
Susanne Westhoff                                        

TAU PROPERTIES IN B DECAYS	
FROM FINAL-STATE KINEMATICS

Pheno 2017 — May 8-10, 2017 — University of Pittsburgh

Universität Heidelberg

based on work with Rodrigo Alonso and Jorge Martin Camalich



SEMI-LEPTONIC B DECAYS WITH TAUS

�2

B
D(⇤)

⌫⌫̄

⇡�

h1

h2

⌧�



B
D(⇤)

⌫⌫̄

⇡�

h1

h2

⌧�

SEMI-LEPTONIC B DECAYS WITH TAUS

�3

precise	
prediction

full	
reconstruction

partial	
reconstruction

fast decay

Probe tau production properties through decay kinematics.



TAU PRODUCTION PROPERTIES
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TAU PROPERTIES FROM FINAL-STATE KINEMATICS
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Obtain information on tau production directly	
from kinematics of visible particles in final state.

Idea:

[Kiers, Soni, 1997] [Nierste, Trine, SW, 2008]

Tau polarizations and asymmetry:

CP violation:

Searches for new physics:
[Bordone, Isidori, van Dyk, 2016, MC]

B ! D(⇤)⌫[⌧ ! `⌫⌫][Alonso, Kobach, Martin Camalich, 2016]

B ! [D(⇤) ! D(⇡, �)]⌫[⌧ ! (`⌫,⇡)⌫][Ligeti, Papucci, Robinson, 2016, MC]

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

[Tanaka, Watanabe, 2010]

[Ivanov, Koerner, Tran, 2017]

[Sakaki, Tanaka, 2013]

Background for                    :B ! (D,⇡)µ⌫

[Alonso, Martin Camalich, SW, 2017] B ! D(⇤)⌫[⌧ ! (`⌫,⇡, ⇢)⌫]

Recent development:

B ! (D,⇡)⌫[⌧ ! µ⌫⌫]



DIFFERENTIAL DECAY DISTRIBUTIONS
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FIG. 1: Kinematics of the chain decay B ! D⌫[⌧ ! d⌫(⌫̄)], where d = {⇡, ⇢, `}. The momenta of the D meson and the
tau lepton span the decay plane in B ! D⌧⌫ (in green). The momenta of the tau lepton and its visible decay product
d span the plane of the subsequent decay ⌧ ! d⌫(⌫̄) (in blue).

and dP? in Eq. (1) over the respective phase space. In Figure 2, right, we show PL(q2), P?(q2), and A⌧ (q2) in
B� ! D0⌧�⌫̄⌧ for the kinematic range, m2

⌧  q2  (mB �mD)2. All three quantities are sizeable over most
of the q2 spectrum, which will be beneficial for a measurement. Near the endpoint q2 = (mB �mD)2, the tau
lepton recoils back-to-back against the right-handed anti-neutrino in the B rest frame. Therefore, the ⌧� is
purely longitudinally polarized with PL = +1, as can be observed in the figure. The average tau polarizations
and asymmetry in the full sample of B ! D⌧⌫ events are given by

PL =
1
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Z
dq2
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�
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dq2
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A⌧ (q

2). (5)

Numerically, in the SM these average tau properties in B� ! D0⌧�⌫̄⌧ amount to 2

PL = 0.34(3), P? = �0.839(7), A⌧ = �0.359(3). (6)

It is worthwhile noting that the uncertainties for P? and A⌧ are much smaller than for PL. This is mainly
due to the fact that in the SM prediction for B ! D⌧⌫, PL is the result of a strong cancellation between
the helicity-favored (� = �1/2) and helicity-suppressed (� = +1/2) contributions to the rate. Only the latter
depend on the ratio of form factors (f

0

(q2)/f
+

(q2))2, which causes a larger overall uncertainty than in the
case of P? and A⌧ .

