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The confirmation of excess in RD∗ at the LHCb is an indication of lepton flavor non-universality.
Various different new physics operators and their coupling strengths, which provide a good fit to
RD, RD∗ and q2 spectra, were identfied previously. In this work, we try to find angular observables
in B̄ → D∗τ ν̄ which enable us to distinguish between these new physics operators. We find that the
D∗ polarization fraction fL(q

2) is a good discriminant of scalar and tensor new physics operators.
The change in 〈fL(q

2)〉, induced by scalar and tensor operators, is about three times larger than
the expected uncertainty in the upcoming Belle measurement.

I. INTRODUCTION

The currently running LHC has not only provided new signatures of possible physics beyond the Standard Model
(SM) but also confirmed some of the prevailing tensions in the SM. The most striking example of the confirmation of
previously observed anomaly is the 3.5σ deviation from the SM expectation of the ratio RD∗ = Γ(B → D∗ τ ν̄)/Γ(B →
D∗ lν̄) (l = e, µ)[1–6]. This is an indication towards lepton flavor non universality, in disagreement with the SM
predictions. The idea of lepton flavour non universality is further bolstered by the measurement that RK = Γ(B →
K µ+ µ−)/Γ(B → K e+ e−) [7] and RK∗ = Γ(B → K∗ µ+ µ−)/Γ(B → K∗ e+ e−) [8] are not equal to unity.
The four fermion interaction b → c τ ν̄, which induces the decays B → (D, D∗) τ ν̄, occurs at the tree level within the

SM. Note that the situation in the case of b → s µ+ µ− is quite different because this transition occurs only at one loop
level in SM. Relatively large new physics (NP) contributions are required to explain the anomaly in the measurement
of RD∗ . Such large contributions are more likely to occur in NP models where the four fermion interaction occurs
at tree level. However such models must also be consistent with the measurement of other observables which are in
agreement with their SM predictions. As a result there are only a limited set of NP models which can explain the
RD∗ anomaly, see for example [9–27]. In particular, ref. [18] listed all the four fermion operators contributing to
B → D∗τ ν̄ and derived the values of various NP couplings which satisfy the measurement of RD, RD∗ and the q2

spectra.
The next step is to discriminate between various NP operators which can explain the excess in RD∗ . This can

be achieved if we have a handle on various angular observables in B → D∗ τ ν̄ similar to the ones we have in
B → K∗ µ+ µ− decay. In the semileptonic decays of pseudoscalar mesons to vector mesons, it is possible to measure
differential distributions with respect to three angles, besides dΓ/dq2. These angles are usually defined in the vector
meson rest frame. For the decay B → D∗τ ν̄, these angles are (a) θD, the angle between B and D where the D
meson comes from D∗ decay, (b) θτ , the angle between τ and B and (c) φ, the angle between D∗ decay plane and the
plane defined by the lepton momenta [28]. A study of these angular distributions, in the case of B → K∗µ+ µ−, has
revealed significant discrepancies between the measurements and the predictions of SM [29]. Various authors have
done theoretical analysis of similar angular distributions for B → D∗τ ν̄ [30–45].

So far the τ lepton has not been reconstructed in any of the experiments which measured RD and RD∗
1. Therefore

θτ and φ have not been measured. Hence it is not possible to measure the full differential distribution with present
data 2. However, it is possible to measure θD and hence determine the D∗ polarization fraction fL(q

2). In fact, the
Belle Collaboration is in the process of making this measurement [47]. We calculate fL(q

2) for all the NP solutions
which account for RD∗ excess and show that it can discriminate against NP solutions with scalar and tensor operators.
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†Electronic address: dinesh@phy.iitb.ac.in
‡Electronic address: suman@phy.iitb.ac.in
§Electronic address: uma@phy.iitb.ac.in
1 Recently the Belle collaboration reported their measurement of τ polarization in the B → D

∗
τ ν̄ decay [46]. Note that this measurement

did not involve reconstruction of τ .
2 In future, it may be possible to estimate the τ momentum by considering τ decays into multi-hadron final states.
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We also find that the forward-backward asymmetry, AFB(q
2), has a discrimination capability similar to that of fL(q

2).
However, measuring this quantity is more difficult as it requires the reconstruction of the τ lepton.

