
ðH2

V;þ þH2
V;� þH2

V;0Þ þ
3

2

m2
�

q2
H2

V;t

�

� 2Re½ð�l� þ Cl
V1
ÞCl�

V2
�
��

1þ m2
�

2q2

�
ðH2

V;0 þ 2HV;þHV;�Þ þ 3

2

m2
�

q2
H2

V;t

�

þ 3

2
jCl

S1
� Cl

S2
j2H2

S þ 8jCl
Tj2

�
1þ 2m2

�

q2

�
ðH2

T;þ þH2
T;� þH2

T;0Þ

þ 3Re½ð�l� þ Cl
V1

� Cl
V2
ÞðCl�

S1
� Cl�

S2
Þ� m�ffiffiffiffiffi

q2
p HSHV;t

� 12Re½ð�l� þ Cl
V1
ÞCl�

T �
m�ffiffiffiffiffi
q2

p ðHT;0HV;0 þHT;þHV;þ �HT;�HV;�Þ

þ 12Re½Cl
V2
Cl�
T �

m�ffiffiffiffiffi
q2

p ðHT;0HV;0 þHT;þHV;� �HT;�HV;þÞ
�
; (9)

where 	Dð�Þ ðq2Þ ¼ ððmB �mDð�Þ Þ2 � q2ÞððmB þmDð�Þ Þ2 � q2Þ.
The hadronic amplitudes in �B ! M� ��l (M ¼ D, D�) are defined as

H	M

V1;2;	
ðq2Þ ¼ "��ð	ÞhMð	MÞj �c��ð1� �5Þbj �Bi; H	M

S1;2;	
ðq2Þ ¼ hMð	MÞj �cð1� �5Þbj �Bi;

H	M

T;		0 ðq2Þ ¼ �H	M

T;	0	ðq2Þ ¼ "��ð	Þ"��ð	0ÞhMð	MÞj �c���ð1� �5Þbj �Bi;
(10)
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where 	M and 	 denote the meson and virtual intermediate boson helicities (	M ¼ s and 	M ¼ 0, �1 for D and D�,
respectively, and 	 ¼ 0,�1, t) in the B rest frame, respectively. A detailed description of the matrix elements can be found
in Appendix A. The nonzero amplitudes are given below.

(i) �B ! D� ��:

Hs
V;0ðq2Þ � Hs

V1;0
ðq2Þ ¼ Hs

V2;0
ðq2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	Dðq2Þ
q2

s
F1ðq2Þ; (11a)

Hs
V;tðq2Þ � Hs

V1;t
ðq2Þ ¼ Hs

V2;t
ðq2Þ ¼ m2

B �m2
Dffiffiffiffiffi

q2
p F0ðq2Þ; (11b)

Hs
Sðq2Þ � Hs

S1
ðq2Þ ¼ Hs

S2
ðq2Þ ’ m2

B �m2
D

mb �mc

F0ðq2Þ; (11c)

Hs
Tðq2Þ � Hs

T;þ�ðq2Þ ¼ Hs
T;0tðq2Þ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	Dðq2Þ

p
mB þmD

FTðq2Þ: (11d)

(ii) �B ! D�� ��:

HV;�ðq2Þ � H�
V1;�ðq2Þ ¼ �H�

V2;�ðq2Þ ¼ ðmB þmD� ÞA1ðq2Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	D� ðq2Þp

mB þmD�
Vðq2Þ; (12a)

HV;0ðq2Þ � H0
V1;0

ðq2Þ ¼ �H0
V2;0

ðq2Þ ¼ mB þmD�

2mD�
ffiffiffiffiffi
q2

p
�
�ðm2

B �m2
D� � q2ÞA1ðq2Þ þ 	D� ðq2Þ

ðmB þmD� Þ2 A2ðq2Þ
�
; (12b)

HV;tðq2Þ � H0
V1;t

ðq2Þ ¼ �H0
V2;t

ðq2Þ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	D� ðq2Þ

q2

s
A0ðq2Þ; (12c)

HSðq2Þ � H0
S1
ðq2Þ ¼ �H0

S2
ðq2Þ ’ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	D� ðq2Þp

mb þmc

A0ðq2Þ; (12d)

HT;�ðq2Þ � �H�
T;�tðq2Þ ¼

1ffiffiffiffiffi
q2

p ½�ðm2
B �m2

D� ÞT2ðq2Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	D� ðq2Þ

q
T1ðq2Þ�; (12e)

HT;0ðq2Þ � H0
T;þ�ðq2Þ ¼ H0

T;0tðq2Þ ¼
1

2mD�

�
�ðm2

B þ 3m2
D� � q2ÞT2ðq2Þ þ 	D� ðq2Þ

m2
B �m2

D�
T3ðq2Þ

�
: (12f)

In Eqs. (11c) and (12d), the equations of motion are used
for the quark fields.

Up to now all experimental and phenomenological

analyses of �B ! Dð�Þ� �� decays have been made highly
relying on the heavy quark effective theory (HQET).
Although it provides an extremely useful tool in describing
the nonperturbative dynamics of QCD, an alternative de-
scription of these decays that does not rely on HQET is
welcome. Therefore, in order to be conservative and to

estimate the sensitivity of NP constraints to the �B ! Dð�Þ
transition matrix elements, two different sets of hadronic
form factors are examined:

(i) HQET form factors, parametrized by Caprini et al.
[28] with the use of parameters extracted from ex-
periments by the BABAR and Belle collaborations;

(ii) form factors, computed by Melikhov and Stech
(MS) using a relativistic dispersion approach based
on the constituent quark model [29].

