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Figure 5: Theoretical (blue bands) and statistical (black bars) uncertainties on the asymmetries at 68%

confidence level for B ! D⌧⌫ (left) and B ! D⇤⌧⌫ (right). The statistical uncertainties correspond to

the ⌧ ! ⇡⌫ channel, assuming 3000 events. The deviations of the central values for the NP scenarios

U1 (yellow square) and S1 �R2 (green diamond) from to the SM central values are also shown.

“S1 �R2 scalar leptoquarks” : CS
LL = 0.07, CT

LL = �0.03,

where the Wilson coe�cients 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 the q2-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 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 ! D⌧⌫ causes an appreciable deviation from

the SM prediction. The reason is that the vector leptoquark primarily induces the

operator OV
LL. This e↵ect merely changes the overall normalization of the decay rate in

the SM and cancels out in the normalized asymmetry observables. Any observable e↵ect

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 a↵ect the angular distributions in the

7 Fig. 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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In the standard model:
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tau polarization

Are the weak interactions flavor-universal? CP violation?

Are they mediated by a massive vector boson?

Is there a new force mediating b-c-tau-nu interactions?

Is the emitted missing energy a neutrino?



Ratios of branching ratios
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Figure 1: Form factors in the N = 4 fit with data points. FNAL/MILC synthetic data are
shown in red, HPQCD in blue, Belle data in brown, BaBar in green.

Our fits are in good agreement with recent analyses, if one takes into account the di↵erent
inputs. Belle analysis [18] employs the same lattice data as we do and finds (BGL, N = 3)
⌘ew|Vcb| = 41.10(1.14) 10�3. Using ⌘ew = 1.0066 as we do, one gets |Vcb| = 40.83(1.13) 10�3,
well compatible with the result of our Belle-only fit. The HPQCD collaboration reports
|Vcb| = 40.2(1.7)(1.3) 10�3 [17] based on Babar data only and using a di↵erent ⌘ew. If we
repeat the fit under similar conditions we get |Vcb| = 40.1(2.2) 10�3. The FNAL-MILC
collaboration quotes |Vcb| = 39.6(1.7)(0.2) 10�3 [16], based on BaBar data only and using
⌘ew = 1.011(5). Under the same hypotheses we get |Vcb| = 39.7(1.7) 10�3. A fit with lattice,
BaBar, and preliminary Belle data, presented in [39], is again consistent with our results
after taking into account the di↵erent inputs.

It might be interesting to compare our results with those one obtains using the HFAG
average ⌘ewG(1)|Vcb| = 42.65(72)(1.35) 10�3 [11] and the N = 4 fit value of f+(0), corre-
sponding to G(1) = 1.0557(78). We get |Vcb| = 40.13(1.47) 10�3, which is consistent with
but less precise than our final value. This is clearly not surprising because we include new
additional information. One should keep in mind that the data averaged by HFAG are the
result of CLN extrapolation.

To gauge the impact of non-zero recoil lattice results in the analysis, we perform a fit
without all the lattice points at z 6= 0: the result is |Vcb| = 39.6(1.72.0) 10

�3 using BGL with
N = 3. Clearly, non-zero recoil lattice data are very important both for the uncertainty
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red: FNAL/MILC 
blue: HPQCD 
brown: Belle 
green: BaBar

Bigi, Gambino 1606.08030

B > D*: Bigi, Gambino, Schacht 1707.09509

Form factors determined with input from lattice and data:

q2 = (pB � pD)2
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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 =

(pB � pM)2 being the momentum squared transferred to the leptons. Fig. 1 illustrates

the various momentum vectors, polarization vectors and angles involved in the q2 frame.

Let {ê1, ê2, ê3} be an orthonormal coordinate system in this frame and choose

ê3 = p̂⌧ ⌘ êL , (2.5)

where p̂⌧ is the direction of the ⌧ momentum. The spin-dependent di↵erential decay

rate (2.1) and the asymmetries (2.4) can then be expressed using ⌧ helicity amplitudes

M�⌧ ,L
B . From here on, the index a = L will be suppressed. The resulting expressions for

the asymmetries depend on how the axes ê1 and ê2 are chosen. Choosing

ê2 =
p̂M ⇥ p̂⌧

|p̂M ⇥ p̂⌧ |
⌘ êT , ê1 = êT ⇥ êL ⌘ ê? , (2.6)

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

d��⌧
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1

2mB
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2mB
2 Im

h
M+

B

�
M�

B

�†i
d�3(pB; pM , p⌧ , p⌫) .

