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Abstract

Previous experimental and theoretical work on semileptonic 𝐵 meson decays into the four P-
wave excited charm mesons 𝐷1(2420), 𝐷∗

2(2460), 𝐷∗
0(2300) and 𝐷′

1(2430) resulted in several
unresolved problems. Experimental results contradict the theory predictions that the decays into
the narrow states should be dominant over the decays into the wider states. Moreover, there
has been some tension between the most recent branching fraction measurements by BaBar and
Belle, where Belle observed no semileptonic 𝐵 decays into the broad 𝐷′

1 state. Improved under-
standing of the 𝐵 → 𝐷∗∗𝓁𝜈 decays would significantly reduce the systematic uncertainty on the
𝑅(𝐷(∗)) = 

(

𝐵 → 𝐷(∗)𝜏𝜈
)

⁄
(

𝐵 → 𝐷(∗)𝓁𝜈
)

𝓁=𝑒,𝜇 measurement, which hints at a deviation from
the Standard Model. This study aims to use simulation from the Belle II experiment to measure
the branching fractions of these decays and study the four-momentum transfer (𝑞2) which is im-
portant for comparison to theory. Furthermore, the sensitivity of higher luminosity data samples
which Belle II targets to collect in the next decade to the 𝑞2 study was investigated. A hadronic
tagging approach was adopted, which allows the tag 𝐵 momentum to be reconstructed. The fit
yields were obtained by an unbinned maximum likelihood fit. For the 𝑞2 study the same fit was
implemented in bins of the parameter 𝑤, and fitted by the differential decay rate model 𝑑Γ ⁄ 𝑑𝑤.
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Chapter 1

Introduction

1.1 Motivation

The Standard Model (SM) of Particle Physics, despite being supported by numerous experimen-
tal findings, still fails to explain some of our observations of the universe. The matter-antimatter
asymmetry, the nature of dark matter, and neutrino masses are examples of phenomena that the
SM has not accounted for thus far. Current experimental efforts aim at obtaining more precise
measurements of the SM parameters and observing possible deviations from the theory predic-
tions. These deviations could hint at New Physics and shed light on unexplained phenomena. In
particular, semileptonic 𝐵 meson decays provide an opportunity to study the structure of weak
currents. These decays occur abundantly at tree level with any higher level contributions highly
suppressed. This makes it possible to use them to make precise measurements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, 𝑉𝑐𝑏 and 𝑉𝑢𝑏, which are related to the amount of
charge-parity (CP) symmetry violation in the SM [54, p. 261]. Moreover, recent measurements
of these decays have hinted at the violation of lepton universality [9, p. 183] which is a property
of the SM.

Semileptonic 𝐵 decays involving the 𝑏 → 𝑐 transition at quark level give rise to numerous
hadronic final states. The dominant decays involve either 𝐷 or 𝐷∗ mesons. However, there are
other resonant and non-resonant final states involving 𝐷(∗) alongside lighter hadrons. The focus
of this analysis are the semileptonic decays into so-called 𝐷∗∗ states. These are P-wave excited
mesons involving one charm and one lighter quark and have been observed to decay into 𝐷(∗)

along with one or two pions. They are classified into two doublets with light quark angular
momentum 3 ⁄ 2 and 1 ⁄ 2 according to the Heavy Quark Effective Theory (HQET) (see Ch. 2):
{𝐷1(2420), 𝐷∗

2(2460)}, and {𝐷∗
0(2300), 𝐷′

1(2430)}. The elements of the first doublet have widths
of order 10MeV. Whereas, elements of the second are much wider with widths of order 100MeV,
which poses a challenge to observing their resonances.

The not fully understood 𝐵 → 𝐷∗∗𝓁𝜈 decays are a background to the measurements of
𝐵 → 𝐷∗𝜏𝜈 decays, which makes their modelling a significant systematic uncertainty on the
𝑅(𝐷(∗)) measurement [41, 33, 1]. 𝑅(𝐷(∗)) = 

(

𝐵 → 𝐷(∗)𝜏𝜈
)

⁄ 
(

𝐵 → 𝐷(∗)𝓁𝜈
)

𝓁=𝑒,𝜇 is a test of
lepton universality. The current world average of combined measurements shows 3.3 𝜎 devia-
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tion from the SM prediction [9, p. 186-187], and any improvement in the uncertainties of future
measurements of this value would help clarify this discrepancy.

There have been improvements in the understanding of these decays in the last thirty years,
both on theoretical and experimental fronts. Theoretically, the form factors have been calculated
up to leading order in the heavy quark expansion (𝑚𝑐,𝑏 → ∞) [43]. The order Λ𝑄𝐶𝐷 ⁄ 𝑚𝑐,𝑏 cor-
rections to the decay rates have been shown to be significant, especially in the zero recoil case.
Additionally, higher order corrections, along with order 𝛼𝑠 corrections have been calculated [18].
Experimentally, various observations of these decays were reported by experiments at DESY [7],
CESR [10], LEP [3, 4] and Tevatron [2]. More recently in 2008, B factories Belle and BaBar
have both measured the branching fractions of these decays. They obtained significantly different
results for the decays into the wide 𝐷′

1 meson. The BaBar experiment observed 𝐷′
1 decays in a

417 fb−1 data sample, and reported a branching fraction of (0.27 ± 0.04 ± 0.05)% [11]. Whereas
the Belle experiment observed no such decays in a sample of 657 × 106 𝐵𝐵 events and only re-
ported an upper limit on the branching fraction [44]. The Belle result was also in contradiction
with a previous 2005 DELPHI analysis which found the 𝐷′

1 mode to be the dominant contribution
to 𝐵 → 𝐷∗∗𝓁𝜈 decays [4].

Additionally, there is an ongoing tension between the experimental results and the theory pre-
dictions. From QCD sum rules [52] and quark models, an abundance of the narrow 𝑗𝑃 = 3 ⁄ 2+
over the wider 𝑗𝑃 = 1 ⁄ 2+ states are expected 1. This has been contradicted by experimental
measurements so far, and this is known as the "1/2 vs 3/2 Puzzle" [20]. Moreover, the inclu-
sive branching fraction, (𝐵 → 𝑋𝑐𝓁𝜈) is not fully saturated by decays into 𝐷(∗) and the 𝐷∗∗

states. Since theory predictions show that the broad 𝐷∗∗ states can not account for the remaining
branching fraction, the question on the nature of these so-called gap modes persists.

Further investigations of exclusive 𝐵 → 𝐷∗∗𝓁𝜈 decays are needed to understand the obscu-
rities described above. Studying the decays into different 𝐷∗∗ modes separately gives additional
insight into the current tension with theory 2. The Belle II experiment, with the high integrated
luminosity goal of 50 ab−1 provides an auspicious opportunity to investigate these decays. The
aim of this master’s thesis is to reconstruct these decays in the 𝐷∗∗ → 𝐷∗+𝜋− channel, in order
to measure the Branching Fractions of 𝐷1, 𝐷∗

2, and 𝐷′
1, and study the 𝑞2 spectra which can be

compared to theory. Additionally, an interesting question is how well these decays may be stud-
ied with future Belle II data sets. To address this question, the 𝑞2 study, which is performed on a
400 fb−1 MC simulation sample, is subsequently extrapolated to higher luminosities.

The rest of this chapter summarises the plan for the analysis and introduces the Belle II exper-
iment, Chapter 2 goes through the necessary theory background, Chapter 3 gives some details on
the MC simulation used, Chapter 4 describes the reconstruction and selection of decays, in Chap-
ter 5 an unbinned extended maximum likelihood fit is implemented to extract the signal yields,
the 𝑞2 study and the extrapolation are described in Chapter 6, and possible sources of System-

1Note that the theoretical predictions refer to the decay amplitudes. The semileptonic decays into the broad 𝐷∗∗

states are also kinematically suppressed by a factor of two to three [20]. Hence even if the branching fractions into
broad and narrow states are equal, this points to an enhanced decay amplitude for the broad states, which contradicts
the theory prediction.

2Additionally, it was advised to study the 𝐷∗∗ decays into 𝐷∗𝜋 and 𝐷𝜋 separately since this provides more insight
for the 1/2 vs 3/2 puzzle [20].
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atic uncertainties are discussed in Chapter 7. Finally, the conclusion and discussion of results is
provided in Chapter 8.

1.1.1 Analysis Idea
As mentioned in the motivation, the aim of the analysis is to measure the branching fractions of
𝐵− → 𝐷∗∗(𝐷∗+𝜋−)𝓁−𝜈 decays separately for the 𝐷1, 𝐷2, and 𝐷′

1 modes, and study their four-
momentum transfer (𝑞2) distributions. The study was conducted on 400 fb−1 MC simulation,
which roughly corresponds to the luminosity collected by Belle II at the time of the study.

The analysis idea is to exclusively reconstruct one of the𝐵 mesons in this channel as illustrated
in Fig. 1.1, while the other 𝐵 meson is reconstructed in hadronic decay channels using the Full
Event Interpretation (FEI) algortihm (Subsection 4.3.1). After a series of selections, the yields
of signal decays are determined by a maximum likelihood fit in the Δ𝑀𝐷∗∗ = 𝑀𝐷∗∗ − 𝑀𝐷∗

distribution. For the 𝑞2 study, the 𝑤 distribution is investigated for comparability to theory. The
Δ𝑀𝐷∗∗ fit is repeated in bins of 𝑤 to obtain the shape of the 𝑤 distribution. The reconstructed
distribution is corrected for resolution effects by unfolding. The obtained distribution is fitted by
the decay rate model by a 𝜒2 fit. Due to lack of statistics in the 𝐷∗

2 mode, the 𝑞2 study is limited to
the 𝐷1 mode. As a test of the sensitivity of future Belle II data sets, the decay rate fit is repeated
on generated distributions corresponding to luminosities of 1 ab−1, 5 ab−1, and 50 ab−1.

TAG SIDE                 SIGNAL SIDE

Figure 1.1: Diagram showing how the Υ(4𝑆) is reconstructed for the analysis. The decay channel
drawn on the tag side is one example of the many decay channels considered.
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1.2 The Belle II Experiment
SuperKEKB

Figure 1.2: Schematic view of SuperKEKB [50].

SuperKEKB [28] is a circular electron-
positron collider, situated in Tsukuba, Japan.
For the majority of its operation time it col-
lides 𝑒−𝑒+ pairs at a center of mass energy
corresponding to the Υ(4𝑆) resonance energy.
Υ(4𝑆) decays into a pair of B mesons with
a branching fraction larger than 96%, which
makes it possible to study 𝐵 mesons with low
background from other decays. The beam en-
ergies are asymmetric, with the electron beam
at roughly 4GeV and the positron beam at
7GeV energy. This gives a boost to the cen-
ter of mass frame of the experiment, to allow
more precise lifetime measurements.

SuperKEKB is an upgrade to KEKB based
on the "nano-beam" scheme [23]. The de-
sign focuses the particle beams to nanome-
ter scale at the interaction point, by means of
strong magnets. With this design feature, Su-
perKEKB is targeted to reach a luminosity of
8 × 1035 cm−2s−1.

The Belle II Detector

The Belle II detector is a cylindirical, general purpose spectrometer placed around the 𝑒−𝑒+ inter-
action point at SuperKEKB. It is an upgrade from the predecessor Belle, and has been designed
to operate at 40 times higher event rates, and 10 to 20 times higher background rates [8]. The part
of the detector in the direction of the center of mass boost is referred to as the forward region, the
opposite end of the detector is the backward region, whereas the region transverse to the beam
axis is called the barrel region. Due to the boost, more particles are expected to be detected in
the forward region. The coordinate system of the experiment is set with the z-axis corresponding
to the beam axis and with the electron beam directed in the positive z-axis.

The detector is made up of several components. These are listed below in order of proximity
to the beam pipe where the collision takes place, and visualised on Fig. 1.3. The following
information is based on Ref. [29] where further details may be found.

• The component closest to the interaction point is the Vertex Detector (VXD) . It is made
up of two layers of the Pixel Detector (PXD) with pixelated sensors of the DEPFET type,
and four layers of the Silicon Vertex Detector (SVD) , equipped with double sided silicon
strip sensors. Placing the PXD close to the interaction point where there is a high density of
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particles allows precise position measurements in this region. Whereas using strips instead
of pixels on the other layers cuts down on the data size.

• The Central Drift Chamber (CDC) is used for the detection of charged tracks, as well
as measurements of their momenta and energy losses. It is filled with He-C2H6 gas which
is ionised with the passing of charged particles through it. The freed electrons drift to the
sense wires where the signal is saved.

• The Time-of-Propagation (TOP) and Aerogel Ring Cherenkov (ARICH) detectors are
used for particle identification in the barrel and forward regions respectively. They make
use of the Cherenkov effect to measure particle velocities. From this and the momentum
information, the mass of the particle is derived.

• The Electromagnetic Calorimeter (ECL) is where the energies and angular coordinates
of photons are measured. It is also used for the identification of electromagnetically (EM)
interacting particles such as electrons. It uses CsI(Tl) crystals as scintillators. EM interact-
ing particles that traverse the sub-detector deposit energy in the form of photon showers in
the ECL.

• The outermost layer is dedicated to detecting the long-lived particles which are not stopped
in the ECL. The K-long and Muon detector (KLM) is made up of alternating layers of
iron and detector material. The detector material is comprised of scintillators to detect the
shower is produced at the iron layers.

electron  (7GeV) 

positron (4GeV) 

KL and muon detector: 
Resistive Plate Counter (barrel) 
Scintillator + WLSF + MPPC (end-caps) 

Particle Identification  
Time-of-Propagation counter (barrel) 
Prox. focusing Aerogel RICH (fwd) 

Central Drift Chamber 
He(50%):C2H6(50%), Small cells, long 
lever arm,  fast electronics 

EM Calorimeter: 
CsI(Tl), waveform sampling (barrel) 
Pure CsI + waveform sampling (end-caps) 

Vertex Detector 
2 layers DEPFET + 4 layers DSSD 

Beryllium beam pipe 
2cm diameter 

Belle II Detector 

Figure 1.3: 3D model of the Belle II detector with labels indicating the different components [14].
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Chapter 2

Theory Background

𝑏 𝑐

𝑢 𝑢

𝜈

𝓁−

𝑊 −

𝐵− 𝐷

Figure 2.1: Feynman diagram for the semileptonic 𝐵 meson decay into a 𝐷 meson
The decays of the 𝐵 meson into charmed mesons occur through a 𝑉 −𝐴 weak current in the

Standard Model. Hence, the decay rates are obtained by calculating the matrix elements of the
vector and axial-vector elements between the 𝐵 and 𝐷1 states:

⟨𝐷(𝜈′)|𝑉𝜇|𝐵(𝜈)⟩ and ⟨𝐷(𝜈′)|𝐴𝜇|𝐵(𝜈)⟩ (2.1)
Here 𝜈 and 𝜈′ denote the four-velocities of the mesons. The matrix elements are generally

parameterised by functions called form factors, which depend on the Lorentz invariant quantity
of the four-momentum transfer squared (𝑞2) (see Eqn. 2.2).

𝑞2 =
(

𝑝𝐵 − 𝑝𝐷
)2 (2.2)

The explicit calculation of the matrix elements is simplified by working in the heavy quark
limit (𝑚𝑄 → ∞), which is a good approximation for mesons involving one heavy quark 2, e.g.
𝐵 and 𝐷. In this limit, the light quark in the meson sees the heavy quark field as a static colour
source and the light quark field is no longer dependent on the spin or flavour of the heavy quark.

1𝐷 is used to denote any meson state with a charm quark.
2The term heavy quark describes quarks with mass 𝑚𝑄 >> Λ𝑄𝐶𝐷, where Λ𝑄𝐶𝐷 ∼ 0.2GeV is the QCD scale

parameter.
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[38] This establishes an SU(2𝑁ℎ) symmetry of the flavour and spin of the heavy quark, where
𝑁ℎ is the number of heavy quark flavours [46].

However, the light quark field is still dependent on the four-velocity of the heavy quark3,
and the form factors also depend on the four-velocities of the mesons involved. It turns out that
in this limit, all form factors can be represented by a single function of the dimensionless 𝑤
parameter, defined as in equation 2.3. This function is called the Isgur-Wise function 𝜏(𝑤) [34],
and represents the overlap between the states of the light quarks in two mesons with four-momenta
𝜈 and 𝜈′ [38].

