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Résumé

Le modéle standard de physique des particules, qui décrit les particules
fondamentales et leurs interactions, est la théorie la plus réussie de 'histoire de
la science. Pendant des décennies, il a été testé par de nombreuses collaborations
scientifiques avec succes. Cependant, la théorie demeure incomplete. Afin de
trouver des preuves de physique au-dela du modele standard, les expériences
sont améliorées pour recueillir de plus en plus de données avec une précision de
plus en plus élevée. Cette thése présente la proposition d"un nouveau détecteur
de vertex pour l'expérience Belle II, ainsi que son implémentation logicielle.
Avec Belle, cette thése présente une nouvelle mesure dépendante du temps
de la violation CP avec B — K777, qui peut améliorer les contraintes
de certains parametres du modéle standard. Avec Belle II, la redécouverte
de B — KYntm v et la mesure du rapport d’embranchement de B —
K97%y avec environ 190 fb™! sont décrites. Le résultat de B (B’ — KIn¥y) =
(7.28 4+ 1.75(stat) 4= 1.03(syst)) x 10~° est compatible avec les prédictions.

Abstract

The Standard Model of particle physics, which describes the fundamental
particles and their interactions, is the most successful theory in the history of
science. For decades it has been tested by numerous scientific collaborations
with great success. However, the theory remains incomplete. In order to find
evidence of physics beyond the Standard Model, the experiments are upgraded
to gather more and more data with higher accuracy. This thesis presents
the proposition of a new vertex detector for the Belle II experiment, along
with its software implementation. With Belle, this thesis presents a new time-
dependent measurement of the CP violation with B — K7 7=, which can
improve the constrains on some Standard Model parameters. With Belle 1II, the
rediscovery of B — K{"7 v and the branching fraction measurement of
B® — K97%y with around 190 fb ™ is described. The result of B (B — K97%y) =
(7.28 4+ 1.75(stat) 4= 1.03(syst)) x 10~° is compatible with the predictions.
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Introduction

The Standard Model of particle physics, which describes the fundamental
particles and their interactions, is the most successful theory in the history of
science. For decades it has been tested by various scientific collaborations and
experiments and it predicts experimental results with a high level of precision, e.g.
the fine structure constant at 81 parts per trillion accuracy. However, the theory is
believed to be incomplete as it does not, for example, explain the presence of dark
matter or dark energy in the Univers. Particle physicists now search for hints of
physics beyond the Standard Model by looking at experimental deviations from
the theoretical predictions.

The radiative b — s decays, which proceeds through quantum loops, are
prone to reveal new effects from physics beyond the Standard Model. This
process have been studied by experiments at previous B-factories (Belle and
Babar) and is the topic of various measurements by the LHCb experiment. In
this work, we focus on the photon polarization. Due to the V-A structure of
the Standard Model, the helicity of the photon is mostly left-handed (for b-
quark, and right-handed for anti-b). Measuring an increased number of right-
handed photons would invalidate the Standard Model predictions. This has
been done in Belle and BaBar by looking at the CP symmetry violation, like the
analysis presented in Chapter 5 or Chapter 6, with no conclusive results as the
measurements were not sensitive enough [1-4].

The particle physics experiments entered a precision era. Large collaborations
continue to improve their complex accelerator and detectors to get large amount
of data with high accuracy. The Belle experiment and the KEKB collider were
upgraded to be more precise and gather fifty times more statistics. The first data
were taken in 2019, and upgrades of the Belle II experiment are already planned,
as discussed Chapter 4.

The thesis is organized as follows.

The first chapter summarizes the theoretical framework used in the next
chapters. The Standard Model is briefly described, with a focus on the CP
asymmetry, the CKM matrix and the photon polarization in radiative b — sv
decays.

The second chapter describes the different sources of CP violation in the B
meson system. It contains the equations of the CP violation parameters used in
the time dependent analysis presented in the next chapters. It also explains the
usage of a new method to better constraint the modelization of new physics.

The third chapter is devoted to the description of the Belle II experiment. The
SuperKEKB accelerator is described, along with each sub-detector of the Belle II
detector and its trigger system.



The fourth chapter presents the plan and the work done for the upgrade of
the vertex detector of Belle II. The software of Belle II and its tracking algorithm
are explained. Then, the software implementation and the performances of new
vertex detector geometries are shown.

The fifth chapter presents the time-dependent CP asymmetry measurement
of the B — KI7tm~ decay using 1 ab~! of Monte-Carlo data in Belle.
The analysis uses, for the first time, the new Dalitz-splitting method to
further constrain the Standard Model. The chapter goes through the whole
reconstruction, selection and the fitting strategy to extract the CP violating
parameters.

Finally, the sixth chapter presents the rediscovery of two radiative decays with
190 fb~! of Belle IT data, B — K97t 71~ and B® — K%7%, and the branching
fraction measurement of BY — (K*® — K%7%)+. This represents the first step to
the full time-dependent CP analysis. All the details of the analysis are illustrated,
from the data sample used, the reconstruction and pre-selection strategy, the
selection optimization, the determination of the systematic uncertainties to the
titting procedure to extract the yields.



Chapter 1

The Standard Model and CP
violation

In this chapter, the history of the discovery and the inclusion of CP violation in the
Standard Model is presented. The CKM matrix is then introduced and described
in Section 1.3 in order to understand how CP violation manifests itself. Finally,
in Section 1.4, we focus on the b — sy mathematical description since the photon
polarization is of great interest to discover physics beyond the one predicted by
the Standard Model.

1.1 Historical introduction

The Standard Model (SM) of particle physics is the theory describing the
fundamental interactions and propagation of all elementary particles. There are
3 generations spin 1/2 fermions:

() (). -
() () () 02

and their anti-particles. The quarks are designated in Eq. 1.1, each representing
a different flavor, and the ordinary matter is only composed of combination
of elements in the first column. The interactions manifest themselves via the
propagation of a spin 1 boson: the <y for the electromagnetic force, interacting
with photons and leptons; the W* and Z° for the weak interaction for the
leptons or quarks; the gluons for the strong force, interacting with quarks. The
gravitational interaction is neglected as its relative strength is 10%° times lower
than the weak interaction and the graviton, the hypothetical boson carrying
the interaction [5], is not yet discovered. Finally, the Higgs boson, which is
responsible for the masses of the fundamental particles [6], was discovered in
2012 [7,8].

Symmetries are important properties in physics.  They give rise to
conservation laws, e.g. Noether’s theorem [9], structure the formalism of
theories and play a major role in our understanding of physics. In this thesis, we
will focus on two discrete symmetries:
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® C: The charge conjugation transforms a particle into its anti-particle, and
vice-versa : ¢ — , with g a fundamental particle,

* P: The parity transformation defined as an inversion of the spatial
coordinates at the origin: (x,y,z) = (—x, —y, —z).

Parity and charge symmetries are conserved in strong and electromagnetic
interaction. It was also supposed to be conserved for the weak interaction, but
no experiments existed to assess this. In the mid 1956, Chen Ning Yang and
Tsung-Dao Lee questioned the validity of this hypothesis [10]. A year later,
Chien Shiung Wu demonstrated, using ®°Co weak nuclear decay, that parity is
not conserved for the charged weak interaction [11]. Lee and Yang received the
Nobel Prize that year for their theoretical predictions. A year later, Goldhaber
showed by measuring neutrinos helicity that charge symmetry is also broken
for the charged weak interaction [12]. After numerous experiments confirmed
the violation, it was also demonstrated that not only the weak interaction breaks
C and P, but it was also showed that the violation is maximal, meaning that
only left (right) handed! particles (anti-particles) interact with the weak force.
Physicists then put their hopes on the conservation of CP. It is also conserved
for strong and electromagnetic interaction, but the weak interaction seemed
to violate P and C in a way that combined CP is conserved. In 1964, James
Cronin and Val Fitch demonstrated the opposite: by studying the kaons decay;,
they discovered a small CP violation [13] in decay of neutral kaons. This work
also lead to a Nobel Prize in 1980. This result shook the scientific community
and it took nearly ten years to correctly understand and add to the SM this CP
violation in the weak sector. In 1973, Makoto Kobayashi and Toshihide Maskawa
pointed out that in the case of three quark generations® the number of degrees
of freedom in the SM naturally gives rise to the violating complex phase in the
quark mixing matrix, now known as the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [14]. This work also lead to a Nobel Prize in 2008, after confirmation
of their predictions by so-called B factory, the Belle and BaBar experiments,
constructed to measure the large CP violation predicted in the B meson system.
After a year of operation, they already observed time dependent CP violation
(TDCPV) in BY — J/¢K? [15,16].