III. TESTING LEPTOQUARK MODELS

A. Effective Lagrangian and Wilson coefficients

Many extensions of the SM, motivated by a unified
description of quarks and leptons, predict the existence
of new scalar and vector bosons, called leptoquarks, which
decay into a quark and a lepton (with a model-dependent
branching fraction). These particles carry nonzero baryon
and lepton numbers, color, and fractional electric charge.
Although for the leptoquark masses that are within

experimental reach at collider experiments, the flavor-
changing neutral current (FCNC) processes favor lepto-
quarks that couple to quarks and leptons of the same
generation, in this work we study the leptoquarks which
couple to the third and the second generation. We use the
Lagrangian with the general dimensionless SUð3Þc �
SUð2ÞL �Uð1ÞY invariant flavor nondiagonal couplings
of scalar and vector leptoquarks satisfying baryon and
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lepton number conservation, introduced by Buchmüller
et al. [27]. The interaction Lagrangian that induces
contributions to the b ! c‘ �� process is given as follows:

LLQ ¼ LLQ
F¼0 þLLQ

F¼�2;

LLQ
F¼0 ¼ ðhij1L �QiL�

�LjL þ hij1R
�diR�

�‘jRÞU1�

þ hij3L
�QiL���LjLU3�

þ ðhij2L �uiRLjL þ hij2R
�QiLi�2‘jRÞR2;

LLQ
F¼�2 ¼ ðgij1L �Qc

iLi�2LjL þ gij1R �u
c
iR‘jRÞS1

þ gij3L
�Qc
iLi�2�LjLS3

þ ðgij2L �dciR��LjL þ gij2R
�Qc
iL�

�‘jRÞV2�; (13)

where Qi and Lj are the left-handed quark and lepton

SUð2ÞL doublets, respectively, while uiR, diR, and ‘jR are

the right-handed up, down quark and charged lepton
SUð2ÞL singlets; indices i and j denote the generations of
quarks and leptons; and c c ¼ C �c T ¼ C�0c � is a charge-
conjugated fermion field. For simplicity, the color indices

are suppressed. The quantum numbers of the leptoquarks
are summarized in Table I.
We note that the fermion fields in Eq. (13) are given in

the gauge eigenstate basis in which Yukawa couplings of
the up-type quarks and the charged leptons are diagonal.
Rotating the down-type quark fields into the mass eigen-
state basis and performing the Fierz transformations, one
finds the general Wilson coefficients at the leptoquark
mass scale for all possible types of leptoquarks contribut-
ing to the b ! c� ��l process:

Cl
V1

¼ 1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3

"
gkl1Lg

23�
1L

2M2

S1=3
1

� gkl3Lg
23�
3L

2M2

S1=3
3

þ h2l1Lh
k3�
1L

M2

U2=3
1

� h2l3Lh
k3�
3L

M2

U2=3
3

#
; (14a)

Cl
V2

¼ 0; (14b)

Cl
S1

¼ 1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3

"
� 2gkl2Lg

23�
2R

M2

V1=3
2

� 2h2l1Lh
k3�
1R

M2

U2=3
1

#
; (14c)

Cl
S2

¼ 1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3

"
�gkl1Lg

23�
1R

2M2

S1=3
1

� h2l2Lh
k3�
2R

2M2

R2=3
2

#
; (14d)

Cl
T ¼ 1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3

"
gkl1Lg

23�
1R

8M2

S1=3
1

� h2l2Lh
k3�
2R

8M2

R2=3
2

#
; (14e)

where Vk3 denotes the Cabibbo-Kobayashi-Maskawa ma-
trix elements and the upper index of the leptoquark denotes
its electric charge. In the following we will neglect double
Cabibbo suppressedOð	2Þ terms and keep only the leading
terms proportional to V33 � Vtb.

The vector and axial vector currents are not renormal-
ized and their anomalous dimensions vanish. The scale
dependence of the scalar and tensor currents at leading
logarithm approximation is given by

CSð�bÞ ¼
�

sðmtÞ

sð�bÞ

� �S

2�
ð5Þ
0

�

sðmLQÞ

sðmtÞ

� �S

2�
ð6Þ
0 CSðmLQÞ;

CTð�bÞ ¼
�

sðmtÞ

sð�bÞ

� �T

2�
ð5Þ
0

�

sðmLQÞ

sðmtÞ

� �T

2�
ð6Þ
0 CTðmLQÞ;

(15)

where the anomalous dimensions of the scalar and tensor
operators are�S ¼ �6CF ¼ �8,�T ¼ 2CF ¼ 8=3, respec-

tively, and �ðfÞ
0 ¼ 11� 2nf=3 [26]. Taking into account the

most recent constraints on the scalar and vector leptoquark
masses by theATLAS andCMScollaborations [30,31], in our
numerical analysis we assume that all scalar and vector lep-
toquarks are of the same mass mLQ ¼ 1 TeV. The b-quark
scale is chosen to be�b ¼ �mb ¼ 4:2 GeV.
One can easily notice from Eq. (14) that in the simplified

scenario with a presence of only one type of leptoquark,

namely, R2=3
2 or S1=31 , the scalar Cl

S2
and tensor Cl

T Wilson

coefficients are no longer independent: one finds that at the
scale of leptoquark mass Cl

S2
ðmLQÞ¼�4Cl

TðmLQÞ. Then,
using Eq. (15), one obtains the relation at the bottom mass
scale,

Cl
S2
ð �mbÞ ’ �7:8Cl

Tð �mbÞ: (16)

B. Constraints from �B ! Xs� ��

Recent progress in experiment and theory has made
FCNCs in B decays good tests of the SM and powerful

TABLE I. Quantum numbers of scalar and vector leptoquarks
with SUð3Þc � SUð2ÞL �Uð1ÞY invariant couplings.

S1 S3 V2 R2 U1 U3

spin 0 0 1 0 1 1

F ¼ 3Bþ L �2 �2 �2 0 0 0

SUð3Þc 3� 3� 3� 3 3 3

SUð2ÞL 1 3 2 2 1 3

Uð1ÞY¼Q�T3
1=3 1=3 5=6 7=6 2=3 2=3
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probes of NP beyond the SM. Along with the b ! s� and
b ! s‘þ‘� processes, the b ! s� �� decay is also sensitive
to extensions of the SM. From a theoretical point of view,
the inclusive decay �B ! Xs� �� is a very clean process since
both perturbative 
s and nonperturbative 1=m

2
b corrections

are known to be small, what makes it to be well suited to
search for NP.