By inspecting Eq. (1), it is apparent that the longitudinal tau polarization PL(q2) is independent from the
di↵erential rate d�/dq2, so that more information is needed to determine it unambiguously. The perpendi-
cular polarization, P?(q2), which intrinsically contains information on the interference between the two tau
helicity states, cannot be obtained from d�/dq2. The asymmetry A⌧ (q2) probes the interference between the
longitudinal and time-like components in the production of the ⌧ � ⌫ pair and projects on tau leptons with
positive helicity, � = +1/2 (see for instance Ref. [39]). Since the angle ✓⌧ cannot be reconstructed from the ⌧
decay products, A⌧ is not a direct observable either. In what follows, we will show that PL(q2), P?(q2), and
A⌧ (q2) can be extracted with good sensitivity from kinematic distributions of the ⌧ decay products beyond
the di↵erential decay rate d�/dq2 in B ! D⌧⌫.

2 The errors quoted for these predictions are due to form factor uncertainties. Form factors have been implemented as described
in Ref. [39]; f+(q2) is obtained from fits to the measured B ! D`⌫ spectra by the Heavy Flavor Averaging Group in Ref. [17],
whereas for the scalar form factor f0(q2) we use the lattice QCD calculation in [9]. Our predictions confirm results found in
earlier studies. In particular, we find agreement with PL in Ref. [34], P? in Ref. [41], and A⌧ in Ref. [36]. Sign di↵erences are
due to the di↵erent choices of reference directions made in these articles.

d3�d

dq2 dsd d cos ✓d
⇠ I0(q

2, sd) + I1(q
2, sd)cos ✓d + I2(q

2, sd)cos
2 ✓d

visible final state described by q2, sd = Ed/
p
q2, cos ✓d

Full decay chain B ! D⌫[⌧ ! d⌫(⌫)] :

[Alonso, Kobach, Camalich, 2016]



OBSERVABLES OF TAU PROPERTIES
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complementary to tau forward-backward asymmetry!

requires additional information perpendicular to d-D plane 	
(tau tracks? three-prong decay?) 
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EXTRACTING TAU PROPERTIES
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FIG. 2: Left: Normalized di↵erential decay rate (d�/dq2)/� [GeV�2] (black), and forward-backward asymmetry Ad(q
2)

from Eq. (19) for the pion (green), ⇢ meson (orange), and charged lepton ` (blue) in B� ! D0⌫̄⌧ [⌧
� ! ⇡�⌫⌧ ].

Right: Longitudinal polarization PL(q
2) (dotted), perpendicular polarization P?(q

2) (plain), and ⌧ forward-backward
asymmetry A⌧ (q

2) (dashed) from Eq. (4).

III. OBSERVABLES FROM FINAL-STATE KINEMATICS

In order to extract the ⌧ polarizations directly from final-state kinematics, we need to consider the full
production and decay chain of the ⌧ lepton, i.e., B ! D⌫[⌧ ! {⇡⌫, ⇢⌫, `⌫⌫̄}]. The two-body decays are
particularly promising in this regard, because the meson carries more information on the ⌧ kinematics than
the lepton from the three-body decay.

The visible kinematics of the decay chain B ! D⌫[⌧ ! d⌫(⌫̄)] can be described in terms of three variables.
We choose them as q2, the energy of the charged particle d in the ⌧ decay, Ed, and the angle cos ✓d =
�~pd · ~pD/(|~pd||~pD|), the latter two being defined in the q rest frame. The fully-di↵erential decay rate can then
be expressed as

d3�d

dq2 dEd d cos ✓d
= Bd

N
2m⌧

⇥
I
0

(q2, Ed) + I
1

(q2, Ed) cos ✓d + I
2

(q2, Ed) cos
2 ✓d

⇤
, (7)

where Bd denotes the branching ratio of the respective decay channel ⌧ ! d⌫(⌫̄). Analytical formulas of the
angular coe�cient functions I