II. DISENTANGLING VARIOUS NEW PHYSICS CONTRIBUTIONS TO B̄ → D∗τ ν̄

First we summarize the results of ref. [18], which performed a fit of various NP models to the present RD∗ and
RD data. These fits are also consistent with the q2 distribution provided by BaBar [2] and Belle [6]. The effective
Hamiltonian for the quark level transition b → c τ ν̄ is given by

Heff =
4GF√

2
Vcb

[

OVL
+

√
2

4GFVcb

1

Λ2

{

∑

i

(

CiOi + C
′

iO
′

i + C
′′

i O
′′

i

)

}]

, (1)

where the scale Λ is assumed to be 1 TeV. The Lorentz structures of the unprimed Oi and primed O′

i and O′′

i operators
are given in Table I. For each primed operator, this table also lists the corresponding Fierz transformed unprimed
operator. In the above analysis, the NP operators were considered either one at a time or two similar operators
(either V ± A or S ± P ) at a time. This was done to obtain the strongest possible constraints on the coefficients of
NP operators from limited data. The values of coefficients of different NP operators, which provide a good fit to the
data, are given in Table II.

Operator Fierz identity

OVL
(c̄γµPLb) (τ̄ γ

µPLν)

OVR
(c̄γµPRb) (τ̄ γ

µPLν)

OSR
(c̄PRb) (τ̄PLν)

OSL
(c̄PLb) (τ̄PLν)

OT (c̄σµνPLb) (τ̄σµνPLν)

O′
VL

(τ̄ γµPLb) (c̄γ
µPLν) ←→ OVL

O′
VR

(τ̄ γµPRb) (c̄γ
µPLν) ←→ −2OSR

O′
SR

(τ̄PRb) (c̄PLν) ←→ − 1
2
OVR

O′
SL

(τ̄PLb) (c̄PLν) ←→ − 1
2
OSL

− 1
8
OT

O′
T (τ̄σµνPLb) (c̄σµνPLν) ←→ −6OSL

+ 1
2
OT

O′′
VL

(τ̄ γµPLc
c) (b̄cγµPLν) ←→ −OVR

O′′
VR

(τ̄ γµPRc
c) (b̄cγµPLν) ←→ −2OSR

O′′
SR

(τ̄PRc
c) (b̄cPLν) ←→ 1

2
OVL

O′′
SL

(τ̄PLc
c) (b̄cPLν) ←→ − 1

2
OSL

+ 1
8
OT

O′′
T (τ̄σµνPLc

c) (b̄cσµνPLν) ←→ −6OSL
− 1

2
OT

TABLE I: All possible four-fermion operators that can contribute to B̄ → D(∗)τ ν̄.

In the fit with the operators O′′
SR

and O′′
SL

, there are four allowed values for C ′′
SR

and C ′′
SL

couplings. An attempt is

made in ref. [48] to distinguish between these solutions based on their predictions for the rate of the decay B−
c → τ−ν̄.

They found that the two solutions (C ′′
SR

, C ′′
SL

) = (0.96, 2.41) and (−6.34,−2.39) are excluded because the predicted
leptonic partial decay width of Bc meson is larger than its measured total decay width. This result can be understood
by noting that O′′

SR
operator is equivalent to OVL

whereas O′′
SL

operator is equivalent to linear combination of OSL

and OT . The two solutions with (C ′′
SR

, C ′′
SL

) = (0.35,−0.03) and (−5.74, 0.03) have essentially OVL
Lorentz structure.

Therefore their prediction for the pure leptonic decay of Bc is subject to helicity suppression. For the other two cases,
ruled out by [48], the coefficient of O′′

SL
and hence OSL

is quite large. For this operator there is no helicity suppression

which leads to the prediction of very large decay width for B−
c → τ−ν̄.

