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a Fantastic B: Semileptonic decays with 𝝉
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Observable of choice:

• Experimental systematics cancel 
in ratio


• Theory uncertainties cancel in 
ratio

Benefits: 

QCD:

The R(D(⇤)) anomaly
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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
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B ⇡ 2.4%
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Interplay of theory and experiment

to measure non-perturbative 
dynamics

3

Two aspects:

2) Precise prediction of 
R in the SM

1) Precise determination 
of R

Need excellent understanding of 
semileptonic background decays

R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

R(D(⇤),⇡, J/ )

` = e, µ

Observable of choice:

Experimentally most important:

a Fantastic B: Semileptonic decays with 𝝉

SM
⇡0 D0 D⇤ 0

spin configuration

Wave function hcq̄i
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Why measure  ? B → Xτν̄τChapter 1 Introduction
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Figure 1.4: Summary of inclusive measurements of B ! X⌧⌫. Shown are the individual LEP measure-
ments (black data points), the world averaged value (green) and the SM prediction (orange band). The
inclusive measurements are life-time corrected to represent the decay of a charged B meson. To compare
the inclusive values to the sum of exclusive B ! D +D

⇤
⌧⌫ branching fractions, the latter are shown in

blue, assuming the B ! D
(⇤)

`⌫ branching fractions in Tab. 3.2. Without considering higher excitations
of the charmed mesons, the sum of exclusive branching fractions already exceeds the inclusive branching
fraction.

signal is then extracted in the missing energy distribution Emiss = Ebeam � Evisible (cf. Fig. 1.5)
which is calculated from the beam energy and the measured energy in the signal hemisphere.
The b ! X⌧(! h⌫)⌫ signal is expected to have large missing energy because of two undetectable
neutrinos in the final state.

The main systematic uncertainties are caused by the modelling of Emiss and are estimated from
leptonic and hadronic control samples. Furthermore, the simulation of the b quark hadronisation
and its parameters are important uncertainties.
In contrast to the exclusive B-factory measurements of B ! D

(⇤)
⌧⌫ decays, which will be

presented in the next section, the LEP measurements rely on a single observable, Emiss. The
correct modelling of the visible energy is thus very important and is challenging, especially
because of the numerous hadronic backgrounds which are enhanced by the lepton veto. A
similar measurement in a completely di↵erent experimental environment as that of a B-factory
is thus an important cross check.

1.3.2 Analyses of exclusive B ! D(⇤)`⌫ decays

With their large data sets, the B-factory experiments BABAR, Belle and LHCb performed
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Experimental aspects

` = e, µ

1. Leptonic or 
Hadronic 𝝉 decays?

2. Albeit not necessarily a rare decay of O(%) in BF, difficult 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 D(*) and 𝝉, kinematics

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

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

! Function of Lorentz vectors and scalars of the decay ! p
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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
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Some properties (e.g. 𝝉 polarisation) only 
accessible in hadronic decays.

R(D(⇤)) =
B(B ! D(⇤)⌧ ⌫̄⌧ )

B(B ! D(⇤)`⌫̄`)
<latexit sha1_base64="vY3189QkFnIR4kvZ4BWjJZesm0w="></latexit><latexit sha1_base64="vY3189QkFnIR4kvZ4BWjJZesm0w="></latexit><latexit sha1_base64="vY3189QkFnIR4kvZ4BWjJZesm0w="></latexit><latexit sha1_base64="vY3189QkFnIR4kvZ4BWjJZesm0w="></latexit>
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How does one measure R(D/D*) at a B-factory?

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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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 
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`)
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measure	the	momentum	of	the	B-signal
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• Then,	the	missing	mass	(neutrinos)	can	be	
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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
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Measurement by Belle (PhD thesis Jan Hasenbusch, Uni Bonn)

Chapter 5 Analysis of B ! X⌧⌫ decays

even if, e. g., the tagging e�ciency is not entirely uniform in the signal extraction variables, it
cancels partially. Additionally, systematic uncertainties which are positively correlated between
the signal and the normalisation mode also cancel. Examples for this are the number of BB

pairs, the tagging e�ciency or the lepton identification and selection e�ciencies. By measuring
the ratio R(X), this analysis is completely independent of the prior knowledge of B (B ! X⌧⌫)
and B (B ! X`⌫).
The following sections describe the strategy of the inclusive measurement of R(X) with the

Belle data set. First, the event selection and reconstruction are presented (Sec. 5.1) and the key
observables used in this analysis are defined (Sec. 5.2). Section 5.3 discusses the modelling of the
signal extraction variables. Afterwards, the signal extraction strategy is introduced (Sec. 5.4)
and the expected systematic uncertainty of this analysis is estimated (Sec. 5.5). Last, the fitting
procedure is tested in a side-band region (Sec. 5.6).

The analysis is implemented using the ROOT data analysis framework (v5.34/30) [75]. The
minimisation in the fitting procedure is performed with Minuit2 [76, 77] which is implemented
as part of the ROOT framework.