Although the SM is a good description of Nature up to energies of nearly
1 TeV. But it is not sufficient to describe the entire subatomic world. For
example, it does not describe neutrino masses and their oscillations, the
hierarchy described by the free parameters of the CKM matrix, how gravity
interacts with elementary particles. Also, Sakharvov demonstrated that CP
violation is one of the necessary conditions for the observed dominance of
matter over antimatter in the Universe [17], but the CP violating phase in the
CKM matrix measured today in not enough, by many orders of magnitude [18].
Therefore, yet unknown additional CP violating phases must exist from the

I The helicity (equals to the chirality for massless particle, as photons) is right (left) handed if
the direction of its spin is the same (opposite) as the direction of its motion.

20nly 3 quarks were discovered at that time. This matrix predicted 3 more quarks, that were
discovered afterwards.
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SM NP oM NP A
>< ‘ o ) o ‘
SM NP/SM  SM SM

FIGURE 1.1: Schematics of direct (left) and indirect (right) detection
of New Physics.

cosmological point of view.

Schematically, there are two ways of looking for New Physics (NP) 3, as
schematized Fig. 1.1. Either by producing the NP particles (direct search), the
Large Hadron Collider have in recent years started to probe physics at the
TeV energy scale and the only limit is the center of mass beam energy; or by
measuring the effect that NP can have if it contributes through virtual particles
to the observed process, as high mass particles can replace SM particles in
the interaction, following AEAt > h/2. This later method (indirect search) is
particularly relevant at B-factories and was employed by Belle and BaBar.

This thesis contributes to the development of experimental methods to find
hints of NP by measuring the CP violation in B® (B%) transition with radiated
photons, so-called b — s radiative penguin. The SM predicts a prevalently
right (left) helicity of the photon for b-quark (anti-b-quark) decay. Measuring the
photon polarization would be a strong test of the SM, since non-SM processes
can introduce diagrams with different polarization associated to each b-quark
flavor. Measurement of the photon polarization is possible with specific decays
allowing angular distribution reconstruction [19,20]. Information on polarization
can also be accessed through other phenomena. We exploit the mixing-induced
CP asymmetry S in B — K{7t" 7~ and B — K97, which is predicted in the
SM to be small.

1.2 Theoretical overview

The SM mathematical description is the Quantum Field Theory (QFT), composed
of Quantum Mechanics, Field theory and Special relativity. It is a gauge
theory based on the group SU(3). ® SU(2); ® U(1)y. The electromagnetic
interaction symmetry group U(1)gy is describing Quantum Electrodynamics
(QED) theory and characterizes how electrically charged particles interact by
means of exchange of photons. The strong interaction symmetry group SU(3),
with SU for Special Unitary group and c for color, is describing the Quantum
Chromodynamics (QCD) theory. It characterizes the strong interaction between

3Physics beyond the Standard Model.
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quarks mediated by gluons. Quarks can gather to form composite hadrons such
as the proton (uud), neutron (udd) or pions (e.g. ud). The QCD analog of electric
charge is a property called color charge, which is conserved when quarks couple.
Lastly, the weak interaction symmetry group SU(2), with L for left-handed, is
best described along QED, forming the Electroweak theory. Its interaction group
is SU(2)L ® U(1)y, with Y for hypercharge. The weak interaction is the only one
able to change the flavor of the leptons via a W boson.

In the SM, mass of particles come from the Higgs mechanism [6], confirmed
by the discovery of the Higgs boson in 2012 by CMS and ATLAS [7]. A complex
coupling constant between the mass terms in the Lagrangian and the flavor sector
in the weak interactions is responsible for the CP violation in the SM.

The Lagrangian of the SM can be expressed as:

Lsm = Lkin + EHiggs + Lyukawa - (1.3)

where Lxin describes the dynamics of the spinor fields ¥ representing the three
fermion generations, Lyjges describing the Higgs mechanism.
The quarks acquire mass through their Yukawa couplings to the Higgs field ¢:

Lyukawa = —YﬁjQ_L,ie¢*uR,j — YéjQ_L,igbdej + leptons term + h.c., (1.4)

where Qp ;, ug j and dg; are the quarks fields, where i and j label the generation
and L (R) labels the left (right) handed fields, Y, ; are 3 x 3 complex matrices and
€ is the anti-symmetric tensor.

The Higgs field can be expressed as:

r= o) = () &

with v being the vacuum expectation value. The mass matrices are then:

MY = (v/V2)Y), M= (v/V2)Y) (1.6)

where matrices M are 3 x 3 and generally non-diagonal matrices since there is
no prescription or symmetry constraining the content of Y. To obtain the mass
eigenstates, we have to diagonalize each of the mass matrices with the help of
two unitary matrices:

U MUR = Mdiag (1.7)
We obtain the mass eigenstates as:

f _au om
Ry = ULR)UL(R)

(1.8)
f _2qd m
gy = ULr)aL(r)

R)
u d

where uf = | ¢ | anddf = | s | represent the up or down — type quarks
t b

in the flavor space (f), and the u™ and d" represent the corresponding mass (1)
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eigenstates. The unitary matrices are also chosen to give:

Ut MU = diag(my, me, my),
L{Z‘%JerUf = diag(my, ms, my).

When we rewrite the Lagrangian in the mass basis, we find that this change of
basis does not change the form of the electromagnetic and neutral-current (Z and
7), thanks to the unitary property of U. For the charged-current (W) we have:

(1.9)

T = wlyd], = ity UEUdY = @y, Veoud), (1.10)
where Vx is the Cabibbo-Kobayashi-Maskawa matrix [14].

1.3 The CKM matrix

The CKM matrix describes the coupling of quarks from different flavors and can
be represented as:

Vud Vus Vub
Vekm = | Vaa Vs Vo |, (1.11)
Vie Vis Vi

where Vy, represents the coupling value from the quark x to the quark y.

By construction, Vcky is a 3 X 3 complex and unitary matrix and has at
maximum 18 real parameters. By using the unitary condition we can reduce them
by 9, and by using the properties that the phases of the quarks can be redefined,
we remove additional 5 parameters. This leads to three mixing angles and one
irreducible phase, the later being the main origin of CP violation in the SM.

The Standard parametrization of the Vi matrix was proposed by Chau and
Keung [21], using rotation matrices and an overall phase:

€12€13 ; $12C13 5 s13e” 11
Vekm = | —8S12023 — €12523513€"°3 €12C23 — 512523513€"°B3 523013 (1.12)
5 5
$12523 — €12€23513€"°13  —C12523 — $12023513€"°13  (23C13
where ¢;; = cos0;;, s;j = sinb; fori < j = 1,2,3, ¢;; are the rotation angles

between families and é13 is the irreducible phase.

Thanks to experimental results, we know that this matrix is dominated by
its diagonal. Transitions among quarks from the same generation (V,,4, Vis, Vi)
are far more likely than transitions among quarks from different flavor doublets.
A new parametrization, named the Wolfenstein parametrization [22] referring its
author, takes into account this observed hierarchy by expanding the elements of
the CKM matrix in powers of A = |Vys/:
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— A2 A AMA(p—in)
Vera = _a 1— %AZ A2A +O (A4> (1.13)
MA(1—-p—in) —A°A 1

where the real parameters A, p and # are at the order of unity, # being non-zero
introduces the CP violation, and A ~ 0.22 [23]. By measuring precisely those
parameters, we can get more information on the CP violation and on charged-
current.

A nice way of visualizing the CKM matrix is to use its equations derived from
the unitarity condition. Out of the 9 possible relations, 3 of them are of particular
interest to study CP violation:

Vg Vi + Vog Vit + VgVt = 0 (cx A/\A5> ) (1.14)
VsV, + Ves Vi + Vis Vs = 0 (o< A3A3/\3> , (1.15)
VidVi, + VgV + VigViy = 0 (o< A4A2/\2) : (1.16)

Each term in these equations can be interpreted geometrically as a vector in
the complex plane, thus each relation can be visualized as a triangle, also known
as the unitarity triangles. By looking at the quarks involved in each equation,
we can see that Eq. 1.14 and Eq. 1.15 describes the K® — K0 and B? — B? systems
respectively. If we draw the two triangles, we observe that one side is much
shorted than the other two, resulting in a collapse of the triangle to a line. Eq. 1.16,
related to the BY — B0 system, is the most opened triangle. This illustrates a large
CP asymmetry for B? decays, which are studied in B factories.

A (p.n)

‘VMV
Vi Ve

C (0.0) B (1,0)

FIGURE 1.2: Representation in the complex plane of the Eq. 1.16
divided by V.4V},. Their sum being equal to zero implies that they
have to form a closed triangle.

