
 

Complete framework for tau polarimetry in B → Dð�Þτν decays

Pouya Asadi,1 Anna Hallin ,2,* Jorge Martin Camalich,3,4 David Shih ,2,5,6 and Susanne Westhoff7
1Center for Theoretical Physics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA
2NHETC, Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA

3Instituto de Astrofísica de Canarias, C/ Vía Láctea, s/n La Laguna, E38205 Tenerife, Spain
4Universidad de La Laguna, Departamento de Astrofísica La Laguna, 38200 Tenerife, Spain
5Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
6Center for Theoretical Physics, University of California, Berkeley, California 94720, USA

7Institute for Theoretical Physics, Heidelberg University, 69120 Heidelberg, Germany

(Received 23 July 2020; accepted 7 October 2020; published 30 November 2020)

The meson decays B → Dτν and B → D�τν are sensitive probes of the b → cτν transition. In this work,
we present a complete framework to obtain the maximum information on the physics of B → Dð�Þτν with
polarized τ leptons and unpolarizedDð�Þ mesons. Focusing on the hadronic decays τ → πν and τ → ρν, we
show how to extract seven τ asymmetries from a fully differential analysis of the final-state kinematics. At
Belle II with 50 ab−1 of data, these asymmetries could potentially be measured with percent-level statistical
uncertainty. This would open a new window into possible new physics contributions in b → cτν and would
allow us to decipher its Lorentz and gauge structure.
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I. INTRODUCTION

Leptonic and semileptonic hadron decays are important
probes of the fundamental quark-lepton interactions within
and beyond the Standard Model (SM). Decays of Bmesons
with τ leptons in the final state, in particular, provide a
unique way to determine the properties of fermion inter-
actions involving the third generation. They allow us to test
the flavor structure of the SM and search for New Physics
(NP) predominantly coupled to the heavier fermions. In
addition, the large τmass leads to an enhanced sensitivity to
the scalar component of the weak interaction. Semitauonic
B decays are therefore especially sensitive to the timelike
component of the virtualW boson [1] or to the exchange of
new (pseudo)scalar particles [2–4].
At flavor experiments, the decays B → Dτν and B →

D�τν, both triggered by the charged-current transition
b → cτν, are the most accessible semitauonic hadron
decays. The branching ratios of these decays normalized
to those into light leptons, RDð�Þ ¼ BRðB → Dð�ÞτνÞ=
BRðB → Dð�ÞlνÞ with l ¼ e, μ, have been measured
with good precision at BABAR [5,6], Belle [7–9], and

LHCb [10,11]. Interestingly, the combination of these
measurements appears to be about 20% larger than the
SM prediction with a significance of 3.08σ [12]. The
normalized branching fraction of Bc → J=ψτν, which is
based on the same b → cτν transition, has beenmeasured by
LHCb and also appears to be larger than the SM expectation
[13]. Beyond total rates, in B → D�τν the longitudinal τ
polarizationPLðτÞ [14,15] and the fraction of longitudinally
polarized D� mesons FLðD�Þ [16,17] have been measured.
This shows the potential of the current flavor experiments,
Belle II and LHCb, to extract the properties of the b → cτν
transition by measuring the τ kinematics in the decay.
Precise analyses of these transitions are important to under-
stand the origin of the observed discrepancies with the SM
and to decipher the structure of NP in case they persist.
Due to its fast decay, the production properties of the τ

lepton cannot be directly measured, but have to be extracted
from the decay productswhere part of the information on the
τ momentum is carried away by at least one neutrino in the
final state. Extracting the properties of the b → cτν tran-
sition from the visible τ-decay products in B → Dð�Þτν has
evolved into a comprehensive research program [18–30].
One aims to construct the full differential decay rate and then
integrate out all kinematic variables that are unobservable
due to the presence of neutrinos [24,30].
In this paper, we develop a complete framework to extract

the full set of B → Dð�Þτν observables (with polarized τ and
unpolarized Dð�Þ) from the visible final state. We focus on
the hadronic τ decays τ → πν and τ → ρν, which preserve
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more information on the τ kinematics than the leptonic
decays τ → lνν [26]. In the two-body decays, the τ spin
orientation is directly imprinted on the pion or rho direction
of flight. The τ helicity and kinematics can thus be deduced
from the energy and angular distributions of the visible
final-state particles [21,26,31,32]. The main result of our
paper allows us to express the differential decay rate of
B → Dð�Þτð→ dνÞν as

d3Γd

dq2dcosθddsd
¼ nðq2Þ

�
1þ

X
O

Fd
Oðq2;cosθd;sdÞOðq2Þ

�
:

ð1:1Þ

Here q2, cos θd, and sd describe measurable kinematic
quantities in the leptonic rest frame (the momentum
transfer to the lepton pair, the angle between the τ daughter
d and the Dð�Þ, and the energy of the d), and nðq2Þ is a
normalization factor. Importantly, the “leptonic functions”
Fd
Oðq2; cos θd; sdÞ depend only on the τ → dν decay. The

sum is over seven asymmetry observables of theB → Dð�Þτν
transition,

O ¼ AFB; PL; P⊥; ZL; Z⊥; ZQ; AQ; ð1:2Þ

to be defined in the next section. This formula directly relates
these asymmetry observables to the kinematic distribution
of the τ daughter. By measuring the kinematics of the d
particle, one can extract nearly all the physics of the b → cτν
transition, including the possible presence of new physics
affecting the transition.
The asymmetry observables represent a useful inter-

mediate step between the data and the underlying Wilson
coefficients. Previous studies [2,31–49] have identified a
subset of these asymmetries (AFB, PL, P⊥) and shown how
to extract them from differential distributions of the final
state. In this work, we show that a total of nine asymme-
tries, together with the differential decay rate dΓB=dq2,
suffice to describe the full physics of B → Dð�Þτν with
unpolarizedDð�Þ. The remaining two not listed in Eq. (1.2),
PT and ZT , are nonzero only in the presence of CP
violation, and furthermore are only accessible by including
additional information—e.g., from Dð�Þ decays [30]—in
the kinematic distributions. We reserve a complete study of
these additional observables for a future publication [50].
We will demonstrate how one could theoretically mea-

sure the asymmetries by performing an unbinned maxi-
mum-likelihood fit to the d distribution [Eq. (1.1)]. While
we do not include realistic experimental considerations
such as systematic uncertainties, detector acceptance, or
backgrounds (these are beyond the scope of this work), we
show that at least the statistical power with 50 ab−1 of Belle
II data should be enough to measure the asymmetry
observables to percent-level precision.

