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Semi-tauonic B-meson decays 
at Belle and Belle II

Belle
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Chapter 5. B ! ⌧ ⌫ 5.2. Measurement
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Figure 5.6.: Visualization of the ⌧ branching fractions: used in this thesis (red arc);
into exclusive decay-channels (outer circle); and into inclusive hadronic
and leptonic decay-channels (inner circle).
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` = e, µ

1. Leptonic or 
Hadronic 𝝉 decays?
Some properties (e.g. 𝝉 polarisation) only 
accessible in hadronic decays.

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to 
separate from normalisation and backgrounds

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated
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* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2

12 / 31

LHCb: Isolation criteria, displacement of 𝝉, kinematics

B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics

Overview
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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Nice Illustration 

from C. Bozzi

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to measure 
momentum of signal B 

‣ Missing four-momentum (neutrinos) 
can be reconstructed with high 
precision


✓ Small efficiency (~0.2-0.4%) 
compensated by large integrated 
luminosity 

pmiss = (pbeam � pBtag � pD(⇤) � p`)

Tagging approach in a nut-shell:
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
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Hadronic Tagging
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	

π

π
π

K

ν

l

B

ϒ(4S)
e+ e-

B̅

l

J/ψ

K

π

tag

ν
τD*

D0

signal

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 15

Nice Illustration 

from C. Bozzi

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to measure 
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.
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Hadronic Tagging



Florian Bernlochner KEK-FF, February 2019 !7

Semileptonic decays	at	B	Factories
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Nice Illustration 

from C. Bozzi

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to measure 
momentum of signal B 

‣ Missing four-momentum (neutrinos) 
can be reconstructed with high 
precision


✓ Small efficiency (~0.2-0.4%) 
compensated by large integrated 
luminosity 

pmiss = (pbeam � pBtag � pD(⇤) � p`)

Tagging approach in a nut-shell:

𝓁

✓ Demand matching topology
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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Hadronic Tagging
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Semi-leptonic Tagging

Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to assign all 
particles to either signal or tagging B 

‣ Matching topology & Extra-energy 
from unassigned neutrals powerful 
discriminator: Eextra or EECL 


✓ Higher efficiency (~0.5-2%) but 
additional impurities and 
challenges 

Tagging approach in a nut-shell:

Eextra = EECL = ∑
i

Eγ
i
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Semi-leptonic Tagging
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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Tagging approach in a nut-shell:

Eextra = EECL = ∑
i

Eγ
i

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to assign all 
particles to either signal or tagging B 

‣ Matching topology & Extra-energy 
from unassigned neutrals powerful 
discriminator: Eextra or EECL 


✓ Higher efficiency (~0.5-2%) but 
additional impurities and 
challenges 
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B

Tagging approach in a nut-shell:

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) 

‣First reconstruct signal side; then 
construct tag from all remaining 
charged particles and calorimeter 
depositions 

‣ Veto events with leptons on tag side to 
maximize hadronic modes


✓ Highest efficiency but also lowest 
purity 

Method of inclusive reconstruction of Btag
1. Create candidates for Bsig daughters: D⇤ + (d⌧ = h or `))
2. Reconstruct Btag inclusively form all remaining particles

Etag =
P

i
Ei ptag =

P
i
pi

consistency of Btag candidates checked using Mtag =
q

E2
beam

� p2
tag

,
�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
visible energy, missing mass, . . . )

4. Extract number of signal events by fitting Mtag distribution

PRL 99, 191807

This approach allows for signal extraction using known PDF’s (CrystalBall and
Argus) parametrizations;

CKM, September 19, 2019 September 18, 2018 12 / 18

sum over all 

remaining particles



Hadronic 
or 

inclusive 
tagging

SL 
tagging

Leptonic 
𝝉

Hadronic 
𝝉 ⊗

⊗
πD*D

Polarisation

⊗

q2 = (pB − pD(*))2

Polarisation

pD* pℓ

Meet the 
“Measurement Matrix”

Prel. Belle: https://arxiv.org/pdf/
1901.06380.pdf (D*, incl. tagging)

Belle:  
Phys. Rev. D 93, 032007 (2016) 

 (𝜋 had tag)

Belle:  
Phys.Rev.Lett.118,211801 (2017) 
Phys. Rev. D 97, 012004 (2018) 

(D* had tag)

BaBar: 
Phys.Rev.Lett. 109,101802 (2012) 

Phys.Rev.D 88, 072012 (2013) 
(D/D* had tag, q2)

Belle:  
Phys.Rev.D 92, 072014 (2015)  

(D/D* had tag, q2) 
Phys.Rev. D94,072007 (2016)  

(D*, SL tag, pD*, pl)

LHCb: 
Phys.Rev.Lett.115,111803 (2015) 

(D*, Leptonic 𝝉) 
Phys.Rev.D 97, 072013 (2018) 

Phys.Rev.Lett.120,171802 (2018) 
(D*, Hadronic 𝝉)

New!
& older work, e.g.

Belle:  
Phys.Rev. D82 (2010) 072005 

(D/D* incl. tag)

https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

‣ Use of 𝝉→eνν and 𝝉→𝝁νν to reconstruct 𝝉-lepton 


‣ Simultaneous analysis of R(D) vs. R(D*) using B0→D*-𝝉ν, B-→D*0𝝉ν , 
B0→D-𝝉ν, B-→D0𝝉νSemileptonic decays	at	B	Factories
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• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.
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hadronic 
tagging
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

mmiss2

|p
l*|

Signal

|pl*|

mmiss2(pbeam � pBtag � pD(⇤) � p`)
2 =

B→D(*)𝝉[𝝉→eνν ]ν

B→D(*)𝝉[𝝉→eνν ]ν

‣ Next step after tag & signal reconstruction: suppress backgrounds 

‣ Very powerful variables: |pl*|, mmiss2
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

‣ Next step after tag & signal reconstruction: suppress backgrounds 

mmiss2

|p
l*|

|pl*|

mmiss2

Normalisation

Signal

mν2 ~ 0

B→D(*)lν

B→D(*)lν

‣ Very powerful variables: |pl*|, mmiss2
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

‣ Next step after tag & signal reconstruction: suppress backgrounds 

mmiss2

|p
l*|

|pl*|

mmiss2

Normalisation

Signal

mν2 ~ 0Other Background

‣ Very powerful variables: |pl*|, mmiss2
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

‣ Next step after tag & signal reconstruction: suppress backgrounds 

Signal / Normalisation

Backgrounds

EECL

EECL  = unassigned neutral 
energy in the calorimeter

‣ Very powerful variables: |pl*|, mmiss2,
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FIG. 4. Projections of the fit results and data points with statistical uncertainties in a signal-enhanced region of M2
miss >

2.0GeV2/c4 in the EECL dimension. Top left: D+`�; top right: D⇤+`�; bottom left: D0`�; bottom right: D⇤0`�.

values in this alternate model are

R(D) = 0.329± 0.060(stat.)± 0.022(syst.) (14)

R(D⇤) = 0.301± 0.039(stat.)± 0.015(syst.) . (15)

The e↵ect on the measured R(D⇤) value is very small
but the measured value for R(D) is significantly lower.
For the prediction in the 2HDM of type II, we use for-
mula (20) in Ref. [11]; the expected values are

R(D)2HDM = 0.590± 0.125 (16)

R(D⇤)2HDM = 0.241± 0.007 . (17)

Figure 7 shows the predictions of R(D) and R(D⇤) as a

function of tan�/mH+ for the type II 2HDM, together
with our results for the two studied values of 0 (SM)
and 0.5 c2/GeV. In contrast to BaBar’s measurements,
our results are compatible with the type II 2DHM in the
tan�/mH+ regions around 0.45 c2/GeV and zero.

The observable most sensitive to NP extensions of the
SM with a scalar charged Higgs is q2. We estimate the
signal q2 distributions by subtracting the background, us-
ing the distributions from simulated data and the yields
from the fit procedure, and correcting the distributions
using e�ciency estimations from simulated data. The
D+`� and D0`� samples and the D⇤+`� and D⇤0`�

D+ℓ
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)

‣ Next step after tag & signal reconstruction: suppress backgrounds 

EECL  = unassigned neutral 
energy in the calorimeter

‣ Very powerful variables: |pl*|, mmiss2,

+ q2  
+ 3 other variables
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FIG. 2. Fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85GeV2/c4; right: o0NB distribution for M2

miss > 0.85GeV2/c4.

systematic uncertainty for “M2

miss
shape” in Table IV.

For the o0
NB

alternate model, we replace the bifurcated
Gaussians by kernel-estimator functions with adaptive
bandwidth. Again, the deviation from the nominal fit
value is taken as the symmetric systematic uncertainty
for “o0

NB
shape” in Table IV. It is among the dominant

systematic uncertainties.

The identification e�ciencies for primary and sec-
ondary leptons are slightly di↵erent between simulated
and real data. This di↵erence a↵ects the measurement
by modifying the e�ciency ratios. It has been calibrated
for di↵erent lepton kinematics and run conditions using

J/ ! `+`� decays, leading to a 0.5% relative uncer-
tainty in R(D) and R(D⇤).

The correlations of R(D) and R(D⇤) for each item-
ized systematic-uncertainty contribution are given in the
last column of Table IV. These are calculated using 500
pseudoexperiments, with two exceptions: the shape un-
certainties are assumed to be uncorrelated while the lep-
ton ID e�ciencies are assumed to be 100% correlated
between R(D) and R(D⇤). The total correlation of the
systematic uncertainties is �0.32.

D* +ℓ

all events with  
mmiss2 > 0.85 GeV 

events with  
mmiss2 < 0.85 GeV 

D* +ℓ

D* 0ℓ
D* +ℓ
D0ℓ
D+ℓ

simultaneous 
unbinned ML 

fit of all Channels

Normalisation
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R(D) and R(D*) with had. tagging Phys.Rev.D 92, 072014 (2015)  
(D/D* had tag, q2)
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/GeV)2(c+H
/mβtan

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

)) *(
R

(D

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R(D)

R(D*)

SM

theor. R(D)
measured R(D)
theor. R(D*)
measured R(D*)

FIG. 7. Theoretical predictions with 1� error ranges for R(D)
(red) and R(D⇤) (blue) for di↵erent values of tan�/mH+

in the 2HDM of type II. The fit results for tan�/mH+ =
0.5 c2/GeV and SM are shown with their 1� ranges as red
and blue bars with arbitrary width for better visibility.

In comparison to our previous preliminary results [9],
which are superseded by this measurement, we utilize
a more sophisticated fit strategy with an improved han-
dling of the background from B̄ ! D⇤⇤`�⌫̄` events, im-
pose an isospin constraint, and exploit a much higher
tagging e�ciency. By these methods, we reduce the sta-
tistical uncertainties by about a third and the systematic
uncertainties by more than a half.

Our result lies between the SM expectation and the
most recent measurement from the BaBar collabora-

tion [11] and is compatible with both. It is also com-
patible with a 2HDM of type II in the region around
tan�/mH+ = 0.5 c2/GeV, as illustrated in Figs. 7 and 8.
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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‣ Use of 𝝉→eνν and 𝝉→𝝁νν to reconstruct 𝝉-lepton and 
set of D* modes
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‣ Another powerful variables: cos 𝜽B-D*l

4

invariant mass. We then impose the following additional
requirements: both pion tracks must have a large dis-
tance of closest approach to the IP in the plane perpen-
dicular to the electron beam line; the pion tracks must
intersect at a common vertex that is displaced from the
IP; and the momentum vector of theK0

S candidate should
originate from the IP.