0,1,2(q2, Ed) and the normalization N can be found for ⌧ ! `⌫⌫̄ in Ref. [39]. We
have calculated the corresponding functions for ⌧ ! ⇡⌫ and ⌧ ! ⇢⌫ using the same methods. By integrating
over cos ✓d, we find the double-di↵erential rate

d2�d

dq2 dEd
=

Z
1

�1

d cos ✓d d
3�d = Bd

N
m⌧

⇥
I
0

(q2, Ed) +
1

3
I
2
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⇤
. (8)

Complementary to the decay rate, we define the forward-backward asymmetry of the pion with respect to the
D meson,

Bd
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Z
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Z
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d cos ✓d d
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1
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Hence d2�d/dq2dEd probes the angular coe�cients I
0

and I
2

, whereas dAd/dEd is sensitive to I
1

. The
asymmetry dAd/dEd is purely induced by the interference of longitudinal and time-like intermediate states of
the ⌧ � ⌫ pair.

Let us now focus on the dependence of these double-di↵erential distributions. Eqs. (8) and (9), on the tau
forward-backward asymmetry, A⌧ (q2), defined in Eq. (4), and the di↵erential tau polarizations PL(q2) and
P?(q2). We introduce the dimensionless variables

sd =
Edp
q2

, rd =
mdp
q2

, r⌧ =
m⌧p
q2

. (10)
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FIG. 2: Left: Normalized di↵erential decay rate (d�/dq2)/� [GeV�2] (black), and forward-backward asymmetry Ad(q
2)

from Eq. (19) for the pion (green), ⇢ meson (orange), and charged lepton ` (blue) in B� ! D0⌫̄⌧ [⌧
� ! ⇡�⌫⌧ ].

Right: Longitudinal polarization PL(q
2) (dotted), perpendicular polarization P?(q

2) (plain), and ⌧ forward-backward
asymmetry A⌧ (q

2) (dashed) from Eq. (4).

III. OBSERVABLES FROM FINAL-STATE KINEMATICS
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Let us now focus on the dependence of these double-di↵erential distributions. Eqs. (8) and (9), on the tau
forward-backward asymmetry, A⌧ (q2), defined in Eq. (4), and the di↵erential tau polarizations PL(q2) and
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B ! D⌫[⌧ ! (⇡, ⇢, `⌫)⌫]

[Alonso, Martin Camalich, SW, 2017]

Observable:

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

[Martin Camalich, CKM 2016]

Tau decays:

B ! D⌧⌫



LONGITUDINAL POLARIZATION AT BELLE II
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FIG. 3: Relative statistical uncertainties on the longitudinal polarization, PL(q
2), measured in the di↵erential rate

d2�d/dq
2dsd (left), and on the perpendicular polarization, P?(q

2) (plain), and angular asymmetry, A⌧ (q
2) (dashed),

measured in the asymmetry dAd/dsd (right). Shown are the three decay channels ⌧ ! ⇡⌫ (green), ⌧ ! ⇢⌫ (orange),
and ⌧ ! `⌫⌫̄ (blue). Projections are for BELLE II with a total of N = 3000 events per channel (50 ab�1) of data.

Here N(q2) is the number of events i = 1, . . . N(q2) with energy sid for a fixed momentum q2. For a large data
sample N(q2), the sensitivity SL(q2) is given by (cf. Refs. [34, 42])

S2

L(q
2) =

Z
dsd

fL(r⌧ , sd)2

f
0

(r⌧ ) + fL(r⌧ , sd)PL(q2)
. (23)

