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B hadron semileptonic decays in tau leptons final states
• Challenging in LHCb 
• Nevertheless unexpected contributions 
• Today: an (unexpected) contribution 

• Measurement of R(D*) with hadronic 3-
prong 𝛕 decays using Run1 data (3 fb-1) 

• Two papers in preparation (LHCb-
PAPER-2017-017 and LHCb-
PAPER-2017-027) 

• Shown for the first time at FPCP on June 
5th and in CERN seminar on June 6th

Up to now: 
• The 𝛕 has been reconstructed in the muonic mode 𝛕→𝛍𝛎𝛎 
• The normalization channel B0→D*𝛍𝛎 share the same visible final 

state

SM precision = 1.19%
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 Tau leptons with hadronic final state

• Semileptonic decay without charged leptons in the final state

• In our analysis the 𝛕 is reconstructed in the hadronic 𝛕→𝛑𝛑𝛑𝜈 decay mode

• The normalization channel used is B0→D*𝛑𝛑𝛑 decay

We will take the last two as 
external input

Same final state

Most of the 
systematic 

uncertainties 
cancel

K(D⇤) =
Br(B0 ! D⇤�⌧+⌫⌧ )

Br(B0 ! D⇤�3⇡)
R(D⇤) = K(D⇤)⇥ Br(B0 ! D⇤�3⇡)

Br(B0 ! D⇤�µ+⌫µ)
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The most abundant background source due to hadronic B decays into D*3𝛑X.

Detached Vertex method

B(B0 ! D⇤3⇡ +N)

B(B0 ! D⇤⌧⌫)SM
⇠ 100

Background	reduction

06/07/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 6
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• Decay	topology	used	to	suppress	the	most	

abundant	background	Xb→D*-π+π-π+X 
(BR	~	100	x	signal).

• Minimum	distance	between	Xb and	τ
vertices	(>4σDz)	gives	103	suppression	and	
35%	signal	efficiency

• Remaining	background	is	due	to	doubly	

charmed	decays	(D*-Ds
+X,	D*-D+X,	D*-D0X),		

mediated	by	particles	with	non-negligible	

lifetime.

• Xb→D*- Ds
+ X:	~10	x	signal

• Xb→D*- D+ X :		~1	x	signal
• Xb→D*- D0 X :		~0.2	x	signal
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Good precision in 𝛕 decay vertex reconstruction

• Background coming from B→D*3𝛑X is 
suppressed by 3 orders of magnitude

• 35% signal efficiency

𝛕 vertex is downstream with respect to the B0 
vertex with a significance of at least at 4𝞼.
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Double charm background

• The remaining background consists of B0 decays where the 3𝛑 vertex is transported 
away from the B0 vertex by a charm carrier (D0, D+, Ds)

7 of 12

B0 ! D⇤�⌧+⌫⌧ con ⌧+ ! ⇡+⇡�⇡+⌫̄⌧
� I fondi rimanenti sono dovuti a

decadimenti del B in cui il vertice dei
3 pioni viene “trasportato” da un
mesone con charm (D

s

, D+ o D0)
che decade in 3⇡ + X .

�
BR(B0!D

⇤
D

(⇤)
(s)

;D
(⇤)
(s)

!3⇡+X )

BR(B0!D

⇤⌧⌫)
SM

⇠ 10

� Questo fondo viene soppresso
andando a cercare tracce cariche o
neutre aggiuntive in un cono di data
apertura attorno alla direzione di volo
dei tre pioni

Tauonic analyses

B
0 ! D�+���⌧ with �� ! µ��⌧�µ

Isolation BDT removes backgrounds with additional charged tracks.
Asume ���,D⇤µ = ���,B to access rest frame variables m2

missing

, Eµ,

q2

R(D�) = 0.336 ± 0.027(stat) ± 0.030(syst)
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LHCb Week Bologna William Sutcli�eSemileptonic B decays WG summary September 16, 2015 19 / 35

� Esempio di massa invariante in eventi
in cui è stato trovato un K (blu) o un
⇡ (rosso) aggiuntivo. Gli eventi
compresi in una finestra di massa
±20 MeV/c2 attorno alla massa del
D0 sono scartati.