The b ! s�j ��i process can be described by the follow-

ing effective Hamiltonian:

H eff ¼ 4GFffiffiffi
2

p VtbV
�
ts½ð�ijC

ðSMÞ
L þ Cij

L ÞOij
L þ Cij

RO
ij
R �; (17)

where the left- and right-handed operators are defined as

Oij
L ¼ ð �sL��bLÞð ��jL���iLÞ;

Oij
R ¼ ð �sR��bRÞð ��jL���iLÞ:

(18)

In the SM, the Wilson coefficient is determined by box and
Z-penguin loop diagrams computation which gives

CðSMÞ
L ¼ 


2�sin 2�W
Xðm2

t =M
2
WÞ; (19)

where the loop function XðxtÞ can be found e.g. in
Ref. [32].

As one can notice from Eq. (13), the scalar leptoquarks

S1=31;3 and vector leptoquarks V1=3
2 and U�1=3

3 give the

following contribution to b ! s�j ��i:

Cij
R ¼ � 1

2
ffiffiffi
2

p
GFVtbV

�
ts

X3
m;n¼1

Vm3V
�
n2

gmi
2Lg

nj�
2L

M2

V1=3
2

; (20a)

Cij
L ¼ � 1

2
ffiffiffi
2

p
GFVtbV

�
ts

X3
m;n¼1

Vm3V
�
n2

�
2
4gmi

1Lg
nj�
1L

2M2

S1=3
1

þ gmi
3Lg

nj�
3L

2M2

S1=3
3

� 2hni3Lh
mj�
3L

M2

U�1=3
3

3
5: (20b)

In the following, for simplicity we neglect the subleading
Oð	Þ terms in Eq. (20) and keep only the VtbV

�
cs ’ 1 term.

One has to note that theU�1=3
3 leptoquark does not affect

b ! c‘ ��. In this way, as can be seen from Eq. (14), only

the g3l1ð3ÞLg
23�
1ð3ÞL couplings of the S1=31ð3Þ leptoquarks can be

constrained using both b ! c� ��l and b ! s�� ��l pro-
cesses. Nevertheless, assuming that the leptoquarks from

the same SUð2Þ triplet, namely, U�1=3
3 and U2=3

3 , have

masses of the same order, one can combine the constraints
on h2l3Lh

33�
3L .

Summing over all neutrino flavors and taking into ac-
count that the amplitudes with i � j do not interfere with
the SM contribution, the branching ratio can be written as

dBð �B ! Xs� ��Þ
dx

¼ �B
G2

F

12�3
jVtbV

�
tsj2m5

bSðxÞ

�
�
3CðSMÞ2

L þ X3
i;j¼1

ðjCij
L j2 þ jCij

R j2Þ

þ 2CðSMÞ
L

X3
i¼1

Re½Cii�
L �

�
; (21)

where x ¼ Emiss=mb and the SðxÞ function describes the
shape of the missing energy spectrum [33]. In our estima-
tion we set ms ¼ 0 (therefore 1=2 � x � 1) and neglect
the 
s and 1=m2

b corrections.

Using the experimental limit on the inclusive branching
ratio, determined by the ALEPH Collaboration [34],

BexpðB ! Xs� ��Þ< 6:4� 10�4 at the 90%C:L:; (22)

and assuming for simplicity that only one specific ij
combination of one type of leptoquarks contributes, we
obtain constraints on the leptoquark couplings depicted
in Fig. 1. In the case that the couplings are real, the
obtained numbers are consistent with the result of
Grossman et al. [33].

0.2 0.1 0.0 0.1 0.2
0.2

0.1

0.0

0.1

0.2

Re g 2 L
3 i g 2 L

2 j

Im
g

2
L

3
i

g
2

L
2

j

(a)

0.2 0.1 0.0 0.1 0.2
0.2

0.1

0.0

0.1

0.2

Re g 1 3 L
3 i g 1 3 L

2 j

Im
g

1
3

L
3

i
g

1
3

L
2

j

i j
i j

(b)

0.2 0.1 0.0 0.1 0.2
0.2

0.1

0.0

0.1

0.2

Re h 3 L
2 i h 3 L

3 j

Im
h

3
L

2
i

h
3

L
3

j

i j
i j

(c)

FIG. 1 (color online). Constraints on the leptoquark couplings contributing to the b ! s�j ��i process using the experimental upper
limit on BðB ! Xs� ��Þ.
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C. Constraints from �B ! D� �� and �B ! D�� ��

Using the Wilson coefficients in Eq. (14), in Figs. 2–4
we provide constraints on various leptoquark effective
couplings at the bottom quark mass scale and combine
some of them with available bounds coming from
Bð �B ! Xs� ��Þ, discussed in the previous subsection. We
consider the general case that the flavor of neutrino is
arbitrary. The numerical results of two different sets of
form factors are shown for comparison, including the
theoretical uncertainties sketched in Appendix A.

In Fig. 2, as an example, we present the constraints on

the g3l1Lg
23�
1L product of couplings of the S1=31 leptoquark

assuming that the other couplings are zero. The other

constraints on g3l3Lg
23�
3L of the S1=33 leptoquark and

h2l1ð3ÞLh
33�
1ð3ÞL of the U2=3

1ð3Þ leptoquark can be easily obtained

by rescaling and/or reflecting the constraints from RðDð�ÞÞ
in Fig. 2 [see Eq. (14a)].

Figures 2(c) and 2(d) represent the zoomed areas
around the origin of the plots in Figs. 2(a) and 2(b),

respectively, combined with the constraints from Fig. 1(b).
As one can notice, the case of ��l � ��� is excluded since

the constraints on g3l1Lg
23�
1L coming from �B ! Dð�Þ� �� and

�B ! Xs� �� are inconsistent, namely, there is no overlap
between red (disk) and green/yellow (centered annulus)
allowed regions in Figs. 2(c) and 2(d). The results for the
case of ��l ¼ ��� are consistent only at the 3� level and
force the couplings to be rather small. For other models,
the similar conclusion can be made for g3l3Lg

23�
3L and

h2l3Lh
33�
3L . On the contrary, the U2=3

1 leptoquark couplings,

h2l1Lh
33�
1L , remain unconstrained from �B ! Xs� �� and the

magnitude of the order of Oð1Þ can be sufficient to explain
the current measurements of RðDÞ and RðD�Þ.
We find that the model with the vector V1=3