The angular distribution in θD is given by [34]

d2Γ

dq2d cos θD
=

3

4

dΓ

dq2
[

2fL(q
2) cos2 θD + {1− fL(q

2)} sin2 θD
]

, (2)
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Coefficient(s) Best fit value(s) 〈fL(q
2)〉

CVL
0.18± 0.04 0.46± 0.04

CVL
−2.88± 0.04 0.46± 0.04

CT 0.52± 0.02, 0.14± 0.04

CT −0.07± 0.02 , 0.45± 0.04

C′′
SL

−0.46± 0.09 0.46± 0.04

(CSR
, CSL

) (1.25,−1.02), 0.41± 0.04

(CSR
, CSL

) (−2.84, 3.08) 0.76± 0.04

(C′
VR

, C′
VL

) (−0.01, 0.18) 0.46± 0.04

(C′
VR

, C′
VL

) (0.01,−2.88) 0.46± 0.04

(C′′
SR

, C′′
SL

) (0.35,−0.03) 0.46± 0.04

(C′′
SR

, C′′
SL

) (0.96, 2.41) 0.26± 0.04

(C′′
SR

, C′′
SL

) (−5.74, 0.03) 0.46± 0.04

(C′′
SR

, C′′
SL

) (−6.34,−2.39) 0.27± 0.04

TABLE II: Best fit values of the new physics operator coefficients which provide a good fit to the present experimental data in
b → c τ ν̄ sector [18]. The values in the upper (lower) panel are obtained by considering one (two) new physics operator(s) at
a time in the fit. For each case, the corresponding predicion for 〈fL(q

2)〉 is also listed. Note that for SM, 〈fL(q
2)〉 is same as

that of the OVL
.

where the fL(q
2) is defined to be

fL(q
2) =

AL

AL +AT

. (3)

The quantities AL and AT are defined in [28]. From these formulae we compute fL(q
2) and 〈fL(q2)〉 for the allowed

NP couplings listed in Table II [18].
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FIG. 1: Plots of D∗ longitudinal polarization fraction fL(q
2) as a function of the dilepton invariant mass q2 in the decay

B̄ → D∗τ ν̄. The blue band in all the plots corresponds to the SM prediction. The band is due to theoretical uncertainties,
mainly due to form factors, added in quadrature. The plot in the left panel of the top row represents fL(q

2) prediction in
the presence of NP couplings CVL

= (0.18 ± 0.04) (black band) and CVL
= (−2.88 ± 0.04) (red band). The black and red

bands in the middle panel of the top row are for fL(q
2) with NP couplings CT = (0.52 ± 0.02) and CT = (−0.07 ± 0.02),

respectively. The red band in the right panel of top row corresponds to C
′′

SL
= (−0.46± 0.09). In the left panel of the bottom

row, the black and red bands correspond to NP coefficients (CSL
, CSR

) = (−1.02, 1.25) and (3.08,−2.84), respectively. In the

bottom middle panel, fL(q
2) prediction for (C

′

VL
, C

′

VR
) = (0.18,−0.01) and (−2.88, 0.01) are shown by black and red bands,

respectively. fL(q
2) for NP couplings (C

′′

SR
, C

′′

SL
) = (0.96, 2.41) (black band) and (−6.34,−2.39) (red band) are shown in right

panel of bottom row. (Color online)

Fig. 1 depicts fL(q
2) in different panels for different NP operators given in Table I. In these panels, the blue curve

represents the SM and the red and the black curves represent NP operators. Each curve is in the form of a narrow
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band. The thickness of the band represents the theoretical uncertainty in fL(q
2), mainly due to form factor [12],

which is quite small. We discuss the form of fL(q
2) panel by panel:

• Only CVL
present: This NP has the same Lorentz structure of the SM operator. Hence fL(q

2) for this case has
a complete overlap with SM prediction.

• Only CT present: Here there are two solutions, one with a large value of CT and the other with a small value.

It is difficult to distinguish the small CT case from SM but fL(q
2), for the large CT case, is much smaller than

SM prediction for the whole range of q2. Therefore 〈fL(q2)〉 is quite distinguishable from the SM prediction.

• Only C ′′
SL

present: Here the Lorentz structure is different from that of SM. But fL(q
2) is nearly the same as

that of SM because the coupling constant is quite small.

• CSL
and CSR

present: These Lorentz structures are quite different from SM and NP couplings are moderately

large for both the allowed solutions. Hence fL(q
2) for both of them is significantly different from SM. 〈fL(q2)〉

can distinguish (−2.84, 3.08) solution from the SM but not (1.25,−1.02) solution. To achieve such a distinction,
an accurate measurement of fL(q

2) at low q2 is needed.

