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Abstract

The spectroscopy of Charmed Baryons presents a field of study that is yet to be well
understood; this is despite the great experimental and theoretical progress of the past
decade. There exists a plethora of resonances that have been observed whose true compo-
sitions and quantum numbers are unknown, and in a similar token, there are states that
are predicted by various models but have not been observed.

In this work, we study the ground-state singly charmed baryons allocated to an SU(3)
JP = %Jr antisymmetric antitriplet symmetry of flavor space: Af(udc), ZY(dsc) and
Ef(usc). These charmed baryons decay weakly into hadrons such as protons, pions and
kaons, as well as strange baryons (hyperons).

Using up to 90.16 fb™! of integrated luminosity data collected by the Belle IT detector from
events corresponding to e*e~ collisions at near the Y (4S) energy, we reconstruct charmed
baryons from combinations of hadrons and other final state particles, particularly of the
channel modes: A} - pK—n*, BEY » E-n*t, A%K—7* and Ef - E-n*n*, A'K-7txt, with
the secondary decays 2~ — A%r~, and AY - pn~. The charge conjugate combinations of
every mode are also included in the reconstruction.

We distribute reconstructed events primarily in their invariant mass and x, value. The x,
variable represents the ratio of the center-of-mass momentum of the charmed baryons to
the total available momentum from the e*e~ collision. By optimizing the x, distributions
of the charmed baryon candidates to the true signal in Monte Carlo simulations, we gain
insights into the preferred prompt mechanism and kinematic regimes for the production
of optimal signal events.

In this thesis, it is demonstrated that the reconstruction of charmed baryons at Belle II
is optimal for events from prompt cc fragmentations. Beyond establishing an optimal
selection criteria for the reconstructed charmed and strange baryons, we also provide a
measurement of the ratios of branching fractions B(E) - A°K-7*)/B(EY - E-n*), and
B(E} - A°K-ntnt)/B(Ef —» E-ntrnt).
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1. Introduction

The discovery of the J/y resonance in 1974 [1, 2] played a crucial role in solidifying the idea
that hadrons, such as protons and neutrons, are made up of even smaller constituents,
called quarks. At the time, the properties assigned to hadrons included isospin and
strangeness, where the former described the hadron composition involving up-quarks ()
and down-quarks (d), and the latter represented the strange-quark (s) composition. The
J [y particle was found in both electron-positron [1] and hadron [2] collisions, and its
excitations [3] undisputedly indicated a new property—charmness—that involved a new
quark type, the charm quark (c¢). Charmness became a natural extension to the quark
model, introduced by Murray Gell-Mann [4], which related the known hadrons to one
another. Today, two additional quarks are known: top (¢) and bottom (b).

The interactions of elementary particles, like quarks, are governed by the Standard Model
(SM) of Particle Physics. The SM is one of the most precisely tested theories ever con-
ceived, and the existence of six quarks unequivocally contributed to its success. Despite
this, the SM is faced with challenges; aside from the lack of a theoretical framework for
gravitational effects, there are still open questions on the origin of the matter-antimatter
imbalance in the universe, and among others, the nature of dark matter and dark energy.
Similarly, and from a phenomenological standpoint, the quark model has proven to be
a very successful framework for understanding the structure of many observed hadrons.
Hadrons composed of two quarks are called mesons, and those composed of three quarks
are called baryons. The ground states of baryons composed of u, d or s quarks and
those containing one heavy quark (either ¢ or b) have been observed. Only one of three
predicted doubly charmed baryons has been observed, as reported by the LHCb experi-
ment [5]. The quantum numbers associated with many of these ground states have not
been measured [6], and much of the excited spectrum of baryons, especially of those con-
taining heavy quarks, remains an resolved mystery. Since the start of the millennium,
the unexpected observation of XYZ states (charm-like mesons) and tetra-/penta-quarks
(hadron-like structures composed of four/five quarks), has prompted numerous new ex-
planations. These new models go beyond mere extensions of the quark model and reveal
the potential for a plethora of new states [6, 7].

A step towards addressing some of these mysteries is a precise determination of the ground-
state baryons. Baryons containing a heavy quark, like charmed baryons, are especially
interesting, both theoretically and experimentally. Theoretically, they offer an environ-
ment where a three body problem is essentially reduced to a two body problem, as the
charm quark induces a potential which is sufficiently strong for this treatment. These type
of baryons offer an interesting scenario where the non-perturbative regime of Quantum
Chromodynamics (QCD) crosses over to a perturbative regime. Experimentally, some of
these charmed baryons decay weakly and can thus be studied in a controlled environment
with high precision. By combining mesons and photons with these baryons, the higher
excitations can be reached and their properties precisely assessed.



1.1. FOCUS AND OUTLINE

1.1. Focus and Outline

In this thesis, we study the ground state charmed baryons Af, 2 and Z} in the modes:
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In Chapter 2, we introduce the theory underpinning charmed baryons and discuss the
symmetrical structures that relate them to one another. In Chapter 3, we introduce the
particle collider, SuperKEKB, and the detector, Belle II, which provide the data used in
our analysis. In Chapter 4, we give an overview of the various methods and tools involved
in the discrimination of events from data collected by the Belle II detector. In Chapter 5,
we delve into our first mode reconstruction, A} — pK~z", and discuss in detail the various
steps taken to maximize the signal significance of this mode. Here, we also discuss the
agreement between simulation and data. In Chapter 6, we outline the reconstruction of
the various decays of E., Eq. (1.2) through Eq. (1.5). At the heart of the thesis is the
measurement of the ratio branching fractions

B(EY > AK~n")

—< 1.6
B(EY - E-n+) (1.6)

and B+ o K-t
(B > AR m7) (1.7)

B(Ef > Entn*)’
which we present at the end of the chapter. Lastly, in Chapter 7, we conclude with a
summary and an outlook on charmed baryons.



2. Charmed Baryons in the Standard
Model of Particle Physics

In this chapter, we elaborate on the theoretical concepts that underpin the phenomenology
of charmed baryons. In Sec. 2.1, we begin by introducing the standard model of particle
physics, briefly discussing the symmetries that give rise to particle interactions in the
theory. In Sec. 2.2, we introduce the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which
illustrates the mechanism by which quarks undergo weak decays. Delving deeper into
symmetries, in Sec. 2.3, we present the Quark Model, which categorizes combinations of
quarks into groups of hadrons with discrete quantum properties. In Sec. 2.4, we conclude
with a discussion of the quark model predictions in relation to the observed mass spectrum
of the charmed baryons, A, and E..

2.1. Standard Model of Particle Physics

The standard model of particle physics, or simply SM, is based on the symmetry structure
[8-10]

SU(3). ® SU(2);, ® U(1)y. (2.1)

These symmetries are based on the framework of Lie groups, within which particle inter-
actions are expressed in terms of a local gauge-invariant Lagrangian density [9, p. 461].!
The Lagrangian formalism provides a relativistic treatment of fields with spin-0 (scalar
bosons), spin-3 (fermions), and spin-1 (vector bosons). For an interaction involving
fermions, where the fermion is represented by the Dirac spinor? ¥, the gauge-invariant
kinetic terms of the Lagrangian can be expressed as

Po (i7"Dy) .5 Pp- (2.2)

where y# are the Dirac y-matrices [9, p. 91] and D, is the covariant derivative containing
the gauge fields involved in the interaction, [11, 12]

b
D=3 +ig T Wy +ig'VB, +igGAT", b=123, a=L....8. (2.3)
N~ Y—
su), UYr SU(3)e

The individual terms of this equation, along with the meaning of the indices @ and S, are
elaborated next.

1Local gauge invariance implies that the physics remain unchanged under covariant transformations of the
Lagrangian density. The covariant derivative is discussed in the main text.

2A four-component wave function.



2.1. STANDARD MODEL OF PARTICLE PHYSICS

SU(3). denotes the symmetry group of Quantum Chromodynamics (QCD) which de-
scribes how quark fields of different flavors (u,c,t,d, s, b) shape into hadrons through an
underlying symmetry of color exchanges (r: red, g: green, b: blue). The generators of
the SU(3). group, T¢ with a = 1,...,8, can be represented using the Gell-Mann matrices,
which are 3 x 3 matrices that obey the Lie algebra [T4,T?] = if,».T¢, where fup. is the
structure constant of the group. Due to the non-abelian nature of this group, a local
gauge transformation—requiring the conservation of color charges (r, g, b)— gives rise to
8 self-interacting gauge fields G¢, a = 1,2,3,...,8. These fields are called gluons, and
they couple to quarks with the coupling strength g;. In QCD, quarks carry color charge,
thus @ and B of Eq. (2.2) represent the color charge.

Given that only color singlets are observed in nature, hadrons themselves are confined to
color singlets; this is discussed in more detail in Sec. 2.3.

SU(2)L ® U(1)y represents the unification of Quantum Electrodynamics (QED) with
Weak interactions, hence electroweak unification—It is often referred to as the Glashow-
Salam-Weinberg (GSW) model, whose named contributors were awarded the Nobel prize
in 1979 [13]. Specifically, the GSW model sets a priori left-handed (L) fermions as dou-
blets and right-handed (R) fermions as singlets. Thus @ and B of Eq. (2.2) represent the
handedness of the fermion. The generators of SU(2)., % with b = 1,2,3, can be repre-
sented using the 2x2 Pauli matrices. In the case of U(1)y, the local gauge transformation
leads to the conserved charge Y, referred to as the weak hypercharge. The gauge fields
W}, with b =1,2,3, of SU(2)L, couple (with strength g) to left-handed particles, whereas
the gauge field B, of U(1)y couples (with strength g’) to both—left and right—handed
particles.

The physical fields A, and Z, can be expressed as a linear combination of the GSW fields,

(Zﬂ) ) (cos(@w) —sin(é)w)) (ij)  with  tanfy = g ’ (2.4)

Ay sin(@w) cos(6w) )\ By 8

where Oy is known as the weak mixing angle [9, p. 419]. A natural definition for the
remaining gauge fields, Wﬁ and Wﬁ after symmetry breaking, is in terms of the physical
ladder-like operator fields,

W= =

f (Wi =iw?2) . (2.5)

Sl

A summary of the particles and interactions involved in the SM is shown in Fig. 2.1.



CHAPTER 2. CHARMED BARYONS IN THE STANDARD MODEL OF PARTICLE
PHYSICS

Standard Model of Elementary Particles

three generations of matter interactions | force carriers
(fermions) (bosons)
| ] 1]
mass  =2.16 MeV/c* =1.273 GeV/c? =172.57 GeV/c? 0 | =1252GeV/c?
0

charge | % % % 0
spin % u C % t 1 y 0 H

y VZ Yy
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Figure 2.1.: Summary of the fermions and bosons involved in the SM. The fermions con-
tain the quarks and leptons, all of which have spin s = 1/2. The vector bosons
(s =1) represent the force carriers of QCD (gluon), QED (photon), and weak
interactions (Z and W#* bosons). The Higgs boson (H) is also listed, which is
a scalar boson (s = 0) responsible for providing mass to the particles involved
in electroweak interactions. Note that the SM also accounts for the antipar-
ticle partners of each fermion. Illustration adapted from [14].



2.2. CABIBBO-KOBAYASHI-MASKAWA MATRIX

2.2. Cabibbo-Kobayashi-Maskawa Matrix

The Cabbibo-Kobayashi-Maskawa (CKM) matrix [15], Vokwm, is a unitary matrix that
characterizes the coupling magnitude for charged flavor-changing processes in the quark-
sector of the Standard Model. It corresponds to an SU(3) generalisation of the Cabbibo-
Mechanism? by extending it to three families of quarks (family 1: u,d, family 2: ¢,s,
family 3: £,b). The CKM matrix can be expressed using 4 independent parameters, e.g.,
with the Wolfenstein parametrization one obtains a CP-violating phase and three mixing
angles [6, 9]. Thus, the CKM matrix presents a theoretical and experimental milestone
[18] in our understanding of quark interactions within the framework of the Standard
Model. The weak-eigenstate quarks can be written as a superposition of mass-eigenstate
quarks, such that when a pair of quarks interact via the exchange of a weak vector boson
W=, the interaction lagrangian takes the form: [6]

Vud Vus Vub dL
(ﬁ’ q’ E)?’ﬂW; Vcd VCS Vcb SL + h.C. s (26)
Via Vis Vi) \bL

_8

V2

VekMm

where the GSW model condition for W*—that only left-handed quarks are involved—is
written explicitly.

Eq. (2.6) indicates that a weak interaction through the exchange of a W* vector boson
can induce flavor change that spans across all the three families of quarks. At tree-level
(no loops), the quark flavor change must be charged, i.e., down type quarks (d, s, b) with
charge Q = -1/3 transition into up-type quarks (u,c,t) with charge Q = 2/3, and vice
versa. From experimental observations, it is known that the CKM matrix expresses an
almost diagonal form, [6]

0.974 0.225 0.004
WVexml~ [ 0.225 0.973 0.042]. (2.7)
0.009 0.041 0.999

Therefore, transitions within the same quark family are preferred, and transitions such as
b — u are less favored than b — c.

3In 1963, Nicola Cabibbo [16] hypothesized universal weak-eigenstate couplings for light quarks (u,d,s) via
a mixing angle 0. ~ 13°. It was later in 1970 recognized that such a universal weak coupling serves well
for demanding the existence of a fourth quark (charm) via the SU(2) GIM mechanism [17], [9, p. 367].
In 1973, the CKM quark-mixing matrix provided a generalization of these ideas to SU(3) which gave rise
to an explanation for CP violation in the quark-sector [15].



CHAPTER 2. CHARMED BARYONS IN THE STANDARD MODEL OF PARTICLE
PHYSICS

2.3. Quark Model

In QCD, hadrons are described as colorless bound states of flavored quarks. A quark g
may take on any of the following flavors: u,d,c,s,t,b. The word ”colorless” points to
the idea that only color singlets are observed in nature. Given that quarks carry color
charge, a colorless state is reached when at least two quarks (quark and antiquark) of
complementary color charge bind together, e.g., r7,gg,bb. A colorless state formed by
three quarks involves the complete color combination rgb. Naturally, combinations of
colorless states are also colorless. The quark model classifies the bound states composed
of two quarks as mesons, which are bosons (spin-0), while bound states composed of three
quarks are classified as baryons, which are fermions (spin—%). Colorless states composed
of four or more quarks fall under the category of exotic hadrons. [6]

The quark model’s primary purpose is to illustrate the flavor symmetries associated with
the observed spectrum of mesons and baryons. Notably, QCD was developed only after
the quark model had been introduced, it therefore lifted some of the seeming paradoxes
that arose from the treatment of hadrons without color confinement [7].

Given the significant role of baryons in this thesis, we will focus on the flavor symmetries
associated with bound states composed of three quarks.

2.3.1. Quantum Numbers of Flavor

Let us first consider an SU(3) group where a baryon involves the three flavors u, d
and s. The eight generators of SU(3) can be represented using the Gell-Mann matrices
(see Appendix A). The eigenvalues of the two simultaneously diagonalisable matrices are
referred to as the third component of isospin I3 and the hypercharge Y. These are quantum
numbers where I3 is +1/2 for u-quarks, —1/2 for d-quarks, and 0 for the other quarks. The
hypercharge Y in this group relates to the quantum number that encodes the strangeness
(S) by the identity

Y=B+S. (2.8)

B represents here the baryon number, defined as B = 1 for a baryon and B = -1 for an
anti-baryon. In terms of constituent quarks?, each quark that constitutes a baryon has
B =1/3 and each antiquark has B =-1/3.

Generally, when involving all the quark flavors, the hypercharge Y relates to other comple-
mentary quantum numbers such as the charmness (C), the bottomness (B) and topness
(T), giving the expression: [6]

Y:B+S+%(B—C—T). (2.9)

In table 2.1, the quantum numbers corresponding to each quark flavor are summarized.

4The constituent quarks of a baryon also take on ”constituent masses”. As opposed to current masses,

which are as low as a few MeV, the constituent mass is understood as the effective mass of a valence
quark in a baryon. Their mass is attributed to the exchange of gluons, in other words, the quarks are
confined in a gluon exchange potential.



2.3. QUARK MODEL

d u s c b t
Is | -1/2 +1/2 0 0 0 0
Yy | 1/3 1/3 -2/3 0 0 0
S 0 0 -1 0 0 0
C 0 0 1 0 0
B 0 0 0 -1 0
T 0 0 0 0 1

Table 2.1.: The flavor quantum numbers of constituent quarks. The antiparticles have
opposite flavor sign.

Note that a charge Q (in units of the electron charge) is related to the quantum numbers
by the Gell-Mann-Nishijima formula [6],

Q=13+%(B+S+C+B+T). (2.10)

2.3.2. SU(3) Flavor Symmetry

We continue our discussion of an SU(3) flavor symmetry which involves three flavors (e.g.,
u,d,s). Each of the three quarks in the baryon can take on any of the three different
flavors, such that their combinations are represented as 3®3®3. This tensor product can
be decomposed into irreducible representations—that form multiplets—using the Young
tableaux formalism [19].

The fundamental representation 3 in SU(3) is then a unit box (), such that the tensor
product 3® 3 ® 3 in SU(3) is visualized as:

Oe Oe O = D:‘eaH ol |- 11 ]el] ol ] o (2.11)

6s 3A 10g 8M 8M 1a

where the underbracing number is the multiplet dimension and its subscript stands for
S : symmetric, A : antisymmetric, and M : mixed-symmetry, under the exchange of any
two quarks. For the decomposition into multiplet groups we therefore have 3® 3 ® 3 =
10s® 8@ 8 @ 14 , i.e., a decuplet, two octets and a singlet.

Note that if we were to replace the quark flavors by color charge (r, g, b), the color singlet
would evidently be antisymmetric.



CHAPTER 2. CHARMED BARYONS IN THE STANDARD MODEL OF PARTICLE
PHYSICS

Baryon Wave Function

The baryon wave function accounting for color, space, spin and flavor, reads [9]

‘P(baryon) = Ycolor¥ spacelﬁspinlﬁﬂavor- (2 12)

As a fermion, the total wave function ¥(baryon) must be antisymmetric. The spin can be
decomposed in SU(2), because each quark can be represented by spin +1/2 and spin —1/2,
such that 2® 2® 2 = 49 ® 2\ ® 2. For a spatially symmetric function, i.e., the ground
state of the baryon where the orbital angular momentum L =0 (between the constituent
quarks), the total wave function can only be antisymmetric if the combination ¥spin¥favor
is symmetric.

This means that for a baryon involving three flavors, the decuplet in Eq. (2.11) must be
combined with the quadruplet of spin, i.e., it must be represented with spin 3/2. In the
case of the octets, the mixed-symmetries can be combined with the mixed-symmetry of
the spin doublets to make Yspin¥favor Symmetric, where the corresponding spin is 1/2.

Light Baryon Multiplets

Baryon states are usually labeled by their spin-parity J*, where P stands for the parity
(reflection in space x - —x) with P = (-1)% and J is the total angular momentum J = L+S,
with S signifying here the spin state of the baryon. Thus, for an orbital angular momentum
L=0,J=8§.