(2.7)

These four di↵erential distributions capture all the information in the matrix elements

M±

B in the B ! D(⇤)⌧⌫ decay (with unpolarized D⇤).

The matrix elements do not depend on the azimuthal angle of the ⌧ momentum

with respect to the M momentum, this angle is thus integrated out. The two remaining

degrees of freedom in the final state are chosen to be q2 and cos ✓⌧ , where ✓⌧ is the angle

between the flight direction of the ⌧ and the negative direction of the M momentum

in the q2 frame. The decay rates and asymmetries for B ! M⌧⌫ can be expanded in

spherical harmonics encoding conservation of angular momentum [1],

d2��⌧
B

dq2d cos ✓⌧
=

d�B

dq2

2X

`=0

B�⌧
` (q2)P 0

` (cos ✓⌧ )

d2P?

B

dq2d cos ✓⌧
=

d�B

dq2

2X

`=1

Re[C`(q
2)]P 1

` (cos ✓⌧ )

d2PT
B

dq2d cos ✓⌧
=

d�B

dq2

2X

`=1

Im[C`(q
2)]P 1

` (cos ✓⌧ ) .

(2.8)
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Koerner, Schuler 1990

10 independent helicity amplitudes to fully describe tau production.
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B + d��,L
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Expand differential rates in spherical harmonics.
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Tau helicity amplitudes in                    :

picture: Anna Hallin

Rate:

Spin asymmetries:
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Tau asymmetries

 6Asadi, Hallin, Martin Camalich, Shih, Westhoff 2006.16416

Polarization:

Angular asymmetry:

Zweifach (double):
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Total: 10 observables
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10 observables

 

●   Polarisation                    
● Angular asymmetry           
● Double asymmetry (Zwei)

A complete framework for tau polarimetry in                           decays
Anna Hallin
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Currently: tau polarization
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P⌧ (D
⇤) = PL(D

⇤) = �0.38± 0.51 (stat)+0.21
�0.16 (syst)

Measured in hadronic tau decays                             :⌧ ! ⇡⌫, ⌧ ! ⇢⌫ Belle 1709.00129

Table 50: Expected precision for RD(⇤) and P⌧ (D⇤) at Belle II, given as the relative uncer-

tainty for RD(⇤) and absolute for P⌧ (D⇤). The values given are the statistical and systematic

errors respectively.

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

R(D)
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R
(D
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0.25

0.3
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0.5
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Belle Combination
Babar
LHCb
World Combination
SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

 contoursσ1 
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0.5−

0

0.5

1
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SM prediction: PRD85 094025 (2012), PRD87 034028 (2013)
Scalar
Vector
Tensor}PRD87 034028 (2013)

Fig. 70: Expected Belle II constraints on the RD vs RD⇤ plane (left) and the RD⇤ vs P⌧ (D⇤)

plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospects. Based on the existing results from Belle and the expected statistical

and experimental improvements at Belle II, we provide estimates of the precision on RD(⇤)

and P⌧ (D⇤) in Table 50 for two integrated luminosities. In Fig. 70, the expected precisions at

Belle II are compared to the current results and SM expectations. They will be comparable to

the current theoretical uncertainty. Furthermore, precise polarisation measurements, P⌧ (D⇤),

and decay di↵erentials will provide further discrimination of NP scenarios (see e.g. Refs. [216?

] for a detailed discussion). In the estimates for P⌧ (D⇤), we take the pessimistic scenario that

no improvement to the systematic uncertainty arising from hadronic B decays with three

or more ⇡0, ⌘ and � can be achieved. However, although challenging, our understanding of

these modes should be improved by future measurements at Belle II and hence the systematic

uncertainty will be further reduced. As shown in Fig. 68, the Belle analyses of B ! D(⇤)⌧⌫⌧

largely rely on the EECL shape to discriminate between signal and background events. One

possible challenge at Belle II is therefore to understand the e↵ects from the large beam-

induced background on EECL. From studies of B ! ⌧⌫, shown earlier in this section, EECL

should be a robust observable.

the leptoquark model, a small deviation in RD(⇤) from the SM prediction is favoured by the LHC
bound [270]

176/690

Belle II 1808.10567

Prospects for Belle II:



What we observe
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B

⌫⌫̄

⇡�

h1

h2

⌧�

Idea: reconstruct tau production from visible final-state kinematics.
Bullock, Hagiwara, Martin 1993; Kiers, Soni 1997; Nierste, Trine, SW 2008

Hadronic decays                              preserve most information.⌧ ! ⇡⌫, ⌧ ! ⇢⌫
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Tau production properties from the final state

Tau polarisations and FB asymmetry: Tanaka, Watanabe 2010 
Sakaki, Tanaka 2013 
Alonso, Martin Camalich, SW 2017 
Ivanov, Koerner, Tran 2017+ 
Asadi, Buckley, Shih 2018 
Asadi, Hallin, Martin Camalich, Shih, SW 2020

B ! [D(⇤) ! D(⇡, �)]⌫[⌧ ! (`⌫,⇡)⌫]

Search for new physics:

B ! D(⇤)⌫[⌧ ! (`⌫,⇡, ⇢)⌫]

Ligeti, Papucci, Robinson 2016+ 
Alonso, Kobach, Martin Camalich 2016 
Bhattacharya et al. 2018 
Colangelo, De Fazio 2018 
Asadi, Buckley, Shih 2018

CP violation:

B ! D⌫[⌧ ! 3⇡⌫] Hagiwara, Nojiri, Sakaki 2014

B ! [D⇤ ! D⇡][⌧ ! ⇡⌫]⌫
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Bhattacharya, Datta, Kamali, London 2020

HAMMER software: Bernlochner et al. 2020Reweighing simulations for NP:
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~pB
~pD(⇤)

~p⌧

~p⌫

~pd

~p⌫0✓⌧

'
✓d

⇣

êL

ê?
êT

Figure 1: The two decay planes of B ! M⌧⌫ (black) and ⌧ ! d⌫ (red) in the q2 frame. The angle

between the two planes is denoted ⇣. The angle between the flight direction of the ⌧ and the negative

direction of M is denoted ✓⌧ . In the decay plane of the ⌧ , ' is the angle between the direction of the ⌧

and the direction of the daughter particle d. Finally, the angle ✓d is the angle between the direction of

the daughter particle (in the ⌧ decay plane) and the negative direction of M (in the B decay plane).

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 2

r2⌧
2

✓
1 +

r2d
r4⌧

◆
,
1

2

�
1 + r2d

��
. (3.3)

Finally, the angles ✓⌧ and ⇣ are related to ' and ✓d via

cos ✓d = cos ✓⌧ cos'+ sin ✓⌧ sin' cos ⇣ . (3.4)

The matrix element for the full B ! D(⇤)⌧(! d⌫2)⌫1 decay is

Mtot =
1

p2⌧ �m2
⌧ + im⌧�⌧

X

�⌧=±

M�⌧
B M�⌧

⌧ , (3.5)

where MB is the matrix element for B ! M⌧⌫ as introduced in Section 2, �⌧ is the

total width of the ⌧ , and M⌧ is the matrix element for ⌧ ! d⌫. In the narrow width

approximation, the four-body phase space factorizes as

1

(p2⌧ �m2
⌧ )

2 +m2
⌧�

2
⌧

d�4(pB; pM , p⌫1 , pd, p⌫2) (3.6)

�! 1

2m⌧�⌧
d�3(pB; pM , p⌧ , p⌫1) d�2(p⌧ ; pd, p⌫2)

7

production plane

decay plane

Final-state kinematics

Here:                                   (most information on tau production)⌧ ! ⇡⌫, ⌧ ! ⇢⌫

Measurable:                                      q2, cos ✓d, sd =
Edp
q2
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(meson fully resonstructed)



Tau asymmetries from final-state kinematics
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observable angle ✓d. Formally this can be accomplished using (3.4) to obtain

d3�d

dq2d cos ✓ddsd
=

Z 1

�1

d cos ✓⌧

Z ⇡

�⇡

d⇣
d4�d

dq2d cos ✓⌧dsd d⇣

⇥ �(cos ✓d � cos ✓⌧ cos'� sin ✓⌧ sin' cos ⇣) .

(3.11)

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

d3�d

dq2d cos ✓ddsd
= BR(⌧ ! d⌫)

d�B

dq2

2X

`=0

P`(cos ✓d)I`(q
2, sd),

I0 =
1

2

�
fd
0 (q

2) + fd
L(q

2, sd)PL(q
2)
�

I1 = fd
AFB

(q2, sd)AFB(q
2) + fd

?
(q2, sd)P?(q

2) + fd
ZL
(q2, sd)ZL(q

2)

I2 = fd
Z?

