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The Belle Collaboration has recently measured the complete set of angular coefficient functions for the

exclusive decays B̄ → D�ðDπÞlν̄l, with l ¼ e, μ, in four bins of the parameter w ¼ m2
Bþm2

D�−q2

2mBmD� , with q the

lepton pair momentum [M. T. Prim et al. (Belle Collaboration), arXiv:2310.20286]. Under the assumption
that physics beyond the Standard Model does not contribute to such modes, the measurements are useful to
determine the hadronic form factors describing the B → D� matrix elements of the Standard Model weak
current, and to improve the determination of jVcbj. On the other hand, they can be used to assess the impact
of possible new physics contributions. In a bottom-up approach, we extend the Standard Model effective
Hamiltonian governing this mode with the inclusion of the full set of Lorentz invariant d ¼ 6 operators
compatible with the gauge symmetry of the theory. The measured angular coefficient functions can tightly
constrain the couplings in the generalized Hamiltonian. We present the first results of this analysis,
discussing how improvements can be achieved when more complete data on the angular coefficient
functions will be available.

DOI: 10.1103/PhysRevD.109.075047

I. INTRODUCTION AND FRAMEWORK

In the search of signals from physics beyond the
Standard Model (SM), a few tensions between SM expect-
ations and measurements have emerged in the flavor sector
[1,2]. In particular, in addition to processes suppressed at
tree-level in SM, which are highly sensitive to virtual
contribution of heavy quanta [3], also charged current
processes are under scrutiny after the emergence of

anomalies in the ratios RðDð�ÞÞ ¼ BðB→Dð�ÞτντÞ
BðB→Dð�ÞlνlÞ (l ¼ e, μ)

in BABAR Collaboration [4] and subsequent analyses
[5–11] (see Refs. [1,12] for averages and review). The
possibility of relating such anomalies to the tensions for the
different determinations of jVcbj makes the investigation of
such processes even more intriguing [13].
The angular coefficient functions in the fully differential

B̄ðpÞ → Dð�Þðp0; ϵÞðDπÞlðk1Þν̄lðk2Þ decay distribution are
suitable observables to look for the effects of new physics

(NP) [14–18]. The Belle Collaboration has recently
reported the measurement of the complete set of such
functions in four bins of the hadronic recoil parameter

w ¼ m2
Bþm2

D�−q2

2mBmD� , with q ¼ p − p0 [19]. Here, we want to
consider the role of NP in this process using theoretical
expressions that can be applied also to other modes [20,21].
We make use of the Standard Model effective field theory
(SMEFT) as a model-independent framework to analyze
NP contributions to beauty hadron decays [22,23]. If the
NP scale ΛNP is much larger than the electroweak scale, the
new massive degrees of freedom can be integrated out
providing an effective Hamiltonian in terms of SM fields,
invariant under the SM gauge group. In the extended
Hamiltonian new operators not present in the SM appear,
suppressed by powers of 1=ΛNP. At Oð1=Λ2

NPÞ these are
dimension-six operators. Among these, those relevant for
the present study are four fermion operators.
To describe the modes B̄ → Vl−ν̄l, with V a meson

comprising an up-type quark U, we consider the general-
ized effective Hamiltonian

Hb→Ulν
eff ¼GFffiffiffi

2
p VUbfð1þϵlVÞðŪγμð1−γ5ÞbÞðl̄γμð1−γ5ÞνlÞ

þϵlRðŪγμð1þγ5ÞbÞðl̄γμð1−γ5ÞνlÞ
þϵlSðŪbÞðl̄ð1−γ5ÞνlÞþϵlPðŪγ5bÞðl̄ð1−γ5ÞνlÞ
þϵlTðŪσμνð1−γ5ÞbÞðl̄σμνð1−γ5ÞνlÞgþH:c:;

ð1Þ
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withGF the Fermi constant and VUb the relevant element of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Besides
the SM term, the low energy Hamiltonian (1) comprises NP
operators with complex ϵlV;R;S;P;T lepton-flavor dependent
coefficients. The scalar operator does not contribute if V is
a vector meson, as D� in the present case.
We choose the kinematics indicated in Fig. 1: θV is the

angle between the D meson and the direction opposite to
the B̄ in theD� rest frame; θl the angle between the charged
lepton and the B̄ in the virtualW rest frame and ϕ the angle
between the decay planes identified by the directions of the
lepton pair on one hand and the ðD; πÞ pair on the other in
the B̄ rest frame. Using such variables the fully differential
decay width reads:

d4ΓðB̄ → VðP1P2Þl−ν̄lÞ
dq2 d cos θdϕd cos θV

¼ Cjp⃗V j
�
1 −

m2
l

q2

�
2�
I1ssin2 θV þ I1ccos2 θV

þ ðI2ssin2 θV þ I2ccos2 θVÞ cos 2θ
þ I3sin2 θVsin2 θ cos 2ϕþ I4 sin 2θV sin 2θ cosϕ