5.1 Event reconstruction and selection

In order to perform the previously outlined analysis, the events recorded at Belle need to be
selected according to their signal signature. The first step, recording and preselecting BB events,
has been described in Chapter 2 and Sec. 3.4. The required event signature, as depicted in Fig. 5.1,
is a hadronically decaying Btag and a semileptonically decaying Bsignal for both, signal and
normalisation mode. The B ! X⌧⌫ signal is only selected by the leptonic ⌧ decays, i. e. a single
light lepton in the final state is required. With this choice, backgrounds from hadronic B decays
are suppressed but the selection e�ciency is reduced by B (⌧ ! e/µ ⌫⌫) = (35.21± 0.06)%.
The analysis of e. g. ⌧ ! ⇡⌫ or ⌧ ! ⇢⌫ is di�cult because of large hadronic backgrounds.
Furthermore, the large number of pions in the final state of B decays makes it, even for signal
events, di�cult to select the ⌧ daughter pion and not a pion from the charmed meson decay.

← B
– ← ϒ(4S) → B

+
 → Xτ+ν 

→ ℓ+νν

Signal sideTag side

D
πK

J/ψ D*

γ

Figure 5.1: Illustration of the signal signature in an BB event. The ⌥(4S) decays into a B
+
B

� pair
and one of the B mesons (here B

+ as an example) decays in the B ! X⌧⌫ signal mode (signal side).
The ⌧ subsequently decays, however, in this analysis only the leptonic final states of the ⌧ are considered.
The other B meson decays hadronically and is used in the B tagging of the event (tag side). Note the
anti-correlation of the tag side flavour and the charge of final-state lepton. The same principle holds
for the decay into a B

0
B0 pair, however, B0

B0 mixing dilutes the anti-correlation between flavour and
charge.

The event selection starts with the requirement of a Btag by using the previously described
full reconstruction technique (see Sec. 3.4). The best neutral or charged Btag candidate is
chosen in an event, according to the ANN classifier output. The hadronic tagging classifier,
including an additional qq suppression ANNqq, is shown in Fig. 5.2. In the selection of hadronic
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Figure 5.6: Distributions of the reconstructed lepton momentum spectrum, shown separately for electrons
(top left) and muons (top right) as well as the squared missing mass, m2

miss
, distribution (lower left) and

the hadronic mass, mX , (lower right). The signal (red) is additionally shown as a dotted line of arbitrary
normalisation to illustrate its distribution. It is the only component not peaking at m

2

miss
= 0GeV2.

The prominent peak in the mX spectrum belongs to hadronic D
(⇤) decays. The momentum spectra of

electrons and muons di↵er due to the low reconstruction e�ciency of slow muons, which also leads to an
enhanced amount of fake lepton candidates (dark blue).
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Figure 5.7: Momentum spectra in the Bsignal rest frame of the ⌧ and its daughter lepton (e and µ are
shown together) for B ! X⌧⌫ decays at generator level. Left: Momentum distributions of the prompt
⌧ (dashed red line) and its daughter lepton (solid black line). The momentum spectrum of the secondary
daughter lepton is significantly softer than that of the prompt ⌧ . Right: The 2D distribution of the
mother and daughter particle momenta shows only a low correlation of ⇠22%.

The lepton momentum spectrum of the non-semileptonic B decays have a rather diverse
composition regarding the flavours of the B meson and the lepton. Fig. 5.8 shows the momentum
spectra of leptons which are produced neither in B ! X⌧⌫ nor in B ! X`⌫ decays. In general,
a large fraction of the leptons stems from hadronic B decays. For charged B decays, the
decays into double-charmed final states are dominant because of the charge-flavour correlation
requirement in the lepton selection. This requirement is diluted for neutral B events and thus
the single-charmed final states occur as often as the double-charmed ones. Independent of the
B flavour, the muon sample su↵ers from a high amount of fake muon candidates which usually
stem from hadronic B decays. In contrast, electron fake candidates are a small component,
however, a large amount of electrons is produced in � ! e

+
e
� pair-production. The very

diverse compositions for charged and neutral B mesons as well as electrons and muons will be
considered in the fit to extract the signal (Sec. 5.4).
As visible in Fig. 5.6, the signal lepton has a slightly harder momentum spectrum than the

non-semileptonic backgrounds. To reduce the dependence on these backgrounds without loosing
significantly signal events, the signal-to-background ratio in the |~p

⇤
`
| spectrum is considered.

This is done separately for electrons and muons and also individually for charged and neutral
Btag, because their non-semileptonic backgrounds di↵er. The optimal lower momenta (see also
Fig. A.2) are |~p⇤e| > 0.44GeV and |~p

⇤
µ| > 0.62GeV as well as |~p⇤e| > 0.5GeV and |~p

⇤
µ| > 0.67GeV

for charged and neutral Btag, respectively. Only the very low momenta, which barely contain
signal events, are removed by this procedure.

Squared missing mass Another important observable is the squared missing mass m2

miss
(see

Fig. 5.6, lower left). It is derived from the detected, i. e. visible, four-momenta p
µ

visible
as well as

the known four-momenta of the colliding beam particles pµ
e+e� :

m
2

miss = p
2

miss =
�
p
µ

e+e� � p
µ

visible

�
2
. (5.2)

It corresponds to the squared four-momentum that is carried away by undetected particles.
Thus, it vanishes for purely hadronic events and events with a single neutrino or lost photon.
The m

2

miss
distribution is broadened due to the detector resolution as well as not reconstructed
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Figure 5.6: Distributions of the reconstructed lepton momentum spectrum, shown separately for electrons
(top left) and muons (top right) as well as the squared missing mass, m2

miss
, distribution (lower left) and

the hadronic mass, mX , (lower right). The signal (red) is additionally shown as a dotted line of arbitrary
normalisation to illustrate its distribution. It is the only component not peaking at m

2

miss
= 0GeV2.

