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A sensitivity study of the unbinned angular analysis of the B→ D∗(Dπ)`ν` decay is presented. In the analysis,
it is shown that the Wilson coefficient of the right-handed vector current, CVR , can be measured to precision of
2-4% using either the full set of normalised angular observables or the forward-backward asymmetry AFB of the
charged lepton in 10 w bins. Such angular measurements are independent of the Vcb puzzle.

I. INTRODUCTION

In recent years, the B → D(∗)`ν decays have gained considerable attention due to several discrepancies between the ex-
perimental measurements and the Standard Model (SM) predictions, including the R(D(∗)) anomalies and the Vcb puzzle. At
present, the combined experimental results on R(D(∗)) =

B(B→D(∗)τν)
B(B→D(∗)`ν) by BaBar, Belle and LHCb deviate from the SM prediction

by 3-4σ [1–7], which gives a hint of the violation of the lepton flavour universality. The other long-standing puzzle related to
b→ c`ν transition is the Vcb puzzle. The value of the Cabibbo–Kobayashi–Maskawa (CKM) matrix element Vcb extracted from
the inclusive decay B → Xc`ν and the exclusive decays B → D(∗)`ν deviate from each other. For the inclusive decay, all final
hadrons containing a c quark are summed over, and the decay rate can be computed to high precision in an expansion in αs
and 1/mc,b with the help of heavy quark expansion (HQE), optical theorem and operator product expansion (OPE). In contrast,
for the exclusive decays, specified final hadrons are considered, therefore the decay rates receive large theoretical uncertainties
from the hadronic form factors, though they are easier to measure experimentally. Currently the tension in Vcb is at the level of
3σ [1–5, 8], and such a deviation can be induced by either the theoretical and experimental uncertainties or new physics beyond
the Standard Model.

There are already analyses for the B → D(∗)`ν decay by Belle [9, 10] and BaBar [11]. These existing analyses are binned
analyses, which means the data are binned in each of the kinematic angles and the momentum transfer and the χ2 projected to
each of these parameters is utilized. Unlike the binned analysis, in the unbinned analysis [12], the measured values are obtained
by maximizing the likelihood function summed over events. In such a way the full angular information can be used, and the
analysis is expected to be more sensitive to new physics effects.

One of the simplest extensions of the SM is the right-handed vector current, which can be obtained from the left-handed vector
current, i.e. the V-A current present in the SM, by flipping the chirality of the quark anti-quark fields. In the presented work,
we propose to do an unbinned angular analysis of B → D∗(Dπ)`ν to measure the Wilson coefficient of the right-handed vector
current. Such measurements are expected to be done at future B physics experiments such as Belle II [13] with large statistics.

II. THEORETICAL FRAMEWORK

In this section, we introduce the theoretical framework of the B → D∗(Dπ)`ν` decay. In the weak effective theory, the
Hamiltonian in charge of the B→ D∗`ν` decay with the left-handed and right-handed vector currents (assuming no right-handed
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neutrino) is

Heff =
4GF
√

2
Vcb

[
CVLOVL + CVROVR

]
+ h.c. , (1)

where GF is the Fermi constant, and Vcb is the CKM matrix element. The left-handed and the right-handed vector operators are
defined as

OVL = (cLγ
µbL)(`LγµνL) , OVR = (cRγ

µbR)(`LγµνL) , (2)

and CVL and CVR are the Wilson coefficients corresponding to OVL and OVR . For the SM case, we have CVL = 1 and CVR = 0, but
in some NP models, e.g. the left-right symmetric model [14], non-zero CVR can be induced.