2 leptoquark

exchangewith g3l2Lg
23�
2R couplings is hardly possible due to the

low compatibility with the experimental data as can be seen
from Fig. 3.We note that the allowed regions of 99%C.L. and
99.9%C.L. are shown inFig. 3 since there is no allowed region

even at 95% C.L. The h2l1Lh
33�
1R couplings of the U2=3

1

HQET
6 4 2 0 2

4

2

0

2

4

Re g 1 L
3 l g 1 L

23

Im
g

1
L

3
l

g
1

L
23

3 l 3

1 l 3

3 l 3

1 l 3

(a)

MS
6 4 2 0 2

4

2

0

2

4

Re g 1 L
3 l g 1 L

23

Im
g

1
L

3
l

g
1

L
23

3 l 3

1 l 3

3 l 3

1 l 3

(b)

HQET

0.2 0.0 0.2 0.4 0.6 0.8

0.4

0.2

0.0

0.2

0.4

Re g 1 L
3 l g 1 L

23

Im
g

1
L

3
l

g
1

L
23

3 l 3

1 l 3

3 l 3

1 l 3

(c)

MS

0.2 0.0 0.2 0.4 0.6 0.8

0.4

0.2

0.0

0.2

0.4

Re g 1 L
3 l g 1 L

23

Im
g

1
L

3
l

g
1

L
23

3 l 3

1 l 3

3 l 3

1 l 3

(d)

FIG. 2 (color online). Constraints on the leptoquark effective couplings at �b scale contributing to the CV1
Wilson coefficient

coming from the 2 fit of RðDÞ and RðD�Þ. The constraints are obtained by use of form factors evaluated in the HQET (a),(c) and the
ones computed by Melikhov and Stech (b),(d). The zoomed areas around the origin of the plots in (a) and (b) are depicted in (c) and (d),
respectively. The light gray (orange) and [dark gray (red) circles show the constraints from the experimental upper limit on
Bð �B ! Xs�� ��lÞ for l ¼ � and l � �, respectively.
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FIG. 3 (color online). Constraints on the leptoquark effective couplings at�b scale contributing to the CS1 Wilson coefficient coming
from the 2 fit of RðDÞ and RðD�Þ. The constraints presented in Figs. (a) and (b) are obtained by use of form factors evaluated in the
HQET and the ones computed by Melikhov and Stech, respectively.
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FIG. 4 (color online). Constraints on the leptoquark effective couplings at �b scale contributing to the CS2 and CT Wilson
coefficients coming from the 2 fit of RðDÞ and RðD�Þ. The constraints presented in Figs. (a),(c) and (b),(d) are obtained by use of form
factors evaluated in the HQET and the ones computed by Melikhov and Stech, respectively.
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leptoquark have the same allowed space asg3l2Lg
23�
2R of theV1=3

2

leptoquark in Fig. 3 [see Eq. (14c)].

In Fig. 4 we demonstrate that the scalar S1=31 and R2=3
2

leptoquark effective couplings, g3l1Lg
23�
1R and h2l2Lh

33�
2R , of

Oð1Þ are sufficient to explain the present data for the
leptoquark mass scale of the order of 1 TeV. It is interesting

to note from Figs. 4(c) and 4(d) that the R2=3
2 leptoquark

couplings are favored to be purely imaginary which could
be tested directly by studying  angular distribution in
�B ! D�ð! D�Þ� �� (where  is the azimuthal angle
between the planes formed by the W � � and D� �D
systems in the �B rest frame).

D. Sensitivity of the constraints to hadronic
form factors

To conclude this section, we discuss the sensitivity of the
NP constraints to hadronic form factors and their theoreti-
cal uncertainties. In Figs. 2–4 we show the comparison of
the resulting constraints on leptoquark effective couplings,
obtained by using the form factors evaluated in the HQET
by Caprini et al. [28] and the ones computed by Melikhov
and Stech in the constituent quark model [29]. These two
sets have fairly different uncertainties although both of

them describe the experimental results of �B ! Dð�Þ‘ ��
and are consistent with the heavy quark symmetry.

We find that both sets of form factors give similar
allowed regions in the parameter space for most leptoquark
models. The constraints on the product of couplings of the

scalar S1=31ð3Þ and vector U2=3
1ð3Þ leptoquarks with only left-

handed couplings [g3l1ð3ÞLg
23�
1ð3ÞL and h2l1ð3ÞLh

33�
1ð3ÞL, respec-

tively] in Fig. 2 look practically identical and therefore
the effect of the choice of the form factor set is negligible.

In our study we observe that in the case of the vector

V1=3
2 and U2=3

1 leptoquarks with both left- and right-handed

couplings (g3l2Lg
23�
2R and h2l1Lh

33�
1R , respectively), the degree

of exclusion highly depends on the employed form factors
(see Fig. 3). One can notice from Fig. 3(b) that for the case
of the MS form factors there is practically no allowed
region at 99% C.L. which makes this model disfavored.
This means that we must be careful about theoretical
uncertainties when excluding NP models.

In Fig. 4 we show the resulting constraints on the scalar

S1=31 and R2=3
2 leptoquark effective couplings (g3l1Lg

23�
1R and

h2l2Lh
33�
2R , respectively) which contribute to both CS2 and CT

Wilson coefficients and therefore are sensitive to tensor
form factors. One can notice that, compared to Fig. 2, the
constraints in Fig. 4 look slightly different for two sets of
form factors. The form factor uncertainty tends to cancel in

the ratios RðDð�ÞÞ for the case of the SM-like operators,
Ol

V1
, as can be seen in Fig. 2. On the other hand, we do not

expect such cancellation in the case of the scalar and tensor
operators, Ol

S1;2
and Ol

T . This makes the NP constraints

more sensitive to the tensor form factor uncertainties and

hence can explain the difference between the HQET and
MS results in Fig. 4.
In Table II we give explicitly some numerical results for

the allowed parameter space compatible with the experi-

mental data at 1� level (except for the vector V1=3
2 lepto-

quark couplings g332Lg
23�
2R , for which we present the ranges

at 99% C.L. due to the absence of the allowed space at 1�
and 2� levels). For illustration, we assume the product of
couplings to be purely real or purely imaginary. As one can
see from Table II, the allowed ranges are well consistent for

two sets of form factors. The exception is the V1=3
2 lepto-

quark couplings g332Lg
23�
2R which have a very tiny parameter

space at 99% C.L. for the MS form factors.
Incidentally, we would like to note that the HQET

parameters, �2
D;D� and R1;2ð1Þ (see Appendix A 3), are

extracted from experiments by the BABAR and Belle col-
laborations [35–38] assuming only the SM contribution to

the total amplitude of �B ! Dð�Þ‘ ��‘ (‘ ¼ e, �). Therefore,
in order to use the fitted HQET form factors, one has to
make an important assumption that couplings of NP parti-
cles to light leptons are significantly suppressed as in the
2HDM-II and NP effects can be observed only in the
tauonic decay modes.