𝑤 = 𝜈𝐵.𝜈𝐷 =
𝑚2

𝐵 + 𝑚𝐷
2 − 𝑞2

2𝑚𝐵𝑚𝐷
(2.3)

In the heavy quark limit, some of the form factors vanish at zero recoil (𝑤 = 1), i.e. when
𝐷 is at rest in the 𝐵 rest frame. Hence the (Λ𝑄𝐶𝐷 ⁄ 𝑚𝑏,𝑐) corrections become significant. Since
kinematically allowed values of 𝐵 → 𝐷∗∗𝓁𝜈 decays (1 < 𝑤 ≲ 1.32) is close to 1, these cor-
rections are especially significant for the decays into 𝐷∗∗ mesons. The detailed calculation of
these corrections is given in the LLSW study [43] (1998). Here, the Isgur-Wise function, and the
decay rates are expanded in powers of (𝑤 − 1), as given in equation 2.4. The value and slope
of the Isgur-Wise function at zero recoil, 𝜏(1) and 𝜏 ′ = 𝑑𝜏 ⁄ 𝑑𝑤 are parameters which need to
be measured. Additionally the (Λ𝑄𝐶𝐷 ⁄ 𝑚𝑏,𝑐) corrections break the spin-flavour symmetry and
introduce other Isgur-Wise functions, e.g. 𝜏1,2 and 𝜂1,2,3 [18].

𝜏(𝑤) = 𝜏(1)
(

1 + 𝜏 ′(𝑤 − 1) + ((𝑤 − 1)2
) (2.4)

The LLSW study states the differential decay rates of the 𝐵 → 𝐷∗∗𝓁𝜈 decays in 𝑤 and an
angular coordinate. The more recent BLR study [18] (2018) integrates the result over the angular
coordinate, and reports the differential decay in 𝑤, denoted 𝑑Γ ⁄ 𝑑𝑤. The decay rate (Eqn.2.6)
and the form factors (Eqn. 2.5) stated below are taken from this reference.

3This is equal to the four-velocity of the meson at the heavy quark limit.
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𝑓𝑉1 =
1
√

6
𝜏(𝑤)

(

(1 −𝑤2) − 𝜖𝑏(𝑤2 − 1)𝐹𝑏

− 𝜖𝑐
[

4(𝑤 + 1)(𝑤Λ
′
− Λ) − (𝑤2 − 1)(3𝜏1 − 3𝜏2 + 2𝜂̂1 + 2𝜂̂3)

]

)

𝑓𝑉2 =
1
√

6
𝜏(𝑤)

(

− 3 − 𝜖𝑏3𝐹𝑏 − 𝜖𝑐
[

(4𝑤 − 1)𝜏1 + 5𝜏2 + 10𝜂̂1 + 4(𝑤 − 1)𝜂̂2 − 5𝜂̂3
]

)

𝑓𝑉3 =
1
√

6
𝜏(𝑤)

(

𝑤 − 2 + 𝜖𝑏(2 +𝑤)𝐹𝑏 + 𝜖𝑐
[

4(𝑤Λ
′
− Λ) + (2 +𝑤)𝜏1 + (2 + 3𝑤)𝜏2

− 2(6 +𝑤)𝜂̂1 − 4(𝑤 − 1)𝜂̂2 − (3𝑤 − 2)𝜂̂3
]

)

𝑓𝑉𝐴 = 1
√

6
𝜏(𝑤)

(

− (𝑤 + 1) − 𝜖𝑏(𝑤 − 1)𝐹𝑏

− 𝜖𝑐
[

4(𝑤Λ
′
− Λ) − 3(𝑤 − 1)(𝜏1 − 𝜏2) − (𝑤 + 1)(2𝜂̂1 + 3𝜂̂3)

]

)[18]

where 𝐹𝑏 = Λ + Λ
′
− (2𝑤 + 1)𝜏1 − 𝜏2 𝜖𝑏,𝑐 =

1
2𝑚𝑏,𝑐

(2.5)

Here 𝜏1,2(𝜂̂1,2,3) = 𝜏1,2(𝜂1,2,3) ⁄ 𝜏(𝑤), where 𝜏1,2(𝜂1,2,3) are dimensionful Isgur-Wise functions
added by the(Λ𝑄𝐶𝐷 ⁄𝑚𝑏,𝑐) corrections. Λ, andΛ′ denote the kinetic energy of the light degrees of
freedom of the 𝑗𝑃 = (1 ⁄2)− and (3 ⁄2)+ doublets in the heavy quark expansion. The 𝛼𝑠 corrections
are omitted here. See Ref. [18] for these corrections. The Belle II MC uses an approximation
of these form factors with 𝜂1 = 𝜂2 = 𝜂3 = 0. Furthermore 𝜏1 and 𝜏2 are treated as constant
parameters, which may be fitted. Therefore, this approximation is adopted when implementing
the decay rate fit in Chapter 6.
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𝑑Γ𝐷1

𝑑𝑤
= 2Γ0𝑟

3
√

𝑤2 − 1
(𝑞2 − 𝜌𝓁)2

𝑞6

{

𝑓 2
𝑉1

[

2𝑞2
[

(𝑤 − 𝑟)2 + 2𝑞2
]

+ 𝜌𝓁
[

4 (𝑤 − 𝑟)2 − 𝑞2
]

]

+
(

𝑤2 − 1
)

(

𝑓 2
𝑉2

[

2𝑟2𝑞2(𝑤2 − 1) + 𝜌𝓁
[

3𝑞2 + 4𝑟2
(

𝑤2 − 1
)]

]

+ 𝑓 2
𝑉3

[

2𝑞2(𝑤2 − 1) + 𝜌𝓁
[

4(𝑤 − 𝑟)2 − 𝑞2
]

]

+ 2𝑓 2
𝐴𝑞

2 (2𝑞2 + 𝜌𝓁
)

+ 2𝑓𝑉1𝑓𝑉2

[

2𝑟𝑞2(𝑤 − 𝑟) + 𝜌𝓁
(

3 − 𝑟2 − 2𝑟𝑤
)]

+ 4𝑓𝑉1𝑓𝑉3 (𝑤 − 𝑟)
(

𝑞2 + 2𝜌𝓁
)

+ 2𝑓𝑉2𝑓𝑉3

[

2𝑟𝑞2(𝑤2 − 1) + 𝜌𝓁
[

3𝑤𝑞2 + 4𝑟
(

𝑤2 − 1
)]

]

)}[18]

where Γ0 =
𝐺2

𝐹 |𝑉𝑐𝑏|
2𝑚5

𝐵

192𝜋3
, 𝑟 =

𝑚𝐷∗∗

𝑚𝐵
, 𝜌𝓁 =

𝑚2
𝓁

𝑚2
𝐵

, 𝑞2 =
𝑞2

𝑚2
𝐵

(2.6)



Chapter 3

Data and Simulation

Data Taking

Belle II started data taking in 2019 and collected an integrated luminosity of 424 fb−1 1 before
going on the Long Shutdown 1 (LS1) in summer 2022 [15]. This is the first long pause to the
running of the experiment, for upgrades to the detector and the accelerator. Data taking is planned
to resume in fall 2023.

A plot showing the weekly integrated luminosity collected by Belle II from January 2019
to August 2022 is given in Fig. 3.1. Among the data collected from good runs, 363 fb−1 were
from collisions at the Υ(4𝑆) resonance energy. The remaining 42 fb−1 were below, and 19 fb−1

were above this energy [15]. The data sets off the Υ(4𝑆) energy serve various purposes such
as hadronic physics or dark sector studies. Particularly, data taken slightly below the Υ(4𝑆)
resonance (approximately 60MeV) is termed the off-resonance or continuum sample. It allows
the study of 𝑒−𝑒+ → 𝑞𝑞 (continuum) background where 𝑞 denotes quarks lighter than the 𝑏 quark.

Simulation

The production of the Belle II Monte Carlo (MC) simulations starts with the simulation of physics
processes by an event generator, and this is followed by the detector simulation [8]. Belle II uses
EvtGen [40] for the simulation of 𝐵 and 𝐷 decays. EvtGen is a Monte Carlo event generator
which is controlled by a decay table that sets all the possible decay processes, along with their
branching fractions and the decay amplitude (model) used to simulate them. Other decays, which
are not specified by the decay table are simulated by PYTHIA [49]. Continuum events are also
simulated using PYTHIA and KKMC [35]. The final state radiation is added using PHOTOS
[27]. Following this, the detector response to the passing of the particles is simulated using the
Geant4 software package [6]. The simulation depends on the chosen physics model that describes
the interaction of particles with the detector material. Belle II uses the recommendations for high
energy physics by the Geant4 group to set this model [8].

At the time of writing, the generic MC simulation of Belle II includes non-resonant 𝐵 →
𝐷∗+𝜋−𝓁𝜈 decay with a branching fraction of 0.1%. Nevertheless, the current recommendation by

1The number presented here is the luminosity collected from good runs.
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Figure 3.1: The weekly integrated luminosity collected (from all runs) at Belle II from 14/01/2019
to 22/08/2022 [15].

the collaboration is to replace these decays with other resonant decays. This is because consid-
eration of past measurements predicts the branching fraction of this decay to be consistent with
zero [17]. This correction is not implemented in the current analysis.

Analysis skims

The data or simulation is saved in the mini data summary table (mDST) format, after the initial
processing, i.e. reconstruction of tracks and clusters. However, these samples include many
events that may not be relevant for specific analyses. Hence it is sensible to subject these to further
reconstruction or selection criteria before their use in an analysis. This is called skimming. The
skimmed data or MC sets are saved in a user data summary table (uDST) format and are generally
smaller in size and more efficiently used in analyses.

This current analysis uses skims from the run independent MC simulation 2.The sample in-
cludes skims from 2.8 ab−1 on-resonance, and 1 ab−1 continuum simulation. The skim selects
events where at least one 𝐵 meson is reconstructed using the Full Event Interpretation algorithm
(Subsec. 4.3.1) in hadronic channels. Some selection cuts are applied after the reconstruction,
these include but are not limited to: Signal probability > 0.001 (Subsec. 4.3.1), 𝑀𝑏𝑐 > 5.2GeV,
and |Δ𝐸| < 0.3GeV (Subsec. 4.3.2).

2The campaign name is MC15ri_b, produced with basf2 release 06-01-12.



Chapter 4

Reconstruction

The reconstruction of full decay chains up to the Υ(4𝑆) is carried out using the Belle II Analysis
Framework (basf2) [51]. The signal 𝐵 meson is reconstructed in the exclusive decay channel
𝐵− → 𝐷∗∗𝓁−𝜈, while the other 𝐵 meson in the Υ(4𝑆) decay, denoted the tag B meson, is re-
constructed in hadronic channels using the Full Event Interpretation [37] algorithm. The details
of reconstruction and selection will be detailed in this chapter. A summary of the final selection
cuts is given in Section 4.7.

4.1 Signal Background Classification
Working with simulation allows one to obtain the true information on the type of particle and its
full decay chain. Based on this information the values of the cuts applied are decided with the
goal of eliminating as much background as possible while retaining as much signal as possible,
in other words, optimising the chosen figure of merit. However, in order to count the true number
of signal and background events in the selected sample, first the method of classifying events as
such should be introduced.

There is a Monte Carlo truth-matching algorithm implemented in basf2. When applied to
a reconstructed particle, it considers recursively all daughters of the particle, and attempts to
match each reconstructed daughter to the generated particle (of the same type) which created the
signature in the detector. If the matching is successful for all daughters along the decay chain,
the particle is marked as correctly reconstructed. Otherwise, if the matching is unsuccessful for
one of the daughters, e.g. a daughter particle is missing, or of the wrong type 1 the particle is
marked as incorrectly reconstructed, and if no match is found for the initial particle (to which
the truth matching is applied), the output is Not a Number (NaN). Initially, the results of this
algorithm were used directly for signal and background classification. However, it was observed
that for a significant number of reconstructed Υ(4𝑆) events, the algorithm gave NaN as the result.
To be concrete, ∼ 29% of Υ(4𝑆) candidates from a 400 fb−1 MC sample were marked as NaN.
Upon observing that certain kinematic variables peaked in the signal region for these non-truth-

1These are only two of the possible reasons why a match could be unsuccessful. The details may be found in Ref.
[47]
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matched events, and inspecting the generated decay chains corresponding to these candidates, the
decision was made to include these events in the signal classification by implementing a custom
signal-matching method.

The classification method is as follows:
1. For each reconstructed Υ(4𝑆) candidate, write out the corresponding generated decay tree,

ignoring any photons due to final state radiation.
2. Identify which of the daughter 𝐵 mesons were reconstructed in the signal decay channel.
3. Check the PDG codes of the daughters of the identified 𝐵 meson. Classify as background

unless the following are all true 2:
• 𝐵 has three daughters.
• The first daughter is one of 𝐷1, 𝐷′

1, 𝐷∗
2.

• The second daughter is one of 𝑒, 𝜇.
• The third daughter is a 𝜈.

4. For candidates not marked as background in the previous step, check the PDG codes of
the daughters of the 𝐷∗∗ meson. Classify as background unless the following are all true:

• 𝐷∗∗ has two daughters.
• The first daughter is 𝐷±∗.
• The second daughter is 𝜋±.

5. Classify the Υ(4𝑆) satisfying all the criteria in steps 3 and 4 as signal. Save the PDG code
of the 𝐷∗∗ for each candidate to further classify into the three signal 𝐷∗∗ modes.

Therefore, the signal conditions do not include any criteria on the truth-matching of the daugh-
ters of the signal 𝐵 beyond the 𝐷±∗ meson, or the tag 𝐵 candidates. As a result, the reconstructed
value of certain kinematic variables do not agree with the true values as well as they would if the
entire Υ(4𝑆) decay trees were truth-matched. On the other hand, this allows more of the gener-
ated 𝐵 → 𝐷∗∗𝓁𝜈 events to be included in the studied sample. For the aim of gathering enough
statistics to study three 𝐷∗∗ modes separately, the method with higher acceptance of signal events
is favoured.

4.2 Signal Side
Signal 𝐵 candidates were obtained by combining track candidates identified as leptons with re-
constructed 𝐷∗∗ mesons while making use of the missing kinematic information due to the single
𝜈 in the decay. The 𝐷∗∗ reconstruction is limited to decays into a charged 𝐷∗ meson and a charged

2The order of decay products are always the same in the MC generation. This allows one to only check the first
daughter for the 𝐷∗∗ candidate etc.



4.2 Signal Side 15

𝜋. This narrows the focus of this study to three of the four 𝐷∗∗ modes that decay into this channel.
The 𝐷∗ candidate decays into another charged 𝜋 and a 𝐷0 meson which was reconstructed in nine
hadronic decay channels. The decay chain from the final state particles up to the signal 𝐵 meson
is illustrated on Figure 4.1. The reconstruction and selection of particles will be detailed in the
following subsections.

Figure 4.1: Signal 𝐵 meson reconstruction diagram. The final state and intermediate particles
are given in yellow and green respectively. The nine different decay channels of the 𝐷0 meson
are indicated by different coloured edges. The width of the edges scale with the number of times
the given particle occurs in the decay products of a particular channel.

4.2.1 Lepton Selection
Light leptons (𝜇 and 𝑒) are long-lived charged particles, as a result they traverse the VXD and CDC
and leave hits in these parts of the detector. These hits are combined into track candidates using
Belle II’s track finding algorithm [19]. Tracks of charged particles under the solenoidal magnetic
field take helical forms, and are described by a set of five parameters, some of which are introduced
below. For each reconstructed track, the track parameters are extracted by fitting with the mass
hypothesis closest to the mass of the particle of interest [21]. For the lepton candidates used in
signal reconstruction, track candidates fitted using a pion mass hypothesis 3 were considered, and
further selections were applied.

Two derived track parameters4 of interest are 𝑑𝑟 and 𝑑𝑧. 𝑑𝑟 is the signed distance between the
point of closest approach (POCA) of a track to the measured interaction point (IP), and the z-axis.

3Currently, the 𝑒 mass hypothesis is not implemented since the 𝜋 fit performs better. Since the mass of the 𝜇 is
close to that of the 𝜋, the 𝜇 hypothesis is not implemented separately to save resources.

4derived track parameters, e.g. 𝑑𝑧, are defined w.r.t the measured IP, whereas true track parameters, e.g. 𝑧0 are
defined w.r.t the (0,0,0) point.
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Whereas 𝑑𝑧 is the z coordinate of the POCA w.r.t the IP. Since the leptons in the signal decay are
primary daughters of the𝐵 meson, they are expected to come from within∼ 130 µm5 radius of the
IP. [19]. Hence loose cuts of |𝑑𝑟| < 0.5 cm and |𝑑𝑧| < 2 cm were applied. Additionally, tracks
are required to be in angular acceptance of the CDC, i.e. their polar angle, which is calculated
from the initial momentum of the particle, is required to be 17°< 𝜃 < 150°. These track cuts were
selected based on internal recommendations.