The prominent peak in the mX spectrum belongs to hadronic D
(⇤) decays. The momentum spectra of

electrons and muons di↵er due to the low reconstruction e�ciency of slow muons, which also leads to an
enhanced amount of fake lepton candidates (dark blue).
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(top left) and muons (top right) as well as the squared missing mass, m2
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the hadronic mass, mX , (lower right). The signal (red) is additionally shown as a dotted line of arbitrary
normalisation to illustrate its distribution. It is the only component not peaking at m

2

miss
= 0GeV2.

The prominent peak in the mX spectrum belongs to hadronic D
(⇤) decays. The momentum spectra of

electrons and muons di↵er due to the low reconstruction e�ciency of slow muons, which also leads to an
enhanced amount of fake lepton candidates (dark blue).

55



Florian Bernlochner Göttingen - Bonn - DESY Meeting 14

Sidebands and troubles

2 / GeV2
missm

5− 0 5 10 15

Ev
en
ts

0

10

20

30

40

50

60
310×

⌅ B ! X⌧⌫

⌅ B ! D`⌫

⌅ B ! D
⇤
`⌫

⌅ B ! D
⇤⇤
`⌫

⌅ secondaries
⌅ fake leptons
⌅ other
⌅ continuum

 / GeV
e

p*
0.5 1 1.5 2 2.5

Ev
en
ts
0

2

4

6

8

10

12

310×

Ev
en
ts

310×

Chapter 5 Analysis of B ! X⌧⌫ decays

/ GeVep*
0.5 1 1.5 2 2.5

Ev
en

ts

0
1
2
3
4
5
6
7
8
9

310×

/ GeVep*
0.5 1 1.5 2 2.5

∆
D

at
a 

- M
C

10−
0

10

Figure 5.10: Comparison of data (black points) and MC of the lepton momentum spectrum of electrons
(left) and muons (right). The spectrum shows events in the signal free m

2

miss
 3GeV2 region. The

colours have the same meaning as in Fig. 5.6. Note: At this point, only statistical uncertainties on data
and MC are taken into account which are too small to be visible. In the residual plot, the MC statistics
are shown as a grey hatched band (also barely visible). The MC is normalised to the number of events in
data.

and e�ciencies are not well known and likely have a wrong normalisation in the MC, even
though the MC corrections have been applied. However, the normalisation of this component
will be estimated in data as it is a free parameter in the signal extraction fit (cf. Sec. 5.4).

Of greater implication is the shape of the B ! X`⌫ decays. At large momenta, an excess
of data is visible while there is a deficit of data at intermediate momenta. Considering the
composition of the lepton momentum spectrum, large momenta are populated by B ! D

(⇤)
`⌫

and B ! Xu`⌫ decays, however, the latter is a very small component. Thus, the deviation hints
at a harder lepton spectrum which could in principle be addressed by varying the CLN form-
factor parameters of the B ! D

⇤
`⌫ decay. However, these parameters are highly constrained

by measurements and the uncertainty on the parametrisation itself is stated to be .2% [32].

Other processes producing high momentum leptons are qq continuum events. They might be
relevant at large momenta because high-momentum leptons could be produced and stem, in
particular, from semileptonic charm decays in cc̄ events. Although continuum is already highly
suppressed in this analysis (the lowermost component in Fig. 5.10) it has a poorly known shape
and could be underestimated. O↵-resonant qq data was taken ⇠60MeV below the ⌥(4S) mass
and thus below the BB production threshold. This data can in principle be used instead of
relying on the qq MC simulation. Unfortunately, the hadronic tagging algorithm is not capable
of processing continuum data as it assumes BB production at the ⌥(4S) energy which a↵ects
momenta and energies of tracks and, even worse, the particle identification. Therefore, the
impact of continuum is estimated di↵erently.

To check if continuum events are underestimated at large momenta, a tight selection on
the continuum suppression classifier ln(ANNqq) > �1 is applied. The residuals at high |~p

⇤
`
|

are barely a↵ected as plotted in Fig. 5.11. The recent inclusive B ! Xs� analysis by Belle
uses a high momentum lepton as a flavour tag and estimates the qq background with the

60

5.3 Data-MC agreement studies

tested in a signal-free side-band.

5.3.2 The modelling of the square missing mass

Due to its three undetectable neutrinos, the signal lies in the tail region of the m2

miss
distribution.

In contrast, all backgrounds have a more or less prominent peak at vanishing missing mass.
However, the background distributions have long tails and thus populate the signal region, too.
These long tails are, in any case, due to lost particles that cause an energy-momentum imbalance
in the event. Lost particles can either stem from the production of undetectable particles,
for example an additional neutrino from a secondary semileptonic decay (e. g. D ! K`⌫) or
long-lived neutral kaons. Even though the Belle detector is equipped with the KLM to detect
KL, it cannot detect their full energy and only estimates their direction. Other particles are lost
in the detector, either in the direction of the beam-pipe, by interactions with dead material in
the detector or they are missed by the event reconstruction algorithms. Furthermore, wrongly
assigned particle hypotheses or the modelling of the final state multiplicity have an impact on
the squared missing mass.
The modelling of m

2

miss
is subject to special attention in this analysis. Fig. 5.14 shows

the data and MC expectation of the m
2

miss
distribution for events fulfilling |~p

⇤
`
| � 1.2GeV

or mX � 2.2GeV to exclude the signal region. Clearly visible is a jump in the residuals at
m

2

miss
= 0GeV2. The MC deficit at m2

miss
< 0GeV2 is subject to an extensive study which is

outlined below.
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Figure 5.14: Distribution of the squared missing mass, m2

miss
, in the signal-depleted |~p

⇤
` | � 1.2GeV and

mX � 2.2GeV region. Clearly visible is the excess of data in the negative tail and the sharp step in the
residual plot at m2

miss
= 0GeV2. Only statistical uncertainties are taken into account in the residual

plot. The statistical uncertainty of the MC is indicated as a grey hatched band. The MC is normalised
to the number of events in data.