• C ′
VR

and C ′
VL

present: For both the allowed solutions C ′
VR

is negligibly small. Therefore the NP has the same

Lorentz structure of SM and hence fL(q
2) cannot distinguish it from SM.

• C ′′
SR

and C ′′
SL

present: For the two solution allowed by [48] C ′′
SL

is negligibly small, leaving a significant coefficient

only for O′′
SR

which has the same Lorentz structure of SM. Hence fL(q
2) cannot distinguish these two solutions

from SM. The two disallowed solutions have large C ′′
SL

values and the values fL(q
2) and 〈fL(q2)〉 for these are

significantly different from the SM because O′′
SL

has a different Lorentz structure from SM.

A number of papers tried to account for RD∗ anomaly through leptoquark models, see for e.g., [14, 20, 21, 25]. We
find that fL(q

2) cannot discriminate amongst any of these models. This is because their Fierz transformed operators
have the Lorentz structure either OVL

or OVR
. However in some of the leptoquark models, such as those discussed in

[13, 49, 50], the b → cτν transitions occur through either O′
SL

or O′′
SL

operators, whose Fierz transforms are linear
combinations of OSL

and OT . In such cases, the D∗ polarization can lead to a discrimination provided the couplings
of O′

SL
/O′′

SL
operators are large enough.
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FIG. 2: Plots of lepton forward-backward asymmetry AFB(q
2) as a function of the dilepton invariant mass q2 in the decay

B̄ → D∗τ ν̄. The blue band in all the plots corresponds to the SM prediction. The band is due to theoretical uncertainties,
mainly due to form factors, added in quadrature. The plot in the left panel of top row represents AFB(q

2) prediction in the
presence of NP couplings CVL

= (0.18± 0.04) (black band) and CVL
= (−2.88± 0.04) (red band). The black and red bands in

the middle panel of the top row represent NP couplings CT = (0.52±0.02) and CT = (−0.07±0.02), respectively. The red band

in the right panel of top row corresponds to C
′′

SL
= (−0.46 ± 0.09). In the left panel of bottom row, the black and red bands

correspond to AFB(q
2) with NP coefficients (CSL

, CSR
) = (−1.02, 1.25) and (3.08,−2.84), respectively. In the bottom middle

panel, AFB(q
2) prediction for (C

′

VL
, C

′

VR
) = (0.18,−0.01) and (−2.88, 0.01) are shown by black and red bands, respectively.

AFB(q
2) with NP couplings (C

′′

SR
, C

′′

SL
) = (0.96, 2.41) (black band) and (−6.34,−2.39) (red band) are shown in right panel of

bottom row. (Color online)

It would be interesting to see the discrimination capability of the asymmetries based on other angular observables.
One such example is the forward-backward asymmetry of leptons, AFB(q

2) in B̄ → D∗τ ν̄. The values of AFB(q
2) for
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the six different NP combinations listed in Table II are plotted in various panels of fig. 2. Here again the blue band
represents the SM and the red and the black bands represent NP solutions. As in the case of fL(q

2), the plots of
AFB(q

2) distinguish the NP solutions from SM for the following cases:(i) Only CT present, (ii) CSL
and CSR

present
and (iii) the two disallowed solutions of C ′′

SR
and C ′′

SL
present. For the other three cases, AFB(q

2) is either same or

differs very little from the SM values. From figs. 1 and 2, we note that fL(q
2) has better discrimination capability for

the CT = (0.52± 0.02) solution compared to AFB(q
2), whereas the situation is reverse for the C

′′

SL
= (−0.46± 0.09)

solution.
Determination of AFB(q

2) requires the reconstruction of τ momentum, which is difficult because of the missing
neutrino/neutrinos in the final state. It may be possible for LHCb to reconstruct τ in those events where τ decays
into multiple hadrons, using the same technique they used to identify the B meson in the decay B → D∗τ ν̄. But as
demonstrated in figs. 1 and 2, such a measurement leads only to a small advantage in distinguishing between allowed
NP models.
The Belle collaboration is in the process of measuring 〈fL(q2)〉. It is expected that the uncertainty in this measure-

ment will be about ±0.1 [47]. The SM prediction for this quantity is 0.46±0.04, where the uncertainity comes from the
erros in the form-factors, the details of which are given in Appendix. As we can see from Table II, 〈fL(q2)〉 = 0.14±0.04
for NP coupling CT = 0.52 and 〈fL(q2)〉 = 0.76±0.04 for (CSR