þ I5 sin 2θV sin θ cosϕ

þ ðI6ssin2 θV þ I6ccos2 θVÞ cos θ
þ I7 sin 2θV sin θ sinϕþ I8 sin 2θV sin 2θ sinϕ

þ I9sin2 θVsin2 θ sin 2ϕ
�
; ð2Þ

with C ¼ 3G2
F jVUbj2BðV→P1P2Þ

128ð2πÞ4m2
B

and p⃗V the three-momentum of

the V meson (here D�) in the B meson rest-frame. The
angular coefficient functions Ii in (2) depend on the
couplings ϵlV;R;P;T , on q2 (or w) and on the hadronic form
factors:

Ii ¼ j1þ ϵV j2ISMi þ jϵRj2INP;R
i þ jϵPj2INP;P

i

þ jϵT j2INP;T
i þ 2Re½ϵRð1þ ϵ�VÞ�IINT;R

i

þ 2Re½ϵPð1þ ϵ�VÞ�IINT;P
i

þ 2Re½ϵTð1þ ϵ�VÞ�IINT;T
i

þ 2Re½ϵRϵ�T �IINT;RT
i þ 2Re½ϵPϵ�T �IINT;PT

i

þ 2Re½ϵPϵ�R�IINT;PR
i ð3Þ

for i ¼ 1s;…6c,

I7 ¼ 2Im½ϵRð1þ ϵ�VÞ�IINT;R
7

þ 2Im½ϵPð1þ ϵ�VÞ�IINT;P
7

þ 2Im½ϵTð1þ ϵ�VÞ�IINT;T
7

þ 2Im½ϵRϵ�T �IINT;RT
7 þ 2Im½ϵPϵ�T �IINT;PT

7

þ 2Im½ϵPϵ�R�IINT;PR
7 ; ð4Þ

and for i ¼ 8; 9

Ii ¼ 2Im½ϵRð1þ ϵ�VÞ�IINT;R
i : ð5Þ

In SM such functions are expressed in terms of helicity
amplitudes:

H0 ¼
1

2mVðmB þmVÞ
ffiffiffiffiffi
q2

p
ððmB þmVÞ2ðm2

B −m2
V − q2ÞA1ðq2Þ

− λðm2
B;m

2
V; q

2ÞA2ðq2ÞÞ

H� ¼ ðmB þmVÞ2A1ðq2Þ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

B;m
2
V; q

2Þ
p

Vðq2Þ
mB þmV

Ht ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

B;m
2
V; q

2Þ
p

ffiffiffiffiffi
q2

p A0ðq2Þ; ð6Þ

with the form factors defined in Appendix A. For NP
operators the amplitudes are also introduced:

HNP
� ¼ 1ffiffiffiffiffi

q2
p n

q2ðT1ðq2Þ−T2ðq2ÞÞ

þ
�
m2

B−m2
V�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

B;m
2
V;q

2Þ
q �

ðT1ðq2ÞþT2ðq2ÞÞ
o

HNP
L ¼4

	
λðm2

B;m
2
V;q

2Þ
mVðmBþmVÞ2

T0ðq2Þ

þ2
m2

Bþm2
V −q2

mV
T1ðq2Þþ4mVT2ðq2Þ



: ð7Þ

The form factors Ti are also defined in Appendix A. The
expressions of all coefficient functions Ii are in Tables I–V
in Appendix B.

FIG. 1. Kinematics of B̄ → D�ðDπÞl−ν̄l.
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II. CONSTRAINTS ON NP COUPLINGS FROM
BELLE MEASUREMENT

The comparison of the Belle measurement [19] to the
theoretical expressions in the previous section allows us to
constrain the couplings in the generalized Hamiltonian (1).
Before presenting the analysis, we point out that (i) the
coefficient functions defined in the previous section are
related to the coefficient functions in [19], denoted as Ji,
through jIij ¼ jJi=Fj, with F ¼ 3jp⃗D� j

210m5
B
; (ii) the angle θl

in [19] corresponds to θl → π − θ in our notation, therefore
we have Ii ¼ −Ji=F for i ¼ 4; 6s; 6c; 8, and Ii ¼ Ji=F for
all the other coefficients; (iii) the Belle Collaboration
provides the angular coefficient functions in four bins
ΔwðaÞ of w, defining J̄ai ¼