Dividing the last equation by V.4V gives the equation used to represent the
triangle shown Fig. 1.2. The vertices are now at (0,0), (1,0) and (p,7), with g =
p(1—A%/2) and 7 = 5 (1 —A?/2). The side length are expressed with CKM
matrix elements:
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S ViaV:
B=|—1tb) (1.17)
‘ VCdVCE
— ViV
AC = |4 ub| (1.18)
‘ VCdV:;J
CB=1, (1.19)
and the three angles:
VchZZ)
x = ar ], (1.20)
8 (Vfdvtb
ViaVip )
=arg | ——2 |, (1.21)
p =g (7
VudV:b)
y=arg | —— | - (1.22)
5 ( VeV

Measuring and constraining these five parameters of the triangle is of great
importance: they constrain the free parameters in the SM, they provide an
experimental test of the CP violation mechanism and the flavor structure of the
SM, and they can provide a way to discover NP by measuring discrepancies
wrt. the SM. B factories have, in the last two decades, measured decay rates
and CP asymmetries in the B system with great precision to put constraints on
the position of (g,7), shown in Fig. 1.3. So far, all constraints coming from the
measurements of very different processes are in very good agreement, meaning
that the SM flavor structure is very well described.

1.4 Photon polarization and Wilson coefficient

The NP can appear in the study of flavor-changing neutral current (FCNC)
processes such as b — sv transitions, as illustrated Fig. 1.4. The FCNC are
forbidden at tree level and thanks to the GIM mechanism only occur at one loop
level via a penguin or box diagrams (as in Fig. 2.1), where a new heavy particle
can enter the loop and alter the SM predictions. As stated before, the photon
emitted in b — sy decays are left-handed, with a small right-handed portion of
the order m; /my,. In some NP models [25-27], the right-handed component can be
enhanced and reach the same magnitude as the left-handed component, thanks
to the presence of NP particles in the electroweak loop process.

In the SM, the quark level b — sy vertex is given, without QCD corrections,

by:

2
—b— e g .
5T, b = (M)vagwbﬁsquv (myPR + msPr) b, (1.23)

where g = g, — g with g, and g5 the four-momenta of the b and s quarks
respectively, F, is the loop function defined in [28], V}s and V};, are the leading
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llllll‘illllllllllllllllll

-1.0 Y &k
% i sol. W/ cos2p<0 -
Spring 21 3 (excl. atCL > 0.95) -
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-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

FIGURE 1.3: Constraints on the CKM (p, 1) coordinates from the

global SM CKM-tit by the CKMtitter group [24]. Each band color

represents a different measurements to constrain the (p,7) apex,
which is given by their overlap.

ol

FIGURE 1.4: Feynman diagram of b — 57 through an electroweak

loop process, expressed with CKM matrix element at the vertex.

Due to GIM mecanism, the loop is dominated by the top quark. In

this two-body back-to-back decay transition in the b rest frame, the

helicity of the y must be right-handed as the helicity is conserved in
the SM.

CKM matrix elements appearing in the loop diagram, 0}, are the commutators of
the Dirac v 4 x 4 matrices and P;, and Pr are the projection operators defined as:

Pp=5(1-7), Pr=751+17s). (1.24)

N =
N| =
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In this equation, we observe that the term proportional to m; describes b —
sy transitions, while the one proportional to m; describes b — syr transitions.
This is why, in the SM, the b — s transitions are predominant, with a small
fraction of right-handed photons, as the b-quark is much heavier than the s quark.
Similarly, b — §vyg transitions are predominant, with a small fraction of left-
handed photons.

If we now go from the quark level transition to a cascade decays like B —
Kresy — KOttt or K71¥, the weak B — Kiesy amplitudes need to include
such QCD corrections:

8
Hop = — 2 ViV ) G(H) O + CLG0) O} (w), (125
V2 TS
where the C; and O; are the short-distance Wilson coefficients and local long
distance operators related to b — s7p transitions respectively, the primed
operators being related to b — syr transitions. Gr is the Fermi constant, which
is related to the coupling constant of the weak interaction (¢) and the mass of
the W boson (Myy) such as Gr « ¢>/M?2,, and u is the renormalization scale.
The Wilson coefficients C; can be regarded as coupling constants associated to
the effective point-like vertices which are represented by the local operators O;.

The interesting coefficients and operators for the description in b — s7 for
left and right handed photon are O7 and O}, respectively. In Eq. 1.25, O7 is the
dominant operator at the leader order, and we have

C,  ms
C " omy 0.02. (1.26)

In the experiment results, C7 (C5) is usually referred as C*f and corresponds to
the effective coefficient which absorbs all the subleading contribution from O; ;.
Eq. 1.26 still holds with this approximation.

Constraining Cy and C} to see if they deviate from the SM is a good way to
probe NP, as they are experimental observables sensitive to the structure of the
effective Hamiltonian for b — sv.

Several methods and channels have been studied in the past to put constraints
on the Im(C/,/Cy) and Re(C}/Cy) plane. The covered area is shown Fig. 1.5. Belle
and BaBar performed inclusive B — X7 decay [30-33], where NP can enhance
its branching ratio, and mixing-induced CP asymmetry of BY — Kg 9y [1,3,29],
whereas LHCb performed also a mixing-induced CP asymmetry measurement
on B? — ¢ [34] and an angular analysis of B? — K*%¢~e~ at low ¢? [35], where
its angular distribution is sensitive to photon polarization. This last channel is
the most recent and constraining measurement to date. A good agreement is
observed with respect to the SM, but the CP asymmetry measurement in the B’B°
system, described in detail in the next chapter, is a promising way to constrain
the Wilson coefficients. All the measurements are currently statistically limited.
LHCb will double its data in the next three years, and the next statistical jump
will be with the run4 along with its upgrade program around 2030. For Belle II, it
will accumulate around ten times the Belle and BaBar data in the next three years.
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7/C7)

Im(C

Constraints at 2¢
—— B(B — Xv)
BY — K"
S Bg — ¢y
—— BY = K*0c¢te~
————— Global

~1.0 +———r——T—————t—————————r
~1.0 ~0.5 0.0 0.5 1.0

Re(C7/C7)

FIGURE 1.5: Summarized constraints on Wilson coefficients on
Re(C,/Cy) and Im(C}/Cy) with different methods and channels,
using Belle [1,29, 30], BaBar [3, 31-33] and LHCD data [34, 35], the
latter being the most constraining measurement to date. From [35].
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Chapter 2

CP violation in the B meson system

This chapter is focused on the neutral B meson system and demonstrates how to
extract CP violation observables from different processes, using features of the
flavor and weak interaction structure of the SM. The theory is described in detail
in [36] and [37]. In Section 2.3, we will also go into details on a new method, tested
for the first time in the analysis described Chapter 5, to constrain SM parameters
to probe NP.

2.1 B'BY mixing

The B° (B) meson, with a flavor eigenstate bd (db), is a hadron decaying due
to the weak interaction, with a lifetime of 73 = (1.519 4 0.007) ps [23]. A neutral
meson can be described in two ways: the flavor eigenstates, describing the quarks
content and useful to understand the weak decay, and the mass eigenstates,
solutions of the Hamiltonian, describes the mass, lifetime and the propagation
in space and time. As we saw in the previous chapter, CP and mass eigenstates
can differ since the CP symmetry is broken in the SM.

To get the mass eigenstates, let’s consider an arbitrary combination of the
neutral B-meson flavor eigenstates:

a(t) ‘BO> +b(t) (BO> 2.1)

which is governed by the time-dependent Schrodinger equation:

() -n(i)-wn (i), e

where M and I' are two 2 x 2 hermitian matrices known as mass and decay
matrices respectively. The assumption of CPT invariance constraints the
Hamiltonian and imposes: Mj; = My = M, I'1; = I'np = I, My, = Mp; and
I'1» = I'y1. The off-diagonal terms are important in the discussion of CP violation:
if it is conserved, then Im(My;) = 0 = Im(T'q3).