Events with m2
miss < 0GeV2 It is clear that the region of reconstructed m

2

miss
< 0GeV2 is

not due to a physical process. To understand this, the definition of the squared missing mass is
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Tighter? 
5.3 Data-MC agreement studies
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Figure 5.18: The loose standard (top row) and the improved, tighter particle selection (bottom row) for
the total visible energy, momentum, squared mass and squared missing mass. Energy and momentum are
shown in the centre-of-mass frame. The data-MC agreement of the total energy and mass is improved by
the enhanced selection, however, the total momentum and m

2

miss
still show a mis-modelling. The MC is

normalised to the number of events in data. The colours have the same meaning as in Fig. 5.14

⌅ m
2

miss
� 0GeV2

⌅ m
2

miss
< 0GeV2

Figure 5.19: Shape comparison for the visible momentum of events with negative (light green) and
positive (dark green) squared missing mass. The distribution of m2

miss
< 0GeV2 events does not follow

the residuals of the visible momentum. The MC is normalised to the number of events in data.

69

loose

tight

Chapter 5 Analysis of B ! X⌧⌫ decays

In the rare case that both tracks are used in the Btag reconstruction, the event is discarded.

Figure 5.3: Sketch of track duplication of a single true track (black) leading to two reconstructed tracks
(red). The view is in z-direction along the beam-line and the tracks start at the interaction point. The
duplication either produces co-aligned (left) or back-to-back (right) tracks.

After the event is cleaned from duplicated tracks, the particle identification (PID) is performed.
Charged tracks are tested on the hypothesis of being an 1. electron, 2. muon, 3. kaon or 4. pion.
The first matching hypothesis is used. As this analysis heavily relies on a signal lepton from
a ⌧ decay, low momentum leptons play a crucial role and the PID criteria are chosen to be
tight (see Tab. 5.1). The leptons are required to originate close to the IP and lie within the
acceptance region of the tracking detectors. Electrons need to reach the ECL which requires a
transverse momentum of pT > 0.3GeV, whereas muons are required to reach the KLM, i. e., to
have at least pT > 0.6GeV.

PID min |~p|/MeV max (dr, dz)/cm ✓

Electron > 0.90 300 (0.5, 1.5) 17� < ✓ < 150�

Muon > 0.97 600 (0.5, 1.5) 25� < ✓ < 145�

Kaon < 0.60 100 (0.5, 1.5) -
Pion > 0.60 100 (0.5, 1.5) -
Photon - 150 - -

Table 5.1: The selection and identification criteria of all considered charged and neutral particles on the
signal side. Charged tracks and neutral clusters that fail these criteria are discarded. PID refers to the
particle identification probability (see text).

As a multivariate tool to separate leptons from hadrons, likelihood ratios are formed by the
Belle PID group which are interpreted as the probability to select a true lepton (cf. Fig. 5.4).
The highest probabilities which are still recommended by the Belle PID group are chosen:
eID > 0.9 and µID > 0.97. For electrons, the ECL cluster shape and for muons the projection
to a KLM hit is included in the likelihood.
Charged tracks that are not compatible with a lepton hypotheses are separated into kaons

and pions at a likelihood ratio of 0.6, whereas lower values correspond to a Kaon. Also in the
case of pions and kaons, the tracks need to originate from close to the IP. Tracks that fail all
hypothesis tests are discarded.
Electrons have a high probability to emit final-state radiation (FSR) which reduces the

reconstructed electron momentum and slightly changes its direction. The probability to emit
FSR decreases rapidly with the number of emitted photons and their energy. Thus, only the
possibility of a single photon with E < 1GeV is considered. For every electron candidate, a
search for a neutral cluster with E < 1GeV in a 5� cone around the flight direction of the
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for ⇠2% of the sample. To assess whether a wrong modelling of the number of lost tracks is
related to the m2

miss
residuals, a fit is performed to estimate Nlost in data. As the information of

lost tracks is not available in data, m2

miss
is used to extract Nlost. In the fit, which is a binned

likelihood fit, normalisations of three di↵erent samples are floating. The three samples contain
events with Nlost < 1, 1  Nlost < 2 and 2  Nlost, respectively. The two former samples also
have to fulfil the requirement that the true m

2

miss
= 0GeV2, i. e. only events without KL or

multiple neutrinos are considered to improve the resolution. In Fig. 5.16, the post-fit distribution
is shown. The peak region of m2

miss
is still not well modelled, but from the shape of the residuals

it seems the component without lost tracks is too narrow to describe that data accurately. To
take this into account, the component without lost tracks is smeared by a Gaussian distribution.
This indeed improves the modelling after the fit, however, the residuals at negative m2

miss
remain.

Even though m
2

miss
is correlated with Nlost, this test shows that events without lost tracks

cannot provide a su�cient explanation of the mis-modelling.

Impact of the collision energy Starting wit Eq. 5.6, there are three basic event quantities
that can an have impact on the m

2

miss
modelling: the centre-of-mass energy, Evisible and mvisible.

