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We apply the general formalism derived by Penalva et al. [Phys. Rev. D 101, 113004 (2020)] to the
semileptonic decay of pseudoscalar mesons containing a b quark. While present B̄ → Dð�Þ data give the
strongest evidence in favor of lepton flavor universality violation, the observables that are normally
considered are not able to distinguish between different new physics (NP) scenarios. In the above reference
we discussed the relevant role that the various contributions to the double differential decay widths
d2Γ=ðdωd cos θlÞ and d2Γ=ðdωdElÞ could play to this end. Here ω is the product of the two hadron four-
velocities, θl is the angle made by the final lepton and final hadron three-momenta in the center of mass of
the final two-lepton system, and El is the final charged lepton energy in the laboratory system. The
formalism was applied by Penalva et al. to the analysis of the Λb → Λc semileptonic decay, showing the
new observables were able to tell apart different NP scenarios. Here we analyze the B̄c → ηcτν̄τ,
B̄c → J=ψτν̄τ, B̄ → Dτν̄τ and B̄ → D�τν̄τ semileptonic decays. We find that, as a general rule, the
B̄c → J=ψ observables, even including τ polarization, are less optimal for distinguishing between NP
scenarios than those obtained from B̄c → ηc decays, or those presented by Penalva et al. for the related
Λb → Λc semileptonic decay. Finally, we show that B̄ → D and B̄c → ηc, and B̄ → D� and B̄c → J=ψ
decay observables exhibit similar behaviors.
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I. INTRODUCTION

The present values of the RDð�Þ ratios (l ¼ e, μ),

RD ¼ ΓðB̄ → Dτν̄τÞ
ΓðB̄ → Dlν̄lÞ

¼ 0.340� 0.027� 0.013;

RD� ¼ ΓðB̄ → D�τν̄τÞ
ΓðB̄ → D�lν̄lÞ

¼ 0.295� 0.011� 0.008; ð1Þ

are the strongest experimental evidence for the possibility
of lepton flavor universality violation (LFUV). These
values have been obtained by the Heavy Flavour
Averaging Group (HFLAV) [1] (see also Ref. [2] for earlier
results), from a combined analysis of different experimental
data by the BABAR [3,4], Belle [5–8] and LHCb [9,10]
collaborations together with standard model (SM) predic-
tions [11–15], and they show a tension with the SM at the

level of 3.1σ. However, taking only the latest Belle
experiment from Ref. [8] the tension with SM predictions
reduces to 0.8σ so that new experimental analyses seem to
be necessary to confirm or rule out LFUV in B̄ meson
decays. Another source of tension with the SM predictions
is in the ratio

RJ=ψ ¼ ΓðB̄c → J=ψτν̄τÞ
ΓðB̄c → J=ψμν̄μÞ

¼ 0.71� 0.17� 0.18 ð2Þ

recently measured by the LHCb collaboration [16]. This
shows a 1.8σ disagreement with SM results that are in the
range RSM

J=ψ ∼ 0.25–0.28 [17–29].
If the anomalies seen in the data persist, they will be a

clear indication of LFUVand new physics (NP) beyond the
SM will be necessary to explain it. Since the data for the
two first generations of quarks and leptons is in agreement
with SM expectations, NP is assumed to affect just the last
quark and lepton generation. Its effects can be studied in a
phenomenological way by following an effective field
theory model-independent analysis that includes different
b → cτν̄τ effective operators: scalar, pseudoscalar and
tensor NP terms, as well as corrections to the SM vector
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and axial contributions [30]. Considering only left-handed
neutrinos, in the notation of Ref. [31] one writes

Heff ¼
4GFjVcbj2ffiffiffi

2
p ½ð1þ CVL

ÞOVL
þ CVR

OVR

þ CSLOSL þ CSROSR þ CTOT � þ H:c:; ð3Þ

with fermionic operators given by (ψL;R ¼ 1∓γ5
2

ψ)

OVL;R
¼ðc̄γμbL;RÞðl̄LγμνlLÞ; OSL;R ¼ðc̄bL;RÞðl̄RνlLÞ;

OT ¼ðc̄σμνbLÞðl̄RσμννlLÞ: ð4Þ

The corrections to the SMare assumed to begenerated byNP
that enter at a much higher energy scale, andwhich strengths
at the SM scale are governed by unknown, complex in
general, Wilson coefficients [CVL

, CVR
, CSL , CSR and CT in

Eq. (3)] that should be fitted to data. For the numerical part of
the present work, we take the values for the Wilson
coefficients from the analysis carried out in Ref. [31].
The findings of these phenomenological studies show

that in fact NP can solve some of the present discrepancies.
However, it is also found that different combinations of NP
terms could give very similar results for the RDð�Þ ;RJ=ψ
ratios. Thus, even though those ratios are our present best
experimental evidence for the possible existence of NP
beyond the SM, they are not good observables for dis-
tinguishing between different NP scenarios.
The relevant role that the various contributions to

the two differential decay widths d2Γ=ðdωd cos θlÞ and
d2Γ=ðdωdElÞ could play to this end was analyzed in detail
in Refs. [32,33]. Here, ω is the product of the two hadron
four-velocities, θl is the angle made by the final lepton and
final hadron three-momenta in the center of mass of the
final two-lepton pair (c.m.), and El is the final charged
lepton energy in the laboratory frame (LAB).
Even in the presence of NP, it is shown that for any

charged current semileptonic decay with an unpolarized
final charged lepton one can write [33]

d2Γ
dωdcosθl

¼G2
FjVcbj2M03M2

16π3

ffiffiffiffiffiffiffiffiffiffiffiffi
ω2−1

p �
1−

m2
l

q2

�
2

Aðω;θlÞ;

Aðω;θlÞ¼
2
P̄ jMj2

M2ð1−m2
l

q2 Þ

����
unpolarized

¼a0ðωÞþa1ðωÞcosθlþa2ðωÞðcosθlÞ2; ð5Þ

d2Γ
dωdEl

¼ G2
FjVcbj2M02M2

8π3
Cðω; ElÞ;

Cðω; ElÞ ¼
2
P̄ jMj2
M2

����
unpolarized

¼ c0ðωÞ þ c1ðωÞ
El

M
þ c2ðωÞ

E2
l

M2
; ð6Þ

where M, M0 and ml are the masses of the initial and
final hadrons and the final charged lepton respectively, q2 is
the four-momentum transferred squared (related to ω via
q2 ¼ M2 þM02 − 2MM0ω) and M is the invariant ampli-
tude for the decay. Note that at zero recoil θl is no longer
defined and thus a1ðω ¼ 1Þ and a2ðω ¼ 1Þ vanish accord-
ingly. The a0;1;2 c.m. and c0;1;2 LAB expansion coefficients
are scalar functions that depend on ω and the masses of the
particles involved in the decay. In the general tensor
formalism developed in Refs. [32,33], it is shown how
they are determined in terms of the 16 Lorentz scalar W̃0s
structure functions (SFs) that parametrize all the hadronic
input. These W̃0s SFs depend on the Wilson coefficients
(C0s) and the genuine hadronic responses (W0s), the latter
being scalar functions of the actual form factors that
parametrize the hadronic transition matrix elements for a
given decay. The general expressions for the a0;1;2 c.m.
and c0;1;2 LAB expansion coefficients in terms of the
W̃0s SFs can be found in Ref. [33], where the hadron
tensors associated with the different SM and NP contri-
butions (including all possible interferences) are also
explicitly given.1

The fully developed formalism was applied in Ref. [33]
to the analysis of the Λb → Λcτν̄τ decay. The shape of the
dΓðΛb → Λcμν̄μÞ=dω differential decay width has already
been measured by the LHCb collaboration [34] and there

are expectations that theRΛc
¼ ΓðΛb→Λcτν̄τÞ

ΓðΛb→Λcμν̄μÞ ratio may reach

the precision obtained for RD and RD� [35]. With the use
of Wilson coefficients from Ref. [31], fitted to experimental
data in the B̄-meson sector, it is shown in Ref. [33] that,
with the exception of a0, all the other a1;2 c.m. and c0;1;2
LAB expansion coefficients are able to disentangle
between different NP scenarios, i.e., different fits to the
available data that otherwise give very similar values for the
RΛc

, and RDð�Þ , RJ=ψ ratios, or the corresponding dΓ=dω
distributions.
In this work we apply the general formalism of Ref. [33]

to the study of the semileptonic Pb → Pc and Pb → P�
c

decays, with Pb and Pc pseudoscalar mesons (B̄c or B̄ and
ηc or D, respectively) and P�

c a vector meson (J=ψ or D�).
For the case of B̄ → Dð�Þ decays, the hadronic matrix

elements are relativelywell known. In fact, there exists some
experimental q2-shape information [4,5], which can be used
to constrain the transition form factors. They are then
computed using a heavy quark effective theory parametri-
zation that includes corrections of order αs, ΛQCD=mb;c and
partly ðΛQCD=mcÞ2 [15]. Moreover, some inputs from
lattice quantum chromodynamics (LQCD) [36–39], light-
cone [40] and QCD sum rules [41–43] are also available. In
addition, a considerable number of phenomenological

1In fact, full general expressions for both LAB and c.m. decay
distributions, decomposed in helicity contributions of the out-
going charged lepton, can also be found in [33].
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studies [31,44–56] have already discussed some specific
details of the c.m. d2Γ=ðdωd cos θlÞ distribution, as
for instance the τ-forward-backward and polarization asym-
metries.2 Other observables present in the full four-body
B̄ → D�ðDπÞτντ angular distribution, and their power to
distinguish between different NP scenarios, have also been
addressed in Refs. [45,46,48], with the emphasis in the
first two works focused on CP violating quantities, while in
the latter one the possible pollution of B̄ → D�ðDπÞSlν̄l
by the B̄ → D�

0ð2400Þlν̄l, withD�
0ð2400Þ a broad isoscalar

S-wave meson, is also analyzed. In Ref. [47], the B̄ →
D�ðDYÞτðXντÞν̄τ, with Y ¼ π or γ and X ¼ lν̄l or π,
reactions are studied, paying attention to interference effects
in the full phase space of the visible τ andD� decay products
in the presence of NP. Such effects are missed in analyses
that treat the τ or D� or both as stable, and in addition, it is
argued in [47] that analyses including more differential
kinematic information can provide greater discriminating
power for NP than single kinematic variables alone. The full
five-body B̄ → D�ðDπÞτðπντÞν̄τ angular distribution has
also been analyzed in Ref. [56], where it is claimed that
magnitudes and relative phases of all the NP Wilson
coefficients can be extracted from a fit to this full five-body
angular distribution.
In this work, with respect to the B̄ → Dð�Þ transitions, we

have used the set of form factors and Wilson coefficients
found in [31] and, in addition to the c.m. distribution, we
present in Sec. III for the first time details of the LAB
d2Γ=ðdωElÞ differential decay width and its usefulness to
distinguish between different NP scenarios.
The analysis of the B̄c → ηc, J=ψ transitions is

more novel, with a less abundant previous literature
[25,27,57]. These works analyze NP effects on the c.m.
angular distribution observables, with right-handed neu-
trino terms also considered in [57]. Here, in Sec. II, we
discuss the relevance of NP in the d2Γ=ðdωd cos θlÞ and
d2Γ=ðdωdElÞ distributions for both decays, highlighting
the observables that are able to tell apart different NP fits
among those preferred in [31]. We also show results with a
polarized final τ lepton (Sec. II B).
As for the B̄c → ηc and B̄c → J=ψ hadronic matrix

elements, different theoretical schemes were examined in
Ref. [25]. Form factors obtained within the nonrelativistic
(NRQM), the covariant light-front and the covariant con-
fined quark models of Refs. [19,21,25] respectively,
together with those derived in perturbative QCD (pQCD)
[22] and the QCD and nonrelativistic QCD sum rule
approaches of Refs. [58,59] were compared in [25]. On

the other hand, a model independent global study of
only the form factors involved in the SM matrix elements
was conducted in Ref. [60]. It exploited preliminary lattice-
QCD data from Ref. [61], dispersion relations and heavy-
quark symmetry. Importantly, such analysis provided
realistic uncertainty bands for the relevant form factors.
Finally, very recently the HPQCD collaboration has
reported a LQCD determination of the SM vector and
axial form factors for the B̄c → J=ψ semileptonic decay
[62]. These LQCD results have been used in Ref. [63] to
evaluate RJ=ψ and angular distribution observables both,
within the SM and including CVL

and CVR
NP terms. We

note, however, that in order to calculate the effect of all NP
terms in Eq. (3), some additional form factors, not
determined in Refs. [60,62], are also needed.
In summary, there are different theoretical determina-

tions of the form factors but, to our knowledge, there exist
neither shape measurements nor systematic LQCD calcu-
lations, except for the very recent work of the HPQCD
collaboration, and only for the SM vector and axial form
factors of the B̄c → J=ψ decay. For our numerical calcu-
lations, wewill not use the incomplete LQCD input, and we
shall employ the form factors obtained within the NRQM
scheme of Ref. [19]. One of the advantages of such choice
is consistency, since all the form factors needed to compute
the full NP effects encoded in Eq. (3) will be obtained
within the same scheme, and without having to rely on
quark field level equations of motion. Furthermore, the
effects of NP on B̄c → ηc and B̄c → J=ψ decays will be
consistently compared in this way, since there is no LQCD
information for the B̄c → ηc reaction either. The form factors
computed in [19] follow a pattern consistent with heavy
quark spin symmetry (HQSS) and its expected breaking
corrections. Moreover, five different reasonable interquark
potentials were considered in [19], and the range of results
obtained from them allows us to provide theoretical uncer-
tainties to our predictions. Additionally, we shall also
consider the form factors from the pQCD factorization
approach of Ref. [22] that have recently been used in
Refs. [23,31] to predict the RJ=ψ ratio within different
NP scenarios. However, as we shall see below, these latter
form factors do not respect a kinematical constraint at
q2 ¼ 0 and they display large violations of HQSS.
Since SM LQCD vector and axial form factors are now

available for the B̄c → J=ψ decay, we have systematically
compared, both in the c.m. and LAB frames, SM observ-
ables computed with the LQCD input [62] and using the
phenomenological NRQM. In general, though there appear
overall normalization inconsistencies, we find quite
good agreements for ω (or q2) shapes, which become
much better for observables constructed out of ratios
of distributions, like the τ-forward-backward [AFB] and
τ-polarization [Aλτ ] asymmetries, as well as the ratios
between predictions obtained in τ and (e=μ) modes like
RJ=ψ or RðAFBÞ.

2Indeed, Eq. (5) for the c.m. angular distribution of the
semileptonic decays of a pseudoscalar meson to a daughter
pseudoscalar or vector meson is well known. The coefficient
functions are commonly given in terms of the mediator helicity
amplitudes, and several studies propose a series of quantities to
check for the presence of NP, see for instance Ref. [48].
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This work is organized as follows: in Sec. II we present
the results for the B̄c → ηc, J=ψ semileptonic decays both
for unpolarized and polarized (well-defined helicity in the
c.m. or LAB frames) final τ’s. The corresponding results
for the B̄ → Dð�Þ reactions are given in Sec. III for the
unpolarized cases, and in the Appendix D for the decays
with polarized outgoing leptons. We find that the qualita-
tive characteristics of the observables and the main
extracted conclusions are similar to those discussed for
the B̄c → ηc, J=ψ transitions. The most relevant findings of
this work are summarized in Sec. IV. Besides, the definition
of the form factors appropriate for these processes is given
in Appendix A, while the expressions for the 16 W̃ SFs in
terms of the form factors and Wilson coefficients are
compiled in Appendixes B 1 and B 2 for decays into
pseudoscalar and vector mesons, respectively. Finally, in
Appendix C we collect the expressions for the B̄c → ηc and
B̄c → J=ψ semileptonic decay form factors obtained within
the NRQM of Ref. [19].

II. B̄c → ηc AND B̄c → J=ψ SEMILEPTONIC
DECAY RESULTS

In this section we present the results for the B̄c → ηcτν̄τ
and B̄c → J=ψτν̄τ semileptonic decays. For the NP terms
we use the Wilson coefficients corresponding to fits 6 and 7
in Ref. [31]. Among the different scenarios studied in that
reference, only fits 4–7 include all the NP terms in Eq. (3).
However, fits 4 and 5 lead to an unlikely physical situation
in which the SM coefficient is almost canceled and its effect
is replaced by NP contributions. The numerical values of
the Wilson coefficients (fitted parameters) are compiled in
Table VI of Ref. [31]. The data used for the fits include the
RD and RD� ratios, the normalized experimental distribu-
tions of dΓðB̄→Dτν̄τÞ=dq2 and dΓðB̄ → D�τν̄τÞ=dq2 mea-
sured by Belle and BABAR as well as the longitudinal
polarization fraction FD�

L ¼ΓλD�¼0ðB̄→D�τν̄τÞ=ΓðB̄→D�τν̄τÞ

provided by Belle. The χ2 merit function is defined in
Eq. (3.1) of Ref. [31], and it is constructed with the above
data inputs and some prior knowledge of the B̄ → D and
B̄ → D� semileptonic form factors. Some upper bounds on
the leptonic decay rate B̄c → τν̄τ are also imposed. The
corresponding χ2min=d:o:f. are 37.6=53 and 38.9=53 for fits
6 and 7 respectively.
As already mentioned, for the form factors, defined in

Appendix A, we shall use two different sets obtained within
two independent theoretical approaches.
The first one is determined from the NRQM calculations

of Ref. [19]. There, five different interquark potentials are
used: AL1, AL2, AP1 and AP2 taken from Refs. [64,65],
and the BHAD potential from Ref. [66]. All the form
factors are obtained without the need to rely on quark field
level equations of motion and their expressions in terms of
the quark wave functions can be found in Appendix C. As
in Ref. [19], we will take as central values of the computed
quantities the results corresponding to the AL1 potential.
The deviations from this result obtained with the other four
potentials are used to estimate the theoretical error asso-
ciated to the form-factors determination in this type of
models. These errors will be shown in the corresponding
figures below as uncertainty bands.
A comparison of the SM form factors thus obtained with

the ones from Ref. [60] is presented in Fig. 1. We see that
NRQM results comfortably lie, best for the J=ψ decay and
in the large q2 region (close to zero recoil), within the
colored bands which show the one-standard-deviation ð1σÞ
best-fit regions obtained from the global dispersive analysis
carried out in [60].
To evaluate the theoretical error associated to the Wilson

coefficients for each of fits 6 and 7, we use different sets of
coefficients obtained through successive small steps in the
multiparameter space, with each step leading to a moderate
χ2 enhancement. We use 1σ sets, i.e., values of the Wilson
coefficients for which Δχ2 ≤ 1 with respect to its minimum

FIG. 1. Comparison of the SM form factors for the B̄c → ηc (left) and B̄c → J=ψ (right) transitions, obtained with the NRQM
calculation of Ref. [19] (dashed lines plus narrow uncertainty bands around them) and in the model independent analysis carried out in
Ref. [60] (shown as bands). For a definition of the depicted form factors see Eqs. (2), (3), and (7)–(9) of Ref. [60]. As in Figs. 6 and 7 of
this latter reference, the dimension-full f0 and F 1 form factors are given in units of ðM2 −M02Þ and 1