Analytic formulas like Eq. (1.1) could prove useful in
experimental studies. Besides being needed for maximum-
likelihood fits, they could be adapted for Monte Carlo
generators [51]. Another line in this direction has been
providing efficient methods to reweight Monte Carlo event
samples interpreting experimental data directly in terms of
SM or NP parameters [19,25,29].
The outline of the paper is as follows: In Sec. II, we

decompose the B → Dð�Þτν kinematics into a complete set
of τ asymmetries. These asymmetries contain all informa-
tion that could be obtained if the τ momentum were fully
accessible. In Sec. III, we show how to extract seven of the
nine τ asymmetries from the kinematics of the τ decay
products. By performing a full-fledged statistical analysis
in Sec. IV, we give a theoretical estimate of the expected
sensitivity of Belle II to the asymmetries, assuming a given
number of events and neglecting experimental effects. We
also demonstrate how to decipher the structure of new
physics in τ production in the framework of an effective
theory and in the context of the current anomalies found in
the RDð�Þ ratios. We conclude in Sec. V with a summary and
outlook.

II. TAU ASYMMETRIES IN B → Dð�Þτν

In this section, we focus on the B → Mτν decay
kinematics, where M ¼ D or D�, without considering
the τ decays yet. The narrow width of the τ enables a
factorization of the full decay chain into a τ-production part
and a τ-decay part.
The basis for the τ asymmetries is the differential decay

rate for B → Mτν with the τ spin quantized along an
arbitrary direction êa,

dΓλτ;a
B ¼ 1

2mB
jMλτ;a

B j2dΦ3ðpB;pM; pτ; pνÞ: ð2:1Þ

Here λτ ¼ � is the direction of the τ spin along the êa axis,
and the Lorentz-invariant phase space for a particle i
decaying to n daughters is

dΦnðpi;p1;…;pnÞ¼ ð2πÞ4
Yn
j¼1

d3pj

ð2πÞ32Ej
δ4
�
pi−

Xn
j¼1

pj

�
:

ð2:2Þ

Throughout this work, we sum over the polarization states
of the D� meson.
The total differential decay rate can be calculated from

the spin-dependent decay rates along any axis as

dΓB ¼ dΓþ;a
B þ dΓ−;a

B : ð2:3Þ

On the contrary, a τ-spin asymmetry
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dPa
B ¼ dΓþ;a

B − dΓ−;a
B ð2:4Þ

is always defined along the particular axis êa.
We work in the “q2 frame,” the center-of-mass frame of

the lepton pair, with q2 ¼ ðpB − pMÞ2 being the momen-
tum squared transferred to the leptons. Figure 1 illustrates
the various momentum vectors, polarization vectors, and
angles involved in the q2 frame. Let fê1; ê2; ê3g be an
orthonormal coordinate system in this frame and choose

ê3 ¼ p̂τ ≡ êL; ð2:5Þ

where p̂τ is the direction of the τ momentum. The spin-
dependent differential decay rate (2.1) and the asymmetries
(2.4) can then be expressed using τ helicity amplitudes
Mλτ;L

B . From here on, the index a ¼ L will be suppressed.
The resulting expressions for the asymmetries depend on
how the axes ê1 and ê2 are chosen. Choosing

ê2 ¼
p̂M × p̂τ

jp̂M × p̂τj
≡ êT; ê1 ¼ êT × êL ≡ ê⊥; ð2:6Þ

where p̂M is the direction of the M momentum, results in

dΓλτ
B ¼ 1

2mB
jMλτ

B j2dΦ3ðpB;pM;pτ;pνÞ;

dP⊥
B ¼ 1

2mB
2Re½Mþ

B ðM−
BÞ†�dΦ3ðpB;pM;pτ;pνÞ;

dPT
B ¼

1

2mB
2 Im½Mþ

B ðM−
BÞ†�dΦ3ðpB;pM;pτ;pνÞ: ð2:7Þ

These four differential distributions capture all the infor-
mation in the matrix elements M�

B in the B → Dð�Þτν
decay (with unpolarized D�).
The matrix elements do not depend on the azimuthal

angle of the τmomentumwith respect to theM momentum;
this angle is thus integrated out. The two remaining degrees
of freedom in the final state are chosen to be q2 and cos θτ,
where θτ is the angle between the flight direction of the τ
and the negative direction of the M momentum in the q2

frame. The decay rates and asymmetries for B → Mτν can
be expanded in spherical harmonics encoding the con-
servation of angular momentum [1]:

d2Γλτ
B

dq2d cos θτ
¼ dΓB

dq2
X2
l¼0

Bλτ
l ðq2ÞP0

lðcos θτÞ;

d2P⊥
B

dq2d cos θτ
¼ dΓB

dq2
X2
l¼1

Re½Clðq2Þ�P1
lðcos θτÞ;

d2PT
B

dq2d cos θτ
¼ dΓB

dq2
X2
l¼1

Im½Clðq2Þ�P1
lðcos θτÞ; ð2:8Þ

where P0;1
l ðcos θτÞ are the associated Legendre func-

tions. Together with the total differential rate dΓB=dq2,
the angular coefficient functions B�

0;1;2ðq2Þ ∈ R and
C1;2ðq2Þ ∈ C describe the full kinematic information in
B → Mτν decays with unpolarized mesons.
Although the angular coefficient functions are them-

selves perfectly valid observables, it is more conventional
(and physical) to work in terms of various asymmetries of
the τ angle cos θτ and spin direction λτ. An equivalent and
complete basis of τ asymmetries is as follows:
(1) The τ forward-backward asymmetry is

AFBðq2Þ ¼
�
dΓB

dq2

�
−1
�Z

1

0

d cos θτ −
Z

0

−1
d cos θτ

�

×
d2ΓB

dq2d cos θτ
¼ Bþ

1 þ B−
1 : ð2:9Þ

(2) Pure spin asymmetries are given by

Paðq2Þ ¼
�
dΓB

dq2

�
−1 Z 1

−1
d cos θτ

d2Pa
B

dq2d cos θτ

¼

8>><
>>:

2ðBþ
0 − B−

0 Þ a ¼ L

− π
2
Re½C1� a ¼ ⊥

− π
2
Im½C1� a ¼ T

: ð2:10Þ

The spin asymmetries Pa correspond to the net
longitudinal, perpendicular, and transverse polar-
izations of the τ in B → Mτν decays. The asymme-
tries we have described so far have been considered
before in the literature [2,31–49,52,53].