Diagonalizing the Hamiltonian leads to the expression of the mass eigenstates
of the neutral B meson system, which consist in a superposition of the BY and B°
flavor eigenstates, such as:
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\BL>=:P‘B°>—%q]B°>, (2.3)
B} = p[B%) —q|B%), (2.4

where the index L(H) refers to the lighter (heavier) mass eigenstate and the
complex coefficients p and g are constrained by a normalization condition

>+ |q)> = 1. (2.5)

In the expression of the mass eigenstates, we see that the flavor eigenstates
get mixed as they propagate in time and space. This phenomenon has been
observed in Kaons [38], B; and Bs; mesons [39-41] and D mesons [42-44]. The
mass matrix M in Eq. 2.2 describes the oscillation between the flavor eigenstates:
the diagonal terms are dominated by the flavor eigenstates masses while the off-
diagonal terms represent the transitions via virtual intermediate states. For the
decay matrix I, its diagonal is also linked to the flavor states and describes the
decay into different final states, while its off-diagonal terms describe transitions
via real intermediate states. The BB’ mixing, where the B meson change its
flavor with a weak transition, can be visualized by Feynman diagrams shown
in Figure 2.1, referred as box diagrams.

B Ve e d u'WWqu d
g=uct
B° w w B B g=u,c,t g=u,c,t B
g=u,c,t
. —_—l N A—————
d v qd qu b d qu w qu b

FIGURE 2.1: Feynman diagrams representing the BORO mixing
phenomenon.

The three up-type quarks involved in the loop lead to a CKM factor that is
proportional to A® and this loop should be suppressed. However, this transition is
enhanced by the GIM mechanism [45], and the contribution of each quarks in the
intermediate state is suppressed by the ratio of its mass and the weak boson [36].
The top quark is then leading this transition and the corresponding CKM factors

gives a phase of (thV;é)z ~ e~2P, with B called the mixing angle. When the B°
oscillates into a B, it picks up an extra —28 phase wrt. to a B that does not
oscillate. This is measurable if both flavors decay into a CP final state, common
to BY and BY, and if the flavor at production is known.

The eigenstates of Eq. 2.2 gives the following relation on M and I' matrix

elements:
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M;, — 5T
1oy | 2212 (2.6)

P My, — 5T

21 2 2 1 2
(Amg)” — Z(AF) =4 [Mi[" = Tl ), (2.7)
AmgAT = 4Re (MyoI%,), (2.8)
with

Amg= My —M; >0, AT =Ty —T}. (2.9)

In Eq. 2.6, choosing the negative sign rather than the positive is equivalent to
interchanging the labels 1 and 2 of the mass eigenstates. Thus, the ratio q/p is
finally given by:

Amy — AT
q_ _SMaTatt (2.10)
p 2 <M12 — %Tu)

If we look at these equations with the BY parameters, we can make the
assumption that Al'go < T'go, as Al', value is produced by decay amplitudes
of CP channels, with corresponding branching fractions at the level of 1073. And
since many channels contribute with different signs, their sum is not expected to
exceed the individual level.

Also, we have the measurement of the B? oscillation parameter x; [46]:

xy = 24 _ 0775 1 0.006, (2.11)
Ts,

which implies Al'g, < Amy.
By putting the two model-independent assumptions in Eq. 2.7 and Eq. 2.9, we
get:

T12| < [Mig], (2.12)
\q/p| ~ 1. (2.13)

We can express the time evolution of a BY(t) (B°(t)) by using the eigenvalues
of the Hamiltonian and the p and g parameters:

[BO(t)) = g+ (1) [BY) +

[BOt)) = g-(1) |B”) +

0 ‘BO>, (2.14)

o (1) ‘B0>, (2.15)

Bl T SN

with
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g (t) = e 2 (Mu+Mu)tp=3t (o (#) (2.16)
CH(MpMp)t T (At
g—(t) = e 2TV e 2% sin 5 |- (2.17)

The probability of e.g. a B to change or not its flavor is then:

2 2
Pt = || g 0P |2 1 cos(ama)), @19
Ppo_po(t) = g+ ()* & e T (1 + cos (Amyt)) (2.19)

Since the B meson lifetime and the frequency of oscillation Amy; = (0.507 £
0.005) ps~! [23] are close, the amplitude for the mixing process is rather
large. This leads to large time-dependent CP asymmetries in the B'BY mixing
phenomenon, described in the next section.

2.2 Source of CP violation

We can find three manifestations of CP violation for the B system, pictured
Fig. 2.2, each with an associated observable.

2.2.1 CP violation in decay

The first CP violation can occur when the amplitude for a decay and
its CP conjugate process have different magnitudes. If we note Ay =

(fIH|B%) (Af = <f_|H|EO>> the amplitude of the BY(B°) decay to a final state

f(f), the CP observables associated are:
I (B° A
T(B°—~f) £1 < =L £1 < CPviolation. (2.20)
r (BO — f) Af
or the CP asymmetry definition:
_TB—=f)-T(B—=f)
I(B— f)+TI(B—f)

This type of CP violation is referred to as direct CP violation and can be found
to not only B’B? system but to any b-hadron.

Acp #+ 0 < CP violation. (2.21)

2.2.2 CP violation in mixing

The second type of CP violation occurs when the neutral B meson oscillates into
its CP conjugate. As we saw in Sec. 2.1, the CP and mass eigenstate are not
identical and an asymmetry arises between their transition probabilities, i.e. B® —
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- | x| =@
Lot i |[ReH )

B
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B B _
lep

FIGURE 2.2: Pictural representation of the different CP violation

manifestation in the B°B° system: direct, indirect and in the

interference (from top to bottom); with f representing any final state

and fcp a CP final state accessible to both B’ and B°. Adapted
from [36].
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—
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tJ

[ o]
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BY and B® — BC. The description of such transition is carried by the off-diagonal
matrix elements of M and I' in Eq. 2.2. If CP is conserved, the relative phase
between M, and I';; vanishes. Thus, Eq. 2.6 gives the CP observable associated
to this process:

9 # 1 < CP violation (2.22)

This type of CP violation is referred to as indirect CP violation. The first CP
violation observed in the Kaon system described in Chapter 1 was an indirect CP
violation. For the B system, this CP violation process is expected to be O (107#)
[47] and not accessible by the current B factory sensitivities, so the approximation
|g/p| = 1 remains.

2.2.3 CP violation in the interference between decays with and
without mixing

Finally, the last possibility of CP violation is through the interference between the
mixing amplitude A (B — B? — fcp) and the decay amplitude A (B® — fcp)
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and can be resumed as
T (BO — fC p)
T (BO — fcp)
with fcp a CP final state, accessible to both BY and BY.

£1, (2.23)

Entanglement Free oscillation,

FIGURE 2.3: Pictural representation of a e*e™ collision producing

a B°B® pair through a Y (4S) resonnance. First, the B® and B° are

entangled as they come from the same resonnance, and they oscillate

at the same time as the other. Then, when one of the B decays (here

the BY), the other can oscillate freely until it decays into a CP final
state.

An observable similar to the one used for direct CP violation could be used
here, but it is not trivial to know the flavor of the B meson in this case as its
flavor changes over time. To get this information, the B factories benefit from the
fact that the B meson pair is produced from a single resonance Y (4S) — BB, as
shown in Fig. 2.3. They are then entangled until one of them decays, implying
that at an instant ¢, the probability of one of the mesons to be a particle equals
the probability for the other meson to be an antiparticle. This way, if we know
the flavor of the B meson at an instant ¢, the other one must be at the opposite
flavor at the same instant ¢. This process stops only when one of the B decays, the
other is then oscillating freely, following the mixing principle, until its decay. If
a B, noted Biag, is decaying into a final state that can unambiguously determine
its flavor, the flavor of the other B, noted B;ec, can be determined with a certain
probability by taking into account a precise measurement of the time elapsed (Af)
between its decay and the moment that its flavor is known, corresponding to the
moment when the other B decays. This method is known as flavor tagging [48]
(see Sec. 5.2.6). Thus, the CP asymmetry Eq. 2.21 can be defined with a time-
dependence:
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T (Buag—o (81) = fep) =T (Bug_po(A1) = fer)

Ace(1) = T <Btag:BO(At) — fCP> +T <Btag:BO(At) — fCP>.