For the B → D∗(Dπ)`ν` decay, the differential decay rate in terms of the momentum transfer and 3 kinematic angles can be
expressed by 12 independent angular observables through the following expression [15]:

dΓ(B̄→ D∗(→ Dπ) `− ν̄`)
dw d cos θV d cos θ` dχ

=
6mBm2

D∗

8(4π)4

√
w2 − 1(1 − 2 w r + r2) G2

F |Vcb|
2 B(D∗ → Dπ)

×
{
J1s sin2 θV + J1c cos2 θV + (J2s sin2 θV + J2c cos2 θV ) cos 2θ` + J3 sin2 θV sin2 θ` cos 2χ

+ J4 sin 2θV sin 2θ` cos χ + J5 sin 2θV sin θ` cos χ + (J6s sin2 θV + J6c cos2 θV ) cos θ`
+ J7 sin 2θV sin θ` sin χ + J8 sin 2θV sin 2θ` sin χ + J9 sin2 θV sin2 θ` sin 2χ

}
. (3)

where θV is the angle between D∗ and D in the D∗ rest frame, θl is the angle between the charged lepton and the virtual W
in the W rest frame and χ is the tilting angle between the hadron plane and the lepton plane. These 3 angles along with the
dimensionless momentum transfer w can describe the four body B→ D∗(Dπ)`ν decay. Moreover, the angular observables Ji are
functions of helicity amplitudes and Wilson coefficients, which in our case are CVL and CVR . The helicity amplitudes, H+, H−
and H0 can be further expressed by the hadronic form factors.

To describe the hadronic form factors in the full q2 range, we need a parametrization for the form factors. In our analysis,
we study the two most commonly used parametrizations for B → D∗ form factors, i.e. the CLN parametrization [16] and the
BGL parametrization [17]. The CLN parametrization is based on the heavy quark expansion. The form factors are related each
other under heavy quark symmetry therefore the number of free parameters can be reduced. For B → D∗ form factors we only
need 4 parameters, including the axial-vector form factor at zero hadronic recoil hA1 (1), the slope parameter ρ2

D∗ to extrapolate
hA1 , and two form factor ratios at zero recoil, R1(1) and R2(1). The other parametrization, the BGL parametrization is derived
following the analytic properties of the form factors, and it is maximally model-independent but has more free parameters.
In the BGL parametrization, by separating the Blaschke factors absorbing the subthreshold Bc poles and the outer functions
calculated via OPE, the form factors are expanded in the conformal variable z and truncated at a certain order given z � 1. The
expansion coefficients (ag

0,1,···, a
f
0,1,···, a

F1
1,2,···) are the free parameters to fit, and we keep ~v = (ag

0, a
f
0 , a

f
1 , a

F1
1 , aF1

2 ) in the sensitivity
study following [9].

III. UNBINNED ANGULAR ANALYSIS OF B→ D∗(Dπ)`ν

For the unbinned angular analysis, angular observables can be obtained by maximizing the log-likelihood function, which is
the sum of the logarithm of the normalized probability density function (PDF). The log-likelihood function is given as follows:

L( ~〈g〉) =

N∑
i=1

ln f̂ ~〈g〉(ei) , (4)

where f̂ ~〈g〉 is the normalized PDF, ei are the experimental events which are functions of the kinematic angles, and ~〈g〉 is the full
set of normalized angular observables. N is the total event number, which for Belle analysis is ∼95k [9]. f̂ ~〈g〉(cos θV , cos θ`, χ)
can be obtained by normalizing the differential decay rate and expressed in terms of the normalized angular observables gi as:

f̂ ~〈g〉(cos θV , cos θ`, χ) =
9

8π
×
{1
6

(1 − 3〈g1c〉 + 2〈g2s〉 + 〈g2c〉) sin2 θV + 〈g1c〉 cos2 θV

+ (〈g2s〉 sin2 θV + 〈g2c〉 cos2 θV ) cos 2θ` + 〈g3〉 sin2 θV sin2 θ` cos 2χ

+ 〈g4〉 sin 2θV sin 2θ` cos χ + 〈g5〉 sin 2θV sin θ` cos χ + (〈g6s〉 sin2 θV + 〈g6c〉 cos2 θV ) cos θ`

+ 〈g7〉 sin 2θV sin θ` sin χ + 〈g8〉 sin 2θV sin 2θ` sin χ + 〈g9〉 sin2 θV sin2 θ` sin 2χ
}
, (5)
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where gi can be obtained from the un-normalized angular observables Ji by dividing the following normalization factor

〈gi〉 ≡
〈J′i 〉

6〈J′1s〉 + 3〈J′1c〉 − 2〈J′2s〉 − 〈J
′
2c〉

. (6)

where J′i ≡ Ji
√

w2 − 1(1 − 2wr + r2).