For the light baryons (composed of u, d and s), we show in Fig. 2.2(a) the JP = 3/2*
decuplet and in Fig. 2.2(b) the J¥ = 1/2* octet, structured in accordance with their flavor
quantum numbers. In the ground-state octet, we find the proton (p) and the neutron
(n), which are often simply referred to as nucleons (N). In the ground-state decuplet, the
designation for these baryons—composed of u and d quarks—changes to A. In general,
baryons that contain at least one strange quark are referred to as hyperons: A and £ with
one strange quark, E with 2 strange quarks, and Q with 3 strange quarks. To differentiate
them from the octet, a star (*) is appended to the hyperon naming scheme in the decuplet.

Mass Allocations / The Known Light Baryons

Baryons of a multiplet with the same JP assignment are expected to have very similar
properties. However, it is important to note that these symmetries are slightly broken due
to the presence of the s-quark, which is heavier than the u and d quarks. Nevertheless, the
approximate symmetry holds, and in fact, all of these ground-state baryons are known,
i.e., their existence is certain [6]°.

The first observations of the hyperons A, X, E dates back to the 1950’s, followed by
the discovery of Q in 1964. The Q hyperon was in fact a quark model prediction made
by Gell-Mann two years before its discovery [7, 20, 21]. Leading to this prediction is the
consideration of the symmetry in the measured masses of baryons allocated to a multiplet:
For the decuplet, one can express a mass difference that correspond to the strange quark

5The Particle Data Group (PDG) assigns 4 stars to states that are marked as known in their summary
tables.
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Figure 2.2.: Multiplets from the SU(3) flavor symmetry of baryons containing u, d and s
quarks. In (a), the JF = 3/2* decuplet. In (b), the J® = 1/2* octet. Illustration
adapted from [7] CC BY 4.0.

SU(3) flavor multiplet ‘ JP ‘ designation and mass association [MeV]

8
10

1/2+
3/2+

N(939) A(1116) =(1193) E(1318)
A(1232) £*(1385) E*(1530) Q(1672)

Table 2.2.: The known ground-state baryons of SU(3) flavor symmetry.

mass (~ 150 MeV), [7, 20]
Mss — Ma = M=x — Ms+ = Mg — M-, (2.13)
and similarly, for the octet, the mass relation
(My + Mz) /2 = (3M) + Myx)/4 (2.14)

holds.
In table 2.2, we summarize the known ground-state baryons, where the number in paren-
thesis denotes their assigned approximate mass (by convention in MeV).
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CHAPTER 2. CHARMED BARYONS IN THE STANDARD MODEL OF PARTICLE
PHYSICS

Figure 2.3.: Multiplets from the SU(4) flavor symmetry of baryons containing u, d, s and
¢ quarks. Left: The 20g-plet with J” = 3/2*. Middle: The 20y-plet with
JP =1/2*. Right: The 45-plet with J” =1/27. Note that the 45-plet is only
shown for completeness; baryons would be required to have negative parity
(orbital excitations) to be allocated to this multiplet. Illustration adapted
from [7] CC BY 4.0.

2.3.3. SU(4) Flavor Symmetry

We can extend the concepts discussed in Sec. 2.3.2 to four flavors: u, d, s and c¢. In this
case, we have

4®4®4=20g® 20\ ® 200 @ 44. (2.15)

Naturally, this SU(4) flavor symmetry already contains the previously introduced SU(3)
symmetry. The only difference is that we now account for charmness as an additional
flavor structure.

As before, for L = 0, we require that Ygpin¥gavor be symmetric. Therefore, the baryons
corresponding to 20g have J = 3/2* and the baryons in 20y have JP = 1/2*. These
multiplets are shown in Fig. 2.3, where the naming scheme is borrowed from the light
baryons by appending a subscript that indicates the c-quark content. The level increases
(from bottom to top) according to the number of charm quarks contained in the baryons:
the ground level contains light (uncharmed) baryons, the first level above the ground
level contains singly charmed baryons, etc. Note that the ground level of each respective
multiplet contains the SU(3) decuplet (with J? = 3/2*) and the SU(3) octet (with JF =
1/27).

As illustrated in Fig. 2.1, the charm quark is much heavier than the light quarks (u,d, s).
These symmetries are therefore heavily broken. However, many of these states have been
measured. As of 2024, the baryon summary tables, produced by the Particle Data Group
(PDG) [6], list 28 singly charmed baryons (including excitations), where 10 of these states
have not yet received a quark model J¥ assignment. Only one doubly charmed baryon
has been seenS, the ZrF, without J? assignment. Of the 28 singly charmed baryons, only
the JP = 1/2* ground states A., £.(2455) and E are considered known (where the J*

C
values have actually been measured), the others have simply been seen.

6These are states where the existence is likely to certain, given 3 stars in the PDG summary tables [6].
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2.4. Singly Charmed Baryons of the JP =1/2* 3a-plet

Of particular relevance to this thesis are the singly charmed baryons located at the corners
of the blue triangle within the middle level of the J¥ = 1/2+ 20p-plet in Fig. 2.3: A} and
EX*. Their flavor wave functions can be expressed as: [20]

1
A} = E(ua’ —du)c, (2.16)
Bl = %(us - su)c, (2.17)
1
B = —(ds - sd)c. (2.18)

V2

These charmed baryons are part of an antisymmetric 3 (anti-triplet) within the SU(3)
subgroup of the SU(4) 20y-plet. The motivation behind this SU(3) subgroup decompo-
sition is elaborated next.

Quark-diquark System

The study of the properties of baryons which contain a heavy quark—in this case a charm
quark accompanied by two light quarks—becomes more tractable if the baryon is treated
as a reduced 3-body system. We use Fig. 2.4 to illustrate this argument. The light quarks,
represented by g = g2 = g, are treated together as diquark oscillators with reduced mass,
m, = mg, where p represents the separation of the light quarks as a function of their
positions,

p = (F1 - 72) V2. (2.19)

The reduced mass from the interplay between the heavy quark (Q) and the diquark is
then given by m, = 3m mg/(2m, + mg), where

A = (F1 + Py — 273). (2.20)

Therefore, if the angular momentum of each subsystem is denoted by [, and [,, respec-
tively, then L = [, +[. Naturally, this points to the idea that baryon excitations can be
described by orbital excitations of p and A. [7, 20, 21]7

It is evident by this quark-diquark construction that the middle level of the 20y-plet in
Fig. 2.3 should ideally be decomposed in a 2-quark SU(3) flavor symmetry that couples
to the charm quark flavor. As we saw in Eq. (2.11), for two quarks, each with 3 flavors to
choose from, we have 3®3 = 65®34. The 6g-plet implies a flavor symmetric diquark (i.e.,
a flavor-symmetric p system), and because it corresponds to baryons allocated within a
mixed-symmetric 20-plet, the charm-diquark (i.e., the A system) flavor must be antisym-
metric. Similarly, the 35-plet implies a flavor antisymmetric diquark, requiring a flavor
symmetric charm-diquark system. [7]

"This approach is also applied to the study of the light baryons, but in that case, the mixing of the p and
A configurations is more prevalent than in baryons with one heavy quark (c or b).
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Figure 2.4.: Schematic of a quark-diquark system using Jacobi coordinates. The light
quarks are signified by the filled circles, 71”7 and ”2”, and the heavy quark is
signified by the filled circle "3”. Illustration adapted from [7] CC BY 4.0.

Mass Spectrum

The 3a-plet singly charmed baryons, Af and E5, decay weakly®, while the other SU(4)
ground-state singly charmed baryons (except for the Q¥) decay strongly or electromagnet-
ically [20]. Fig. 2.5 shows the mass spectrum of the singly charmed baryons with allocated
JP.

Notably, the JP = 1/2* charmed baryons are the lowest lying states. As their mass
increases, the JP and multiplet association of the baryons also changes. The higher
energy levels are attributed to orbital excitations, where the level is furthermore split due
to the spin-spin interactions of the p (diquark) and A (charm-diquark) modes [7, 20].?
The lowest lying states for A} and ZF 0 correspond to the weakly decaying members of the
3a-plet. Thus far, the highest reported mass for A. is the J¥ = 3/2= A.(2940) which sits
at 653 MeV above the ground-state A.. For E., the highest plotted excitation in Fig. 2.5
is the JP = 3/27 E.(2815), however the PDG now also reports a higher mass state, the
JP =1/2* E.(2970), first measured by Belle [22]. In practice, excitations are identified by
their emission of photons, pions (mesons with u and d quarks) and kaons (mesons with
u, d and s quarks), as they reach a lower state.

Evidently, many expected states have not been measured, and the limitations of the
quark model are yet to be well understood. A precise determination of the properties
of the weakly decaying ground-state baryons, A} and g0 is thus crucial for a clear

understanding of the excited spectrum.

8The charm quark undergoes a flavor change, e.g., ¢ — s.

9This is analogous to the hyperfine splitting seen in the Hydrogen atom, where the spin of the proton
couples to the spin of the electron depending on its spin orientation.

A similar spectrum is seen for the beauty baryons, where the charm quark in the singly charmed baryon
is replaced by the much heavier bottom quark. However, the mass splittings get smaller as the heavy
quark gets heavier. The opposite effect is seen for the hyperons, where due to the lighter mass of the
strange quark, the mass splittings are large. [7, 20]
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Figure 2.5.: Level scheme for singly charmed baryons with J* assignment. The numbers in
brackets indicate the associated multiplet (if identified). The mass difference
is in reference to the lowest lying state, A}. Illustration adapted from [6].
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3. SuperKEKB and the Belle Il
Detector

In this chapter, we introduce the experimental setup, which consists of the SuperKEKB
collider and the Belle II detector. The SuperKEKB collider and the Belle II detector
have been in joint operation since 2019. They present a variety of upgrades and design
improvements over their predecessors, the KEKB accelerator [23] and the Belle detector
[24], which operated from 1999 to 2010.

We begin by briefly mentioning some of the characteristics of the SuperKEKB collider.
Thereafter, we examine the Belle II detector and its components along with the meth-
ods used for the identification of different particle types. We conclude the chapter by
discussing the collection of data and the simulation of physics events.

The information provided in this chapter is substantially based on the SuperKEKB Col-
lider publication [25], the Belle II technical design report [26], and the Belle II physics
book [27].

3.1. The SuperKEKB Collider

SuperKEKB is an asymmetric-energy electron-positron double-ring collider located in
Tsukuba, Japan. It has a single interaction region (IR) which is located at the center of
the Belle IT detector. Collision events are typically produced at a center-of-mass energy
of 10.58 GeV. This energy facilitates the production of BB events which are threshold
products of a bb bound-state resonance referred to as Y(4S), see Fig. 3.1 for an overview.
For this reason, SuperKEKB is often categorized as a B-factory. However, together with
the data-taking capabilities of the Belle IT detector, superKEKB is also used for producing
a broader spectrum of center-of-mass collisions, ranging from 9.4 GeV to 11 GeV. Thus,
SuperKEKB can be used to scan the entire bottomonium spectrum.

In this thesis, we are interested in events from collisions at near the Y(4S) rest energy,
thus our discussion of the collider is grounded on the operation at this energy.

3.1.1. Collider Design

A depiction of the SuperKEKB collider is given in Fig. 3.2. The circumference of each
storage ring, one for 7GeV electron beams and one for 4 GeV positron beams, spans a
distance of approximately 3km. Before entering the storage rings, electrons are injected
into a linear accelerator (linac) and accelerated to an energy of 7 GeV with a bunch charge
of 4nC (2 bunches). On the other hand, positrons are created from the interaction of
injected electrons with a Tungsten material target found half-way in the linac; the created
positrons are then deflected using a magnetic field into a 1.1 GeV positron damping ring
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Bottomonium System

Updated March 2024.
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Figure 3.1.: This level scheme from [6, p. 2023] portrays the bound states of bb which

form the bottomonium system. Particularly for electron-positron collision
experiments, the quantum numbers for these bb resonances lie in the Y(nsS)
column with JP¢ = 17~ (the charge conjugation C is defined for bound states
of two quarks with opposing charge, here C = —1). As seen by the threshold
dash-dotted lines, the Y(4S) resonance is found right above the energy of the
open beauty pairs BB.

Note that states shown with dashed lines need confirmation, i.e., Y(10753) is
not a confirmed state according to the PDG [6].
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Figure 3.2.: Illustration of the SuperKEKB collider, ©KEK.

(DR) which reduces the emittance of the positron bunches. The DR positron bunches are
then re-injected into the linear accelerator and accelerated to 4 GeV with a bunch charge
of 4nC (2 bunches). The storage rings can store up to 2500 bunches each, where each
bunch contains about 9 x 1010 positrons (at a current of 3.6 A) and 6.5 x 1019 electrons (at
a current of 2.6 A).! These beam currents are roughly twice as large as those of KEKB
(e* beams of 1.64 A and e~ beams of 1.19A) for the production of 10.58 GeV events.

A striking design feature of SuperKEKB is the employment of a manobeam collision
scheme. In this scheme, the high-current beams are tightly focused using additional
quadrupole magnets located close to the interaction point (IP). The beams collide at
a crossing angle of 2¢ = 82mrad (compared to 22mrad at KEKB), see Fig. 3.3 for a
schematic. Given the low emittance and dimensions of the colliding bunches, the vertical
beta function at the IP, g5, can be as low as 0.3 mm for both beams, which is about 20x
smaller than that achieved at KEKB.

1See also [25, tab. 1].
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Colliding bunches in the horizontal plane

Figure 3.3.: Schematic of the nanobeam scheme [25] at SuperKEKB. The schematic repre-
sents a top view of the collider rings where the bunches cross. For comparison,
drawn in black is the beam crossing at KEKB.

3.1.2. Luminosity Implications

The instantaneous luminosity £ of a collider where bunches cross at an angle can be
expressed as [28]
_ N.N_fN, S

dro,o

L (3.1)
where N, _ are the number of particles in the colliding bunches, f is the frequency of the
bunch collisions, Nj is the number of bunches, oy, are the horizontal and vertical beam
sizes at the collision point, and § is a geometric loss factor due to the crossing angle. For
ideal head-on collisions, S = 1.

In terms of the operation at SuperKEKB, we find that [25, 29]

o 1.8y
By
where &, is a beam-beam parameter which encodes the strength of the beam-beam
interactions at the IP and I, is the current of the beams. The signs (+) and (-) stand for
the positron and electron beams, respectively.
As discussed earlier, SuperKEKB can drive the beams up to twice the current I compared
to KEKB, and under the nanobeam scheme, it could squeeze 5 down to 20x smaller.
Keeping &, the same for KEKB, this results in a rough estimate of 40x higher peak
luminosity than achieved at KEKB.
In Fig. 3.4, we show the evolution of the peak luminosity at SuperKEKB over the past
years. In the first run (RUN 1) from March 2019 until June 2022, SuperKEKB broke the
previous KEKB record, 2.11 x 1034 cm 2 s, setting a world record at £ = 4.7 x 1034 ¢cm 2
5! (with S5 ~ 1mm) in June, 2022.

L

(3.2)

Challenges

A successful operation of SuperKEKB at the intensity frontier is not without challenges.
After a long shutdown (LS1) from June 2022 to January 2024, where subsequent main-
tenance and improvements to the accelerator and the Belle II detector took place, the
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Figure 3.4.: Instantaneous luminosity evolution since the start of operation in 2019 [30].

full re-initiation of SuperKEKB was complicated by a 'sudden beam loss’ (SBL). This led
to the removal of some of the detector components to avoid damage. Much of 2024 was
dedicated to addressing the SBL problem.

While the exact cause was not fully understood, removing dust accumulated from de-
graded vacuum sealing materials of the beam pipes significantly reduced beam losses.
Under these cleaner conditions and before the winter break, SuperKEKB achieved yet
another world record in peak luminosity, reaching 5.1 x 1034 cm 2 s71, see Fig. 3.4, albeit
without the complete Belle II detector in place.

Projections elaborated in [31] indicate that SuperKEKB is expected to achieve a peak
luminosity of 2 x 103°cm 251 prior to any new additional upgrades. The target peak
luminosity, 6 x 1035 cm™2 s~!—which is a re-adjusted estimate of 30x higher than achieved
at KEKB—is said to require further upgrades to the collider, especially near the IR.
Upgrades to both the collider and the detector are under discussion, though they are
expected to be implemented during the next long shutdown (LS2), by 2032.

3.1.3. Beam-induced Backgrounds

Interesting physics events are often overshadowed by numerous unwanted events. Particles
that enter the vicinity of the detector due to intrinsic beam-control imperfections, vacuum
impurities in the trajectory of the beams, or are not the desired products of the IP
collisions, are referred to as background events.

With a higher luminosity at SuperKEKB compared to KEKB, comes a higher beam-
induced background. The most substantial background sources at SuperKEKB are due
to Touschek scattering, beam-gas scattering, synchrotron radiation, radiative Bhabha
scattering, and two-photon processes.

Touschek Scattering

Touschek scattering describes the interaction of charged particles in the same bunch (in-
trabeam scattering) with large momentum exchange. Coulomb interactions between two
charged particles causes one particle to slow down and the other to speed up, in this
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manner the particles may deviate from the nominal energy and escape the trajectory of
the beam. Compared to KEKB, the Touschek effect is estimated to increase by a factor of
20 in SuperKEKB due to the nanobeam scheme. To mitigate the number of lost particles
that reach the detector, movable collimators are placed around the storage rings, and
metal shields are placed near the IR.

Beam-gas Scattering

This process involves Coulomb and Bremsstrahlung scattering of beam particles with
residual gas molecules inside the beam pipes. The Coulomb interaction alters the direction
of beam particles, while the Bremsstrahlung interaction affects their energy. Due to a
smaller beam pipe radius at SuperKEKB, the Coulomb interaction is the dominant effect
with a rate up to 100x higher than in KEKB.

The mitigation of scattered particles entering the detector involves installing metal shields
and movable collimators near the IP, thus it involves similar counter-measures as those
for Touschek scattering.

Synchrotron Radiation

The charged particles in the beams radiate as they are accelerated by bending magnets
to keep them in the beam pipe trajectory. For relativistic circular acceleration, the syn-
chrotron radiation power is proportional to the square of the beam energy and the square
of the magnetic field strength [32].  Thus, the higher energy ring (HER, e~ beam) is
the primary source of radiation as opposed to the low energy ring (LER, et beam). To
mitigate the number of radiated photons that enter the detector inner layers, O(KeV),
the inner surface of the beam pipes are coated with gold plates, and a ridge pipe design
is adopted near the IP.

Radiative Bhabha Scattering

Bhabha scattering involves the interaction of electrons and positrons resulting in photons,
electrons and positrons, ete™ - ete y, see Fig. 3.5(a) for a schematic. The radiated
photons are often produced at a low angle and travel towards the walls of the beam pipes.
The primary background source in the outer layers of the Belle IT detector are due to
neutrons; these are released from the interaction of the radiated photons with the iron
cores of the beam pipe magnets. The rate of interaction is proportional to the luminosity,
therefore significantly higher at SuperKEKB compared to KEKB.

At SuperKEKB the employment of a quadrupole magnet system and additional shields
help to mitigate the neutron contamination in the detector. However, particles for which
the energy loss due to Bhabha scattering is large, do contaminate the IR. They become a
source of background in the detector with a rate comparable to Touschek and beam-gas
scattering.