2
ðM2 −M02Þ, respectively.
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value, to generate the distribution of each observable,
taking into account in this way statistical correlations.
From this derived distribution, we determine the maximum
deviation above and below its central value, the latter
obtained with the values of the Wilson coefficients corre-
sponding to the minimum of χ2 and the AL1 form factors.
These deviations define the, asymmetric in general, uncer-
tainty associated with the NP Wilson coefficients. The two
types of errors are then added in quadrature and they are
shown in the figures as an extra, larger in size, uncer-
tainty band.
The second set of form factors we shall use are the ones

evaluated in Ref. [22] within a perturbative QCD (pQCD)
factorization approach. In this latter case only vector and
axial-vector form factors have been obtained.3 They have
been evaluated in the low q2 region and extrapolated to
higher q2 values using a model dependent parametrization.
These form factors have been used in the two recent
calculations of Refs. [23,31] where the rest of the form
factors needed (scalar, pseudoscalar or tensor ones) were

determined using the quark level equations of motion of
Ref. [67]. In Ref. [22], the authors give the theoretical
uncertainties for the vector and axial form factors at q2 ¼ 0.
However, neither correlations nor errors for the parameters
used in the q2 extrapolation are provided. Besides, it is not
clear what errors are introduced in the calculation through
the use of the quark level equations of motion. Thus, in this
case we will only show the error band stemming from the
Wilson coefficients, even though larger uncertainties are to
be expected.
As mentioned, for the B̄c → J=ψ decay, we shall

compare our SM results with the ones reported in
Ref. [63], and obtained with the LQCD axial and vector
form factors determined in Ref. [62]. In this case the 1σ
uncertainty bands are obtained with the use of the corre-
lation matrix provided in this latter reference.

A. Results with an unpolarized final τ lepton

We begin with the results corresponding to an unpolar-
ized final τ lepton. In Fig. 2, we show the dΓ=dω differ-
ential distribution for B̄c → ηcτν̄τ and B̄c → J=ψτν̄τ
reactions. As can be seen in the plots, the ω values
accessible in the transitions are around ω ∼ 1.2 at most,

FIG. 2. Top: dΓðB̄c → ηcτν̄τÞ=dω differential decay width, as a function of ω and in units of 10jVcbj2ps−1. We show SM predictions
and full NP results obtained using the Wilson coefficients from fits 6 and 7 of Ref. [31] and form factors from the NRQM (left panel) and
the pQCD (right panel) approaches of Refs. [19,22], respectively. Bottom: same as before but for the B̄c → J=ψτν̄τ decay. In the left-
bottom plot, we also show the SM lattice result from Ref. [63]. Uncertainty bands are obtained as detailed in the main text.

3Note that in Ref. [22] they work with different form factor
decompositions than those used here. The relations between our
form factors and theirs can be obtained straightforwardly.
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while for the similar B̄ → Dð�Þτν̄τ reactions the available
phase space is larger, and ω varies from 1 to 1.35–1.40.
In both B̄c decays, the NRQM form factors from

Ref. [19] lead to larger total widths. Looking at the SM
results for the B̄c → J=ψ decay, one sees that the LQCD
prediction from Ref. [63] is in between the NRQM and
pQCD distribution, somewhat closer to the former one, but
still showing a tension of around 2σ in most of the phase
space. Since relativistic effects increase4 as one departs
from zero recoil to q2 ¼ 0, they might be responsible for
some of the NRQM-LQCD discrepancies exhibited in the
figure far from the vicinity of ω ¼ 1.
For the decay into ηc computed with the NRQM form

factors we note that already dΓ=dω discriminate between
NP fits 6 and 7. For the rest of the cases shown in the figure,
though NP effects are clearly visible, we see that this
observable would not be able to distinguish between the
two NP scenarios examined in this work.
Evaluating the SM predictions for a final massless

charged lepton (μ or e), we obtain the Rηc and RJ=ψ ratios
collected in Table I. The systematic uncertainties due to the
interquark potential in the NRQM scheme are largely
canceled out in the ratios, as can be inferred from the
SM predictions. For the SMwe find a nice agreement of the
NRQM determination of RJ=ψ and the lattice evaluation of
Ref. [63], pointing also to a compensation in the ratio of the
overall-normalization discrepancies noted in Fig. 2. On
the other hand, predictions with the NRQM and pQCD
form factors differ by approximately 10%, except for
NP fit 7 Rηc , where the change is only of 4%. In fact,
the form-factor systematic uncertainties are reduced com-
pared to those observed in some regions of the differential
distributions in Fig. 2. We also note that the NRQM
Rηc and RJ=ψ ratios are systematically bigger and smaller,
respectively, than those obtained with pQCD form
factors. For the latter ratio, we mentioned above that
ΓNRQMðB̄c → J=ψτν̄τÞ ≥ ΓpQCDðB̄c → J=ψτν̄τÞ and thus,
the massless lepton modes of the B̄c → J=ψ semileptonic
decay calculated with NRQM form factors must also be

larger than when pQCD form factors are used. Moreover,
the difference has to be greater than for the τ mode to
explain RNRQM

J=ψ ≤ RpQCD
J=ψ .

The ratios including NP are greater than pure SM
expectations, around 30% and 15% for Rηc and RJψ ,
respectively, except for the NRQMRηc case evaluated with
the NP fit 7 where an increase of only 10% is found. In fact,
at the level of ratios, only the NRQM Rηc discriminates
between NP fits 6 and 7. One can compare the values for
RJ=ψ with the only available experimental measurement
quoted above. In this case we see all predictions fall short of
the present central experimental value by almost 2σ, adding
in quadrature the errors given in Eq. (2). The agreement is
slightly better when using the pQCD form-factor set. The
improvement is not significant, however, within the present
accuracy in the data and, as we explain below, there are
some inconsistencies in the corresponding pQCD form
factors for this decay.
Now we discuss results for the d2Γ=ðdωd cos θlÞ and

d2Γ=ðdωdElÞ double differential distributions. The a0;1;2
c.m. angular and c0;1;2 LAB energy expansion coefficients
are shown in Figs. 3 and 4, and Figs. 5 and 6 for the ηc and
J=ψ decay modes, respectively.
For the B̄c → ηcτν̄τ decay, both sets of form factors lead

to qualitatively very similar results. As in Ref. [33] for the
Λb → Λcτν̄τ semileptonic decay, we find that, with the
exception of a0, all the other expansion coefficients serve
the purpose of giving a clear distinction between NP fits 6
and 7. Thus, different fits that otherwise give similar
dΓ=dω decay widths can be told apart by looking at these
c.m. angular or LAB energy observables. In addition, we
also observe ω shapes for all B̄c → ηc SM and NP
coefficients similar to those obtained in Ref. [33] for the
Λb → Λc transition, except a0 that here grows with ω while
for the baryon decay it is a decreasing function of ω.
The corresponding results for a decay into J=ψ are

shown in Figs. 5 and 6. There are two distinct features in
this case. First, the utility of these observables to distin-
guish between fits 6 and 7 and, in some cases, between
those NP predictions and the SM results, is not as good as
in the ηc case. This happens to be true independent of the
form-factor set used. Second, the results obtained with the
two form-factor sets turn out to be very different in most
cases, with only a0 and a1 showing a similar qualitative

TABLE I. Rηc and RJ=ψ ratios obtained in the SM and with NP effects from Ref. [31]. We give results using the [NRQM] [19] and
[pQCD] [22] sets of form factors, and additionally RSM

J=ψ from the LQCD analysis carried out by the HPQCD collaboration [63].

SM NP fit 6 NP fit 7

[NRQM] [pQCD] [HPQCD] [NRQM] [pQCD] [NRQM] [pQCD]

Rηc ¼ ΓðB̄c→ηcτν̄τÞ
ΓðB̄c→ηcμν̄μÞ

0.349þ0.000
−0.007 0.309 0.452þ0.034

−0.030 0.40þ0.03
−0.03 0.384þ0.024

−0.018 0.40þ0.04
−0.03

RJ=ψ ¼ ΓðB̄c→J=ψτν̄τÞ
ΓðB̄c→J=ψμν̄μÞ

0.266þ0.000
−0.004 0.289 0.2601� 0.0036 0.306þ0.007

−0.007 0.342þ0.013
−0.015 0.301þ0.005

−0.007 0.326þ0.008
−0.009

4The kinematical treatment is fully relativistic, but close to
q2 ¼ 0, the transition matrix elements are sensitive to large
momentum components of the nonrelativistic meson wave
functions.
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behavior. By looking at SM results alone we find a good
qualitative agreement between NRQM and LQCD results
while, with the exception of a0 and a1, we find very
different shapes for the results obtained using the pQCD
form factors. In order to better understand this discrepancy,
we show in Fig. 7 all the form factors defined in Eqs. (A1)

and (A2), for decays into both ηc and J=ψ . In the left panel
we give the results obtained with the AL1 NRQM of
Ref. [19]. We see the results are close to expectations from
Eq. (A7) based on HQSS. In the middle panel we give the
results obtained using the form factors from Ref. [22] and
the quark level equations of motion from Ref. [67]. Large

FIG. 3. B̄c → ηcτν̄τ decay: c.m. a0;1;2 angular expansion coefficients as a function of ω. We show results obtained with both NRQM
(upper panels) and pQCD (lower panels) form factors from Refs. [19,22], respectively. The beyond the SM scenarios fits 6 and 7 are
taken from Ref. [31]. Uncertainty bands are as in Fig. 2.