(2.24)

If we neglect experimental biases, such as the probability to wrongly
determine the flavor of the Big, called mistagging, the amplitudes for the

processes of a BY (BY) going to a CP final state fcp are:

Ao (At) = Ag, (8+(AH) + Ag 8- (A1), (2.25)

Ap,(AF) = gA fon (82 (AE) + Appg4 (A1), (2.26)

with ¢y (At) and g (At) defined Eq. 2.16 and Eq. 2.17 respectively and the CP
observable associated to this process is defined as:

Aoy = 9 Asce £ 1 < CP violation (2.27)
P Afep
By construction of Ar.,, we can see that the previous inequality holds if

respectively. In addition, even if ‘A il A f‘ = |q/p| = 1, CP violation could still

CP violation occurs in the decay or the mixing,

occur through:

Afep| =1, Im(Ag,) #O. (2.28)

The time-dependent decay rate expression used to measure CP asymmetry in
B factories is expressed as:

—|At|/T
Frg (B) = © G (1 Gug (Ssin (AmgAt) + Acos (Amgbt)],  (229)

where qiag = +1(—1) when the Btag is identified as a BO (B’O), and the expression
of the CP asymmetry in mixing and decay can be found as:

Acp(At) = Ssin (AmgAt) + Acos (AmyAt) (2.30)
where
2
2Im (A A -1
S — m ( fCPz , — ‘ fCP ’2 ) (231)
1+Mfcp‘ Mfcp‘ +1

The coefficients S and A are different from zero when CP violation occurs in
the interference or in direct CPV respectively.
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Eq. 2.29 may be re-written in terms of (w) and Aw/2 factors, described in
the next chapter Sec. 5.2.6, accounting for the probability for a B meson to be
experimentally mistagged:

e~ |Atl/T Aw _
fqtag(At) = 1+ Grag—~ + Jtag(w) (S sin (AmyAt) + Acos (AmdAt))} ,
(232)
where g = +1(—1) when the By, is identified as a BY (BY).
Acp(At) becomes:
Acp(At) = (w) (Ssin (AmyAt) + Acos (AmgAt)) . (2.33)

Equations 2.21 and 2.30 or 2.33 are strictly equivalent. Thus, by measuring
experimentally Acp(At) with a precise At resolution and tagging efficiency, A
and S can be deduced.

If there is only one SM contribution to the amplitudes A f and A Fr the
expectations are that S = —sin(2f) and A = 0. Deviations from that imply
the existence of unaccounted amplitudes that, depending on the characteristics
of the mode, could be an indication of physics beyond the SM.

For B — KY71%y decay process, where B® — K717 goes through a K*(892)°
resonance, the SM predicts a CP asymmetry of S ~ —0.028 [49,50]. For BY —
K90%y decay process where p goes to w71, the SM predicts S ~ 0.03 [51]. Both
BaBar and Belle have performed measurements of the direct and mixing-induced
CP asymmetry parameter A and S. The results are shown Table 2.1. All the
values are statistically limited and are in good agreement with the SM prediction,
this is why we can benefit from new B factories like Belle II to get more precise
measurements and see if there are deviations from the SM.

TABLE 2.1: Measurements of A and S for B — K97y and B® —
K%0%y in Belle and BaBar.

Belle BaBar
BO _y K00 S=-010£031+£0.07[1] | S = —-0.78£0.59 £0.09 [3]
ST A=-020+£0.20£0.06[1] | A= —0.36+0.33 £ 0.04 [3]
— T0.05 =
BO Kng,y S =-011+ 0.33_0.09 [2] S =0.14+0.25 :IJ:FL?O(E)B [4]
A=-005+018+0.06[2] | A= —-0.39+ 0.27 70 [4]

2.3 New method of constraining C; and C;,

A new method published in 2019 in [52] proposes to study B® — K7t to
get more information on the Im(C7,/Cy7) and Re(C7,/Cy7) plane described Sec. 1.4.

The CP asymmetry measurement is directly related to the photon
polarization:
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2Im (4cr0p)
G + |5

with C; and C/, the Wilson coefficients, g4 and p defined in Eq. 2.6.
To take into account the pollution of the non CP eigenstates in the final
measurement of S, the dilution factor D is defined as:

D, (2.34)

p — Salldecays (2.35)
‘SCP decay
S 0t 7 —
= KT B Kty (2.36)
SKQo0y
since BY — K%7t* 717 can occur via different Kaonic resonances:
B — Kresy — (K20")y — K¥(mt ™)y (2.37)
— (KT )y = (K0 H)m ey (2.38)
— ((Km)g )y — (K t)my (2.39)

where only the decay 2.37 is a CP eigenstate. To measure this factor, a detailed
amplitude analysis is needed, where the different resonances are fitted in the
Dalitz plot!, on a large data sample, e.g. BT — Kty — KT~ assuming
isospin symmetry. The current constraints on C; and C, using B® — K%7%7 for
711 fb~! correspond to the yellow area shown Fig. 1.5, and the same area shape
is predicted using B — Kttt .

The new idea developed in [52] is to take advantage of the Dalitz structure of
the B® — K77~ decay to further constrain the Wilson coefficients. We can
extract two new hadronic parameters, a and b, which depend on the different
amplitudes of the different Kaonic contributions during the decay. They can also
be measured with an amplitude analysis.

By splitting the Dalitz plane in two along the bisector m, — 153 as shown in
Fig. 2.4, we can measure S in both regions to get two more parameters, noted S’
for the one above the line and S’ for the one below.

The relation linking the Wilson coefficients and the four new parameter
expresses as:

2

!In a three-body decay P — p;paps, the 2 dimension Dalitz plot is the name given to the m 1p2

2 . .
VS M) 3 invariant mass squared plot.
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where £ is the mixing angle and
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The new constraints on the Re(C}/Cy) and Im(C,/Cy) plane obtain with this
new set of parameters are shown in Fig. 2.5. The area is now constrained on both
real and imaginary part of C;/Cy, compared to the area covered in Fig. 1.5. This
type of measurement can now be competitive with respect to the B — Kee done
at LHCb. The first implementation for the measurement of ST and S~ using the
full Belle data was one of the main work in this thesis and is presented in the next

chapter.
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FIGURE 2.5: Prospect for constraints on Re(C}/C7) and Im(C;,/Cy),
at the three standard deviation level, obtained with three different
arbitrary set of values for [ST,87,a,b] (in pink, violet and green),
the gray circular contour is the constraint obtained from the
branching fraction measurement of the inclusive B — X,y [46]
and the white (left) or green (right) circles are the angular analysis
measurement of B — Kee at low g [35] (same as in Fig. 1.5).
All the uncertainties are further scaled according to the increase
of integrated luminosity: the left and right plots correspond to
the current LHCb data / projection for 22 fb~' for the B — Kee
measurement and a Iuminosity of 1.5 ab~'/10 ab~! for Belle II.
Updated from [52] thanks to one of the author.
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Chapter 3

The Belle II experiment

In order to measure with a high level of precision observables of the Standard
Model for discovering New Physics, new B-factories benefit from improving
technologies to reach higher and higher luminosities. NP particles can then
be created in the final state, so-called on-shell, therefore a higher energy means
reaching higher mass particles. This direct-search of NP, as described in Chapter
1, is the method used at LHC, and the future HL-LHC with increased accelerator
radius and beam-energies. The other method is to measure the deviation of a
prediction in the SM caused by NP. This way, the more data the more precise the
measurement can be. Such indirect-search was and is the main technique used in
Belle and Belle II to probe NP.

The Belle II experiment, located in Tsukuba in Japan, benefits from the
upgraded Belle IT detector and SuperKEKB accelerator, which has higher collision
rates with a lower boost. Section 3.1 describes SuperKEKB, its nano-beam scheme
and the beam background it creates. Each sub-detector of the Belle II detector is
presented Section 3.2, with a description of the upgrade from Belle. Finally, the
trigger system of Belle II is described Section 3.3.

3.1 SuperKEKB accelerator

3.1.1 Luminosity and Interaction point

The SuperKEKB is a 3 km circular energy-asymmetric electron-positron collider.
It is the successor of KEKB, which collected data for about a decade, from 1999
to 2010. In order to achieve asymmetric energies, the accelerator is composed of
two rings: the High Energy Ring (HER) for electrons, and the Low Energy Ring
(LER) for positrons. A schematic view of the SuperKEKB colliders is shown in
Figure 3.1.

Both beams interact in a single Interaction Region (IR). The event rate for a
process with a cross section ¢ can be written:

dN

7 =
where the instantaneous luminosity £ for two beams with a Gaussian profile of
horizontal and vertical size 0y and 0, is given by:

L.o, (3.1)

L= M Ry, (3.2)
47wxay
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FIGURE 3.1: Schematic representation of the SuperKEKB
accelerator.

where N,+ and N,- are the number of particles in a positron and in an electron
bunch, f, is the bunch crossing frequency, and R} is a reduction factor accounting
for a geometrical effects associated with the finite crossing angle and the bunch
length. To reach very high luminosity, SuperKEKB increases the beam currents
Lot jo- < Ng- s+ fc by a factor of two compared to KEKB and reduces the beam
sizes:

Ux/y(s) = ex/yﬁx/y(s), (3.3)

where € (in nm) is the emittance being a constant of motion along the orbit. ./,
(in mm) is the so-called "B function" that describes the displacement of a particle
beam due to oscillations in the transverse plane xy with respect to its nominal
trajectory in a given point (s) along the orbit (see Table. 3.1). To achieve a low
emittance, a new damping ring was constructed for the positrons in order to
reduce the emittance with radiation damping.