The momentum of the lepton in the centre of mass frame is another variable of interest.
A lower cut on this variable eliminates some of the low momentum leptons from background
physics decays, such as leptons from secondary decays. A preliminary cut was placed at 𝑝𝐶𝑀𝑆

𝑙 >
0.6GeV∕c, motivated by the 2008 BaBar analysis [11], but this cut was later optimised as de-
scribed in Section 4.6. On the plot in Fig. 4.6, it is observed that a cut on the lower momentum
leptons eliminates more background than signal events. Especially for decays reconstructed in
the muon channel, background events are more abundant in the low momentum region. This
background could be due to misidentified pions, since pions are more likely to be misidentified
as muons. Indeed, checking the signal matching for the decays reconstructed in the 𝐵 → 𝐷∗∗𝜇𝜈
channel shows that 42.5% of the background was due to fake leptons. Whereas the same figure
for the decays reconstructed in the 𝐵 → 𝐷∗∗𝑒𝜈 channel is 7.1%.
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Figure 4.2: Distribution of lepton momentum in the center of mass frame for the electron (left)
and muon (right) decays modes, after reconstruction up to Υ(4𝑆) events (after leptonID cuts have
been applied with no Bremsstrahlung correction). Three signal categories are shown as a stacked
histogram and all other decays (background) are added as an unstacked and unfilled histogram.

As charged particles traverse the detector medium they decelerate and emit Bremsstrahlung
radiation. The power radiated scales with either (𝐸 ⁄ 𝑚𝑐2

)4 when the acceleration is perpendicular
to the velocity of the particle, or with (

𝐸 ⁄ 𝑚𝑐2
)6 when it is parallel. Hence, given two particles

with the same energy, the lighter one emits more Bremsstrahlung radiation. As a result, this
effect is significant for electrons but not for muons (the power emitted by muons is around 200−6

5130 µm is the average displacement of the 𝐵 meson decay vertices from the IP in the z-direction. The displace-
ment in the other directions is expected to be far lower.
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electron 𝑝𝑇 (GeV∕c) photon 𝐸 cut (GeV∕c2) angle threshold (rad)
0.3 < 𝑝𝑇 <= 0.6 < 0.09 0.1368
0.6 < 𝑝𝑇 <= 1 < 0.9 0.0737

1 < 𝑝𝑇 < 1.2 0.0632
Table 4.1: Cut Values for the Bremsstrahlung correction

to 200−4 of that emitted by the electrons), and only the momentum of the electrons need to be
corrected for the momentum lost through this radiation. The power radiated is maximal along
the direction of motion of the particle. Therefore, only photons with a direction of motion within
a cone around the initial electron momentum are considered. The four-momenta of the selected
photons are added to the four-momentum of the electron candidates to implement the correction.
Following internal recommendations, the angle of this cone (threshold angle) and the energy
cuts applied on the selected photons are set unevenly, based on the transverse momentum of the
electron. The exact values are given in Tab. 4.1.

Additionally, particle identification (PID) variables are considered. The aim is to quantify the
probability that the detected particle is the particle of interest, given the observation of a track in
the detector. This can then be used to apply cuts on observed tracks. Through Bayesian logic, this
probability scales with the probability that the track observed belongs to the particle of interest,
in other words the likelihood of this particle hypothesis. Hence PID varibles are defined by this
likelihood. The likelihoods are obtained separately for each detector part, and these are multiplied
to give the total likelihood of the particle hypothesis.

So-called global PID variables represent the relative likelihood of the hypothesized particle
in comparison to the likelihood of the five other particle hypotheses considered at Belle II [13].

𝑃𝐼𝐷𝑃 =
𝑃

𝜋 + 𝐾 + 𝑒 + 𝜇 + 𝑝 + 𝑑
(4.1)

Based on recommendations from the collaboration, the likelihood-based PID variable which
uses no SVD information was used to select muons. A cut was placed at > 0.9.

Another method of quantifying the particle identification information from the detector is to
use a Boosted Decision Tree (BDT). The BDT is trained on the forementioned likelihood infor-
mation from the detectors, as well as showershape parameters from the ECL. The development of
showers is expected to differ between EM-interacting electrons, minimally ionising particles such
as muons, and hadronic particles such as pions. Hadrons, in addition to being minimally ionising,
give off hadronic split-offs. This refers to the creation of secondary particles as a hadron interacts
with the detector material. Considering showershape parameters exploits these differences for
particle identification. For electron selection the BDT-based PID variable is preferred, based on
performance evaluations by the dedicated subgroup. As for the muon candidates, a cut is applied
at > 0.9
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4.2.2 𝐷∗∗ Reconstruction
The 𝐷∗∗ mesons were reconstructed only in the 𝐷∗∗ → 𝐷∗+𝜋− channel. First, the 𝐷0 meson
candidates were reconstructed in nine decay channels. Next, they were combined with a charged
𝜋 candidate and subsequently a second. The reconstruction of 𝐷0 meson will be introduced first.

𝐷0 Reconstruction

The nine hadronic decay channels included in the𝐷0 reconstruction give a total branching fraction
of 27.2%. These decay channels are listed in Tab. 4.2. Limiting the analysis to only hadronic
decay channels of 𝐷0 ensures there is only one neutrino in the final decay products (coming from
the signal 𝐵 decay). This feature is employed during signal selection, as described later in this
section.

Cuts applied on the track parameters to the charged kaon and pion candidates are consistent
with those applied to the lepton candidates. The neutral 𝐾0

𝑆 and 𝜋0 candidates need to be recon-
structed from final state particles as they generally decay inside the detector or the beam pipe.
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Figure 4.3: The mass distribution for neutral pions reconstructed in the 𝜋 → 𝛾𝛾 channel. The
distributions for correctly reconstructed candidates and the rest are given as two unstacked his-
tograms. The cuts applied during the selection are given by the dashed lines.

𝜋0 Reconstruction: 𝜋0 decays into a pair of photons with a branching fraction of 98.8%. For
the reconstruction, two photons were selected with an invariant mass of 0.118GeV < 𝑀(2𝛾) <
0.152GeV (see Figure 4.3). The value of this cut was determined by fitting a Gaussian to the
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mass distribution of reconstructed and truth-matched 𝜋0 candidates (see Figure A.1). Lower and
upper cuts were placed at ±2𝜎 from the nominal mass of 𝜋0 (∼ 135MeV ).

The two sources of background during the photon cluster reconstruction are beam background
and hadronic split-off. The latter is emitted by hadrons which interact with detector material, and
produce clusters in the ECL which are not matched to any tracks. In order to suppress these back-
ground processes, outputs from two classifiers are used when selecting the photons. The cuts
applied on the MVA outputs are beamBackgroundSuppression > 0.5 and hadronicSplitOffSup-
pression > 0.1. These cuts were decided based on recommendations from the dedicated group.

𝐾0
𝑆 Reconstruction: The reconstruction of neutral particles that travel some distance from the

IP before decaying, denoted V0, is implemented by a task-specific algorithm in basf2 [39]. All
oppositely charged tracks are paired by this algorithm, and for each pair the tracks are extrapolated
to the innermost hit of one of the tracks. Afterwards, a vertex fit is implemented, and combinations
that fail the extrapolation or the vertex fit are rejected. Accepted candidates are selected by further
cuts. One is that the invariant mass of the combination should be within 30MeV of the nominal
V0 candidate mass, for 𝐾0

𝑆 this gives a cut of 0.468GeV < 𝑀 < 0.528GeV (see Figure 4.4).
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Figure 4.4: The mass distribution for 𝐾0
𝑆 candidates reconstructed in the 𝐾0

𝑆 → 𝜋+𝜋− channel.
The distributions for correctly reconstructed candidates and the rest are given as two unstacked
histograms. The cuts applied during the selection are given by the dashed lines.

The reconstructed 𝐷0 candidates are required to have invariant masses within 2𝜎 of the nom-
inal mass of the 𝐷0 meson. The value of the 𝜎 (width) was obtained separately for each decay
channel by a Gaussian fit to the distribution of truth-matched candidates. The plots with the fits
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are shown in Fig. A.2. This separation was necessary since the width of the distribution for some
channels were much larger. For instance channels involving neutral pions, due to the mass res-
olution on these particles. It should be noted that for the decays with lower branching fractions,
a lower number of reconstructed signal events are used in this fit, and the width is less well-
determined. In addition, the agreement with a Gaussian is in general imperfect, and some of the
fits are biased. Nevertheless, the fit results suffice as approximate numbers to place the invariant
mass cuts on.

The signal reconstruction efficiencies (defined in Subsec. 4.7.1) for each decay channel are
given in the right column of Tab. 4.2. These are calculated based on the number of signal Υ(4𝑆)
events obtained from a 400 fb−1 MC data sample, using equation 4.5.

Here the generated number of events is calculated based on the number of generated 𝐵𝐵
pairs and the product branching fraction of the decays down to the final state particles. The
statistical uncertainties stated are based on the Poisson uncertainty on the number of reconstructed
events (𝑁𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑), which is √𝑁𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 . Any uncertainty on the number of generated events
is neglected here. The uncertainties on the efficiencies are specified since for decays with low
numbers of reconstructed events, e.g. 𝐷0 → 𝐾0

𝑆𝐾
0
𝑆 , the reconstruction efficiency appears to be

large, but so is the uncertainty on this value. Overall, 𝐷0 → 𝐾−𝜋+ is the channel which yields
the highest number of signal events.

Decay Channel Branching Fraction (%) 𝐵𝑠𝑖𝑔𝑛𝑎𝑙 Reconstruction
(Belle II MC) Efficiency (%)

𝐷0 → 𝐾−𝜋+ 3.9500 3.37 ± 0.19
𝐷0 → 𝐾−𝜋+𝜋0 14.4000 0.69 ± 0.04

𝐷0 → 𝐾−𝜋+𝜋+𝜋− 5.1072 1.25 ± 0.10
𝐷0 → 𝐾0

𝑆𝜋
+𝜋− 1.9357 1.49 ± 0.18

𝐷0 → 𝐾0
𝑆𝜋

+𝜋−𝜋0 0.4147 4.71 ± 0.68
𝐷0 → 𝐾0

𝑆𝜋
0 0.8572 1.19 ± 0.24

𝐷0 → 𝜋+𝜋− 0.1455 4.19 ± 1.08
𝐷0 → 𝐾+𝐾− 0.4080 5.78 ± 0.76
𝐷0 → 𝐾0

𝑆𝐾
0
𝑆 0.0097 8.34 ± 5.9

Total: 27.2281
Table 4.2: 𝐷0 decay channels included in the reconstruction, along with the branching fractions
and reconstruction efficiencies.

It is possible that more background i.e. incorrectly reconstructed events are included by cer-
tain 𝐷0 decay channels, than signal. This would reduce the significance of the final sample, where
significance is defined as explained below. This is investigated by repeating the reconstruction
and best candidate selection (Subsec. 4.5) steps nine times, each time excluding one of these
decay channels from the reconstruction. The final significance is evaluated in each case, and
compared to the significance obtained when all nine channels are included in the analysis. It was
observed that while some channels do not improve the significance, none of them negatively im-
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pact this figure of merit, and all of them contribute to the reconstructed signal count. Therefore,
the analysis is continued with all nine 𝐷0 decay channels.

Significance

Significance is a figure of merit used to evaluate the performance of the reconstruction. It is
defined as given in equation 4.2, and it represents how the number of signal events after selection
compares to the fluctuations in the total number of events, i.e. signal plus background.

𝑆𝑠𝑖𝑔𝑛𝑎𝑙 =
𝑆

√

𝑆 + 𝐵

𝑆 ≝ Number of signal events
𝐵 ≝ Number of background events

(4.2)
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𝐷∗ and 𝐷∗∗ Reconstruction

The 𝐷0 candidates are combined with charged tracks fitted with the pion mass hypothesis, to
obtain 𝐷∗± candidates. These are subsequently combined with an additional charged pion to form
the neutral 𝐷∗∗ mesons. The pion originating from the 𝐷∗ decay is termed the soft pion. Since
the difference between the rest mass of 𝐷∗± and 𝐷0 is around 145MeV, and the charged pion
mass is around 140MeV, the momentum of the pion originating from this decay is kinematically
constrained to low values. The momentum of this soft pion in the CMS frame is required to be
lower than 200MeV, to reject background from 𝐵 meson decays with higher energy pions. Due
to its low momentum, PID variables do not achieve well differentiability for these particles, and
no cut is applied on these variables.

As done at the 𝐷0 reconstruction stage, an invariant mass cut is applied on the decay products
of the 𝐷∗± candidates. However this time the Δ𝑀𝐷∗ = 𝑀𝐷∗−𝑀𝐷0 variable is used. This variable
is determined with higher resolution, and the signal distribution shows a more pronounced peak
than the 𝑀𝐷∗ variable. A cut was placed at 3𝜎 from the nominal value, where 𝜎 is again obtained
by a Gaussian fit to the Δ𝑀𝐷∗ distribution of truth-matched 𝐷∗± candidates as shown in Fig. A.3.

Vertex Fits

After reconstruction of the 𝐵𝑠𝑖𝑔𝑛𝑎𝑙 vertex from the 𝐷∗∗ and lepton candidates, a vertex fit was
implemented using TreeFitter [32]. TreeFitter is one of the vertex fitting algorithms implemented
in basf2. The fit takes in as parameters information from entire decay trees, such as the momenta
of the final state particles and the four momenta and decay time of the intermediate particles.
This analysis made use of two vertex fits, one at the signal 𝐵 decay vertex, and later one at the
𝐷∗ − 𝓁 vertex. The second fit was tested since fitting a vertex of two particles was expected to
be less computationally extensive and yield more accurate results than including the 𝜋 track. In
the end, both fits were implemented, and the result of the signal B vertex fit was used to apply a
cut by rejecting candidates that failed the fit. Meanwhile, the 𝜒2 result of the 𝐷∗ − 𝓁 fit was later
used in the best candidate selection, described in Sec. 4.5.

4.3 Tag Side

The second 𝐵 meson in the event was reconstructed in exclusively hadronic decay channels using
the Full Event Interpretation algorithm, introduced in subsection 4.3.1. This method of fully
reconstructing the second B, so-called tagging helps put constraints on the kinematic properties
of the signal 𝐵 meson. In the context of this analysis, this helps determine the momentum of
the signal 𝐵 meson despite the missing momentum due to the 𝜈, which is used in the 𝑞2 study.
Additionally, reconstructing the tag𝐵 in hadronic channels ensures that the only source of missing
energy is the neutrino from the semileptonic signal decay.
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4.3.1 Full Event Interpretation (FEI)

FEI is a multivariate classifier (MVC) based algorithm employed widely in Belle II analyses.[37]
It is used to reconstruct full decay chains in a hierarchical manner, starting from final state parti-
cles. At each reconstruction stage, in other words, when an intermediate particle is reconstructed,
an MVC is used to evaluate the probability that the reconstructed candidate describes the true de-
cay. The output of the classifier is passed on to the next level of reconstruction, along with the four
momenta of the particles and information from vertex fits. Therefore, the final classifier output
for the 𝐵 meson candidate combines all this information in one value, called signal probability.
This value is used to reject or accept candidates on the analysis level.

FEI was used to reconstruct the tag 𝐵 only in hadronic decay channels. Hadronic reconstruc-
tion has the advantage of having no missing particles in the final decay products. This allows
the kinematic properties of the 𝐵 meson to be fully reconstructed. One drawback of this method
is that it gives lower reconstruction efficiency (0.61%) compared to semileptonic FEI (1.45%) or
inclusive tagging approaches since it is limited by the branching fraction of 𝐵 meson decays in
the hadronic decay channels considered [37]. For the purposes of this analysis, this approach was
deemed suitable since the reconstruction of the signal 𝐵 momentum is necessary for the 𝑞2 study.

After the FEI reconstruction, only𝐵 candidates with signal probability> 0.001were included
in the analysis. Tighter cuts were tested, however this cut was found to perform the best, as
discussed in the section on cut optimisation (Sec. 4.6).

4.3.2 Other Selection Cuts

There are two other variables of interest when evaluating whether the reconstructed candidate is
in fact a 𝐵 meson decay: Δ𝐸 and 𝑀𝑏𝑐. Δ𝐸 is defined as 𝐸𝐵 − 1

2
𝐸𝐶𝑀𝑆 . For a 𝐵 meson coming

from an Υ(4𝑆) event, where the Υ(4𝑆) energy is the CMS energy, this value is expected to be
zero. Whereas 𝑀𝑏𝑐 is defined as √𝐸𝑏𝑒𝑎𝑚 − |𝑝𝐵|2, and since beam energy should be equal to the
energy of either 𝐵 meson in a signal event, this value should equal the 𝐵 meson mass for true
signal candidates.