IV. CORRELATIONS BETWEEN OBSERVABLES

In order to distinguish between various NP models, we
study the following observables which could be sensitive
to NP:
(i) � forward-backward asymmetry,

AFB ¼
R
1
0

d�
d cos � d cos �� R

0
�1

d�
d cos � d cos �R

1
�1

d�
d cos � d cos�

¼
R
b�ðq2Þdq2

�
; (23)

TABLE II. Comparison of the �1� allowed ranges for the
leptoquark effective couplings using the form factors evaluated
in the HQETand the ones computed by Melikhov and Stech. The
intervals for g332Lg

23�
2R are given at 99% C.L. level due to the

absence of the allowed space at 1� and 2� levels. The products
of couplings are assumed to be purely real or imaginary.

HQET MS

jIm½h232Lh33�2R �j [1.92; 2.42] [1.99; 2.44]

Im½g331Lg23�1R �
Re½g331Lg23�1R � ½�1:12;�0:85� ½�1:16;�0:71�

[4.40; 5.17]

Re½h231Lh33�1L � ½�2:97;�2:85� ½�3:01;�2:88�
[0.15; 0.27] [0.18; 0.31]

jIm½h231Lh33�1L �j [0.65; 0.90] [0.73; 0.97]

Re½g332Lg23�2R � ½�0:35;�0:10� ½�0:27;�0:24�
Im½g332Lg23�2R � [0.34; 0.68]
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where � is the angle between the three-momenta of �
and �B in the � �� rest frame;

(ii) � polarization parameter by studying further �
decays,

P� ¼ �ð	� ¼ 1=2Þ � �ð	� ¼ �1=2Þ
�ð	� ¼ 1=2Þ þ �ð	� ¼ �1=2Þ ; (24)

(iii) D� longitudinal polarization using the D� ! D�
decay,

PD� ¼ �ð	D� ¼ 0Þ
�ð	D� ¼ 0Þ þ �ð	D� ¼ 1Þ þ �ð	D� ¼ �1Þ :

(25)

Here, for brevity, � denotes �ð �B ! Dð�Þ� ��Þ. The q2 dis-
tributions for various � and D� polarization states together
with b�ðq2Þ can be found in Appendix B.
In order to determine � angle, the � momentum recon-

struction is necessary. It is not apparent whether this is
possible due to the two or more missing neutrinos in the
decay modes under consideration [9]. Here we mention a
proposal in LHCb to utilize the information on the verti-
ces of �B and � production/decay for identifying a �B !
D�� �� process in their environment [39,40]. The � pro-
duction/decay vertex information, which can be obtained
using the D� ! D�=� ! 3h� decays, allows us to deter-
mine the three-momentum of � in the lab frame with a
two-fold ambiguity. Then, the same solution can be
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FIG. 5 (color online). The correlations between various observables [RðDð�ÞÞ, AFB, P� and PD� ] for four different NP scenarios
assuming l ¼ �: the generic scalar [gray (green)] and tensor [black (blue)] contributions to theC�

S2
andC�

T Wilson coefficients, respectively;

onlyR2=3
2 [dark gray (red)] and S1=31 [light gray (orange)] leptoquark contribution—the specific cases givingC�

S2
ð�bÞ ¼ �7:8C�

Tð�bÞ. The
correlations were obtained by applying the constraints on the NP couplings from the 2 fit of RðDÞ and RðD�Þ at 3� level. The star
corresponds to the SM prediction. The current experimental measurements of RðDð�ÞÞ within�1� range are shown in vertical bands.
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applied for the �B meson case, knowing the �B production/
decay vertices and the � momentum. As a result, perform-
ing a boost to the � �� rest frame, � can be determined with
a four-fold ambiguity. If a similar technique is available
at super B factories, this ambiguity can be reduced to a
two-fold one due to the full knowledge of the initial B
meson kinematics.

The longitudinal � polarization is measurable without
reconstructing the � momentum as is discussed in
Ref. [12]. The expected precision at super B factories

with 50 ab�1 is �P� 	 0:04ð0:03Þ for the Dð�Þ mode. The
D� polarization is also measurable from the pion distribu-
tion in the D� decay. The precision at super B factories
with 50 ab�1 is estimated as �PD� 	 5� 10�3.

In Fig. 5 we present the correlations between various
observables for four different scenarios assuming l ¼ � 1:

(1) the generic NP scalar contribution to C�
S2

[gray

(green)];
(2) the generic NP tensor contribution to C�

T [black
(blue)];

(3) the R2=3
2 leptoquark contribution to C�

S2
and C�

T

giving C�
S2

¼ 7:8C�
T [dark gray (red)];

(4) the S1=31 leptoquark contribution to C�
S2

and C�
T

giving C�
S2

¼ �7:8C�
T [light gray (orange)].

The correlations are obtained by applying the constraints
on the NP couplings from the 2 fit of RðDÞ and RðD�Þ at
3� level employing the central values of the HQET form
factor parameters. The star corresponds to the SM predic-

tion. The current experimental measurements of RðDð�ÞÞ
within �1� interval are shown in vertical bands.