Neutral pion candidates are formed from pairs of pho-
tons with further criteria specific to whether the π0 is
from a D∗+ decay or D decay. For neutral pions from
D decays, we require the photon daughter energies to
be greater than 50 MeV, the cosine of the angle in the
laboratory frame between the two photons to be greater
than zero, and the γγ invariant mass to be within −15
and +10 MeV/c2 of the nominal π0 mass [27], which
corresponds to approximately ±1.8σ. Photons are mea-
sured as an energy cluster in the ECL with no associated
charged tracks. A mass-constrained fit is then performed
to obtain the π0 momentum. For neutral pions from D∗+

decays, which have lower energies, we require one pho-
ton to have an energy of at least 50 MeV and the other
to have an energy of at least 20 MeV. We also require
a narrow window around the di-photon invariant mass
to compensate for the lower photon-energy requirement:
within 10 MeV/c2 of the nominal π0 mass, which corre-
sponds to approximately ±1.6σ.

Neutral D mesons are reconstructed in the following
decay modes: D0 → K−π+, K0

Sπ
0, K+K−, π+π−,

K0
Sπ

+π−, K−π+π0, π+π−π0, K0
SK

+K−, K−π+π+π−,
and K0

Sπ
+π−π0. Charged D mesons are reconstructed

in the following modes: D+ → K0
Sπ

+, K−π+π+,
K0

Sπ
+π0, K+K−π+, and K0

Sπ
+π+π−. The combined

reconstructed branching fractions are 37% and 22% for
D0 and D+, respectively. For D decay modes without a
π0 in the final state, we require the invariant mass of the
D candidates to be within 15 MeV/c2 of the D0 or D+

mass, which corresponds to a window of approximately
±3σ. For modes with a π0 in the final state, we require a
wider invariant mass window: from −45 to +30 MeV/c2

around the nominalD0 mass forD0 candidates, and from
−36 to +24 MeV/c2 around the nominalD+ mass forD+

candidates. These windows correspond to approximately
[−1.2σ,+1.8σ] and [−1.0σ,+1.5σ], respectively, in reso-
lution. Candidate D∗+ mesons are formed by combining
D0 and π+ candidates or D+ and π0 candidates. To im-
prove the resolution of the D∗-D mass difference, ∆M ,
for the D∗+ → D0π+ decay mode, the charged pion track
from the D∗+ is refitted to the D0 decay vertex. We re-
quire ∆M to be within 2.5 MeV/c2 and 2.0 MeV/c2,
respectively, around the value of the nominal D∗-D mass
difference for the D∗+ → D0π+ and D∗+ → D+π0 decay
modes. These windows correspond to ±3.2σ and ±2.0σ,
respectively, in resolution. We apply a tighter window
in the D∗+ → D+π0 decay mode to suppress a large
contribution to the background arising from falsely re-
constructed neutral pions.

To tag semileptonic B decays, we combine D∗+ and
lepton candidates of opposite electric charge and calcu-

late the cosine of the angle between the momentum of the
B meson and the D∗ℓ system in the Υ(4S) rest frame,
under the assumption that only one massless particle is
not reconstructed:

cos θB-D∗ℓ ≡
2EbeamED∗ℓ −m2

Bc
4 −M2

D∗ℓc
4

2|p⃗B| · |p⃗D∗ℓ|c2
, (2)

where Ebeam is the energy of the beam, and ED∗ℓ, p⃗D∗ℓ,
and MD∗ℓ are the energy, momentum, and mass, respec-
tively, of the D∗ℓ system. The variable mB is the nomi-
nal B meson mass [27], and p⃗B is the nominal B meson
momentum. All variables are defined in the Υ(4S) rest
frame. Figure 1 shows the cos θB-D∗ℓ distribution for sig-
nal and normalization decay modes in MC samples. Cor-
rectly reconstructed B candidates in the normalization
decay mode are expected to have a value of cos θB-D∗ℓ

between −1 and +1. Correctly reconstructed B candi-
dates in the signal decay mode and falsely reconstructed
B candidates tend to have values of cos θB-D∗ℓ below the
physical region due to contributions from additional par-
ticles.

In each event we require two tagged B candidates that
are opposite in flavor. Signal events may have the same
flavor due to BB̄ mixing; however, we veto such events as
they lead to ambiguous D∗ℓ pair assignment and larger
combinatorial background. We require that at most one
B meson be reconstructed from aD+ mode to avoid large
background from fake neutral pions when forming D∗

candidates. In each signal event, we assign the candidate
with the lower value of cos θB-D∗ℓ (referred to hereinafter
as cos θsigB-D∗ℓ) as Bsig. The probability of falsely assign-
ing the Bsig as the Btag for signal events is about 3%,
according to MC simulation.

After the identification of the Bsig andBtag candidates,
we apply further background suppression criteria. On
the tag side, we require −2.0 < cos θtagB-D∗ℓ < +1.5 to
select B → D∗ℓνℓ. On the signal side, we require the
D∗ momentum in the Υ(4S) rest frame to be less than
2.0 GeV/c, while, on the tag side, we require it to be
less than 2.5 GeV/c, which accounts for the lepton mass
difference. Finally, we require that events contain no
extra charged tracks, K0

S candidates, or π0 candidates,
which are reconstructed with the same criteria as those
used for the D candidates.

At this stage, the probability of finding multiple candi-
dates is 7% which is mainly caused by swapped pions be-
tween signal and tag sides. When multiple candidates are
found in an event, we select a single candidate, which has
the smallest sum of two chi-square in vertex-constrained
fits for the D mesons, among multiple candidates. In
the final sample, the fraction of signal and normaliza-
tion events are estimated to be 5% and 68% from MC
simulation.

visible particles beam or Y(4S) 
properties

B→D(*)lν

cos 𝜽B-D*l
-1   1

Signal
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FIG. 1. The cos θB-D∗ℓ distributions for B̄0
→ D∗+τ−ν̄τ

(solid red circles) and B̄0
→ D∗+ℓ−ν̄ℓ (open black circles)

taken from MC simulation.

IV. SIGNAL, NORMALIZATION AND
BACKGROUND SEPARATION

To separate reconstructed signal and normalization
events, we employ a neural network using the NeuroBayes
software package [28]. The variables used as inputs to
the network are cos θsigB-D∗ℓ, the missing mass squared
M2

miss = (2Ebeam −
∑

i Ei)2/c4 − |
∑

i p⃗i|2/c2, and the
visible energy Evis =

∑

i Ei, where (Ei, p⃗i) is the four-
momentum of particle i in the Υ(4S) rest frame. The
most powerful observable in separating signal and nor-
malization is cos θsigB-D∗ℓ. The neural network is trained
using MC samples of signal and normalization events.
We will use the neural network classifier as one of the fit-
ting variables for the measurement ofR(D∗) without any
selection on the neural network classifier. Typically, for
a requirement the neural network classifier to be larger
than 0.8, 82% of the signal is kept while rejecting 97% of
the normalization events.

The dominant background contributions arise from
events with misreconstructed D(∗) mesons (denoted
fakes). The sub-dominant contributions arise from two
sources in which D∗ mesons from both Bsig and Btag

are correctly reconstructed. One source is B → D∗∗ℓνℓ,
where the D∗∗ meson decays to D(∗) and other particles.
The other source is B → XcD∗ events, where one D∗

meson is correctly reconstructed and the other charmed
meson Xc decays semileptonically. If the hadrons in the
semileptonic Xc decay are not identified, such events can
mimic signal. Similarly, events in which Xc is a D+

s me-
son decaying into τ+ντ can also mimic signal.

To separate signal and normalization events from back-
ground processes, we place a criterion on the sum of the

energies of neutral clusters detected in the ECL that are
not associated with reconstructed particles, denoted as
EECL. To mitigate the effects of photons related to beam
background in the energy sum, we only include clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions, defined in Ref. [17]. Signal and normalization
events peak near zero in EECL, while background events
can populate a wider range as shown in Figure 2. We
require EECL to be less than 1.2 GeV.

FIG. 2. The EECL distributions for the signal (solid red cir-
cles), the normalization (open black circles), and the back-
ground (open blue triangles) taken from MC simulation,
where the EECL is defined as the sum of the energies of neu-
tral clusters detected in the ECL that are not associated with
reconstructed particles.

V. MC CALIBRATION

To improve the accuracy of the MC simulation, we ap-
ply a series of calibration factors determined from con-
trol sample measurements. The lepton identification ef-
ficiencies are separately corrected for electrons and for
muons to account for differences between the detector
responses in data and MC. Correction factors for lep-
ton identification efficiencies are evaluated as a func-
tions of the momentum and direction of the lepton us-
ing e+e− → e+e−ℓ+ℓ− and J/ψ → ℓ+ℓ− decays. We
reweight events to account for differing D(∗) yields be-
tween data and MC.
The differing yields of correctly reconstructed D(∗)

mesons in data and MC affect the R(D∗) measure-
ment, as it biases the determination of the background
contribution. Calibration factors for events with both
correctly- and falsely-reconstructed D mesons are es-
timated for each D meson decay mode using a two-
dimensional fit to MD. For this calibration, we use sam-

‣ Another powerful variables: cos 𝜽B-D*l

cos θB-D∗ℓ ≡
2EbeamED∗ℓ −m2

Bc
4 −M2

D∗ℓc
4
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TABLE I. Summary of the systematic uncertainties on R(D∗) for electron and muon modes combined and separated. The
uncertainties are relative and are given in percent.

R(D∗) [%]
Sources ℓsig = e, µ ℓsig = e ℓsig = µ

MC size for each PDF shape 2.2 2.5 3.9
PDF shape of the normalization in cos θB-D∗ℓ

+1.1
−0.0

+2.1
−0.0

+2.8
−0.0

PDF shape of B → D∗∗ℓνℓ
+1.0
−1.7

+0.7
−1.3

+2.2
−3.3

PDF shape and yields of fake D(∗) 1.4 1.6 1.6
PDF shape and yields of B → XcD∗ 1.1 1.2 1.1

Reconstruction efficiency ratio εnorm/εsig 1.2 1.5 1.9
Modeling of semileptonic decay 0.2 0.2 0.3

B(τ−
→ ℓ−ν̄ℓντ ) 0.2 0.2 0.2
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FIG. 3. Projections of the fit results with data points overlaid for (left) the neural network classifier output, ONB , and the EECL

distribution in (center) the signal-enhanced region, ONB > 0.8, and (right) the normalization-enhanced region, ONB < 0.8.
The background categories are described in detail in the text, where “others” refers to predominantly B → XcD

∗ decays.

and the CX parameters are the Wilson coefficients of
OX . We investigate the compatibility of the data sam-
ples with new physics using a model-independent ap-
proach, separately examining the impact of each oper-
ator. In each new-physics scenario, we take into account
changes in the efficiency and fit PDF shapes using ded-
icated signal simulation. We set the Wilson coefficients
to be real in all cases. Since OV1

is just the SM opera-
tor, it would change only R(D∗), but not the kinematic
distributions. In the type-II two-Higgs doublet model
(2HDM), the relevant Wilson coefficients are given as
CS1

= −mbmτ tan2 β/m2
H+ and CS2

= −mcmτ/m2
H+ ,

where tanβ is the ratio of the vacuum expectation values
of the two Higgs doublets, and mb, mc, mτ , and mH+ are
the masses of the b quark, c quark, τ lepton, and charged
Higgs boson. Since the contribution from CS2

is almost
negligibly small except for the light charged Higgs bo-
son, we neglect the contribution from CS2

in the type-II
2HDM.