Two-photon process

The two-photon process for beam particles involves the exchange of two intermediate
photons in the process ete™ — ete~ete™, see Fig. 3.5(b) for a schematic. This process
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Figure 3.5.: (a) A low order Feynman diagram representing Bhabha scattering, ete™ —
etey. (b) A two-photon process, ete™ - eteete.

is—like Bhabha scattering—also luminosity dependent. Due to momentum conservation,
the final electrons and positrons are slow and thus spiral inside the IR becoming a source
of background for the detector.

3.2. The Belle Il Detector

Like its predecessor (the Belle detector), the Belle IT detector is built around the IP with
an asymmetric design that is optimized to capture events from asymmetric e*e™ collisions
at near the Y(4S) energy. In fact, the Belle II detector has been fitted within the same
outer shell as the Belle detector, however, the Belle II detector features various significant
upgrades.

As discussed in the last section, the increase in luminosity at SuperKEKB results in
higher beam-induced background levels compared to KEKB. Consequently, the Belle II
detector requires detection systems that can accommodate the higher physics rates and
can deal with the increased number of background hits. Moreover, due to the smaller
Lorentz boost of By = 0.28, compared to By = 0.42 at KEKB, a more refined decay-
vertex detection system is implemented. The overall design and choice of sub-detector
components for the Belle IT detector ensure at least a similar level of performance as Belle.

3.2.1. Detector Overview

The Belle II detector is composed of various subsystems of detection (sub-detectors)
arranged in cylindrical layers oriented along the beam axis, with the IP at the center.

At the IP is the origin of the detector coordinate system [34], shown in Fig. 3.6(a). The
z-axis follows the beam axis in the direction toward the forward region, the y-axis points
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Figure 3.6.: (a) Belle II detector coordinate system. (b) Cross-sectional view of the Belle
IT detector [33]. Highlighted in yellow are the main sub-detector components.

upwards, and the x-axis points away from the accelerator rings and is perpendicular to
the y — z plane. The azimuthal angle ¢ is measured in the x — y plane and starts parallel
to the x-axis. Lastly, the polar (zenith) angle 6 is measured in the y — z plane and starts
parallel to the z-axis. Note that a distance from the IP in the x — y plane, and distances
with respect to the beamline, are given with r = \/x2 + y2.

In Fig. 3.6(b), we show a cross-sectional view of the Belle I detector. Due to the asymme-
try of the ete™ collision, the detector itself is asymmetric, thus some sub-detectors only
cover the barrel and forward regions. A superconducting solenoid magnet in the barrel
region provides a 1.5T homogeneous magnetic field to the inner sub-detectors; the field
lines point in the z-direction.

The information gathered from the innermost to the outermost sub-detectors enables
the reconstruction of particle tracks, their energies, and masses. The detected charged
particles involve electrons (e*), muons (u*), pions (n%), kaons (K*), protons (p*), and
deuterons (d*), while the detected neutral particles involve photons (y) and K-long par-
ticles (Kz). Other particles are detected through their decay into the aforementioned
particles. The relative abundance of the final-state charged particles at Belle II from
Y (4S) events is shown in Fig. 3.7.

Each sub-detector serves multiple purposes for the detection of particles, these can be
summarized in primary tasks. Starting with the innermost sub-detectors, their over-
arching tasks can be classified in three incremental steps: Tracking, Charged Particle
Identification, Neutrals and Lepton Identification.

(The following list serves as a bird’s-eye view of the basic capabilities of the Belle 11
detector.)
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14.9%

Figure 3.7.: Relative abundance of charged particles from Y (4S) events. Illustration from
[35].

o Tracking: Tracking information is collected in the Vertex Detector (VXD) and the
Central Drift Chamber (CDC). The VXD consists of a Pixel Detector (PXD) and
a Silicon Vertex Detector (SVD).
The VXD system is positioned closest to the IP and determines the point of origin
or intersection of particle products, i.e., their vertex. Tracks that make it into the
CDC leave a traceable path as they ionize a gas comprising it. The CDC is the
main tracking device at Belle II.
The vertex and track information from the VXD and the CDC is combined to
determine a particle’s origin, charge and momentum.

o Charged Particle Identification: The Particle Identification (PID) system consists
of the Time of Propagation counter (TOP) and the Aerogel Ring-Imaging Cherenkov
detector (ARICH). Both detectors are Ring-Imaging Cherenkov (RICH) detectors.
The PID system is a powerful discriminator of charged hadrons. Particularly useful
is the separation of kaons from pions. The PID system also aids in the distinction
between pions, electrons and muons.

Together with the tracking detectors, the PID information can be used to assign a
mass hypothesis to the recorded tracks.

o Neutrals and Lepton Identification: The outermost layers of the Belle II detector
consist of the Electromagnetic Calorimeter (ECL) and the Kz and Muon detector
(KLM).

Together with the tracking detectors, the ECL can distinguish between electrons,
positrons and photons. Likewise, with tracking information, the KLM is used for
identifying muons and distinguish K7 mesons from other hadrons.

We follow this categorization with a more detailed discussion of the individual sub-

detectors. The characterization of physical properties associated with the trajectory of
particles across the entire volume of the detector is discussed in more detail in Chapter 4.
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Figure 3.8.: The PXD detector with its inner L1 and outer L2 layers. The gray surfaces
contain the pixels. Illustration adapted from [38] CC BY 4.0.

3.2.2. Tracking Detectors

The tracking detectors, VXD (PXD+SVD) and the CDC, all cover a polar angle of
0 e [17°,150°].

PXD: The PXD is a silicon pixelated sensor detector?. It is the closest detector to the
IP. It is organized in two layers, the inner layer (L1, containing 8 ladders) sits at 14 mm
radius from the IP, while the outer layer (L2, containing 12 ladders?) sits at 22 mm from
the IP. An illustration of the PXD is given in Fig. 3.8. The active part of the ladders
is approximately 50 ym thick. The PXD consists of a total of 8 million pixels, with each
pixel size as small as 55 x 50 um? [27, 33].

The main benefits of the PXD is that it can deal with the extremely high hit rates of
SuperKEKB. At its closeness to the IP, the PXD maintains a low occupancy which would
not be possible with a strip detector [26, p. 76].

SVD: The SVD is a silicon strip sensor detector located on the outer layers of the VXD
at a radius of 38 mm and up to 140 mm from the IP. It consists of 4 double-sided silicon
strip detector layers (L3, L4, L5, and L6)4, the layers’ thickness ranges from 300 um to
320 um [39]. As a double-sided strip detector, the SVD can measure two 1D coordinates,
as opposed to one 2D coordinates in the PXD.

To accommodate readout electronics and adapt to the forward boost, the three outer
layers of the SVD are mounted asymmetrically [26, p. 142]. An illustration of the VXD
layers is given in Fig. 3.9.

The primary task of the VXD is to collect decay vertex information. However, the VXD
is also used for measuring charged tracks with low momentum, as their trajectory is
sufficiently curved due to the magnetic field induced by the solenoid.

CDC: The CDC is a large sense wire chamber filled with a gas mixture of 50% Helium
and 50% CoHg. It surrounds the VXD and consists of 56 layers, the inner layer at a radius

2Tt uses pixelated sensors of Depleted Field Effect Transistor (DEPFET) type [27, 36, 37].
3Before LS1, from March 2019 to June 2022, Belle II operated with only 2 ladders in L2.
4The layer count starts with the PXD layers.
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Figure 3.9.: (a) Side view of the VXD layers. The innermost 2 layers (in black) correspond
to the 2 PXD layers, the remaining layers (in blue and magenta) correspond
to the 4 SVD layers. (b) Front view of the VXD layers. The axes dimensions
are given in mm. Illustrations adapted from [26].

of 160 mm and the outer layer at 1130 mm. A cross-sectional view of the CDC is shown
in Fig. 3.10(a).

The CDC involves a total of 14,336 Tungsten sense wires. The sense wires are approx-
imately 30 um in diameter. Each sense wire is surrounded by 8 aluminium field wires.
The field wires generate the electric field needed to drift the electrons exerted by the gas
ionization, which occurs when a charged particle traverses the chamber. The field and
sense wires form cells, which are smaller for the inner layers of the CDC and can handle
the higher event rates at their closer distance to the IP. A depiction of the cells is shown
in Fig. 3.10(b).

The CDC has the capability to determine the z-direction of the traversing charged parti-
cles, this is achieved through the application of ’stereo’” ordered wires (skewed at an angle
to the beam axis). The stereo wires are placed in addition to the axial wires, which are
oriented along the beam line. In this configuration, the CDC can provide 3D tracking
coordinates.

The path that charged particles trace in the CDC allows for the determination of their
momentum and charge, i.e., through the Lorentz force that induces a centripetal force,

|pr| = RBlql, (3.3)

where R is the radius of curvature, B is the magnetic field strength, and ¢ is the charge
of the particle. An example of the trajectories of particles through the CDC is shown
in Fig. 3.10(c); for ¢ > 0 the track leaves a clockwise curve signature, and for g < 0 a
counter-clockwise signature.
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Figure 3.10.: (a) Cross-sectional view of the CDC detector layers, adapted from [40]. (b)
CDC cell sizes, adapted from [41]. The orange dots represent the sensing
wires, while the unfilled circles represent the aluminium field wires. (c) Ex-
ample of track signatures left in the CDC (x—y plane, the magnetic field lines
point toward the viewer). The colored trajectories display (reconstructed?)
charged tracks, while the gray spots are background events. Illustration
adapted from [33].

The capabilities of the CDC extend beyond tracking, it also serves to provide information
of particle types (PID information) through their deposited energy in the gas chamber,
dE/dx. This is especially useful for identifying particles that do not reach the dedicated
PID detectors (discussed in the next subsection). An example of the energy loss signature
of charged tracks is shown in Fig. 3.11. Moreover, the CDC offers fast trigger® information
for charged particles, O(us) [42, p. 13].

5The topic of reconstruction is covered in the next chapter, Chapter 4.

6The trigger system is discussed in Sec. 3.3.
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Figure 3.11.: Typical energy loss signatures as functions of momentum for charged par-
ticles: electrons, muons, pions, kaons, . Illustration adapted from

[40].

3.2.3. Charged Particle Identification Systems

The PID system consists of the TOP (in the barrel region) and the ARICH (in the
forward endcap region). An illustration is shown in Fig. 3.12. They both make use of the
Cherenkov effect.

The Cherenkov effect applies to charged particles traversing a dielectric medium with a
velocity v which is faster than the speed of light inside that medium, v > ¢/n, where ¢
is the speed of light and n is the refractive index of the dielectric medium. The charged
particles polarize the medium thereby emitting (Cherenkov) photons. The photons build
a wave-front, where the angle between the perpendicular vector to the wave-front and the
direction of travel of the charged particle is denoted as 6., such that

(‘Zé’:) _ # (3.4)

cosf. =

A depiction of the Cherenkov effect is shown in Fig. 3.13.

TOP: The TOP is a ring imaging Cherenkov detector that reflects (Cherenkov) photons
inside quartz radiator bars. The TOP measures both the time it takes for photons to
travel and their positions in the x —y plane when they reach the photon detectors located
at the ends of the radiators. A depiction of reflected photons inside a quartz radiator bar
is shown in Fig. 3.14.

The TOP surrounds the CDC in the barrel region at a radius of 120 cm from the IP.
It consists of a total of 16 modules, each module consists of 2 quartz radiators (glued
together along the z-axis) for a total length of 275 cm. The quartz bar width is 45 cm and
the thickness is 2cm. The TOP covers a polar angle of 8 € [31°,128°].

The 3D information (time of propagation, x and y coordinate) allows for the reconstruction
of the Cherenkov angle, which in turn gives information about the velocity of the traversing
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Figure 3.12.: TOP (Barrel PID) and ARICH (Endcap PID) positions in the Belle II de-
tector (close-up look). For reference, the CDC and the IP are also labeled.

Figure 3.13.: Cherenkov radiation for charged particles traversing a dielectric medium
with v > ¢/n. Tllustration adapted from [9]
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Figure 3.14.: (a) Schematic of the TOP quartz radiator bar. (b) Side view of the quartz
bar (along the z direction). Illustrations adapted from [42].

particle (using Eq. (3.4)). Therefore, using the momentum information retrieved from the
tracking detectors, one can assess a mass hypothesis.

ARICH: The ARICH is a ring-imaging Cherenkov detector that uses aerogel radiator
disks to focus Cherenkov photons. It is located in the forward endcap, covering the
forward x — y plane of the CDC with a polar angle of 6 € [14°,30°].

The ARICH uses two stacked radiator disks, each 2 cm wide and with differing refractive
indices, n; = 1.045 and ny = 1.055. When charged particles enter the aerogel radiators,
they emit Cherenkov photons that produce a ring image in the photon detectors, called
Hybrid Avalanche Photo Diodes (HAPDs), which are located approximately 16 cm apart
from the aerogel. The difference in refractive indices is what focuses the Cherenkov
photons to a common ring. An illustration of this principle is shown in Fig. 3.15(a). In
order to mitigate the loss of Cherenkov photons, planar mirrors are positioned coaxially to
the beam axis that reflect the photons back to the HAPDs [43], as shown in Fig. 3.15(b).
Like the TOP, ARICH can be used to determine the mass of the charged particle. It is
a powerful particle identifier capable of distinguishing between hadron types, especially
kaons from pions. Together with the tracking detectors, it also aids in the separation
between pions, muons and electrons in the low momentum range (below 1GeV/s) [26,

p. 250], [43].
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Figure 3.15.: (a) Focusing of Cherenkov photons using different refractive indices, adapted

from [26]. (b) Use of planar mirrors to mitigate the loss of Cherenkov pho-
tons, adapted from [43].

Acrogel HAPDs

3.2.4. Neutrals and Lepton Ildentification Systems

The outermost layers of the Belle IT detector consist of the Electromagnetic Calorimeter
(ECL) and the Kz and Muon detector (KLM). The solenoid is located between the ECL
and the KLM.

ECL: The ECL is a scintillation crystal detector that surrounds the inner detectors dis-
cussed so far. It covers the forward, barrel, and backward regions of the Belle II detector
with a polar angle 6 in segments of [12.4°,31.4°], [32.2°,128.7°], and [130.7°,155.1°], re-
spectively. The gaps accommodate readout electronics and related components. A figure
displaying the ECL was shown earlier in Fig. 3.12, the magenta colored region (above the
barrel PID) denotes the barrel part of the ECL, while the blue colored regions on the
sides denote the (forward and backward) endcaps.

The ECL consists of a total of 8736 crystals, where the barrel consists of 6624 CsI(T1)
crystals, and the endcaps consist together of 2112 pure Csl crystals. The difference in
crystal material is chosen as such to deal with the higher background rates in the endcaps
[42, p. 57]. The crystals are shaped as truncated pyramids with a cross-sectional area of
6 x 6 cm? and length of 30 cm [44].

Photons, electrons and positrons inside the ECL create electromagnetic showers, i.e.,
electrons create successive photons via Bremsstrahlung and photons (with enough energy)
create e*te” pairs which leads to a cascade of photons, electrons and positrons. This
continues until a maximum number of radiation lengths, or a critical energy, is reached
that depends on the initial energy of the incoming particle and the material which the
particle traverses. Due to the higher rates of interaction, a high-Z material leads to
shorter radiation lengths. With dE/dx = E /Xy, for each radiation length Xj, the particle
retains 1/e of its energy while the number of shower particles approximately doubles
[9]. A depiction of an electromagnetic shower is shown in Fig. 3.16. The ECL crystals
accommodate approximately 16.2Xp in their 30 cm length [44].
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Figure 3.16.: Example of an electromagnetic shower. Illustration adapted from [9].

The ECL accomplishes several tasks. It is devoted to the identification of neutrals, es-
pecially those that decay into photons (e.g. 7% — yy). It provides precise information
about the energy and position of photons that shower in the crystals. Together with
the tracking detectors, it identifies electrons/positrons and separates them from hadrons.
Together with the KLLM, it aids in the identification of muons and K particles. It serves
as a reliable signal trigger which is also used for luminosity studies (e.g. by identifying
Bhabha and yy events) [26, p. 369].

KLM: The KLM consists of alternating iron plates with active materials. It is positioned
outside the solenoid (barrel), and around the ECL (endcaps), covering a total polar angle
of 6 € [25°,155°]. The iron plates are 4.7 cm thick and serve as the path-way for the
magnetic flux return of the solenoid. In addition, the iron plates offer 3.94; (nuclear
interaction lengths”) for K; (hadronic) showers; this comes in addition to the 0.84; from
the ECL.

The KLM comprises of 14 layers in the barrel region and 12 layers (each) in the backward
and forward endcaps [27, p. 45]. The active material in the barrel region is based on
glass-electrode resistive plate chambers (RPCs [26, p. 315]) for the outer 12 layers, the 2
innermost layers in the barrel and the ones in the endcaps comprise of scintillator strip

layers. The use of scintillators instead of RPCs for the inner layers is necessary due to
the high background rates at SuperKEKB [46].

As the KLM is positioned outside the solenoid, charged particles that make their way into
the KLM (above 600 MeV) traverse almost in straight lines. While the K, is identified by
hadronic showers, the identification of muons and non-showering hadrons is possible in
conjunction with the tracking and PID detectors.

"A; = A/(NaCot), where A is the atomic number of the material, N4 is the Avogadro’s number, and ooy
is the total cross section of the hadron interaction with the material. [45]
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3.3. Trigger System

As it is impossible to store every detector signal, Belle IT implements a trigger system (also
referred to as the online system). The trigger system consists of a hardware-based low-
level trigger (L1 trigger) used in the initial phase of data-taking, and a software-based
high-level trigger (HLT) that greatly reduces the data size by removing misidentified
events (fakes).

L1 trigger: Generally, the trigger system is limited by the data acquisition (DAQ) system.
In order to keep the deadtime of the DAQ system at a minimum, the L1 trigger is tuned
to a set of sub-detectors that offers fast (~ 5us) and reliable (low fake rate) trigger infor-
mation: At a maximum rate of 30 KHz, the L1 trigger merges the sub-trigger information
collected by the CDC, the ECL, the TOP?, and the KLM. This sub-trigger information
is sent to a Global Decision Logic (GDL) system for a final decision on whether to trigger
over all the other sub-detectors (and eventually store the full event information), or reject
it entirely.

HLT: The HLT further classifies the event data by performing a fast reconstruction? of
interesting events (e.g., hadron events). It removes residual backgrounds caught by the
L1 trigger and brings the online event rates down to 10 KHz. If the HLT criteria are
fulfilled, the classified events are stored to an offline storage (this is the data used for
offtine analyses). The stored data is typically only 40% of the original L1 triggered data.

A schematic of the trigger system is shown in Fig. 3.17. Due to the high hit rates near
the IP, the HLT algorithms use the L1 triggered data from all the sub-detectors except
the PXD. The L1 triggered data is processed in the Event Builder 1. The PXD hit
information is sent to the Event Builder 2 to extrapolate down from the other tracking
detectors (SVD+CDC) based on the HLT outcome.

Although the trigger system records events that satisfy given criteria for certain interesting
physics events, it also intentionally triggers on a few background events such as Bhabha
scattering for calibration purposes (so-called prescaling [33]).

3.4. Belle Il Data

Data-taking runs'®—which are based on similar hardware and software configuration—are
grouped into sets called "experiments”, often abbreviated as "exp#”, where "#” stands
for a classifying number given to the set.