The centre-of-mass energy or invariant mass of the colliding e
+
e
� is given by the energies of the

electron Ee� and positron Ee+ , as well as the fixed crossing angle ✓ = 0.022 rad under which
they collide. Their four-momenta are

p
µ

e� = (Ee� , Ee� sin ✓, 0, Ee� cos ✓)T and p
µ

e+
= (Ee+ , 0, 0,�Ee+)

T (5.7)

and
p
s = me+e� =

q
(pµ

e� + p
µ

e+
)2. Distributions of the energies of the electron and positron

beam and the centre-of-mass energy are shown in Fig. 5.17. The agreement of data and MC is
rather poor. However, the width of these distributions has to be considered. The root-mean-
square (RMS) is <1MeV which is far too small to a↵ect m2

miss
in a significant way and can be

ruled out at this point regarding the mis-modelling at m2

miss
< 0GeV2.

Improving the particle selection The visible energy, momentum, mass and the squared missing
mass are shown in Fig. 5.18 in the centre-of-mass frame for a loose and an optimised selection.
Before using an optimised track and photon selection, a slope in the residuals of all the variables
is visible. As these variables depend on reconstructed tracks and photons, their selection is
revised. Successively, photon and track selection criteria are tested and the sum of squared
residuals of m2

miss
is minimised. In general, there is no standard track selection at Belle because

it is always analysis specific. However, a loose selection of tracks is no momentum requirements
and (dr, dz) < (0.5, 2.0) cm and for photons E� > 150, 50, 100MeV in the forward (✓ < 33�),
barrel (33� < ✓ < 127�) and backward (127� < ✓) region, respectively. The optimised selection is
given in Tab. 5.1 and is used throughout the analysis. It includes a tighter photon selection which
removes low energetic photons with E� < 150MeV. Tracks need to have a minimum transversal
momentum of 100MeV and are required to originate closer from the IP ((dr, dz) < (0.5, 1.5) cm).
This removes wrongly reconstructed tracks which populate the low momentum end. The tight
selection is only available for signal side photons and tracks, because the hadronic tagging
algorithm comes with its own particle identification and already built up the Btag out of its
track candidate list. The new selection reduces the average number of photons on the signal side
in data (MC) from N̄� = 4.4 ! 2.2 (4.3 ! 2.2) and average number of tracks N̄track = 3.3 ! 3.2
(3.4 ! 3.3). The selection e�ciencies of signal and background decays are only negligibly reduced
because of the following reasons: The signal lepton momentum requirement is already higher
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significant residuals, but the few modes which contribute significantly show imperfect modelling
which hints at a reconstruction mode independent issue.
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Figure 5.23: Dependence of m2

miss
modelling on the Btag reconstruction mode. Shown are the three most

common reconstruction modes of charged (top) and neutral (bottom) Btag. The jump in the residuals is
much more pronounced for charged than for neutral Btag, but the much lower sample size of the latter
has to be considered. The MC is normalised to the number of events in data.

The impact of photons on the tag side and thus on the m
2

miss
modelling is studied. Photons

are reconstructed from neutral clusters in the ECL that are known to be imperfectly modelled.
For example, it can happen that a cluster is not assigned to its track and is treated as a photon.
Furthermore, the reconstruction of neutral pions, which is always performed in the ⇡

0
! ��

channel, has a poor e�ciency and purity. In contrast to the signal side with its tight photon
energy requirement, the tagging algorithm can consider photons with energies down to 30MeV.
To estimate if photons and neutral pions, used in the Btag reconstruction, have any impact on
the description of m2

miss
, two samples are studied, one with and one without neutral particles in

the reconstruction modes (see Fig. 5.24). The e↵ect of neutral particles in the Btag is found to
be negligible as the shapes of the m

2

miss
distributions are the same.

The impact of the particle identification is investigated, too. Several requirements on the
PID classifier to distinguish kaons and pions are tested, but without a noticeable impact on
the modelling of m2

miss
. Also, the definition of poor tracks is revisited and tracks which do not

have a high probability to be either a kaon or a pion are discarded. Such a selection increases
the mean of the missing mass distribution because many low momentum tracks are rejected.
However, even though the shape of m2

miss
changes, the jump in the residuals at m2

miss
= 0GeV2

remains. The best test to ensure that particle identification of hadrons is not responsible for
this, is to not identify particles at all, except the signal lepton. All tracks are treated as pions
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MM2 versus # of tracks

5.3 Data-MC agreement studies

wrong modelling of the number of tracks can indeed result in a poor m2

miss
modelling. To further

discuss this, m2

miss
is plotted in bins of the track multiplicity as shown in Fig. 5.15. Events with

less than six reconstructed tracks are mostly located at m
2

miss
> 0GeV2 as there are usually

some tracks lost. However, these events are only a small fraction of the entire data sample. The
peak at zero becomes more narrow the more tracks are in an event, i. e. the m

2

miss
resolution

improves as the relative impact of a single lost track reduces. However, the excess in data at
m

2

miss
< 0GeV2 is still present, quite independent of the multiplicity, and can thus not explain

the mis-modelling of the track multiplicity cannot cause the residuals.
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Figure 5.15: Number of reconstructed tracks in the event, Ntrack (top left), and m
2

miss
in bins of Ntrack.