FIG. 4. B̄c → ηcτν̄τ decay: Same as in Fig. 3 but for the LAB c0;1;2 energy expansion coefficients.
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violations of HQSS are already seen for hA2
and hA3

(where
no quark level equations ofmotion are involved), also forhT3

and, to a lesser extent, for hP. These HQSS violations are
related, at least in part, to the fact that theA0ðq2Þ; A1ðq2Þ and
A2ðq2Þ axial form factors evaluated inRef. [22], and in terms

of which the hA1;2;3
ones are determined, do not respect the

q2 ¼ 0 constraint,

A0ð0Þ ¼
M þM0

2M0 A1ð0Þ −
M −M0

2M0 A2ð0Þ: ð7Þ

FIG. 5. B̄c → J=ψτν̄τ decay: c.m. a0;1;2 angular expansion coefficients as a function of ω. We show results obtained with both, NRQM
(upper panels) and pQCD (lower panels) form factors from Refs. [19,22], respectively. In the upper panels, SM results for these
observables obtained with the LQCD form factors reported in Ref. [62] are also displayed. The beyond the SM scenarios fits 6 and 7 are
taken from Ref. [31]. Uncertainty bands are as in Fig. 2.

FIG. 6. B̄c → J=ψτν̄τ decay: Same as in Fig. 5 but for the LAB c0;1;2 energy expansion coefficients.
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Even though q2 ≥ m2
τ for a final τ, taking the wrong values

of the form factors at q2 ¼ 0 affects the determination of the
values at larger q2. In the right panel of Fig. 7 we see the
effect of imposing the above constraint on A0ð0Þ. The hP
form factor is now in agreement with HQSS expectations
and things improve for hA2

; hA3
and hT3

. Note that this
restriction also corrects the divergences at q2 ¼ 0 that
otherwise appear for hA2

and hA3
which signatures are

clearly visible in the middle panel at large recoils.5

Moreover, with this restriction imposed, the results for
RJ=ψ would get smaller, 0.311þ0.007

−0.006 for fit 6 and
0.303þ0.005

−0.004 for fit 7, and in much better agreement with
the ones obtained using the NRQM form factors from
Ref. [19] (see Table I). Besides, and though they are less
important numerically, there are divergences in all three
hT1;2;3

form factors at q2 ¼ 0 when quark-level equations of
motion are used to obtain them. The beginning of these
divergences can already be seen in the middle and right
panels of Fig. 7.

In Fig. 8 we now show the forward-backward asymmetry
in the c.m. frame evaluated with the form factors from the
NRQM of Ref. [19]. This asymmetry is given by the ratio

AFB ¼ a1ðωÞ
2a0ðωÞ þ 2a2ðωÞ=3

: ð8Þ

For the decay into J=ψ , SM results for this asymmetry from
the LQCD form factors of Ref. [62] are also shown. Note
that AFB is given in [63] as well. For this decay mode, as it
is also the case for other observables, the SM result falls
into the error band of fit 6. However, for both B̄c → ηc and
B̄c → J=ψ transitions, this observable is also able to
distinguish between fits 6 and 7, in particular for the ηc
channel.

B. Results with a polarized final τ lepton

In this section we collect the results corresponding to the
B̄c → ηcτν̄τ and B̄c → J=ψτν̄τ decays with a polarized τ
(well-defined helicity h ¼ �1 in the c.m. or LAB frames).
In this case, and for simplicity, we will only present results
obtained with the use of the NRQM form factors from
Ref. [19], and, for the B̄c → J=ψ case, also the SM results

FIG. 7. Different ha form factors defined in Eqs. (A1) and (A2) for B̄c → ηc and B̄c → J=ψ semileptonic decays. Left panel: results
obtained with the NRQM of Ref. [19] using the AL1 potential. Middle panel: results obtained from the form factors of Ref. [22] and the
use of quark-level equations of motion from Ref. [67]. Right panel: same as the middle panel but forcing Eq. (7) on A0ð0Þ.

FIG. 8. Forward-backward asymmetry in the c.m. reference frame for the B̄c → ηcτν̄τ (left) and B̄c → J=ψτν̄τ (right) decays. The
results have been obtained with the form factors evaluated with the NRQM of Ref. [19]. For the B̄c → J=ψ case, we also show the SM
prediction from the LQCD results of Ref. [63]. Uncertainty bands are as in Fig. 2.

5Note that when we use the form factors from Ref. [22], we
determine hA1;2;3

from A0;1;2 and the relation in Eq. (7) has to be
satisfied in order for hA2;3

not to diverge at q2 ¼ 0.
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obtained with the LQCD form factors from Ref. [62]. In
Fig. 9 we show the dΓ=dω differential decay width for the
B̄c → ηcτν̄τ decay with a final τ with well-defined helicity
in the c.m. reference frame (left panel) and in the LAB
system (right panel). The corresponding results for the
B̄c → J=ψτν̄τ decay are presented in Fig. 10. The negative
helicity contribution is dominant in all cases except for the
ηc c.m. distributions obtained both in the SM and in fit 6.
This unexpected feature also occurs for the polarized
B̄ → Dτν̄τ decay (see Appendix D). We see that both
c.m. and LAB τ negative-helicity distributions obtained in
ηc decays clearly discriminate between SM and different NP
scenarios. On the other hand, for the B̄c → J=ψτν̄τ decay
dΓ=dω is not an efficient tool for that purpose, even taking
into account information on the outgoing τ polarization. As
we noted in Fig. 2 for the unpolarized dΓ=dω, the LQCD
results [62] for the SM τ negative-helicity c.m. and LAB B̄c
distributions are around 2σ below the NRQM predictions,
while the shapes turn out to be in excellent agreement.
As shown in Ref. [33], for a polarized final τ lepton with

well-defined helicity h ¼ �1, the c.m. angular and LAB
energy distributions are respectively determined by

2
P̄ jMj2

M2ð1−m2
l

q2 Þ
¼ a0ðω;hÞþa1ðω;hÞcosθlþa2ðω;hÞðcosθlÞ2

ð9Þ
2
P̄ jMj2
M2

¼ 1

2

�
c0 þ c1

El

M
þ c2

E2
l

M2

�

−
h
2

M
pl

�
ĉ0 þ ½c0 þ ĉ1�

El

M
þ ½c1 þ ĉ2�

E2
l

M2

þ ½c2 þ ĉ3�
E3
l

M3

�
: ð10Þ

In the latter equation, pl is the modulus of the final charged
lepton three-momentum measured in the LAB frame. The
general expressions of the a0;1;2ðω; hÞ and ĉ0;1;2;3ðωÞ
coefficients in terms of the W̃ SFs can be found in
Ref. [33]. In Figs. 11 and 12 we present the results for
the functions a0;1;2ðω; h ¼ �1Þ (c.m.) and ĉ0;1;2;3ðωÞ
(LAB) for the polarized B̄c → ηcτν̄τ reaction.
We see that even taking uncertainties into account, fits 6

and 7 provide distinct predictions for all nonzero angular
coefficients that also differ from the SM results, with the

FIG. 9. c.m. (left) and LAB (right) helicity decomposition of the dΓðB̄c → ηcτν̄τÞ=dω differential decay width, calculated with the
NRQM form factors from Ref. [19]. Uncertainty bands are as in Fig. 2.

FIG. 10. As in Fig. 9, but for the B̄c → J=ψτν̄τ decay. We also show the SM results obtained with LQCD form factors from Ref. [62].
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exception of a0ðω; h ¼ þ1Þ, for which SM and NP fit 6
results overlap below ω ≤ 1.1. We also observe that for this
decay (B̄c → ηc), the relations

a0ðω;h¼−1Þ¼−a2ðω;h¼−1Þ; a1ðω;h¼−1Þ¼0 ð11Þ
are satisfied because of angular momentum conservation.
Since both the initial and final hadrons have zero spin, the

virtual particle exchanged (a W boson in the SM) should
have helicity zero. In the c.m. system this corresponds to a
zero spin projection along the quantization axis defined by
its three-momentum in the LAB frame, the same axis that is
defined by the final hadron LAB (or c.m.) three-momentum.
Thus, in the c.m. system, the angular momentum of the
final lepton pair measured along that axis must be zero.

FIG. 11. c.m. angular expansion coefficients for the B̄c → ηcτν̄τ decay with a polarized τ with positive (upper panels) and negative
(lower panels) helicity. They have been evaluated with the NRQM form factors from Ref. [19]. Uncertainty bands as in Fig. 2.

FIG. 12. LAB charged lepton energy expansion coefficients ĉ0;1;2;3ðωÞ for the polarized B̄c → ηcτν̄τ decay. We also show the
ðc0 þ ĉ1Þ, ðc1 þ ĉ2Þ and ðc2 þ ĉ3Þ sums in the third top, second and fourth bottom panels, respectively. All the functions have been
evaluated with the NRQM form factors from Ref. [19]. Uncertainty bands are as in Fig. 2.
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As a consequence, the c.m. helicity of a final τ lepton emitted
along that direction, which corresponds to either θl ¼ 0 or
θl ¼ π, must equal that of the ν̄τ, the latter being always
positive. This means that a negative helicity τ cannot be
emitted in the c.m. system when θl ¼ 0 or π. Looking at
Eq. (9), this implies that a0ðω; h ¼ −1Þ ¼ −a2ðω; h ¼ −1Þ
and a1ðω; h ¼ −1Þ ¼ 0.
Besides, at zero recoil c.m. and LAB frames coincide

and angular momentum conservation requires the helicity
of the τ lepton to equal that of the antineutrino. This implies
a0ðω ¼ 1; h ¼ −1Þ ¼ −a2ðω ¼ 1; h ¼ −1Þ ¼ 0, and also
the cancellation of Eq. (10) at zero recoil for h ¼ −1. In
fact, the LAB d2ΓðB̄c → ηcτν̄τÞ=ðdωdElÞ distribution
should cancel for h ¼ −1 and any value of ω when El
equals its maximum value6 for that particular ω. The reason
is that this maximum El value corresponds necessarily to
θl ¼ π and in that case the helicity of the τ is the same in
both c.m. and LAB frames. Since h ¼ −1 is forbidden in
the c.m. for that specific kinematics it is also forbidden
in the LAB. Note that any violation of these results will
require negative helicity antineutrinos which means NP
contributions with right-handed neutrinos. The possible
role of such beyond the SM terms in the explanation of
the LFU ratio anomalies has been considered in
Refs. [47,68–77] and their existence has not been discarded
by the available B̄ → Dð�Þ data [78].
Note also that, as a result of a1ðω; h ¼ −1Þ being zero for

the Pb → Pc decays, the forward-backward asymmetry in
the c.m. system (AFB shown in the left panel of Fig. 8) can
only originate from positive helicity τ’s. For the same reason,
for massless charged leptons (l ¼ e, μ),AFB vanishes in the
SM for transitions between pseudoscalar mesons.
Looking at positive helicities, one finds that, in the high