The beam energies have been chosen to operate at a center-of mass energy of
10.58 GeV, corresponding to the invariant mass of the Y (4S) resonance, which is
a bound state (bottomonium) of the beauty quark b and its antiparticle. It decays
around 96% (at 90% CL) of the time into a BB charged or neutral pair, roughly
in the same proportion. Since the mass of the B meson is 5.279 GeV/c? [23], they
are produced almost at rest in the center of mass frame and because of their
short lifetime (t = 1.519 x 107!2 s), they travel a very reduced distance in the
laboratory. Therefore, the accelerator uses different energies for the electron and
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positron beams so that the Y(4S) acquires a boost in the laboratory frame and
the decay products are pushed forward in the direction of the electron beam.
The decay length is calculated as Az = Byct, where = v/c is the ratio between
the velocity of the particle v and the speed of light ¢, and <y is the Lorentz factor.
The average distance Al (Az in boost direction) was about 190 ym at KEKB, and
is now reduced to about 130 ym at SuperKEKB, due to different beam energies
(see Tab. 3.1). With this lower boost, the vertex detector of Belle now in Belle II
had to be upgraded.

3.1.2 Nano-beam scheme

The main modification in the nano-beam scheme approach regards the

minimization of the longitudinal size of the beams overlap d (a schematic view of

the beam intersection is reported in Fig. 3.2), which can be shown to be the lower
bound for ;. The formula for d is the following:

i~ 3.4

p (3.4)

The numerator o} represents the horizontal beam size at the IR and ¢ is the

half-crossing angle (~ 41.5 mrad). If the assumption of flat beams is verified

(0y =9 pm and 0 = 60 pm for SuperKEKB), the luminosity formula at the IR

can be written as:
o I R
L=t (1 + —{) ifyi L (3.5)
2er, o By~ | Re,

where 7 is the Lorentz factor, e the elementary electric charge and 7, the electron
classical radius. Ry, Rg, are the luminosity and vertical beam-beam reduction
SuperKEKB accelerator factors, whose ratio can be approximately considered as
unity. Since the ratio oy /0y is of the order of 1073, the first term into brackets can
be considered to be equal to unity. Indices (+, —) refer to electron and positron
beam, respectively. From this formula, it can be noticed that there are three
fundamental parameters for manipulating the luminosity and they are the beam

current (I), the vertical beam-beam parameter (,) and the beta function <ﬁ]’;>

at the IP. A comparison of the major upgraded parameters between KEKB and
SuperKEKB is given in Table 3.1.

The Y (4S) resonance is not the dominant particle produced when the ee™
beams collide. Table 3.2 resumes the production cross-sections for the main
processes. The interaction is dominated by Bhabha scattering ete™ — eTe™. The
cross-sections of the other g3 processes (1, dd, s5 and ct) have the same order of
magnitude than the Y (4S) one, which leads to a high background contamination,
called continuum background. To only select the interesting physics events, a
trigger system has been designed (see Sec. 3.3).
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TABLE 3.1: Parameters of SuperKEKB and KEKB.

KEKB achieved SuperKEKB target

Energy (LER/HER) [GeV] E 3.5/8.0 4.0/7.0
Instantaneous luminosity [10%* cm™2 s7!] L 2.11 80
Beam current (LER/HER) [A] I 1.64/1.19 3.60/2.62
Vertical Beta Function at IP (LER/HER) [mm] gj 59/5.9 0.27/0.41
Beam crossing angle [mrad|] bc 22 (~1.3°) 83 (~ 4.8°)
Horizontal beam size at IP [ym] g 90 9
Vertical beam size at IP [nm|] oy 1900 60
Vertical beam-beam parameter (LER/HER) Gy 0.129/0.090 0.090/0.088
Boost By 0.425 0.284
KEKDB

| 0.5
Wm0
0.5

1
! 50
2 [mm]

SuperKEKB
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—0.5 200
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FIGURE 3.2: Schematics of the beam size at the interaction point for
KEKB (up) and SuperKEKB (down).

3.1.3 Beam-induced background

There are five different types of background coming from the beams. Figure 3.3
schematizes each type:

* (a) Synchrotron radiation: When charged particles (e* or e™ here) are
moving in an electric field with a curved trajectory, they are accelerated
by this field and then emit an electromagnetic radiation (X-rays). This
is especially the case in the interaction region with its strong focusing
magnets. The radiation level is proportional to the current of the beam.
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TABLE 3.2: Production cross-sections for the main processes in

eTe collisions at a center-of-mass energy /s = m(Y(4S)) =
10.58 GeV
ete” — | Cross-section (nb)
Y (4S) 1.05
uti(7y) 1.61
dd () 0.40
s5(7y) 0.38
cc(y) 1.30
T 0.94
utu~ 1.16
ete” ~ 40

* (b) Beam-gas scattering: Residual gas in the beam-pipe can interact with
the beam electrons, which will lose some of their momentum. Due to the
magnetic field, those particles will then be deviated, hit the walls of the
beam pipe or surrounding magnet which leads to production of secondary
showers of particles that can leave traces in the detector. The scattering is
proportional to the square of the current of the beam and the pressure in the
beam-pipe.

* (c) Touschek scattering: The beam is so squeezed that Coulomb scattering
can happen inside it. The electron’s momentum and energy will change,
which leads to the same effects as the Beam-gas scattering. This type
of background dominates over the two above, and is expected to be
20x higher than in KEKB at nominal luminosity, due to the nano-beam
scheme. The rate of Touschek scattering scales with the beam energy as
E~3, increasing the energy of LER in Belle II was a solution to reduce it.

¢ (d) Radiative-Bhabha process and (e) Electron-Positron pair production:
Most of the time, as shown Tab. 3.2, the collision does not create an
Y (4S) but the two beams interact in two distinct way. An electromagnetic
interaction happens between the electrons or positrons, deviating them and
creating a photon or creating a low momentum ete~ pair. For both, the
production rate is proportional to the luminosity, therefore it is expected to
be 40x the background level at KEKB at nominal luminosity.

The first three types of beam-induced background are only coming from
one beam and are characterized by very random processes, which can produce
parasitic particles far from the center of the detector. When those particles
reach the detector, they pass through a lot of materials, thus are hard to
simulate. During the commissioning of SuperKEKB, two phases with specific
instrumentation (BEAST) were used to control the beam background (see
Sec. 3.1.4). They were acceptable to install the full detector. The Touschek
scattering limits the beam lifetime (to about 10 minutes) and hence requires
a continuous (top-up regime) machine. Collimators are placed along the
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FIGURE 3.3: Schematics of the five different type of beam-induced
background. Above, the three types from only one beam: (a)
Synchrotron radiation, (b) Beam-gas scattering and (c) Touschek
scattering; under, the Feynman diagram of the two types from
the two-beam interaction: (d) Radiative-Bhabha process and (e)
Electron-Positron pair production.

dipole

beam-pipe and a shield is in place to mitigate the beam-induced background.
The collaboration constantly monitors the beam-induced background rates and
perform simulations to reproduce the measured level. This strategy intends
to understand the background and allow further mitigation measures as the
luminosity increases. Indeed, the beam currents and sizes are modified to obtain
higher luminosity only if the background in Belle II is not too large. Also these
simulations allow to extrapolate the expected level of background at the nominal
luminosity.

The rate of the last two beam-induced types of background, concerning the
two-beam interaction, can be estimated by QED, as they are well defined by
quantum effect and Feynman diagram. Those two types of background, which
rates are proportional to the instantaneous luminosity, have been measured [53]
but they will only be predominant at higher luminosity.

3.14 SuperKEKB running phases

The SuperKEKB had three phases during its commissioning. The Phase 1, started
in 2016, consisted of testing the new nano-beam scheme and measuring the first
backgrounds level, to make sure that the Belle II detector will be safe to install.
No focusing magnets were in place, so no collisions were possible. Thanks to
the BEAST II detectors system [54], the impact of the machine parameters on the
beam-induced background and its level were measured.

The Phase 2, started in 2018, had the Belle II detector installed except the
vertex detector (VXD) (described Sec. 3.2.2). Instead, a special detector which
included BEAST II and one ladder of each subdetector of the VXD were installed
close to the interaction point. The goals of this setup was to see if the VXD will not
be damaged during the physics runs, and to further measure the beam-induced
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backgrounds rates. The focusing magnets, along with the positron damping ring,
were in place. The first collisions were detected on April 26% 2018. Until July
2018, Belle IT was running and collected around 0.5 fb™! of data, with SuperKEKB
reaching 5 x 10°> cm~!s~! instantaneous luminosity. The data have been used in
order to prove that the operation of the detector is understood.