Signal events are rejected by selecting only events with |~p
⇤
` | � 1.2GeV and mX � 2.2GeV. The shape

changes with the number of tracks, but the excess in data and the step in the residual plot is always
present. The latter is more pronounced in multiplicity bins of high statistical significance. The MC is
normalised to the total number of events in data. The colours have the same meaning as in Fig. 5.14.

A more comprehensive picture is given by the number of lost tracks, i. e. considering the
generated and reconstructed tracks. Defining the number of true tracks, Ntrue, is not trivial
because the tracks and photons generated by EvtGen are not the ones at the end of the decay
chain. By interactions with the detector material, pair-production and bremsstrahlung occur,
which are simulated in the Gsim detector simulation (cf. Sec. 3.2). Also, neutral kaon decays
are simulated by Gsim, of which KL likely decay outside, but the KS inside the detector. Thus,
Ntrue only counts charged ⌥(4S) final states before the Gsim detector simulation. KL are
assumed to be lost, but the two charged pions from KS ! ⇡

+
⇡
� decays are taken into account.

Fig. 5.16 shows the distribution of lost tracks Nlost = Ntrue �Nreco. Negative Nlost values are
possible because of e. g. � ! e

+
e
� photon conversion or duplicated tracks, but only account
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Semi-Inclusive B → DXℓν̄ℓ

5.3 Data-MC agreement studies

Figure 5.21: Total visible energy (left) and momentum (centre) of photons as well as the sum of photon
energies E� from all events in a certain energy bin E�+dE� (right). The modelling is su�ciently well and
therefore photons are not further considered regarding the m

2

miss
mis-modelling. The MC is normalised

to the number of events in data.

sample. The m
2

miss
distribution for the B ! DX`⌫ sample is shown in Fig. 5.22. The residuals

are much smaller which is expected because the e↵ect is much less statistically significant in
such a small sample compared to the inclusive sample. Nonetheless, there is still a small jump
in the residuals, implying that the modelling of m2

miss
< 0GeV2 is still insu�cient.
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Figure 5.22: Distribution of squared missing mass for the semi-inclusive sample of B ! DX`⌫ decays.
The MC is normalised to the number of events in data.

Further studies In addition to these studies, further tests have been performed which are
outlined below. Many of these tests are related to the tag side because in principle a selection bias
of the Btag could cause the poor modelling. If there is a selection bias due to the hadronic tagging,
it is not expected to be the same in all Btag reconstruction modes. Thus, the m

2

miss
distribution

is studied in bins of the Btag reconstruction mode (see Fig. 5.23). Most reconstruction modes
only contribute with a small number of events to the full tagged sample and thus do not show
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2D Fit
5.4 Signal extraction strategy

the MC normalisation are uncertainties on the A
B!X`⌫

j
parameters and thus rX parametrises

only the ratio of B ! X⌧⌫ and B ! X`⌫.
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Figure 5.25: Distributions of signal (red), normalisation (green) and other decays (yellow) as well as
data (black) in the two signal extraction variables m2

miss
and |~p

⇤
` |. The signal is clearly separated from

the backgrounds which are, however, still present in the signal region. The data illustrates that the
B ! X`⌫ component is by far the dominant decay mode in the analysed sample.

5.4.2 Fit set-up

The fitting procedure is an optimisation problem to find the set of best model parameters ~✓0
which yield the best agreement with the observed data. The number of data events ni in bin i,
and the total number n =

P
i
ni are distributed according to a Poissonian distribution. In the

limit of large ni, which is a good assumption in this analysis, the Poissonian is well approximated
by a Gaussian distribution. To satisfy this assumption and to avoid biases, bins with ni < 30
in data or in the sum of templates are ignored in the fitting procedure. The optimal ~✓0 which
maximises the probability p(~n | ~f(~✓0)) of observing the data ~n with a given model ~f(~✓) is given
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A discussion of the individual contributions is given below.

Rel. uncertainty �R(X)/%

Statistical ±5.2

PID ±1.1

B (B ! X⌧⌫) composition ±0.6

B (B ! D`⌫) ±0.2

B (B ! D
⇤
`⌫) +5.5

�5.0

B (B ! D
⇤⇤
`⌫) composition ±3.7

B (D ! X`⌫) ±4.7

D
⇤⇤ decay model ±0.2

FFCLN(B ! D
(⇤)

`⌫) ±0.7

FFLLSW(B ! D
⇤⇤
`⌫) +5.5

�5.1

MC statistics ±2.6

Total systematic +8.2

�7.9

Total +9.7

�9.4

Table 5.3: Relative expected uncertainty on R(X), estimated from pseudo-experiments. Composition
means the summary of the contributions from the individual exclusive decays. Due to correlations, the
individual uncertainties do not necessarily sum up in quadrature to the total uncertainty.

Branching fractions The influence of the branching fraction uncertainties is diverse. The
individual exclusive branching fractions of the signal (B (B ! X⌧⌫) composition) itself are
rather unimportant. This is due to fact that the signal particle is a secondary lepton which
causes a rather undistinguishable mixture of exclusive components in |~p

⇤
`
| and m

2

miss
. As the

sum of exclusive decays is constrained to the inclusive prediction, i. e. only the composition can
vary, they barely a↵ect the signal e�ciency.

In contrast, the B ! X`⌫ normalisation mode components are clearly distinguishable in the
|~p

⇤
`
| spectrum (and to a lesser extend also in m

2

miss
). The B ! X`⌫ components extend into

the signal region and thus can change the shape of the background in this region. This results
in a relatively large impact of the B ! X`⌫ composition on the R(X) measurement.