The processing of collected data is split into prompt processing and reprocessing [33].
The prompt processing involves the calibration of data taken in run periods of about two
weeks, referred to as a "bucket”. Reprocessing is the (re-)calibration of a collection of
buckets, spanning one to two years of data collection; it is referred to as "proc#”, where
"#7 is a designating number that differentiates it from previous collections.!!

8The TOP is only used indirectly in the L1 trigger [33, Sec. 3.2.2.].
9The topic of reconstruction is covered in Sec. 4.1.1.
0Not to be confused with the long SuperKEKB run periods RUN1 and RUN2.

A proc-collection may be expressed as a sum of "chunk” groups, which are groups of experiments. For
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Figure 3.17.: Belle II trigger system overview [33]. The main sub-trigger systems of the
L1 trigger are denoted with red arrows (trigger input). The green arrows
(trigger signal) denote a positive decision by the GDL.

The amount of data collected over a period of operation is quantified in terms of the
integrated luminosity Lint,

t
Ling = f " L) e, (3.5)
1

where #; denotes the initial time of data-taking and 7y denotes the last recorded time.
As of 2024, Belle II has recorded Ling = 575fb~! of data (for collisions at, above, and below
the Y(4S) energy). This is a little over half of the recorded data at Belle (~ 1ab™'). In
Fig. 3.18 we show the progress of the data recorded since the start in 2019.

As discussed at the end of Sec. 3.1.2, much of 2024 was dedicated to solving the sudden
beam loss (SBL) problem. In RUN 2 (January 2024 until the present day) only 148 fb™!
of data has been collected; in RUN 1 (March 2019 to June 2022) 427 fb™! were collected.
In order for the Belle II program to achieve an instantaneous luminosity of 6 x 1035 cm2
s1 and reach the integrated luminosity goal of 50ab™!, several upgrades to the Belle II
detector and the SuperKEKB collider are planned [31], some of which will be implemented
in the next shutdown phase (LS2).

example, procl3 stands for data collected in the years 2019 to 2021, and it is composed of 5 chunks:
chunkl contains exp7-10, chunk2 contains exp12, chunk3 contains expl4, chunk4 contains exp16-17, and
chunk5 contains expl8.
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Figure 3.18.: Integrated luminosity evolution since 2019. ©Belle II Collaboration.
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Physics process | cross section [nb]
Y(45) 1.11
uii(y) 1.61
dd(y) 0.40
ss(y) 0.38
cc(y) 1.30

Table 3.1.: Cross sections of hadronic events at 10.58 GeV [27].

3.5. Belle Il Simulation

The simulation of events is essential to physics analyses at Belle I1. Especially important
is the reconciliation between the expectation of physics events and the detector response.
Naturally, a simulation is model dependent. For the present thesis, the event generation
from ete~ collisions at the Y(4S) energy is based on the SM. These events are generated
using the Monte Carlo method (MC) through several generator packages [27]. EVTGEN [47]
is used for the generation of BB events and subsequent decay chains into exclusive!? final
states. The generation of continuum events (ete™ — gq with ¢ = u,d,s,c) is done with
KKMC[48]. Both packages are interfaced with PYTHIA[49] for the generation of inclusive!?
final states. Other physics generators, e.g., for leptonic events, beam backgrounds and
radiative effects, are listed in [50].

Relevant production cross-sections for the generation of hadronic MC events from colli-
sions at 10.58 GeV are shown in table 3.1. The cross section o of a given process relates
to the number of generated interactions N by the equation oL = dN/d¢, thus N = o Liys.
The cross section is given in units of area, where 1b = 10728m?2.

To simulate the observed physics, the generated particles must travel through the detector
material. The detector response is simulated using GEANT4 [51].

Samples made up of MC simulated events are referred to as MC samples. One major
benefit of using MC samples is that the {ruth information is retrievable, i.e., the origin
and the decay chain of the generated particles is known. Therefore, the truth information
helps to separate MC signal events from MC background events.

12A decay mode with specified final state particles.

IBA decay mode with unspecified final state particles.
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4. Reconstruction and Analysis
Methodology

In this chapter, we introduce the reconstruction and analysis methodologies employed at
Belle II for characterizing particle tracks and particle decays. We follow the introduction
with a general overview of the reconstruction and analysis procedure applied to our study
of A} and E..

4.1. Belle Il Analysis Software Framework

The Belle II Analysis Software Framework (basf2 [52]) is the main software used for
the processing of data and simulation at Belle II. Its application spans from the early
stages of (online) data handling to the later stages in the (offline) analyses. One of the
primary uses of basf2 is in the reconstruction of events, i.e., the association of physical
properties of particles to the tracking and hit information gathered by the detectors. The
reconstruction of simulated events undergoes the same procedure as done for data.
basf2 is based on independent (c++ and python) modules configured in a steering script.
The modules are loaded to a path within the script and executed linearly. Each module
dynamically reads (writes) information from (to) a dataStore which is allocated to an
input file called in the script. Input files are ROOT [53, 54] files that contain a collection of
events with related beam and detector information. The exchanged information with the
dataStore is passed as objects, e.g., objects that associate particle types to the tracking
information provided in the input file. An essential discriminator in the input files is the
eventMetaData which provides information about each processed event (event number,
run, experiment number) and whether the event is simulated [52].

The output is itself provided in ROOT file format, where dataStore objects are saved as
branches within the TTree structure of the ROOT file system.

In a physics analysis, one is interested in the reconstruction results for variables defined
in the steering file (such as mass, energy, momentum, etc.). The results are stored in an
Ntuple. An Ntuple is a TTree limited to float variables, with each variable allocated
to its own branch [54]. Moreover, an Ntuple is candidate-based [33], i.e., the variable
results are arranged in rows corresponding to each reconstructed event, and only events
that meet the criteria specified in the steering file are included in the output.
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Figure 4.1.: Example of grouping 2D hits with analog information (e.g. ionisation amount)
into clusters [33]. The red crosses represent the weighted means of each
cluster.

4.1.1. Track Reconstruction

We discuss the primary methods used in basf2 for the reconstruction of particle tracks,
and clarify what is meant by hits and tracks within the framework.

Clustering

Due to the finite resolution in the detection of particles that enter the detector sublayers,
neighboring hits (and related detector responses) are grouped together to form clusters.
An example of cluster building is shown in Fig. 4.1. This example applies well to the
clustering of PXD hits. A similar procedure is taken for neighboring hits found in the
layers of the other sub-detectors. Notably, for the ECL, the situation is a bit more
complex as particles may cause showers across multiple crystals. The clusters in the ECL
are based on the position and the deposited energy of the traversing particles; they are
formed around one crystal with an energy deposit of at least 10 MeV [27, p. 65] and only
neighboring crystals that touch each other in a 5x 5 arrangement are added to the cluster.
Per convention, clusters are often simply referred to as hits.

Track Parametrization

The trajectory of a charged particle traversing through the tracking detectors forms a
helix shape—the trajectory is curved due to the magnetic field induced by the solenoid.
Thus, the position X = (x,y,z) and the momentum p = (py, py, p;) of a charged track can
be parametrized as a Perigee heliz composed of 5 parameters [27, p. 58][55]. The helix is
defined at the Perigee, which is the point of closest approach (POCA) of the charged track
to the origin of the coordinate system. Using Fig. 4.2 for reference, the helix parameters
are defined as follows:

e dp is the signed distance of the POCA to the z-axis (projected onto the x —y plane).

The sign is taken from the sign of the z-component of the momentum vector p (with
respect to the origin).
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Figure 4.2.:

~

Yy

Belle II helix parametrization.
adapted from [55].

The POCA is denoted by P. Illustration

+ ¢o is the angle between the transverse momentum vector p; = (py,py) and the

X-axis.

 w is the signed curvature (i.e., the reciprocal transverse momentum Q/p;). The sign
corresponds to the charge Q of the particle.

o 7o denotes the z-component of the POCA.

o tand is the last component parametrizing the helix, where A is the angle between
p: and p, i.e., with respect to the x —y plane.

Track Finding!

Track candidates are found by relating hits to other hits in each tracking detector. Dif-
ferent pattern recognition algorithms are implemented for finding tracks in the CDC and

the VXD.

IThis subsection is substantially based on the Belle II Track Finding publication [35].
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CDC Track Finding: The CDC track finding consists of two algorithms.

o A global track finding algorithm: It involves a Legendre transformation of the he-
lix parametrisation where peaks of binned hits are identified for particles that are
assumed to originate at the IP. The transformed helix also accounts for missing
hits in the CDC layers. The algorithm starts by approximating the 2D position
information of the CDC hits (only axial wires) as drift circles (which are also cir-
cles in the Legendre space). These are combined with the z-directional information
provided by the stereo wires for a 3D positional account, where the stereo wire
hits are approximated as straight lines in the Legendre space. The most populated
intersections in the Legendre space are selected for the formation of tracks.

e A local track finding algorithm: This algorithm involves the Cellular Automaton
concept (CA) which identifies neighboring tracks and accounts for displaced vertices,
i.e., it identifies extensions of tracks that do not necessarily have their origin at the
IP. The CA groups hits into segments (based on groups of axial and stereo layer
cells) and extrapolates the trajectory of tracks from one segment to the other—
even if hit information is missing from the CDC layers. Different segments are then
combined and weighted to form longer tracks.

The two algorithms are merged to form the tracks found in the CDC. The global track
finding algorithm builds the baseline for finding the best track, while the local algorithm
results are added to the global one based on a multivariate approach—where the most
optimal tracks are found using MC simulations.

VXD Track Finding: The main tracking algorithm employed in the VXD is based on
the CA, which functions in a similar manner as the local tracking algorithm of the CDC.
VXD tracking is essential for reconstructing tracks of particles that do not reach or only
leave a few hits in the CDC, e.g., particles where the transverse momentum is less than
100 MeV [35, p. 9].

Finding SVD tracks involves creating graphs of related space points. The space points are
determined by dividing the SVD detector geometry into sensor sections (sectors). Tracks
found in different sectors are related to form a path and the best path becomes an SVD
track candidate. An illustration of this principle is shown in Fig. 4.3.

Merging Tracks: The main algorithm used at Belle II for merging the tracks from the
SVD, the CDC, and eventually the PXD, is the Combinatorial Kalman Filter (CKF).
The CKF is an iterative local algorithm that is equivalent to a least square fit. Candidate
hits are added to the extrapolated track one by one across the volume of the detector.
The algorithm accommodates parameter inputs that encapsulate the deviations from an
idealized track (e.g. that account for the non-uniform magnetic field, multiple scatterings
and other losses).

The extrapolation starts with tracks found in the CDC, to which SVD hits are then
attached, resulting in the merging of candidate tracks from the CDC with those from the
SVD. The merged tracks are used to determine interesting hit regions in the PXD. Lastly,
the CKF is repeated to attach the selected PXD clusters to the merged CDC+SVD tracks.
This approach is fast and efficient against the high background level at SuperKEKB, and
improves the track resolution quantified by the helix parameters dy and zg by a factor of
two or more [35, p. 12].
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Figure 4.3.: SVD track finding by relating sector graphs. Illustration adapted from [35].

Track Fitting

The trajectory of the tracks is built by fitting them across all the tracking detectors. The
main algorithm used for track fitting is the Deterministic Annealing Filter (DAF) provided
by the GENFIT2 package [56]. For the fit, a particle hypothesis is given to the tracks to
account for their interactions with the detector material and their energy losses. The
tracks are fitted with three hypotheses (p, K and x), then stored offline for subsequent
physics analyses [35].

The best estimates of the track fitting procedure are used for the determination of the
position and the momentum of charged particles.

4.1.2. Likelihood Ratios

Using MC simulations, a likelihood can be determined for every final-state particle hy-
pothesis (p,K,n,d, e, u). That is, a likelihood can be assigned to a track based on the ex-
pectations of a given hit signature in the sub-detectors. As briefly mentioned in Sec. 3.2.2,
besides providing momentum information, the CDC can assign a particle hypothesis to a
track by the amount of deposited energy in its volume. Fast tracks that make it into the
vicinity of the PID detectors (TOP+ARICH, Sec. 3.2.3) are given a particle hypothesis
based on hit signatures associated with the track. In this manner, the velocity of the
hypothesized particle is determined through the Cherenkov angle, and a mass hypothe-
sis can be assigned to the track. Similarly, hits in the ECL and the KLM, discussed in
Sec. 3.2.4, are associated with trajectories given a particle hypothesis. Details about the
individual sub-detector likelihood functions are discussed in [27].

For a physics analysis, one often wishes to reconstruct tracks associated with a certain
particle type. The reconstruction of a track identified as being of particle type i, is
expressed as the ratio between the combined likelihood £; (from all the sub-detectors)
and the sum of all the combined likelihoods assuming different particle hypotheses. The
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identification (ID) of a particle i reads,

ip=Lif](Le+Ly+La+Lx+L,+Ly), i=p,K,n,d,e,u. (4.1)

This is the standard PID definition used in analyses with basf2. It is also referred to
as a global PID to differentiate it from a binary PID. Compared to the global PID, the
binary PID is a more flexible condition on the ratio of particle likelihoods as its main
application is to distinguish the relative identification of a given track from another track.
For example, in the decay A? — px~, the ID of a proton track w.r.t. the pion track, reads

binaryID(p : 7) = L,/ (Ly + Lr), (4.2)
and similarly, we can express the binary ID of a pion track w.r.t. the proton track,

binaryID(7 : p) = Lo/(L, + L). (4.3)

4.2. Systematic Corrections Framework

In general, MC simulations do not perfectly model the efficiencies from particle ID selec-
tions in the measured data [57]. The discrepancy can be lessened by applying correction
weights to the MC candidates based on deviations of control modes in the data.

The identification performance of the proton, pion, and kaon have been studied at Belle
IT using the following control modes:

A = pr~ (4.4)
for identifying protons [58],
D** - [D° - K n*]n* (4.5)
for identifying kaons [59], and
K)—>ntn” (4.6)

for identifying pions [60]. The benefit of using these modes is that a good selection can
be achieved without applying any PID constraints [57].

The estimation of the data/MC efficiency corrections and application of weights can
be carried out offline using the Belle II Systematic Corrections Framework. For the
application of weights, the package PIDvar can be used in a Jupyter notebook. The
Systematic Correction Framework also allows for a direct computation of efficiencies on
online data during the reconstruction process. However, the offline treatment generally
offers better visualization for a single mode analysis.

The data/MC efficiency estimation and generation of weights is based on a given selection
criteria, involving PID thresholds (commonly referred to as PID cuts). The weights are
generated for each selected charged track in bins of their momentum p (in the laboratory
frame of reference), their polar angle 6, and their charge sign (+1 or -1).

To obtain the overall correction weight factor for a given mode that involves several tracks,
the individual charged particle weights are multiplied together. For example, in the decay
A} - pK—n*, the weight contributions from p, K, and x, give the overall factor that
corrects the PID selection efficiency in MC, for reconstructed A} — pK~n* candidates.
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Decay vertex

u
A—L. P
|p|
Production vertex
uparent

> T

Figure 4.4.: Simplified 2D illustration of the flight length L in TreeFit. u represents
the coordinate vector of the decay vertex of an intermediate particle, uparent
represents the coordinate vector of the decay vertex of the parent particle
(the point at which the intermediate particle was produced). A is the vector
quantifying the flight distance of the intermediate particle in the direction of
its momentum. Ilustration adapted from [55].

4.3. Vertex Fit

Vertex reconstruction algorithms are essential for determining the location where related
tracks intersect. They provide information about the presence of intermediate states,
i.e., composite particles which are formed by a combination of final state particles. By
rejecting unwanted tracks, vertex fit algorithms can also drastically improve the resolution
of particle kinematics.

Of special utility to the analysis presented in this thesis is the TreeFit algorithm [55]. It is
one of three vertex fit implementations at Belle IT [27, p. 89]. TreeFit executes a global fit
over the entire specified decay chain. It finds a best fit to the vertex positions, 4-momenta,
flight lengths and covariance matrices of all the intermediate particles involved in the
chain—the determination of these parameters is discussed below. Final state particles are
determined alone by their PDG masses and (3-)momenta.

The flight length L is defined as the distance between the production vertex of a particle
and its decay vertex. The production vertex of a particle is synonymous with the decay
vertex of its parent (the composite particle from which the particle originates, also referred
to as the mother). An illustration is provided in Fig. 4.4.

Intermediate particles that decay via the strong force (with a lifetime of less than 10714 s,
i.e., L ~1um) are assumed to have the same decay vertex position as the decay vertex of
the parent.
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Particle Parameters Constraints
track Px; Dy, Pz 5 (from helix parametrization)
photon Pxs Py, Pz | 3 (the highest momentum is vetoed [55, p. 6])
intermediate | PP 4 (kinematic) + 3 (geometric) + 1 (mass)
E.x,y,z,L

Table 4.1.: Parameters determined by TreeFit and associated number of constraints [33].
For clarity, the geometric constraints refer to the condition 0 = uparent + A —u
which is illustrated in Fig. 4.4, see also [55, p. 7].

Determination of Best Parameters

The initial vertex positions are chosen at the POCA of a track; If the track originates
from a composite particle (a parent), the initial vertex positions are set to the POCA of
the parent; If it is undetermined, the IP is assumed as the origin.

The algorithm uses an extended Kalman filter, i.e., a least square estimator. It iteratively
associates constraints (parameter equations based on knowledge from measurements and
expectations) to a set of hypothesized track parameters. Each constraint reduces the
dimension of the parameter space used for the fit. In table 4.1, we list the parameters and
constraints corresponding to a track, photon, and intermediate particle. Note that the
total number of constraints must be greater than the number of parameters extracted.
The number of degrees of freedom used in the fit result from the number of constraints
minus the number of extracted parameters [33].

The x? of the fit is determined for every iteration « as a weighted sum of k sets of
equations (i.e., the constraints), [55]

X2 =2 (k= xkm1) Ty (e = xiem1) + (mye = e (i) )TV (mic = hie (i), (4.7)
k

X3

where

e Xxi is the state vector containing the set of parameters to be retrieved from the fit,
(x,¥,2, pxs Py P2, E, L, ...), for each constraint,

o my is the vector obtained from the measurement (dom, $0.m> Wm» 20.m»> tan Ay, ),
o hi(xy) is the vector of the hypothesis (dy, ¢o, w, 2o, tan 1),
o V; is the covariance matrix of the measurement, and
e Cy is the covariance matrix of the hypothesis.
The minimization of )(,% defines the rule by which a state vector x; is obtained,
X =X~ K- (me— (), (45)

where K is a gain matrix used by the Kalman Filter, its derivation is outline in [55].
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Thus, each new state vector is updated based on the outcome of the previous state,
and the hypothesis used for each constraint is based on the outcome of a state vector
corresponding to the previous constraint.

The last iterated state vector gives the best hypothesis for the parameter values. This
applies as long as the change in the y? remains below 2% [55, p. 4].

4.4. V0 Objects

Complementary to the standard reconstruction of tracks (using the track finding algo-
rithms), is the reconstruction of V0 objects [27, p. 61]. V0 objects are combined tracks of
opposite charge (they form a V-shape), where the hit information in the detector layers
is exploited and extrapolated down to a common vertex where the tracks meet. This is
primarily used for the reconstruction of long-lived neutral particles (like A?), where the
decay vertex is significantly displaced from the IP. If the hit extrapolation succeeds and
a common vertex is found, a vertex fit is performed and the results are stored for offline
analyses.

basf2 implements a VOFinder module, which can be used to collect a list of candidate
V0 objects that pass certain selection criteria, e.g., the invariant mass of the oppositely
charged tracks falls within a region of interest.