(q2, sd)Z?(q
2) + fd

ZQ
(q2, sd)ZQ(q

2) + fd
AQ

(q2, sd)AQ(q
2).

(3.12)

Here we have used (2.9) - (2.13) to connect the di↵erential distribution to the ⌧ asym-

metries, and we have defined the leptonic functions

fd
0 (q

2) = g+d (q
2, sd) + g�d (q

2, sd)

fd
L(q

2, sd) = g+d (q
2, sd)� g�d (q

2, sd)

fd
?
(q2, sd) =

4

⇡
sin2 'hd(q

2, sd)

fd
AFB

(q2, sd) = cos' fd
0 (q

2)

fd
ZL
(q2, sd) = cos' fd

L(q
2, sd)

fd
Z?

(q2, sd) =
3⇡

4
cos'fd

?
(q2, sd)

fd
AQ

(q2, sd) =
1

2
(3 cos2 '� 1)fd

0 (q
2)

fd
ZQ

(q2, sd) =
1

2
(3 cos2 '� 1)fd

L(q
2) .

(3.13)

One can verify using (3.10) that the first four leptonic functions in (3.13) agree precisely

with those considered in [26].

We see that the fully di↵erential final-state decay rate breaks down into a linear

combination of the asymmetries, or equivalently, of the angular coe�cient functions

B±

0,1,2 and Re[C1,2]. We emphasize that (3.12) is completely general even in the presence

of arbitrary heavy new physics altering the b ! c⌧⌫ transition. The leptonic functions

are independent of the b ! c⌧⌫ transition and depend only on the ⌧ decay mode.

Therefore one could use (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.
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with the ⌧ set on-shell. Then the full four-fold di↵erential decay rate is

d4�d

dq2d cos ✓⌧dsd d⇣
=

E⌧

�⌧m⌧

 
d2��⌧

B

dq2d cos ✓⌧

d2��⌧
⌧

dsd d⇣

+
1

2


d2P?

B

dq2d cos ✓⌧

d2P?

⌧

dsd d⇣
� d2PT

B

dq2d cos ✓⌧

d2PT
⌧

dsd d⇣

�!
,

(3.7)

where repeated �⌧ indices are summed over. All terms are factorized into a B decay

part (see (2.8)) and a ⌧ decay part defined as

d��⌧
⌧ =

1

2E⌧

��M�⌧
⌧

��2d�2(p⌧ ; pd, p⌫2) ,

dP?

⌧ =
1

2E⌧
2Re[M+

⌧ (M�

⌧ )
†]d�2(p⌧ ; pd, p⌫2) ,

dPT
⌧ =

1

2E⌧
2 Im[M+

⌧ (M�

⌧ )
†]d�2(p⌧ ; pd, p⌫2) .

(3.8)

Similarly to how d��⌧
B and dP?,T

B could be expanded in cos ✓⌧ , the expressions above can

be expanded in the angles ' and ⇣. For a two-body ⌧ ! d⌫ decay,

d��⌧
⌧

dsdd⇣
=

m⌧�⌧!d⌫

⇡E⌧
g�⌧
d (q2, sd) ,

dP?

⌧

dsdd⇣
=

2m⌧�⌧!d⌫

⇡E⌧
hd(q

2, sd) sin'(q
2, sd) cos ⇣ ,

dPT
⌧

dsdd⇣
=

2m⌧�⌧!d⌫

⇡E⌧
hd(q

2, sd) sin'(q
2, sd) sin ⇣ ,

(3.9)

where the coe�cient functions for d = ⇡, ⇢ are given by

g±⇡ =
1

1� r2⌧

✓
1± 4s⇡ � (1 + r2⌧ )

(1� r2⌧ )

◆

g±⇢ =
r2⌧

⇣
(1� r2⌧ )(r

2
⌧ � r2⇢)

�
2r2⇢ + r2⌧

�
±
�
r2⌧ � 2r2⇢

� �
4s⇢r2⌧ � (1 + r2⌧ )(r

2
⌧ + r2⇢)

� ⌘

(r2⌧ � r2⇢)
2(2r2⇢ + r2⌧ )(1� r2⌧ )

2

h⇡ =
2

1� r2⌧

s⇡
r⌧

h⇢ =
2

1� r2⌧

✓
r2⌧ � 2r2⇢
2r2⇢ + r2⌧

◆q
s2⇢ � r2⇢

r3⌧
(r2⌧ � r2⇢)

2
.