B. Siddi Studio di decadimenti semileptonici di adroni B in stati finali contententi leptoni tau a LHCb

INFN Ferrara B

0 ! D

⇤�⌧+⌫⌧ con ⌧+ ! ⇡+⇡�⇡+⌫̄⌧

• LHCb has three very good tools to limit this 
background:

• 3𝛑 dynamics

• Isolation criteria against charged tracks 
and neutral energy deposits

• Partial reconstruction in the signal and 
background hypotheses

• A  Boosted Decision Tree is trained using 
variables computed with partial 
reconstruction and isolation criteria to 
discriminate double charm decays from 
signal
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Fit results
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Signal Yield:

ND⇤⌧⌫ = 1300± 85 candidates
K(D⇤) ⌘ Br(B0 ! D⇤�⌧+⌫⌧ )

Br(B0 ! D⇤�3⇡)
= (1.93± 0.13stat ± 0.17syst)

Br(B0 ! D⇤�⌧+⌫
⌧

) = (1.39± 0.09
stat

± 0.12
syst

± 0.06
ext

)%

PDG2017 = (1.67 ± 0.13)%

New naive average = (1.56 ± 0.10)%

• An extended maximum likelihood 3-dimensional fit using templates in: 
• q2 (the squared momentum transferred to the 𝛕-𝜈 system), 

• 3𝛑 decay time, 
• The output of the BDT extracted from simulated and Data-Driven control samples

LHCb-PAPER-2017-017
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Fit projections
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• The 3D template binned likelihood fit 
results are presented for the lifetime 
and q2 in four BDT output bins

• The increase in signal (red) purity as 
function of BDT output is very clearly 
seen, as well as the decrease of the Ds 
component (orange)

• The dominant background at high BDT 
output becomes the D+ component 
(blue), with its distinctive long lifetime.

• The overall 𝝌2 per dof is 1.15
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•  Invariant	mass	of	
D+àKππ	control	
mode	(from	
BàD*D+X)	

•  3π invariant	mass	
in	signal-like	
topology	

•  Invariant	mass	of	
D0àK3π	control	
mode	(from	
BàD*D0X)	

Control channels Ds, D0 and D+

• 3𝛑 invariant mass, at early stage 
of the data selection

• D0➞K3𝛑 peak: anti-isolation cut

• D+➞K𝛑𝛑 peak: anti-PID cut

�9

• “Standard candles” used to check Data 
and MC agreement

LHCb-PAPER-2017-017 LHCb-PAPER-2017-017

LHCb-PAPER-2017-017
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Normalization channel

• The normalization channel has to be as 
similar as possible to the signal channel

• This cancel all systematics linked to 
trigger, particle ID, selection cuts 

• They differ by: softer pions and D* due to 
the presence of two neutrinos, kinematics 
of the 3𝛑 system is not exactly the same: 

• This gives a residual effect on the 
efficiency ratio.

�10

•  Invariant	mass	
of	BàD*3π	
normalisa2on	
mode	

B0 ! D⇤�⇡+⇡�⇡+

ND*3π ~17000	
candidates	

(1%	precision)

LHCb-PAPER-2017-017
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Main systematics

• MC statistics: difficult to produce very 
large samples

• B➞D* (Ds, D0, D+)X and B0➞D*3𝛑X 
backgrounds

The total is above the statistical precision

Improvements with more data, more MC.

Uncertainties due to the knowledge of 
external BRs can be reduced with the help 

of other experiments

Table 1: Relative systematic uncertainties on R(D⇤�).

Source �R(D⇤�)/R(D⇤�)[%]
Simulated sample size 4.7
Empty bins in templates 1.3
Signal decay model 1.8
D⇤⇤⌧⌫ and D⇤⇤

s

⌧⌫ feeddowns 2.7
D+

s

! 3⇡X decay model 2.5
B ! D⇤�D+

s

X, B ! D⇤�D+X, B ! D⇤�D0X backgrounds 3.9
Combinatorial background 0.7
B ! D⇤�3⇡X background 2.8
E�ciency ratio 3.9
Total uncertainty 8.9

sample is defined by requiring that positions of the 3⇡ and B0 vertices along the beam189

direction to be indistinguishable.190

The combinatorial background, due to random particle combinations, is divided into191

two contributions, depending on whether the background contains a real D⇤� decay chain192

or not. In the first case, the D⇤� and the 3⇡ system originate from di↵erent B decays. The193

templates for this background are taken from simulation. A sample of candidates where194

the D⇤� and the 3⇡ system have the same charge is used to normalize data and simulation195

in the region where the D⇤�3⇡ mass is above the known B mass. The background not196

including a real D⇤� decay chain is parameterized and constrained using candidates in197

the D0 invariant mass sidebands.198

The results of the fit are shown in Fig. 3. The signal yield is corrected for a small bias199

of 40 candidates, due to the finite size of the templates from simulation, as detailed below,200

giving N
sig

= 1273± 95 candidates. A measurement of201

K(D⇤) = 1.93± 0.13 (stat)± 0.17 (syst)