In Figure 3, left, we show the relative statistical uncertainty, �PL(q2)/PL(q2), in d2�d/dq2dsd from B� !
D0⌧�⌫̄⌧ for the three decay modes {⌧� ! ⇡�⌫⌧ , ⌧� ! ⇢�⌫⌧ , ⌧� ! `�⌫̄`⌫⌧} as expected at BELLE II.
Assuming the same detector performance as for BELLE I, the expected total number of events is roughly
the same in each decay channel. For a luminosity of 50 (5) ab�1, we expect N ⇡ 3000 (300) events per decay
mode [18]. In all three channels, the statistical sensitivity reaches its maximum near the kinematic endpoint
at large q2. A precise measurement of the energy of the visible decay product in this region will thus facilitate
the extraction of the longitudinal tau polarization to a good accuracy. By comparing the di↵erent tau decay
modes, it is apparent that the pion in ⌧ ! ⇡⌫ (green) has the best analyzing power, since the pion kinematics
translate directly into the polarization of the tau lepton. In ⌧ ! ⇢⌫ (orange), the sensitivity is reduced due
to the additional decay into transversely polarized rho mesons. In ⌧ ! `⌫⌫̄ (blue), the relation between the
final-state lepton and the tau polarization is washed out by the second invisible neutrino. From the theory
point of view, the decay ⌧ ! ⇡⌫ is therefore the preferred channel to observe the longitudinal tau polarization.

In the full sample of N events for B� ! D0⌧�⌫̄⌧ , the statistical uncertainty on the average longitudinal
polarization PL from Eq. (5) is given by

�PL =
1p
NSL

, with S�2

L =
1

�

Z
dq2

d�

dq2
S�2

L (q2). (24)

In Table I, we compare the relative statistical uncertainty, �PL/PL, in B� ! D0⌧�⌫̄⌧ for the decays ⌧ ! ⇡⌫,
⌧ ! ⇢⌫, and ⌧ ! `⌫⌫̄. As expected from Fig. 3, left, the decay mode ⌧ ! ⇡⌫ has the best overall sensitivity
to the longitudinal tau polarization. Already with the complete data set collected at BELLE I, PL can be
measured up to a statistical uncertainty of �PL/PL = 21%, which will be reduced to the 3% level by the end
of BELLE II. In the long term, also ⌧ ! ⇢⌫ and ⌧ ! `⌫⌫̄ will be promising decay modes to observe PL with
less than 10% statistical uncertainty.

A first measurement of the longitudinal ⌧ polarization in B ! D⇤⌧⌫, with hadronic decays ⌧ ! ⇡⌫ and
⌧ ! ⇢⌫, has recently been performed by the BELLE collaboration [43]. As in our approach, BELLE measures
the quantities q2 and Ed, which determine the pion or rho scattering angle against the ⌧ direction in the q2

frame, cos ✓⌧d. The helicity angle, cos ✓
hel

, which is sensitive to the polarization in the ⌧ rest frame, PL, is then
obtained by boosting the event to a pseudo ⌧ rest frame on a cone around the d direction. The sensitivity to

[Alonso, Camalich, SW, 2017]

L = 50 ab�1 : N
tot

⇡ 3000At BELLE II with luminosity .



PERPENDICULAR POLARIZATION AT BELLE II
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BELLE I [total] BELLE II [1 year] BELLE II [total]

L [ab�1]/N [events] 1/60 5/300 50/3000

�PL/PL {0.21, 0.49, 0.62} {0.10, 0.22, 0.28} {0.03, 0.07, 0.09}

�P?/|P?| {0.62, 1.8, 4.0} {0.28, 0.81, 1.8} {0.09, 0.25, 0.57}

�A⌧/|A⌧ | {0.74, 0.69, 2.8} {0.33, 0.31, 1.3} {0.11, 0.10, 0.40}

TABLE I: Relative statistical uncertainties on the ⌧ polarizations, PL and P?, and angular asymmetry, A⌧ , in B� !
D0⌧�⌫̄⌧ for di↵erent ⌧ decays {⌧ ! ⇡⌫, ⌧ ! ⇢⌫, ⌧ ! `⌫⌫̄}. Predictions are given for the full data set from BELLE I
and projections for BELLE II.