Various leptoquark models have been presented to ex-
plain anomalies in R(D(∗)) in Ref. [4]. In addition to
the model-independent study, we study two represen-
tative models: R2 and S1. Model R2 contains scalar
leptoquarks of the type (3, 2)7/6 using the notation
(SU(3)c, SU(2)L)Y , where SU(3)c is the representation

under the generators of QCD, SU(2)L is the representa-
tion under the generators of weak isospin, and Y is the
weak hypercharge. Model S1 contains leptoquarks of the
type (3∗, 1)1/3. In these leptoquark models, the relevant
Wilson coefficients are related by CS2

= +7.8CT for the
R2-type leptoquark model and CS2

= −7.8CT for the
S1-type leptoquark model at the b quark mass scale, as-
suming a leptoquark mass scale of 1 TeV/c2. Although
the V1 operator can appear independently of the S2 and
T operators in the S1-type leptoquark model, we assume
no contribution from the V1 operator in this study.

Figure 4 shows the dependence of the efficiency and
measured value of R(D∗) as a function of the values of
the respective parameters in the type-II 2HDM and the
R2-type leptoquark model. Efficiency variations for other
scenarios are shown in Ref. [32]. We find that efficiencies
increase by up to 17% for OV2

and OT , mainly due to the
variation of the D∗ momentum distribution. Similarly,
the efficiencies increase by up to 16% and 11% in R2- and
S1-type leptoquark models, respectively, which include
contributions from OT . In other scenarios, the efficiency
variation is 6% or less. Figure 5 shows the dependency
of the measured values of R(D∗) on the values of the
respective parameters in the type-II 2HDM and the R2-
type leptoquark model. The allowed regions with 68%

𝒪NB > 0.8 𝒪NB < 0.8
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ples with all selection criteria other than D mass and
∆M applied. A two-dimensional PDF is constructed by
taking the product of the one-dimensional functions for
MD. The PDF in each dimension is the sum of a sig-
nal component and a background component modelled
with a first-order polynomial. The signal component is a
triple Gaussian for D0 decay modes without a π0 and a
Crystal Ball function [29] plus a Gaussian for D0 decay
modes with a π0 and D+ decay modes. In this cali-
bration, we do not distinguish signal and tag sides. To
estimate calibration factors for specific D decay modes,
we fit samples in which one D meson is reconstructed in
a specific mode while the other is reconstructed in any
signal mode. From the ratios of data to MC samples in
signal and background yields, we derive calibration fac-
tors of the specific decay mode for events with correctly
and falsely reconstructed D mesons. We cannot inde-
pendently determine calibration factors for all D meson
decay modes as we use other decay modes when we cal-
ibrate each specific decay mode of a given D meson. To
estimate all the calibration factors correctly, we first per-
form the two-dimensional fit for each decay mode without
weighting factors, and then iterate the fits using resultant
weighting factors until all calibration factors converge.
Similarly, we estimate calibration factors for events

with correctly and falsely reconstructed D∗ mesons
from a two-dimensional fit to ∆M . Calibration factors
for events with correctly and falsely reconstructed D∗

mesons are separately estimated for subsequent decay to
D0 and D+ mesons. For this calibration, we use samples
in which one D∗ meson is reconstructed from D0π+ and
the other D∗ meson is reconstructed from D+π0. We ap-
ply derived calibration factors to samples, in which both
D∗ mesons are reconstructed from D0π+, and find good
agreement. Eventually, the deviations of the yields be-
tween the MC sample and the data reduce from 1.1σ to
0.2σ for the yields of correctly reconstructed D∗ mesons
and from 8.7σ to 0.3σ for the yields of falsely recon-
structed D∗ mesons, where σ is quadratic sum of statis-
tical error from two-dimensional fit to ∆M in data and
MC.

VI. MAXIMUM LIKELIHOOD FIT

We extract the yields of the signal and normalization
processes from a two-dimensional extended maximum-
likelihood fit to neural network classifier output ONB

and EECL. The likelihood function consists of five
components: signal, normalization, fake D(∗) events,
B → D∗∗ℓνℓ, and other backgrounds (predominantly
from B → XcD∗). The PDFs of all components are
determined from MC simulation. There are significant
correlations between ONB and EECL in the normaliza-
tion and background components, but not for the sig-
nal. We therefore construct the normalization and back-
ground PDFs using two-dimensional histograms and ap-
ply a smoothing procedure to account for its limited sta-

tistical power [30]. The signal PDF is the product of
one-dimensional histograms in ONB and EECL.
Three parameters are floated in the final fit: the yields

of the signal, normalization, and B → D∗∗ℓνℓ compo-
nents. The yield of fake D(∗) events is fixed to the value
estimated from sidebands in the ∆M distribution. Since
the PDF shape of fake D(∗) events depends on the com-
position of signal, normalization, B → D∗∗ℓνℓ, and other
backgrounds, the relative contributions of these processes
to the fake D(∗) component are described as a function of
the three fit parameters. The yields of other backgrounds
are fixed to the values expected fromMC simulation. The
ratio R(D∗) is given by the formula:

R(D∗) =
1

2B(τ− → ℓ−ν̄ℓντ )
·
εnorm
εsig

·
Nsig

Nnorm
, (3)

where εsig(norm) and Nsig(norm) are the reconstruction ef-
ficiency and yields of signal (normalization) events. We
use B(τ− → ℓ−ν̄ℓντ ) = 0.176 ± 0.003 as the average of
the world averages for ℓ = e and ℓ = µ [27]. The ratio of
efficiencies, εnorm/εsig, is estimated to be 1.289 ± 0.015
from MC simulation. The difference between reconstruc-
tion efficiencies of signal and normalization events arises
from their distinct lepton momentum distributions, and
the different event criteria on the D∗ momenta.
To validate the fit procedure, we perform the fitting to

multiple subsets of the available MC samples. Further-
more, we validate the fit procedure by a large number of
pseudo experiments. We have not observed any bias.

VII. PDF VALIDATION

We validate the PDFs used in the fitting procedure by
analysing various control samples. For fake D(∗) events,
we study the ∆M sidebands, where we find good agree-
ment in both ONB and EECL. For B → D∗ℓνℓ decays,
we require one B meson to be reconstructed with the
hadronic tagging method [31] and the other B meson re-
constructed with the nominal criteria of this analysis. We
find good agreement between data and MC in the EECL,
M2

miss, and Evis distributions, but small discrepancies in
the cos θB-D∗ℓ distributions [32], which we incorporate as
a systematic uncertainty.

VIII. SYSTEMATIC UNCERTAINTIES

To estimate the systematic uncertainties on R(D∗),
we vary every fixed parameter in turn by one standard
deviation and repeat the fit. The systematic uncertain-
ties are summarized in Table I. The dominant systematic
uncertainty arises from the limited size of the MC sam-
ples: to estimate this uncertainty, we recalculate PDFs
for signal, normalization, fake D(∗) events, B → D∗∗ℓνℓ,
and other backgrounds by generating toy MC samples
from the nominal PDFs according to Poisson statistics
and repeat the fit with the new PDFs.

R(D*) = 0.302 ± 0.030 (stat) ± 0.011 (syst)

✓ 1.6σ above SM
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R(D*) and 𝝉 Polarisation
‣ Decay angles of 𝝉→𝜋ν and 𝝉→𝝆ν encode 

𝝉-polarisation, sensitive to NP!

Calcula&on	of	cosΘhel	for	B	à	D*	τν, τ à ρν	
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theta	refers	to	the	angle	of	the	rho	in	the	W	rf,	only	the	absolute	
value	of	the	tau	momentum	is	known,	not	its	direc&on!		
The	helicity	angle	theta_hel	is		the	angle	of	the	rho	in	the	tau	rf	
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Nice Illustration 

from V. Luth

✓ Need to reconstruct helicity angle, but 
a-priorio 𝝉-restframe not accessible 

✓ Luckily there is a relation between  
<(𝝉h) in 𝝉ν-frame and this angle
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from V. Luth

✓ Need to reconstruct helicity angle, but 
a-priorio 𝝉-restframe not accessible 

✓ Luckily there is a relation between  
<(𝝉h) in 𝝉ν-frame and this angle

‣ Signal extraction via EECL (unassigned energy in the calorimeter) and in 
two bins of helicity angle cosΘhel with binned likelihood fit

EECL

Signal

Backgrounds
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is determined from a comparison of the data and
the MC sample in the �M sideband regions.

E. Measurement Method of R(D⇤) and P⌧ (D
⇤)

We use the following variables to measure yields of the
signal and the normalization modes. For the normaliza-
tion mode, M

2
miss is the most suitable variable due to

its high purity. On the other hand, the shape of the
M

2
miss distribution for the signal mode has a strong cor-

relation with P⌧ (D⇤). To measure the signal yield, we
use EECL because it has a small correlation to P⌧ (D⇤)
and provides good discrimination between the signal and
the background modes.

The value of R(D⇤) is measured using the formula

R(D⇤) =
✏
j
normN

ij
sig

Bi
⌧ ✏

ij
sigN

j
norm

, (10)

where B
i
⌧ denotes the branching fraction of ⌧ , and ✏

ij
sig

and ✏
j
norm (N ij

sig and N
j
norm) are the e�ciencies (the ob-

served yields) for the signal and the normalization modes,
respectively. The indices i and j represent the ⌧ decays
(⌧� ! ⇡

�
⌫⌧ or ⇢�⌫⌧ ) and the B charges (charged B or

neutral B), respectively. Assuming isospin symmetry, we
use R(D⇤) = R(D⇤0) = R(D⇤+).

The value of P⌧ (D⇤) is determined using the formula

P⌧ (D
⇤) =

2

↵i

N
Fij
sig �N

Bij
sig

N
Fij
sig +N

Bij
sig

, (11)

where N
F (B)ij
sig denotes the signal yield in the region

cos ✓hel > (<) 0 and satisfies N
Fij
sig +N

Bij
sig = N

ij
sig. This

formula is obtained by calculating

N
Fij
sig = N

ij
sig

Z 1

0

d�ij(D(⇤))

d cos ✓hel
d cos ✓hel, (12)

N
Bij
sig = N

ij
sig

Z 0

�1

d�ij(D(⇤))

d cos ✓hel
d cos ✓hel. (13)

The di↵erential decay rate d�ij(D(⇤))/d cos ✓hel is given
by Eq. 3. As with R(D⇤), we use the common parameters
P⌧ (D⇤) = P⌧ (D⇤0) = P⌧ (D⇤+).

Due to detector e�ciency e↵ects, the measured po-
larization, P

raw
⌧ (D⇤), is biased from the true value of

P⌧ (D⇤). To correct for this bias, we form a linear func-
tion that maps P⌧ (D⇤) to P

raw
⌧ (D⇤) using several MC

sets with di↵erent P⌧ (D⇤). This function, denoted the
P⌧ (D⇤) correction function, is separately prepared for
each ⌧ sample since the detector bias depends on the
given ⌧ mode. We also make a P⌧ (D⇤) correction func-
tion for the ⇢ $ ⇡ cross feed component to take into
account the distortion of the cos ✓hel distribution shape.
In the P⌧ (D⇤) correction, other kinematic distributions
are assumed to be consistent with the SM predictions.