is obtained by multiplying the ratio of the yields for signal and normalization modes by202

the additional terms shown in Eq. 1. A correction factor 1.056± 0.025 is applied when203

computing K(D⇤) in order to account for discrepancies between data and simulation, and204

for a small feeddown contribution from B0

s

! D⇤⇤�
s

⌧+⌫
⌧

decays, where D⇤⇤�
s

! D⇤�K0.205

A value of206

B(B0 ! D⇤�⌧+⌫
⌧

) = (1.40± 0.09 (stat)± 0.12 (syst)± 0.06 (ext))⇥ 10�2

is obtained by using B(B0 ! D⇤�3⇡) = (7.21±0.29)⇥10�3 from Ref. [13]. A determination207

of208

R(D⇤�) = 0.285± 0.019 (stat)± 0.025 (syst)± 0.013 (ext).

is obtained by using B(B0 ! D⇤�µ+⌫
µ

) = (4.88± 0.10)⇥ 10�2 from Ref. [12]. In both209

results, the third uncertainty is due to the limited knowledge of the external branching210

fraction(s).211

Systematic uncertainties on R(D⇤�) are reported in Table 1. The uncertainty due212

to the limited size of the simulated samples is computed by repeatedly sampling each213

template with a bootstrap procedure, performing the fit, and taking the standard deviation214

6

A systematic uncertainty of 4.5% needs to be added, due to the 
limit of knowledge of external branching fractions.
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Conclusions
Semitauonic B decays are great tool to discover new 

physics

Thanks to the LHCb excellent performance, it is possible 

to reconstruct hadronic tau decays with good precision 

separating secondary and tertiary vertices.

New measurement of the ratio                               

Khad(D*) = BR(B0➞D*-𝛕+𝛎)/BR(B0➞D*-3𝛑) using the 3𝛑(𝛑0) 

hadronic decay of the 𝛕 lepton for the first time.

The resulting R(D*) is one of the best single 

measurements, having the smallest statistical error. It is 

compatible both with the SM prediction and with the 

present WA. It slightly increases the discrepancy of the 

WA wrt the SM.

Systematic uncertainty expected to decrease

R(D*)
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LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
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Average 
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Backup
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Lepton universality, described in the Standard Model, predicts equal coupling between 
gauge bosons and the three lepton families.  

SM extensions bring in additional interactions, implying in some cases a stronger coupling 
with the third generation of leptons.  

Semileptonic decays of b hadrons provide a sensitive probe to such New Physics effects. 
   
 Presence of additional charged Higgs bosons, required by such SM extensions, can have 
significant effect on the semi-tauonic decay rate for example in

�14

B hadron semileptonic decays in tau lepton final states

Tauonic analyses

B
0! D⇤+⌧�⌫⌧ with ⌧� ! µ�⌫⌧⌫µ

With 3⌫ long thought to be mission impossible for a hadron collider.

LHCb Week Bologna William Sutcli↵eSemileptonic B decays WG summary September 16, 2015 18 / 35

B̄0 ! D⇤+⌧�⌫̄⌧

3 of 12

R(D⇤) a inizio 2015

I risultati sperimentali a inizio 2015 sono in tensione con la previsione dello SM di
[Fajfer et al., 2012] in particolare, l’esperimento BABAR nel 2012 ha trovato una
discrepanza rispetto al MS di R(D⇤) pari a 2.7�

Tauonic analyses

B
0 ! D�+���⌧ with �� ! µ��⌧�µ

With 3⌫ long thought to be mission impossible for a hadron collider.
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[Lees et al., 2012]
[Bozek et al., 2010]

R(D⇤) =
B(B̄0 ! D⇤+⌧�⌫̄⌧ )

B(B̄0 ! D⇤+µ�⌫̄⌧ )

e

R(D) =
B(B̄0 ! D+⌧�⌫̄⌧ )

B(B̄0 ! D+µ�⌫̄⌧ )

B. Siddi Studio di decadimenti semileptonici di adroni B in stati finali contententi leptoni tau a LHCb
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B hadron semileptonic decays in tau leptons final states

• Finding kinematic variables that distinguish signal from background 
• Suppressing background with additional charged/neutral particles
• Normalization channel

Analysis Challenges

• These challenges have different levels of importance and difficulty, and 
different solutions between analyses

• Especially between analyses of muonic and hadronic 𝛕 decays

• These decays are successfully studied in B factories with high purity and high 
statistics D(*)𝛕ν samples

• Despite the hadronic environment LHCb is also able to study such kind of decays 
and extend to other b hadrons thanks to the high boost of the b hadrons and 
excellent vertexing
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B hadron semileptonic decays in tau leptons final states