Loose cuts of −0.1GeV < Δ𝐸 < 0.1GeV and 5.27GeV < 𝑀𝑏𝑐 < 5.29GeV were applied
to these variables to reject some of the background candidates which were falsely reconstructed.
This is likely to be due to missing particles, or using particles from the signal side in the recon-
struction, which would give inaccurate total momentum for the 𝐵 meson. However, it should be
noted that the distribution of 𝐵𝐵 background events also peak in the signal region for both of
these variables. One explanation of this is the cut applied on the 𝐵𝑡𝑎𝑔 signal probability. Since
FEI employs vertex fits to give the final signal probability, it is expected that this cut favours back-
ground candidates that fit the momentum requirements for a 𝐵 meson decay. This would enhance
the background distribution in the signal region, while eliminating background in other regions,
resulting in a peaking background shape. In addition, the Δ𝐸 variable is used in the training of
the FEI, which may also cause this peaking background.
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Figure 4.6: Δ𝐸 (left) and 𝑀𝑏𝑐(right) distributions of reconstructed Υ(4𝑆) candidates. All the
other cuts, including the signal probability cut have been applied. Candidates are shown in one
background and three signal categories.

4.4 Event Selection

4.4.1 Missing Energy and Momentum
The energies and momenta of the reconstructed signal and tag 𝐵 are not expected to add up to the
initial energy and momentum in the collision event, due to the neutrino which leaves no traces
in the detector. For signal decays which include only one neutrino, the missing energy can be
assigned to this single neutrino. Then, the rest mass calculated from the missing energy and
momentum (Eqn.4.3) in the event must be zero for signal events. (the neutrino mass is negligible
under detector resolution) This is a distinguishing feature of semileptonic decays with a single
neutrino.

𝑀𝑚𝑖𝑠𝑠 =
√

𝐸2
𝑚𝑖𝑠𝑠 − |𝑝𝑚𝑖𝑠𝑠|2 (4.3)

A disadvantage of this variable is that it is model dependent, since
√

𝐸2
𝑚𝑖𝑠𝑠 − |𝑝𝑚𝑖𝑠𝑠|2 =

√

(

𝐸𝑚𝑖𝑠𝑠 − |𝑝𝑚𝑖𝑠𝑠|
) (

𝐸𝑚𝑖𝑠𝑠 + |𝑝𝑚𝑖𝑠𝑠|
), and (𝐸𝑚𝑖𝑠𝑠 + |𝑝𝑚𝑖𝑠𝑠|

) is a model dependent quantity. A model
independent variable may be defined as given in Eqn. 4.4 which, by the same argument peaks at
zero for signal events. An initial cut was applied symmetrically around zero, at −0.1GeV < 𝑢 <
0.1GeV. This was later optimised as described in Sec. 4.6, to give a looser, asymmetric cut.

𝑢 = 𝐸𝑚𝑖𝑠𝑠 − |𝑝𝑚𝑖𝑠𝑠| (4.4)
Additionally, in order to distinguish decays with a 𝜈 from other decays with low missing mass

and low missing momentum, a loose cut of |𝑝𝑚𝑖𝑠𝑠| > 0.05GeV was applied.
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Figure 4.7: 𝑀2
𝑚𝑖𝑠𝑠 and 𝑢 distributions for Υ(4𝑆) after selection cuts and best candidate selection.

The different 𝐵𝑠𝑖𝑔𝑛𝑎𝑙 decay modes are shown as stacked histograms.

4.4.2 Rest of Event

Rest of Event (ROE) is the term given to all the tracks and clusters in the collision experiment,
which were not used in reconstructing the particle of interest. In this analysis, the ROE of recon-
structed Υ(4𝑆) candidates was studied. Since no additional particle is created in the scattering of
𝑒+𝑒− → Υ(4𝑆), for true signal events ROE should consist of solely beam background. Therefore,
the existence of physics background in the ROE is an indicator that the event is not a true Υ(4𝑆)
event.

Since beam background is common between signal and background events, better distin-
guishability is obtained by eliminating these events from the ROE. The cuts applied on ROE
tracks and clusters for this purpose are termed ROE masks. To eliminate some of the low energy
beam background, a cut of 𝐸 > 0.1GeV was applied to all clusters in the ROE. In addition, the
timing of ECL clusters can be used to distinguish particles from the 𝑒−𝑒+ collision. At Belle II, the
timing of a cluster is defined as the fitted time of the signal recording at the highest energy ECL
crystal of the cluster [13]. The difference between this measurement and the time of event, after
some calibration and corrections, is called clusterTiming, and is expected to be zero for particles
originating from the 𝑒−𝑒+ collision. The use of this variable on MC simulation is undertaken
with caution since there have been reports of data-MC disagreement in the distributions of this
variable by the collaboration. Nevertheless, for this analysis a loose cut of clusterTiming< 200𝑚𝑠
was applied.

Moreover, tracks from physics background originate from the interaction point, whereas beam
background does not. Hence, particles considered in the ROE are constrained to be close to the
IP by applying the cut: |𝑑𝑧| < 0.5 cm. Additionally, and for the same purpose of eliminating
beam background, a cut of 𝑝𝑡 > 0.08 was applied. A detailed investigation, and optimisation of
these cuts was not conducted.

After applying the ROE masks, two variables are used to differentiate signal Υ(4𝑆) events



26 4. Reconstruction

from background. One of these is 𝐸𝑅𝑂𝐸
𝑒𝑥𝑡𝑟𝑎 , which is the total energy of the particles in the ROE.

In the ideal case, where the ROE masks eliminated all beam background events, this variable
would equal zero for signal events. In practice, it is still expected to take on lower values for
signal than for background. The cut on this variable was optimised to < 0.6GeV in Sec. 4.6.
The second variable considered is the number of tracks in the ROE (nTracks𝑅𝑂𝐸). Through a
similar argument, we expect no ROE tracks to be detected for signal events. Hence this variable
is required to be zero.

After the finalisation of the ROE masks, it was suspected that one of the track cuts on on the 𝑝𝑡and |𝑑𝑧| may be redundant, since they are both expected to effectively remove beam background.
Moreover, the |𝑑𝑧| cut has the disadvantage that it might remove particles originating from 𝐾0

𝑆decays. At this stage, the ROE masks were kept unchanged. However, in order to investigate this
suspicion, the 𝐸𝑅𝑂𝐸

𝑒𝑥𝑡𝑟𝑎 distribution was observed after loosening the cut on |𝑑𝑧|, while keeping the
𝑝𝑡 cut fixed. This is shown on Fig. 4.8. No change on the distirbutions of signal and background
events was observed, which supports our suspicion that the 𝑝𝑡 cut may have already removed most
beam background events. This observation also hints at low number of 𝐾0

𝑆 decays in the observed
events, since one would expect the 𝑑𝑧 cut to make a difference otherwise.
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Figure 4.8: The influence on varying the |𝑑𝑧| cut in the ROE mask while keeping all the other
cuts the same. The dashed lines give background and full lines signal distributions. It is observed
that the variation has close to no impact.

4.5 Best Candidate Selection
There was found to be more than one Υ(4𝑆) candidate which passed all the cuts detailed in the
previous sections. After applying the cuts, the average number of candidates per event was ≳ 2.
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The reconstruction process may produce differentΥ(4𝑆) candidates which share some of their
daughter particles. For instance, a single 𝐵𝑠𝑖𝑔𝑛𝑎𝑙 candidate might be remaining after applying all
the cuts, however this can be combined with various 𝐵𝑡𝑎𝑔 candidates to produce a multiplicity of
Υ(4𝑆) candidates. Therefore, a best candidate selection (BCS) is implemented through a series
of steps aimed at picking the most signal-like candidate for each particle in the reconstruction. In
each step, candidates are ranked according to the value of a given varible (listed below), and the
best ranking candidates are selected to move on to the next step. Multiple candidates are allowed
to have equal rank. These variables are, in order:

1. Difference between the reconstructed mass of 𝐷0 and the nominal mass. (lowest value is
given highest rank)

2. Difference between the reconstructed mass difference of 𝐷±∗ and the nominal value. (low-
est value is given highest rank)

3. 𝐵𝑡𝑎𝑔 signal probability (highest value is given highest rank)
4. 𝜒2 probability from the vertex fit of 𝐷±∗-𝓁 candidates. (highest value is given highest rank)
If events with multiple candidates remain after these four steps, one is chosen at random.

The effect of this random selection is negligible since the candidate multiplicity at this stage was
∼ 1.02.

4.6 Cut Optimisation
After the selection of all cut variables, a decision was made to simultaneously optimise the cuts
on four chosen variables. The four variables were 𝑢, 𝐸𝑅𝑂𝐸

𝑒𝑥𝑡𝑟𝑎 , 𝐵𝑡𝑎𝑔 signal probability, and 𝑝𝐶𝑀𝑆
𝓁 .

These were chosen due to the fact that an approximate placement of the cuts based on observing
signal and background distributions was deemed non-trivial. The optimisation was limited to four
variables to save computing time.

A four dimensional, equally spaced grid was set with each dimension containing possible
values of one of the variables. Then a search was implemented on the grid, by evaluating the
significance on a 400 fb−1 MC sample after applying the cuts at each point in the grid. The point
which maximised the significance was chosen to set the values of the cuts on these four variables.
The MC sample used was already subjected to all the other cuts mentioned in this chapter, but
not the BCS, since this is typically performed at the end to avoid discarding more events than
intended.

The grid search was implemented three times, each time with a smaller and finer grid placed
at areas which gave higher significance in the previous search. The final search was implemented
on the following values :

• 𝑢 lower cut: 11 values between −0.2GeV and 0GeV

• 𝑢 upper cut: 11 values between 0.1GeV and 0.3GeV



28 4. Reconstruction

• 𝐸𝑅𝑂𝐸
𝑒𝑥𝑡𝑟𝑎 upper cut: 21 values between 0.6GeV and 0.8GeV

• 𝐵𝑡𝑎𝑔 signal probability lower cut: 11 values between 0.001 and 0.005

• 𝑝𝐶𝑀𝑆
𝓁 lower cut: 11 values between 0.3GeV and 0.7GeV

The optimisation improved the signal significance from 19.21 to 21.15, which corresponds
to a 10.13% increase. The difference in significance is 8𝜎 away from zero, which points to a
significant improvement. The number of reconstructed signal events increased from 831 to 1483
decays, whereas the number of background events increased from 1041 to 3164. The values of
the cuts after the optimisation are shown in Fig. 4.9
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Figure 4.9: The distributions of the four variables considered in the Grid Search Optimisation for
signal, 𝐵𝐵 background, and continuum events. The cuts before and after optimisation are shown
by the dashed lines.

4.7 Summary and Efficiency
All the cuts applied during the Υ(4𝑆) reconstruction are summarised in Tab. 4.4, and ROE cuts
are given in Tab. 4.5.
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4.7.1 Reconstruction Efficiency
Reconstruction efficiency gives the fraction of generated or produced signal decays which were
obtained by the reconstruction (see Eqn. 4.5).

𝜖𝑟𝑒𝑐 =
𝑁𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑

𝑁𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
(4.5)

The total number of generated events which decay into the channels considered can be cal-
culated directly using the number of charged 𝐵 mesons generated (𝑁𝐵−𝐵+), and the branching
fractions used in the MC simulation. From this, and the number of reconstructed signal events
from 2.4 ab−1 MC simulation, the total reconstruction efficiencies for each 𝐷∗∗ decay were cal-
culated.

𝑁𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝑁𝐵± ×  (𝐵− → 𝐷∗∗𝓁𝜈) × 
(

𝐷∗∗ → 𝐷∗+𝜋−)

× 
(

𝐷∗+ → 𝐷0𝜋+) ×
∑


(

𝐷0 decays)) (4.6)

Additionally, the reconstruction efficiency may be dependent on the four-momentum transfer
during the decay. This is expected since some reconstruction criteria have used variables which
are correlated to the 𝑞2. To estimate this variation, 5000 generator level signal MC samples
were generated with no reconstruction applied, and the 𝑤 distributions were obtained. From
the distributions the fractions of events generated in each of the three 𝑤 bins were obtained (the
binning here is the one used in the binned fit detailed in Sec. 6). By multiplying these with
the total number of generated events calculated as in Eqn. 4.6, and comparing to the number of
reconstructed events in each bin, one obtains the per bin reconstruction efficiencies. These are
listed in Tab. 4.3.

Efficiencies per 𝑤 bin
𝜖𝑡𝑜𝑡𝑎𝑙𝑟𝑒𝑐

(

×10−5
)

𝜖𝑏𝑖𝑛1𝑟𝑒𝑐

(

×10−5
)

𝜖𝑏𝑖𝑛2𝑟𝑒𝑐

(

×10−5
)

𝜖𝑏𝑖𝑛3𝑟𝑒𝑐

(

×10−5
)

𝐷1 9.69 8.55 10.99 10.46
𝐷∗

2 10.21 7.67 11.49 12.31
𝐷′

1 9.58 4.92 11.18 15.82
Table 4.3: Total and per bin reconstruction efficiencies for the three signal 𝐷∗∗ decays.

It is worth noting that one can assume the tag and signal side reconstruction efficiencies to
be independent. This allows one to get an estimate of the reconstruction efficiency of the signal
𝐵 alone. For this the reported efficiencies should be divided by the tag side (FEI) reconstruction
efficiency, which is reported to be 0.61% [37]. Another comment is that there is some uncertainty
on the branching fractions used while calculating the number of generated events. However,
since the same uncertainty is present in the number of reconstructed events (the same branching
fractions were used in the MC generation), this uncertainty cancels out.
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𝐷±∗ 0.1414GeV < Δ𝑀𝐷∗ < 0.1484GeV Δ𝑀𝐷∗ closest to nominal value

Ta
g
𝐵

𝐵𝑡𝑎𝑔 signal probability > 0.001
−0.1GeV < Δ𝐸 < 0.1GeV Highest signal probability
5.27GeV < 𝑀𝑏𝑐 < 5.29GeV

−0.12GeV < 𝑢 < 0.24GeV
𝑝𝑚𝑖𝑠𝑠 > 0.05GeV

Table 4.4: Summary of all cuts and selections applied during the Υ(4𝑆) reconstruction.



4.7 Summary and Efficiency 31

R
O

E R
O

E
se

le
ct

io
n

tracks 𝑝𝑡 > 0.08GeV
|𝑑𝑧| < 0.5 cm
nCDCHits> 0

clusters 𝐸 > 0.1GeV
abs(clusterTiming)< 200ms

C
ut

s

𝐸𝑅𝑂𝐸
𝑒𝑥𝑡𝑟𝑎 < 0.6GeV

nTracks𝑅𝑂𝐸 = 0

Table 4.5: Summary of the selection of ROE particles, and ROE cuts applied on Υ(4𝑆) events.
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Chapter 5

Fit

5.1 Fit Procedure

The yields of each 𝐵 → 𝐷∗∗𝓁𝜈 decay and background events were estimated by an unbinned
extended maximum likelihood fit to the Δ𝑀𝐷∗∗ distribution, performed using the RooFit library
[53], included in the ROOT framework. The probability density functions used in the fit were
generated from MC simulation by the kernel density estimation method. The methods and results
will be detailed in the following subsections.

𝐵 → 𝐷∗∗𝓁𝜈Δ𝑀𝐷∗∗ Distribution
The Δ𝑀𝐷∗∗ distributions of signal and background events after selection and classification

are given in Fig. 5.1, where Δ𝑀𝐷∗∗ = (𝑀(𝐷∗∗) − 𝑀(𝐷∗+)). For the PDF production and the
fit, the distribution is split into four components: Three signal 𝐵 decays into 𝐷1∕𝐷∗

2∕𝐷
′
1𝓁𝜈, and

one background component including all other decays. The non-resonant 𝐵 → 𝐷∗𝜋𝓁𝜈 decay
was classified as background. Consequently, it makes up the largest proportion of background
decays. As mentioned in Ch. 3, the abundance of this decay channel is under scrutiny, and the
background distribution seen in Fig. 5.1 may look different in future analyses.

The Δ𝑀𝐷∗∗ distribution shapes of these four components are distinguishable since the sig-
nal distributions have different widths and peak at slightly different positions, whereas the back-
ground distribution is non-peaking. Therefore, Δ𝑀𝐷∗∗ was used as the fitting variable.

MC Sample
The fit detailed in this chapter was implemented on hadronic FEI skims (see Ch. 3) from a

400 fb−1 run independent MC sample. This corresponds roughly to the integrated luminosity of
the data collected by Belle II before Long Shutdown 1. The PDFs were produced using a separate
MC sample of 2.4 ab−1 for the signal components and 600 fb−1 for the background component.
The luminosity of the background component was limited by the amount of FEI skims available
at the time of this analysis (see Ch. 3).
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Figure 5.1: The Δ𝑀𝐷∗∗ distribution of 𝐵 → 𝐷∗∗𝓁𝜈 candidates after reconstruction and best
candidate selection, classified by signal 𝐵 decay modes.