V. BACKGROUND CALIBRATION AND PDF
VALIDATION

To use the MC distributions as histogram PDFs, the
MC simulation needs to be verified using calibration data
samples. In this section, the calibration of the PDF
shapes is discussed.

A. Signal PDF Shape

To validate the EECL shape of the signal component,
we use the normalization mode as the control sample.
It has similar EECL properties to the signal component;
there is no extra photon from the Bsig decay except for
bremsstrahlung photons, and therefore the EECL shape is
mostly determined by the background photons. The nor-
malization sample contains about 50 times more events
than the expected signal yield. Figure 3 shows a compar-
ison of EECL between data and MC simulation. The pull
of each bin is shown in the bottom panel; hereinafter, the
pull in the ith bin is defined as

Pulli =
N

i
data �N

i
MCp

(�i
data)

2 + (�i
MC)

2
, (14)

where N
i
data(MC) and �

i
data(MC) denote the number of

events and the statistical error, respectively, in the ith
bin of the data (MC) distribution. The fake D

⇤ yield is
scaled based on the calibration discussed in the next sec-
tion. Since the contribution from the other background
components is negligibly small, it is fixed to the MC ex-
pectation. The ECL shape in the MC sample agrees well
with the data within statistical uncertainty.

B. Fake D⇤ Events

One of the most significant background components
arises from fake D

⇤ candidates. The combinatorial fake
D

⇤ background processes are di�cult to model precisely
in the MC simulation. The EECL shapes for the data and
the MC sample are compared using�M sideband regions
of 50–500 MeV, 135–190 MeV, 135–190 MeV, and 140–
500 MeV for D

⇤0
! D

0
�, D⇤0

! D
0
⇡
0, D⇤+

! D
+
⇡
0,

and D
⇤+

! D
0
⇡
+, respectively; each excludes about

±4� around the �M peak. These sideband regions con-
tain 5 to 50 times more events than the signal region.
Figure 4(a) shows the comparison of the EECL shapes.
Although all the D

⇤ and ⌧ modes are combined in these
figures, the EECL shape has been compared in 16 sub-
samples of B modes, D⇤ modes, ⌧ modes, and the two
cos ✓hel regions. We find good agreement of the EECL

shape within the statistical uncertainty of these mass
sideband data samples. We also check the cos ✓hel distri-
bution in the�M sideband region, as shown in Figs. 4(b)
and 4(c). The cos ✓hel distribution in the MC simulation

Normalisation: B→D*𝓁ν
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tion that maps P⌧ (D⇤) to P

raw
⌧ (D⇤) using several MC

sets with di↵erent P⌧ (D⇤). This function, denoted the
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each ⌧ sample since the detector bias depends on the
given ⌧ mode. We also make a P⌧ (D⇤) correction func-
tion for the ⇢ $ ⇡ cross feed component to take into
account the distortion of the cos ✓hel distribution shape.
In the P⌧ (D⇤) correction, other kinematic distributions
are assumed to be consistent with the SM predictions.

V. BACKGROUND CALIBRATION AND PDF
VALIDATION

To use the MC distributions as histogram PDFs, the
MC simulation needs to be verified using calibration data
samples. In this section, the calibration of the PDF
shapes is discussed.

A. Signal PDF Shape

To validate the EECL shape of the signal component,
we use the normalization mode as the control sample.
It has similar EECL properties to the signal component;
there is no extra photon from the Bsig decay except for
bremsstrahlung photons, and therefore the EECL shape is
mostly determined by the background photons. The nor-
malization sample contains about 50 times more events
than the expected signal yield. Figure 3 shows a compar-
ison of EECL between data and MC simulation. The pull
of each bin is shown in the bottom panel; hereinafter, the
pull in the ith bin is defined as
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where N
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data(MC) and �

i
data(MC) denote the number of

events and the statistical error, respectively, in the ith
bin of the data (MC) distribution. The fake D

⇤ yield is
scaled based on the calibration discussed in the next sec-
tion. Since the contribution from the other background
components is negligibly small, it is fixed to the MC ex-
pectation. The ECL shape in the MC sample agrees well
with the data within statistical uncertainty.

B. Fake D⇤ Events

One of the most significant background components
arises from fake D

⇤ candidates. The combinatorial fake
D

⇤ background processes are di�cult to model precisely
in the MC simulation. The EECL shapes for the data and
the MC sample are compared using�M sideband regions
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500 MeV for D
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tain 5 to 50 times more events than the signal region.
Figure 4(a) shows the comparison of the EECL shapes.
Although all the D

⇤ and ⌧ modes are combined in these
figures, the EECL shape has been compared in 16 sub-
samples of B modes, D⇤ modes, ⌧ modes, and the two
cos ✓hel regions. We find good agreement of the EECL

shape within the statistical uncertainty of these mass
sideband data samples. We also check the cos ✓hel distri-
bution in the�M sideband region, as shown in Figs. 4(b)
and 4(c). The cos ✓hel distribution in the MC simulation
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FIG. 10. Comparison of our result (star for the best-fit value
and 1�, 2�, 3� contours) with the SM prediction (triangle).
The white region corresponds to > 3�. The shaded vertical
band shows the world average as of early 2016 [20].
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FIG. 11. Summary of the R(D⇤) measurements based on the
full data sample of Belle and their average. The inner (outer)
error bars show the statistical (total) uncertainty. The shaded
band is the world average as of early 2016 [20] while the white
band is the SM prediction [23]. On each measurement, the
tagging method and the choice of the ⌧ decay are indicated,
where “SL tag” is the semileptonic tag and h in the ⌧ decay
denotes a hadron h = ⇡ or ⇢.

0.012(syst). In this average, correlation in the uncertain-
ties arising from background semileptonic B decays is
taken into account and other uncertainties are regarded
as independent. The relative error in the average R(D⇤)
is 7.5%, which is the most precise result by a single ex-
periment. Compared to the SM prediction [23], the esti-
mated value is 1.7� higher. Including R(D) measured by
Belle [13], compatibility with the SM predictions is 2.5�,
corresponding to a p-value of 0.042.

IX. CONCLUSION

We report the measurement of R(D⇤) with hadronic ⌧
decay modes ⌧

�
! ⇡

�
⌫⌧ and ⌧

�
! ⇢

�
⌫⌧ , and the first

measurement of P⌧ (D⇤) in the decay B̄ ! D
⇤
⌧
�
⌫̄⌧ , using

772⇥ 106 BB̄ data accumulated with the Belle detector.
Our results are

R(D⇤) = 0.270± 0.035(stat)+0.028
�0.025(syst), (21)

P⌧ (D
⇤) = �0.38± 0.51(stat)+0.21

�0.16(syst), (22)

which are consistent with the SM predictions. The result
excludes P⌧ (D⇤) > +0.5 at 90% C.L. This is the first
measurement of the ⌧ polarization in the semitaounic de-
cays, providing a new dimension in the search for NP in
semitauonic B decays.
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ing pairs of photons with an invariant mass ranging from
500 to 600 MeV/c2. We then extract the calibration
sample yield with the signal-side energy di↵erence �E

sig

or the beam-energy-constrained mass M sig
bc in the region

q
2
> 4 GeV2

/c
2 and | cos ✓hel| < 1. To calculate cos ✓hel,

we assume that (one of) the charged pion(s) is the ⌧

daughter. We use a ratio of the yield in the data to that
in the MC as the yield scale factor. If there is no observed
event in the calibration sample, we assign a 68% confi-
dence level upper limit on the scale factor. The above
calibrations cover about 80% of the hadronic B back-
ground. For the remaining B decay modes, we assume
100% uncertainty on the MC expectation.

In the signal extraction, we consider three B̄ !

D
⇤
⌧
�
⌫̄⌧ components: (i) the “signal” component con-

tains correctly-reconstructed signal events, (ii) the “⇢ $

⇡ cross feed” component contains events where the de-
cay ⌧

�
! ⇢

�(⇡�)⌫⌧ is reconstructed as ⌧� ! ⇡
�(⇢�)⌫⌧ ,

(iii) the “other ⌧ cross feed” component contains events
with other ⌧ decays such as ⌧

�
! µ

�
⌫̄µ⌫⌧ and ⌧

�
!

⇡
�
⇡
0
⇡
0
⌫⌧ . The relative contributions are fixed based

on the MC. We relate the signal yield and R(D⇤) as
R(D⇤) = (✏normNsig)/(B⌧ ✏sigNnorm), where B⌧ denotes
the branching fraction of ⌧

�
! ⇡

�
⌫⌧ or ⌧

�
! ⇢

�
⌫⌧ ,

and ✏sig and ✏norm (Nsig and Nnorm) are the e�ciencies
(the observed yields) for the signal and the normaliza-
tion mode. Using the MC, the e�ciency ratio ✏norm/✏sig

of the signal component in the B
� (B̄0) sample is esti-

mated to be 0.97± 0.02 (1.21± 0.03) for the ⌧
�
! ⇡

�
⌫⌧

mode and 3.42 ± 0.07 (3.83 ± 0.12) for the ⌧
�

! ⇢
�
⌫⌧

mode, where the quoted errors arise from MC statistical
uncertainties. The larger e�ciency ratio for the B̄0 mode
is due to the significant q

2 dependence of the e�ciency
in the D

⇤+
! D

0
⇡
+ mode. For P⌧ (D⇤), we divide the

signal sample into two regions cos ✓hel > 0 (forward) and
cos ✓hel < 0 (backward). The value of P⌧ (D⇤) is then pa-
rameterized as P⌧ (D⇤) = [2(NF

sig�N
B
sig)]/[↵(N

F
sig+N

B
sig)],

where the superscript F (B) denotes the signal yield in
the forward (backward) region. The detector bias on
P⌧ (D⇤) is taken into account with a linear function that
relates the true P⌧ (D⇤) to the extracted P⌧ (D⇤) (P⌧ (D⇤)
correction function), determined using several MC sets
with di↵erent P⌧ (D⇤) values. Here, other kinematic dis-
tributions are assumed to be consistent with the SM pre-
diction.
We categorize the background into four components.

The “B̄ ! D
⇤
`
�
⌫̄`” component contaminates the signal

sample due to the misassignment of the lepton as a pion.
We fix the B̄ ! D

⇤
`
�
⌫̄` background yield from the fit

to the normalization sample. For the “B̄ ! D
⇤⇤
`
�
⌫̄`

and hadronic B decay” component, we combine all the
modes into common yield parameters. One exception is
the decay into two D mesons such as B̄ ! D

⇤
D

⇤�
s and

B̄ ! D
⇤
D̄

(⇤)
K

�. Since these decays are experimentally
well measured, we fix their yields based on the world-
average branching fractions [47]. The yield of the “fake

Signal

τ cross feed

B→D* lνl Fake D* and qq
B→D** lνl  and
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FIG. 1. Fit result to the signal sample (all the eight samples
are combined). The main panel and the sub panel show the
EECL and the cos ✓hel distributions, respectively. The red-
hatched “⌧ cross feed” combines the ⇢ $ ⇡ cross-feed and
the other ⌧ cross-feed components.

D
⇤” component is fixed from a comparison of the data

and the MC in the �M sideband regions. The contri-
bution from the continuum e

+
e
�

! qq̄ process is only
O(0.1%). We therefore fix the yield using the MC expec-
tation.
We then conduct an extended binned maximum like-

lihood fit in two steps; we first perform a fit to the
normalization sample to determine its yield, and then
a simultaneous fit to eight signal samples (B�

, B̄
0) ⌦

(⇡�
⌫⌧ , ⇢

�
⌫⌧ ) ⌦ (backward, forward). In the fit, R(D⇤)

and P⌧ (D⇤) are common fit parameters, while the “B̄ !