FIG. 1. The two decay planes of B → Mτν (black) and τ → dν
(red) in the q2 frame. The angle between the two planes is
denoted ζ. The angle between the flight direction of the τ and the
negative direction ofM is denoted θτ. In the decay plane of the τ,
φ is the angle between the direction of the τ and the direction of
the daughter particle d. Finally, the angle θd is the angle between
the direction of the daughter particle (in the τ decay plane) and the
negative direction of M (in the B-decay plane).
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(3) We can additionally consider double asymmetries
with respect to both λτ and cos θτ

1:

Zaðq2Þ ¼
�
dΓB

dq2

�
−1
�Z

1

0

d cos θτ −
Z

0

−1
d cos θτ

�

×
d2Pa

B

dq2d cos θτ
¼

8<
:

Bþ
1 − B−

1 a ¼ L

−2Re½C2� a ¼ ⊥
−2Im½C2� a ¼ T

:

ð2:11Þ

These asymmetries have not been considered
before and give access to the previously unexplored
combinations of angular coefficient functions B�

1

and C2.
2

(4) The angular coefficient functions B�
2 cannot be

expressed in terms of simple asymmetries like the
other functions. They denote the quadrupole part of
the partial wave expansion in Eq. (2.7). We combine
these angular coefficient functions to define the
following asymmetry observables:

AQðq2Þ ¼
�
dΓB

dq2

�
−1 5

2

Z
1

−1
d cos θτP0

2ðcos θτÞ

×
d2ΓB

dq2d cos θτ
¼ Bþ

2 þ B−
2 ;

ZQðq2Þ ¼
�
dΓB

dq2

�
−1 5

2

Z
1

−1
d cos θτP0

2ðcos θτÞ

×
d2PL

B

dq2d cos θτ
¼ Bþ

2 − B−
2 ; ð2:12Þ

where the 5=2 prefactor captures the Legendre
polynomial normalization.

(5) Finally, given that we have extracted an overall
factor of dΓB=dq2 in the definition (2.8) of the
angular coefficient functions, they satisfy the rela-
tion Bþ

0 þ B−
0 ¼ 1

2
.

III. TAU ASYMMETRIES FROM THE
VISIBLE FINAL STATE

Since the τ decays promptly in the detector with one or
two neutrinos in the final state, it is generally not possible to

reconstruct its full four-momentum.3 Therefore, the τ
asymmetries in B → Mτν described in Sec. II are not
directly measurable. In this section, we will show how they
can be extracted from final-state observables with fully
reconstructed mesonsM. We focus on the two-body decays
τ → dν with d ¼ π, ρ, as they preserve more information
compared to the three-body decay τ → lνν. However, our
formalism can be straightforwardly generalized to τ → lνν
or other τ-decay modes.
Figure 1 shows the two decay planes of B → Mτν and

τ → dν, and the various angles and momenta involved in
the decays in the q2 frame. The angle θd between p⃗d and
−p⃗M is the only directly measurable angle. Meanwhile, φ
(the angle between p⃗τ and p⃗d), ζ (the angle between the two
decay planes), and θτ are not directly measurable. However,
φ is completely determined by the kinematics of the two-
body decay as

cosφ ¼ ð1þ r2τÞsd − ðr2τ þ r2dÞ
ð1 − r2τÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2d − r2d

q : ð3:1Þ

Here we have introduced the notation

sd ≡ Edffiffiffiffiffi
q2

p ; rτ ≡ mτffiffiffiffiffi
q2

p ; rd ≡ mdffiffiffiffiffi
q2

p ; ð3:2Þ

where Ed and md denote the energy and mass of the
daughter particle in the q2 frame. It is straightforward to
show that the allowed range of sd is

sd ∈
�
r2τ
2

�
1þ r2d

r4τ

�
;
1

2
ð1þ r2dÞ

�
: ð3:3Þ

Finally, the angles θτ and ζ are related to φ and θd via

cos θd ¼ cos θτ cosφþ sin θτ sinφ cos ζ: ð3:4Þ

The matrix element for the full B → Dð�Þτð→dν2Þν1
decay is

Mtot ¼
1

p2
τ −m2

τ þ imτΓτ

X
λτ¼�

Mλτ
BM

λτ
τ ; ð3:5Þ

where MB is the matrix element for B → Mτν as intro-
duced in Sec. II, Γτ is the total width of the τ, andMτ is the
matrix element for τ → dν. In the narrow width approxi-
mation, the four-body phase space factorizes as

1Z stands for zweifach.
2In B → Dτν, some of the τ asymmetries are absent because

the pseudoscalar nature of the D meson restricts the possible
angular coefficient functions. In particular, it has been shown that
B−
1 ¼ 0 for the most general effective Lagrangian with scalar,

vector, and tensor operators (with left-handed neutrinos only)
[27]. This implies that ZL ¼ AFB in B → Dτν and no indepen-
dent information is gained from ZL. In B → D�τν, B−

1 is
generated by the transverse polarization of the D� vector meson
[24], so that AFB and ZL carry independent information.