IV. SENSITIVITY STUDY OF CVR

To perform a sensitivity study of the unbinned angular analysis, we need to generate pseudodata of gi to do the fit. We generate
10 bins of gi using the form factors measured by Belle [9], in both CLN and BGL parametrizations, and use the toy Monte-Carlo
method to generate the covariance matrices of gi. In the toy Monte-carlo simulation, we set the total event number to be 95k
according to the Belle analysis so that we can get the expected precision of CVR for an unbinned analysis at Belle. For each
w bin, the event number can be obtained by using the form factors fitted by Belle [9]. For the CLN parametrization, the fitted
results of the form factors lead to the following numbers of events in 10 w bins:

Nevent = (5306, 8934, 10525, 11241, 11392, 11132, 10555, 9726, 8693, 7497) . (7)

Similarly, the numbers of events generated using the fitted results for the BGL parametrization are as follows:

Nevent = (5239, 8868, 10500, 11264, 11455, 11217, 10638, 9776, 8676, 7368) . (8)

Using the generated data for gi parameters, we can fit the form factors and CVR . It should be noted that CVR cannot be
determined in the fit using w-bins of the decay rate without knowing Vcb precisely, because CVR and Vcb are strongly correlated
as they both directly impact the decay rate. That’s why we need to use angular observables to fit CVR . In addition to the angular
part of χ2, we also use the available lattice data of hA1 (1) in our fit1, as done in the Belle analysis. But with these data the fit still
doesn’t converge because CVR is also highly dependent of the vector form factor. Therefore, in order to do a sensitivity study,
we use the central values of vector form factors obtained by Belle and assign them the errors expected from lattice, namely 4%
error for R1(1) and 7% error for hV (1). Therefore, the χ2 used in our fit has the following form

χ2(~v) = χ2
angle(~v) + χ2

lattice(~v) . (9)

where χ2
angle(~v) represents the angular terms, and χ2

lattice(~v) is the constraint from lattice QCD.
The angular part χ2

angle(~v) can be written as

χ2
angle(~v) =

10∑
w−bin=1

[∑
i j

NeventV̂−1
i j (〈gi〉

exp − 〈gth
i (~v)〉)(〈g j〉

exp − 〈gth
j (~v)〉)

]
w−bin

,

where 〈gth
i (~v)〉 and 〈gex

i (~v)〉 are respectively the theoretical expressions and the experimental data (or pseudodata generated from
toy-Monte Carlo simulation) for gi parameters, and V̂ are the (generated) covariance matrices of 〈gex

i (~v)〉.
The lattice terms have the following form

χ2
lattice(vi) =

vlattice
i − vi

σlattice
vi

2

, (10)

where for the CLN fit we have v1 = R1(1), and for the BGL fit we have v1 = hA1 (1) and v2 = hV (1).
For the CLN fit, hA1 (1) gets cancelled, and by assigning 4% error to R1(1) as expected from lattice QCD [18], we obtain the

following results

~v = (ρ2
D∗ ,R1(1),R2(1),CVR ) = (1.106, 1.229, 0.852, 0) ,

σ~v = (3.177, 0.049, 0.018, 0.021) ,

ρ~v =


1. −0.016 −0.763 0.095

−0.016 1. 0.006 −0.973
−0.763 0.006 1. −0.117
0.095 −0.973 −0.117 1.