Furthermore, the branching fraction of inclusive semileptonic charm decays (B (D ! X`⌫)) is
a noticeable source of systematic uncertainty. Indirectly, it also accounts for the uncertainty on
single- and double-charmed hadronic B decays because their subsequent charm decay is the
dominant process to produce secondary leptons in the background. As these leptons mainly
populate the signal region in |~p

⇤
`
|, their uncertainty is a significant contribution to the systematic

uncertainty on R(X).

The D
⇤⇤ decay model branching fractions cause only a minor systematic uncertainty. The

single D
⇤⇤ decay modes are almost indistinguishable in the signal extraction variables and

thus their relative composition is not important. The fitting procedure rather generates the
D

⇤⇤ related uncertainties via the branching fractions (B (B ! D
⇤⇤
`⌫) composition) and the

form-factor parameters of B ! D
⇤⇤
`⌫ decays (FFLLSW(B ! D

⇤⇤
`⌫)).
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as the maximum of likelihood-function L, i. e. the products of the probabilities in every bin i,

L(~✓) =
Y

i

1
p
2⇡�i

exp

0

B@�

⇣
ni � fi(~✓)

⌘
2

2�2

i

1

CA , (5.10)

with standard deviation �i = �ni =
p
ni.

To get rid of the computationally expensive products and exponentials, the log-likelihood is
used,

� 2 lnL(~✓) =
X

i

 
ni � fi(~✓)

�i

!
2

=: �2(~✓) (5.11)

which is the well-known least-squares or �2 error-function and constant terms in the sum are
neglected. Hence, for the optimal parameter set ~✓0, �2

0
⌘ �

2(~✓0) is minimal.

So far, statistically independent bins have been assumed. To consider e. g. systematic uncer-
tainties which are correlated across various bins, the �

2 can be generalised from a multivariate
Gaussian in Eq. 5.10 with covariance matrix C to

�
2(~✓) =

⇣
~n� ~f(~✓)

⌘
T

C
�1

⇣
~n� ~f(~✓)

⌘
. (5.12)

Additional uncertainties are considered in the covariance matrix C = Cstat +Csys,1 + · · ·+Csys,n

and assumed to be independent of ~✓. However, the latter is not necessarily true when considering
uncertainties on the templates ~f

c(~✓) and thus the matrix needs to be inverted each time ~✓

changes during the minimisation process. This is computationally expensive and can become
numerically unstable. Therefore, only bin-wise independent uncertainties, e. g. the statistical
MC uncertainty, are included in the covariance matrix because this keeps the matrix diagonal
and the inversion is simply C

�1

ii
= 1/Cii. By doing so, the covariance matrix includes not only

the variance of the data, but also of the MC which is given by the sum of squared event weights,
varMC =

P
i
w

2

i
(~✓), as well as the statistical uncertainties on the lepton e�ciency and the lepton

mis-identification correction factors.

Systematic uncertainties are included in the fit by introducing a set of nuisance parameters
(NP) ~� which are restricted by a set of prior probabilities of the same size. Consequently, they
do not change the number of degrees of freedom of the fit. The prior probabilities are usually
external measurements and are expected to be normally distributed (which is not a requirement,
however) and hence enter the �

2 quadratically.

The sum of priors �2

NP
changes the �

2 to

�
2(~✓) ! �

2(~✓,~�) = �
2(~✓) + �

2

NP(~�), with �
2

NP(~�) =
X

j

�
2

j , (5.13)

where ~� = 0 corresponds to the una↵ected MC, i. e. the expectation values of the priors. As
an example, the nuisance parameter for a certain branching fraction a↵ects the weight w of an
event as

w ! w · (1 + �B · �) (5.14)

with the relative uncertainty on the branching fraction �B = �B/B. The NPs are subject to
the minimisation, however, they are constrained by the extra sum in the �

2. Hence, the fit
can change the shape of the MC templates by changing e. g. branching fractions to improve
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Post-FitChapter 6 The branching fraction of B ! X⌧⌫ decays
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Figure 6.1: Post-fit distributions of the lepton momentum spectrum (top row) and m
2

miss
(bottom row).

Data is shown as black points with error bars, B ! X⌧⌫ in red, B ! X`⌫ in green and other decays in
orange. The grey band in the residual plot shows the statistical uncertainties of the MC, lepton e�ciency
and lepton mis-identification corrections. The shown distributions are 2D projections onto the signal
extraction variables.

Rel. uncertainty �R(X)/%

Statistics ±3.9

PID ±1.1

B (B ! Xc⌧⌫) composition ±0.6

B (B ! D`⌫) ±0.6

B (B ! D
⇤
`⌫) +4.9

�4.3

B (B ! D
⇤⇤
`⌫) composition ±3.0

B (D ! X`⌫) ±3.3

D
⇤⇤ decay model ±0.5

FFCLN(B ! D
(⇤)

`⌫) ±0.6

FFLLSW(B ! D
⇤⇤
`⌫) +4.6

�4.2

MC statistics ±1.9

Total systematics +6.6

�6.3

Total +7.7

�7.4

Table 6.1: Relative uncertainties on R(X). Composition means the summary of the contributions from
the individual exclusive decays. Due to correlations, the individual uncertainties do not necessarily sum
up in quadrature to the total uncertainty.
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CHAPTER 6

The branching fraction of B ! X⌧⌫ decays

The final signal extraction is carried out as described in the previous chapter. The fit yields the
final result of

R(X) = 0.298± 0.012stat ± 0.018sys. (6.1)