R
ΔwðaÞ JiðwÞdw and Ĵi ¼ Ji=N ,

where N ¼ 8
9
π
P

4
a¼1 ð3J̄a1c þ 6J̄a1s − J̄a2c − 2J̄a2sÞ. The fac-

tor N corresponds, modulo a constant, to the integrated
width.
To get information on the effective couplings we

proceed as follows. From Fig. 1 of [19] we obtain the
values of the coefficients Ĵi in the four bins
Δwð1Þ ¼ ½1;1.15�, Δwð2Þ ¼ ½1.15;1.25�, Δwð3Þ ¼ ½1.25;1.35�,
Δwð4Þ ¼ ½1.35; 1.5� (for such an information the
Collaboration has not provided in [19] the table of
numerical results and the error covariance matrix). Next,
we consider the products ðĴai Þexpint ¼ Ĵi · ðΔwÞa. Using the
results in Appendix B and fixing the parameterN ¼ 0.146
to reproduce the measured branching ratio quoted in [24],
we calculate the expressions of the integrals of the
coefficient functions in each bin of w, ðĴai Þthint. The w
dependence of the hadronic form factors is needed to
perform the integrals: we use the CLN parametrization [25]
with the parameters obtained in [26]. The details on the
reconstruction of the form factors and on the choice of the
parameters can be found in [14].
We require that ðĴai Þthint ∈ ½ðĴai Þexpint − kσai ; ðĴai Þexpint þ kσai �,

with k a number of standard deviations to be fixed; σai is the
error of the Belle result for each Ĵai multiplied by the
corresponding bin width. We have a total of 48 constraints,
i.e. the integrals over 4 bins for 12 angular coefficients.
Since the data refer to the muon channel, we determine the
set ðϵμV; ϵμR; ϵμP; ϵμTÞ (set 1) that can simultaneously satisfy all
constraints, within the initial ranges jϵμi j ≤ 0.5 for i ¼ V, R,
P, T. We find that the smallest value of k for which all
constraints are fulfilled is k ¼ 2.5. For this set of param-
eters we compute the function χ2red ¼ 1

Ndof

P
i;a ððĴai Þthint −

ðĴai Þexpint Þ2=ðσai Þ2, with Ndof ¼ 40, i ¼ 1s;…9 and a ¼
1;…4. The values of this function lie in the range [1.8,
2.6], the minimum corresponds to the set of para-
meters ðRe½ϵV �;Im½ϵV �Þ¼ð−0.05;0.25Þ; ðRe½ϵRÞ;Im½ϵR�Þ¼
ð−0.03;0.09Þ; ðRe½ϵP�; Im½ϵP�Þ ¼ ð−0.25; −0.25Þ;
ðRe½ϵT �; Im½ϵT �Þ ¼ ð0.04;−0.04Þ. To be conservative
we select more points, those satisfying χ2red ≤ 1.875
(set 2). This choice is sensible since the probability to

find χ2red > 1.875 in the case of 40 degrees of freedom is
0.07%. For comparison, the SM case (i.e., ϵV ¼ ϵR ¼ ϵP ¼
ϵT ¼ 0 and Ndof ¼ 48) corresponds to χ2red ¼ 2. The results
are in Fig. 2: the light region corresponds to the parameters
in set 1, while the dark region to the parameters in set 2. The
agreement with data can be appreciated from Fig. 3 which
includes the Belle points together with the angular coef-
ficient functions obtained using the determined ϵ couplings.
The remarkable result is that, while the SM point with all
new couplings equal to zero is allowed, it does not belong
to the region of minimum χ2, and there is the possibility of
values different from zero in ϵμT . This observation will be

FIG. 2. NP couplings ϵμV; ϵ
μ
R; ϵ

μ
P; ϵ

μ
T obtained from the Belle

measurement of the angular coefficient functions of
B̄ → D�ðDπÞμ−ν̄μ. The light region corresponds to requiring
that the theoretical results agree with the experimental data at
2.5σ. The dark region corresponds to the values obtained
minimizing the reduced χ2.
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strengthened when the table of measurements and the error
covariance matrix will be available.
Other observables are sensitive to the effects of the new

operators in (1). In particular, an interesting observable is
the ratio

R21sðwÞ ¼
Ĵ2sðwÞ
Ĵ1sðwÞ

: ð8Þ

Indeed, as obtained using the expressions inAppendix B, the
angular coefficient functions I1s;2s, hence Ĵ1s;2s, do not
depend on ϵP. For vanishing ϵT their ratio would be
independent of the form factors and insensitive to ϵV , ϵR.
Therefore, the ratio (8) might signal the tensor operator. This
is displayed in Fig. 4 which shows that for nonvanishing ϵT

FIG. 3. Angular coefficient functions in Eq. (2) for B̄ → D�ðDπÞμ−ν̄μ. The shaded regions correspond to the results obtained using the
determined ϵ couplings, the points are the Belle measurements [19].