5.1.1 Kernel Density Estimation
Kernel density estimation [25] is one method of producing a continuous and differentiable prob-
ability density function (PDF) which describes discrete data points. It is a non-parametric ap-
proach, meaning it does not rely on knowledge of an underlying physical model with tunable
parameters and can be applied directly on a given data set 1. This has the advantage that PDF cre-
ation is not influenced by the parameterisation of the model. Nevertheless, there is a dependency
on the amount of statistics available for PDF creation.

The method places a non-negative, real, and normalisable function (so-called kernel) at each
data point in the data set, and adds these kernels to produce an estimator for the PDF. The use of the
kernels is to smooth out the data points, and approximate the underlying continuous distribution.
The PDF estimator is defined as in equation 5.1 below.

𝑓 = 1
𝑛ℎ

𝑛
∑

𝑖=1
𝐾

(

𝑥 − 𝑡𝑖
ℎ

)

(5.1)

1Since MC simulation is used for the PDF estimation, which is based on an underlying decay model, there is still
dependence on the accuracy of modelling.
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Here 𝑡𝑖=1,2,..,𝑛 are the points in the data set, and h is the so-called bandwidth. In order for the
method to remain non-parametric, the bandwidth is determined solely based on the data set. The
value of this variable determines the smoothness of the final PDF, in other words how much of
the small scale fluctuations are included in the PDF. A standard choice of the kernel 𝐾(𝑥) is a
Gaussian with 𝜇 = 0 and 𝜎 = 1. This is the kernel used in this analysis.

𝐾(𝑥) ≝  (0, 1) = 1
√

2𝜋
𝑒−𝑥2 ⁄2 (5.2)

Instead of using a fixed bandwidth parameter, one could tune this parameter individually for
each data point. This is termed KDE with adaptive width. The bandwidth is calculated as shown
below.

ℎ𝑖 = 𝜌
(4
3

)1⁄5 √ 𝜎
𝑓0(𝑡𝑖, ℎ0)

𝑛−1⁄5 (5.3)

Here 𝑛 is the number of events in the data set, 𝜌 is the so-called smoothness parameter, and 𝑓0is calculated as in Eqn. 5.1, with a fixed bandwidth parameter. Intuitively, this equation imposes
that the width is narrower for regions with a higher density of data points. This way the small
scale fluctuations of the distribution are captured more accurately in these regions. The 𝜌 param-
eter can be tuned to suppress fluctuations globally. It has been found that the method does not
have dependence on the initial value of the bandwidth, ℎ0, whereas the parameter 𝜌 is optimisable
for better results. Moreover, the choice of 𝜌 is accepted to be even more influential on the result
than the choice of kernel [22].
𝜌 Optimisation

A Cross-Validation method was used to obtain an optimal value for 𝜌. Cross-Validation meth-
ods, in general, involve splitting a dataset into training and validation sets iteratively to evaluate
a model. In this context, this is done by first obtaining an estimator for the PDF by KDE, using
all data points except one, 𝑓𝑖(𝐷 − 𝑡𝑖; 𝜌). Then, the PDF is evaluated on the data point which was
excluded from training, by means of a loss function, 𝐿(𝑓𝑖(𝑡𝑖), 𝑡𝑖). Repeating this for each point
in the dataset and summing the values of the loss function gives the Cross-Validation (CV) term
which is minimised by the choice of 𝜌.

CV(𝜌) = 1
𝑁

𝑁
∑

𝑖=1
𝐿(𝑡𝑖, 𝑓 (𝐷 − 𝑡𝑖; 𝜌)) (5.4)

Mean Integrated Square Error (MISE) (defined in Eqn. 5.5) was chosen as the loss function
because it is shown to give consistent PDF estimators. In other words, the MISE loss function is
asymptotically minimised [22].

𝐼(𝑝(𝑥), 𝑞(𝑥)) = ∫ (𝑝(𝑥) − 𝑞(𝑥))2𝑑𝑥 (5.5)
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With this choice of the loss function and a Gaussian Kernel, the criteria of minimising the
CV in Eqn. 5.4 reduces to minimising the quantity defined in Eqn. 5.6. Here 𝑡𝑖 and ℎ𝑖 are defined
as above, and 𝑛 denotes the number of points in the data set. This equation is based on the one
given in Ref. [22]. During the derivation of Eqn. 5.6, some of the terms which are independent
of ℎ𝑖 are left out, which results in negative CV values.

CV(𝜌) = 1
𝑛(𝑛 − 1)

𝑛
∑

𝑖=1
 (0,

√

2ℎ𝑖) +
(𝑛 − 2)
𝑛(𝑛 − 1)2

∑

𝑖≠𝑗
 (𝑡𝑖 − 𝑡𝑗 ,

√

ℎ2
𝑖 + ℎ2

𝑗 )

− 2
𝑛(𝑛 − 1)

∑

𝑖≠𝑗
 (𝑡𝑖 − 𝑡𝑗 , ℎ𝑗)

(5.6)

After splitting the PDF data set into four fit classes (and 𝑤 bins for the binned fit), KDE was
repeated with 400 evenly spaced 𝜌 values from 0 to 4, and the values which minimise the CV were
chosen to be used in the PDF production. The table below shows the obtained 𝜌 values and the
corresponding CV values (using PDFs for the full 𝑤 range). This is compared to the CV obtained
when 𝜌 = 1, which is the default value in RooFit.

PDF Class 𝜌𝑂𝑃𝑇 CV(𝜌𝑂𝑃𝑇 ) CV(𝜌 = 1)
(CV(𝜌𝑂𝑃𝑇 ) − CV(1)

)

⁄ CV(1)
𝐵 → 𝐷1𝓁𝜈 0.37 -6.6724 -6.63579 0.55%
𝐵 → 𝐷∗

2𝓁𝜈 0.53 -4.40801 -4.39163 0.37%
𝐵 → 𝐷′

1𝓁𝜈 0.66 -1.32702 -1.32679 0.02%
Background 0.33 -1.01914 -1.00682 1.22%

Table 5.1: The Cross-Validation values for each of the four PDF classes, using the full 𝑤 range.
The CV values for the optimised values of 𝜌 are given alongside the default value, and the relative
difference in CV due to the optimisation.

5.1.2 Extended Maximum Likelihood Fit
The collision experiment (or simulation) can be modelled as a sampling of N points from an
underlying PDF. Here the total PDF (Eqn. 5.7) is obtained by summing the individual PDFs
(

𝑓𝑖(𝑥)
) produced as detailed in the previous subsection. The PDF has as floating parameters the

coefficients of each component in the sum. To this model one may add the fact that in a col-
lision experiment the total number of events N itself can be modelled as a Poisson distributed
random variable with an underlying mean value 𝜈. This case is treated by the extended maxi-
mum likelihood formalism [24], which gives the log likelihood function given in equation 5.8.
Here 𝜇𝑗 denotes the number of events sampled from each component distribution, defined as
𝜈𝜃𝑗 . Maximising the function in equation 5.8 (or minimising the negated function) gives maxi-
mum likelihood (ML) estimates for these values, which are then used in the branching fraction
estimates.
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𝑓TOTAL(𝑥) =
4
∑

𝑖=1
𝜃𝑖𝑓𝑖(𝑥) (5.7)

𝑙𝑜𝑔(𝐿(𝜇)) = −
4
∑

𝑗=1
𝜇𝑗 +

𝑁
∑

𝑖=1

4
∑

𝑗=1
𝑙𝑜𝑔(𝜈𝜃𝑗𝑓𝑗(𝑥𝑖)) (5.8)

For this analysis, an unbinned fit was preferred since it results in more accurate fit results. As
a downside, this method is more computationally extensive, nevertheless feasible with the size of
the data sample used in this analysis.

The minimisation of the negative log likelihood (NLL) function is carried out using the ROOT
implementation of MINUIT [36]. Internally, it calls the MIGRAD and HESSE algorithms for
finding the parameter values at minimum, and estimating the covariance matrix from the second
derivatives of the NLL. It should be noted that for the estimation of the covariance matrix, the
NLL function was assumed to be quadratic around the obtained minimum 2. In other words, any
non-linearities were not considered in the error calculation.

5.2 Fit Results

𝑛𝐷1
𝑛𝐷∗

2
𝑛𝐷′

1
𝑛𝑏𝑘𝑔

MC Values 398 124 370 250
Fit Results 349.651 ± 32.619 137.565 ± 31.871 426.870 ± 54.118 228.034 ± 40.043

𝑛𝐷1
1 -0.424 -0.226 0.095

𝑛𝐷∗
2

-0.424 1 -0.303 0.066
𝑛′

𝐷1
-0.226 -0.303 1 -0.731

𝑛𝑏𝑘𝑔 0.095 0.066 -0.731 1
global 0.609 0.653 0.829 0.771

Table 5.2: Fit results and correlation coefficients for the decay yields. The top two rows give the
true MC values, and the fit results. The remaining rows show the correlation coefficients for the
fitted parameters. The global correlation coefficient gives the correlation between the variable
and the linear combination (of the other variables) with the highest correlation to it. Here I have
changed the number of digits.

The resulting yields from the fit to the full sample are given in Tab. 5.2. The yield of the
decay into 𝐷1𝓁𝜈 was determined with the lowest relative statistical uncertainty of approximately
9.3%, whereas the highest relative uncertainty, as well as the lowest yield was obtained for the
decay into 𝐷∗

2𝓁𝜈. Overall the highest correlation was between the variables 𝑛𝐷′
1

and 𝑛𝑏𝑘𝑔, with a
correlation coefficient of −0.731. This high correlation is comprehensible since the peak of the

2i.e. no use of MINOS in the error estimation.
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PDF for 𝐷′

1 is not as pronounced as the other 𝐷∗∗ modes, and the shape closely resembles the
background PDF shape in certain regions. This is observed on Figure 5.2, where the fitted sum
PDF, along with each PDF component and the MC sample are plotted, and the pull distribution
is shown. The pull distribution is defined as: (𝑥PDF − 𝑥MC) ⁄ 𝜎𝑥.
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Figure 5.2: Top plot: Fitted sum PDF along with the four components and the MC sample used
in the fit. The range 0.95 < 𝑤 < 1.34 includes all reconstructed events, i.e. it is the full 𝑤 range.
The legend gives the PDG names of the 𝐷∗∗ modes, and the narrow and broad 𝐷1 modes are
indicated. Bottom plot: The pull distribution of the sum PDF and the MC sample.

5.3 Fit Validation
Monte Carlo studies were conducted in order to test whether the ML fit resulted in unbiased es-
timators for the yields, and whether the uncertainties were estimated correctly. Using the RooM-
CStudy Class from the RooFit library [53], 1000 toy MC samples were created from the PDFs
and then fitted. The number of events in each toy sample is chosen from a Poisson distribution
with mean equal to the number of events in the "original" 400 fb−1 fit sample. From here on, the
MC sample which was used in obtaining the reported results will be referred to as the original
sample.
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The fit results are regarded as biased if the mean of the distribution of results from toy studies
differs significantly from the underlying true value3 of the parameter. One way to check this is to
define a pull parameter as in equation 5.9, and to inspect its distribution. If a Gaussian fit to the
distribution returns a mean consistent with zero, it is concluded that the fit is unbiased. Further-
more, since the pull values are normalised by the estimated uncertainty on the fitted variable, if
the width of the Gaussian is 1, this indicates that the uncertainties are estimated correctly.

ℎ𝑝𝑢𝑙𝑙 =
𝜇̂ − 𝜇
𝜎̂

(5.9)
Figure 5.3 shows the pulls for the four fit parameters plotted with the Gaussians, fitted by a binned
ML fit. A binned fit is less computationally extensive and is deemed to be sufficiently accurate
in this case. Slight biases are observed for the 𝐷1 and 𝐷∗

2 fits, corresponding to pull means
of −0.113 ± 0.031 and −0.085 ± 0.031. Multiplying these by the mean fit uncertainty of the
toy fits and dividing by the mean fit result gives the relative biases on the fit results. These are
(1.047 ± 0.288)% and (2.363 ± 0.859)% for the 𝐷1 and 𝐷∗

2 yields respectively. The bias on 𝐷∗
2may be a result of statistical fluctuations, since it is still within 3𝜎 from zero. Nevertheless a

systematic uncertainty is assigned (Ch. 7) to the final branching fraction results to account for
these biases.

5.4 Branching Fraction Estimation
The yields obtained from the fit were used to estimate the product branching fractions using the
formula below.

(𝐵− → 𝐷∗∗𝓁−𝜈) × (𝐷∗∗ → 𝐷∗+𝜋−) =
𝑁𝐷∗∗

𝑁𝐵−𝐵+ × 𝜖𝑟𝑒𝑐 × (𝐷∗+ → 𝐷0𝜋+) ×
∑

(𝐷0𝑑𝑒𝑐𝑎𝑦𝑠)
(5.10)

where 𝑁𝐷∗∗ are the yields obtained from the fit, 𝑁𝐵−𝐵+ is the number of charged 𝐵𝐵 pairs in
the sample, and 𝜖𝑟𝑒𝑐 is the reconstruction efficiency. When working with data, one does not know
the exact value of 𝑁𝐵−𝐵+ . It may instead be calculated as:

𝑁𝐵−𝐵+ = 𝑁Υ(4𝑆) × 
(

𝑌 (4𝑆) → 𝐵−𝐵+) (5.11)
Hence, the result depends on how well the branching fraction  (𝑌 (4𝑆) → 𝐵−𝐵+) is deter-

mined. The uncertainty due to this is discussed in Ch. 7.
Additionally, the division by the branching fractions of the 𝐷∗ and 𝐷0 decays in Eqn. 5.10

is necessary since the yield obtained is limited by the decays considered in the reconstruction.
Alternatively, these values could be included in the reconstruction efficiency, and the result would
be identical. In this analysis, the product branching fractions are estimated for better comparabil-
ity to the current PDG values (which are reported as product branching fractions). Furthermore,
to estimate the total branching fractions for 𝐵− → 𝐷∗∗𝓁𝜈, one would need to use the branching

3In this case this is the number of events in the input PDF.
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Figure 5.3: The pull distributions for the four fit parameters from fits to 1000 toy MC samples.

fraction for𝐷∗∗ → 𝐷∗+𝜋− in the calculation, adding to the uncertainty on the result. The resulting
branching fractions are reported and discussed in the conclusion chapter (Ch. 8).



Chapter 6

Four Momentum Transfer (𝑞2) Study

Binned Fit in w

In order to obtain either the 𝑞2 or the 𝑤 distribution of the reconstructed decays, the fit which
was detailed in the previous chapter (Chapter 5) was implemented in bins of the respective vari-
able. 𝑞2 values for the decays were calculated using equation 2.2 with the reconstructed 𝐵 and
𝐷∗∗ four-momenta. 𝑤 was calculated from this 𝑞2 value, using equation 2.3 with the PDG values
of the 𝐵 and 𝐷∗∗ masses. Hence 𝑤 is defined simply as a linear transformation of the recon-
structed 𝑞2. It is worth mentioning that by not using the reconstructed masses of these particles
in the 𝑤 calculation, the finite width of these particles, along with resolution effects during the
reconstruction are being neglected.

Since the aim is to extract the shape of the 𝑤 distribution, one needs to implement the fit in
more than one bin in this variable. Using more bins would allow the shape to be more thoroughly
determined, however, the number of bins which can be used is limited by statistics. The decision
on how to do the binning in 𝑤 was made by testing the fit with different numbers of uniform bins
on a separate fit sample of 700 fb−1 run independent MC (MC14)1. As a test of how well the fit
determines the result, the fractional statistical error on the fit results was evaluated in each case.
The performance was vastly different for the three 𝐵 → 𝐷∗∗𝓁𝜈 decays due to the difference in
the sample size. Decays into 𝐷∗

2𝓁𝜈, which had the fewest events, correspondingly showed large
fractional errors for as few as three or four bins. Eventually, the decision was made to limit the
fit to three bins.

Additionally, upon observing that the fit generally performed worse for the bins with a lower
number of events, a switch from uniform to equal-frequency bins was made. Equal-frequency
binning allows there to be sufficient statistics in each bin for a converging fit, although there are
still variations in the number of events for each PDF category. Note that as a result, the exact
positions of the bin boundaries fluctuate slightly depending on the PDF estimation MC sample
used, and may need to be re-evaluated if the analysis is repeated with a different sample. However,
the fluctuations are not expected to be drastic as long as the underlying decay model remains the
same. As a further test of the number of bins, a fit with four equal-frequency bins was validated

1This test was implemented in the early stages of the analysis, and not repeated later. This is why the MC sample
used here was different than the ones used to obtain the other results reported in this thesis.
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Figure 6.1: The fractional statistical uncertainties on the fit results for Δ𝑀𝐷∗∗ fits with different
numbers of 𝑞2 bins. The x-axis represents the total number of bins used in the fit. The uncertain-
ties for the fits in different bins are identified by different colours. The numbering of the bins is
from 1 to N (where N is the total number of bins), with increasing 𝑞2 values.

following the method described in Sec. 5.3. Large biases were observed, confirming that the
current amount of data is insufficient to perform the fit in more than three bins.