(3.10)

Throughout our analysis we neglect the ⇡ mass but not the ⇢ mass.

To transform (3.7) into a fully observable, fully di↵erential decay rate, we need to

integrate over the two unobservable angles ✓⌧ and ⇣ and replace them with the single
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with the ⌧ set on-shell. Then the full four-fold di↵erential decay rate is
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dq2d cos ✓⌧dsd d⇣
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dq2d cos ✓⌧
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where repeated �⌧ indices are summed over. All terms are factorized into a B decay

part (see (2.8)) and a ⌧ decay part defined as
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B could be expanded in cos ✓⌧ , the expressions above can

be expanded in the angles ' and ⇣. For a two-body ⌧ ! d⌫ decay,
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⇡E⌧
g�⌧
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dP?

⌧

dsdd⇣
=

2m⌧�⌧!d⌫

⇡E⌧
hd(q

2, sd) sin'(q
2, sd) cos ⇣ ,

dPT
⌧

dsdd⇣
=

2m⌧�⌧!d⌫

⇡E⌧
hd(q

2, sd) sin'(q
2, sd) sin ⇣ ,
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where the coe�cient functions for d = ⇡, ⇢ are given by

g±⇡ =
1

1� r2⌧

✓
1± 4s⇡ � (1 + r2⌧ )

(1� r2⌧ )

◆

g±⇢ =
r2⌧

⇣
(1� r2⌧ )(r

2
⌧ � r2⇢)

�
2r2⇢ + r2⌧

�
±
�
r2⌧ � 2r2⇢

� �
4s⇢r2⌧ � (1 + r2⌧ )(r

2
⌧ + r2⇢)

� ⌘

(r2⌧ � r2⇢)
2(2r2⇢ + r2⌧ )(1� r2⌧ )

2

h⇡ =
2

1� r2⌧

s⇡
r⌧

h⇢ =
2

1� r2⌧

✓
r2⌧ � 2r2⇢
2r2⇢ + r2⌧

◆q
s2⇢ � r2⇢

r3⌧
(r2⌧ � r2⇢)

2
.

(3.10)

Throughout our analysis we neglect the ⇡ mass but not the ⇢ mass.

To transform (3.7) into a fully observable, fully di↵erential decay rate, we need to

integrate over the two unobservable angles ✓⌧ and ⇣ and replace them with the single
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Differential rate factorizes into tau production and decay 

What we (strive to) measure:

Asadi, Hallin, Martin Camalich, Shih, Westhoff 2006.16416

Extract tau asymmetries from a fully differential fit to data.

observable angle ✓d. Formally this can be accomplished using (3.4) to obtain

d3�d

dq2d cos ✓ddsd
=

Z 1

�1

d cos ✓⌧

Z ⇡

�⇡

d⇣
d4�d

dq2d cos ✓⌧dsd d⇣

⇥ �(cos ✓d � cos ✓⌧ cos'� sin ✓⌧ sin' cos ⇣) .

(3.11)

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

d3�d

dq2d cos ✓ddsd
= BR(⌧ ! d⌫)

d�B

dq2

2X

`=0

P`(cos ✓d)I`(q
2, sd),

I0 =
1

2

�
fd
0 (q

2) + fd
L(q

2, sd)PL(q
2)
�

I1 = fd
AFB

(q2, sd)AFB(q
2) + fd

?
(q2, sd)P?(q

2) + fd
ZL
(q2, sd)ZL(q

2)

I2 = fd
Z?

(q2, sd)Z?(q
2) + fd

ZQ
(q2, sd)ZQ(q

2) + fd
AQ

(q2, sd)AQ(q
2).

(3.12)

Here we have used (2.9) - (2.13) to connect the di↵erential distribution to the ⌧ asym-

metries, and we have defined the leptonic functions

fd
0 (q

2) = g+d (q
2, sd) + g�d (q

2, sd)

fd
L(q

2, sd) = g+d (q
2, sd)� g�d (q

2, sd)

fd
?
(q2, sd) =

4

⇡
sin2 'hd(q

2, sd)

fd
AFB

(q2, sd) = cos' fd
0 (q

2)

fd
ZL
(q2, sd) = cos' fd

L(q
2, sd)

fd
Z?