FIG. 4. Ratio R21s in Eq. (8) for ϵμT ¼ 0 (dashed line) and
varying ϵμT in the range displayed in Fig. 2 (shaded region).
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the ratio can have a zero for w0 in the range [1.44, 1.5] in the
muon channel.
The structure of the angular coefficients provides

insights on the possibility that ϵT is the only nonvanishing
new coupling. In particular, for ϵV ¼ ϵR ¼ 0 one finds that
both Ĵ2s and Ĵ2c might have a zero. This is depicted in
Fig. 5. This figure shows that if jϵμT j < 0.25 Ĵ2s should have
a zero while Ĵ2c should not, and viceversa. They cannot
have a zero simultaneously. Although the Belle data are not
precise enough to draw definite conclusions, they seem to
exclude the presence of a zero in Ĵ2c and are compatible
with the presence of a zero of Ĵ2s in the last bin of w. Other
angular coefficient functions provide us with further
information. If the only nonvanishing NP coupling is ϵT ,
Ĵ6c would display a zero at a value given by the relation

ffiffiffiffiffi
q2

q
HNP

L ðq2ÞRe½ϵT � − 4mlH0ðq2Þ ¼ 0: ð9Þ

The position w0 of the zero of Ĵ6c would fix Re½ϵT �. This is
shown in Fig. 6, where the continuous curve corresponds to
the relation (9), while the gray band is the range of w where
the zero of Ĵ6c should be found according to the Belle
measurement. This corresponds to small values of Re½ϵμT �,
consistently with the results for Ĵ2s and Ĵ2c.

III. CONCLUSIONS

The measurement of the full set of angular coefficient
functions in B̄ → D�ðDπÞμν̄μ constrains the set of NP
coefficients in the generalized low energy Hamiltonian.

In particular, the possibility that some NP coefficients are
different from zero emerges as a first evidence on the basis
of the information available in [19]. It will be possible to
corroborate this indication using the experimental table of
measurements together with the covariance error matrix.

Note added. When this manuscript was completed, the
paper [27] was uploaded to the archive, dealing with the
same issue.
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APPENDIX A: HADRONIC MATRIX ELEMENTS

The B̄ → V matrix elements are parametrized as:

FIG. 5. jϵμT j as a function of the position of the zero of the ratio
Ĵ2s (blue curve) and Ĵ2c (magenta curve) for ϵμV ¼ ϵμR ¼ 0.

FIG. 6. Re½ϵμT � as a function of the position of the zero of Ĵ6c for
ϵμV ¼ ϵμR ¼ ϵμP ¼ 0, obtained from Eq. (9).
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hVðp0; ϵÞjŪγμbjBðpÞi ¼ −
2Vðq2Þ
mB þmV

iϵμναβϵ�νpαp0β;

hVðp0; ϵÞjŪγμγ5bjBðpÞi ¼ ðmB þmVÞ
�
ϵ�μ −

ðϵ� · qÞ
q2

qμ

�
A1ðq2Þ −

ðϵ� · qÞ
mB þmV

�
ðpþ p0Þμ −

m2
B −m2

V

q2
qμ

�
A2ðq2Þ

þ ðϵ� · qÞ 2mV

q2
qμA0ðq2Þ;

hVðp0; ϵÞjŪγ5bjBðpÞi ¼ −
2mV

mb þmU
ðϵ� · qÞA0ðq2Þ; ðA1Þ

with the condition

A0ð0Þ ¼
mB þmV

2mV
A1ð0Þ −

mB −mV

2mV
A2ð0Þ; ðA2Þ

and

hVðp0; ϵÞjŪσμνbjBðpÞi ¼ T0ðq2Þ
ϵ� · q

ðmB þmVÞ2
ϵμναβpαp0β þ T1ðq2Þϵμναβpαϵ�β þ T2ðq2Þϵμναβp0αϵ�β;

hVðp0; ϵÞjŪσμνγ5bjBðpÞi ¼ iT0ðq2Þ
ϵ� · q

ðmB þmVÞ2
ðpμp0

ν − pνp0
μÞ þ iT1ðq2Þðpμϵ

�
ν − ϵ�μpνÞ þ iT2ðq2Þðp0

μϵ
�
ν − ϵ�μp0

νÞ: ðA3Þ

APPENDIX B: ANGULAR COEFFICIENT FUNCTIONS

TABLE I. Angular coefficient functions in the 4d B̄ → VðP1P2Þl−ν̄l decay distribution for the SM.