After splitting the PDF and fit datasets into three bins, the KDE and ML fits were repeated
with each sample. Another option would be to produce a single PDF using only one of the 𝑤 bins,
or the whole 𝑤 range. These could be used to fit all the 𝑤 bins as long as the shape of the Δ𝑀𝐷∗∗

distribution does not differ drastically based on the 𝑤 values. This option would be sensible if
a larger number of bins was used. With only three bins, it was viable to produce separate PDFs
for each bin. It was observed that this method was more accurate since the PDF shapes indeed
showed differences for the different 𝑤 bins. The results of the binned fit are given in Tab. 6.1,
and the plots of the fitted functions for the three bins are given in Fig. A.2 and Fig. A.4 in the
Appendix.

The fit was validated using the methods described in Section 5.3. The resulting pull plots are
given in the Appendix (Fig. A.4, A.5, A.6). Some of the fits show biases, which will be taken as
systematic uncertainties on the final results. For instance, the toy studies on the 𝐷1 PDF in the
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Figure 6.2: The yields obtained from the binned fit plotted alongside the MC generated yields.

w Values 𝑛𝐷1
𝑛𝐷∗

2
𝑛𝐷′

1
𝑛𝑏𝑘𝑔

0.95 − 1.19 MC 171 49 91 60
Fit 173.435 ± 21.630 69.765 ± 19.270 99.615 ± 24.274 28.198 ± 17.859

1.19 − 1.26 MC 127 42 113 66
Fit 90.950 ± 17.128 58.350 ± 17.131 134.252 ± 27.828 64.471 ± 20.166

1.26 − 1.34 MC 100 33 166 124
Fit 80.704 ± 17.472 14.408 ± 19.278 254.702 ± 40.675 73.186 ± 27.596

Table 6.1: Fit results for the Δ𝑀𝐷∗∗ fit in three bins of w.

second 𝑤 bin resulted in a pull distribution with mean −0.136 ± 0.031. This is a possible reason
why the obtained fit result deviates from the MC value by ∼ 2.1𝜎𝑠𝑡𝑎𝑡. It is also observed that the
fit in the third 𝑤 bin results in 𝑛𝐷′

1
and 𝑛𝑏𝑘𝑔 values which deviate by ∼ +2.2𝜎 and ∼ −1.84𝜎 from

the MC yields. The correlation coefficient between these two fit parameters is −0.780, therefore
it is sensible that while 𝑛𝐷′

1
is overestimated, 𝑛𝑏𝑘𝑔 would be underestimated. Qualitatively, the

PDF shapes for these two decay modes are very similar in some regions, which might explain
why the fit performs poorly for these two parameters. These inaccuracies in the fit results are not
investigated further in this analysis due to time constraints.

6.1 Unfolding

The detector measures the momenta and energy of the particles with finite resolution. Therefore,
the reconstructed kinematic properties of the particles are generally different than the generated
(true) values. Hence, when observing the binned distribution of a reconstructed variable such as
𝑤, as long as the sizes of the bins are comparable to the resolution of the variable, one expects
some events to be reconstructed in different bins than the one they were generated in. This effect
is called migration. This could change the shape of the distribution significantly and needs to be
corrected to obtain the true distribution.



44 6. Four Momentum Transfer (𝑞2) Study

6.1.1 Migration Matrix
The sizes of the migrations are represented by an 𝑛 × 𝑛 matrix, where 𝑛 is the number of bins
in the distribution, called the migration or response matrix 𝑀 . The elements of the matrix are
defined as in Eqn. 6.1, and they represent the frequentist probability that an event generated in
bin 𝑖 is reconstructed in bin 𝑗.

𝑀𝑖𝑗 =
𝑁 (𝑖𝑗)

𝑟𝑒𝑐

𝑁 𝑗
𝑔𝑒𝑛

where 𝑁 (𝑖𝑗)
𝑟𝑒𝑐 is the number of events generated in bin 𝑗 and reconstructed in bin 𝑖

𝑁 𝑗
𝑔𝑒𝑛 is the total number of events generated in bin 𝑗

(6.1)

Given the true distribution of the variable and the migration matrix, the reconstructed dis-
tribution is given by the matrix product of the two (Eqn. 6.2). Otherwise, if the reconstructed
distribution is known, one needs to solve for the true distribution by inverting 𝑀𝑚 in a process
called unfolding.

𝑁 𝑖
𝑟𝑒𝑐 =

𝑁𝑏𝑖𝑛𝑠
∑

𝑗=1
𝑀𝑖𝑗𝑁

𝑗
𝑔𝑒𝑛

⟺ 𝑣𝑟𝑒𝑐 = 𝑀𝑣𝑔𝑒𝑛
⟺ 𝑣𝑔𝑒𝑛 = 𝑀−1𝑣𝑟𝑒𝑐

where 𝑁 𝑖
𝑟𝑒𝑐∕𝑔𝑒𝑛 ≝ Number of reconstructed/generated events in bin i

𝑣𝑟𝑒𝑐∕𝑔𝑒𝑛 ≝ [𝑁1
𝑟𝑒𝑐∕𝑔𝑒𝑛...𝑁

𝑁𝑏𝑖𝑛𝑠
𝑟𝑒𝑐∕𝑔𝑒𝑛]

𝑇

(6.2)

In this analysis, only the 𝑤 distribution for signal 𝐵 → 𝐷1𝓁𝜈 decays were unfolded since the
decay rate fit was only implemented for this decay. 𝑀 was estimated using the 2.4 ab−1 charged
𝐵𝐵 sample. The generated values for 𝑤 were calculated using the generated 𝑞2 values and the
PDG values of the 𝐵 and 𝐷∗∗ masses. Using the same binning as in the Δ𝑀𝐷∗∗ fit, the number
of events in each reconstructed and generated bin were counted. The migration matrix obtained
is given in Fig. 6.3. Note that the range of the reconstructed (𝑤) and the true variable (𝑤𝑀𝐶) in
the matrix are different, since 𝑤𝑀𝐶 only takes the kinematically allowed values of 𝑤, whereas
the reconstructed 𝑤 have been smeared to values outside this range. For the 𝑤 axis the narrowest
range that includes all events is used.

It is observed that the width of the two higher w bins were narrow enough to observe more
than 15% migration. The resolution is worsened by the fact that the sample includes some non-
truth-matched events that are still classified as signal by the custom signal-matching (Sec. 4.1).
This is shown on the scatter plot in Fig. 6.4. One can observe that the decays where the signal 𝐵 is
truth-matched form a narrower diagonal line, and all the outliers are non-truth-matched. One also
observes more outliers for higher w values, hence the resolution is w dependent for this sample.
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Figure 6.3: The migration matrix plotted as a 2D histogram. The colouring represents the values
of the elements. The precise values are written on the bins.
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Figure 6.4: Scatter Plot of the true 𝑤𝑀𝐶 distribution versus the
reconstructed 𝑤 distribution for signal 𝐵 → 𝐷1𝓁𝜈 decays. Dif-
ferent colours represent different results of the signal B MC truth-
matching.

Furthermore, in order
to obtain estimates of the
𝑤 resolution, the 𝑤 −
𝑤𝑀𝐶 distributions were fit-
ted by a Gaussian func-
tion in each 𝑤 bin, and
the resulting width 𝜎 is
taken. The fit was imple-
mented separately for de-
cays where signal 𝐵 was
truth-matched, and the re-
maining decays, since the
latter is observed to have
worse resolution. The
resulting 𝜎 values were:
(8.30±0.27)×10−3, (7.51±
0.41)×10−3, (7.79±0.39)×
10−3 for the truth-matched
decays, and (1.39±0.12)×
10−2 , (2.03±0.18)×10−2,
(1.09±0.27)×10−1 for the
remaining decays. These
numbers should only serve
as an estimate, since for some samples, e.g. the third 𝑤 bin of non-truth-matched decays, the
histogram is not accurately described by the Gaussian. The fits are shown in Fig. 6.5
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Figure 6.5: Gaussian Fits to the 𝑤−𝑤𝑀𝐶 spectrum for (left) truth-matched and (right) not truth-
matched 𝐵 → 𝐷1𝓁𝜈 candidates in 3 𝑤 bins.
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6.1.2 Unfolding Result
The fitted event yields for the𝐵 → 𝐷1𝓁𝜈 decays (Table 6.1) were unfolded by the matrix inversion
method shown in Eqn. 6.2. The unfolded distribution is plotted on Fig. 6.6, alongside the fit yields
and the true 𝑤 distribution from MC. Ideally, the unfolding would reproduce the true distribution.
However, some bias is observed in the unfolded distribution. The biases for the three bins, defined
as (

𝑁unfolded −𝑁true
) in this case were: 5.0 ± 23.6, 33.6 ± 21.7, and 22.3 ± 21.2 for bins with

increasing 𝑤. Only the unfolded number of events contribute to the stated uncertainties, with the
assumption that 𝑁𝑇 𝑟𝑢𝑒 is a known quantity with zero uncertainty. The calculation of the errors on
the unfolded yields is described in Sec. 7.2.
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Figure 6.6: The number of events in each w bin obtained by the fit, after unfolding, and in the true
MC distribution. The w range is larger for the fitted yields since these represent the reconstructed
values, whereas the unfolded and the true distributions represent the true w distribution, which
only takes kinematically allowed values.

As discussed in the previous section, the slight bias on the unfolded yields is likely to be
introduced by the fit. To confirm that no additional bias is introduced by the unfolding, the recon-
structed MC yields from the 400 fb−1 fit sample were unfolded using the same method. In this
case the biases were 2.5 ± 14.4, 7.1 ± 14.5, and 2.5 ± 12.4, which are all consistent with zero.
Hence, the unfolding results are taken as they are.

Matrix inversion is a straightforward method of unfolding, and it yields unbiased results given
that the unfolded distribution is sufficiently similar to the one used to estimate the migration
matrix. However, for certain problems, e.g. when the migration matrix is singular, one needs
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to consider different methods. There exist other methods of unfolding such as singular value
decomposition (SVD) [31], Bayesian [26], iterative dynamically stabilised (IDS) [45] methods.
Among these, the SVD method was tested at the early stages of the analysis. However, upon
observing no improvement in the unfolding bias, this method was not adopted. The remaining
unfolding methods might show improvement in the unfolding. However, the testing of these is
beyond the scope of this analysis.

6.2 Decay Rate Fit

The 𝑤 dependence of the 𝐵 → 𝐷1𝓁𝜈 decay is studied by fitting the decay rate in Eqn. 2.6 to the
distribution obtained after the fit, unfolding and the efficiency correction. The model depends
on four parameters, 𝜏(1), 𝜏′, 𝜏1, 𝜏2 2, the definitions of which were introduced in Ch. 2. Out of
these parameters 𝜏′, 𝜏1, 𝜏2 affect the shape of the differential decay rate distribution, whereas 𝜏(1)
affects the normalisation. Hence 𝜏(1) may be calculated based on an assumption or measurement
on the branching fraction of the decay, and the other three parameters may be estimated by a fit.

Due to limited statistics, the model is fitted to a distribution with three bins, which makes it
challenging to simultaneously fit three parameters. Hence, only 𝜏′ is fitted and the other three
are fixed to the values used in the MC simulation: 𝜏(1) = 0.71, 𝜏1 = −0.5, 𝜏2 = 2.9. This
parameter was chosen because the shape is sensitive enough to this parameter to give a convergent
fit. Moreover, the same parameter was fitted in a previous study by Belle, and the result may be
compared to the result of that analysis.

The result is obtained by a 𝜒2 fit 3 [12] implemented in ROOT. Before implementing the fit,
the function 𝑑Γ ⁄ 𝑑𝑤 is normalised to the total number of events in the histogram. During the
fit, the function is first integrated over the 𝑤 range of each bin, then divided by the bin width.
Additionally, the values of the histogram are divided by the bin width, so that they represent the
events rates rather than the event numbers. The resulting value is comparable to the decay rate:
Δ𝑁 ⁄ Δ𝑤 ∝ 𝑑Γ ⁄ 𝑑𝑤. This also prevents possible problems in the fit due to uneven bin widths.

The fitted function along with the histogram is shown in Fig. 6.7. The result of the fit is
𝜏′ = −1.738 ± 0.166. This corresponds to a relative fit uncertainty of ∼ 9.8%. This uncertainty
may also be observed on the plot, where the fitted curve is not in very good agreement with the
histogram. Nevertheless, the fit resulted in a 𝜒2 probability or p-value of 0.132, which shows that
this sample is still in agreement with the model4. Additionally, the fit result is consistent with the
true (MC) value of 𝜏 ′ = −1.6 within the fit uncertainty.

2𝜏(1) and 𝜏′ are more generally denoted 𝜏3⁄2(1), 𝜏′3⁄2 e.g. in Ref. [44], since the values of the parameters are
different (but related) for the 𝑗 = 1 ⁄ 2 and 3 ⁄ 2 states. Here the subscript is dropped since only the spin-3 ⁄ 2𝐷∗∗ state
is considered.

3The modified least square or Neyman’s 𝜒2 is used. This is the default in ROOT.
4This is based on the general criterion that a p value > 0.05 is not considered a significant deviation from the

model.
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Figure 6.7: The 𝑑Γ ⁄ 𝑑𝑤 fit result. The histogram represents the number of events in each 𝑤 bin
(after unfolding and efficiency correction) normalised by the bin widths. The red plot is the fitted
function.

6.3 Extrapolation

It was mentioned repeatedly that the precision of the fit is limited by the statistics available with
the 400 fb−1 fit sample. Hence, one might expect increased sensitivity to the 𝜏′ measurement
with future Belle II data sets. According to the projections at the time of writing [15], Belle II is
targeting to reach integrated luminosities of 1 ab−1 in 2024/25, 5 ab−1 before 2029, and 50 ab−1

around 2035.
To estimate how much improvement could be expected at these luminosities, toy MC samples

were generated from the original Δ𝑀𝐷∗∗ PDF, corresponding to 1, 5, and 50 ab−1. Additionally,
400 fb−1 toy MC samples were generated to compare to the nominal result. For each luminosity,
1000 samples were generated and fitted using RooMCStudy. The averages of the resulting yields
were unfolded and the decay rate fit was applied as described in Sec. 6.1 and Sec. 6.2. The
uncertainty on the fit results were taken to be the average of the uncertainties from individual toy
fits. The results are given in Tab. 6.2, and the fitted functions and histograms are given in Fig.
6.8 and Fig. 6.9.
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Luminosity (ab−1) 𝜏′ Fit Uncertainty
0.4 -1.615 0.149
1 -1.703 0.097
5 -1.661 0.046

50 -1.621 0.018
Table 6.2: 𝜏′ values obtained from fitting generated MC samples.

It is observed that for 400 fb−1 the relative uncertainty on the result from toy studies is lower
than the nominal result, and the fitted value of 𝜏′ is closer to the MC value of the parameter. This is
within expectations since the fit would perform better on samples generated from the PDF used in
the fit. Correspondingly, one could expect the uncertainties for toy studies at higher luminosities
to be lower than what should be expected on separate samples. Nevertheless, the steady decrease
in the relative uncertainty from the 400 fb−1 toy MC samples to the 50 ab−1 gives an estimate of
the relative reduction in the uncertainty that might be expected with future data sets. Moreover,
as a confirmation that the fit performs better with higher luminosity samples, the result of the fit
approaches the value of 𝜏′ in the simulation, which is −1.6.

It should be pointed out that the fits at higher luminosities give progressively higher 𝜒2 values,
and as a result, lower 𝑝-values. For the 5 ab−1 and 50 ab−1 samples 𝑝 < 0.05, which indicates
that the model fits the data poorly. The increase in 𝜒2 might be explained by the fact that the
systematic errors were neglected at this stage. At low luminosities, since the statistical uncertainty
is dominant, this was less influential on the quality of the fit. However, for higher luminosities,
the systematic uncertainties become more significant, and adding these could improve the fit.
However, this is not investigated in this analysis due to time constraints.

The Δ𝑀𝐷∗∗ fit here was implemented with the same binning for all luminosities for compar-
ison. However, it should be possible to add more degrees of freedom to the fit by dividing the
dataset into more bins for higher luminosities. This is expected to further improve the result since
the shape of the 𝑤 distribution may be better described by more bins. It might also be possible
to simultaneously fit the other 𝑑Γ ⁄ 𝑑𝑤 parameters. These potential improvements are beyond the
scope of this analysis.
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(b) Extrapolation to 1 ab−1

Figure 6.8: The 𝑑Γ ⁄ 𝑑𝑤 fits with toy samples corresponding to 0.4, and 1 ab−1.
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(b) Extrapolation to 50 ab−1

Figure 6.9: The 𝑑Γ ⁄ 𝑑𝑤 fits with toy samples corresponding to 0.4,1, 5, and 50 ab−1.