D
⇤⇤
`
�
⌫̄` and hadronic B” yields are independent among

the eight signal samples. The fit result is shown in Fig. 1.
The obtained signal and normalization yields forB� (B̄0)
mode are, respectively, 210± 27 (88± 11) and 4711± 81
(2502± 52), where the errors are statistical.
The most significant systematic uncertainty arises from

the hadronic B decay composition (+7.7
�6.9%,

+0.13
�0.10), where

the first (second) value in the parentheses is the rela-
tive (absolute) uncertainty in R(D⇤) (P⌧ (D⇤)). The lim-
ited MC sample size used in the analysis introduces sta-
tistical fluctuations on the PDF shapes (+4.0

�2.8%,
+0.15
�0.11).

The uncertainties arising from the semileptonic B de-
cays are (±3.5%,±0.05). The fake D

⇤ background,
which dominates in this analysis, causes uncertainties
of (±3.4%,±0.02). Other uncertainties arise from the
reconstruction e�ciencies for the ⌧ daughter and the
charged lepton, the signal and normalization e�cien-
cies, the choice of the number of bins in the fit, the
⌧ branching fractions and the P⌧ (D⇤) correction func-
tion parameters. These systematic uncertainties account
for (±2.2%,±0.03). In addition, since we fix part of
the background yield, we need to consider the impact

‣ Decay angles of 𝝉→𝜋ν and 𝝉→𝝆ν encode 
𝝉-polarisation, sensitive to NP!

Phys.Rev.Lett.118,211801 (2017) 
Phys. Rev. D 97, 012004 (2018) 

(D* had tag)R(D*) and 𝝉 Polarisation

Biggest challenge:  
Cross talk between 𝝉→𝜋ν & 𝝉→𝝆ν
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R(𝜋) with hadronic tagging Phys. Rev. D 93, 032007 (2016) 
 (𝜋 had tag)

R(⇡) =
B(B ! ⇡⌧ ⌫̄⌧ )

B(B ! ⇡`⌫̄`)

‣ Reconstruct 𝝉→𝓁νν, 𝝉→𝜋νν,𝝉→ 𝝆νν,𝝉→ a1νν and 
charged pion

R(𝜋) = 1.05 ± 0.51

1D fit in EECL determines

R(𝜋)SM = 0.641 ± 0.016
Phys. Rev. D 92, 115019 (2015)
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FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
and is in good agreement

with the SM prediction.
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FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
and is in good agreement

with the SM prediction.

2.4 σ significance over background-only 
hypothesis
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‣ First: reconstruct signal side: 𝝉→𝓁νν and 
𝝉→𝜋ν plus D*- → D0π-  with pure D0 modes 

‣ Inclusive Tag: tag

Etag =
P

i
Ei ptag =

P
i
pi

consistency of B candidates checked using
sum over all 


remaining particles

https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
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‣ First: reconstruct signal side: 𝝉→𝓁νν and 
𝝉→𝜋ν plus D*- → D0π-  with pure D0 modes 

‣ Inclusive Tag:

Method of inclusive reconstruction of Btag
1. Create candidates for Bsig daughters: D⇤ + (d⌧ = h or `))
2. Reconstruct Btag inclusively form all remaining particles

Etag =
P

i
Ei ptag =

P
i
pi

consistency of Btag candidates checked using Mtag =
q

E2
beam

� p2
tag

,
�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
visible energy, missing mass, . . . )

4. Extract number of signal events by fitting Mtag distribution

PRL 99, 191807

This approach allows for signal extraction using known PDF’s (CrystalBall and
Argus) parametrizations;

CKM, September 19, 2019 September 18, 2018 12 / 18
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Check validity of tag:

�Etag 2 [�0.3, 0.05]GeV
<latexit sha1_base64="849p8LtDUdceFiTSKbTcmIIMEMA=">AAACFXicbVDJSgNBEO1xN25Rj14ag+AhhhkX9Cgu6FHBJEJmCD2dStKkp2forhHDMD/hxV/x4kERr4I3/8ZOzMHtQcHjvSqq6oWJFAZd98MZG5+YnJqemS3MzS8sLhWXV2omTjWHKo9lrK9DZkAKBVUUKOE60cCiUEI97B0P/PoNaCNidYX9BIKIdZRoC87QSs1i2T8BiYyeNjNknZz6QtHGllvZKbsVdy+gfpn6CLeYnUEtbxZLVh2C/iXeiJTICBfN4rvfinkagUIumTENz00wyJhGwSXkBT81kDDeYx1oWKpYBCbIhl/ldMMqLdqOtS2FdKh+n8hYZEw/Cm1nxLBrfnsD8T+vkWL7IMiESlIExb8WtVNJMaaDiGhLaOAo+5YwroW9lfIu04yjDbJgQ/B+v/yX1LYr3k7FvdwtHR6N4pgha2SdbBKP7JNDck4uSJVwckceyBN5du6dR+fFef1qHXNGM6vkB5y3T0JQnF4=</latexit>
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P

�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
candidates checked using Mtag =

q
E2

beam
� p2

tag
,

Check validity of tag:

�Etag 2 [�0.3, 0.05]GeV
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B to semitauonic decays at Belle/Belle II

Outline:
I Physics motivation & experimental situation
I Polarization measurements in B ! D⇤⌧⌫ by Belle
I Prospects for Belle/Belle II

Karol Adamczyk
H. Niewodniczański Institute of Nuclear Physics

for the Belle Collaboration

CKM, September 19, 2019 September 18, 2018 1 / 18

‣ First: reconstruct signal side: 𝝉→𝓁νν and 
𝝉→𝜋ν plus D*- → D0π-  with pure D0 modes 

‣ Inclusive Tag:

Method of inclusive reconstruction of Btag
1. Create candidates for Bsig daughters: D⇤ + (d⌧ = h or `))
2. Reconstruct Btag inclusively form all remaining particles

Etag =
P

i
Ei ptag =

P
i
pi

consistency of Btag candidates checked using Mtag =
q

E2
beam

� p2
tag

,
�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
visible energy, missing mass, . . . )

4. Extract number of signal events by fitting Mtag distribution

PRL 99, 191807

This approach allows for signal extraction using known PDF’s (CrystalBall and
Argus) parametrizations;

CKM, September 19, 2019 September 18, 2018 12 / 18

sum over all 

remaining particles

PRL 99, 191807

P

�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
candidates checked using Mtag =

q
E2

beam
� p2

tag
,

Check validity of tag:

�Etag 2 [�0.3, 0.05]GeV
<latexit sha1_base64="849p8LtDUdceFiTSKbTcmIIMEMA=">AAACFXicbVDJSgNBEO1xN25Rj14ag+AhhhkX9Cgu6FHBJEJmCD2dStKkp2forhHDMD/hxV/x4kERr4I3/8ZOzMHtQcHjvSqq6oWJFAZd98MZG5+YnJqemS3MzS8sLhWXV2omTjWHKo9lrK9DZkAKBVUUKOE60cCiUEI97B0P/PoNaCNidYX9BIKIdZRoC87QSs1i2T8BiYyeNjNknZz6QtHGllvZKbsVdy+gfpn6CLeYnUEtbxZLVh2C/iXeiJTICBfN4rvfinkagUIumTENz00wyJhGwSXkBT81kDDeYx1oWKpYBCbIhl/ldMMqLdqOtS2FdKh+n8hYZEw/Cm1nxLBrfnsD8T+vkWL7IMiESlIExb8WtVNJMaaDiGhLaOAo+5YwroW9lfIu04yjDbJgQ/B+v/yX1LYr3k7FvdwtHR6N4pgha2SdbBKP7JNDck4uSJVwckceyBN5du6dR+fFef1qHXNGM6vkB5y3T0JQnF4=</latexit>

Further clean-up:

- Zero event charge

- no leptons in Btag 

- Eextra < 0.8 GeV

- q2 > 4 GeV

https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
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FLD* with inclusive tagging Prel. Belle: https://arxiv.org/pdf/
1901.06380.pdf (D*, incl. tagging)Signal extraction

I the signal yields are extracted from a simultaneous, extended UML-fit to all 9
sub-channels in the Mtag distributions

I procedure is performed in 3 bins of cos ✓hel(D⇤) in the range [-1,0];
I : �1.0 < cos ✓hel(D⇤) < �0.67
II : �0.67 < cos ✓hel(D⇤) < �0.33
III : �0.33 < cos ✓hel(D⇤) < 0.0

I example fit projection to Mtag distribution in the range
�1.0 < cos ✓hel(D⇤) < �0.67
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‣ Unbinned ML fit in categories of     
𝝉 & D-Decay mode and bins of

D⇤ polarization studies
R(D(⇤)) systematically above the SM expectations, surprisingly
large effect for R(D⇤) ) D⇤ polarization measurement

Measure F D⇤
L

from fit to cos ✓hel(D⇤) distribution:
1
�

d�
d cos ✓hel(D⇤) =

3
4 [2F D⇤

L
cos2(✓hel(D⇤)) + (1 � F D⇤

L
) sin2(✓hel(D⇤))]

In comparison to ⌧ polarization:

+ all ⌧ decays are useful !
larger statistic

+ not affected by cross-feeds
between different ⌧ decays

Theoretical papers ( D⇤ polarization

studies):
I M. A. Ivanov, J. G. Koerner, C. T. Tran, Phys. Rev.

D 94, 094028 (2016)
I A.K. Alok, D. Kumar, S. Kumbahar, and S U.

Sankar, Phys. Rev. D 95, 115038 (2017)
I Z.-R. Huang et al., arXiv:1808.03565 [hep-ph].