ω region, the quantity a0ðω; h ¼ þ1Þ − a1ðω; h ¼ þ1Þ þ
a2ðω; h ¼ þ1Þ shows a steady decrease, as ω increases. In
fact, at maximum recoil, one has the approximate result:

a0ðωmax; h ¼ þ1Þ − a1ðωmax; h ¼ þ1Þ
þ a2ðωmax; h ¼ þ1Þ ≈ 0; ð13Þ

which can be readily inferred from the corresponding
figures and which corresponds to a very small probability
of c.m. positive helicity τ’s emitted at θl ¼ π when
ω ¼ ωmax. This result can be partially understood taking
into account that our main contribution selects negative
chirality for the final charged lepton.7 A τ lepton emitted
with positive helicity in the c.m. frame and with θl ¼ π will
also have positive helicity in the LAB frame. However,

close to maximum recoil its momentum in the LAB is very
large and helicity almost equals chirality, hence the partial
cancellation. Note that this result would be independent of
the spin of the hadrons involved as long as negative chirality
lepton current operators are dominant. This approximate
relation in Eq. (13) can already be seen in the polarized
results for the Λb → Λc decay shown in Ref. [33]. Besides,
and for the same chirality/helicity argument, one expects the

LAB ratio dΓ=dωðh¼þ1Þ
dΓ=dωðh¼−1Þ to be small in the high ω region, the

reason being that for ω close to ωmax the charged lepton
energies are significantly larger than its mass.
In Fig. 12 we present the results for the ĉ0;1;2;3ðωÞ

coefficients associated to this decay. We observe that ĉ0ðωÞ
and ĉ1ðωÞ are able to distinguish between the two NP fits
from Ref. [31] considered in the present work. The other
two observables ĉ2ðωÞ and ĉ3ðωÞ, available from the
polarized d2ΓðB̄c → ηcτν̄τÞ=ðdωdElÞ distribution, turn
out to be very small and negligible when compared with
c1 and c2, respectively (see the plots in Fig. 12). Therefore,
these two additional coefficients have little relevance in the
discussion of the NP fits 6 and 7, for which the NP tensor
Wilson coefficient jCT j ∼ 10−2 is quite small. As discussed
in Ref. [33], ĉ2 and ĉ3 are, however, optimal observables to
restrict the validity of NP schemes with larger jCT j values.
In Figs. 13 and 14 we collect the corresponding results

for the B̄c → J=ψτν̄τ decay. In this case, no angular mome-
ntum related restriction is in place for a0;1;2ðω;h¼−1Þ
since the final hadron has spin one and there are three
possible helicity states. However, one can see that the
approximate relation in Eq. (13) is indeed satisfied. Also

the discussion above about the LAB ratio dΓ=dωðh¼þ1Þ
dΓ=dωðh¼−1Þ being

small near maximum recoil also applies for this decay.
When looking at SM results alone we find a qualitative
agreement of NRQM and LQCD results.
To conclude this section, in Fig. 15 we present the results

for the τ polarization asymmetry

Aλτ ¼
dΓ=dωðh ¼ −1Þ − dΓ=dωðh ¼ þ1Þ
dΓ=dωðh ¼ −1Þ þ dΓ=dωðh ¼ þ1Þ ð14Þ

measured both in the c.m. and LAB frames.
For the B̄c → ηc decay we see that both polarization

asymmetries equal minus one at zero recoil and that the
LAB one tends to plus one when maximum recoil is
approached. The Wilson coefficients of the charged-lepton
positive chirality OSL;SR operators in fit 7 are significantly
larger than in fit 6, which explains the larger deviations of
Aλτ fromþ1 at ω ¼ ωmax in the first NP scenario. This is in
perfect accordance with the discussion above. As it is clear
from the figure, the c.m. polarization asymmetry is a good
observable to distinguish between different NP scenarios.
This is not the case however of the LAB one. For the B̄c →
J=ψ decay the asymmetries are equal at zero recoil, since
c.m. and LAB frames coincide at ω ¼ 1, but otherwise they
show a very differentω dependence. None of them is able to

6The maximum Eþ
l and minimum E−

l energy values allowed to
the final charged lepton for a given ω are

E�
l ¼ ðM −M0ωÞðq2 þm2

lÞ �M0 ffiffiffiffiffiffiffiffiffiffiffiffiffiω2 − 1
p

ðq2 −m2
lÞ

2q2
: ð12Þ

7Note that only theOSL;SR andOT NP terms in Eqs. (3) and (4)
select positive chirality for the final charged lepton.

PENALVA, HERNÁNDEZ, and NIEVES PHYS. REV. D 102, 096016 (2020)

096016-12



distinguish NP results for fits 6 and 7 among themselves and
from the SM.We also observe for these latter decays, a quite
good agreement between NRQM and LQCD predictions in
particular for the results found in the c.m. frame, which are
also reported in the recent analysis of Ref. [63].

Although the B̄c → J=ψ decay is perhaps easier to
measure experimentally, as a general rule we find
the B̄c → J=ψ observables, also in the case of a polarized
τ, are less optimal for distinguishing between NP fits 6
and 7 than those discussed above for B̄c → ηc decays, or

FIG. 14. LAB charged lepton energy expansion coefficients ĉ0;1;2;3ðωÞ for the polarized B̄c → J=ψτν̄τ decay. We also show the
ðc0 þ ĉ1Þ, ðc1 þ ĉ2Þ and ðc2 þ ĉ3Þ sums in the third top, second and fourth bottom panels, respectively. All the functions have been
evaluated with the NRQM form factors from Ref. [19]. We also show the SM results obtained with LQCD form factors from Ref. [62].
Uncertainty bands are as in Fig. 2.

FIG. 13. c.m. angular expansion coefficients for the B̄c → J=ψτν̄τ decay with a τ with positive (upper panels) and negative (lower
panels) helicity. They have been evaluated with the NRQM form factors from Ref. [19]. We also show the SM results obtained with
LQCD form factors from Ref. [62]. Uncertainty bands are as in Fig. 2.
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those presented in Ref. [33] for the related Λb → Λc semi-
leptonic decay.

III. B̄ → D AND B̄ → D� SEMILEPTONIC
DECAY RESULTS WITH AN UNPOLARIZED

FINAL τ LEPTON

We present now results for the B̄ → Dτν̄τ and B̄ →
D�τν̄τ semileptonic decays. As in the previous section, we

FIG. 16. dΓðB̄ → Dτν̄τÞ=dω (left) and dΓðB̄ → D�τν̄τÞ=dω (right) differential decay widths, as a function of ω and in units of
10jVcbj2ps−1. We show SM predictions and full NP results obtained using the Wilson coefficients and form factors corresponding to fits
6 and 7 of Ref. [31]. Uncertainty bands are obtained as explained in the main text.

FIG. 15. τ polarization asymmetryAλτ, defined in Eq. (14), for the B̄c → ηc (upper panels) and B̄c → J=ψ (lower panels) semileptonic
decays measured in the c.m. (left panels) and LAB (right panels) frames. They have been obtained with the NRQM form factors from
Ref. [19]. For the B̄c → J=ψ case we also show the SM results obtained with the LQCD form factors from Ref. [62]. Uncertainty bands
are as in Fig. 2.

TABLE II. RD andRD� ratios obtained in the SM and with NP
effects from Ref. [31].