3The full τ kinematics could potentially be accessed with
displaced three-prong decays [54].
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1

ðp2
τ −m2

τÞ2þm2
τΓ2

τ
dΦ4ðpB;pM;pν1 ;pd;pν2Þ

⟶
1

2mτΓτ
dΦ3ðpB;pM;pτ;pν1ÞdΦ2ðpτ;pd;pν2Þ; ð3:6Þ

with the τ set on shell. Then the full fourfold differential
decay rate is

d4Γd

dq2dcosθτdsddζ

¼ Eτ

Γτmτ

�
d2Γλτ

B

dq2dcosθτ

d2Γλτ
τ

dsddζ

þ1

2

�
d2P⊥

B

dq2dcosθτ

d2P⊥
τ

dsddζ
−

d2PT
B

dq2dcosθτ

d2PT
τ

dsddζ

��
; ð3:7Þ

where repeated λτ indices are summed over. All terms are
factorized into a B-decay part [see Eq. (2.8)] and a τ-decay
part defined as

dΓλτ
τ ¼ 1

2Eτ
jMλτ

τ j2dΦ2ðpτ;pd; pν2Þ;

dP⊥
τ ¼ 1

2Eτ
2Re½Mþ

τ ðM−
τ Þ†�dΦ2ðpτ;pd; pν2Þ;

dPT
τ ¼ 1

2Eτ
2 Im½Mþ

τ ðM−
τ Þ†�dΦ2ðpτ;pd; pν2Þ: ð3:8Þ

Similarly to how dΓλτ
B and dP⊥;T

B could be expanded in
cos θτ, the expressions above can be expanded in the angles
φ and ζ. For a two-body τ → dν decay,

dΓλτ
τ

dsddζ
¼ mτΓτ→dν

πEτ
gλτd ðq2; sdÞ;

dP⊥
τ

dsddζ
¼ 2mτΓτ→dν

πEτ
hdðq2; sdÞ sinφðq2; sdÞ cos ζ;

dPT
τ

dsddζ
¼ 2mτΓτ→dν

πEτ
hdðq2; sdÞ sinφðq2; sdÞ sin ζ; ð3:9Þ

where the coefficient functions for d ¼ π, ρ are given by

g�π ¼ 1

1 − r2τ

�
1� 4sπ − ð1þ r2τÞ

ð1 − r2τÞ
�
;

g�ρ ¼ r2τðð1 − r2τÞðr2τ − r2ρÞð2r2ρ þ r2τÞ � ðr2τ − 2r2ρÞð4sρr2τ − ð1þ r2τÞðr2τ þ r2ρÞÞÞ
ðr2τ − r2ρÞ2ð2r2ρ þ r2τÞð1 − r2τÞ2

;

hπ ¼
2

1 − r2τ

sπ
rτ
;

hρ ¼
2

1 − r2τ

�
r2τ − 2r2ρ
2r2ρ þ r2τ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2ρ − r2ρ

q r3τ
ðr2τ − r2ρÞ2

: ð3:10Þ

Throughout our analysis, we neglect the π mass but not the ρ mass.
To transform Eq. (3.7) into a fully observable, fully differential decay rate, we need to integrate over the two unobservable

angles θτ and ζ and replace them with the single observable angle θd. Formally, this can be accomplished using Eq. (3.4) to
obtain

d3Γd

dq2dcosθddsd
¼
Z

1

−1
dcosθτ

Z
π

−π
dζ

d4Γd

dq2dcosθτdsddζ
δðcosθd−cosθτ cosφ− sinθτ sinφcosζÞ: ð3:11Þ

In Appendix A, we carry out these integrals explicitly. The result is given by

d3Γd

dq2d cos θddsd
¼ BRðτ → dνÞ dΓB

dq2
X2
l¼0

Plðcos θdÞIlðq2; sdÞ;

I0 ¼
1

2
ðfd0ðq2Þ þ fdLðq2; sdÞPLðq2ÞÞ;

I1 ¼ fdAFB
ðq2; sdÞAFBðq2Þ þ fd⊥ðq2; sdÞP⊥ðq2Þ þ fdZL

ðq2; sdÞZLðq2Þ;
I2 ¼ fdZ⊥ðq2; sdÞZ⊥ðq2Þ þ fdZQ

ðq2; sdÞZQðq2Þ þ fdAQ
ðq2; sdÞAQðq2Þ: ð3:12Þ

Here we have used Eqs. (2.9)–(2.12) to connect the differential distribution to the τ asymmetries, and we have defined the
leptonic functions
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fd0ðq2Þ ¼ gþd ðq2; sdÞ þ g−d ðq2; sdÞ;
fdLðq2; sdÞ ¼ gþd ðq2; sdÞ − g−d ðq2; sdÞ;

fd⊥ðq2; sdÞ ¼
4

π
sin2 φhdðq2; sdÞ;

fdAFB
ðq2; sdÞ ¼ cosφfd0ðq2Þ;

fdZL
ðq2; sdÞ ¼ cosφfdLðq2; sdÞ;

fdZ⊥ðq2; sdÞ ¼
3π

4
cosφfd⊥ðq2; sdÞ;

fdAQ
ðq2; sdÞ ¼

1

2
ð3 cos2 φ − 1Þfd0ðq2Þ;

fdZQ
ðq2; sdÞ ¼

1

2
ð3 cos2 φ − 1ÞfdLðq2Þ: ð3:13Þ

One can verify using Eq. (3.10) that the first four leptonic
functions in Eq. (3.13) agree precisely with those consid-
ered in Ref. [26].
We see that the fully differential final-state decay rate

breaks down into a linear combination of the asymmetries,
or equivalently, of the angular coefficient functions B�

0;1;2
and Re½C1;2�. We emphasize that Eq. (3.12) is completely
general even in the presence of arbitrary heavy new physics
altering the b → cτν transition. The leptonic functions are
independent of the b → cτν transition and depend only on
the τ-decay mode. Therefore, one could use Eq. (3.12) to
directly extract the asymmetries from the data in a
completely model-independent way. We will investigate
the theoretical sensitivity of such an approach in the next
section.