The Phase 3, started in March 2019, is the beginning of the physics run with the
tull Belle II detector. Only the first layer of the VXD is not installed. The current
luminosity projections are shown Figure 3.4. Since it started, around 400 fb™!
have been collected, with a maximum of 2.40 x 103*cm~!s~! instantaneous
luminosity. The luminosity increases with the capacity to limit the beam-induced
background. A first shutdown starting in the summer of 2022 is planned to
mainly install the whole VXD. The physics runs will resume in Fall 2023, until
a long shutdown around 2026-2027 to improve the machine and upgrade the
subdetectors. The SuperKEKB is designed to reach 50 ab~! to do complete the
Belle II physics program [55].
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FIGURE 3.4: Projection of the Belle Il peak instantaneous (in red)
and integrated (in blue) luminosity, as of June 2022.

3.2 Belle Il detector

The Belle II detector, successor of Belle, is located around one of the two
interaction points of the SuperKEKB collider. A general overview of all the
sub-detectors is provided in the next sections, along with the description of the
improvement made from Belle.

3.2.1 Belle upgrade to Belle II

A typical hadronic event in Belle II is composed in average of 11 charged tracks,
mostly low momentum pions as shown Fig. 3.5 and Tab. 3.3. The boost in Belle II
is lower than in Belle (see Tab. 3.1). Moreover, with the new nano-beam scheme,
beam-induced background levels rise significantly. The idea behind the Belle
upgrade to Belle II is to improve or maintain the performance compared to Belle
with this new experimental environment.



32 Chapter 3. The Belle II experiment

— e |
-§ 0150 {1 _ _ U 0 i /o
20125 { == K | | ; \‘
@ 0.100 1 : | "\.\/\
(] I /{f <\
| -
© 0.075 ! /.ﬂ | T
N | 74 Y |
o 1 » I
£ 0.050 ' Ltj : L
) ? | p \
20025 | A \ 1
| I i
0.000 - ; | [ :
0.01 0.05 0.10 0.50 1.00  3.00

Transverse Particle Momentum in GeV/c

FIGURE 3.5: Transverse momentum distribution of the most
commonly produced particles in an ete™ collision in Belle II [56].

TABLE 3.3: Average fractions of the charged particles present in a
Y (4S) decay [56].

Particle Fraction

Vo 72.8%
K+ 14.9%
et 5.8%
Ths 4.7%
p* 1.8%

A schematic view of the Belle II detector (top half) in comparison to the
previous Belle detector (bottom half) is presented in Fig. 3.6. The modification
on each sub-detector are the following;:

¢ the radius of the closest detector to the beam-pipe, composed of silicon strip
sensors, is moved closer to achieve the same proper time resolution, as the
SuperKEKB boost is reduced wrt. KEKB. Also, the inner part of this detector
is replaced by two new layers of silicon pixel detector based on DEPFET
technology (PXD). This allows to have lighter material budget, thus less
Coulomb scattering and better vertex resolution with the pixel technology;

¢ the silicon strip detector (SVD) is moved after the new pixel one, and layers
are added to reach a larger radius than in Belle;

¢ to cope with higher beam-induced background, the silicon strips readout is
changed to APV25 chips, which have a shorter shaping time;

¢ the central drift chamber (CDC) extends to a larger radius and has a larger
number of small-cell layers;
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* a new particle identification system (PID) in the endcaps and the barrel
exploit the Cherenkov image detection method. They are more compact,
highly performing and have a very fast readout electronics;

¢ the electronics of the electromagnetic calorimeter (ECL) is replaced with a
fast wave-form sampling circuit;

¢ in the first two layers of the barrel part and in the endcaps of the muon and
KL detector, Resistive Plate Chambers are replaced by scintillators readout
with wavelength shifting fibers and Silicon Photomultiplier;

¢ the data acquisition system was changed to handle the higher event rate;

¢ the final focusing magnet (QCS) was the same for the incoming and
outgoing beams. With SuperKEKB, two separate quadrupole magnets are
in place. It reduces the number of over-bent electrons and positrons, which
then hit the wall of the magnets and create electromagnetic showers.
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FIGURE 3.6: Schematic view of the Belle II detector (top half) in
comparison to the previous Belle detector (bottom half). From [57].

In conclusion, the Belle II detector was designed to have the same
performance under higher background levels thanks to better performing
electronics. It even achieves better performances thanks to the new pixel detector
and larger SVD radius to get better K? reconstruction, and the new PID system to
ensure better pion/kaon separation.
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3.2.2 Tracking Detectors

The vertex detector (VXD) is composed of a silicon pixel detector (PXD) and a
silicon strip vertex detector (SVD). With the central drift chamber (CDC), they
compose the tracking system in Belle II and reconstruct charged particle tracks
and get the momentum of the particles thanks to the 1.5 T magnetic field.

Pixel Detector

The PXD is located closest to the 10 mm radius beam-pipe. The fine segmentation
of the pixel technology allows it to be efficient in this high occupancy
environment.

The two layers are at 14 mm and 22 mm (see Fig. 3.7) and are composed of 8
and 12 ladders respectively, with an acceptance going from 17° (in the forward
region) to 155° (backward region). The asymmetry is due to the Lorentz boost
in the laboratory frame, which favors events boosted in the forward direction.
A ladder, with a detection area of 15 mm x 100 to 130 mm, is composed of
two depleted field effect transistor pixels (DEPFET) [58]. The main goal of this
subdetector is to have a good interaction point resolution in a high occupancy
environment, hence the choice of this monolithic, light pixel technology. This
technology consists of a p-channel MOSFET structure integrated onto a fully
depleted silicon substrate. When a charged particle passes through the depleted
area, it creates electron-hole pairs. Then the electrons drift toward the measuring
electronics. A module is composed of 205 x 756 pixels, making around eight
million pixels in total. Thanks to the internal amplification of the DEPFET, the
sensitive volume of each pixel can be very thin (around 50 ym), which reduce
greatly the multiple scattering effect. To further reduce this effect, the light
materials of each PXD layer contribute to about 0.2% of a radiation length (Xo)
and the readout electronics are located outside of the acceptance region.

The vertex resolution requirement of 20 um leads to a pixel size of 50 x 50
um? and 50 x 75 um? for the inner and outer layers respectively. All the pixels
can be read in a total time frame of 20 us as the high occupancy environment
requires a fast readout time.

Due to problems in the assembling of the PXD ladders in 2019, only the 8
ladders from the first layer and 2 ladders from the second layers are currently
installed. This does not affect the track finding efficiency at low machine
background, but will be useful when the instantaneous luminosity will increase.
The full PXD installation is planned during the 2022 shutdown.

Silicon Vertex Detector

The SVD is composed of four double-sided silicon strip layers at 38, 80, 115 and
140 mm radius (see Fig. 3.7) with the same acceptance as the PXD. The position
resolution of the strips, around 20 pm, is enough at these radii. In the forward
region, the layer 4, 5 and 6 are slanted in the boost direction in order to reduce
the material budget and the number of sensors needed. Its main roles are to link
the track finding from the CDC to the VXD and to track low momentum charged
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FIGURE 3.7: Schematic of the VXD: PXD (layer 1 and 2) and SVD
(layer 3, 4, 5 and 6), in the r = /x> +y? and ¢ = arctan(y/x)
coordinates. The z axis is oriented to match the boost direction.
Adapted from [59].

particles (from 50 MeV/c). It can also be used as a standalone tracking device, as
particles with transverse impulsion below 600 MeV/c do not reach the CDC.

With its 172 sensors, the SVD is composed of around 220000 reading strips
of 320 pym width. In order to limit the material budget, the read-out circuits
are placed directly on top of the sensors (so-called origami scheme) in order to
not exceed 0.6% Xp. The cooling system, a dual phase CO, system, was also
designed to minimize the material budget. APV25 chips [60] are used (same one
as in the CMS experiment at LHC), each having 128 channels and a resolution
time of the order of 3 ns. The pitch of each sensors are shown Figure 3.8.
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FIGURE 3.8: Schematic configuration showing the three different
sensor geometries and the number of APV25 read-out chips for each
detector [59].