i ISMi

I1s 1
2
ðH2þ þH2

−Þðm2
l þ 3q2Þ

I1c 4m2
lH

2
t þ 2H2

0ðm2
l þ q2Þ

I2s − 1
2
ðH2þ þH2

−Þðm2
l − q2Þ

I2c 2H2
0ðm2

l − q2Þ
I3 2HþH−ðm2

l − q2Þ
I4 H0ðHþ þH−Þðm2

l − q2Þ
I5 −2HtðHþ þH−Þm2

l − 2H0ðHþ −H−Þq2
I6s 2ðH2þ −H2

−Þq2
I6c −8HtH0m2

l
I7 0
I8 0
I9 0
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TABLE III. Angular coefficient functions for B̄ → VðP1P2Þl−ν̄l: NP term with the P operator, and interference
SM-NP with P operator.

i INP;Pi IINT;Pi

I1s 0 0
I1c 4H2

t
q4

ðmbþmUÞ2 4H2
t

mlq2

mbþmU

I2s 0 0
I2c 0 0
I3 0 0
I4 0 0
I5 0 −HtðHþ þH−Þ mlq2

mbþmU

I6s 0 0
I6c 0 −4HtH0

mlq2

mbþmU

I7 0 −HtðHþ −H−Þ mlq2

mbþmU

I8 0 0
I9 0 0

TABLE II. Angular coefficient functions for B̄ → VðP1P2Þl−ν̄l: NP term with the R operator, and interference
SM-NP with R operator.

i INP;Ri IINT;Ri

I1s 1
2
ðH2þ þH2

−Þðm2
l þ 3q2Þ −H−Hþðm2

l þ 3q2Þ
I1c 4m2

lH
2
t þ 2H2

0ðm2
l þ q2Þ −2ð2H2

t m2
l þH2

0ðm2
l þ q2ÞÞ

I2s − 1
2
ðH2þ þH2

−Þðm2
l − q2Þ H−Hþðm2

l − q2Þ
I2c 2H2

0ðm2
l − q2Þ −2H2

0ðm2
l − q2Þ

I3 2HþH−ðm2
l − q2Þ −ðH2þ þH2

−Þðm2
l − q2Þ

I4 H0ðHþ þH−Þðm2
l − q2Þ −H0ðHþ þH−Þðm2

l − q2Þ
I5 −2HtðHþ þH−Þm2

l þ 2H0ðHþ −H−Þq2 2HtðHþ þH−Þm2
l

I6s −2ðH2þ −H2
−Þq2 0

I6c −8HtH0m2
l 8H0Htm2

l
I7 0 2ðHþ −H−ÞHtm2

l
I8 0 −H0ðHþ −H−Þðm2

l − q2Þ
I9 0 −ðH2þ −H2

−Þðm2
l − q2Þ

TABLE IV. Angular coefficient functions for B̄ → VðP1P2Þl−ν̄l: NP term with the T operator and interference
SM-NP with T operator.

i INP;Ti IINT;Ti

I1s 2½ðHNPþ Þ2 þ ðHNP
− Þ2�ð3m2

l þ q2Þ −4ðHNPþ Hþ þHNP
− H−Þml

ffiffiffiffiffi
q2

p
I1c 1

8
ðHNP

L Þ2ðm2
l þ q2Þ −HNP

L H0ml

ffiffiffiffiffi
q2

p
I2s 2½ðHNPþ Þ2 þ ðHNP

− Þ2�ðm2
l − q2Þ 0

I2c 1
8
ðHNP

L Þ2ðq2 −m2
lÞ 0

I3 8HNPþ HNP
− ðq2 −m2

lÞ 0
I4 1

2
HNP

L ðHNPþ þHNP
− Þðq2 −m2

lÞ 0
I5 −HNP

L ðHNPþ −HNP
− Þm2

l
1
4
½HNP

L ðHþ −H−Þ þ 8HNPþ ðHt þH0Þ þ 8HNP
− ðHt −H0Þ�ml

ffiffiffiffiffi
q2
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