SM Fit 6 Fit 7

RD ¼ ΓðB̄→Dτν̄τÞ
ΓðB̄→Dlν̄lÞ

0.300� 0.005 0.405� 0.048 0.389� 0.045

RD� ¼ ΓðB̄→D�τν̄τÞ
ΓðB̄→D�lν̄lÞ

0.251� 0.004 0.302� 0.014 0.306� 0.013
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shall use the Wilson coefficients and form factors corre-
sponding to fits 6 and 7 in Ref. [31]. The form factors are
taken from Ref. [15], but in Ref. [31] not only the Wilson
coefficients but also the 1=mb;c and 1=m2

c corrections to the
form factors are simultaneously fitted to experimental data.
To estimate the theoretical uncertainties, for each fit, we
shall use different sets of Wilson coefficients and form
factors, selected such that the χ2 merit function computed in
[31] changes at most by one unit from its value at the fit
minimum. With those sets, for each of the observables that
we calculate we determine the maximum deviations above
and below their central values. These deviations will give
us the 1σ theoretical uncertainty and it will be shown as an
error band in the figures below.
We start by showing in Fig. 16 the dΓ=dω differential

decay width. Both NP fits give similar results that differ
from the SM distribution. The corresponding predictions
for the RD and RD� ratios are given in Table II. The ratios
obtained with NP are in agreement with present exper-
imental results, though they are located at the high-value
corner of the allowed regions, since they were fitted in
Ref. [31] to the previous HFLAV world average values
quoted in [2].8 Again, we notice that for these quantities
both fits are equivalent within errors and other observables
are needed in order to decide between different NP
explanations of the experimental data.
These observables can be the a0;1;2 and c0;1;2 coefficients

in the c.m. angular d2Γ=ðdωd cos θlÞ and LAB energy

d2Γ=ðdωdElÞ distributions. They are shown in Figs. 17
and 18 for the B̄ → Dτν̄τ and B̄ → D�τν̄τ decays, respec-
tively. With the only exception of a0, all of them can be
used to distinguish between the two fits. However, for the
B̄ → D�, and similar to what happened for the B̄c → J=ψ
decay, SM results for some of these coefficients fall within
the error band of those obtained from NP fit 6. In fact the
ω-shape patterns exhibited in Figs. 17 and 18 for the
B̄ → Dð�Þ reactions are qualitatively similar to those found
in Sec. II for the B̄c decays.
We stress that the LAB d2ΓðB̄ → Dð�Þτν̄τÞ=ðdωdElÞ

differential decay widths are reported for the very first time
in this work. Though, as shown in [33], c.m. and LAB
unpolarized distributions provide access to equivalent
dynamical information [invariant functions AðωÞ, BðωÞ
and CðωÞ defined in Eq. (14) of that reference], it should be
explored if the LAB observables could be measured with
better precision.
In Fig. 19 we show the c.m. forward-backward asym-

metry [Eq. (8)]. The shape in each case is very similar to
what we obtained respectively for B̄c → ηc and B̄c → J=ψ
decays, see Fig. 8, with very close values at maximum
recoil and significantly smaller errors.
To minimize experimental and theoretical uncertainties,

it was proposed in Ref. [33] to pay attention to the ratio
RðAFBÞ, defined as

RðAFBÞ ¼
ðAFBÞτ

ðAFBÞSMl¼e;μ

¼
½ a1
2a0þ2a2=3

�τ
½ a1
2a0þ2a2=3

�SMl¼e;μ

: ð15Þ

In Fig. 20, we show the theoretical predictions for RðAFBÞ
for the B̄c → J=ψ , B̄ → D� and Λb → Λc semileptonic

FIG. 17. B̄ → Dτν̄τ decay: a0;1;2 c.m. angular and c0;1;2 LAB energy expansion coefficients as a function of ω. Uncertainty bands are
as in Fig. 16.

8In the latest HFLAV average [1], a measurement by the
BABAR collaboration [79] is omitted, because it does not allow
for a separation of the different isospin modes.
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FIG. 19. Forward-backward asymmetry in the c.m. reference frame for the B̄ → Dτν̄τ (left) and B̄ → D�τν̄τ (right) decays.
Uncertainty bands are as in Fig. 16.

FIG. 18. B̄ → D�τν̄τ decay: a0;1;2 c.m. angular and c0;1;2 LAB energy expansion coefficients as a function of ω. Uncertainty bands are
as in Fig. 16.

FIG. 20. RðAFBÞ ratios defined in Eq. (15) for the B̄c → J=ψ , B̄ → D� and Λb → Λc semileptonic decays, as a function of ω. Errors
bands have been calculated as in Figs. 2 and 16 for the B̄c and B̄ meson decays. The Λb plot has been taken from Fig. 4 of Ref. [33],
while for the B̄c → J=ψ decay, we also show the SM results obtained with LQCD form factors from Ref. [62].
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decays, with the latter taken from Ref. [33] where details of
the LQCD form factors used in the calculation can be
found. In addition, for B̄c → J=ψ, we also display the SM
results obtained with LQCD form factors from Ref. [62],
which agree remarkably well with the NRQM distribution.
Note that for B̄c → ηc and B̄ → D decays, the denominator
in Eq. (15) vanishes in the massless lepton limit (ml → 0Þ,
since a1ðωÞ ¼ a1ðω; h ¼ −1Þ þ a1ðω; h ¼ þ1Þ, and the
negative helicity contribution is zero [Eq. (11)], while
the positive helicity one is proportional to ml.
The ratio RðAFBÞ can be measured by subtracting the

number of events seen for θl ∈ ½0; π=2� and for θl ∈
½π=2; π� and dividing by the total sum of observed events,
in each of the Hb → Hcτν̄τ and Hb → HceðμÞν̄eðμÞ reac-
tions.We expect that this observable should be free of a good
part of experimental normalization errors. On the theoretical
side, we see in Fig. 20 that predictions for this ratio have
indeed small uncertainties, and that this quantity has the
potential to establish the validity of the NP scenarios
associated to fit 7, even more if all three reactions shown
in Fig. 20 are simultaneously confronted with experiment.
For completeness, B̄ → Dð�Þ results with a polarized

final τ are given in Appendix D. Roughly, the same
qualitative features that we have discussed for the polarized
B̄c → ηc and B̄c → J=ψ semileptonic decays are also found
in this case.

IV. CONCLUSIONS

We have shown the relevant role that the a0;1;2ðωÞ c.m.
and c0;1;2ðωÞ LAB scalar functions, in terms of which the
c.m. d2Γ=ðdωd cos θlÞ and LAB d2Γ=ðdωdElÞ differential
decay widths are expanded, could play in order to separate
between different NP scenarios that otherwise give rise to
the sameRDð�Þ ;Rηc;J=ψ ratios. The scheme we have used is
the one originally developed in Ref. [33], and applied there
to the analysis of the Λb → Λcτν̄τ decay, which we have
extended in this work to the study of the B̄ → D; B̄ →
D�; B̄c → ηc and B̄c → J=ψ meson reactions.
For the B̄c → ηc; J=ψ transitions we have obtained

results from a NRQM scheme, consistent with the expected
breaking pattern of HQSS from B̄ → Dð�Þ decays [80],
estimating the systematic uncertainties caused by the use of
different interquark potentials. Besides, and since SM
LQCD vector and axial form factors for B̄c → J=ψ have
recently been reported by the HPQCD collaboration [62],
we have made systematic comparisons with the SM
observables computed with the LQCD input. In general,
though there appear some overall normalization inconsis-
tencies, we find quite good agreements for ω shapes, which
become much better for observables constructed out of
ratios of distributions, like the τ-forward-backward [AFB]
and τ-polarization [Aλτ ] asymmetries, as well as the ratios
between predictions obtained in τ and (e=μ) modes like
RJ=ψ (Table I) or RðAFBÞ (Fig. 20). This further supports

the reliability of our results for the LAB or the B̄ → ηc
distributions, not yet studied.
As a general rule, the B̄c → J=ψ observables, even

involving τ polarization, are less optimal for distinguishing
between NP scenarios than those obtained from B̄c → ηc
decays, or those discussed in Ref. [33] for the related
Λb → Λc semileptonic decay. We have also found quali-
tative similar behaviors for B̄ → D and B̄c → ηc, and
B̄ → D� and B̄c → J=ψ decay observables.
We have also drawn attention to the ratio RðAFBÞ,

defined in Eq. (15) and shown in Fig. 20 for B̄c → J=ψ,
B̄ → D� and Λb → Λc decays, as a promising quantity,
both from the experimental and theoretical points of view,
to shed light into details of different NP scenarios in
b → cτν̄τ transitions.
One should notice however that the effective

Hamiltonian of Eq. (3), despite excluding right-handed
neutrino terms, contains five, complex in general, NP
Wilson coefficients. While one of them can always be
taken to be real, that still leaves nine free parameters to be
determined from data. Even assuming that the form factors
were known, and therefore the genuinely hadronic part (W)
of the W̃ SFs, it would be difficult to determine all NP
parameters just from the study of a unique reaction. As
shown in Ref. [33], for decays with an unpolarized final τ
lepton, the c.m. d2Γ=ðdωd cos θlÞ and LAB d2Γ=ðdωdElÞ
differential decay widths are completely determined by only
three independent functions which are linear combinations
of the W̃ SFs, the latter depending on the NP Wilson
coefficients. This means that a0;1;2ðωÞ and c0;1;2ðωÞ contain
the same information. For the case of polarized final τ’s, the
c.m. d2Γ=ðdωd cos θlÞ and LAB d2Γ=ðdωdElÞ distribu-
tions provide complementary information giving access to
another five independent linear combinations of the W̃’s
[33]. But in this case it is the experimental measurement of
the required polarized decay that could become a very
difficult task. We think it is therefore more convenient to
analyze data from various types of semileptonic decays
simultaneously (e.g., B̄ → D; B̄ → D�, Λb → Λc; B̄c → ηc;
B̄c → J=ψ…), considering both the e=μ and τ modes. The
scheme presented in [33] is a powerful tool to achieve this
objective.
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APPENDIX A: FORM FACTORS FOR Pbð0− Þ → Pcð0− Þ AND Pbð0− Þ → P�
cð1− Þ TRANSITIONS

For these two transitions we use the standard definitions of the form factors taken from Ref. [15],9