Chapter 7

Systematic Uncertainties

In this chapter possible sources of systematic uncertainties are discussed, and the methods of
estimating some of them are detailed. List of all the uncertainties considered for the branching
fraction and 𝜏′ measurements are given on Tab. 7.2 and Tab. 7.1.

7.1 PDF Estimation Uncertainty
The PDFs for the Δ𝑀𝐷∗∗ fit were estimated based on MC simulation. The limited size of this MC
sample is a source of systematic uncertainty on the fit results.

The resulting uncertainties on the branching fractions were estimated by bootstrapping the
MC sample used for PDF creation to create 1000 samples. Bootstrapping refers to the method of
sampling 𝑛 points from the data sample, where 𝑛 is the number of elements in the original sample,
allowing repetition. The KDE and the Δ𝑀𝐷∗∗ fit on the 400 fb−1 MC sample were repeated
with each bootstrapped PDF sample. The branching fractions were calculated, using the same
reconstruction efficiency each time. The distribution of results for each 𝐷∗∗ mode was fitted by
a Gaussian, and the resulting standard deviation is taken as an estimate of the uncertainty on the
result (see Fig. 7.1). The highest relative uncertainty is on the 𝐷∗

2 branching fraction (∼ 9.5%),
which is expected as the MC sample used for the PDF creation is the smallest for these decays.

In order to evaluate the corresponding uncertainty on the 𝜏′ result, the same method of re-
sampling the PDF sample was implemented for the binned fit, followed by the unfolding and the
decay rate fit (see Fig. 7.2).

7.2 Migration Matrix Estimation Uncertainty
The elements of the migration matrix have statistical uncertainties depending on the size of the
MC sample used to estimate them. Some simplifying assumptions have been made in order to
estimate these uncertainties:

1. The number of events generated in a given𝑤 bin and reconstructed in bin 𝑖 (𝑖 = 1, 2, 3) were
treated as three multinomially distributed random variables, where the number of trials is
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(c) 𝐵 → 𝐷1′𝓁𝜈

Figure 7.1: The resulting branching fractions after implementing the Δ𝑀𝐷∗∗ fit with 1000 boot-
strapped PDF samples. The result of the nominal fit, along with the statistical uncertainties is
plotted for comparison. The histogram is scaled so that the area under it is 1.
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Figure 7.2: The resulting 𝜏′ values after implementing the Δ𝑀𝐷∗∗ fit with 1000 bootstrapped
PDF samples. The result of the nominal fit, along with the statistical uncertainties are plotted for
comparison.

𝑁 𝑗
𝑔𝑒𝑛 (the total number of decays generated in 𝑤 bin number 𝑗).

2. The total number of events generated in different bins were assumed to be uncorrelated i.e.
Corr(𝑁𝑘

𝑔𝑒𝑛, 𝑁
𝓁
𝑔𝑒𝑛) = 𝛿𝑘𝓁

3. The probability of reconstruction in bin 𝑖 (for an event generated in bin 𝑗) was taken to be
equal to the migration matrix elements

(

𝑁 (𝑖𝑗)
𝑟𝑒𝑐

𝑁 𝑗
𝑔𝑒𝑛

)

.
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Based on these assumptions, the variances and covariances of the 𝑁 (𝑖𝑗)
𝑟𝑒𝑐 values were calcu-

lated using formulas for the multinomial distribution [48]. Using these, the uncertainties on the
migration matrix elements were calculated by Gaussian error propagation, described below (Eqn.
7.1). The resulting covariance matrix is given in Fig. 7.3(a).
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Figure 7.3: The covariance matrix for (a) the elements of the migration matrix, (b) the elements
of the inverted migration matrix, (c) the unfolded yields.
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Gaussian Error Propagation

Given a differentiable function 𝑓 of variables {𝑥𝑖}𝑖=1,..,𝑁 with uncertainties {𝜎𝑖}, and covariances
𝐶𝑜𝑣(𝑥𝑖, 𝑥𝑗), the error on 𝑓 is:

𝜎𝑓 =

√

√

√

√

𝑁
∑

𝑖=1

(

𝜕𝑓
𝜕𝑥𝑖

)2

𝜎2
𝑖 +

𝑁
∑

𝑖≠𝑗

(

𝜕𝑓
𝜕𝑥𝑖

)(

𝜕𝑓
𝜕𝑥𝑗

)

𝐶𝑜𝑣(𝑥𝑖, 𝑥𝑗) (7.1)

Another method of obtaining the migration matrix estimation uncertainties is by bootstrapping
the MC sample used to produce the migration matrix, and see the variation of the matrix elements
for the different samples. This is tested with 1000 bootstrapped samples and the results agree with
the calculated uncertainties. This is a confirmation that the assumptions made in the calculation
accurately describe the data sample.
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(c) Third diagonal term of 𝑀
Figure 7.4: The diagonal elements of the 1000 generated migration matrices from the boot-
strapped samples. The black dashed line shows the element of the original migration matrix,
and the green shaded region shows the uncertainty on this value.

During the unfolding, the migration matrix is inverted, which introduces correlations to some
of the non-diagonal elements (see Fig. 7.3(b)). Additionally, the uncertainty on the fit results
should be considered when calculating the uncertainty on the unfolding result. These calculations
were done using equation (7) and (11) of Ref. [42].
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7.3 Data MC Correction Uncertainties
The performance of certain methods used in the reconstruction may vary between data and MC
simulation. Consequently, the efficiency and purity of the selection may be mismodelled in the
MC simulation, and these generally need to be corrected when working with data. Since the
results reported in this analysis are based on simulation only, these corrections do not need to
be applied. The uncertainties introduced to the results by these corrections are nevertheless in-
vestigated. The corrections considered here are the slow 𝜋 reconstruction efficiency, the mid
to high momentum track reconstruction efficiency, leptonID corrections, and the FEI efficiency
calibration.

7.3.1 Slow 𝜋 Reconstruction
The reconstruction efficiency for the slow 𝜋 tracks shows slight discrepancy between data and
MC in the low momentum region. The correction weights are measured in three bins of the
slow 𝜋 momentum by the collaboration. These are updated regularly with new measurements,
and the weights used here are based on the Moriond 2023 data set [16]. The bin boundaries
are 0.05, 0.12, 0.16, 0.20GeV∕c, and the correction weights for the bins in order of increasing
𝑝𝜋 are 0.996 ± 0.022, 0.990 ± 0.017, and 0.987 ± 0.019. The uncertainties given are statistical
and are uncorrelated between the bins. In addition, there is a correlated statistical uncertainty of
0.015, and a systematic uncertainty of 0.003 on each bin, which are assumed to be fully correlated
between the bins.

To investigate the uncertainty due to these corrections, 1000 variations of the weights were
generated, by randomly sampling from Gaussians with widths equal to the uncertainties listed
above. With the uncorrelated uncertainties, the weights were varied independently in each mo-
mentum bin, whereas with the correlated uncertainties, every bin was varied by the same ran-
domly sampled amount.

In order to estimate the uncertainty on the branching fractions and the 𝜏′, first the nominal
correction weights are applied to the fit sample. Secondly, the Δ𝑀𝐷∗∗ fit is repeated using the
1000 variations to reweight the PDF sample. The varied weights are only applied on the PDF
sample since the aim is to investigate the case where the fit is implemented on data, and estimate
the effect of mismodelling of the corrections on the PDF sample, which is obtained from MC.
The resulting distributions of the branching fractions and 𝜏′ are given in Fig. 7.5 and 7.6. The
distribution mean is shifted compared to the nominal result, since the nominal result is without
any corrections applied, whereas the distributions show the variation around the corrected result.

7.3.2 Mid to High Momentum Tracking Efficiency
The performance of the reconstruction of high momentum tracks varies between data and MC
simulation. The per-track discrepancy in the efficiencies was measured by the collaboration to be
1 − 𝜖𝑑𝑎𝑡𝑎 ⁄ 𝜖𝑀𝐶 = (0.0607 ± 0.24)% [30]. Since this is consistent with 0, no correction is applied,
i.e. 𝜖𝑑𝑎𝑡𝑎 ⁄ 𝜖𝑀𝐶 ≝ 1 and only a per-track uncertainty is assigned.
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(c) 𝐵 → 𝐷1′𝓁𝜈 Branching Fractions
Figure 7.5: The resulting branching fractions after implementing the Δ𝑀𝐷∗∗ fit with 1000 vari-
ations of the slow 𝜋 efficiency correction weights. The result of the nominal fit, along with the
statistical uncertainties are plotted for comparison.
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Figure 7.6: The resulting 𝜏′ values after implementing the Δ𝑀𝐷∗∗ fit with 1000 variations of
the slow 𝜋 efficiency correction weights. The result of the nominal fit, along with the statistical
uncertainties are plotted for comparison. The statistical error on the nominal fit is scaled by 10−2.

The resulting correction factor for signal reconstruction efficiency is given by this value taken
to the power of the number of tracks in the reconstruction. Here only the tracks on the signal side
are taken into account, since the correction for the tag side (including the track reconstruction
efficiency) is applied separately. In this analysis, the reconstructed signal channels have either
5 or 7 tracks in the final state. An average of the calibration factors for the two cases is taken,
weighted by the number of decay channels for each case (𝑁5 and 𝑁7). To obtain these numbers,
the number of decays with 5 tracks and 7 tracks in the final state were counted in the 2.4 ab−1
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PDF sample.
Since the per-track correction factor is 1, so is the correction factor on the signal efficiency.

The uncertainty on this value can be estimated by varying the per-track correction up or down by
the uncertainty, and checking how much it varies. In other words, equation 7.2 can be solved for
𝜎𝑠𝑖𝑔
𝜖 .

𝛿𝑠𝑖𝑔 ± 𝜎𝑠𝑖𝑔
𝜖 =

𝑁5(𝛿𝑡𝑟𝑎𝑐𝑘 ± 𝜎𝑡𝑟𝑎𝑐𝑘
𝜖 )5 +𝑁7(𝛿𝑡𝑟𝑎𝑐𝑘 ± 𝜎𝑡𝑟𝑎𝑐𝑘

𝜖 )7

𝑁5 +𝑁7

where 𝛿𝑠𝑖𝑔 =
𝜖𝐷𝑎𝑡𝑎

𝜖𝑀𝐶
= 1 and 𝛿𝑡𝑟𝑎𝑐𝑘 =

(

𝜖𝐷𝑎𝑡𝑎

𝜖𝑀𝐶

)

per track
= 1

(7.2)

This uncertainty is not significant for the 𝜏 ′ result. This is because the uncertainty on the
correction is independent of the track momentum for high momentum tracks (neglecting the slow
pion correction which was discussed above).

7.3.3 LeptonID
Since cuts have been applied on electronID and muonID during the selection, the uncertainties
due to the corrections on these variables should be estimated. The correction weights, defined
as 𝜖data ⁄ 𝜖MC are given as functions of the lepton’s momentum in the laboratory frame (𝑝), polar
angle 𝜃, and charge. These weights, along with their uncertainties are provided by the dedicated
group. To investigate the uncertainty due to these corrections, 1000 variations of the weights were
generated, by random sampling from two Gaussians, the widths of which equal the statistical and
systematic uncertainties on the correction weights. The statistical uncertainties are assumed to
be uncorrelated for each bin in 𝑝 × 𝜃. Whereas the systematic uncertainties are assumed to be
fully correlated, and the same random variation is applied to each bin.

The corresponding uncertainties on the branching fractions and 𝜏 ′ are calculated as done for
the slow 𝜋 correction uncertainty (Subsec. 7.3.1). The resulting distributions are shown in Fig.
7.7. The variation of the 𝜏′ values are given in Fig. 7.8. The uncertainty on 𝜏′ is ∼ 0.1% which
is 1% of the statistical uncertainty on this result.

7.3.4 FEI Calibration
As described in Subsec. 4.3.1, the tag side reconstruction by FEI considers a large number of
decay channels, and utilises multiple classifiers. As a result, the reconstruction efficiency may
differ significantly between data and MC, which needs to be corrected. The value of the correction
or calibration factor is measured by the collaboration. Here the result of a 2020 FEI calibration
study [5] was taken directly as an estimate of the expected uncertainty. The study used hadronic
FEI for tag side reconstruction, and reconstructed 𝐵 → 𝑋𝓁𝜈 decays on the signal side. The
tag side reconstruction efficiencies were compared for data and MC. The resulting calibration
factor for charged 𝐵 reconstruction was measured to be 0.65 ± 0.02. Some of the systematic
uncertainties included in the result were the uncertainty on the 𝐵 → 𝑋𝓁𝜈 branching fractions,
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form factor parameters, tracking and particle identification efficiency corrections, and the size of
the MC sample used in the study.
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(c) 𝐵 → 𝐷1′𝓁𝜈 Branching Fractions
Figure 7.7: The resulting branching fractions after implementing the Δ𝑀𝐷∗∗ fit with 1000 varia-
tions of the leptonID weights.

7.4 Other Uncertainties

7.4.1 Fit Bias
As detailed in Subsec. 5.3, the fit validation for the 𝐵 → 𝐷1𝓁𝜈 and 𝐵 → 𝐷∗

2𝓁𝜈 decay yields
showed biases in the result. These biases were are considered a systematic uncertainty on the
branching fraction results. Although the biases are one sided, symmetric uncertainties assigned
as estimates. Additionally, the uncertainty on the bias is added to the systematic uncertainty. The
resulting relative errors on the branching fractions are 1.34% and 3.22%.

The binned Δ𝑀𝐷∗∗ fit also showed some bias on the 𝐵 → 𝐷1𝓁𝜈 yields. The observed biases
were (−1.02±0.41)%, (−2.60±0.59)%, (−1.25±0.76)% of the fit results for bins with increasing
𝑤. The biases are likely to be correlated, since the same fitting method is applied to each bin.
Nevertheless the amount of biases are not the same. This hints that the correlation is not likely
to be 100%. For a more accurate estimate of the resulting uncertainty on the 𝜏 ′ result, the 𝜒2 fit
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Figure 7.8: The resulting 𝜏′ values after implementing the Δ𝑀𝐷∗∗ fit after reweighting the PDF
sample with 1000 variations of the leptonID corrections. The result of the nominal fit, along with
the statistical uncertainties are plotted for comparison. The statistical error on the nominal fit is
scaled by 10−2.

could be repeated, this time taking into account the correlation between the bins, as described
in Ref. [24]. This is not implemented due to time constraints, and instead the method described
below was followed.

Before making an assumption on how the binned yields are correlated, the effect of varying
them in different combinations on the 𝜏 ′ fit result was investigated. Seven possible variations were
tested, where the yield in each bin is either varied by the bias plus the uncertainty on the bias,
or kept the same. The maximum negative variation on the 𝜏 ′ result was 0.55% of the nominal 𝜏 ′
result and occurred when the yield of the first bin was varied down by the bias, and the yield of the
other bins were unaltered. Whereas, the maximum positive variation was 0.43%, and occurred
when the yield for the third bin was unaltered and the other two were varied. These results are
shown on Fig 7.9.

Eventually, it was decided to assign an uncertainty based on the assumption of uncorrelated
bins. Hence the variations in 𝜏 ′ as a result of separately varying each bin (first three points in Fig.
7.9) were added in quadrature to obtain an uncertainty estimate of 0.0121(0.70%).

7.4.2 Υ(4𝑆), 𝐷∗+ and 𝐷0 Branching Fractions

The branching fractions for the Υ(4𝑆) → 𝐵−𝐵+, 𝐷∗+ → 𝐷0𝜋+ and the nine 𝐷0 decay channels
were used in the calculation of the 𝐵 → 𝐷∗∗𝓁𝜈 branching fractions (see equation 5.10). These
uncertainties cancel out during the calculation of the reconstruction efficiency, since the uncer-
tainty affects both the generated and reconstructed number of events from simulation. However,
in the case where the branching fractions are calculated from data, the uncertainty on the Υ(4𝑆),
𝐷∗+ ,and 𝐷0 branching fractions would lead to an uncertainty in the result. This is estimated
using the relative uncertainties on the PDG values of the branching fractions, and propagating
this to the final result.
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Figure 7.9: The resulting 𝜏 ′ values after varying the Δ𝑀𝐷∗∗ fit yields by the biases. The x-axis
labels denote whether the yield from the fit in the 𝑤 bins were varied by the bias. If there is a
1(0) in position 𝑥, the yield in bin 𝑥 was varied(not varied) by the bias.