IV. SENSITIVITY TO ASYMMETRY
OBSERVABLES AT BELLE II

Having derived analytic expressions for the fully
differential final-state decay rate and related them to the

B → Mτν asymmetry observables, we now turn to a toy
study of how the asymmetry observables could be mea-
sured in practice, and what precision one could hope to
achieve. We cannot comment on the systematic uncertain-
ties associated with our proposal at different experiments.
A detailed simulation of backgrounds and detector effects
is also beyond the scope of this work. We will limit
ourselves to calculating the achievable statistical uncer-
tainty; this should furnish a “best-case scenario” for the
sensitivity of any future measurement.
For the analysis in this section, we will need explicit

numerical formulas for all the asymmetries in terms of the
dimension-6 effective Hamiltonian. The dependence of
the asymmetries Paðq2Þ (a ¼ L;⊥; T) and AFBðq2Þ on
all the relevant dimension-6 operators has already been
calculated [27]. Following the notation of Refs. [27,55], we
include the analytic expressions for the new asymmetries
AQðq2Þ and Zaðq2Þ (a ¼ L;⊥; T;Q) in Appendix B.

A. Maximum likelihood method

The energy sd and the angle cos θd of the daughter in
τ → dν decays are directly measurable at Belle II. Using
the fully differential distribution [Eq. (3.12)], we apply the
unbinned maximum likelihood method in sd and cos θd to
fit for the asymmetry observables in q2 bins and determine
the covariance matrices around the best-fit values. We do
not assume any templates for the q2 dependence from the
SM or otherwise; we consider a separate and independent
measurement of the asymmetries in each q2 bin.4

Let Oðq2i Þ for O ¼ AFB, PL, etc., be the parameters that
we want to fit for in q2 bin i. According to Eq. (3.12), the
probability distribution of events in q2 bin i in terms of
these parameters is given by

piðsd; cos θdjOðq2i ÞÞ ¼
1

2
ðfd0ðq2i Þ þ fdLðsd; q2i ÞPLðq2i ÞÞP0ðcos θdÞ

þ ðfdAFB
ðsd; q2i ÞAFBðq2i Þ þ fd⊥ðsd; q2i ÞP⊥ðq2i Þ þ fdZL

ðsd; q2i ÞZLðq2i ÞÞP1ðcos θdÞ
þ ðfdZ⊥ðsd; q2i ÞZ⊥ðq2i Þ þ fdZQ

ðsd; q2i ÞZQðq2i Þ þ fdAQ
ðsd; q2i ÞAQðq2i ÞÞP2ðcos θdÞ: ð4:1Þ

We assume that the event numbers in each q2 bin are large enough that the asymptotic form of the maximum likelihood
method can be used. Then the log-likelihood statistic to be maximized is

LðOðq2i ÞÞ ¼ Nfi

Z
dsd d cos θdpiðsd; cos θdjÔðq2i ÞÞ log piðsd; cos θdjOðq2i ÞÞ; ð4:2Þ

4The statistical analysis outlined in this section expands on a previous analysis of B → Dτν [26]. In the analysis of Ref. [26], instead
of a fit to the complete distribution of events in cos θd, only two bins distinguished by sgnðcos θdÞ are considered. By fitting to the full
distribution, we get access to the new observables Z⊥, ZL, ZQ, and AQ, and we also increase the sensitivity to the remaining
asymmetries.
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where Ôðq2i Þ are the true values of the asymmetry ob-
servables, N is the total number of events, and

fi ≡ Δq2Γ−1
B

dΓB

dq2
ðq2i Þ ð4:3Þ

is the fraction of events in q2 bin i with bin width Δq2.
The elements of the inverse covariance matrix for bin i are
given by

ðΣiÞ−1ab ¼ −∂Oaðq2i Þ∂Obðq2i ÞLðOðq2i ÞÞjOðq2i Þ¼Ôðq2i Þ: ð4:4Þ

In the following, we report the sensitivity to the q2-
integrated asymmetries, defined by

O ¼ 1

ΓB

Z
dq2

dΓB

dq2
Oðq2Þ; ð4:5Þ

where O ¼ AFB; PL, etc. These integrated asymmetries
provide us with a sensitivity estimate in the case of limited
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FIG. 2. Distributions of AFB, PL, P⊥, ZL, Z⊥, ZQ, and AQ for the decays B → Dτν (green) and B → D�τν (orange). The solid curves
show the SM predictions. The dashed (dotted) curves refer to two NP scenarios with U1 (S1 − R2) leptoquarks discussed in Sec. IV C.
The statistical uncertainties obtained from our maximum-likelihood analysis are shown as purple bands for N ¼ 3000 events in the
τ → πν channel.
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event statistics. To combine the covariance matrices in each
q2 bin into a total covariance matrix for the integrated
observables, we use the discretized form of Eq. (4.5),

O ≈
X
i

fiOðq2i Þ: ð4:6Þ

The total covariance matrix is then

Σ ¼
X
i

f2iΣi: ð4:7Þ

In the following subsections, we will report values and
make plots of the variances σ2a (the diagonal elements of Σ)
and the correlation coefficients ρab ¼ σab=ðσaσbÞ (derived
from the off-diagonal elements of Σ).

FIG. 3. 68% (solid) and 95% (dashed) confidence intervals for the statistical sensitivity to the τ asymmetries in the SM in
B → Dτð→ πνÞν (pink) and B → Dτð→ ρνÞν (blue) decays. The central values are marked for the SM (pink star), as well as for the NP
scenarios U1 (yellow square) and S1 − R2 (green diamond). The correlation coefficients ρπ and ρρ for each pair of asymmetries are
shown in a boxed insert. Assumed is a dataset of N ¼ 3000 total events in each channel.
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B. Standard Model sensitivity

Using this method, we determine the theoretical sensi-
tivity to the q2-integrated asymmetries, assuming the SM

prediction for all the parameters—i.e., Ôðq2i Þ ¼ OSMðq2i Þ.
It is trivial to repeat the analysis for a scenario with a
different prior.