Using the isospin-average branching fraction B (B ! X`⌫) = (10.86± 0.16)% [20], the R(X)
result is translated to a B ! X⌧⌫ branching fraction of

B (B ! X⌧⌫) = (3.23± 0.13stat ± 0.20sys ± 0.05B!X`⌫)%. (6.2)

This is the most precise single measurement of B (B ! X⌧⌫) to date. The obtained value of
R(X) is independent of the assumed signal and semileptonic B decay branching fractions as well
as the MC normalisation. Post-fit projections for |~p ⇤

`
| and m

2

miss
are shown in Fig. 6.1 and slices

of the 2D distribution in Figs. 6.2 and A.6. The fit has 244 degrees-of-freedom and converged at
�
2

0
= 279.5 which corresponds to a p-value of 5.9%.
The total uncertainty of 0.022 on R(X) is well consistent with the estimate from pseudo-

experiments in Sec. 5.5 and corresponds to a relative uncertainty of 7.3%. The breakdown of
the systematic uncertainties for the final signal extraction is shown in Tab. 6.1.

From the obtained results and the tree-level quark decay rate �b!q = |Vqb|
2
G

2

F
m

5

b
/(192⇡3) as

well as |Vub|/|Vcb| = 0.096± 0.007 [20], the inclusive charmed ratio

R(Xc) = 0.308± 0.084 (6.3)

is estimated. The SM predicts R(Xc) = 0.223± 0.005 [36] and is thus exceeded by the R(Xc)
estimated in this work by 3.2�. Thus, this analysis supports the previously observed enhanced
signal yield of B ! D

(⇤)
⌧⌫ decays at the B-factories. A deeper discussion of the result is given

in the next chapter.
The separate signal extraction in the charged and neural Btag samples yields:

R(X0) = 0.31± 0.02 ) B
�
B

+
! X

0
⌧
+
⌫
�
= (3.51± 0.29)% (6.4)

R(X�) = 0.26± 0.04 ) B
�
B̄

0
! X

�
⌧
+
⌫
�
= (2.67± 0.38)%. (6.5)

The isospin average R(X) is closer to R(X0), which reflects the fact that the charged Btag

sample is dominant in this analysis as it is nearly twice as large as the neutral sample.
A complete list of the results for the fit parameters is given in Tab. A.8.
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Fit prob. inkl. systematics 4.9%
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Figure 7.1: R(X) in comparison to R(D(⇤)) and B ! X⌧⌫ measurements. The semileptonic branching
fractions of Tab. 3.2 are used to convert the measurements appropriately. Left: Measurements of
exclusive B ! D

(⇤)
⌧⌫ and inclusive B ! X⌧⌫ decays in the R(D)–R(D⇤) plane. The ellipses represent

the 68% contours of the R(D(⇤)) SM prediction (light blue) and measurements (purple). The ellipse of
measured R(D(⇤)) are the averaged results by BABAR, Belle an LHCb (cf. Fig. 1.6). The inclusive LEP
measurements (grey band) match well the SM prediction (green band) which are both exceeded by this
analysis (red band). Right: The result of this study and previous related measurements in terms of the
isospin-averaged B ! Xc⌧⌫ branching fraction, based on Refs. [20, 59].

respectively. They show a well modelling of the data. Even the region of the D
⇤ mass peak

around mD⇤ ⇡ 2.0GeV shows a reasonable modelling and not, as one could expect from the
large pull on the B ! D

⇤
`⌫ parameters, an excess of MC. This shows, that the large value of

B ! D
⇤
`⌫ is not simply preferred to fill up the data excess in the lepton spectrum, but it is

compatible with the hadronic mass system and clearly improves the data modelling.
The impact of the D

⇤⇤ model branching fractions is fortunately very small. In the analysis, a
relative uncertainty of 5% on the individual D⇤⇤ model branching fractions is assumed. As a
test, the fit is repeated with 10% uncertainties to check the impact of this assumption. However,
only a negligible increase of the uncertainty on R(X) is observed. Other nuisance parameters
are of minor importance and give only small contributions to the total uncertainty.

The full correlation matrix of the nominal fit is depicted in Fig. A.7. For the signal parameter
R(X), the correlations stay well below 45% and are largest for the B ! D

⇤
`⌫ parameters. A

few nuisance parameters are highly correlated (e. g. the D
⇤⇤ decays among themselves) which

means that their impact on the modelling is very similar to the fit.

Implication on New Physics The measured R(X) can be further investigated in view of
New Physics. Assuming that New Physics do not significantly change the signal e�ciency,
the 2HDM-II prediction is confronted with the measured R(X). The former is not a strong
assumption because the lepton momentum and missing mass are barely sensitive to the specific
decay kinematics. Using the 2HDM-II prediction of Ref. [51] (cf. Sec. 1.4 and Fig. 1.7), the
2HDM-II parameter r = tan�/mH is obtained to be r = (0.47 ± 0.05)GeV�1. This value is
compatible with the findings for R(D) and R(D⇤) of Belle’s hadronic tag analysis which states to
be compatible with r ⇠ 0.45GeV�1 [14]. The value of r derived in this work is also compatible
with the value obtained from the R(D) measurement by BABAR [13] of r = (0.44± 0.02)GeV�1.
However, it is not compatible with r = 0.75± 0.05GeV�1 which BABAR reports for their R(D⇤)
measurement. However, the latter is generally incompatible with the R(D) measurements in
the 2HDM-II framework.
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