One can easily rewrite Eqs. (24) and (25) in the
following forms:

ð1� P�Þ� ¼ 2�ð	� ¼ �1=2Þ;
ð1� PD� Þ� ¼ �ð	D� ¼ 1Þ þ �ð	D� ¼ �1Þ:

(26)

Then, we notice that the right-hand sides of Eq. (26) do not
contain the scalar NP contribution [see Eqs. (A23)–(A25)].
Therefore, in the scenario 1, the correlations between

P�=PD� and RðDð�ÞÞ are uniquely determined.
As canbe seen fromFig. 5, for some parameter spaces, one

can clearly discriminate these four scenarios or at least ex-
clude some of them. In particular, the longitudinalD� polar-
ization could be very useful to discriminate the models that
have the generic scalar and tensor operators,O�

S2
andO�

T .

V. CONCLUSIONS

We have studied possible new physics explanations of

the observed excess of �B ! Dð�Þ� �� over the SM

predictions focusing on the leptoquark models. It has

turned out that the S1=31 scalar leptoquark with a nonvanish-

ing product of couplings g3l1Lg
23�
1R and R2=3

2 with h2l2Lh
33�
2R

describe the present experimental data quite well. The
required magnitudes of effective couplings are Oð1Þ for
the leptoquark mass of 1 TeV. The interesting feature of
these scenarios is that two favourable operators, namely,
one of the scalar operators Ol

S2
and the tensor one Ol

T ,

simultaneously appear and their Wilson coefficients are
unambiguously related as Cl

S2
¼ �4Cl

T at the leptoquark

mass scale.

Apart from the above two scenarios, the U2=3
1 vector

leptoquark with nonvanishing h2l1Lh
33�
1L that generates the

V � A operatorOl
V1

is also acceptable. The other scenarios

in which Ol
V1

is induced, S1=31ð3Þ with g3l1ð3ÞLg
23�
1ð3ÞL and U2=3

3

with h2l3Lh
33�
3L , are hardly consistent because the experimen-

tal constraint from B ! Xs� �� is mostly incompatible with

those from �B ! Dð�Þ� ��. The scenarios that generate the

scalar operator Ol
S1
, V1=3

2 with g3l2Lg
23�
2R and U2=3

1 with

h2l1Lh
33�
1R , are disfavored as in the 2HDM-II.

Theoretical uncertainties in the hadronic form factors
are carefully treated in our analysis. In particular, we
have compared the results of two sets of the form
factors, HQET and MS. These sets have rather different
uncertainties although both of them describe the experi-

mental results of �B ! Dð�Þ‘ �� and are consistent with the
heavy quark symmetry. We have shown that they give
similar allowed regions in the parameter space of the
leptoquark models in most cases. In some cases with
small probabilities, however, the degree of exclusion
highly depends on the employed form factors. This
means that we must be deliberate about theoretical
uncertainties in new physics contributions as well as
the SM contributions in order to exclude models of
new physics.
For further tests and discrimination of the allowed lep-

toquark models, we have examined correlations among the
� forward-backward asymmetriesAFB, the � polarizations
P�, and the D� longitudinal polarization PD� in some
favorable cases. We have found that PD� is a sensitive
observable to discriminate Ol

S2
, Ol

T and their mixture.

Measurements of these observables in addition to a more

precise determination of RðDð�ÞÞ are the key issues in order
to identify the origin of the present excess of �B ! Dð�Þ� ��.
LHCb and super B factories are capable of exploring new
physics in this context together with the new particle
search at LHC.
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APPENDIX A: HADRONIC MATRIX ELEMENTS

1. �B ! D

The SM contribution is determined by the vector current
operator and the relevant matrix element is written as

hDðkÞj �c��bj �BðpÞi ¼
�
ðpþ kÞ� �m2

B �m2
D

q2
q�

�
F1ðq2Þ

þ q�
m2

B �m2
D

q2
F0ðq2Þ; (A1)

where F1ð0Þ ¼ F0ð0Þ in order to cancel the divergence at
q2 ¼ 0.

Using the equation of motion,

i@�ð �c��bÞ ¼ ðmb �mcÞ �cb; (A2)

one can write the scalar operator matrix element as

hDðkÞj �cbj �BðpÞi ¼ 1

mb �mc

q�hDðkÞj �c��bj �BðpÞi

¼ m2
B �m2

D

mb �mc

F0ðq2Þ: (A3)

In our numerical analysis we use mb ¼ ð4:8� 0:2Þ GeV
and mc ¼ ð1:4� 0:2Þ GeV [28,29] and treat the quark
masses as a source of theoretical uncertainty.

The tensor2 matrix element can be parametrized as

hDðkÞj �c���bj �BðpÞi ¼ �iðp�k� � k�p�Þ 2FTðq2Þ
mB þmD

:

(A4)

Comparing the respective matrix elements in
Eqs. (A1), (A4), (A14), and (A20), one finds the following
relations between the F1;0;T and h�;T form factors, usually

used in the HQET (for the HQET parametrization see
Appendix A 3):

F1ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ½ðmB þmDÞhþðwðq2ÞÞ

� ðmB �mDÞh�ðwðq2ÞÞ�;

F0ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
�ðmB þmDÞ2 � q2

mB þmD

hþðwðq2ÞÞ

� ðmB �mDÞ2 � q2

mB �mD

h�ðwðq2ÞÞ
�
;

FTðq2Þ ¼ mB þmD

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p hTðwðq2ÞÞ: (A5)

2. �B ! D�

The vector and axial vector operator matrix elements can
be written as

hD�ðk; "Þj �c��bj �BðpÞi ¼ �i�����"
��p�k�

2Vðq2Þ
mB þmD�

;

hD�ðk; "Þj �c���5bj �BðpÞi

¼ "��ðmB þmD� ÞA1ðq2Þ � ðpþ kÞ�ð"�qÞ A2ðq2Þ
mB þmD�

� q�ð"�qÞ 2mD�

q2
½A3ðq2Þ � A0ðq2Þ�; (A6)

where

A3ðq2Þ ¼ mB þmD�

2mD�
A1ðq2Þ �mB �mD�

2mD�
A2ðq2Þ; (A7)

with A3ð0Þ ¼ A0ð0Þ.
The pseudoscalar matrix element can be determined by

using the equation of motion,

i@�ð �c���5bÞ ¼ �ðmb þmcÞ �c�5b; (A8)

and is given by

hD�ðk; "Þj �c�5bj �BðpÞi ¼ � 1

mb þmc

q�hD�ðk; "Þj �c���5bj �BðpÞi ¼ �ð"�qÞ 2mD�

mb þmc

A0ðq2Þ: (A9)