, CSL
) = (−2.84, 3.08). For these two cases, the change

in 〈fL(q2)〉 is three times the expected uncertainty in its measurement. Therefore the upcoming Belle measurement
can confirm one of these two NP solutions or rule them out at better than 95 % C.L. The 〈fL(q2)〉 can also discriminate

two other solutions with (O
′′

SR
, O

′′

SL
) operators but, as shown in [48], these are already ruled out by their prediction

of Bc → τ ν partial width.
As seen from Figs. 1 and 2, angular asymmetries fL and AFB are not sensitive to the presence of right handed

currents. This is because B → D transition occurs purely through vector current and B → D∗ transition occurs
purely through axial-vector currents. However τ polarization will be a good discriminant of right handed currents.
The sensitivity of τ polarization to new physics in B → D∗ τ ν is discussed in [27]. For the decay B → D τ ν, the
corresponding discussion is given in [51].
Recently Belle Collaboration [46] used a new technique to identify the τ lepton in the decay B̄ → D∗τντ , through

the decays τ → πντ and τ → ρντ . This leads to a reduced signal size. With such a signal definition, they obtained
RD∗ = 0.276±0.034±0.026. This measurement differs from the Standard Model prediction by only 0.6σ, though one
must note that the error in this measurement is twice the error in the current world average. A new world average,
including this measurement, is smaller by 3% compared to the older value. Hence, we believe that our results will not
change much by the inclusion of this new result. Therefore it is worthwhile to develop signatures which can help in
discerning effects of new physics in this decay.

III. CONCLUSIONS

In this work, we studied the possibility to distinguish between NP solutions which can explain the observed excess
in RD∗ . The angular observables in the decay B → D∗τ ν̄ can discriminate between some of the scalar and tensor NP
solutions. The D∗ polarization, fL(q

2), and the lepton forward-backward asymmetry, AFB(q
2), are both capable of

this discrimination. A measurement of AFB(q
2) is more difficult as it requires the τ reconstruction. Belle collaboration

is in the process of measuring 〈fL(q2)〉. Such a measurement can confirm or rule out two of the NP solutions at better
than 95 % C.L.
Acknowledgments.— We thank Karol Adamczyk for numerous discussions regarding the measurement of fL(q

2) at
Belle.

Appendix A: B → D∗ from factors

The B → D∗τν vector and axial vector operator matrix elements, which depend on the momentum transfer between
B and D∗ , can be expressed as

〈D∗(k, ε)|cγµb|B(p)〉 =− iǫµνρσε
ν∗pρkσ

2V (q2)

mB +mD∗

,

〈D∗(k, ε)|cγµγ5b|B(p)〉 =εµ∗(mB +mD∗)A1(q
2)− (p+ k)µ(ε

∗q)
A2(q

2)

mB +mD∗

− qµ(ε
∗q)

2mD∗

q2
[A3(q

2)−A0(q
2)] ,

(A1)
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〈D∗(k, ε)|cγ5b|B(p)〉 =− 1

mb +mc

qµ〈D∗(k, ε)|cγµγ5b|B(p)〉

=− (ε∗q)
2mD∗

mb +mc

A0(q
2) .

(A2)

〈D∗(k, ε)|cσµνb|B(p)〉 = ǫµνρσ

{

−ε∗ρ(p+ k)σT1(q
2)

+ ε∗ρqσ
m2

B −m2
D∗

q2
[T1(q

2)− T2(q
2)]

+2
(ε∗ · q)
q2

pρkσ
[

T1(q
2)− T2(q

2)− q2

m2
B −m2

D∗

T3(q
2)

]}

,

(A3)

〈D∗(k, ε)|cσµνq
νb|B(p)〉 =ǫµνρσε

∗νpρkσ2T1(q
2) ,

〈D∗(k, ε)|cσµνγ5q
νb|B(p)〉 =−

[

(m2
B −m2

D∗)ε∗µ − (ε∗q)(p+ k)µ
]

T2(q
2)

− (ε∗q)

[

qµ − q2

m2
B −m2

D∗

(p+ k)µ

]

T3(q
2) .