Relevant to this thesis is the reconstruction of A? particles. The standard collection of A°
particles, for analyses, involves merging the results from the VOFinder module with those
from the default basf2 particle combiner module (which uses the track finding algorithms
discussed earlier). These standard A? particles are reconstructed from the combination of
oppositely charged proton and pion tracks that pass a vertex fit (TreeFit) with y?2 > 0.
The invariant mass range is required to be within 1.10GeV/c? < M < 1.13GeV /2.

4.5. Mode Reconstruction

The reconstruction of a mode, i.e., a decay channel, follows a bottom-up approach where
the last particles in the decay chain are collected first: tracks with a given final-state
particle hypothesis are stored in a list, this list is called a particle list. The particle lists
are then combined by the particle combiner module of basf2 to form the parent particle.
The charge conjugates of each track are also saved to the list, thus the anti-particle parent
is implied throughout the entire reconstruction.

To illustrate this, in the case of A} - pK~n*, the combinations of protons, kaons, and
pions are selected such that the kaon list has an opposite charged track to that of the
proton and pion lists. Before the protons, kaons, and pions are combined, they may be
required to fulfill a set of impact parameter conditions (i.e. track parameter conditions
and limits on the number of hits in the detector layers) and/or pass a minimal threshold
in their identification likelihood ratios (PID cuts). Only those combinations that pass the
selection criteria—which may furthermore be constrained by kinematic cuts and vertex-
fits of the mother—are saved to a candidate list for further analysis.

Naturally, not every combination corresponds to a signal event. In the case of recon-
structed MC events, combinations that pass the selection criteria and are not matched to
a generated signal event are referred to as combinatorial background events.
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A selection criterion or cut that is too tight may bias the results of the analysis, and a
cut that is too wide may lead to an overwhelming amount of unwanted events. Thus,
it is instructive to undergo the reconstruction with loose? cuts that are based on some
level of knowledge of the particle (chain) being reconstructed. For example, a suitable
reference for the mass selection window for A} - pK~n™" is the world average documented
by the PDG, M(A.)ppg = 2286.46 MeV [6]. However, as the resolution of the Belle II
detector is limited, we require that the total invariant mass of the combination of the
daughters (products of the mother particle) is large enough to accommodate the tails
of the reconstructed signal distribution. In practice, the mass window is chosen even
wider to include sideband regions, defined as regions neighboring the signal distribution,
allowing us to model the background behavior.

4.6. From MC to Data

For each MC sample used in our analysis, there exists a corresponding (real) data set.
The analysis leading up to our final candidate selection is carried out on MC samples; a
comparison to data (and measurement) is done only as a final step in the analysis process.
Each MC sample has about 4x as much integrated luminosity as its data equivalent, which
means that for a comparison to data, the MC distributions must be scaled by a factor
L.
lscale = Emt’ data . (49)
int, MC

In addition to the scaling factor, other corrections may be employed (on MC) that are
related to the signal generation and the particle identification of the daughters.

4.7. Performance Metrics

Using the MC-truth information of the MC sample, the discriminating variables (e.g.
kinematic variables and PID information) can be optimized to select a signal region with
high statistical significance. A powerful metric for the evaluation of a selection perfor-
mance is the figure of merit (FOM), which we define as the significance of the signal,

[61]

FOM = g _ Nsig __ M (4.10)
O-(Nsig) \/Nsig + kag + O'Z(kag) \/Nsig + kag

where N, stands for the number of correctly reconstructed signal events (true-matched
events), Npke stands for the number of background events (unmatched events), and o
represents the standard deviation. In principle, the FOM measures the number of stan-
dard deviations away from zero assuming a Poisson error (y/Nsig + Npkg). This measure is
taken on candidates found in a given selection window in the specified MC sample. Note
that in the final step of Eq. (4.10), we assume a large enough MC sample to neglect the
uncertainty in the expected number of MC background events.?

2A cut that retains most of the signal events while excluding unwanted regions.

3In general, the analytic form of the figure of merit may vary for different types of analyses.
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In practice, a cut is chosen at or near the maximum FOM value for a variable of interest.
Other useful metrics that relate to the FOM analysis are the purity, the signal efficiency,
the background rejection, and the MC efficiency.

The purity signifies the ratio between the signal and the number of candidates in the
sample selection,

N, sig

EEELL S (4.11)
Nsig + kag

purity =

The signal efficiency captures the retention of the number of true-matched events in the
sample for every new selective cut,

# true-matched events AFTER new selection

ignal effici = . 4.12
Pitlal cticiency # true-matched events BEFORE new selection ( )
Complementary to the signal efficiency is the background rejection,
tched ts AFTER lecti
background rejection = 1 — # unmatched events 1w seection (4.13)

# unmatched events BEFORE new selection

Lastly, the MC efficiency expresses the total efficiency in the MC sample, it is defined as
the ratio between the correctly reconstructed signal (true-matched events) and the total
number of generated signal MC particles (true MC events),

# true-matched events

MC effici =
craeney # true MC events

(4.14)

4.8. Fits and Signal Extraction

Beyond maximizing the signal significance by tightening a selection window, we can more
precisely extract the signal yield from data by fitting an adequate model to its distribu-
tions. The fit model may involve one or more Probability Distribution Functions (PDFs)
that depend on unknown parameters for which estimator functions provide an estimate
of their best values.

A good estimator is one which performs in accordance with the following properties [62].

o It is consistent, i.e., it converges to the true parameter values of the model as the
number of measurements go to infinity.

» The variance of the (consistent) estimator has a lower bound (the Cramer and Rao
variance [62, p. 86]).

o The bias, i.e., the expectation value of the difference between the estimate and its
true value, goes to zero as the number of measurements go to infinity.

A maximum likelihood estimator has these properties. The maximum likelihood method

involves the extraction of best parameter values from the maximum of a likelihood func-
tion.
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4.8.1. Likelihood Function

A likelihood function is composed of the PDFs that model the distribution of observables
in a sample. Given a PDF with m unknown parameters a = (a!,a?,...,a™) and a sample
composed of N independent experiments, where each experiment involves the measure-
ment of / random variables x! = (x"l,xé, ...,xf) distributed according to the same PDF, the

likelihood function reads
N
L(xja) =]] PDF(x'|a), x = {xx%, .2V (4.15)
i=1

The maximization of the likelihood function is more easily tractable by minimizing its
negative logarithm,

N
—-InL(xla) = - ;hl PDF(x|a) (4.16)

such that the maximum likelihood parameter estimates & are retrieved by solving the set
of equations given by
d(-InL(x|a))
da’
Due to the high complexity of these equations, they are often solved using computational
algorithms such as those implemented in the RooFit toolkit [63] of the CERN’s ROOT
environment.

-0 Vi (4.17)

4.8.2. Extended Likelihood Function
The extended likelihood function is a likelihood function like Eq. (4.15) but is normalized

by a Poisson distributed term with average u(a), where the total number of events N is
itself to be estimated,

uaer)

L(x|u,a) = H PDF(x|a). (4.18)

m
Thus, the maximization of this extended likelihood function not only determines the shape
of the sample distribution but also its size [64].
For example, given a PDF with signal and background components, as is the case when
fitting over MC distributions with truth information, the number of yield events can be
expressed as u = ng + np, where ng is the number of signal yields and n; is the number of
background yields. The (normalized) PDF takes the form

PDF =

PDF; +

PDF,, (4.19)
ng+nyp ng +nyp

where PDF models the signal distribution and PDF}, models the background distribution.
Thus, the extended likelihood function becomes [62]

e~ (ns+np) N ) )
L(x[ny,np,a) = ———— [ ] (n,PDF(x'[a) + n, PDF(x'[a)). (4.20)
: i=1
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As previously indicated, the maximum likelihood parameters a are in practice extracted
from the minimization of the negative logarithm,

N
~In L(x[ny, np,a) = ng+np + y_ In (n,PDF,(x'|a) + n, PDF,(x']a)) - In N, (4.21)
i=1

where the last term (-InN!) becomes irrelevant to the minimization process as it is a
constant w.r.t. infinitesimal changes of the PDF parameters a.

In this thesis, we employ an extended maximum likelihood fit using RooFit to simulta-
neously retrieve the PDF parameters and the signal (and background) yields for each of
our fitted sample distributions.

The performance of the fit is visually inspected in reference to RooFit’s y? value. This
value is measured between the plotted PDF and the distributed data*. A value of y?/ndf
that is near the value of 1, where ndf stands for the number of degrees of freedom?®, serves
as an indicator of a good fit in our analysis.

For a general discussion of the y?2-statistic in reference to the (ratio of) maximum likeli-
hood estimators, see [65] and [62, p. 99].

1See the ROOT Reference Guide documentation for its modular definition.

5The number of degrees of freedom is the number of measured events minus the number of fitted param-
eters.
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5. Analysis of A]

In this chapter, we extract signal candidates of A} - pK~7* in bins of the scaled momen-
tum x,, defined as

p'c
/i M2’
where M is the invariant mass of the mother particle A}, p* is its momentum in the e*e~

rest frame and s is the Mandelstam variable denoting the square of the total available
energy from the e*e collision, such that /s = 10.58 GeV.

Xp = (5.1)

5.1. Data and MC Samples

For the study of A} - pK~n", we use two run-dependent! MC samples, one with an
integrated luminosity of 14.96fb™" (exp20) and the other with 65.52fb™! (exp14). Each
MC sample corresponds to data collected from the year 2019 to 2021 at the Y (4S) energy,
see table 5.1. The candidate events are reconstructed using the basf2 release version
light-2311-nebelung.

5.2. Strategy

We first reconstruct A¥ — pK-n* candidates found in ¢¢ and BB events using the 14.96 fb™*
MC sample. This small sample serves to illustrate the mass distribution of A} - pK—n*
using only impact parameters and a vertex fit. For this type of reconstruction, where no
PID cuts are applied, the small MC sample is used (instead of the large MC sample) to
illustrate the significance of the following optimizations. We apply PID cuts on the daugh-
ter tracks (p, K, m) and outline the signal efficiency of each selection. Using the selection
criteria obtained from the small sample, we continue the analysis on the larger 65.52 fb™!
MC sample, which is the main sample studied. In this sample, we include A} - pK—n*
candidates from ui, dd, s5, c¢, and BB events, and work on other tight selections. After
determining the final cuts, which are summarized in table 5.4, we extract the signal yields
from data in bins of x,. Finally, the shape of the x, distribution in MC is compared to
data and a few critical observations are made, which are considered in the study of the
22" particles in chapter 6.

LCalibrated to the run dependence of the corresponding collection of data, i.e., with luminosity and beam
background adjustments for the runs. The run-dependent MC samples used here are internally denoted
as "MC15rd”.
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MC sample |\ vent ¢ data equivalent 4
even [§] ala equlvalen ex
(MC15rd) P a P
14.96 fb™! ¢, BB 3.79fb™! (bucket26) 20
65.52fb™' | uit, dd, s5, c¢, BB | 16.50fb™" (procl3-chunk3) | 14

Table 5.1.: Data and MC samples used for the analysis of A} - pK~n*. The event types
are the primary on-resonance channels, e.g., ete™ — ¢¢ at the Y(4S) energy,
from which we reconstruct Al candidates.

| PXD hits | 1st SVD layer hits | CDC hits | dr | |dz]

p,K,ﬂ" >1 ‘ >1 ‘ >20 ‘<O.5cm‘<20m

Table 5.2.: Impact parameter conditions used in the reconstruction of A}.

As mentioned in Sec. 4.5, the charge conjugates are considered simultaneously. Since we
do not differentiate between the charge states of A%, we simply refer to it as Af. Thus,
our candidate selection for A} applies equally to the charge conjugate candidates A.

5.3. Candidate Selection

Our goal is to prepare a sample of candidates with optimal signal significance. The first
step to achieve this, is to reconstruct Af - pK~n* events with loose cuts, by which we
retain as many interesting events as possible while simultaneously rejecting unrelated
events.

5.3.1. Reconstruction with Loose Cuts

Given that the lifetime of A} is short (203 fs [6, 66]) and its production from heavy quark
fragmentations is favorable, we require the charged tracks (p, K and ) to originate from
a common production vertex found near the IP. The selected tracks have a transverse
distance dr :=|dp| < 0.5cm and have a beam-parallel component |dz| < 2cm with respect
to the IP. In agreement with the impact parameter conditions applied in [66], we avoid
beam-related background events and refine the track reconstruction by requiring at least
a hit in the PXD, at least a hit in the first layer of the SVD, and at least 20 hits in the
CDC. These impact parameter conditions are summarized in table 5.2. Moreover, the
production vertex of the mother is fitted with TreeFit where a minimal y2 confidence
level of 1% is required.

Using the small MC sample (14.96 fb™!), we reconstruct Af - pK-n* candidates from ¢
and BB events in the invariant mass range 2.24 GeV < M(pK-n*) < 2.34GeV, with all
the previously mentioned conditions applied. The MC efficiency of this candidate sample
is 30% and corresponds to 48 thousand signal events. As seen in the mass distribution
shown in Fig. 5.1(a), this candidate sample is dominated by background events. In the
next step, we improve our selection by optimizing the FOM, Ngig/\/Nsig + Npkg, to the
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Selection Ngig | sig eff. [%] | bkg rej. [%] | FOM
impact parameters (table 5.2),
vertex fit (y2 > 0.01), 47818 100 - 5
2.24GeV < M(pK—n") < 2.34GeV
proton;p > 0.7 42328 89 98 34
kaonyp > 0.1 39131 92 86 78
pionyp > 0.1 35298 90 24 80

Table 5.3.: Number of signal events (Ngig), signal efficiency (sig eff.), background rejection
(bkg rej.) and FOM for each consecutive selection of candidates from the small
MC sample (14.96 fb_l). Note that the starting point of the signal efficiency
is defined as 100% for the number of reconstructed signal candidates.

PIDs associated with the selected tracks.

5.3.2. PID Optimizations

Due to the low relative abundance of protons produced at Belle II with respect to other
charged particles, optimizing the FOM for the proton global PID of the proton track?2,
which we refer to as proton;p, can have an immense impact on background rejection. As
portrayed in Fig. 5.1(b), a maximum FOM value for the proton;p is found above 0.7.
Requiring

proton;p > 0.7 (5.2)

retains 89% of the reconstructed signal while rejecting 98% of the combined c¢ and BB
background. This effect is shown in Fig. 5.1(c), where in comparison to Fig. 5.1(a), the
background falls to an almost flat level.

Similarly, from the optimization of the FOM for the kaon global PID of the kaon track,
we require

kaonsp > 0.1 . (5.3)

With this subsequent cut, we retain 92% of the remaining signal and remove another 86%
of the combined cc and BB background. In the case of the pion track, we simply apply
the loose cut

pion;p > 0.1, ] (5.4)

where we retain 90% of the remaining signal and remove another 24% of the combined
c¢ and BB background.
The number of signal candidates, the signal efficiency, the background rejection and the

¢

FOM value for each consecutive PID cut are summarized in table 5.3

2As defined in Sec. 4.1.2, the global identification of a particle X is defined as the ratio of the likelihood
for a track to be of particle type X and the sum of all the charged particle likelihoods.
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Figure 5.1.: Shown in (a) is the mass distribution of reconstructed A} events with the
conditions discussed in Sec. 5.3.1. Note that the displayed y-axis starts at 2.9
million events per bin. In (b), the behavior of the FOM, signal efficiency and
purity in the signal region are shown as functions of the proton;p. Shown in
(c) is the mass distribution of A} after applying the PID cut, proton;p > 0.7.
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We now continue the analysis on the larger MC sample (65.52 fb_l), where we also include
events from ui, dd, and s5 fragmentations. We study candidates in the large MC sample
starting with the same selection criteria as shown in table 5.3 except for a tighter A} mass
region, 2.273GeV < M(pK=n") < 2.297GeV. The MC efficiency of this refined candidate
sample is 23%, corresponding to 159782 signal candidates.

5.3.3. Vetoed Events

Pions coming from D-meson decays can pass our selection criteria as misidentified protons.
We identify this background by giving the proton track in A} - pK~n" a pion mass
hypothesis. As shown in Fig. 5.2, the mass distribution M(x+*K-n") contains peaks
mostly originating from the c¢ background. On the more massive region (right shaded
interval), the peak formation corresponds to decays from (excited) D* mesons [66].
Events in the range

1.86 GeV/c? < M(n* K~ n*) < 1.88 GeV/c? (5.5)

and those in the range

[ 2.00GeV/c? < M(n"K %) < 2.02GeV/c? (5.6)

corresponding to roughly 3x the width of each peak are removed from our list of candi-
dates. The veto retains 93% of the signal candidates corresponding to the 65.52 fb™ MC
sample and rejects 7% of the background. The MC efficiency falls to 21%.

5.3.4. Transverse Momentum Cut on the Proton Track

A cut on kinematic variables associated with the proton track is another useful approach
that can aid in suppressing background events from A} - pK~n* candidates. In Fig. 5.3,
we show the FOM behavior of proton,,,, which stands for the transverse momentum of the
proton track in the laboratory frame. An optimal FOM value is found for proton,, > 0.3
GeV/c. With this consecutive cut, we retain 99% of the signal candidates and reject 5%
of the background; the MC efficiency remains near 21%.

5.3.5. Pion Momentum Cut

As we strive to reduce the discrepancies in the distribution shapes seen in MC versus
those seen in data, we use the Belle II Systematic Corrections Framework, introduced
in Sec. 4.2. Using the framework, we apply PID efficiency correction weights to each
charged track of A} - pK—n*. The (0, p) parameter regime covered by these systematic
corrections—applied to our 65.52fb™t MC sample under the conditions established up to
this point—is shown in Appendix B.1.

The PID efficiency correction factors are well suited for the proton and the kaon candi-
dates, but not the pion. Thus, in addition to the previous cuts, we require a cut on the
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Figure 5.2.: Plot of the M(n*K~-n*) distribution, where the proton has been given a pion
mass hypothesis. The shaded intervals indicate the vetoed regions. Note that
the signal and background distributions are stacked per event type, where the
background from the light-quark pairs is combined.
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Figure 5.3.: In (a), the FOM, signal efficiency and purity plot of the A candidates as
functions of the proton transverse momentum. In (b), the distribution of
transverse momentum of the proton. The red vertical line indicates the start
of the region for which proton,, > 0.3, such that every candidate in the grayed
out region is removed from the candidate sample.
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Figure 5.4.: Pion momentum distribution. The grayed out region indicates the cut spec-
trum motivated by the PID correction weights analysis, only candidates where
pion, > 0.4GeV/c are kept.

momentum of the pion, such that pion, > 0.4GeV/c. The pion momentum distribution
including the cut spectrum is shown in Fig. 5.4.

With this significant cut, we retain 70% of the signal candidates and reject 48% of the
background; the MC efficiency falls to 15%.
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5.3.6. Final Selection Summary

In table 5.4, we summarize our final selection criteria for AT - pK~-n* candidates.?