The tensor operator contribution can be parametrized as

hD�ðk; "Þj �c���bj �BðpÞi

¼ �����

�
�"��ðpþ kÞ�T1ðq2Þ þ "��q�

m2
B �m2

D�

q2
½T1ðq2Þ � T2ðq2Þ�

þ 2
ð"� 
 qÞ
q2

p�k�
�
T1ðq2Þ � T2ðq2Þ � q2

m2
B �m2

D�
T3ðq2Þ

��
; (A10)

where the Ti form factors, commonly used in semileptonic B decays, are usually determined as

2Pseudotensor matrix element can be evaluated using the relation �c����5b ¼ � i
2 ���
� �c�


�b. In this work we use the convention
�0123 ¼ �1.
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hD�ðk; "Þj �c���q
�bj �BðpÞi ¼ �����"

��p�k�2T1ðq2Þ;

hD�ðk; "Þj �c����5q
�bj �BðpÞi ¼ �½ðm2

B �m2
D� Þ"�� � ð"�qÞðpþ kÞ��T2ðq2Þ � ð"�qÞ

�
q� � q2

m2
B �m2

D�
ðpþ kÞ�

�
T3ðq2Þ:

(A11)

Analogously, matching Eqs. (A6) and (A10) to Eqs. (A14) and (A20), the form factors V, Ai and Ti can be related to hV ,
hAi

, and hTi
as follows:

Vðq2Þ¼mBþmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p hVðwðq2ÞÞ; A1ðq2Þ¼ ðmBþmD� Þ2�q2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ðmBþmD� ÞhA1
ðwðq2ÞÞ;

A2ðq2Þ¼mBþmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�
hA3

ðwðq2ÞÞþmD�

mB

hA2
ðwðq2ÞÞ

�
;

A0ðq2Þ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�ðmBþmD� Þ2�q2

2mD�
hA1

ðwðq2ÞÞ�m2
B�m2

D� þq2

2mB

hA2
ðwðq2ÞÞ�m2

B�m2
D� �q2

2mD�
hA3

ðwðq2ÞÞ
�
;

(A12)

T1ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½ðmB þmD� ÞhT1
ðwðq2ÞÞ � ðmB �mD� ÞhT2

ðwðq2ÞÞ�;

T2ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�ðmB þmD� Þ2 � q2

mB þmD�
hT1

ðwðq2ÞÞ � ðmB �mD� Þ2 � q2

mB �mD�
hT2

ðwðq2ÞÞ
�
;

T3ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�
ðmB �mD� ÞhT1

ðwðq2ÞÞ � ðmB þmD� ÞhT2
ðwðq2ÞÞ � 2

m2
B �m2

D�

mB

hT3
ðwðq2ÞÞ

�
:

(A13)

3. HQET form factors

We define the form factors of the vector and axial vector operators as

hDðv0Þj �c��bj �BðvÞi ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ½hþðwÞðvþ v0Þ� þ h�ðwÞðv� v0Þ��; (A14a)

hD�ðv0; "Þj �c��bj �BðvÞi ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
hVðwÞ�����"

��v0�v�;

hD�ðv0; "Þj �c���5bj �BðvÞi ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½hA1
ðwÞðwþ 1Þ"�� � ð"� 
 vÞðhA2

ðwÞv� þ hA3
ðwÞv0

�Þ�; (A14b)

where v ¼ pB=mB, v
0 ¼ k=mDð�Þ and wðq2Þ ¼ v 
 v0 ¼ ðm2

B þm2
Dð�Þ � q2Þ=2mBmDð�Þ .

In turn, using the parametrization of Caprini et al. [28], the HQET form factors can be expressed as

hþðwÞ ¼ 1

2ð1þ r2D � 2rDwÞ
½�ð1þ rDÞ2ðw� 1ÞV1ðwÞ þ ð1� rDÞ2ðwþ 1ÞS1ðwÞ�;

h�ðwÞ ¼ ð1� r2DÞðwþ 1Þ
2ð1þ r2D � 2rDwÞ

½S1ðwÞ � V1ðwÞ�; (A15a)

hVðwÞ ¼ R1ðwÞhA1
ðwÞ; hA2

ðwÞ ¼ R2ðwÞ � R3ðwÞ
2rD�

hA1
ðwÞ; hA3

ðwÞ ¼ R2ðwÞ þ R3ðwÞ
2

hA1
ðwÞ; (A15b)

where rDð�Þ ¼ mDð�Þ=mB. The w dependencies are parametrized as [28]

V1ðwÞ ¼ V1ð1Þ½1� 8�2
Dzþ ð51�2

D � 10Þz2 � ð252�2
D � 84Þz3�;

hA1
ðwÞ ¼ hA1

ð1Þ½1� 8�2
D�zþ ð53�2

D� � 15Þz2 � ð231�2
D� � 91Þz3�;

R1ðwÞ ¼ R1ð1Þ � 0:12ðw� 1Þ þ 0:05ðw� 1Þ2; R2ðwÞ ¼ R2ð1Þ þ 0:11ðw� 1Þ � 0:06ðw� 1Þ2;
R3ðwÞ ¼ 1:22� 0:052ðw� 1Þ þ 0:026ðw� 1Þ2;

(A16)

where zðwÞ ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p � ffiffiffi
2

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p þ ffiffiffi
2

p Þ. The S1ðwÞ form factor is taken from Ref. [12],

S1ðwÞ ¼ V1ðwÞ½1þ �ð�0:019þ 0:041ðw� 1Þ � 0:015ðw� 1Þ2Þ�; (A17)

with � ¼ 1� 1.
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The fitted parameters, determined by the HFAG, are [41]

�2
D ¼ 1:186� 0:054; �2

D� ¼ 1:207� 0:026; R1ð1Þ ¼ 1:403� 0:033; R2ð1Þ ¼ 0:854� 0:020: (A18)