Figure 2 shows the asymmetries as functions of q2 in the
SM for B → Dτν and B → D�τν, using hadronic form
factors of Ref. [24]. In addition to the SM predictions, we
also show the predictions from two benchmark NP scenar-
ios, which are discussed in detail in Sec. IV C.
The values of the integrated asymmetries in the SM are

displayed in Table I, along with the projected statistical

FIG. 4. 68% (solid) and 95% (dashed) confidence intervals for the statistical sensitivity to the τ asymmetries in the SM in
B → D�τð→ πνÞν (pink) and B → D�τð→ ρνÞν (blue) decays. The central values are marked for the SM (pink star), as well as for the NP
scenarios U1 (yellow square) and S1 − R2 (green diamond). The correlation coefficients ρπ and ρρ for each pair of asymmetries are
shown in a boxed insert. Assumed is a dataset of N ¼ 3000 total events in each channel.
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sensitivities for N ¼ 3000 total events in each final-state π
or ρ.5 Figs. 3 and 4 visualize these numbers and provide the
correlation between each asymmetry pair. The achievable
sensitivities for these observables are at the percent level,
comparable to the projected sensitivity to RDð�Þ [57].
Interestingly, Table I suggests that the new observables

ZL, Z⊥, ZQ, AQ could be measured with comparable
precision to the previously studied observables PL, P⊥,
and AFB. We also find that the sensitivities to the asym-
metries are comparable in both B → Dτν and B → D�τν
decays. However, there is a stark difference between π and
ρ: for all the observables, the τ → πν channel has a better
sensitivity compared to the τ → ρν channel. Measuring the
ρ polarizations would presumably enhance the sensitivity
in the latter channel.
Of all the asymmetries in Table I, only PL for B → D�τν

has been measured so far. The projected statistical uncer-
tainty (obtained by rescaling the current measurement with
luminosity) is �0.06—see Table 50 in Ref. [57]—this is in
the same ballpark as our projection in Table I. The differ-
ence may be attributable in part to the background effects
we have neglected, as well as detector acceptance and
efficiency. Nonetheless, the fact that our purely theoretical
estimate of the sensitivity is within a factor of 2 of the
official projection provides some confidence in the sensi-
tivity estimates for the other observables.

C. New physics in b → cτν

Heavy new physics at scales Λ ≫ mW can modify the
total rates and kinematic distributions of the τ lepton and

the Dð�Þ meson in the B → Dð�Þτν decays. Such modifi-
cations can be parametrized in a model-independent way in
terms of an effective Hamiltonian

Heff ¼
4GFVcbffiffiffi

2
p

�
OV

LL þ
X

X;Y¼L;R

ðCS
XYO

S
XY þ CV

XYO
V
XYÞ

þ
X
X¼L;R

CT
XXO

T
XX

�
; ð4:8Þ

where GF ¼ 1=
ffiffiffi
2

p
v2 and Vcb is the CKM element. The

various effective operators describe local scalar, vector, and
tensor four-fermion interactions, defined as

OS
XY ¼ ðc̄PXbÞðτ̄PYνÞ;

OV
XY ¼ ðc̄γμPXbÞðτ̄γμPYνÞ;

OT
XX ¼ ðc̄σμνPXbÞðτ̄σμνPXνÞ: ð4:9Þ

The Wilson coefficients Ci
XY in Eq. (4.8) contain informa-

tion pertaining to the short-distance structure of the b →
cτν transitions induced by new physics above the weak
scale. In our conventions, the SM corresponds to Ci

XY ¼ 0.
A given NP model induces specific modifications of the
Wilson coefficients that can be analyzed by measuring
various observables in these decays. We neglect corrections
of Oðv=ΛÞ that arise from higher-dimensional operators in
the effective theory.
As we discussed in the Introduction, current measure-

ments of total rates in terms of the ratios RDð�Þ are in tension
with the SM at a significance of about 3σ, which could
be due to the presence of new physics in b → cτν
transitions. Several models have been proposed that can
explain this difference [55,58–102]. One class of models
particularly favored by data involve a vector leptoquark U1

TABLE I. Numerical predictions of the integrated observables in the SM, together with their theoretical
uncertainties σth and the estimated statistical uncertainties in the π and ρ channels, σπ and σρ. The theoretical
uncertainties are obtained by scanning theoretical inputs as in Ref. [24]. The statistical uncertainties assume a
dataset of N ¼ 3000 events for each final state. Both the theoretical and statistical uncertainties refer to the
68% confidence level.

SM σth σπ σρ Measured

B → Dτν AFB −0.359 0.003 0.020 0.024 � � �
PL 0.34 0.03 0.029 0.069 � � �
P⊥ −0.839 0.007 0.028 0.094 � � �
Z⊥ 0.224 0.012 0.024 0.091 � � �
ZQ 0.243 0.012 0.037 0.118 � � �
AQ −0.088 0.004 0.031 0.042 � � �

B → D�τν AFB 0.07 0.02 0.031 0.037 � � �
PL −0.50 0.02 0.029 0.070 −0.38ð54Þ [14,15]
P⊥ −0.49 0.02 0.039 0.113 � � �
ZL −0.323 0.007 0.037 0.104 � � �
Z⊥ 0.054 0.002 0.041 0.101 � � �
ZQ 0.058 0.002 0.055 0.046 � � �
AQ −0.0189 0.0005 0.146 0.050 � � �

5The numberN ¼ 3000 is meant to be a very rough estimate of
the number of B → Dð�Þτð→ dνÞν events expected with 50 ab−1
of Belle II data [26,56].
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transforming as ð3; 1;þ2=3Þ under the SM gauge group
SUð3Þ × SUð2Þ ×Uð1Þ. The exchange of such a lepto-
quark induces b → cτν transitions at tree level and
generates the operators OV

LL and OS
RL [61–77]. Another

possibility are the scalar leptoquarks S1∶ð3̄; 1;þ1=3) and
R2∶ð3; 2;þ7=6Þ, which produce a correlated effect in the
scalar and tensor operators OS

LL and OT
LL [55,78–83].6

We use these two models to demonstrate the sensitivity
of our asymmetries to new physics. Our benchmarks
correspond to

“U1 vector leptoquark”∶ CV
LL ¼ 0.08; CS

RL ¼ −0.05;

“S1 − R2scalar leptoquarks”∶ CS
LL ¼ 0.07; CT

LL ¼ −0.03;