(A4)

where

A3(q
2) =

mB +mD∗

2mD∗

A1(q
2)− mB −mD∗

2mD∗

A2(q
2) , (A5)

with A3(0) = A0(0). The form factors V,A0, A1, A2, T1, T2, T3 can be written in terms of the heavy quark effective
theory (HQET) form factors as [14, 52]

V (q2) =
mB +mD∗

2
√
mBmD∗

hV (w(q
2)) ,

A1(q
2) =

(mB +mD∗)2 − q2

2
√
mBmD∗(mB +mD∗)

hA1
(w(q2)) ,

A2(q
2) =

mB +mD∗

2
√
mBmD∗

[

hA3
(w(q2)) +

mD∗

mB

hA2
(w(q2))

]

,

A0(q
2) =

1

2
√
mBmD∗

[

(mB +mD∗)2 − q2

2mD∗

hA1
(w(q2))

− m2
B −m2

D∗ + q2

2mB

hA2
(w(q2))− m2

B −m2
D∗ − q2

2mD∗

hA3
(w(q2))

]

,

(A6)

T1(q
2) =

1

2
√
mBmD∗

[

(mB +mD∗)hT1
(w(q2))− (mB −mD∗)hT2

(w(q2))
]

,

T2(q
2) =

1

2
√
mBmD∗

[

(mB +mD∗)2 − q2

mB +mD∗

hT1
(w(q2))

− (mB −mD∗)2 − q2

mB −mD∗

hT2
(w(q2))

]

,

T3(q
2) =

1

2
√
mBmD∗

[

(mB −mD∗)hT1
(w(q2))− (mB +mD∗)hT2

(w(q2))

−2
m2

B −m2
D∗

mB

hT3
(w(q2))

]

.

(A7)
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where the HQET form factors can be expressed as [52]

hV (w) =R1(w)hA1
(w) ,

hA2
(w) =

R2(w)−R3(w)

2 rD∗

hA1
(w) ,

hA3
(w) =

R2(w) +R3(w)

2
hA1

(w) ,

hT1
(w) =

1

2(1 + r2D∗ − 2rD∗w)

[

mb −mc

mB −mD∗

(1− rD∗)2(w + 1)hA1
(w)

− mb +mc

mB +mD∗

(1 + rD∗)2(w − 1)hV (w)

]

,

hT2
(w) =

(1− r2D∗)(w + 1)

2(1 + r2D∗ − 2rD∗w)

[

mb −mc

mB −mD∗

hA1
(w)− mb +mc

mB +mD∗

hV (w)

]

,

hT3
(w) =− 1

2(1 + rD∗)(1 + r2D∗ − 2rD∗w)

[

2
mb −mc

mB −mD∗

rD∗(w + 1)hA1
(w)

− mb −mc

mB −mD∗

(1 + r2D∗ − 2rD∗w)(hA3
(w)− rD∗hA2

(w))“

− mb +mc

mB +mD∗

(1 + rD∗)2 hV (w)

]

,

(A8)

where the w-dependencies are parametrized as [52]

hA1
(w) =hA1

(1)[1− 8ρ2D∗z + (53ρ2D∗ − 15)z2 − (231ρ2D∗ − 91)z3] ,

R1(w) =R1(1)− 0.12(w − 1) + 0.05(w − 1)2 ,

R2(w) =R2(1) + 0.11(w − 1)− 0.06(w − 1)2 ,

R3(w) =1.22− 0.052(w − 1) + 0.026(w − 1)2 ,

(A9)

where rD∗ = MD∗/MB ,w = (M2
B +M2

D∗ − q2)/2MBMD∗ , z(w) = (
√
w + 1−

√
2)/(

√
w + 1 +

√
2).

The numerical values of some of the parameters used in form factors are given by

hA1
(1) =0.908± 0.017 [53], ρ2D∗ = 1.207± 0.026 [54], (A10)

R1(1) =1.403± 0.033 [54], R2(1) = 0.854± 0.020 [54] . (A11)
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