CKM, September 19, 2019 September 18, 2018 9 / 18
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FIG. 4. The measured cos ✓hel distribution in B0 ! D⇤�⌧+⌫⌧ decays (data points with statistical
errors), while the fit result is overlaid (red line) with FD⇤

L = 0.60. The yellow band represents the
SM prediction of ref. [20].

a mass MM > 2 GeV, with correctly assigned daughters to Bsig and Btag decays, represent426

the main peaking background in the ⌧ ! ⇡⌫⌧ mode. The systematic uncertainty coming427

from the composition of the M states (mainly the cs̄ resonances) is evaluated by reweighting428

the q2 spectrum by±100% in two ranges of q2: q2 < 6.2 GeV2, and q2 > 6.2GeV2 (at q2 ⇡ 6.2429

GeV2 there is a sharp change in the cos ✓hel distribution for this component).430

Uncertainties due to the form factor parameterization of signal decays are estimated by431

comparing the results obtained with the two versions of the signal MC, and found to be432

very small. Uncertainties related to the cos ✓hel resolution and acceptance non-uniformities433

along cos ✓hel depend on the actual value of the D⇤ polarization. In order to evaluate them,434

the simulated signal events are reweighted to obtain cos ✓hel distributions that correspond to435

arbitrary D⇤ polarizations, and di↵erences between generated and measured values of FD⇤
L436

are considered as systematic uncertainties. Uncertainties due to imperfect modeling of the437

cos ✓hel resolution are within ±0.003 in the full range of FD⇤
L values. Variation of the cos ✓hel438

distribution a↵ects the correction factors sI , resulting in the uncertainty of +0.015
�0.005 for the439

measured value of FD⇤
L = 0.60.440

CONCLUSIONS441

We report the first measurement of the D⇤ polarization in semitauonic decay B0 !442

D⇤�⌧+⌫⌧ . The result is based on data sample of 772⇥106 BB̄ pairs collected with the Belle443

detector. The fraction of D⇤� longitudinal polarization, measured assuming SM dynamics,444

is found to be FD⇤
L = 0.60 ± 0.08(stat) ± 0.04(sys), and agrees within 1.6 (1.8) standard445

deviations with the SM predicted values (FD⇤
L )SM = 0.457± 0.010 [21] (0.441± 0.006 [20]).446

We thank the KEKB group for the excellent operation of the accelerator; the KEK447

cryogenics group for the e�cient operation of the solenoid; and the KEK computer group,448

and the Pacific Northwest National Laboratory (PNNL) Environmental Molecular Sci-449
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Signal extraction
I the signal yields are extracted from a simultaneous, extended UML-fit to all 9

sub-channels in the Mtag distributions
I procedure is performed in 3 bins of cos ✓hel(D⇤) in the range [-1,0];

I : �1.0 < cos ✓hel(D⇤) < �0.67
II : �0.67 < cos ✓hel(D⇤) < �0.33
III : �0.33 < cos ✓hel(D⇤) < 0.0

I example fit projection to Mtag distribution in the range
�1.0 < cos ✓hel(D⇤) < �0.67
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distributions
procedure is performed in 3 bins of cos ✓hel(D⇤)
‣ Unbinned ML fit in categories of     

𝝉 & D-Decay mode and bins of
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FIG. 1. Fit projections to Mtag distributions in the range �1  cos ✓hel < �0.67 for ⌧ ! ⇡⌫⌧ (top),
for ⌧ ! e⌫̄e⌫⌧ (middle), for ⌧ ! µ⌫̄µ⌫⌧ (bottom), and D ! K⇡ (left), D ! K2⇡ (center), D !
K3⇡ (right). The solid lines show the result of the fit. Contributions of the signal, combinatorial
and peaking backgrounds are represented by the red (dot-dashed), blue (dashed) and green (dotted)
lines respectively.

In order to evaluate the e↵ect of statistical uncertainties of the MC-determined parameters408

that describe shapes of the PDF, relative proportion of peaking background, scale factors409

of background components, and correction factors for the acceptance non-uniformities, the410

procedure of FD⇤
L measurement is repeated varying each parameter 1000 times at random,411

assuming Gaussian errors, and taking into account correlations between them. The standard412

deviation of the obtained FD⇤
L distribution is considered as the corresponding systematic413

11
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FIG. 1. Fit projections to Mtag distributions in the range �1  cos ✓hel < �0.67 for ⌧ ! ⇡⌫⌧ (top),
for ⌧ ! e⌫̄e⌫⌧ (middle), for ⌧ ! µ⌫̄µ⌫⌧ (bottom), and D ! K⇡ (left), D ! K2⇡ (center), D !
K3⇡ (right). The solid lines show the result of the fit. Contributions of the signal, combinatorial
and peaking backgrounds are represented by the red (dot-dashed), blue (dashed) and green (dotted)
lines respectively.

In order to evaluate the e↵ect of statistical uncertainties of the MC-determined parameters408

that describe shapes of the PDF, relative proportion of peaking background, scale factors409

of background components, and correction factors for the acceptance non-uniformities, the410

procedure of FD⇤
L measurement is repeated varying each parameter 1000 times at random,411

assuming Gaussian errors, and taking into account correlations between them. The standard412

deviation of the obtained FD⇤
L distribution is considered as the corresponding systematic413
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FIG. 1. Fit projections to Mtag distributions in the range �1  cos ✓hel < �0.67 for ⌧ ! ⇡⌫⌧ (top),
for ⌧ ! e⌫̄e⌫⌧ (middle), for ⌧ ! µ⌫̄µ⌫⌧ (bottom), and D ! K⇡ (left), D ! K2⇡ (center), D !
K3⇡ (right). The solid lines show the result of the fit. Contributions of the signal, combinatorial
and peaking backgrounds are represented by the red (dot-dashed), blue (dashed) and green (dotted)
lines respectively.

In order to evaluate the e↵ect of statistical uncertainties of the MC-determined parameters408

that describe shapes of the PDF, relative proportion of peaking background, scale factors409

of background components, and correction factors for the acceptance non-uniformities, the410

procedure of FD⇤
L measurement is repeated varying each parameter 1000 times at random,411

assuming Gaussian errors, and taking into account correlations between them. The standard412

deviation of the obtained FD⇤
L distribution is considered as the corresponding systematic413
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D → K3πD → K2πD → Kπ

Method of inclusive reconstruction of Btag
1. Create candidates for Bsig daughters: D⇤ + (d⌧ = h or `))
2. Reconstruct Btag inclusively form all remaining particles

Etag =
P

i
Ei ptag =

P
i
pi

consistency of Btag candidates checked using Mtag =
q

E2
beam

� p2
tag

,
�Etag = Ebeam � Etag

3. Suppres bkg using observables sensitive to multiple neutrion final states (e.g.
visible energy, missing mass, . . . )

4. Extract number of signal events by fitting Mtag distribution

PRL 99, 191807

This approach allows for signal extraction using known PDF’s (CrystalBall and
Argus) parametrizations;

CKM, September 19, 2019 September 18, 2018 12 / 18

‣ Restrict measurement to [-1,0] due to low 
efficiency for slow pions in [0,1]

Challenges for D⇤ polarization measurement
Main experimental problem:

strong acceptance effects for cos ✓hel(D⇤) � 0.0

efficiency distribution of slow ⇡± from D⇤

Effectively only cos ✓hel(D⇤) < 0 is useful for F D⇤
L

measurement

CKM, September 19, 2019 September 18, 2018 10 / 18

slow pions 
in [-1,0]

https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
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FIG. 4. The measured cos ✓hel distribution in B0 ! D⇤�⌧+⌫⌧ decays (data points with statistical
errors), while the fit result is overlaid (red line) with FD⇤

L = 0.60. The yellow band represents the
SM prediction of ref. [20].

a mass MM > 2 GeV, with correctly assigned daughters to Bsig and Btag decays, represent426

the main peaking background in the ⌧ ! ⇡⌫⌧ mode. The systematic uncertainty coming427

from the composition of the M states (mainly the cs̄ resonances) is evaluated by reweighting428

the q2 spectrum by±100% in two ranges of q2: q2 < 6.2 GeV2, and q2 > 6.2GeV2 (at q2 ⇡ 6.2429

GeV2 there is a sharp change in the cos ✓hel distribution for this component).430

Uncertainties due to the form factor parameterization of signal decays are estimated by431

comparing the results obtained with the two versions of the signal MC, and found to be432

very small. Uncertainties related to the cos ✓hel resolution and acceptance non-uniformities433

along cos ✓hel depend on the actual value of the D⇤ polarization. In order to evaluate them,434

the simulated signal events are reweighted to obtain cos ✓hel distributions that correspond to435

arbitrary D⇤ polarizations, and di↵erences between generated and measured values of FD⇤
L436

are considered as systematic uncertainties. Uncertainties due to imperfect modeling of the437

cos ✓hel resolution are within ±0.003 in the full range of FD⇤
L values. Variation of the cos ✓hel438

distribution a↵ects the correction factors sI , resulting in the uncertainty of +0.015
�0.005 for the439

measured value of FD⇤
L = 0.60.440

CONCLUSIONS441

We report the first measurement of the D⇤ polarization in semitauonic decay B0 !442

D⇤�⌧+⌫⌧ . The result is based on data sample of 772⇥106 BB̄ pairs collected with the Belle443

detector. The fraction of D⇤� longitudinal polarization, measured assuming SM dynamics,444

is found to be FD⇤
L = 0.60 ± 0.08(stat) ± 0.04(sys), and agrees within 1.6 (1.8) standard445

deviations with the SM predicted values (FD⇤
L )SM = 0.457± 0.010 [21] (0.441± 0.006 [20]).446
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larger statistic
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Summary of Belle R(D/D*) measurements

Several results using different techniques: 

‣ 𝝉→eνν and 𝝉→𝝁νν, hadronic tag

R(D)  = 0.375 ± 0.064 (stat) ± 0.026 (syst)

R(D*) = 0.293 ± 0.038 (stat) ± 0.015 (syst)

‣ 𝝉→eνν and 𝝉→𝝁νν, semi-leptonic tag

R(D*) = 0.302 ± 0.030 (stat) ± 0.011 (syst)

‣ 𝝉→𝜋ν and 𝝉→𝝆ν, hadronic tag
R(D*) = 0.270 ± 0.035 (stat) ± 0.027(syst)

P𝝉(D*) = -0.38 ± 0.51 (stat) ± 0.18 (syst)

R(D)SM  = 0.299 ± 0.003

R(D*)SM = 0.257 ± 0.003

Phys. Rev. D 95, 115008 (2017)

�
Analysis very similar to BaBar

�
First measurement of 𝝉 polarisation

‣ 𝝉→eνν, 𝝉→𝝁νν and 𝝉→𝜋ν, inclusive tag

FL(D*) = 0.60 ± 0.08 (stat) ± 0.04 (syst) First measurement of D* polarisation
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1.1. Analysis Strategy

In this note, first studies evaluating the hadronic tagging performance are summarised.

To this end events are reconstructed without any signal-side selection and the Btag kinematic

is studied. A sample enriched in correctly reconstructed candidates is obtained via cutting

on the FEI classifier, and the number of B-meson candidate events is obtained by fitting

the beam-constrained mass, mbc, defined as

mbc =

q
s/4 � |~p ⇤

Btag
|2 , (1)

with ~p ⇤
Btag

denoting the reconstructed three-momentum of the Btag candidate in the ⌥ (4S)
rest frame, and

p
s denotes the beam energy.

2. SELECTION

2.1. Overview

The FEI algorithms reconstructs hadronic tag candidates from over 100 explicit decay

channels, with more than 10000 distinct decay chains. The first objects are by the recon-

struction software are charged tracks, neutral clusters, and displaced vertices. In six distinct

stages, these objects are interpreted as final state particles (e±, µ±, K±, ⇡±, KL, �), com-

bined to firm intermediate particles (J/ , ⇡0, KS, D,D⇤
) and eventually combined to form

the Btag candidate. The procedure is summarised in Figure 2.

At each level, a probability in the form of a multivariate classifier is constructed. This

classifier is built from a set of input features (e.g. four-momentum, vertex information) and

was trained using simulated Phase II ⌥ (4S) ! BB̄ MC events. At the final stage, each

B-meson candidate has an associated signal probability built from the preceding features

and classifiers, which can be used to discriminate correctly identified Btag candidate events

from random combinations. In each event, the candidate with the highest probability is

kept.
4 FEI
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Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/� , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

the detector (background) or even consists of a random
combination of hits from beam-background (also back-
ground).

All candidates available at the current stage are
combined to intermediate particle candidates in the
subsequent stages, until candidates for the desired B
mesons are created. Each intermediate particle has mul-
tiple possible decay-channels, which can be used to cre-
ate valid candidates. For instance, a B� candidate can
be created by combining a D0 and a ⇡� candidate, or
by combining a D0, a ⇡� and a ⇡0 candidate. The used
D0 candidate could be created from a K� and a ⇡+, or
from a K0

S and a ⇡0.
The FEI reconstructs more than 100 explicit decay-

channels, leading to more than O(10000) distinct decay-
chains.