ð4:10Þ
where the Wilson coefficients are evaluated at the bottom-
quark mass scale. Both benchmarks are motivated by a fit to
the current RD and RD� measurements [49].
In Fig. 2, we show theq2 dependence of all the asymmetry

observables in the U1 (dashed) and the S1 − R2 (dotted)
leptoquark scenarios. We also show the predictions of the
q2-inclusive observables in these models in Figs. 3 and 4 as
yellow squares and green diamonds, respectively. We have
not included the expected confidence regions around the NP
points, but we have checked that the statistical sensitivities
are nearly indistinguishable in size and shape from the SM
ellipses. Finally, in Fig. 5, we show the q2-integrated results
of the observables, including both the theoretical and
statistical uncertainties for the SM predictions [24].7

As can be seen from the figures, in the U1 leptoquark
scenario, most of the observables are very similar to the
SM. Only PL in B → Dτν causes an appreciable deviation
from the SM prediction. The reason is that the vector
leptoquark primarily induces the operator OV

LL. This effect
merely changes the overall normalization of the decay rate
in the SM and cancels out in the normalized asymmetry
observables. Any observable effect of the U1 leptoquark is
due to the small scalar contribution to OS

RL, which PL is
especially sensitive to. On the other hand, in the scalar
leptoquark scenario the deviation from the SM is quite
significant for many of the observables. This scenario
involves a combination of scalar and tensor operators,
which significantly affect the angular distributions in the
b → cτν decay.
All in all, we conclude from Fig. 5 that the most

promising single observables for distinguishing between
these two NP scenarios are PLðDÞ, P⊥ðD�Þ, and ZLðD�Þ.
At the same time, no single observable presents a “slam
dunk” case for one NP scenario or the other; differences are
at 1σ–2σ at best. However, Fig. 5 and Figs. 3–4 indicate
that the combination of multiple observables offers a way to
achieve higher sensitivity. This emphasizes the potential of
a simultaneous measurement of all of these observables to
clarify the nature of the currently observed discrepancies.

V. DISCUSSION AND CONCLUSION

The study of B → Dð�Þτν transitions offers a unique
window into couplings between quarks and leptons involv-
ing the third generation. In this work, we have shown how
to extract the maximum information about the b → cτν
transition from kinematic distributions of the observable
particles in B → Dð�Þτð→ πν; ρνÞν decays. The physics of
B → Dð�Þτν decays with polarized τ leptons and unpolar-
ized Dð�Þ mesons beyond total rates can be fully captured
by nine coefficient functions in a partial wave expansion.
Linear combinations of some of these functions correspond
to widely studied τ observables, such as the longitudinal

FIG. 5. Theoretical (blue bands) and statistical (black bars) uncertainties on the asymmetries at the 68% confidence level for B → Dτν
(left) and B → D�τν (right). The statistical uncertainties correspond to the τ → πν channel, assuming 3000 events. The deviations of the
central values for the NP scenarios U1 (yellow square) and S1 − R2 (green diamond) from the SM central values are also shown.

6Other models involving colorless gauge bosons W0 [84–89],
extending the Higgs sector [90–95], or adding right-handed
neutrinos [96–100] could explain the discrepancy, but they are
more in tension with other low-energy observables or collider
searches [103–105].

7Figure 5 indicates that the theoretical uncertainties on
the observables are always comparable to or smaller than the
statistical uncertainties. This further motivates performing the
measurement at Belle II, as the precision will not be theoretically
limited.
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polarization asymmetry PL and the forward-backward
asymmetry AFB. We showed that seven of the nine
coefficient functions can be recovered from the kinematic
distributions of the observable particles Dð�Þ and π, ρ. The
remaining two functions are sensitive to CP violation and
can only be extracted by including additional information,
for instance from the Dð�Þ decay [30]. We leave such a
study for future work [50].
A similar analysis has previously been performed for a

subset of the asymmetries in B → Dτν [26]. In this work,
we generalized this analysis to include B → Dð�Þτν and
developed a common framework to describe both proc-
esses. Using this framework, we discovered four new
asymmetries, ZL, Z⊥, ZQ, and AQ. These observables
probe independent fundamental properties of b → cτν
transitions and can also be extracted from the observable
kinematic distributions, which previously had not been
realized.
To assess the potential of the Belle II experiment to

measure the seven asymmetries, we have performed a
statistical analysis assuming the full dataset of 50 ab−1. Our
unbinned maximum-likelihood fit to the fully differential
final-state distribution in B → Dð�Þτð→ πν; ρνÞν decays
shows that almost all asymmetries could be accessed with
a statistical uncertainty of a few percent. These predictions
do not include realistic experimental effects such as
detector acceptance/efficiency/smearing, backgrounds, or
systematic uncertainties—see, e.g., Ref. [29] for further
discussion. It would be interesting to further our study by
taking these issues into account.
Additional sensitivity can be obtained by combining the

τ → πν and τ → ρν channels with each other and with the
leptonic decay modes τ → lνν. While the lepton kinemat-
ics do not contain as much information about the asym-
metries as the π or ρ, the leptonic decays occur at a higher
rate and should be included in a global analysis of all
τ-decay modes.
These positive measurement prospects and the precise

predictions of the asymmetries in the SM allow us to
detect possible deviations in the presence of heavy new
physics. For two new physics scenarios with scalar and
vector leptoquarks, motivated by the currently observed
deviations in B → Dð�Þτν decays, we have determined the
statistical sensitivity compared to the SM expectations. In
B → Dτν, the longitudinal τ polarization asymmetry PL
discriminates particularly well between the two NP models;
in B → D�τν the perpendicular polarization asymmetry P⊥
and the double asymmetry ZL show the best individual
discriminating power. Of course, the ability to discriminate
between different NP models increases by combining all
seven asymmetries in a global fit.
In this paper, we have endeavored to demonstrate the

usefulness of the asymmetries in B → Dð�Þτν decays and
the feasibility of measuring them at Belle II. The asym-
metries furnish an important intermediate step between the

raw data and the underlying Lagrangian parameters, e.g.,
the Wilson coefficients. The framework developed in this
paper provides us with a solid interpretation scheme for τ
polarimetry in B → Dð�Þτν decays, ready to be confronted
with fresh data at Belle II.
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APPENDIX A: ANGULAR INTEGRALS