7.4.3 Decay Model Parameters

The differential decay rates of the simulated 𝐵 → 𝐷∗∗𝓁𝜈 decays depend on the four parameters
of the BLR model. The uncertainty on these variables comprises an uncertainty on the recon-
struction efficiency, since the efficiency is dependent on 𝑤. This uncertainty may be estimated
by varying the decay model parameters within their uncertainties and re-weighting the 𝑤 dis-
tribution, or by generating signal MC using varying values for the parameters. These were not
included in the current study due to time constraints.

Nevertheless, the effect of form factor uncertainties on the migration matrix and the unfolding
result was studied. This effect is not expected to be significant, since the migration matrix depends
on the resolution of the detector, and not on the initial model used for generation. To investigate
this, 1000 variations of the migration matrix were produced by varying the form factor parameters.
In order to obtain the 𝑤true distributions, 𝑁𝑔𝑒𝑛 points were generated from the 𝑑Γ ⁄𝑑𝑤 function by
varying the four parameters. The parameters were varied by random sampling from a multivariate
Gaussian with widths equal to the fit uncertainties given in Ref. [18]. The correlations between
the parameters were taken into account.

The generated distributions were smeared by sampling points from the 𝑤 − 𝑤𝑀𝐶 histogram
obtained from the 2.4 ab−1 PDF sample. Initially, it was attempted to fit this histogram by a
Gaussian1, and use this for smearing. However, the generated migration matrices by this method
were significantly different than the one used in the analysis. Using the histogram resulted in the

1Another attempt was made to fit the histogram by a sum of two Gaussian distributions to model the wider,
non-truth matched component. This did not yield better results.
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Figure 7.10: The diagonal elements of the 1000 generated migration matrices with randomly
varied form factor parameters. The black dashed line shows the element of the original migration
matrix, and the orange shaded region shows the uncertainty on this value.

distributions of migration matrix elements some of which are shown in Fig. 7.10. As observed
on the plots, it is probable to obtain the original migration matrix from these distributions.

Furthermore, it is observed that the variation of the migration matrix elements with varied
decay model parameters is of the same order as the calculated statistical uncertainty on these
values. From this one can conclude that the unfolding does not depend significantly on the decay
model parameters.

Summary Tables

The systematic uncertainties estimated on the 𝜏 ′ result and the branching fractions are given in
Table 7.1 and Table 7.2 below.

Uncertainty on 𝜏 ′
Absolute Relative (%)

PDF 0.02800 1.611
LeptonID Efficiency 0.00188 0.108
Slow 𝜋 Efficiency 0.00044 0.026
Δ𝑀𝐷∗∗ Fit Bias 0.01210 0.696

Total 0.04242 2.441
Table 7.1: List of systematic uncertainties on the 𝜏 ′ result.
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Uncertainty on 𝐷∗∗ Branching Fractions
𝐷1 𝐷∗

2 𝐷1′Abs (×10−5) Rel(%) Abs (×10−5) Rel (%) Abs (×10−5) Rel (%)
PDF Creation 7.97 3.119 9.01 9.456 24.23 7.682

LeptonID Correction 0.95 0.373 1.36 1.422 5.01 1.588
Slow 𝜋 Efficiency 0.18 0.069 0.21 0.219 0.32 0.102

Tracking Efficiency 3.36 1.316 1.25 1.316 4.15 1.316
FEI Calibration 7.66 3.000 2.86 3.000 9.46 3.000
Δ𝑀𝐷∗∗ Fit Bias 3.41 1.335 3.07 3.222 0.00 0.000

Branching Fractions 0.34 0.132 0.42 0.132 0.13 0.132
Total 23.87 9.344 17.89 18.766 43.52 13.794

Table 7.2: List of systematic uncertainties on the 𝐷∗∗ branching fractions.



Chapter 8

Conclusion and Discussion

This analysis aimed at studying the method of measuring 𝐵 → 𝐷∗∗𝓁𝜈 branching fractions sepa-
rately in 𝐷1, 𝐷∗

2 and 𝐷′
1 modes, and studying their 𝑞2 distributions. A hadronic tagging approach

was adopted in order to reconstruct the momentum of the tag B. This tagging approach also re-
sulted in having only one neutrino in the event, coming from the signal side, which allows one to
use the missing mass squared (𝑀2

𝑚𝑖𝑠𝑠)or 𝑢 variables for the selection. After the reconstruction and
selection, the yields of signal and background decays were obtained by a maximum likelihood fit
to the Δ𝑀𝐷∗∗ distribution, and the branching fractions were estimated. Additionally, the fit was
repeated in three bins of 𝑤. The obtained yields were unfolded and fitted by the differential decay
rate model by a 𝜒2 fit. Finally, some of the systematic uncertainties on the results were estimated.

The final results and uncertainties obtained are given on Tab. 8.1, along with the MC values
for comparison. The analysis was not implemented on data due to time constraints. Hence, some
of the questions raised in the Introduction and Motivation chapters need to be investigated by a
future analysis on data. The discussion here is limited to the comparison of the values used in the
MC simulation to the obtained results, and the comparison of the sensitivity of the results to past
analyses.

(𝐵− → 𝐷∗∗𝓁−𝜈) × (𝐷∗∗ → 𝐷∗+𝜋−) Uncertainties
𝐷∗∗ MC (%) Fit (%) 𝜎𝑠𝑡𝑎𝑡(%) 𝜎𝑠𝑦𝑠(%)
𝐷1 0.3023 0.2555 0.0240 (9.40%) 0.0239 (9.34%)
𝐷∗

2 0.0996 0.0953 0.0221 (23.20%) 0.0179 (18.77%)
𝐷1′ 0.2873 0.3155 0.0402 (12.73%) 0.0435 (13.79%)

Parameter MC Fit 𝜎𝑠𝑡𝑎𝑡 𝜎𝑠𝑦𝑠
𝜏 ′ -1.6 -1.738 0.166 (9.6%) 0.042 (2.4%)

Table 8.1: Summary of final results and uncertainties

The resulting branching fractions for the decays into𝐷∗
2 and𝐷′

1 are within 0.19𝜎𝑠𝑡𝑎𝑡 and 0.7𝜎𝑠𝑡𝑎𝑡of the MC values. Whereas the branching fraction of the decay into 𝐷1 deviates from the MC
value by 1.95𝜎𝑠𝑡𝑎𝑡. A portion of this is explained by the bias in the fit, which corresponds to a
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relative bias of (1.05±0.29)% on the branching fraction result. However, correcting the measure-
ment by this bias plus the uncertainty on the bias (1.34%) still gives a discrepancy of −1.81𝜎𝑠𝑡𝑎𝑡from the MC value. This is not investigated further since the discrepancy is sufficiently low to
be due to a fluctuation. The observation that the 𝐵 → 𝐷1𝓁𝜈 branching fraction result obtained is
shifted in the negative direction compared to the distribution of results obtained by bootstrapping
the PDF (see Fig. 7.1(a) in the Systematics chapter) supports the prediction that this might be a
fluctuation. Additionally, it is worth noting that adding only the systematic uncertainty due to the
PDF estimation reduces the discrepancy to 1.42𝜎𝑠𝑡𝑎𝑡.

The biases observed in the fits show that there is room for improvement in the fitting method
of this analysis. These biases are possibly a consequence of low statistics in the MC sample used
for PDF creation. This is supported by the fact that ML estimators are expected to converge to the
true values with increasing sample size [24, p. 70]. Using a larger MC sample in a future analysis
would likely reduce the biases. Additionally, it would improve the precision of the measurements,
since the limited size of the PDF sample produces the leading systematic uncertainty on all the
results (see Table 7.1 and Table 7.2). Another viable option is to use a function to fit the Δ𝑀
spectrum. This option may be more advantageous than simulating more samples since the MC
sample used in this analysis was already sizable at 2.4 ab−1. However, this option would bring
about new uncertainties concerning the accuracy of the model used, and these may surpass the
PDF estimation uncertainty due to the MC sample size.

The precision obtained on the branching fraction measurements of the decays into 𝐷1 and
𝐷′

1 were comparable to the 2008 BaBar analysis conducted on a 417 fb−1 data sample [11]. To
compare the statistical uncertainties obtained by the present analysis to the ones obtained by
BaBar, these need to be scaled by 1 ⁄

√

𝑁BaBar
𝐵𝐵

⁄𝑁𝐵𝐵 or 1 ⁄
√

BaBar
𝐵𝐵

⁄ 𝐵𝐵. Applying the scaling
gives relative statistical uncertainties of 9.2% and 12.5% on the branching fractions of decays
into 𝐷1 and 𝐷′

1. BaBar obtained results of 0.29±0.03(10.34%)±0.03(10.34%) for the branching
fraction of 𝐵 → 𝐷1𝓁𝜈, and 0.27 ± 0.04(14.89%) ± 0.05(18.56%) for the branching fraction of
𝐵 → 𝐷′

1𝓁𝜈 [11]. Here, and in the following paragraphs, the errors stated first are statistical and
the ones stated second are systematic. Hence, the current analysis showed some improvement in
the statistical uncertainties. The comparison of systematic uncertainties is non-trivial since BaBar
has reported some uncertainties which have not been estimated in this analysis. For instance, they
have reported the uncertainty due to the modelling of the broad 𝐷∗∗ states to be 4.5−13.8% [11].
The uncertainty due to the decay model parameters were not estimated in the present analysis,
as mentioned in Subsec. 7.4.3, which may alone make up for the lower systematic uncertainty
reported here compared to the BaBar result.

The branching fraction of the decay into 𝐷1𝓁𝜈 may also be compared to the 2008 Belle anal-
ysis. They reported the branching fraction to be 0.42±0.07(16.67%)±0.07(16.67%) based on an
analysis on 657 × 106 𝐵𝐵 pairs. Scaling the statistical uncertainty of the present analysis, which
was performed with ∼ 216 × 106 𝐵𝐵 pairs, gives ∼ 5.4%, which is less than one-third of the
uncertainty obtained at Belle. Hence the current analysis achieves lower statistical uncertainties
than both the 2008 Belle and 2008 BaBar analyses on the branching fraction of 𝐵 → 𝐷1𝓁𝜈.

On the decay into the other narrow state, Belle reported the product branching fraction to be
0.18 ± 0.06(33.33%) ± 0.03(16.67%). This was the first observation of a semileptonic 𝐵 decay
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to 𝐷∗
2, and only obtained a 35± 11 yield of these decays. Scaling the uncertainty obtained in this

analysis to the luminosity of the Belle dataset results in a relative uncertainty of 13.30%, which
gives higher precision than the Belle result.

BaBar reports the branching fraction(𝐵 → 𝐷∗
2𝓁𝜈)×(𝐷

∗
2 → 𝐷𝜋±) = 0.15±0.02(13.33%)±

0.01(6.67%). They use the following ratio which may also be used to compare the result of the
current analysis to the one BaBar has reported:


(

𝐷∗
2 → 𝐷𝜋

)


(

𝐷∗
2 → 𝐷∗𝜋

) = 2.2[11] (8.1)

Scaling the result of the current analysis and the uncertainties by this ratio, and adjusting the
scaling of the statistical uncertainty by the square root of this ratio gives 0.210±0.032(15.32%)±
0.039(18.7%). Therefore the statistical uncertainty on this result is slightly worse than the one
obtained by the BaBar analysis. The reasons for this are not investigated further in this analysis.

The method of tagging allowed the momentum of the tag 𝐵 to be reconstructed more reliably
compared to other possible approaches, such as semileptonic tagging or an inclusive study. Nev-
ertheless, it resulted in lower reconstruction efficiency. As a result, enough sensitivity was not
reached with the 400 fb−1 sample to implement the 𝑞2 study for the decays into 𝐷∗

2. Although a
high yield of 𝐵 → 𝐷′

1𝓁𝜈 decays were obtained, the 𝑞2 study was not extended to this mode either,
due to time constraints.

As a result of implementing the study on the 𝑤 distribution of decays into 𝐷1, a 𝜏 ′ value of
−1.738 ± 0.166 was obtained on the 400 fb−1 MC sample. This result is within ∼ 0.82𝜎 of the
MC value of −1.6. Again, as a consequence of the limited size of the fit sample, the result has a
high statistical uncertainty of 9.6%.

The precision obtained on the 𝜏 ′ result has nonetheless been improved compared to the 2008
Belle measurement. They obtained a result of −1.8±0.3(16.67%), from a fit to the decays into the
𝐷∗

2 and 𝐷∗
0 modes. A relative statistical uncertainty of 5.49% would be expected from the current

analysis at the luminosity used at Belle. The increase in precision obtained by the current analysis
follows from the much higher yield of the signal decays obtained compared to the Belle analysis.
Since Belle did not report systematic uncertainties on this result, these can not be compared.

Furthermore, the extrapolation of the 𝜏 ′ fit showed that significant improvements can be ex-
pected in the precision of the result with future Belle II data sets with integrated luminosities of
1 ab−1, 5 ab−1, and 50 ab−1. The relative fit uncertainty was lowered to ∼ 1.11% with the gen-
erated 50 ab−1. Nevertheless, this improvement should be taken with a grain of salt, since the
quality of the fit was lowered as the extrapolation was taken to higher luminosities. As discussed
in Subsec. 6.3, this might have been an artefact of not including systematic uncertainties in the fit.
This is due to any mismatch of the PDF sample and the fitted model becoming more significant as
the statistical uncertainty is lowered with increasing MC sample size. The further investigation
of the systematic uncertainties on the 𝜏 ′ result, and their influence on the extrapolation study are
possible topics for a future analysis.

There are other potential improvements and extensions to the study which could be undertaken
by a future analysis. Concerning the reconstruction of Υ(4𝑆) decays, the ROE mask cuts could
be optimised further. The cuts on the beam background MVA variables could also be optimised.
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In order to stay consistent through the course of the analysis, the hadronicSplitOffSuppression
variable was used in the selection. Nevertheless, the current suggestion by the collaboration is
to use the fakePhotonSuppression variable instead. This should be adjusted in a potential contin-
uation of the analysis. For all variables used in the selection, the Data-MC agreement was not
studied in this analysis. This should be undertaken by a future analysis to validate the use of these
variables in the selection.

A detailed study of the types of background decays was not included in the current analysis,
and this is justified by the low background obtained by the selection. A big fraction of the so-
called background decays is made up of the non-resonant 𝐵 → 𝐷∗+𝜋−𝓁𝜈 decays. As discussed
in the previous chapters, the treatment of these decays may be re-evaluated in future analyses.

Furthermore, it was not thoroughly investigated why the Belle II truth-matching algorithm did
not perform as expected with the 𝐵 → 𝐷∗∗𝓁𝜈 decays. For this analysis, it was deemed sufficient
to use a custom truth-matching instead. Nevertheless, it may be useful input for the improvement
of the MC truth-matching algorithm to study the reasons behind its poor performance in this case.
At the very least, it might point to an error made in this analysis while interpreting the results of
the truth-matching, which might help clarify the usage of the algorithm for future analysts.

Concerning the estimation of results and uncertainties, some improvements are possible to
the binning in 𝑤 if the study is repeated on a larger sample. Additionally, different unfolding
methods could be investigated, as mentioned in the respective chapter. On a separate note, it
could be investigated whether the PDF estimation uncertainty is dependent on the value of the 𝜌
parameter. The study of this systematic in this analysis only considered fixed and optimal values
of 𝜌, given in Tab. 5.1.

In conclusion, this master’s thesis has reported on the method of measuring the branching
fractions and the 𝑞2 transfer of the poorly understood 𝐵 → 𝐷∗∗𝓁𝜈 decays with the Belle II exper-
iment. It was shown that the analysis method described here could improve on the precision of
past measurements. Consequently, significant contributions could be made to the understanding
of these decays with current and future Belle II data sets. For the time being, the discrepancies
surrounding the measurements and theory predictions related to these decays persist and provide
an exciting avenue to improve our understanding of the Standard Model.
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Figure A.1: Gaussian Fit to the 𝜋0 mass spectrum for truth-matched 𝜋0 → 𝛾𝛾 decays.
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Figure A.2: Gaussian Fits to the 𝐷0 mass spectrum for 9 decay modes, given in the plot labels.
The distributions only include truth-matched 𝐷0 decays.
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Figure A.3: Gaussian Fit to the 𝐷∗ Δ𝑀 spectrum for truth-matched 𝐷∗± → 𝐷0 𝜋±

decays.
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Figure A.4: The pull distributions of the four fit parameters from fits to 1000 toy MC samples for
the first 𝑤 bin, i.e. 0.95 < 𝑤 < 1.19.
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Figure A.5: The pull distributions of the four fit parameters from fits to 1000 toy MC samples for
the second 𝑤 bin, i.e. 1.19 < 𝑤 < 1.26.
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Figure A.6: The pull distributions of the four fit parameters from fits to 1000 toy MC samples for
the third 𝑤 bin, i.e. 1.26 < 𝑤 < 1.34.
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