 . (11)

1 In fact the data of hA1 (1) is only useful for BGL parametrization because in CLN parametrization hA1 gets cancelled.
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We find although the slope parameter ρ2
D∗ has a large error, CVR can be determined to high precision which is about 2%. From

the correlation matrix we clearly see that R1(1) and CVR are strongly correlated, which further explains why we need the lattice
value of R1(1) to determine CVR . The BGL case is similar as shown in Eq. (12). Assigning the 7% error estimated by lattice [18]
to hV (1) , although one of the form factor parameters, a f

1 gets a large error, CVR can be determined to precision less than 4%.
Also, the vector form factor at zero recoil in the BGL parametrization, ag

0, is highly correlated to CVR .

~v = (a f
0 , a

f
1 , a

F1
1 , aF1

2 , ag
0,CVR )

= (0.0132, 0.0169, 0.0070,−0.0852, 0.0241, 0.0024) ,
σ~v = (0.0002, 0.0109, 0.0026, 0.0352, 0.0017, 0.0379) ,

ρ~v =



1. 0.022 0.039 −0.035 0.000 0.189
0.022 1. 0.860 −0.351 0.000 0.316
0.039 0.860 1. −0.762 0.000 0.283
−0.035 −0.351 −0.762 1. 0.000 −0.119
0.000 0.000 0.000 0.000 1. −0.923
0.189 0.316 0.283 −0.119 −0.923 1.


. (12)

It should be noted that the central value of the fitted CVR is zero for both CLN and BGL, because our pseudo data is based on
the Belle 18 measurement, where only the SM was considered. Here what makes sense are the uncertainties rather than the
central values. Only if in future experimental analyses the right-handed contribution is considered, it will be possible to know
the central value of CVR . The correlation between CVR and the vector form factor can be more clearly seen in Fig. 1. The strong
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FIG. 1: R1(1) −CVR and hV (1) −CVR contours.

correlation between CVR and the vector form factor shown by contour plots suggests if the lattice results2 turn out to be different
from the measured value by Belle, the right-handed vector current can be a possible explanation.

In addition to the real part of CVR , we also study the imaginary part of CVR , and we find the imaginary part can be determined to
precision of 0.7% for both CLN and BGL parametrizations, which means the imaginary part of CVR can be precisely determined
from an unbinned angular analysis.

Besides the full angular analysis, we also study the role of the forward-backward asymmetry (AFB) of the charged lepton
in determining CVR . The forward-backward asymmetry turns out to be proportional to the angular observable g6s and it only
requires one angle measurement. We still make AFB in 10 bins as done for the g parameters, and we find that for both the cases
of CLN and BGL, AFB alone can determine CVR to precision only slightly worse than that obtained by using the full set of gi
parameters. Also, CVR is highly correlated to the vector form factor, therefore we also need to know the vector form factor from
lattice to determine CVR by measuring AFB. Since this single observable is particularly useful for constraining CVR , we highly
recommend to measure it in the near future.

2 Lattice QCD calculation have been done recently for more B → D∗ form factors respectively by Fermilab/MILC [19] and JLQCD [20], although an official
average is still needed.
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V. CONCLUSIONS

We performed a sensitivity study of the unbinned angular analysis of B→ D∗(Dπ)`ν. We found the measurement of normal-
ized angular observables gi are very useful for the determination of CVR without the intervention of the Vcb puzzle.

An important finding for the unbinned angular analysis is that CVR and the vector form factor are highly correlated, therefore
lattice input of the vector form factor would be crucial for the determination of CVR . In our sensitivity study, we found the real
part of CVR can be determined to precision of 2%-4% depending on the parametrization of form factors, and imaginary part
of CVR can be determined to precision of order 1% in both CLN and BGL parametrizations. Having in mind that to explain
B→ D∗`ν and the inclusive decay require CVR to be ∼ 5%, such precision of CVR is already meaningful.

We also found that the forward-backward asymmetry AFB is very helpful for the determination of CVR . The single observable
in ten w bins can constrain CVR to precision close to that achieved by measuring the full set of gi parameters, therefore we highly
propose to do this single measurement in the near future.
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