In this Appendix, we give details about the integration
over angles that are not observable in the final state. Using
the angular expansions of Eqs. (2.8) and (3.9), the angular
integrals in Eq. (3.11) are found to be of the form

uðcos θdÞ ¼
Z

1

−1
d cos θτ

Z
π

−π
dζfðζÞgðcos θτÞ

× δðcos θτ cosφþ sin θτ sinφ cos ζ − cos θdÞ:
ðA1Þ

If f is an odd function of ζ, the integral vanishes. This is the
reason why PT and ZT , which are proportional to sin ζ in
the total decay rate, vanish. Changing variables from ζ to
cos ζ, it is straightforward to calculate

2

Z
0

−π
dζfðζÞδðcos θτ cosφ − sin θτ sinφ cos ζ − cos θdÞ

¼ 2

Z
1

−1
d cos ζfðcos ζÞ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − cos2ζ
p 1

j sin θτ sinφj
× δðcos ζ − cos ζ0Þ

¼ 2j det Jjfðcos ζ0Þ; ðA2Þ

where

cos ζ0 ¼
cos θd − cos θτ cosφ

sin θτ sinφ
; ðA3Þ
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and the Jacobian is given by

j det Jj ¼ ð1 − cos2θd − cos2θτ − cos2φ

þ 2 cos θd cos θτ cosφÞ−1=2: ðA4Þ

After integrating over ζ, the delta function in Eq. (A2)
restricts the possible range of θτ. Solving Eq. (3.4) for
cos θτ and inserting the ζ integration limits gives

cos θτjζ¼0 ¼ cosðθd ∓ φÞ; cos θτjζ¼�π ¼ cosðθd � φÞ:
ðA5Þ

The choice of sign configuration does not matter, since
the other configuration can be obtained by sending
φ → −φ; this angle is only defined in terms of cosφ.
Choosing φ ≥ 0 and cosðθd þ φÞ as the lower integration
limit gives

uðcos θdÞ ¼
Z

1

−1
d cos θτgðcos θτÞ

Z
π

−π
dζfðζÞ

× δðcos θτ cosφ− sin θτ sinφ cos ζ − cos θdÞ

¼ 2

Z
cosðθd−φÞ

cosðθdþφÞ
d cos θτj detJjfðcos ζ0Þgðcos θτÞ:

ðA6Þ
The procedure above is equivalent to the change of
variables in Ref. [24]. The resulting functions uðcos θdÞ

for all functions fðζÞgðcos θτÞ present in the full decay rate
are listed in Table II.

APPENDIX B: ANALYTICAL EXPRESSIONS
FOR THE NEW ASYMMETRIES

In this Appendix, we report the analytic expressions for
all new asymmetries introduced in Sec. II—i.e., ZL, Z⊥,
ZT , AQ, and ZQ. Similar formulas for the remaining
asymmetries can be found in the Appendix of Ref. [27].8

In B → Dτν, the asymmetries are

ZLðq2Þ ¼ AFBðq2Þ;
dΓ
dq2

Z⊥ðq2Þ ¼ N ðmD; q2ÞRe½Ξ�;
dΓ
dq2

ZTðq2Þ ¼ −N ðmD; q2ÞIm½Ξ�; ðB1Þ

with

Ξ ¼
�
ð1þ CV

LL þ CV
RLÞ

ffiffiffiffiffi
q2

q
Hs

V;0 − 4CT
LLmτHs

T

��
ð1þ CV

LL þ CV
RLÞ�mτHs

V;0 − 4CT
LL

�
ffiffiffiffiffi
q2

q
Hs

T

�
;

N ðmD; q2Þ ¼
G2

FV
2
cb

192m3
Bπ

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððmB −mDÞ2 − q2ÞððmB þmDÞ2 − q2Þ

q �
1 −

m2
τ

q2

�
2

; ðB2Þ

where CX
YZ refer to the Wilson coefficients of the relevant dimension-6 operators; see Eq. (4.8). The hadronic functions H

can be found in Refs. [27,55].
The quadrupole observables for the same decay are given as

dΓ
dq2

AQðq2Þ ¼
N ðmD; q2Þ

2

n			ð1þ CV
LL þ CV

RLÞmτHs
V;0 − 4CT

LL

ffiffiffiffiffi
q2

q
Hs

T

			2

−
			ð1þ CV

LL þ CV
RLÞ

ffiffiffiffiffi
q2

q
Hs

V;0 − 4CT
LLmτHs

T

			2o; ðB3Þ

TABLE II. Angular integrals from Eq. (A1).

fðζÞgðcos θτÞ uðcos θdÞ
1 2π
cos θτ 2π cos θd cosφ
cos2 θτ 2πðcos2 θd cos2 φþ 1

2
sin2 θd sin2 φÞ

cos ζ sin θτ 2π cos θd sinφ
cos ζ sinð2θτÞ=2 π sinφ cosφð3 cos2 θd − 1Þ
sin ζ sinðθτÞ 0
sin ζ sinð2θτÞ=2 0

8What we call dΓ
dq2

Oðq2Þ in this work corresponds to dO
dq2

in Ref. [27].
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dΓ
dq2

ZQðq2Þ ¼
N ðmD; q2Þ

2

n			ð1þ CV
LL þ CV

RLÞmτHs
V;0 − 4CT

LL

ffiffiffiffiffi
q2

q
Hs

T

			2

þ
			ð1þ CV

LL þ CV
RLÞ

ffiffiffiffiffi
q2

q
Hs

V;0 − 4CT
LLmτHs

T

			2o: ðB4Þ

Similarly, for B → D�τν, the asymmetries are given by

dΓ
dq2

ZLðq2Þ ¼
4N ðmD� ; q2Þ

3
Re

n
2
�
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q2

q
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;

dΓ
dq2

Z⊥ðq2Þ ¼ −
N ðmD� ; q2Þ

2
Re½Ξ��;

dΓ
dq2

ZTðq2Þ ¼
N ðmD� ; q2Þ

2
Im½Ξ��; ðB5Þ

where
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while the quadrupole observables AQ and ZQ are

dΓ
dq2
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dΓ
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The hadronic functions H are pure functions of q2 and contain the hadronic matrix elements. All theory uncertainties are
therefore contained in these functions.
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