(q2, sd) =
3⇡

4
cos'fd

?
(q2, sd)

fd
AQ

(q2, sd) =
1

2
(3 cos2 '� 1)fd

0 (q
2)

fd
ZQ

(q2, sd) =
1

2
(3 cos2 '� 1)fd

L(q
2) .

(3.13)

One can verify using (3.10) that the first four leptonic functions in (3.13) agree precisely

with those considered in [26].

We see that the fully di↵erential final-state decay rate breaks down into a linear

combination of the asymmetries, or equivalently, of the angular coe�cient functions

B±

0,1,2 and Re[C1,2]. We emphasize that (3.12) is completely general even in the presence

of arbitrary heavy new physics altering the b ! c⌧⌫ transition. The leptonic functions

are independent of the b ! c⌧⌫ transition and depend only on the ⌧ decay mode.

Therefore one could use (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.
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Expect 3000 events/channel (~in 50/ab).

Asadi, Hallin, Martin Camalich, Shih, Westhoff 2006.16416

B�D��
B�D*��

4 6 8 10 12
-0.6

-0.4

-0.2

0.0

0.2

q2 [GeV]

A
FB
(q
2 )

B�D��
B�D*��

4 6 8 10 12
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

q2 [GeV]

P
�
(q
2 )

Figure 2: Distributions of AFB , PL, P?, ZL, Z?, ZQ and AQ for the decays B ! D⌧⌫ (green) and

B ! D⇤⌧⌫ (orange). The solid curves show the SM predictions. The dashed (dotted) curves refer to

two NP scenarios with U1 (S1 �R2) leptoquarks discussed in Section 4.3. The statistical uncertainties

obtained from our maximum likelihood analysis are shown as purple bands for N = 3000 events in the

⌧ ! ⇡⌫ channel.
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B ! D⇤⌧⌫ (orange). The solid curves show the SM predictions. The dashed (dotted) curves refer to

two NP scenarios with U1 (S1 �R2) leptoquarks discussed in Section 4.3. The statistical uncertainties

obtained from our maximum likelihood analysis are shown as purple bands for N = 3000 events in the

⌧ ! ⇡⌫ channel.
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transverse polarization double asymmetry

Distributions can be measured with good statistical precision.
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SM �th �⇡ �⇢ measured

B ! D⌧⌫

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⇤⌧⌫

AFB 0.07 0.02 0.031 0.037 –

PL �0.50 0.02 0.029 0.070 �0.38(54) [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 –

Table 1: Numerical predictions of the integrated observables in the SM, together with their theoretical

uncertainties �th and the estimated statistical uncertainties in the ⇡ and ⇢ channels, �⇡ and �⇢. The

theoretical uncertainties are obtained scanning theoretical inputs as in [24]. The statistical uncertain-

ties assume a data set of N = 3000 events for each final state. Both the theoretical and statistical

uncertainties refer to the 68% confidence level.
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Figure 4: 68% (solid) and 95% (dashed) confidence intervals for the statistical sensitivity to the ⌧

asymmetries in the SM in B ! D⇤⌧(! ⇡⌫)⌫ (pink) and B ! D⇤⌧(! ⇢⌫)⌫ (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 coe�cients ⇢⇡ and ⇢⇢ for each pair of asymmetries are shown in a

boxed insert. Assumed is a data set of N = 3000 total events in each channel.
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New physics in tau production
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4.3 New physics in b ! c⌧⌫

Heavy new physics at scales ⇤ � mW can modify the total rates and kinematic distribu-

tions of the ⌧ lepton and the D(⇤) meson in the B ! D(⇤)⌧⌫ decays. Such modifications

can be parameterized in a model-independent way in terms of an e↵ective Hamiltonian

He↵ =
4GFVcbp

2

 
OV

LL +
X

X,Y=L,R

�
CS

XYO
S
XY + CV

XYO
V
XY

�
+
X

X=L,R

CT
XXO

T
XX

!
, (4.8)

where GF = 1/
p
2v2 and Vcb is the CKM element. The various e↵ective operators

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

OS
XY = (c̄ PXb)(⌧̄ PY ⌫)

OV
XY = (c̄ �µPXb)(⌧̄ �µPY ⌫)

OT
XX = (c̄ �µ⌫PXb)(⌧̄ �µ⌫PX⌫) .