• Previous measurements of the 
combination of R(D) and R(D*) 
performed by Belle, BaBar and 
LHCb are in tensions with the 
Standard Model expectation  
(∼4𝞼 standard deviations)

• The 𝛕 has been reconstructed in the muonic mode 𝛕→𝛍𝛎𝛎 
• The normalization channel B0→D*𝛕𝛎 share the same visible final state

SM precision = 1.19%
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The LHCb Detector

• Single arm spectrometer at 
LHC in the pseudorapidity 
range 2<𝜂<5; 

• Optimized to study hadron 
decays containing b and c 
quarks: 
• CP violation, rare decays, 

heavy flavor production; 
• Excellent vertex resolution 

and separation of B vertices; 
• Good momentum and mass 

resolution; 
• Excellent PID capabilities 

(good separation K-𝛑 and 
muon identification);

• Run 1: collected about 1 fb-1 @ √s = 7 TeV in 2011 and about 2 fb-1 @ √s = 8 TeV in 2012 
• Run 2: collected about 2.0 fb-1 @ √s = 13 TeV

�17
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Double charm background
• The Ds decay model has been determined directly from data, using a enriched sample obtained using a 

BDT output region that is enriched in such decays (high purity)
• The min M(2𝜋), max M(2𝜋), M(𝜋+𝜋+) and M(3𝜋) mass are fitted simultaneously

• PDF contains:
• Ds decays where at least 1 pion is from η or η’: η𝜋, η𝜌, 

η’𝜋, η’𝜌
• Ds decays where at least 1 pion is from an IS other η, 

η’: IS𝜋, IS𝜌 (IS could be ω, φ)
• Ds decays where none of the 3 pions comes from an IS, 

subdivided in: K03𝜋, η3𝜋, η’3𝜋, ω3𝜋, φ3𝜋, 3𝜋 non 
resonant final state.

• The weights obtained by this fit are then used to construct the Ds templates
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Signal extraction

|~p⌧ | =
(m

2
3⇡ +m

2
⌧ )|~p3⇡|cos✓ ± E3⇡

p
(m

2
⌧ �m

2
3⇡)

2 � 4m

2
⌧ |~p3⇡|2sin2

✓

2(E

2
3⇡ � |~p3⇡|2cos2✓)

where ✓ is the angle between ⌧ and 3⇡ direction

Signal Reconstruction:
. The presence of the neutrino in the final state of the signal decay can be inferred,  up two 

a two-fold ambiguity, by exploiting the flight direction of the tau lepton. 

This ambiguity can be resolved by choosing the maximum value for the opening 
angle between the three charged pion system and the direction of the tau lepton

and ⌧ candidates must have vertices with a good �

2, their momentum vectors must point92

to one PV. The impact parameter (IP) significance of the D

0 candidate with respect to93

any PV must be greater than 10�. The flight distance of the ⌧ candidate with respect to94

any PV must be between 0.2 and 5mm in the transverse plane and its significance must95

be greater than 10� in the beam direction. The B

0 candidate is built by fitting its decay96

chain [30]. A requirement for the ⌧ vertex to be downstream of the B

0 vertex with at97

least 4� significance rejects the background due to B ! D

⇤3⇡X decays by three orders of98

magnitude and is 35% e�cient on signal. In contrast, the normalisation sample is selected99

by required the D

0 vertex to be downstream of the ⌧ vertex with at least 4� significance.100

Backgrounds due to partially reconstructed B-meson decays, where at least one101

additional particle originates from the 3⇡ vertex, from the B

0 vertex or from both, are102

suppressed by requiring a single B

0 candidate per event, and by applying an isolation103

algorithm as follows. Tracks other than those used for the signal candidate are selected by104

requiring a transverse momentum larger than 250MeV/c, and to have an IP with respect105

to all PVs larger than 2�. If any of these tracks have an IP with respect to either the B0 or106

⌧ vertices smaller than 5�, the event is rejected. This criterium reduces backgrounds due107

to B decays with a D

⇤
D

0 pair in the final state by 95%, while maintaining 80% e�ciency108

on signal decays. Another isolation algorithm computes the multiplicity of reconstructed109

tracks, neutral objects and the sum of neutral energy contained in cones of di↵erent sizes110

around the direction of the ⌧ candidates. These variables are used in a multi-variate111

analysis described below.112

The presence of the neutrino in the final state of the signal decay can be inferred,113

up two a two-fold ambiguity, by exploiting the flight direction of the tau lepton. This114

ambiguity can be resolved by choosing the maximum value for the opening angle between115

the three charged pion system and the direction of the tau lepton116

✓

max

= arcsin

✓
m

2
⌧

�m

2
3⇡

2m
⌧

|~p3⇡|

◆
. (1)