Selection Ngig | sig eff. [%] | bkg rej. [%] | MC eff. [%)]
impact parameters (table 5.2),
vertex fit (y2 > 0.01),
2.273GeV < M(pK—n") < 2.297 GeV
159782 100 - 23.0
protonyp > 0.7

kaonyp > 0.1

pionyp > 0.1
M(n*K~n") vetos 147873 92.5 7.2 21.3
proton,r > 0.3GeV/c 145699 98.5 4.8 21.0
pion, > 0.4GeV/c 101820 69.9 48.1 14.7

Table 5.4.: Summary of the final criteria for selecting A} - pK~n* candidates. The num-
ber of signal events (Nyg), signal efficiency (sig eff.), background rejection
(bkg rej.) and MC efficiency (MC eff.) are given for each consecutive selec-
tion made for candidates in the large MC sample (65.52fb™"). Note that the
starting point of the signal efficiency is defined as 100% for the number of
reconstructed signal candidates.

3 A general check on our selection criteria are "N-1” plots, where the distribution of candidates are plotted
for each cut variable with all the cuts applied except for the one plotted. These plots are provided in

Appendix B.2.
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5.4. x, Distribution

Having determined our final selection of candidates using the MC samples, we draw our
attention to the x, distribution of A} events in data. We first discuss the extraction of
signal yields in the data, then discuss the MC efficiency corrections. Finally, we compare
the shapes of the generated signal MC to the obtained data yields.

In a similar approach as done for Belle data [67], we extract the yield in bins of x, by
performing a mass fit in each bin. The size of each bin is chosen to be 0.05, i.e., we study
20 x,-dependent bins in the total range x, € (0,1].

5.4.1. x,-independent mass fit

Before mass-fitting the individual x,-dependent bins, an x,-independent mass fit is per-
formed over the optimized data using a double Gaussian PDF (to model the signal peak)*
and an exponential PDF (to model the background). The combination of both PDFs
forms the total PDF which is used to fit over the mass distribution in data.

The analytic form of the double Gaussian PDFgna1(m), as a function of the mass value
m, reads

1 _% 1 _(mfu2)2
PDFsignal(m) = Wiail X ——=—=€ 71 +Weore X ——=e€ 7 (5.7)

\ /2710'12 \ /27r0'22

where y is the mean value of the distribution and o o its width. wy,j and weere are weight
factors for each Gaussian component and act as the normalization factors of the double
Gaussian PDF. Here, wiai1 + Weore = 1. The exponential function reads

PDFbackground(m) =Nxe™, (58)

where N is a normalization constant and T represents the slope parameter of the expo-
nential function.

The total PDF fit over the mass distribution in data performs well, as seen in Fig. 5.5,
where X?n g¢ = 1.16. In this fit, all the fit parameters are floated. The extracted width

values are

o1 = (5.43 = 0.36)MeV /¢ (5.9)

and

o5 = (2.28 £ 0.05)MeV /c?, (5.10)

where the former accounts for the tails of the Gaussian distribution and the latter repre-
sents the core width.

Notably, prior to the fit of the mass distribution in data, a fit was performed on the mass
distribution in MC, similarly, with all fit parameters floated. The PDF shape chosen for
the fit to data thus originates directly from the behavior observed in MC. The widths
obtained from the fit to MC are o = (5.97 +0.15)MeV/c? and o = (2.43 + 0.02)MeV /c?,

4We use a double Gaussian PDF to account for the tails of the peaking structure.
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Figure 5.5.: A double Gaussian PDF fitted over the x,-independent mass distribution in
data. The curve and the magenta curve represent the two Gaussians
composing the double Gaussian PDF with the widths o and 0%, respectively.
The blue curve represents the fit to the background distribution using the
exponential function. The red curve represents the total fit to the mass
distribution.

which are marginally consistent with the widths obtained in data at 1.60° agreement,
where o represents the combined uncertainties of both width results®. However, aside
from the PDF choice, no direct inputs from MC were used in the fit to the data.
Moreover, to identify any strong dependencies of the widths (o and o%) on the type of
fragmentation, the MC fit was performed separately on BB events and continuum (ui, dd,
s5, cc) events. In the continuum case, only ¢¢ contributes to the signal distribution. The
width results are found to agree within 1.40°, thus no strong dependence of the Gaussian
distribution width as a function of x, is seen; as elaborated next, BB events and ¢€ events
separate in the x, spectrum.

5.4.2. x,-dependent mass fits

We fix the widths in Eq. (5.9) and Eq. (5.10) to their nominal values and use them as inputs
for the likewise double Gaussian PDF used for the mass fits of each x,-dependent bin.
The backgrounds are, as before, fitted with the exponential PDF (no fixed parameters).
The mass fits, number of events, and the y2/ndf values, are illustrated in Fig. 5.6 for each
of the 20 x,-dependent bins.

From Fig. 5.6(i) to Fig. 5.6(t) corresponding to 0.4 < x, < 1, we see that the background
level is greatly diminished in comparison to bins for which x, < 0.4. This overall behavior

5To compare the widths, o and o are combined such that oyotal = \/07 + 3.
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Figure 5.7.: In (a), an overview of the x,, distribution in the MC sample. In (b), the signal
efficiency, purity and FOM over x,. We see that for x, > 0.4, the signal to
background ratio increases, as similarly seen in the overall behavior of the
xp-dependent mass fits of the data in Fig. 5.6.

is seen in the MC sample distribution of x,. In Fig. 5.7, we show the x, distribution of
Al — pK~n* candidates within the signal region, 2.279 GeV < M(A}) < 2.294 GeV, defined
as three standard deviations of the mean of the true-matched Gaussian distribution.
Notably, the same procedure was applied to the mass distribution of MC, where the
widths from the x,-independent mass fit were fixed and used in the fits to the 20 x,-bins.
The signal yield was found to be consistent with the number of true-matched events per
respective x,-bin.

5.4.3. Efficiency corrected yields

Having fitted the x,-dependent mass distributions, we compare the shape of the generated
signal MC to the shape formed by the data yields, in bins of x,. To this end, we scale
down the MC events by the data luminosity,

16.50fb™"
65.52 b~
and correct the data yields by the MC efficiency bin by bin.

For an x,-bin with index i, where 0 <7 <19 and i € Z, the efficiency-corrected data yield
can be expressed as

- 0.252, (5.11)

lscale =

i N
(data yield)' = % (5.12)

Nét is the number of yield events per bin captured by the fit to data and € is the MC
efficiency per bin,

o - #true-matched events per i-th bin
~ #true MC events generated in the i-th bin’

(5.13)
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5.5. Data/MC shape comparison

In Fig. 5.8, we compare the efficiency-corrected data yields to the luminosity-scaled MC
signal generation in bins of x,. The bin indices and X?n g¢ values shown in Fig. 5.8 refer to

the fits shown in Fig. 5.6. Although all known corrections have been applied to candidates
in our samples, it is evident that the overall shape of the generated signal MC and the
data yields do not overlap well. Not only is there a tendency for a lower signal count per
bin in the generated signal distribution but it also appears to be shifted rightwards. This
discrepancy has been recently noted by Longke Li et al. [68, 69] in internal publications
of Belle II. In Appendix C, we present a shape correction method that circumvents the
data/MC disagreement in the high x, spectrum. However, a detailed MC correction is
beyond the scope of this thesis, and it is not strictly necessary for the upcoming conclusion.
An important observation is that the double peak formation seen in MC is also seen in
data, where the left peak corresponds to BB signal and the right peak corresponds to cc
signal. Another interesting observation is that the MC efficiency increases by more than
10% from the low x, bin (0 < x, < 0.05) to the high x, bin (0.95 < x, < 1). In contrast,
using Belle data, the MC efficiency of A} events was stated to be constant throughout
the entire x,, spectrum [67].
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Figure 5.8.: The top plot presents the luminosity-scaled true MC count vs. the efficiency-
corrected data yield in bins of x,. The error bars denote the statistical uncer-
tainty of the fit (scaled for the shape comparison). The middle plot presents
the MC efficiency per bin and displays its overall increasing behavior for
higher x, values. The bottom plot presents the X?n g value of the fit to the

data.
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In summary, building on the 2005 Belle study [67], we have shown that using Belle II data,
it is instructive to study A} in the x, spectrum with x, > 0.4. This regime amplifies the
MC efficiency and purity of A} candidates from c¢ fragmentations. Signal events from BB
decays are rejected, as they are mostly prevalent in the x, < 0.4 regime. Indeed, a high
xp cut, or similarly, a high momentum cut, is common practice in the study of charmed
baryons. Here, we have re-derived this quality and have illustrated the limitations of the
data/MC agreement in the x,-spectrum using Belle II data. This result is seen in the
other weakly decaying charmed baryons, £%*, which have similar kinematic properties to
that of A}.
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6. Analysis of Z "

In this chapter, we study 20+ events found in modes involving hyperons and mesons,
20 » 2%, A’k nt (6.1)

and
g > 2 ntnt, A°K ntnt, (6.2)

with hyperon subdecays, 2= — A%~ and A — pn~. These modes and their PDG masses
are summarized in table 6.1. Since they have similar characteristics, we will discuss them
collectively, where applicable. To keep matters simple, we refer to the above collection of

E2* modes simply as E.. Similarly, we refer to the first hyperon daughters of &, (either

E- or AY) as primary hyperons, and the secondary A? (subdecay of E7) as the secondary
hyperon. The kaon and pion tracks, which represent the primary mesons produced in the
E. decays, are referred to as prompt charged tracks.

The specific channels will be explicitly stated when non-overlapping conditions apply.

6.1. Strategy and Overview

Our primary goal is to extract the width and yield from a fit to the mass distribution of
E. signal candidates in data. The yield information forms the basis for the determination
of the ratio of branching fractions,

B(EQ - AK~n™")
B(E) > E-n")

(6.3)

and

B(Ef - AKn*tnt)

B(Ef - E-ntnt)’
which are determined at the end of this chapter.
Motivated by the results of the previous chapter, we limit the reconstruction of E. to
candidates that originate from c¢¢ fragmentations by requiring x,(E.) > 0.4. In contrast
to the previously studied A} - pK~n* mode, the multilevel decays in E, require several
optimization iterations before a final selection is achieved.
In Sec. 6.3, we discuss the choice of loose selections on prompt charged tracks and hy-
perons. The loose selections are summarized in table 6.3. In Sec. 6.4, we optimize the
signal significance of the sample candidates by maximizing the FOM of the PID of hy-
peron daughter tracks and applying cuts to the flight significance L/o~ of the hyperons.
L denotes the flight length of the hyperon from its production vertex to its decay vertex,
as introduced in Sec. 4.3, and o denotes the uncertainty in the determination of L. At

(6.4)
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Mother channels | Charmed baryon PDG mass [MeV/c?| | Lifetime [fs]
50>  Eat
¢ ’ 2470.44 150
AYK-m+
=2t —>  Eatat
¢ ’ 2467.71 453
AK-mtnt

Hyperon channels ‘ Primary hyperon PDG mass [MeV/c?] ‘ Lifetime [ps]

2 - [A® > pr]n~ | 1321.71 164

A0 = pr- | 1115.68 262

Table 6.1.: List of the E. channels and their subdecays studied in this chapter. The charge
conjugate of each of these modes is implied in the analysis. The (nominal)
PDG mass and lifetime values represent the current (2024) world average [6].
Note that the hyperons have a lifetime approximately 1000x longer than the
charmed baryons.

the end of the section we establish the final selection criteria for E. candidates. The final
selections are summarized in table 6.6 for EY candidates and in table 6.7 for £} candi-
dates. In Sec. 6.5, we fit the mass distributions of the optimized E. candidates and gain
insights into the type of PDF shape used for the fit to the data. The selection of data
candidates is done using the same final selection criteria obtained from the MC sample.
From the fit to the mass distribution in data we obtain the widths and signal yields of
each E. mode. In Sec. 6.6, we discuss the strategy for the measurement of the ratios of
branching fractions and correct for PID selection inefficiencies in MC. After establishing
the related uncertainties in the measurement of branching fractions, we provide the final

results.

6.2. Data and MC Samples

For the study of E., we use a run-dependent MC sample with an integrated luminosity of
356.70fb™! (exp18, procl3-chunks), corresponding to 90.17fb™! of data collected at the
Y (4S) energy. The candidate events are reconstructed using the basf2 release version
light-2409-toyger.
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‘ PXD hits ‘ 1st SVD layer hits ‘ CDC hits ‘ dr ‘ |dz|

Krn| >1 | > 1 | 220 [ <05cem|<2em

Table 6.2.: Impact parameter conditions used for prompt charged tracks in E. decays.

6.3. Reconstruction with Loose Cuts

Since the lifetimes of B and E} are in the same order as that of A} (203 fs [6, 66]), we
require the production vertex of the E, mothers to be consistent with the IP. For every
E. mode, the entire decay chain is fitted using TreeFit, where a loose confidence level
of the fit is required, y2 > 0.001. The reconstructed invariant mass range for Z, modes
involving a primary hyperon A? is 2.425 GeV/c? < M(E,) < 2.520 GeV/c?, while E. modes
involving a primary hyperon E~ is 2.330 GeV/c? < M(E.) < 2.620 GeV/c?. In general, =,
modes containing a primary hyperon A? share a common set of loose requirements, and
similarly, modes containing a E= have a common set of loose requirements.

Next, we elaborate on the loose criteria imposed on the charged tracks and hyperons
participating in the E. decays.

6.3.1. Prompt Charged Tracks

The prompt charged tracks are required to originate from a common vertex found near
the IP, i.e., we impose the same impact parameter conditions as used in the previous
chapter (reiterated in table 6.2).
To reduce the number of misidentified tracks, we require prompt kaons to be identified
with

binaryID(K : 7r) := Lg/(Lk + L) > 0.5 (6.5)

and prompt pions to be identified with

binarylD(7 : K) :== L;/(L; + Lk ) > 0.5. (6.6)

6.3.2. Loose Selection of Primary A°

Given that A? is the last composite particle in every decay chain of Z., we first define a
list of standard A° particles, where oppositely charged protons and pions are combined.
The selection of standard A? particles was introduced in Sec. 4.4, where a vertex fit is
performed (y2 > 0) and the invariant mass from proton and pion combinations is required
to be within 1.100 GeV/c? < M(pr~) < 1.130 GeV/c2.

6.3.3. Loose Selection of Primary =-

Similarly, we define a selection of standard E~ particles [70] with 2= — A%z~ where the
standard AY particles must meet stricter criteria.

Secondary A%: A critical parameter for selecting A? from Z- decays is the angle a between
the momentum vector of AY, p,o, and the 3D distance vector of the A? decay vertex from
the IP, dR 0. This is illustrated in Fig. 6.1. The requirement cos ar’ >0 implies that AY
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Figure 6.1.: Illustration of the angle @ between the momentum of A%, py0, and its distance
vector from the IP, dR 0.

originates from a displaced vertex away from the IP. Naturally, the fact that A? originates
from an already long-lived E- should also be accounted for. From a study conducted in
[70] (see also [71]), the decay vertex position of AY w.r.t. the IP is chosen such that dR o =

\ /a’riO + dzio > 0.35 cm, where protons are loosely identified with binaryID o(p : 1) > 0.2
and binaryID ,o(p: K) > 0.2.

Primary =Z-: The resolution of E- candidates can be enhanced by performing a vertex
fit that constrains the mass of the secondary AY to its PDG value. The vertex fit is
performed with TreeFit, requiring y2 > 0 for fitted candidates in the mass window
1.295GeV/c? < M(A%7~) < 1.350 GeV /c2.

Building on previous arguments, we require that dR o > dRz- > 0.1 cm, with the displaced
vertex characterized by the condition, cosa® > 0.

Finally, a very loose cut is imposed on the transverse momentum of pions that combine
with the secondary A® to form E- candidates, specifically we require pion,r > 50 MeV/c.
This limit accounts for the detector’s limitations and helps mitigate unnecessary back-
ground events.

The loose selection criteria for the E, modes (and subdecays) are summarized in table 6.3.
The MC efficiency (MC eff.) and number of reconstructed events (true-matched signal
and background) are also provided.
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Mother channels Loose selection ‘ MC eff. [%] ‘ Events
=0,+
Ec
xp > 0.4,
2.425GeV/c? < M(Z,) < 2.520 GeV /c2, signal:
IP constrained E>*, TreeFit y2>0.001 91390
B~ AK gt AY: 18.04 background:
Standard A°, introduced in 4.4: 4171418
1.100 GeV/c? < M(pr~) < 1.130 GeV /c?
Vertex fit with TreeFit, 2 >0,
K~ :
binaryID(K : 7r) > 0.5 signal:
Ef~ AKmm impact parameters of table 6.2 11.05 6777
e background:
binaryID(x: K) > 0.5 1367628
impact parameters of table 6.2
Cra
xp > 0.4,
2.330 GeV/c? < M(E.) < 2.620 GeV /c2,
IP constrained E*, TreeFit y2> 0.001 signal:
= 3889
20> Eoat Standard 87, where: 11.81 background:
1.295GeV/c2 < M(A%7~) < 1.350 GeV /2, 20085
dR o > 0.35¢m and cosa?’ > 0,
binaryIDyo(p : 1) > 0.2,
binaryID o(p : K) > 0.2
dRjo > dRz- > 0.1cm and cosa® >0, signal:
Bl > Emar A%-mass constrained Z-, TreeFit y?2>0, 7.55 13975
pion,r(E~ = A%~) > 50 MeV background:
. 34879
binaryID(x : K) > 0.5,
impact parameters of table 6.2

Table 6.3.: Loose selection criteria for the E. modes. The middle column of the table
specifies the loose selection for the mothers (Z.), the primary hyperons (AY or
E-), and the prompt charged tracks (K~ or n*). The signal and background
events are based on MC truth-matching.

69



6.4. OPTIMIZATIONS

6.4. Optimizations

The optimizations are carried out in the signal region of every Z. mode. Concretely, the
width o, attributed to a fitted Gaussian over the invariant mass distribution of true-
matched E, candidates, is used for the definition of the signal region. For simplicity, we
express the signal region in terms of the difference between the reconstructed invariant
mass of E, and its PDG mass value, |[Mz, — mg,| < 30, where m denotes the PDG value.
The signal region used for the optimization of the signal significance in each E, mode
reads,

B) > A’K 1" [Mgy - mgo| < 11.2MeV/c?,

Ef > A’K n'nt: |Mz: — mzy| < 9.5MeV/c?,
nt M=o —mgo| <22.5 MeV/c?,
nt: |Mzs —mzs| <18.1MeV/c2.

The signal regions are shown between vertical red lines in Fig. 6.2 (left). Note that this is
not a cut we make on the selection of Z, candidates but simply a means of optimization.
For clarity, the number of events and efficiency of each cut (signal efficiency, MC efficiency,
background rejection, etc.) expressed in summary tables, are in terms of the reconstructed
5. mass regions listed in table 6.3.1

In contrast, an actual cut is applied that limits the selection of primary hyperons to their

signal region. We select

|M 0 —m 0| < 3MeV/c? (6.7)
and

|Mz- — mz-| < 6.5 MeV /c? (6.8)

for all modes involving these primary hyperons. The signal regions are shown between
vertical red lines in Fig. 6.2 (right). The selected signal region of each primary hyperon
retains approximately 95% of the hyperon signal.