(4.9)

The Wilson coe�cients C i
XY in (4.8) contain information pertaining the short-distance

structure of the b ! c⌧⌫ transitions induced by new physics above the weak scale. In our

conventions the SM corresponds to C i
XY = 0. A given NP model induces specific modifi-

cations of the Wilson coe�cients that can be analyzed by measuring various observables

in these decays. We neglect corrections of O(v/⇤) that arise from higher-dimensional

operators in the e↵ective theory.

As we discussed in the introduction, current measurements of total rates in terms of

the ratios RD(⇤) are in tension with the SM at a significance of about 3 �, which could

be due to the presence of new physics in b ! c⌧⌫ transitions. Several models have been

proposed that can explain this di↵erence [55, 58–102]. One class of models particularly

favored by data involve a vector leptoquark U1 transforming as (3,1,+2/3) under the

SM gauge group SU(3) ⇥ SU(2) ⇥ U(1). The exchange of such a leptoquark induces

b ! c⌧⌫ transitions at tree level and generates the operators OV
LL and OS

RL [61–77].

Another possibility are the scalar leptoquarks S1 : (3̄,1,+1/3) and R2 : (3,2,+7/6)

that produce a correlated e↵ect 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 = 0.08, CS

RL = �0.05, (4.10)

6Other models involving colorless gauge bosons W 0 [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].
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Figure 5: Theoretical (blue bands) and statistical (black bars) uncertainties on the asymmetries at 68%

confidence level for B ! D⌧⌫ (left) and B ! D⇤⌧⌫ (right). The statistical uncertainties correspond to

the ⌧ ! ⇡⌫ channel, assuming 3000 events. The deviations of the central values for the NP scenarios

U1 (yellow square) and S1 �R2 (green diamond) from to the SM central values are also shown.

“S1 �R2 scalar leptoquarks” : CS
LL = 0.07, CT

LL = �0.03,

where the Wilson coe�cients 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 the q2-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 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 ! D⌧⌫ causes an appreciable deviation from

the SM prediction. The reason is that the vector leptoquark primarily induces the

operator OV
LL. This e↵ect merely changes the overall normalization of the decay rate in

the SM and cancels out in the normalized asymmetry observables. Any observable e↵ect

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 a↵ect the angular distributions in the

7 Fig. 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.

18

�
�

� � � � �

�

�

�

�

� � �

�AFB �PL �P� �ZL �Z� �ZQ �AQ
-0.10

-0.05

0.00

0.05

0.10
B�D*��

Figure 5: Theoretical (blue bands) and statistical (black bars) uncertainties on the asymmetries at 68%

confidence level for B ! D⌧⌫ (left) and B ! D⇤⌧⌫ (right). The statistical uncertainties correspond to

the ⌧ ! ⇡⌫ channel, assuming 3000 events. The deviations of the central values for the NP scenarios

U1 (yellow square) and S1 �R2 (green diamond) from to the SM central values are also shown.

“S1 �R2 scalar leptoquarks” : CS
LL = 0.07, CT
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where the Wilson coe�cients 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 the q2-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 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 ! D⌧⌫ causes an appreciable deviation from

the SM prediction. The reason is that the vector leptoquark primarily induces the

operator OV
LL. This e↵ect merely changes the overall normalization of the decay rate in

the SM and cancels out in the normalized asymmetry observables. Any observable e↵ect

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 a↵ect the angular distributions in the

7 Fig. 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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Effective four-fermion interactions change tau kinematics:

Motivated by b-c-tau-nu data:

4.3 New physics in b ! c⌧⌫

Heavy new physics at scales ⇤ � mW can modify the total rates and kinematic distribu-

tions of the ⌧ lepton and the D(⇤) meson in the B ! D(⇤)⌧⌫ decays. Such modifications

can be parameterized in a model-independent way in terms of an e↵ective Hamiltonian

He↵ =
4GFVcbp

2

 
OV

LL +
X

X,Y=L,R

�
CS

XYO
S
XY + CV

XYO
V
XY

�
+
X

X=L,R

CT
XXO

T
XX

!
, (4.8)

where GF = 1/
p
2v2 and Vcb is the CKM element. The various e↵ective operators

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

OS
XY = (c̄ PXb)(⌧̄ PY ⌫)

OV
XY = (c̄ �µPXb)(⌧̄ �µPY ⌫)

OT
XX = (c̄ �µ⌫PXb)(⌧̄ �µ⌫PX⌫) .