PL obtained through this procedure is the same as in our distribution d2�d/dq2dEd from Eq. (7). We therefore
suggest to directly extract PL from the energy distribution of the visible decay particle d, as has been pointed
out earlier in Ref. [34].5

To extract P?(q2) and A⌧ (q2) from the forward-backward asymmetry Ad, we propose an unbinned maxi-
mum likelihood fit to the energy distribution dAd/dsd from Eq. (16). We define the probabilities P

+

(q2, sd)
and P�(q2, sd) to find an event with decay particle energy sd and cos ✓d > 0 or cos ✓d < 0, respectively, for a
given q2 (bin) as

P
+

(q2, sd) =
f
0

(r⌧ ) + fL(r⌧ , sd)PL(q2) + fA(r⌧ , sd)A⌧ (q2) + f?(r⌧ , sd)P?(q2)

1 + FA(r⌧ )A⌧ (q2) + F?(r⌧ )P?(q2)
, (25)

P�(q
2, sd) =

f
0

(r⌧ ) + fL(r⌧ , sd)PL(q2)� fA(r⌧ , sd)A⌧ (q2)� f?(r⌧ , sd)P?(q2)

1� FA(r⌧ )A⌧ (q2)� F?(r⌧ )P?(q2)
. (26)

For a data set of N(q2) events from the decay B ! D⌫[⌧ ! d⌫(⌫̄)], the log likelihood function of the variable
sd with the parameters P?(q2) and A⌧ (q2) is given by

lnL(sd|{P?(q
2), A⌧ (q

2)}) =
N

+

(q2)X

i=1

ln(P
+

(q2, sid)) +

N�(q2)X

j=1

ln(P�(q
2, sjd)), (27)

where N±(q
2) = N(q2)

1±Ad(q2)

2
.

For large N(q2), the likelihood function is Gaussian distributed around the estimators bP?(q2) and bA⌧ (q2)
which maximize lnL. The covariance matrix is then obtained from the second derivatives of the log likelihood,

cov( bP?(q
2), bA⌧ (q

2)) =

 
�2

? ⇢ �?�A

⇢ �?�A �2

A

!
, with cov�1(bV

1

, bV
2

)ij = � @2 lnL
@Vi @Vj

|V
1

=

bV
1

,V
2

=

bV
2

. (28)

Here �? and �A are the standard deviations of the maximum likelihood estimators in a data set ofN(q2) events.
The correlation coe�cient for P?(q2) and A⌧ (q2) is denoted as ⇢. The parameter pairs {P?(q2), A⌧ (q2)}, which
are n standard deviations away from the estimators, lie on an ellipse defined by

lnL(sd|{ bP? ± n�?, bA⌧ ± n�A})� lnL(sd|{ bP?, bA⌧}) = �n2

2
. (29)

In Figure 4, left, we display this ellipse for the decay mode ⌧ ! ⇡⌫. We choose q2 = 7, where d�/dq2 and A⇡(q2)
reach their maximum (see Figure 2, left). The data sample in our example comprises N(q2 = 7) = 540 events,

5 The approach taken in Ref. [35] is the same as in the BELLE measurement; the angle ✓d in the former corresponds to the angle
✓hel in the latter.

Maximum-likelihood fit	
of      and      to	
d energy distribution of      : 
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FIG. 3: Relative statistical uncertainties on the longitudinal polarization, PL(q
2), measured in the di↵erential rate

d2�d/dq
2dsd (left), and on the perpendicular polarization, P?(q

2) (plain), and angular asymmetry, A⌧ (q
2) (dashed),

measured in the asymmetry dAd/dsd (right). Shown are the three decay channels ⌧ ! ⇡⌫ (green), ⌧ ! ⇢⌫ (orange),
and ⌧ ! `⌫⌫̄ (blue). Projections are for BELLE II with a total of N = 3000 events per channel (50 ab�1) of data.