IThis is to ensure a clear comparison to the eventual yield from a fit to the MC mass distributions, where
sideband regions are included.
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Figure 6.2.: Invariant mass distribution of the reconstructed E, modes (left) and corre-
sponding primary hyperon (right) in E. signal region. The vertical red lines
simply indicate the region where most of the true-matched events are found
(signal region), discussed in the main text.
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Mother channel Selection FOM | sig. eff. [%] | bkg. rej. [%]
Mo —myo| <3MeV/2 | 20.6 95.8 76.9
B0 AVK—r+ binaryID yo(p : ) > 0.6 36.4 88.5 94.0
binaryID o(p : K) > 0.6 39.7 86.6 95.2
|M o —mpo| < 3MeV/c? 11.1 95.9 75.3
2t » AK-m*rt | binaryIDyo(p:x) > 0.5 | 17.9 88.0 92.3
binaryIDo(p : K) > 0.5 19.0 85.9 93.6
B) > B gt |Mz- — mz-| < 6.5 MeV /c? 31.4 95.0 49.6
B > Entnt | Mz —ms-|<65MeV/c2 | T2.5 04.8 42.3

Table 6.4.: Selection of E, candidates from optimized PID cuts of the hyperon daughter
tracks. Each cut is accumulated and compared to the loose selection, i.e.,
the E. signal efficiency (sig. eff.) and background rejection (bkg. rej.) are
in reference to the total number of reconstructed signal candidates using the
loose selections listed in table 6.3.

6.4.1. PID Cuts on Daughter Tracks

Within the selected signal region of the primary hyperons, we optimize the binary IDs of
the charged tracks constituting the primary hyperon decays. In principle, the binary 1Ds
for the prompt charged tracks could also be optimized further; however, the maximum
FOM is often only slightly higher for tighter cuts compared to the loose selection, so
they are left unchanged. The focus is then set on the optimization of binary IDs for the
hyperon daughter tracks.

For 20 - AK—n*, we search for a maximum FOM in the binary ID for proton tracks
which combine with pions to form the primary A%. The binary IDs of the proton track,
binaryID o (p : 7) and binaryIDo(p : K), are optimized. The pion track in A? is left
unchanged, as no higher FOM is found for tighter binary IDs. The procedure is analogous
for f - AK—r*n*. In the case of 2 - E-x+ and Ef - E-n*x*, the binary IDs of the
pion associated with E= do not exhibit an optimum threshold above zero. The PID cuts
and the E. selection performance are summarized in table 6.4.
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After selections of table 6.4

Channel Hyperon | L/o cut
FOM | sig. eff. [%] | bkg. rej. [%)]
E(c] - AVK—nt AO >3 43.1 85.4 96.1
ChiE i) GF oF i AO >4 20.3 84.6 94.6
B0 > Bt = >4 34.2 93.5 61.9
g > Entat = >3 76.4 94.2 52.5

Table 6.5.: Application of cuts on the flight significance of primary hyperons. The FOM,
signal efficiency and background rejection are given w.r.t. the loose selection,
and after applying the selections in table 6.4.

6.4.2. Flight Significance Cuts

Another useful discriminator is the flight significance, L/o-, where L is the flight distance
(flight length) of the primary hyperon w.r.t. the fitted decay vertex of the mother Z,, and
o is the uncertainty of L. These parameters are determined by TreeFit in the vertex fit,
as discussed in Sec. 4.3.

The optimization of the flight significance of A? are shown in Fig. 6.3(a)-(b) for EY - A'K~ 7+
and in Fig. 6.3(c)-(d) for Ef - A’K-x*z*. Similarly, the optimizations of 2~ are shown
in Fig. 6.3(e)-(f) for EY > E-n* and in Fig. 6.3(g)-(h) for Ef » E-n*x*. The results of
the optimization are summarized in table 6.5.

6.4.3. Final Selection Summary

The final selection criteria for E) - A°K~z* and E? - E-z* candidates are summarized
in table 6.6, while the final selection criteria for the Ef - A’K-n*n* and Ef > E-n*n*
candidates are summarized in table 6.7. With respect to the loose selections, for E.
modes containing a primary A® hyperon, approximately 85% of the signal candidates
have been retained in the final selection, while approximately 95% of the background has
been removed. For E. modes containing a primary E~ hyperon, over 93% of the signal

candidates have been retained and over 52% of the background has been removed.

In the next section, we apply this final selection criteria and fit over the invariant mass
distributions of the =, modes.
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Figure 6.3.: Flight significance L/o distributions (left) and flight significance FOM opti-
mizations (right), for each E, mode from top to bottom. The shaded region in
the flight significance distributions indicate the part of the distribution that
is removed from the selection.
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Mother channels Final selection ‘ MC eff. [%)] ‘ Events
B¢
xp > 0.4,
2.425GeV/c? < M(E,) < 2.520 GeV /c?,
IP constrained 29, TreeFit y?>0.001
AV
Standard A9 (loose selection), and: signal:
[Myo —m o] < 3MeV /c? 18273
binaryIDo(p:7) > 0.6 (85.4% retained)
20 - AK-m* binaryIDo(p : K) > 0.6 15.41
Ljo>3 background:
K—: 161344
binaryID(K : ) > 0.5 (96.1% rejected)
impact parameters of table 6.2
Tt
binaryID(7 : K) > 0.5
impact parameters of table 6.2
=0
x, > 0.4,
2.330GeV/c? < M(E,) < 2.620 GeV/c?, )
) signal:
IP constrained Z0, TreeFit x2 > 0.001
o 3638
- . (93.5% retained)
0 _ Standard E~ (loose selection), and:
- Ent 11.05
|Mz- — mz-| < 6.5MeV/c?
background:
Ljo>4
7646
Tt
i (61.9% rejected)
binaryID(7 : K) > 0.5,
impact parameters of table 6.2

Table 6.6.: Final selection criteria for the 29 modes.

c

The middle column of the table
specifies the final selection for the mothers (£Y), the primary hyperons (A? or
E7), and the prompt charged tracks (K~ or n*). The signal and background
events are based on MC truth-matching. The retained signal and rejected

background percentages are given in reference to the loose selection.
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Mother channels Final selection ‘ MC eff. [%)] ‘ Events
=+ .
Cha
xp > 0.4,
2.425GeV/c? < M(E,) < 2.520 GeV/c?,
IP constrained &, TreeFit x2>0.001
AD:
Standard A (loose selection), and: signal:
[Mpo —mpo| < 3MeV/c? 5733
binaryID o(p : ) > 0.5 (84.6% retained)
B> AK-ntgt binaryIDo(p : K) > 0.5 9.35
Ljo>4 background:
K: 74395
binaryID(K : 7) > 0.5 (94.6% rejected)
impact parameters of table 6.2
Tt
binaryID(7: K) > 0.5
impact parameters of table 6.2
=+ .
Cha
xp > 0.4,
2.330GeV/c? < M(E,) < 2.620 GeV /c2, ol
signal:
IP constrained E}, TreeFit yx?2>0.001 &
o 13166
- . (94.2% retained)
_ _ Standard E- (loose selection), and:
Ef - Entnt 7.11
|ME’ - m5—| <6.5 I\/IGV/Cz
background:
Llo>3
16556
a % d)
52.5% rejecte
binaryID(x : K) > 0.5, ( o
impact parameters of table 6.2

Table 6.7.: Final selection criteria for the Ef modes. The middle column of the table
specifies the loose selection for the mothers (£ ), the primary hyperons (A° or
E-), and the prompt charged tracks (K~ or n*). The signal and background
events are based on MC truth-matching. The retained signal and rejected

background percentages are given in reference to the loose selection.
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6.5. Mass Distribution Fits

In this section, we fit the mass distributions of the final E. candidates of the MC sample.
The general shape of the model retrieved from the fit to MC will serve as an Ansatz for
the choice of PDFs used in the fit to the data.

6.5.1. Fit to MC

The mass distribution of the final E. candidates in the MC sample are shown on the
left plots of Fig. 6.4. The plots on the right side of Fig. 6.4 present the fits to the mass
distributions. Similar to the PDF shape used for fitting the A} — pK~7* mode (discussed
in Chapter 5), we find that the signal in the mass distribution of Z, modes can be generally
parametrized by a double Gaussian PDF,

(Mg, —p)? (Mg, —u)?
1 _ . H 1 _ - 2.“

PDFsignal(MEc) = Weore X —F/—=¢€ 207 + Wigil X —F/——€ 273 (69)

\/ 2710'12 \ /2770'22

where y is the mean value of the distribution and o7 » their respective widths. weere and
Wiail are weight factors for each Gaussian component, acting as the normalization factors
of the double Gaussian PDF. The relation between the weights, wiaj + Weore = 1, holds. In
general, the introduction of a (subdominant) second Gaussian with a width of o helps
us to account for the spread of the tails of the peaking distribution.

Since no peaking backgrounds are present in our selected mass regions, we parametrize
the background shape with an exponential PDF,

PDFbackground(MEc) =N x eT'MEC (610)

where N is a normalization constant and T represents the slope parameter of the expo-
nential function. Note that in the case of 20 - AYK~r*, the fit yielded better results with
a single Gaussian, in such case the second Gaussian is omitted. For all fits, all the fit
parameters are floated.

The results of the fits are summarized in table 6.8, where the signal yields from the fit
are compared to the number of true-matched candidates in the sample. To represent
the performance of the fit, the y2/ndf value of the fit and the residual, are provided.
The residual expresses the difference between the fitted yield (Ng¢) and the number of
true-matched candidates (Ngig) in units of the uncertainty of the fit yield. The fraction
result in table 6.8 expresses a ratio and encodes how much of the signal is captured by
the Gaussian with width o with respect to the second Gaussian with width os.
Generally, the fit yields good results in all E, modes. We thus use these PDF shapes to
fit over the mass distributions in data, which we present next.
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Figure 6.4.: Left: Invariant mass distribution of the optimized E, modes where the signal
distribution is stacked on top of the background. Right: Fit to the MC mass
distributions shown on the left side. Except for the mode Ef - A°K-x+x*
in (d), the total PDF fit (represented by the red curve) involves a double
Gaussian PDF for the signal (purple and ) and an exponential function
for the background (blue). The mass distributions are represented by black
data points with Poisson errors. For ZF - A’K-x*x*, the fit is done using a
single Gaussian PDF for the signal (purple) and an exponential function for
the background (blue).
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B> AK—7t | B > A%Kntnt | B0 5 E -t | B > E-ntnt
Nig 18273 D733 3638 13166
Nt 17817 = 340 5549 + 137 3591 £ 78 13327 £ 135
Residual -1.30 -1.30 -0.60 +1.20
o [MeV/e? | 2.6+0.1 2.6+0.1 55+0.3 | 4.2+0.2
o [MeV/c2] | 6.7+1.0 ; 125423 | 8.9+0.9
Fraction [%)] 79.2+4.1 - 78.5+7.3 70.1+6.5
T [GeV/e2 1| —0.9+0.1 1.1+0.1 19£0.1 | -0.6+0.1
Npkg 161802 £ 510 74582 £ 297 7693 £ 101 | 16395 + 146
x?/ndf 1.2 1.1 1.1 0.9

Table 6.8.: Fit results of the fit to the MC mass distributions of each Z. mode. Ngg (Nst)
represents the number of true-matched (fitted) signal events. The y?/ndf

value indicates the goodness of the fit obtained using RooFit (discussed in
Sec. 4.8.2).
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6.5.2. Fit to the Data

After establishing the final selection criteria for optimal 2. candidates and gaining insights
into the general shapes of the signal and background distributions from MC, we direct
our attention to data, where no further optimizations are made. Here, we fit the mass
distribution of E., assuming the peaking distribution to follow a Gaussian-like shape
and the background to be modeled by an exponential shape, i.e., we apply PDF shapes
motivated by our analysis of the MC mass distributions. We fit the data with all the PDF
parameters floating.

In Fig. 6.5, Fig. 6.6, Fig. 6.7 and Fig. 6.8, the total PDF fit to the mass distributions
of B) » A’K~n*, BF - A'K—ntnat, B) > E-n* and Ef - E-x*nt are shown, respectively.
The fit results are summarized in a table within each figure.

The bottom plot in each figure portrays a pull distribution, defined as,

Ndata,i - Nﬁt,i (6 11)
\/ Ndata,i ’

where i represents each of the 100 bins used in the fit, Nqata,, is the number of data events

Pull; =

in the bin i, Ng¢, is the number of fitted events in bin i, and \/Nqata, is the Poisson error
of the data per bin i. Horizontal dashed lines are placed in the pull plot to represent the
deviations of the model within +30, where o signifies units of \/Ngata.;-

o Fig. 6.5, B > A’K-r*: The best fit for the mass distribution of this mode is ob-
tained using a single Gaussian (as opposed to a double Gaussian in MC). The total
PDF fit, composed of the single Gaussian and the exponential function, performs
generally well (y? = 0.92). Slight deviations are seen on the sideband regions,
however these fluctuations fall within +30 of the pull distribution, therefore, no

re-adjustments to the background PDF are made. The obtained width reads
o1 = (3.0£0.2) MeV/c?, (6.12)

with a signal yield of

NBE = 2518 + 130gga. (6.13)

We refer to the uncertainty in the yield as the statistical uncertainty, as it is asso-
ciated with the sample size.

« Fig. 6.6, E} > A’K-n*n*: Like the previous mode, the fit to the signal mass distri-
bution is performed using a single Gaussian PDF, where the width,

o1 = (2.8+0.2) MeV/c?, (6.14)

yields

NBE = 1044 + T8at- (6.15)
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o Fig. 6.7, BY > E-x*: The best fit to the signal mass distribution in this mode is
found using a double Gaussian PDF for the signal component, where

o1 =(3.2£0.6) MeV/c? and o9 = (7.6+0.5) MeV/c2, (6.16)

yielding

NEE = 2235 + 6041 (6.17)

« Fig. 6.8, Zf - E-mr*a*: For this mode, we find
o1 = (3.6 £0.6) MeV/c? and oo = (7.6 £ 1.5) MeV/c?, (6.18)

yielding

Nﬁt

B

= 2626 + Tlgtat. (6.19)

In the next section, we discuss how we use these results to retrieve the ratio of branching
fractions,
B(EY - AK—n™)
B(EY > E-n+)

(6.20)

and
B(Ef - AK ntn™)

B(Ef - E-ntat)

(6.21)
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Figure 6.5.: Mass distribution fit of |20 - A’K~7"|.
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Figure 6.7.: Mass distribution fit of |20 - E~ 77 |
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6.6. Ratio of E. Branching Fractions

In this section, we determine the ratio of the branching fractions for same-charge charmed
baryons, where the decays involving a E~ hyperon are used as the reference modes. In
compact form, we can express the ratio of branching fractions as

BEN 5 AK - {x*}) _ NAknin)eanin)

B(E(C){+} - Bt {n+}) - Ng}r{ﬂ}fz\mr{n}

r(EA = B(E~ - An"), (6.22)

where the ratio r(E?) implies the exclusion of the pions within curly brackets, and when
the ratio r(E;) is treated, the extra pions are included. Note that the branching fraction,
B(A - pn~), cancels out from the ratio. In Eq. (6.22), € represents the MC efficiency of
our selection. The numerical definition of € will be elaborated in more detail throughout
this section.

In our calculations of r(58{+}), we use the world average result for the hyperon branching
fraction of Eq. (6.22), where B(E~ - An~) = (99.89 £ 0.04)% 1[6].

As for any measurement, there are always uncertainties associated with any determined
value. Some common sources of uncertainty between the numerator mode and the refer-
ence mode in r(Eg{+}) are expected to cancel. However, the systematic effects and the
overall PID performance of our selection criteria in MC, compared to data, may differ
strongly across modes. Therefore, we first consider the detection-efficiency corrections re-
lated to our PID selection criteria, per track and per mode, where the Belle IT Systematic
Corrections Framework [57], introduced in Sec. 4.2, is used. We then proceed with the
introduction of other sources of uncertainty. Lastly, we provide the results for the ratio
of branching fractions.

6.6.1. Efficiency Corrections and Related Uncertainties

The systematics correction framework provides correction factors in bins of the momentum
p and the polar angle 6, along with statistical and systematic uncertainties related to the
PID selection. To obtain the data/MC correction factors, we quantify the PID efficiency
corrections per track that underwent a PID cut in our MC sample. We restrict our
data/MC efficiency investigation to the subcollection proc13-chunk5, which represents
the MC and corresponding data samples used in the present thesis. The control modes
used by the Systematics Correction Framework for the calibration of the data/MC PID
efficiency corrections were listed in Sec. 4.2.

The individual data/MC efficiency correction factors per PID cut track are multiplied
together to give the overall correction factor re,

PID cut tracks
Te= H (€data/€xic)i - (6.23)

i

The corrected MC efficiency for any mode is then given by enc = € x e, where €]
represents the MC efficiency before the correction weights are applied. In this regard, to
ensure the independence of the modes, overlapping events between modes were vetoed and
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modes for r(Z?)

modes for r(E})

=0 O — 7+
2> AKn

20 - BEogt

Ef - A’K-ntnt

=2+ s Bt
B >Etn

True-matched before correction 18273 3638 5733 13166
True-matched after correction 17457.13 3516.02 5456.94 12784.91
Corrected MC efficiency, eyc (%) 14.72 10.68 8.90 6.91

€data €Stimation
on the MC sample

per PID Cut (%)

pof A= prx

91.20 +0.73 (0.80)

92.73 + 0.67 (0.72)

91.88+0.72 (0.78)

92.42 +0.64 (0.69)

prompt K

91.74+1.80 (1.96)

93.35 +2.28 | (2.44)

15t prompt &

95.76 +0.13 (0.14)

94.49+0.20 (0.21)

96.63  0.12 (0.12)

94.71+0.16 (0.17)

27 prompt 7 | -

97.140.10 (0.10)

95.95 +0.13 (0.14)

Table 6.9.: Data/MC efficiency corrections and PID efficiency uncertainties. The related
PID cuts per track were given in the final selection tables, table 6.6 for ZY
modes and table 6.7 for E} modes. The values in parentheses represent the

corresponding relative uncertainties (in %), and the values boxed in cyan color

correspond to the PID systematic uncertainties going into r(Eg{+}), as dis-
cussed in the main text.

the correction weights were applied on the remaining events?. The corrected efficiencies
of all E. modes are summarized in table 6.9 along with the number of true-matched
events before and after the corrections. The estimated PID uncertainties in €gan were
obtained by calibrating the efficiency of the control modes in data to our final selection.
As a conservative approach, both, the statistical and systematic uncertainties of each PID
selection has been added in quadrature. The treatment of these uncertainties in the ratio

r(52{+}) is discussed in Sec. 6.6.3.

6.6.2. Statistical Uncertainty

Using the fit results of Eq. (6.13) and Eq. (6.17) in conjunction with the nominal value
of the corrected MC efficiencies and the nominal value of B(E~ — An~), we obtain

7(22) = 0.817 + 0.048¢a (6.24)

and

F(E) = 0.308 + 0.024ta , (6.25)

where the statistical uncertainties originate solely from the Ng; results. The uncertainty
from B(E~ — An~) will be treated as a systematic uncertainty source. Before the ratio
results can be written in full, we summarize the various sources of systematic uncertainties.