(4.9)

The Wilson coe�cients C i
XY in (4.8) contain information pertaining the short-distance

structure of the b ! c⌧⌫ transitions induced by new physics above the weak scale. In our

conventions the SM corresponds to C i
XY = 0. A given NP model induces specific modifi-

cations of the Wilson coe�cients that can be analyzed by measuring various observables

in these decays. We neglect corrections of O(v/⇤) that arise from higher-dimensional

operators in the e↵ective theory.

As we discussed in the introduction, current measurements of total rates in terms of

the ratios RD(⇤) are in tension with the SM at a significance of about 3 �, which could

be due to the presence of new physics in b ! c⌧⌫ transitions. Several models have been

proposed that can explain this di↵erence [55, 58–102]. One class of models particularly

favored by data involve a vector leptoquark U1 transforming as (3,1,+2/3) under the

SM gauge group SU(3) ⇥ SU(2) ⇥ U(1). The exchange of such a leptoquark induces

b ! c⌧⌫ transitions at tree level and generates the operators OV
LL and OS

RL [61–77].

Another possibility are the scalar leptoquarks S1 : (3̄,1,+1/3) and R2 : (3,2,+7/6)

that produce a correlated e↵ect 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 = 0.08, CS

RL = �0.05, (4.10)

6Other models involving colorless gauge bosons W 0 [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].
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Figure 5: Theoretical (blue bands) and statistical (black bars) uncertainties on the asymmetries at 68%

confidence level for B ! D⌧⌫ (left) and B ! D⇤⌧⌫ (right). The statistical uncertainties correspond to

the ⌧ ! ⇡⌫ channel, assuming 3000 events. The deviations of the central values for the NP scenarios

U1 (yellow square) and S1 �R2 (green diamond) from to the SM central values are also shown.

“S1 �R2 scalar leptoquarks” : CS
LL = 0.07, CT

LL = �0.03,

where the Wilson coe�cients 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 the q2-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 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 ! D⌧⌫ causes an appreciable deviation from

the SM prediction. The reason is that the vector leptoquark primarily induces the

operator OV
LL. This e↵ect merely changes the overall normalization of the decay rate in

the SM and cancels out in the normalized asymmetry observables. Any observable e↵ect

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 a↵ect the angular distributions in the

7 Fig. 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.

18

Shi et al. 1905.08498, see also Blanke et al. 1811.09603

Tau asymmetries are sensitive to new scalar/tensor currents.
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Summary: tau polarimetry in B to D(*) tau nu
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probe CP violation with meson decays and 3-prong tau decays

new full analytic description by 9 tau asymmetries

measure them in differential distributions at Belle II

probe new physics with new asymmetry observables 

Thank you!Questions? westhoff@thphys.uni-heidelberg.de

mailto:westhoff@thphys.uni-heidelberg.de
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TAU DECAYS
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However the ⌧ ’s lifetime is ⇠ 10�13
s

I It is not observed but reconstructed from decay products with missing neutrinos!
(kinematics might be reconstructed from 3-prong ⌧decays) Bozzi’s talk Th. WG2

Alternatively, kinematic distributions of the observable ⌧ decay products!
I Maximize the coverage of the ⌧ ’s lifetime

Channel ⌧ ! µ⌫⌫ ⌧ ! e⌫⌫ ⌧ ! ⇡⌫ ⌧ ! ⇢⌫ ⌧ ! 3⇡⌫ TOTAL
B 17.4% 17.8% 10.82% 25% 9% ⇠ 80%

I Different ⌧ decay modes are subject to very different backgrounds!
I Two different strategies in the literature

F Analytical: Nierste et al. PRD78,015006 ’08 (BD-⇡⌫), Alonso, Kobach & JMC, PRD94 (2016) no.9, 094021

(BD
(⇤)-`⌫⌫), Alonso, JMC & Westhoff, in preparation (BD

(⇤)-⇡⌫ or ⇢⌫)
F Montecarlo: Hagiwara et al. PRD89, 094009 (2014) (BD-3⇡⌫), Bordone et al. EPJC76 (2016) no.7, 360 (BD-`⌫⌫),

Ligeti et al. arXiv:1610.02045 (BD
⇤(! D⇡)-`⌫⌫, . . . )

Test new physics and understand better systematics!

J. Martin Camalich (CERN) Key-New-Physics-Flavor 2 December 2016 10 / 25

Tau decay branching ratios:

Strong experimental bounds on new physics in tau decays.

Hadronic tau decays have highest analyzing power:

⌫⌧

(⌫̄`)
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Vector meson rho: ↵ =

m2
⌧ � 2m2
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