This angle is used to estimate the ⌧ momentum |~p
⌧

| = |~p
⌧

(✓
max

)|. A similar argument is117

used to infer the B0 momentum. As a consequence, it is possible to reconstruct rest frame118

variables, such as the ⌧ decay time and the squared four-momentum transfer of the B to119

the lepton system, q2 = (p
B

�p

D

⇤)2, with p

B

and p

D

⇤ being the four momenta of the B and120

D

⇤ mesons respectively. These variables have negligible biases, and su�cient resolutions121

to preserve a good discrimination between signal and background processes. A partial122

reconstruction is performed also in the background hypothesis where B ! D

⇤
D

+
s

(! 3⇡X),123

X being a massive neutral system.124

The Dalitz structure of the 3⇡ system is a powerful discriminant against backgrounds125

originating from the decay of a B meson to a D

⇤� and another charm hadron in the126

final state. The three-prong decays of the ⌧ lepton are dominated by the a1 resonance,127

therefore the Dalitz plane will exhibit an enhancement due to the dominant decay of the128

a1 into ⇢⇡. Instead, decays of D
s

mesons to 3⇡ final states are dominated by the ⌘ and ⌘

0
129

resonances to a large extent, leading to an enhancement of the Dalitz structure at lower130

masses.131

The suppression of double-charm backgrounds is achieved by employing a multivariate132

analysis classifier (MVA) using a boosted decision tree (BDT) [31,32]. The input variables133

to the BDT include the neutral isolation algorithm, the partial reconstruction in the134

signal and background hypotheses, the Dalitz structure of the 3⇡ system, and the B

0
135

3
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Fit Model
• An extended maximum likelihood 3-dimensional fit using templates in: 

• q2 (the squared momentum transferred to the 𝛕-𝜈 system), 

• 3𝛑 decay time, 

• The output of the BDT extracted from simulated and Data-Driven control 
samples

• The Fit Model consists of 5 categories:
• Signal described by the sum of 𝛕→𝛑𝛑𝛑𝜈 and 𝛕→𝛑𝛑𝛑𝛑0𝜈 

• B0→D**𝛕𝜈 
• Double Charm components
• B0→D*3𝛑X
• Combinatorial background 
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𝜏 polarization study

⌧ polarization measurement

cos ✓hel(⌧) can be measured if there is a single ⌫ in ⌧ decay
⌧ ! h⌫⌧ , h = ⇡, ⇢, a1

Spin analysers: d�
d cos ✓hel (⌧)

= 1
2(1 + ↵P⌧ cos ✓hel(⌧))

↵ = 1 for ⌧ ! ⇡⌫ ↵ =
m2

⌧�2m2
V

m2
⌧+2m2

V
, ↵ = 0.45 for ⌧ ! ⇢⌫

CKM 2016, December 1, 2016 December 1, 2016 7 / 15

Spin analysers:
d�

dcos(✓hel(⌧))
=

1

2
(1 + ↵P⌧ cos(✓hel(⌧)))

Measurement of ⌧ polarization
I both B̄0 and B� decays are used; ⌧ ! ⇡⌫, ⇢⌫
I sample divided into two bins of cos✓hel: �1 < cos✓hel < 0; 0 < cos✓hel < 0.8 (for

⌧ ! ⇡⌫)

P⌧ = 2
↵

�cos✓hel>0��cos✓hel<0
�cos✓hel>0+�cos✓hel<0

I corrections for detector effects: acceptance, asymmetric cos✓hel bins, crosstalks
between different ⌧ decays

P⌧ (D⇤)measured simultanously with R(D⇤)

I normalization mode extracted in M2
miss = (pbeam � pBtag � pD⇤ � pl )

2;
I signal extracted in EECL (remaining energy in the electromagnetic calorimeter)

CKM 2016, December 1, 2016 December 1, 2016 9 / 15

With

• D∗ and τ polarizations in semitauonic B decays are sensitive probes of various NP 
scenarios

• cos θhel (τ) can be measured if there is a single ν in τ decay τ → hντ , h = π, ρ, a1

Belle:(arXiv:1612.00529) 
from Karol ADAMCZYK talk at CKM 2016

• In the case of hadronic R(D*)
• Pros:  The systematics due to the knowledge of 𝛕 polarization is small (𝛂 ≈ 0.02)
• Cons: Difficult to perform polarization studies

https://arxiv.org/abs/1612.00529