3.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate
the probability of each candidate to be correct. Hence,
each candidate created by the FEI (regardless at which
stage) has an associated signal probability �, which
can be used to discriminate correctly identified candi-
dates from background.

For each final state particle and for each decay-
channel of an intermediate particle, a multivariate clas-
sifier is trained which estimates the probability that
the candidate is correct. In order to use all available

information at each stage, a network of multivariate
classifiers is built, following the hierarchical structure.

For instance, the classifier built for the decay of
B� ! D0⇡� would use � of the D0 and ⇡� candidates,
to estimate the � of the B� candidate created by com-
bining the aforementioned D0 and ⇡� candidates.

Additional input features of the classifiers are the
kinematic and vertex fit information of the candidate
and its daughters. The multivariate classifiers used by
the FEI are trained on Monte Carlo (MC) simulated
events. The training is fully automatized and distributed
using a map-reduce approach.

As can be seen in Figure 2 the available information
flows from the data provided by the detector through
the intermediate candidates into the final B meson can-
didates, yielding a single number which can be used
to distinguish correctly from incorrectly identified Btag

mesons. This allows to tune the trade-off between tag-
side-efficiency and tag-side-purity of the algorithm by
requiring a minimal �. However, most exclusive mea-
surements by Belle, which used the previous FR algo-
rithm, chose a working point near the maximum tag-
side-efficiency as described in Section 2.

3.3 Combinatorics

It is not possible to consider all possible B meson candi-
dates created by all possible combinations. The amount
of possible combinations scales with the factorial in the
number of tracks and clusters. This problem is known as
combinatorics in high-energy physics. Furthermore,
it is not worthwhile to consider all possible B meson
candidates, because all of them (except for two in the
best-case scenario) are wrong.

The FEI uses two sets of so-called cuts. A cut is
a criterion a candidate has to fulfill to be considered
further. For instance one could demand that the beam-
constrained mass of the B meson candidate is near
the nominal mass 5.28 GeV of a B meson particle, or
that a µ+ candidate has a large µ likelihood calculated
from the measurements in the particle-identification
sub-detectors.

Directly after the creation of the candidate (either
from a track/cluster, or by combining other candidates),
but before the application of the multivariate classifier,
the FEI uses loose and fast pre-cuts to remove wrongly
identified candidates (background), without loosing sig-
nal. The main purpose of these cuts is to save comput-
ing time and to reduce the memory consumption. These
pre-cuts are applied separately for each decay-channel.

At first, a very loose fixed cut is applied on a quan-
tity which is fast to calculate e.g. the energy for pho-

FIG. 2: Schematic overview of the FEI algorithm.
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1. INTRODUCTION

The reconstruction of the second B-meson is an essential analysis technique at B-factories

to study missing energy decays, e.g. final states with a single or multiple neutrinos in the final

state or more exotic signatures involving dark matter. For Belle II a novel algorithm, the Full

Event Interpretation [1] or short FEI, was developed to reconstruct exclusive tag-candidates.

The algorithm relies machine learning to automatically identify plausible B-meson decay-

chains and can use hadronic and semileptonic tag-side decays to do so. An illustration of

the tag- and signal-side is shown in Figure 1.
2 FEI

�(4S)
Btag Bsig

��

µ
+

�µ

��

signal-sidetag-side

Fig. 1: Schematic overview of a �(4S) decay: (Left)
a common tag-side decay B�

tag ! D0(! K0
S(!

⇡�⇡+)⇡�⇡+)⇡� and (right) a typical signal-side-decay
B+

sig ! ⌧+(! µ+⌫µ⌫� )⌫� . The two sides are overlap
spatially in the detector, therefore the assignment of a
measured track to one of the sides is not known a priori.

[16]. It automatically constructs plausible Btag meson
decay-chains compatible with the observed tracks and
clusters, and calculates for each decay-chain the prob-
ability of it correctly describing the true process. “Ex-
clusive” refers to the reconstruction of a particle (here
the Btag) assuming an explicit decay-channel.

Consequently, exclusive tagging reconstructs the Btag

independently of the Bsig using either hadronic or
semileptonic B meson decay-channels. The decay-
chain of the Btag is explicitly reconstructed and there-
fore the assignment of tracks and clusters to the tag-side
and signal-side is known.

In the case of a measurement of an exclusive branch-
ing fraction like Bsig ! ⌧ ⌫� , the entire decay-chain of
the �(4S) is known. Consequently, all tracks and clus-
ters measured by the detector should be accounted for.
In particular, the requirement of no additional tracks,
besides the ones used for the reconstruction of the
�(4S), is an extremely powerful and efficient way to re-
move most reducible1 background. This requirement is
called the completeness-constraint throughout this
text.

In the case of a measurement of an inclusive branch-
ing fraction like Bsig ! Xu�⌫, all remaining tracks and
clusters besides the ones used for the lepton � and the
Btag meson are identified with the Xu system. Hence,
the branching fraction can be determined without ex-
plicitly assuming a decay-chain for the Xu system.

The performance of an exclusive tagging algorithm
depends on the tagging efficiency (that is the fraction
of �(4S) events which can be tagged), the tag-side-
efficiency (that is the fraction of �(4S) events with a
correct tag) and on the quality of the recovered infor-
mation, which determines the tag-side-purity (that is

1 Reducible background has distinct final state products
from the signal.

the fraction of the tagged �(4S) events with a correct
tag) of the tagged events.

The exclusive tag typically provides a pure sample
(i.e. purities up to 90% are possible), but it suffers from
a low tag-side-efficiency of a few percent, since only a
tiny fraction of the B decays can be explicitly recon-
structed due to the large amount of possible decay-
channels and their high-multiplicity, as well as the im-
perfect reconstruction efficiency of tracks and clusters.

Both the quality of the recovered information and
the systematic uncertainties depend on the decay-channel
of the Btag, therefore we distinguish further between
hadronic and semileptonic exclusive tagging.

Hadronic tagging considers only hadronic B decay-
chains for the tag-side [4, Section 7.4.1]. Hence, the
four-momentum of the Btag is well-known and the tagged
sample is very pure. A typical hadronic B decay has a
branching fraction of O(10�3). In consequence, hadronic
tagging suffers from a low tag-side-efficiency. It is only
possible for a tiny fraction of the recorded events, be-
cause the large combinatorics of high-multiplicity decay-
channels requires tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D�⌫ and B ! D⇤�⌫ decay-channels [4, Section
7.4.2]. Due to the presence of a high momentum lepton
these decay-channels can be easily identified and the
semileptonic tagging usually yields a higher tag-side-
efficiency compared to hadronic tagging. On the other
hand, the semileptonic tag suffers from missing kine-
matic information due to the neutrino in the final state
of the decay. Hence, the sample is not as pure as in the
hadronic case.

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay-chain with an associated probabil-
ity.

2 Previous work

Previous experiments already developed and success-
fully employed tagging algorithms. In order to compare
the algorithms to one another, the maximum achiev-
able tag-side-efficiency is of particular interest, because
the tag-side-efficiency is directly related to the signal
selection efficiency of the measurement. On the other
hand the achievable tag-side-purity is only of limited
use, because the achievable final purity of the final se-
lection used for the measurement is dominated by the
completeness-constraint. Hence, most of the incorrect
tags can be easily discarded and the final purity de-
pends strongly on the considered signal decay-channel.

FIG. 1: A schematic overview of tag- and signal-side is shown: The ⌥ (4S) decays into a tag-side,
B�

tag ! D0(! KS(! ⇡+⇡�)⇡+⇡�)⇡�, and a signal-side B+
sig ! ⌧+(! µ+⌫µ⌫̄⌧ )⌫⌧ .
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Full Event Interpretation (FEI) Performance:

‣ Significant improvement of performance

FEI 9

Table 2: Summary of the maximum tag-side efficiency of
different setups on simulated data from the last official
Monte Carlo campaign of the Belle experiment. The
maximum tag-side efficiency on recorded data is lower
(see Section 4.1).

B
±

B
0

Hadronic

FEI with FR channels 0.53 % 0.33 %

FEI 0.76 % 0.46 %

Semileptonic

FEI 1.80 % 2.04 %

4.3 Outlook for Belle II

As the Belle II reconstruction software is still being
optimized and no large recorded experimental data set
was available at the time of writing, hence the final tag-
side efficiency cannot be determined reliably for Belle
II at this point. Preliminary results can be found in
[10] which indicate a worse overall performance. This is
likely due to the increased beam background caused by
the higher luminosity of the collider, which does lead to
additional tracks and neutral energy depositions. This
additional detector activity is not yet fully rejected by
the Belle II reconstruction algorithms [10] and future
improvements are likely possible.

5 Discussion

The multivariate classifiers used by the FEI are trained
on Monte Carlo simulated events. Depending on the
training procedure and the type of events provided to
the training, the multivariate classifiers of the FEI are
optimized for different objectives.

In this article, we presented a so-called generic
adaption of the FEI. The generic refers to that the FEI
was trained independently of any specific signal-side us-
ing 180 million simulated ⌥(4S) events. This setup op-
timizes the tag-side efficiency of a “generic” ⌥(4S).

Other versions of the FEI exist which optimize the
tag-side efficiency of specific signal events like B ! ⌧ ⌫.
The so-called specific FEI is trained on the remaining
tracks and clusters after a potential signal B meson was
already identified. The training uses simulated ⌥(4S)
events and simulated signal events. As a consequence,
the classifiers can be specifically trained to identify cor-
rectly reconstructed Btag mesons for signal events and
can focus on reducing non-trivial background which is
not discarded by the completeness constraint. The spe-

cific FEI was first introduced as a proof of concept by
Keck [22] and used in Metzner [20].

Roughly half of the improvements with respect to
the previous algorithm can be attributed to the addi-
tionally considered decay channels. Future extensions
are currently investigated which use semileptonic D me-
son decays, baryonic decays and decays including K0

L

particles.
It should also be noted that the FEI algorithm can

be applied, with little modification, to the ⌥(5S) res-
onance. This resonance decays into a pair of B(⇤)B(⇤)

and B0
s
(⇤)

B0
s
(⇤)

mesons. The powerful completeness con-
straint can still be applied in this situation.

6 Conclusion

The Full Event Interpretation is a new exclusive
tagging algorithm developed for the Belle II experiment
and will be used to measure a wide range of decays
with a minimum of detectable information. The algo-
rithm exploits the unique setup of B factories and sig-
nificantly improves the tag-side efficiency compared to
its predecessor algorithms.

The tag-side efficiency for hadronically tagged B
mesons was validated and calibrated using Belle data.
Furthermore, the hadronic and the semileptonic tag
provided by FEI have already been used in several val-
idation measurements [10, 23, 18] using the full ⌥(4S)
dataset recorded by the Belle experiment. Similar stud-
ies and measurements for Belle II are anticipated as
soon as the experiment records a sufficient amount of
collision events.

There are several ways that the FEI algorithm could
be further refined and applied to so far unexplored ap-
plications. These will provide an exciting and fruitful
area of future research.
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Fig. 4: Receiver operating characteristic of charged Btag

mesons extracted from a fit of the beam-constrained
mass on converted Belle data. The FEI outperforms the
FR algorithms performance at low and high purity.