2The overlap was found to be between 60 to 70 signal events, i.e., 0.3% to 2% per mode. In data, only 2
to 7 events were found to overlap between modes.
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6.6.3. Systematic Uncertainties
MC Statistics

Systematic uncertainties in eyc arise from the finite size of the MC sample and are
represented by binomial statistics, such that,

emc (1 - emc)
A = , 6.26
EMC \/# True MC events ( )

where the number of true MC events are 118598 for £ - AYK~-x+, 32919 for B - E-n™,

61322 for Ef - A’K—n*x+, and 185083 for E}f — E-za*x*. This results in a relative un-

certainty, Aenic/emc, of 0.70%, 1.59%, 1.29% and 0.85%, respectively.

PID Uncertainties

The uncertainties in the estimate of €gat, per PID cut, shown in table 6.9, are fed into our

calculation of r(Eg{+}) as systematic uncertainties. Following a similar approach as done
in a Belle analysis of these ratios [72], we assume the proton identification uncertainties
to cancel out and take the highest uncertainties for the pions, adding them linearly with
the uncertainties of the kaon PID for every ratio. The relevant relative uncertainties are
boxed in cyan in table 6.9.

External Branching Fraction

As previously mentioned, the branching fraction B(E~ - An~) = (99.89 + 0.04)% [6] is

used as an external measure for r(Eg{+}). Its relative uncertainty, 0.04%, flows into our
calculations as a systematic uncertainty.

Fit Model Uncertainties

Background PDF: Given that all the fit parameters are floated in our fit to the data,
to quantify the uncertainties from the choice of the PDF model shape, we replace the
background PDF from an exponential function to a first or second order polynomial,
fMz,)) =N-Y,a; Méc, where i represents the order of the polynomial, a; is a floating
coefficient and NV is the normalization constant of the PDF. The uncertainties in yield from
signal and background with respect to the original yield values are taken as systematic
uncertainties. The background PDF in the 0 - A°K-7+ and ZF - A’K 72+ modes is
replaced with a second order polynomial, while the background PDF in E? - E-z2* and
EY - E-ntnxt is replaced with a first order polynomial. The results are given in table 6.10

(&
in the columns corresponding to "New background PDF”.

Signal PDF: Similarly, we quantify the uncertainties due to the mass resolution in the
signal yield by replacing the original Gaussian PDF for the signal distribution in data with
a convolved Gaussian PDF with a fixed (core) width from MC. This is a similar approach
as taken in [72] and [73]. The uncertainty in the yields with respect to the original yields
are taken as systematic uncertainties associated with uncertainties in the mass resolution.
The results are given in table 6.10 in the columns corresponding to "New Signal PDF”.
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Fit Ra
Original PDF | New Background PDF New Signal PDF 1 Hange Total

+20 MeV /c?

rel. unc. (%)
Nsig‘ kag Nsig kag rel. unc. (0/0) Nsig kag rel. unc. (%) rel. unc. (%)

50 5 AOK-n+ 2518 | 72527 | 2514 | 72532 0.08 2342 | 72703 3.50 0.69 3.57
B0 BEopt 2235 | 7364 2227 | 7371 0.19 2252 | 7347 0.40 1.01 1.10
r(Bf):

B > AVK-z+nt | 1044 | 26043 | 1039 | 26046 0.24 1003 | 26084 1.97 2.76 3.40
Y > Entnt 2626 | 9752 2625 | 9753 0.02 2663 | 9716 0.73 0.52 0.90

Table 6.10.: Systematic uncertainties from the fit model. The high systematic uncertain-
ties in the fit model are attributed to the fixed (core) widths from MC, which
are summarized in table 6.8.

Note that the highest systematic uncertainties due to the signal PDF model come from
the fixed MC widths in the modes E) - A’K~n+ and Ef - A’K-n*n*.

Fit Range: To assert the uncertainties due to the choice of the fit range, we vary the
selected mass region by +20MeV. The uncertainty in the signal yield is calculated as,
Asig = [Ny = Nggl/2, and similarly the uncertainty in the background yield is calculated
as, Apkg = [N/, ¢~ Mo g| /2. Then, the systematic uncertainty in the original signal yield
due to the fit range reads

2
Avie A;
Yield _ 3 (—’) . (6.27)
NSiE; j=sig, bkg Nf

The relative uncertainties for each mode are summarized in table 6.10.

Tracking Uncertainties

Another source of systematic uncertainties to be included is due to imperfect tracking.
From a study performed at Belle II using e*e™ — 777~ events, a systematic uncertainty
of 0.27% per track is recommended [74]%. This uncertainty accounts for the systematic
uncertainties in the Belle II tracking algorithms, covering a track momentum range of
200 MeV to 3.5 GeV. The tracking uncertainty in each ratio is identical for the numerator
mode and the denominator mode, thus the leading systematic uncertainty given to r(E%)
is 1.08%, and to r(E}) is 1.35%.

3The systematic uncertainty recommendation of 0.27% per track is an update to the previous recommen-
dation of 0.24% per track, which was based on procl3 run-independent MC samples (MC15ri). The new
recommendation is based on procl3 run-dependent MC samples (MC15rd), which are of the sample type
we use in the present analysis.
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Summary of Systematic Uncertainties

A summary of the collection of systematic uncertainties going into r(Eg{+}) is provided
in table 6.11. For each ratio, the uncertainties due to the PDF shape, per numerator
mode and per denominator mode, correspond to the results listed in table 6.10. The
total MC statistics uncertainties are added in quadrature. The PID uncertainties are
added linearly for the uncertainty in the kaon identification and the highest uncertainty
in the pion identification. The tracking uncertainty corresponds to the leading systematic
uncertainty of the participating modes. The uncertainties from the external branching
fraction B(E~ - An~) are negligible but are included in the table.

R (< BT (my) < BT

Source
Numerator PDF 3.57 3.40
Denominator PDF 1.10 0.90
MC statistics 1.74 1.54
Particle Identification 2.17 2.61
Tracking 1.08 1.35
B(E- - An7) 0.04 0.04
Total 4.78 4.84

Table 6.11.: Summary of systematic uncertainties going into the ratio of branching frac-
tions. All the values are relative uncertainties and are given in percent (%).

6.6.4. Ratio Results and Discussion
r(&%):
Putting together all the established results, i.e., completing Eq. (6.24) with the systematic
uncertainties provided in table 6.11, the ratio of branching fractions, r(Z2), reads
B(EY - AK~n*)
B(EY - E-x+)

= 0.817 + 0.0484tat + 0.039yst - (6.28)

Comparing this result to the world average by the PDG, 1.02 £ 0.14 [6], we find to agree
within 1.30-, with a percent error of 20%. The latter ratio result is based on a measurement
by Belle that dates back to 2005 [72], at the time, it was the first reported measurement
of the ratio. Currently, the Belle measurement remains as the only measurement included
in the PDG listings. A direct comparison to the Belle result, 1.07 £ 0.12a + 0.07gyst,
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yields a 1.70- agreement and a percent error of 24%. The reconstruction at Belle of the
modes involved in r(EY) yielded approximately 3000 signal events using a data set of
140 fb~t. However, their reconstruction efficiencies are found to be lower than 8% for each
mode, with relative statistical uncertainties in the yields of 7% to 8%. In the present
thesis, we used a Belle IT data set of 90.17 fb™!, which yielded over 2518 signal events in
2 - AK—x+ and 2235 in B - E-*, with a corrected reconstruction efficiency (enic)
of about 15% and about 11%, respectively. Our relative statistical uncertainties in the
signal yields are 5% for 20 - AYK—zn* and 3% for EY - E-z*. In terms of precision, the
measurement presented in this thesis improves the previous Belle result.

Notably, in 2019, Belle reported a first measurement of the absolute branching fractions
for various B modes [75]. Comparing r(EQ)heirs = 0.65 + 0.184¢a¢ + 0.044yst to our result,
we find agreement within 1o.

r(g}):

Completing Eq. (6.25) with the systematic uncertainties provided in table 6.11, our result
for r(E}) reads

B(Ef - AK~ntnt)

B(Ef - E-ntat)
Our measurement of this ratio is in very good agreement with the world average reported
by the PDG, 0.323 + 0.033 [6], at 0.30- and with a percent error of 5%. In table 6.12, we
present a list of independent measurements used for the PDG world average. Similar to
r(£2), the last reported measurement of r(E}) is attributed to the 2005 Belle measure-
ment. The measurements by FOCUS and CLEO were carried on a data sample yielding
100 (numerator) to 300 (denominator) signal events, while at Belle and in the present
thesis, 1000 (numerator) to 3000 (denominator) signal events were treated.

= 0.308 + 0.024g1; + 0.015y. (6.29)

Experiment r(Ef Method Year
Belle | 0.32£0.03£0.02|  e*e, Y(45) 2005 [72]
FOCUS | 0.28+0.06 +0.06 | y-Nucleus, 180 GeV | 2003 [76]
CLEO 0.58 £0.16 £ 0.07 ete, Y(4S) 1996 [77]

Table 6.12.: Independent measurements of r(E}) used in the current world average by the
PDG [6].
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7. Summary and Conclusion

In this thesis, we studied the singly charmed baryons of the J¥ = 1/2* 35-plet (A}, E0

and Ef) in five different modes:

A} - pK~nt, (7.1)
20 » AYKrnt, (7.2)
20 - 2 xt, (7.3)
g - Ak ntnt, (7.4)
CHEESCIP P o (7.5)

We reconstructed these charmed baryon decays using Belle IT data from collisions of the
type e*e~ — Y(4S) » BB and e*te” — qq (¢ = u,d,s,c), and we worked on achieving
an optimal selection of candidates. The optimizations were carried out on Monte Carlo
(MC) samples of different sizes, depending on the mode. For A} - pK~n*, we used (up
to) 65.52fb™ (16.50fb~! in data), and for the 2. modes we used 356.70fb™! (90.17fb~!
in data). The selection of A} - pK-n* candidates was optimized based on the signal
significance, i.e., the figure of merit (FOM), for various variables associated with the
charged tracks p, K, and 7. Charm contamination sources were vetoed and data/MC PID
efficiency corrections were applied. An x,-dependent binned fit revealed a clear separation
between signal events originating from BB events and signal events originating from cc
fragmentation. Subsequently, the reconstruction of the Z. modes was carried out using an
MC sample of cc¢ fragmentation, with the condition x, > 0.4. Because of the similarities
across all E. modes, the loose selections and optimizations were discussed collectively.
The final selection criteria were determined by optimizing the FOM of the PID variables
associated with both the prompt tracks and hyperon daughter tracks. Another selection
that contributed to the FOM performance was a cut on the flight significance of the
hyperons.

Data events were reconstructed and the MC-derived final selection criteria was applied.
In the fit to the invariant mass distributions in data, all the fit parameters were floated,
i.e., no inputs from MC were used other than the overall PDF shape. The procedure for
calculating the ratio of branching fractions was discussed, and among other considerations,
the MC efficiency for each mode was corrected. Various sources of uncertainties were
addressed and incorporated into the final results. Our final result for the first measured
ratio of branching fractions, reads

B(E2 - AK—7*)
B(E) » E-n%)

which is within 1.30 agreement with the world average reported by the Particle Data
Group (PDG), 1.02 +0.14 [6]. The PDG result is based on a 2005 Belle measurement

= 0.817 = 0.0484at + 0.039gyst (7.6)
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[72]. Comparing our result to a more recent Belle measurement, published in 2019, 0.65 +
0.184tat + 0.04gyst [75], we find agreement within 1o
Our second measured ratio of branching fractions reads

B(Ef - AK~ntn™)
B(Ef - E-ntnt)

= 0.308 + 0.024g1¢ + 0.015y, (7.7)

which is in very good agreement with the world average reported by the PDG, 0.323+0.033
[6], at 0.30". This PDG result is based on the 2005 Belle measurement [72], measurements
by FOCUS in 2003 [76] and measurements by CLEO in 1996 [77].

7.1. Outlook

Significant progress has been made over the past decade in the study of charmed baryons,
particularly by Belle (IT), BESIII, and the LHCb. The first absolute branching fraction,
B(A} - pK~n"), was measured by Belle [78] and BESIII [79]. The first absolute branching
fractions of three EY modes and two Ef modes were measured by Belle [75, 80]. The
lifetime of A} was measured by Belle II with unprecedented precision [66]. The doubly
charmed baryon Ef was observed by the LHCDb [5]. Additionally, new excited states and
ratios of branching fractions have been measured.

Understanding the excited spectrum, CP violation in the baryon sector, and the tran-
sition from the perturbative to the non-perturbative regime in QCD remain significant
challenges. Many answers are likely to be found through the precise characterization
of charmed baryons. Progress in the spectroscopy of heavy baryons also contributes to
our understanding of the internal structure of light baryons, such as the proton and the
neutron [20]. With the planned collection of 50ab™" of data at Belle II in the coming
years—over 550x the amount of data used in the present thesis—substantial insights into
these unknowns are expected to be gained.



A. Gell-Mann matrices

A common matrix representation for SU(3) transformations are the Gell-Mann matrices,
[9, p. 225]

010 0 -i 0 0 0 0 01
Air=|1 0 0f, A2=|i 0 O}, Az= -1 0], A4=]|0 0 0},

0 00 0 0 0 0 0 0 100
0 0 —i 0 00 0 0 0 1 0 O
As=10 0 O}, A=]0 0 1}, A7z=]0 0 -i}, /lg=% 01 0
i 00 010 0 i 0 0 0 -2

The two simultaneously diagonalisable matrices are A3 and Ag. Since the generator ex-
pressions %/13 and %/18 commute (and are therefore compatible observables), the third
component isospin is defined as I3 = %/13, and the hypercharge is defined as Y = %/18.
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B. A] Distributions

B.1. PID efficiency corrections

For tracks of A} - pK~n*, the PID efficiency correction coverage, in bins of 6 and p,
is illustrated in Fig. B.1 for each particle type and charge sign. The top figures (a-f)
demonstrate the coverage for the PID efficiency of each reconstructed charged particle
(p,K,n) and the lower figures (f-n) demonstrate the coverage for the PID fakes where
the pion fakes the proton or kaon track, or the kaon fakes the pion or proton track. Not
included here is the rate at which the proton fakes a pion or a kaon track as it is negligible
[57].

We can concede from Fig. B.1(c) and Fig. B.1(f) that the PID efficiency-correction cov-
erage, i.e., the weight production, is well suited for the proton and the kaon candidates,
but not the pion. The requirement pion, > 0.4 GeV/c thus ensures that the distribution
shape comparison between the corrected MC and data are on par with each other.
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B.1. PID EFFICIENCY CORRECTIONS
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Figure B.1.: The weight production coverage (red grid span) per particle type and charge
sign as functions of their momentum p and their polar angle 8. The bar on
the right side of each plot indicates the number of events in each (6, p) bin.
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APPENDIX B. A} DISTRIBUTIONS

B.2. N-1 plots for the final A} candidate selection

A check on our selection criteria—composed of N cut variables—involves displaying the
distribution of candidate events as a function of 1 cut variable (one at a time) while the
other N-1 cuts are in place. For example, an N-1 plot displaying the proton;p distribution
contains A} events that pass all the cuts except for the one plotted, i.e., the proton;p
cut is not applied. Using N-1 plots, we show the data/MC agreement in a larger variable
spectrum than the one retained by the full set of cuts.

A plot of a distribution where a cut is omitted is only sensible for variables that were
reconstructed with a looser cut than the one kept in the final selection of candidates.
Because the loose selection of candidates in the 65.52fb~! MC sample involves a kaon;p
> 0.1 and a pion;p > 0.1 that are also kept as such in the final selection, the N-1 plots
for these variables are not considered. The same argument applies for all the other
variables where the loose cuts are kept in the final selection. In the case of the proton;p,
the reconstruction using the 65.52fb™! MC sample was carried out with a loose cut,
protonyp > 0.1, thus it is included in the plots.

In Fig. B.2, we show the distributions of MC versus data, where the MC distributions are

scaled down by a factor

16.50fb™!
loeato = 2OUID T o5, (B.1)
65.52 b

The plots are shown for the picked set of cut variables in the order that they were presented
in Sec. 5.3:

the proton identification, proton;p, discussed in Sec. 5.3.2,

the vetoed mass range given by the variable, M (n*K~-n*), discussed in Sec. 5.3.3,

the proton transverse momentum, proton,,, discussed in Sec. 5.3.4,

and the momentum of the pion, pion,, discussed in 5.3.5.

For better visibility of the comparison between MC and the data, the variable plot ranges
shown in Fig. B.2 have been truncated.

Although the MC distributions generally follow the behavior seen in data, some discrep-
ancies can be noted.



B.2. N-1 PLOTS FOR THE FINAL A} CANDIDATE SELECTION
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B.2.: N-1 plots for (a) the proton identification, proton;p, (b) the veto of events

where the proton is given a pion hypothesis, (¢) the transverse momentum
of the proton, proton,,, and (d) the momentum of the pion, pion,. The red
vertical lines signify the regions where the cut is applied for the final selection
of candidates. Every candidate below a red vertical line or between two red
vertical lines, are removed in the final selection. These distributions display
the comparison between MC and the data for candidate events where all the
selection cuts are applied except for the one plotted. The error bars denote
the standard Poisson error in the data.
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C. Empirical Approach to the
‘xp-problem’

During the development of this thesis, in a Belle II note [68] (published internally) an
empirical parametrisation scheme for the shape of the x,, distributions of charmed baryons
was suggested, which addresses the mismatch between the shape of the MC signal pro-
duction and data yields. The parametrisation is based on the PDF functions given in
Eq. (C.1) and Eq. (C.2).

PDF (x,) = %x,,u ~x,)- e tB(1x,)? (C.1)

PDFa(x,) = %(1 )b (C.2)

The fit over the x, distribution of the data yields Ng;/e—see Fig. 5.8 for reference—is
done using Eq. (C.1), whereas the fit over the true MC distribution is done with Eq. (C.2),
as it is a better fit for its shape. The results of the fits to our data yields and generated
signal MC, with x, > 0.4, are summarized in table C.1.

This procedure involves reconstructing events (again) with a random x,-sampling that
best resembles the shape seen in the efficiency-corrected data. For the reconstruction, we
only accept generated MC events that obey the following inequality,

random(0, 1) - PDFgen < C - PDF gata, (C.3)

In our case, PDFye, = PDFy, i.e., it represents the model for the generation of true MC
events retrieved from our fit to the originally generated true MC distribution. PDF a4, =
PDFy, i.e., it is the model that represents the shape of our efficiency-corrected data yields.
The optimal factor C accommodates the MC signal generation to the shape seen in the
efficiency-corrected data, C-PDF gat, is then the "x,-sampling PDF”, see Fig. C.1. From
our fits, we get C = 0.94.

In this manner, with x, > 0.4, the disagreement between the shape in data vs. MC is
resolved for A} - pK—n+.

Distribution ‘ PDF ‘ A ‘ a ‘ B
Ngi /e PDF; | 45 | 146+1.1 | -17.9+1.3
True MC | PDFy | 0.03 | 1.92+0.06 | 3.17+0.10

Table C.1.: Fit results using Eq. (C.1) and Eq. (C.2). The fit is done with all the final
selections applied and x, > 0.4.
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Figure C.1.: Extraction of the optimal factor C that accommodates the MC signal gener-
ation to the shape of the efficiency-corrected data yields, for x, > 0.4.
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