(i) Pb → Pc

hPc; p⃗0jc̄ð0Þbð0ÞjPb; p⃗i ¼
1þ ω

2
hSðωÞ

hPc; p⃗0jc̄ð0Þγ5bð0ÞjPb; p⃗i ¼ hPc; p⃗0jc̄ð0Þγαγ5bð0ÞjPb; p⃗i ¼ 0

hPc; p⃗0jc̄ð0Þγαbð0ÞjPb; p⃗i ¼
1

2
ðvα þ v0αÞhþðωÞ þ

1

2
ðvα − v0αÞh−ðωÞ

hPc; p⃗0jc̄ð0Þσαβbð0ÞjPb; p⃗i ¼
i
2
ðv0αvβ − v0βvαÞhTðωÞ

hPc; p⃗0jc̄ð0Þσαβγ5bð0ÞjPb; p⃗i ¼
1

2
ϵαβδηv0δvηhTðωÞ ðA1Þ

with vα¼pα=M and v0α ¼ p0α=M0 ¼ ðpα − qαÞ=M0, the quadrivelocities of the initial and final hadrons, which have masses
M and M0, respectively, ω ¼ ðv · v0Þ and ϵ0123 ¼ þ1.
(ii) Pb → P�

c

hP�
c; p⃗0; rjc̄ð0Þbð0ÞjPb; p⃗i ¼ 0

hP�
c; p⃗0; rjc̄ð0Þγ5bð0ÞjPb; p⃗i ¼ −

1

2
ðϵ�r · vÞhPðωÞ

hP�
c; p⃗0; rjc̄ð0Þγαbð0ÞjPb; p⃗i ¼

i
2
ϵαδηγϵ

�δ
r v0ηvγhVðωÞ

hP�
c; p⃗0; rjc̄ð0Þγαγ5bð0ÞjPb; p⃗i ¼

ωþ 1

2
ϵ�αr hA1

ðωÞ − ðϵ�r · vÞ
2

½vαhA2
ðωÞ þ v0αhA3

ðωÞ�

hP�
c; p⃗0; rjc̄ð0Þσαβbð0ÞjPb; p⃗i ¼ −

1

2
ϵαβδηfϵ�δr ½ðvη þ v0ηÞhT1

ðωÞ þ ðvη − v0ηÞhT2
ðωÞ� þ vδv0ηðϵ�r · vÞhT3

ðωÞg

hP�
c; p⃗0; rjc̄ð0Þσαβγ5bð0ÞjPb; p⃗i ¼ −

i
2
fϵ�αr ½ðvβ þ v0βÞhT1

ðωÞ þ ðvβ − v0βÞhT2
ðωÞ�

− ϵ�βr ½ðvα þ v0αÞhT1
ðωÞ þ ðvα − v0αÞhT2

ðωÞ� þ ðvαv0β − vβv0αÞðϵ�r · vÞhT3
ðωÞg; ðA2Þ

where r is the helicity of the final vector meson,
with ϵr its corresponding polarization vector. In short,

hP�
c; p⃗0; rjc̄ð0ÞΓðαβÞbð0ÞjPb; p⃗i ¼ TðαβÞ

μ ϵμ�r ðA3Þ

with ΓðαβÞ ¼ 1; γ5; γα; γαγ5; σαβ and σαβγ5 and TðαβÞ
μ read

from Eq. (A2).
The form factors are real functions of ω greatly

constrained by HQSS near zero recoil (ω ¼ 1) [15,80].
Indeed, all factors in Eqs. (A1) and (A2) have been
chosen such that in the heavy quark limit each form

factor either vanishes or equals the leading-order Isgur-
Wise function10

9Note however that within the conventions of Ref. [33], which
we follow here, our hadronic matrix elements are dimensionless
and they should be compared to those given in [15] divided by affiffiffiffiffiffiffi
2M

p ffiffiffiffiffiffiffiffi
2M0p

factor.

10These relations trivially follow from

hPð�Þ
c ; p⃗0;ðrÞjc̄ð0ÞΓbð0ÞjPb; p⃗i¼−

1

2
ξðωÞTr½H̄ðcÞ

v0 ΓH
ðbÞ
v �; ðA4Þ

where the pseudoscalar and vector mesons are represented by a
superfield, which has the right transformation properties under
heavy quark and Lorentz symmetry [15,80]

HðQÞ
v ¼ 1þ=v

2
ðVðQÞ

v =ϵ−PðQÞ
v γ5Þ ðA5Þ

and H̄ðQÞ
v ¼ γ0HðQÞ†

v γ0. For B̄c → ηc; J=ψ transitions, the appro-
priate 4 × 4 field accounts also for the heavy anticharm quark
both in the initial and final mesons [81]

HðQc̄Þ
v ¼ 1þ =v

2
ðVðQc̄Þ

v =ϵ − PðQc̄Þ
v γ5Þ

1 − =v
2

: ðA6Þ
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h−¼ hA2
¼ hT2

¼ hT3
¼ 0;

hþ ¼ hV ¼ hA1
¼ hA3

¼ hS ¼ hP¼ hT ¼ hT1
¼ ξ: ðA7Þ

The hadron tensors and W̃ SFs introduced in Ref. [33]
are straightforwardly obtained from Eq. (A1) in the case of
Pb → Pc transitions, while for decays into vector mesons,
we use X

r

hP�
c; p⃗0;rjc̄ð0ÞΓðαβÞbð0ÞjPb; p⃗i

× hP�
c; p⃗0;rjc̄ð0ÞΓðρλÞbð0ÞjPb; p⃗i�

¼TðαβÞ
μ TðρλÞ

ν ð−gμνþv0μv0νÞ: ðA8Þ
The explicit expressions for the W̃ SFs in terms of the
above form factors and the Wilson coefficients are given in
the following Appendix.

APPENDIX B: HADRON TENSOR W̃
SFs FOR THE Pb → Pcl− ν̄l AND

Pb → P�
cl− ν̄l DECAYS

We compile here the W̃ SFs introduced in Ref. [33]
for the particular meson decays studied in this work. As
shown in that reference, these W̃ SFs determine the LAB
d2Γ=ðdωdElÞ and c.m. d2Γ=ðdωd cos θl) differential
decay widths, for the full set of NP operators in Eq. (3),
for generally complex Wilson coefficients, and for the case
where the final charged lepton has a well-defined helicity in
either reference frame. In the equations below, we use
CV;A ¼ ð1þ CVL

� CVR
Þ and CS;P ¼ ðCSL � CSRÞ.

1. Pb → Pcl− ν̄l
In this case, the SFs related to the SM currents are

W̃1 ¼ W̃3 ¼ 0; W̃2 ¼
jCV j2
r

F2þ;

W̃4 ¼
jCV j2
4r

ðFþ − F−Þ2; W̃5 ¼
jCV j2
r

FþðF− − FþÞ; ðB1Þ

where

Fþ ¼ 1

R

�
hþ −

1 − r
1þ r

h−

�
; F− ¼ 1

R

�
h− −

1 − r
1þ r

hþ

�
¼ 1 − r2

1þ r2 − 2rω
ðF0 − FþÞ

F0 ¼
2rð1þ ωÞ
Rð1þ rÞ2

�
hþ −

1þ r
1 − r

ω − 1

ωþ 1
h−

�
ðB2Þ

with r ¼ M0=M and R ¼ 2
ffiffiffi
r

p
=ð1þ rÞ, and we have also introduced the F0 form factor in the definition of F−, as

commonly done in this type of calculations. In addition,

W̃SP ¼ jCSj2
�
1þ ω

2

�
2

h2S; W̃I1 ¼ CVC�
S
1þ ωffiffiffi

r
p hSFþ; W̃I2 ¼ CVC�

S
1þ ω

2
ffiffiffi
r

p hSðF− − FþÞ;

W̃I3 ¼ −C�
TCS

1þ ω

2r
hShT; W̃I4 ¼ −C�

TCV
hTFþ
r3=2

; W̃I5 ¼ C�
TCV

hTðFþ − F−Þ
2r3=2

; W̃I6 ¼ W̃I7 ¼ 0;

W̃T
1 ¼ jCT j2

4
ðω2 − 1Þh2T; W̃T

2 ¼ jCT j2
4r2

ð1þ r2 − 2rωÞh2T; W̃T
3 ¼ jCT j2

4r2
h2T;

W̃T
4 ¼ −

jCT j2
4r2

ð1 − rωÞh2T; W̃T
5 ¼ 0: ðB3Þ

As derived in Ref. [33], the tensor W̃ SFs accomplish

2W̃T
1 þ W̃T

2 þ ð1 − 2rωþ r2ÞW̃T
3 þ 2ð1 − rωÞW̃T

4 ¼ 0: ðB4Þ
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2. Pb → P�
cl− ν̄l