Fig. 5: Receiver operating characteristic of neutral Btag

mesons extracted from a fit of the beam-constrained
mass on converted Belle data. The FEI outperforms the
FR algorithms performance at low and intermediate pu-
rity. At high purity the tag-side efficiency cannot be
extracted reliably.

combining such with potential signal-side-candidates,
applying the completeness constraint (i.e. requiring no
additional tracks in the event), and performing the best
Btag candidate selection as the final step of the selec-
tion procedure. This procedure was successfully used
by several measurements to validate the expected im-
provements on recorded data: [10, 20, 18].

4.2 Semileptonic Tag

The performance of the semileptonic tag provided by
the FEI is studied using simulated Belle events. The

Fig. 6: Beam-constrained mass distribution of charged
Btag mesons in the low tag-side purity region on con-
verted Belle data.

Fig. 7: Beam-constrained mass distribution of charged
Btag mesons in the high tag-side purity region on con-
verted Belle data.

maximum tag-side efficiencies are summarized in Ta-
ble 2. Receiver operating characteristics extracted from
simulated events can be found in Keck [10]. The results
obtained from simulated events, and the fact that the
hadronic and semileptonic tag only share five out of
six reconstruction stages, indicate a significant increase
in the maximum tag-side efficiency. The semileptonic
tag was successfully used by Keck [10] to determine the
branching fraction of B ! ⌧ ⌫⌧ on the full ⌥(4S) dataset
recorded by the Belle experiment, with a smaller rel-
ative statistical uncertainty than obtained previously.
However, no studies with well-known calibration chan-
nels as described in Kronenbitter [21] and no signal-side
independent determination of the ROCs as described in
Kirchgessner [8], are available yet.
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Tagging in Belle II: Meet the FEI T. Keck et al, arXiv:1807.08680,  
accepted by Computing and 

Software for Big Science
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Full Event Interpretation (FEI) Performance:

‣ Significant improvement of performance

B
±

B
0

Hadronic

FEI with FR channels 0.53 % 0.33 %

FEI 0.76 % 0.46 %

Semileptonic

FEI 1.80 % 2.04 %

B
±

B
0

Hadronic

FR 0.28 % 0.18 %

SER 0.4 % 0.2 %

Semileptonic

FR 0.31 % 0.34 %

SER 0.3 % 0.6 %

FEI other algorithms
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FEI validation with first Belle II data

• Validated FEI functionality in first Belle II data


• Classifier output of 0.5/fb Phase II data

• After applying a shape fit to normalise B-Meson  

and continuum contributions properly

Signal Probability
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FEI validation with first Belle II data
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• Found 374 ± 40 charged and 176 ± 23 neutral B 
meson candidates from fitting

beam constrained B Meson mass

beam constrained B Meson massMbc =
p
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• Validated FEI functionality in first Belle II data


• Classifier output of 0.5/fb Phase II data

• After applying a shape fit to normalise B-Meson  

and continuum contributions properly

e+e− → Υ(4S ) → BB̄

Continuum

B Mesons
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Fig. 12: 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.

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts
 (a

rb
itr

ar
y 

un
its

)

0

10

20

30

40

50

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts

0

200

400

600

800

1000

1200

Fig. 13: On the left is the B ! D⌧⌫ q2 distribution in the hadronic tag analysis and ⌧�
!

`�⌫̄`⌫⌧ with the full Belle data sample [35]. On the right is the projection to the 50 ab�1 of

the Belle II data. In both panels, the solid histograms show the predicted distribution shape

with the 2HDM of type II at tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data

are shown based on the SM hypothesis.
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where g and g0 denote the couplings of new heavy particles to quarks and leptons respectively 618

(at the NP mass scale MNP). Assuming couplings of g, g0 ⇠ 1, one finds that the Belle II NP 619
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2GFVcbCX)�1/2, is about 5–10 TeV. 620

1.5.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.) 621

As is presented above, discrepancies between the measurement and SM predictions of the 622

branching fractions in b ! c⌧⌫ transitions have been found. It is therefore natural to expect 623

that the b ! u⌧⌫ processes may also provide hints of NP. 624
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Table 12: 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

see Refs. [65–69]. Some types of leptoquark models can also induce OV1
[7, 67, 70–74] and601

explain RK and RD(⇤) at the same time [67, 68].5602

Future prospects. Based on the existing results from Belle and the expected statistical603

and experimental improvements at Belle II, we provide estimates of the precision on RD(⇤)604

and P⌧ (D⇤) in Table 12 for two integrated luminosities. In Fig. 12, the expected precisions at605

Belle II are compared to the current results and SM expectations. They will be comparable to606

the current theoretical uncertainty. Furthermore, precise polarisation measurements, P⌧ (D⇤),607

and decay di↵erentials will provide further discrimination of NP scenarios (see e.g. Refs. [9,608

76] for a detailed discussion). In the estimates for P⌧ (D⇤), we take the pessimistic scenario609

that no improvement to the systematic uncertainty arising from hadronic B decays with three610

or more ⇡0, ⌘ and � can be achieved. However, although challenging, our understanding of611

these modes should be improved by future measurements at Belle II and hence the systematic612

uncertainty will be further reduced. As shown in Fig. 10, the Belle analyses of B ! D(⇤)⌧⌫⌧613

largely rely on the EECL shape to discriminate between signal and background events. One614

possible challenge at Belle II is therefore to understand the e↵ects from the large beam-615

induced background on EECL. From studies of B ! ⌧⌫, shown earlier in this section, EECL616

should be a robust observable.617

With the Belle II data set NP scenarios can be precisely tested with q2, and other distri-

butions of kinematic observables. Figure 13 demonstrates the statistical precision of the q2

measurement with 50 ab�1 data based on a toy-MC study with the hadron tag based anal-

ysis. A quantitative estimation of the future sensitivity to a search for NP in B̄ ! D(⇤)⌧ ⌫̄

is shown in Fig. 14 [77]: it shows the regions of CX that are probed by the ratios (red)

and the q2 distributions (blue) at Belle II with 5. ab�1 (dashed lines) and 50 ab�1 (solid

lines) respectively, at 95% CL.6 One finds that the distributions are very sensitive to all

NP scenarios, including those with new scalar or tensors mediators. NP contributions that

5 LHC constraints on these models are obtained from the process bb̄ ! ⌧+⌧� [75]. The result
suggests that the Z 0 model must have a large total decay width to avoid the LHC direct bound. In
the leptoquark model, a small deviation in RD(⇤) from the SM prediction is favoured by the LHC
bound [69]

6 To see how small a NP contribution that can be probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [50] for
q2 distributions and given as the world average [11] for the ratios, are luminosity scaled. See Ref. [77]
for further details of the analysis.
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Summary : 

Belle II will be highly competitive measuring             
semi-tauonic decays

The years to come will be exciting!

Belle data still very useful to prototype or develop new 
analysis strategies
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And including the competition (older numbers for Belle II)
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FIG. 17. (Color online). Representation of χ2 (Eq. 30) in
the R(D)–R(D∗) plane. The white cross corresponds to the
measured R(D(∗)), and the black cross to the SM predictions.
The shaded bands represent one standard deviation each.

distribution in the R(D)–R(D∗) plane. The contours are
ellipses slightly rotated with respect to the R(D)–R(D∗)
axes, due to the non-zero correlation.
For the assumption that R(D(∗))th = R(D(∗))SM, we

obtain χ2 = 14.6, which corresponds to a probability
of 6.9 × 10−4. This means that the possibility that the
measured R(D) and R(D∗) both agree with the SM pre-
dictions is excluded at the 3.4σ level [42]. Recent calcu-
lations [7, 8, 43, 44] have resulted in values of R(D)SM
that slightly exceed our estimate. For the largest of those
values, the significance of the observed excess decreases
to 3.2σ.

B. Search for a charged Higgs

To examine whether the excess in R(D(∗)) can be ex-
plained by contributions from a charged Higgs boson in
the type II 2HDM, we study the dependence of the fit
results on tanβ/mH+ .
For 20 values of tanβ/mH+ , equally spaced in the

[0.05, 1.00]GeV−1 range, we recalculate the eight signal
PDFs, accounting for the charged Higgs contributions as
described in Sec. II. Figure 18 shows the m2

miss and |p∗
ℓ |

projections of the D0τν ⇒ D0ℓ PDF for four values of
tanβ/mH+ . The impact of charged Higgs contributions
on the m2

miss distribution mirrors those in the q2 distri-
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FIG. 18. (Color online). m2
miss and |p∗

ℓ | projections of the
D0τν ⇒ D0ℓ PDF for various values of tanβ/mH+ .
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FIG. 19. (Color online). Left: Variation of the B → Dτ−ντ

(top) and B → D∗τ−ντ (bottom) efficiency in the 2HDM
with respect to the SM efficiency. The band indicates the
increase on statistical uncertainty with respect to the SM
value. Right: Variation of the fitted B → Dτ−ντ (top) and
B → D∗τ−ντ (bottom) yields as a function of tanβ/mH+ .
The band indicates the statistical uncertainty of the fit.

bution, see Fig. 3, because of the relation

m2
miss =

(

pe+e− − pBtag − pD(∗) − pℓ
)2

= (q − pℓ)
2 ,

The changes in the |p∗
ℓ | distribution are due to the change

in the τ polarization.
We recalculate the value of the efficiency ratio

εsig/εnorm as a function of tanβ/mH+ (see Fig. 19).
The efficiency increases up to 8% for large values of
tanβ/mH+ , and, as we noted earlier, its uncertainty in-
creases due to the larger dispersion of the weights in the
2HDM reweighting.
The variation of the fitted signal yields as a function

of tanβ/mH+ is also shown in Fig. 19. The sharp drop in
the B → Dτ−ντ yield at tanβ/mH+ ≈ 0.4GeV−1 is due
to the large shift in the m2

miss distribution which occurs
when the Higgs contribution begins to dominate the total
rate. This shift is also reflected in the q2 distribution and,
as we will see in the next section, the data do not support
it. The change of the B → D∗τ−ντ yield, mostly caused
by the correlation with the B → Dτ−ντ sample, is much
smaller.
Figure 20 compares the measured values of R(D) and

R(D∗) in the context of the type II 2HDM to the theoret-
ical predictions as a function of tanβ/mH+ . The increase
in the uncertainty on the signal PDFs and the efficiency
ratio as a function of tanβ/mH+ are taken into account.
Other sources of systematic uncertainty are kept constant
in relative terms.
The measured values of R(D) and R(D∗) match

the predictions of this particular Higgs model for
tanβ/mH+ = 0.44±0.02GeV−1 and tanβ/mH+ = 0.75±
0.04GeV−1, respectively. However, the combination of
R(D) and R(D∗) excludes the type II 2HDM charged
Higgs boson at 99.8% confidence level for any value of
tanβ/mH+ , as illustrated in Fig. 21. This calculation is
only valid for values of mH+ greater than 15GeV [5, 8].
The region for mH+ ≤ 15GeV has already been excluded
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is shown. (right) The 95% exclusion limit from Ref. [6] is compared with the exclusion limits from B ! ⌧ ⌫̄⌧ . As input an
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Impact of 𝝉-polarisation in 

                           decays : 
- secondary lepton emitted preferentially in the 

direction of the 𝝉


‣ Carries more momentum of the 𝝉-lepton 

+ secondary lepton emitted preferentially 
against the direction of the 𝝉


‣ Carries less momentum of the 𝝉-lepton

⌧� ! `�⌫̄`⌫⌧