Although the form factor normalizations, V1ð1Þ and hA1
ð1Þ, vanish in the RðDÞ and RðD�Þ ratios, for completeness we

provide below the latest lattice QCD calculations from Refs. [42,43], respectively,

V1ð1Þ ¼ 1:074� 0:024; hA1
ð1Þ ¼ 0:908� 0:017: (A19)

The matrix elements of the tensor operator can be expressed in the following way [24]:

hDðv0Þj �c���bj �BðvÞi ¼ �i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hTðwÞ½v�v

0
� � v�v

0
��; (A20a)

hD�ðv0; "Þj �c���bj �BðvÞi ¼ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�����½hT1

ðwÞ"��ðvþ v0Þ� þ hT2
ðwÞ"��ðv� v0Þ�

þ hT3
ðwÞð"� 
 vÞðvþ v0Þ�ðv� v0Þ��: (A20b)

As in the case of scalar operators, the equation of motion,

@�ð �c���bÞ ¼ �ðmb þmcÞ �c��b� ði@�cÞbþ �cði@�bÞ; (A21)

gives us the following relations between the tensor and vector form factors:

hTðwÞ ¼ mb þmc

mB þmD

�
hþðwÞ � 1þ rD

1� rD
h�ðwÞ

�
; (A22a)

hT1
ðwÞ ¼ 1

2ð1þ r2D� � 2rD�wÞ
�
mb �mc

mB �mD�
ð1� rD� Þ2ðwþ 1ÞhA1

ðwÞ � mb þmc

mB þmD�
ð1þ rD� Þ2ðw� 1ÞhVðwÞ

�
;
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FIG. 6 (color online). The �B ! D form factors evaluated in the HQET [dark gray (red)], calculated by Melikhov and Stech [29]
[black (blue)] and by Cheng et al. [44] [gray (green)]. The calculation of the scalar and tensor form factors is absent in Ref. [44],
therefore the equations of motion in the quark currents are used in order to express it in terms of F1;0ðq2Þ.
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hT2
ðwÞ ¼ ð1� r2D� Þðwþ 1Þ

2ð1þ r2D� � 2rD�wÞ
�
mb �mc

mB �mD�
hA1

ðwÞ � mb þmc

mB þmD�
hVðwÞ

�
;

hT3
ðwÞ ¼ � 1

2ð1þ rD� Þð1þ r2D� � 2rD�wÞ
�
2
mb �mc

mB �mD�
rD� ðwþ 1ÞhA1

ðwÞ þ mb �mc

mB �mD�
ð1þ r2D� � 2rD�wÞ

� ðhA3
ðwÞ � rD�hA2

ðwÞÞ � mb þmc

mB þmD�
ð1þ rD� Þ2hVðwÞ

�
; (A22b)

where the residual momenta of Oð�QCDÞ are neglected.

0 2 4 6 8 10
0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

q2 GeV2

V
q2

0 2 4 6 8 10

0.60

0.65

0.70

0.75

0.80

0.85

0.90

q2 GeV2

A
1

q2

0 2 4 6 8 10

0.6

0.7

0.8

0.9

1.0

q2 GeV2

A
2

q2

0 2 4 6 8 10

0.6

0.8

1.0

1.2

1.4

q2 GeV2

A
0

q2

0 2 4 6 8 10
0.6

0.7

0.8

0.9

1.0

1.1

1.2

q2 GeV2

T 1
q2

0 2 4 6 8 10
0.60

0.65

0.70

0.75

0.80

0.85

0.90

q2 GeV2

T 2
q2

0 2 4 6 8 10
0.00

0.05

0.10

0.15

0.20

0.25

q2 GeV2

T
3

q2

FIG. 7 (color online). The �B ! D� form factors evaluated in HQET [dark gray (red)], calculated by Melikhov and Stech [29] [black
(blue)] and by Cheng et al. [44] [gray (green)]. The calculation of the scalar and tensor form factors is absent in Ref. [44]; therefore, we
used the equations of motion in the quark currents in order to express T1;2;3ðq2Þ in terms of vector and axial vector form factors, Vðq2Þ
and A0;1;2ðq2Þ. Here ~T3ðq2Þ is defined as ~T3ðq2Þ ¼ T3ðq2Þq2=ðm2

B �m2
D� Þ.
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4. Comparison of the form factors

Here we compare three sets of form factors, evaluated in the HQET, computed by Melikhov and Stech [29], and Cheng
et al. [44]. Theoretical uncertainties are not quoted directly in Refs. [29,44]; however, from the fine agreement obtained in
the cases where the checks are possible, the authors of Ref. [29] believe that the accuracy of their predictions do not exceed
10%. Therefore, to be conservative, we vary the values of the form factors at q2 ¼ 0 within �10% around their central
values. As for the HQET form factors, all theoretical parameters are supposed to have flat distributions and are randomly
varied within a �1� region.

The heavy quark limit behavior is examined in Refs. [29,44] and the requirement of the heavy quark symmetry is
satisfied. Therefore, as can be seen from Figs. 6 and 7, there is a reasonable agreement among these three sets.

APPENDIX B: DISTRIBUTIONS AND POLARIZATIONS

The q2 distributions for a given polarization of � are as follows:

d�	�¼1=2ð �B! D� ��lÞ
dq2

¼ G2
FjVcbj2

192�3m3
B

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q �
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2

�
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2
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þCl
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j2m
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3
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jCl
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S þ 8jCl
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ÞðCl�

S1
þCl�

S2
Þ� m�ffiffiffiffiffi

q2
p Hs

SH
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V;t � 4Re½ð�l� þCl

V1
þCl
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T �
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s
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(A23a)
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(A23b)
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: (A24b)

For the fixed polarization of D�, the distributions are given by
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(A25a)
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We note that the distributions for 	� ¼ �1=2 and 	D� ¼ �1 do not containCl
S1;2

which makes them totally insensitive to

the NP scalar operators.
Writing the angular distribution as

d2�

dq2d cos�
¼ a�ðq2Þ þ b�ðq2Þ cos�þ c�ðq2Þcos 2�; (A26)

the angular coefficient b�, which determines the lepton forward-backward asymmetry, is given by
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