In this case, the W̃ SFs related to the SM currents are

W̃1 ¼
jCV j2
4

ðω2 − 1Þh2V þ jCAj2
4

ðωþ 1Þ2h2A1

W̃2 ¼ −
jCV j2
4r2

ð1þ r2 − 2rωÞh2V þ jCAj2
4r2

ðωþ 1Þ2
�
h2A1

− 2
ω − r
ωþ 1

hA1
ðrhA2

þ hA3
Þ þ ω − 1

ωþ 1
ðrhA2

þ hA3
Þ2
�

W̃3 ¼
Re½CVC�

A�
r

ðωþ 1ÞhVhA1

W̃4 ¼ −
jCV j2
4r2

h2V þ jCAj2
4r2

ðωþ 1Þ2ðhA1
− hA3

Þ
�
hA1

þ 1 − ω

1þ ω
hA3

�

W̃5 ¼
jCV j2
2r2

ð1 − rωÞh2V −
jCAj2
2r2

fð1þ ωÞðhA1
− rhA2

− hA3
Þ½ð1þ ωÞhA1

− ðω − rÞhA3
�

þ ð1þ ωÞðrhA2
þ hA3

ÞðhA1
− ð1 − rÞhA3

Þg: ðB5Þ

The rest of NP W̃ SFs are

W̃SP ¼ jCPj2
4

ðω2 − 1Þh2P

W̃I1 ¼
CAC�

P

2r
ðω2 − 1Þ

�
rhA2

þ hA3
−
ω − r
ω − 1

hA1

�
hP

W̃I2 ¼
CAC�

P

2r
ðωþ 1Þ½ωhA1

þ ð1 − ωÞhA3
�hP

W̃I3 ¼ −
CPC�

T

2r
ðω2 − 1ÞhPT1

W̃I4 ¼
CVC�

T

2r2
½ð1 − rωÞT2 þ ðω − rÞT3�hV −

CAC�
T

2r2
fðωþ 1ÞhA1

½ðr − ωÞT1 þ rT2 þ T3� þ ðω2 − 1ÞðrhA2
þ hA3

ÞT1g

W̃I5 ¼ −
CVC�

T

2r2
ðT2 þ ωT3ÞhV þ CAC�

T

2r2
fðω2 − 1ÞhA3

T1 − ðωþ 1ÞhA1
½ωT1 − T3�g

W̃I6 ¼
CVC�

T

2r
ðω2 − 1ÞhVðrT2 þ T3Þ −

CAC�
T

2r
ðωþ 1ÞhA1

½ð1 − rωÞT2 þ ðω − rÞT3�

W̃I7 ¼ −
CVC�

T

2r
ðω2 − 1ÞhVT3 þ

CAC�
T

2r
ðωþ 1ÞhA1

½T2 þ ωT3�

W̃T
1 ¼ jCT j2

4
ðω2 − 1Þ2T2

1

W̃T
2 ¼ jCT j2

4r2
½ðr2 − 2rωþ 1Þðω2 − 1ÞT2

1 þ ð1 − r2ÞðT2
3 − T2

2Þ þ 2rð1 − rωÞðωT2 þ T3ÞT2 þ 2ðr − ωÞðT2 þ ωT3ÞT3�

W̃T
3 ¼ jCT j2

4r2
½ðω2 − 1ÞðT2

1 − T2
3Þ − ðT2 þ ωT3Þ2�

WT
4 ¼ jCT j2

4r2
½ð1 − rωÞðT2

2 þ T2
3Þ þ 2ðω − rÞT2T3 þ ðω2 − 1Þð2T2

3 − ð1 − rωÞT2
1Þ�

W̃T
5 ¼ 0 ðB6Þ
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with the tensor W̃T
1;2;3;4 SFs satisfying Eq. (B4), and

T1 ¼
ðωþ 1ÞhT1

þ ðω − 1ÞhT2

ω2 − 1
− hT3

;

T2 ¼ −
ðωþ 1ÞhT1

þ ðω − 1ÞhT2

ω2 − 1
;

T3 ¼
ðωþ 1ÞhT1

− ðω − 1ÞhT2

ω2 − 1
: ðB7Þ

Although T1, T2 and T3 behave as�1=ðω − 1Þ in the heavy
quark limit, the corresponding W̃T

1;2;3;4 SFs are finite at zero
recoil, as they should be, with their values being given by
jCT j2½1;− r2þ6rþ1

4r2 ;− 1
4r2 ;

3rþ1
4r2 �, respectively.

APPENDIX C: EVALUATION OF THE
B̄c → ηc AND B̄c → J=ψ SEMILEPTONIC

DECAY FORM FACTORS WITHIN
THE NRQM OF REF. [19]

Within the NRQM calculation of Ref. [19], and with the
global phases used in the present work, we obtain the
following expressions for the different form factors.

1. B̄c → ηc
For the pseudoscalar-pseudoscalar B̄c → ηc transition

we have

Fþ ¼ 1

2M

�
V0þV3

E0−M
jq⃗j

�
; F−¼

1

2M

�
V0þV3

E0 þM
jq⃗j

�
; hS¼

S

ðωþ1Þ
ffiffiffiffiffiffiffiffiffiffi
MM0p ; hT ¼−

ffiffiffiffiffiffi
M0

M

r
i
T03

jq⃗j ; ðC1Þ

with F� defined in Eq. (B2), and where Vμ, S and Tμν stand for the NRQM matrix elements of the vector,
scalar and tensor b → c transition currents, respectively. In addition, E0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M02 þ q⃗2

p
is the energy of the

final meson that has three-momentum −q⃗ in the LAB frame, with q⃗ the three-momentum transferred in the
LAB frame and that for the purpose of calculation we take it along the positive Z axis. For the matrix elements one
has the results:

V0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2E0p Z

d3p
1

4π
½ϕ̂ðηcÞðjp⃗jÞ��ϕ̂ðB̄cÞ

�����p⃗ −
1

2
q⃗

����
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

ÊcÊb

4EcEb

s �
1þ ð− 1

2
q⃗ − p⃗Þ · ð1

2
q⃗ − p⃗Þ

ÊcÊb

�
;

V3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2E0p Z

d3p
1

4π
½ϕ̂ðηcÞðjp⃗jÞ��ϕ̂ðB̄cÞ

�����p⃗ −
1

2
q⃗

����
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

ÊcÊb

4EcEb

s �1
2
jq⃗j − pz

Êb
þ − 1

2
jq⃗j − pz

Êc

�
;

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2E0p Z

d3p
1

4π
½ϕ̂ðηcÞðjp⃗jÞ��ϕ̂ðB̄cÞ

�����p⃗ −
1

2
q⃗

����
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

ÊcÊb

4EcEb

s �
1 −

ð− 1
2
q⃗ − p⃗Þ · ð1

2
q⃗ − p⃗Þ

ÊcÊb

�
;

T03 ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2E0p Z

d3p
1

4π
½ϕ̂ðηcÞðjp⃗jÞ��ϕ̂ðB̄cÞ

�����p⃗ −
1

2
q⃗

����
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

ÊcÊb

4EcEb

s �1
2
jq⃗j − pz

Êb
−
− 1

2
jq⃗j − pz

Êc

�
: ðC2Þ

Here, ϕ̂ stands for the orbital part of the meson wave functions in momentum space and Êf ¼ Ef þmf, with mf, Ef the
mass and relativistic energy of the quark with flavor f. The corresponding three-momenta are 1

2
q⃗ − p⃗ for the quark b and

− 1
2
q⃗ − p⃗ for the quark c.

2. B̄c → J=ψ

For the pseudoscalar-vector B̄c → J=ψ transition we now have
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with T1;2;3 defined in Eq. (B7) and Vμ
λ , A

μ
λ , Pλ and Tμν

λ the NRQM matrix elements of the vector, axial, pseudoscalar and
tensor b → c transition currents, respectively. Here, λ is the polarization of the final J=ψ meson. We use states that have
well-defined spin in the Z direction in the J=ψ rest frame. Since the J=ψ three-momentum equals −q⃗ (which is directed
along the negative Z axis), λ coincides with minus the helicity, the latter being the same in the c.m. and LAB frames. We
obtain the following expressions for the matrix elements:
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APPENDIX D: RESULTS FOR THE B̄ → Dτν̄τ
AND B̄ → D�τν̄τ DECAYS FOR THE CASE

OF A POLARIZED FINAL τ

In this Appendix we collect, in Figs. 21–26, results for
B̄ → Dτν̄τ and B̄ → D�τν̄τ decays where the final τ has
well-defined helicity in the c.m. or LAB frames. All
observables have been evaluated with the NP Wilson
coefficients of fits 6 and 7 and form factors from Ref. [31].
We obtain predictions that are qualitatively similar to

those discussed in Sec. II for B̄c → ηc and B̄c → J=ψ

semileptonic decays. We would like to stress that unlike
the unpolarized case, where all the accessible observables
could be determined either from the c.m. or LAB distri-
butions, in the polarized case, the LAB and c.m. charged
lepton helicity distributions provide complementary
information. Actually both differential distributions
d2Γ=ðdωd cos θlÞ and d2Γ=ðdωdElÞ should be simulta-
neously used to determine the five new independent
functions AH, BH, CH, DH and EH, which appear for
the case of a polarized final τ [see Eq. (23) of Ref. [33] ].
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FIG. 22. c.m. angular expansion coefficients for the B̄ → Dτν̄τ decay with a polarized τ with positive (upper panels) and negative
(lower panels) helicity. They have been evaluated with the Wilson coefficients and form factors from Ref. [31]. Uncertainty bands areas
in Fig. 16.

FIG. 21. c.m. (left) and LAB (right) helicity decomposition of the dΓ=dω differential decay width with a polarized τ. We show
distributions for B̄ → Dτν̄τ (top) and B̄ → D�τν̄τ reactions (bottom), which have been evaluated with Wilson coefficients and form
factors from Ref. [31]. Uncertainty bands are as in Fig. 16.
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FIG. 24. c.m. angular expansion coefficients for the B̄ → D�τν̄τ decay with a τ with positive (upper panels) and negative (lower
panels) helicity. They have been evaluated with the Wilson coefficients and form factors from Ref. [31]. Uncertainty bands are as in
Fig. 16.

FIG. 23. LAB charged lepton energy expansion coefficients ĉ0;1;2;3ðωÞ for the polarized B̄ → Dτν̄τ decay. We also show the ðc0 þ ĉ1Þ,
ðc1 þ ĉ2Þ and ðc2 þ ĉ3Þ sums in the third top, second and fourth bottom panels, respectively. All quantities have been evaluated with the
Wilson coefficients and form factors from Ref. [31]. Uncertainty bands are as in Fig. 16.
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FIG. 26. τ polarization asymmetryAλτ for the B̄ → D (upper panels) and B̄ → D� (lower panels) semileptonic decays measured in the
c.m. (left panels) and LAB (right panels) frames. All quantities have been evaluated with the Wilson coefficients and form factors from
Ref. [31]. Uncertainty bands are as in Fig. 16.

FIG. 25. LAB charged lepton energy expansion coefficients ĉ0;1;2;3ðωÞ for the polarized B̄ → D�τν̄τ decay. We also show the
ðc0 þ ĉ1Þ, ðc1 þ ĉ2Þ and ðc2 þ ĉ3Þ sums in the third top, second and fourth bottom panels, respectively. All quantities have been
evaluated with the Wilson coefficients and form factors from Ref. [31]. Uncertainty bands are as in Fig. 16.
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