Here N(q2) is the number of events i = 1, . . . N(q2) with energy sid for a fixed momentum q2. For a large data
sample N(q2), the sensitivity SL(q2) is given by (cf. Refs. [34, 42])

S2

L(q
2) =

Z
dsd

fL(r⌧ , sd)2

f
0

(r⌧ ) + fL(r⌧ , sd)PL(q2)
. (23)

In Figure 3, left, we show the relative statistical uncertainty, �PL(q2)/PL(q2), in d2�d/dq2dsd from B� !
D0⌧�⌫̄⌧ for the three decay modes {⌧� ! ⇡�⌫⌧ , ⌧� ! ⇢�⌫⌧ , ⌧� ! `�⌫̄`⌫⌧} as expected at BELLE II.
Assuming the same detector performance as for BELLE I, the expected total number of events is roughly
the same in each decay channel. For a luminosity of 50 (5) ab�1, we expect N ⇡ 3000 (300) events per decay
mode [18]. In all three channels, the statistical sensitivity reaches its maximum near the kinematic endpoint
at large q2. A precise measurement of the energy of the visible decay product in this region will thus facilitate
the extraction of the longitudinal tau polarization to a good accuracy. By comparing the di↵erent tau decay
modes, it is apparent that the pion in ⌧ ! ⇡⌫ (green) has the best analyzing power, since the pion kinematics
translate directly into the polarization of the tau lepton. In ⌧ ! ⇢⌫ (orange), the sensitivity is reduced due
to the additional decay into transversely polarized rho mesons. In ⌧ ! `⌫⌫̄ (blue), the relation between the
final-state lepton and the tau polarization is washed out by the second invisible neutrino. From the theory
point of view, the decay ⌧ ! ⇡⌫ is therefore the preferred channel to observe the longitudinal tau polarization.

In the full sample of N events for B� ! D0⌧�⌫̄⌧ , the statistical uncertainty on the average longitudinal
polarization PL from Eq. (5) is given by

�PL =
1p
NSL

, with S�2

L =
1

�

Z
dq2

d�

dq2
S�2

L (q2). (24)

In Table I, we compare the relative statistical uncertainty, �PL/PL, in B� ! D0⌧�⌫̄⌧ for the decays ⌧ ! ⇡⌫,
⌧ ! ⇢⌫, and ⌧ ! `⌫⌫̄. As expected from Fig. 3, left, the decay mode ⌧ ! ⇡⌫ has the best overall sensitivity
to the longitudinal tau polarization. Already with the complete data set collected at BELLE I, PL can be
measured up to a statistical uncertainty of �PL/PL = 21%, which will be reduced to the 3% level by the end
of BELLE II. In the long term, also ⌧ ! ⇢⌫ and ⌧ ! `⌫⌫̄ will be promising decay modes to observe PL with
less than 10% statistical uncertainty.

A first measurement of the longitudinal ⌧ polarization in B ! D⇤⌧⌫, with hadronic decays ⌧ ! ⇡⌫ and
⌧ ! ⇢⌫, has recently been performed by the BELLE collaboration [43]. As in our approach, BELLE measures
the quantities q2 and Ed, which determine the pion or rho scattering angle against the ⌧ direction in the q2

frame, cos ✓⌧d. The helicity angle, cos ✓
hel

, which is sensitive to the polarization in the ⌧ rest frame, PL, is then
obtained by boosting the event to a pseudo ⌧ rest frame on a cone around the d direction. The sensitivity to

[Alonso, Camalich, SW, 2017]

⌧ ! {⇡⌫, ⇢⌫, `⌫⌫}Statistical precision for :
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Hadronic tau decays have highest sensitivity to tau properties.
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Tau properties in semi-leptonic B decays from final states:

- longitudinal polarization
PL $ d�d(Ed)

P?, A⌧ $ Ad(Ed)

- perpendicular polarization and tau asymmetry

Good prospects for measurements with BELLE (II) data.

Rich opportunities to probe new physics with tau interactions.

(similar strategy for D*)