The VXD determines the position in space where the charged particles
interact inside the detector. The local information they leave by ionization in
the layers are called hits. These traces are regroup to form clusters in order to
reconstruct the track of the particle and its trajectory. By fitting all the tracks
in the event, the decay vertices can be reconstructed. Having a good resolution
is especially important in CP violation measurement. In fact, the B mesons are
flying for a short period of time before they decay, of the order of d, = 150 ym.
In a TDCPV measurement, we want to measure with great precision the time

©
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At between the decay of the two B, and At is directly linked to d, through their
boost. The longitudinal resolution of the vertex detector is shown Figure 3.9. The
incoming angle of the particle decreases the resolution by a factor 1/ sin?(6), and
the thickness crossed, which enhance multiple scattering effects, brings a factor
1/+/sin(0) It reaches around 10 ym for particles high momentum tracks.
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FIGURE 3.9: Resolution of the longitudinal impact parameters (d
for tracks) for Belle (in red) and Belle II (in blue) [55].

Central Drift Chamber

The CDC is the main tracking device of the Belle II detector. The track finding
algorithm begins by fitting the hits in the CDC and then extrapolates to the VXD.
It is also one of the particle identification detector thanks to the measurements
of the characteristic energy loss (dE/dx) of charged particle due to ionization in
the gas volume. Finally, it provides reliable trigger signals for charged particle
events. A large gas volume is best adapted to get an excellent momentum
resolution, as it gives many points to extrapolate the charged particle tracks and
it has a low material budget.

The CDC is filled with a 50% helium - 50% ethan gas mixture and is composed
of 14336 sense wires of 30 ym diameter arranged in 56 layers. The length of the
squared cells varies from 10 mm for the innermost super-layer to 18.2 mm for the
outermost ones. There are two kinds of layers: the axial layer which is composed
of wires aligned with the solenoidal magnetic field and the stereo layer in which
wires are skewed with respect to the axial layer. As a result, it is possible to
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FIGURE 3.10: Layer configuration of the CDC at Belle II. The letter A
stays for axial superlayers and U and V for stereo superlayers with
positive stereo angle and negative stereo angle respectively.

reconstruct a 3D helix track and deduce its momentum. The configuration of the
CDC is shown Fig. 3.10. Its spacial resolution is about 100 pm.

3.2.3 Particle Identification detectors

Two detectors are dedicated to particle identification: the Time-Of-Propagation
counter (TOP) located in the barrel and the Aerogel Ring-Imaging Cherenkov
counter (ARICH) in the forward endcap. Both sub-detectors exploit the
Cherenkov effect to identify charged particles.

Time-Of-Propagation counter

The TOP is used for the particle identification in the barrel region by measuring
the time of propagation of the Cherenkov photons internally reflected in the
quartz bar.

It is composed of 16 modules surrounding the CDC. Each module is made
of 2.5 m long quartz bar, a prism, a focusing mirror, and a Multi-Channel Plate
Photo Multipliers (MCP-PMT). Figure 3.11 shows a schematic view of the TOP
along with the path of the internal reflecting photons.

When they propagate and reflect in the quartz, the photons preserve their
initial angular information. These photons have different path lengths inside the
quartz bar, and thus different times of propagation until they arrive at the MCP-
PMT, depending on their Cherenkov angle. By knowing the particle momentum
and the location of the impact point on the quartz bar using the CDC, a likelihood
for different mass assignment hypothesis can be calculated.

Aerogel Ring-Imaging Cherenkov counter

The particle identification in the forward endcap region is provided by the
proximity a focusing aerogel ring imaging Cherenkov counter. When a charged
particle passes through the aerogel radiator, Cherenkov photons are produced
and developed into rings until they reach the hybrid avalanche photon detector
(HAPD). A schematic view is shown Figure 3.12.

Increasing the thickness of the aerogel radiator provides a larger number of
produced and detected photons, but the resolution of Cherenkov ring becomes
worse due to the uncertainty of the emission point. To prevent this degradation,
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FIGURE 3.11: Conceptual overview of TOP counter (top) and
schematic side-view of TOP counter and internal reflecting
Cherenkov photons (bottom). [59]

two 2 cm layers of aerogel with different refractive indexes are used. The
produced rings are overlapped on the detection surface, achieving a resolution
on the Cherenkov angle and on the tracks of around 16 mrad and 4.5 mrad
respectively.
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FIGURE 3.12: On the left, the principle of the particle identification
of the ARICH. On the right, the principle of operation of the
proximity focusing with non-homogeneous aerogel radiator. [61]

Figure shows the latest performances of the charged kaon and pion
identification. In the plots presented, the binary likelihood ratio is defined as:

_ Lk
Rkim = rv L

The Particle Identification (PID) performance of the charged kaon and pion
separation are calculated using D** — D°[K~ 7] 7" decays and its charge
conjugated mode. Slow pions can be used to tag the flavor of the DY, which is
finally used to identify the kaons and pions. With this information K/m PID
efficiency and mis-ID rate can be studied with data. The kaon identification
efficiency ek (er) is defined as:

(3.6)
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FIGURE 3.13: Kaon efficiency and pion mis-ID rate for the PID

criterion Rg;, > 0.5 using the decay in the bins of polar angle

(left) and laboratory frame momentum (right) of the tracks. The

discontinuity around cos(6) = —0.5 corresponds to the ARICH and
TOP separation.

number of kaon (pion) tracks identified as kaon (pion)

= , 7

ek (€x) number of kaon (pion) tracks 37)
while the pion mis-identification rate (miss-ID rate) is defined as:

7 mis-ID rate — number of pion tracks identified as kaon (3.8)

number of pion tracks

A good agreement is observed between Monte-Carlo and data, as shown
Figure 3.13.

3.2.4 Electromagnetic Calorimeter

The ECL is used to measure the energy and angle of photons, while also
generating a photon trigger. Since a third of the B meson decay products consist
of neutral pions 7 decaying into two photons, a high energy resolution and over
a wide energy range, from 20 MeV to 4 GeV, is necessary. It can also measure
the energy and the radiative energy deposition caused by bremsstrahlung for
electrons and positrons to gain additional information for particles which were
already reconstructed by the tracking system. Together with the KLM, it ensures
K9 detection. Finally, the calorimeter provides luminosity measurements.

The ECL consists of a barrel section of 3 m length and 1.25 m inner radius,
composed of 8736 CsI(T1) crystals, each having a shape of a truncated pyramid
with a length of 30 cm and a 6 x 6 cm? cross section, equivalent to 16.1 radiation
length. The light generated by the initial interaction of photons with crystals are
then detected by photo-diodes. The ECL geometry covers about 90% of the solid
angle in the center-of-mass-system.
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In the Belle experiment, the energy resolution observed with the same
calorimeter was g/ E = 4% at 100 MeV, 1.6% at 8 GeV, and the angular resolution
was 13 mrad (3 mrad) at low (high) energies; 71 mass resolution was 4.5 MeV/ c2.
In absence of backgrounds, a very similar performance would also be expected in
Belle II. However, due to the relatively long decay time of scintillation in CSI(TI)
(1 ps), the overlapping of pulses are considerably increased at the SuperKEKB
luminosity. The ECL electronics have been significantly upgraded compared
to Belle. The scintillator photo-sensors are equipped with wave-form-sampling
read-out electronics to mitigate the pile-up noise. From the 2019 spring run,
the ECL performances were confirmed by ete™ — utu=, i ory — vy
reconstruction [62]. The mass resolution obtained are 5.4 MeV/c? and 12 MeV/ ¢?
for 71° and # mesons respectively.

3.2.5 Neutral kaon and muon detector

The K9 and muon detector (KLM) consists of alternating 4.7 cm thick iron plates
and active material detectors located outside the superconducting solenoid. In
the barrel region there are 15 layers, while in the forward endcap 14 layers are
placed and in the backward endcap there are 12 layers.

The iron plates serve as the magnetic flux return and provides 3.9 interaction
lengths (A) in total, in addition to the 0.8 A of the ECL, in which K? can shower
hadronically. Most of barrel layers is equipped with glass electrode Resistive
Plate Chambers (RPC). Because RPCs have the long dead time during the
recovery of the electric field after a discharge, the inner two barrel layers and the
endcaps employ layers of scintillator strips with silicon photomultiplier (SiPM).
The angular coverage of the KLM is comparable to that of the ECL. Polyethylene
sheets shield the KLM from multiple backgrounds including neutrons produced
from beam background processes.

The muon identification also mostly relied on the KLM, since the mass of
muon and that of pion are very close. Muons often traverse the ECL and the
KLM with minimal energy loss, since they are most often low ionizing particle.
When hadrons deposit energy into the ECL or collide with the iron plates,
they interact strongly such that a characteristic shower of secondary hadrons
is produced. The identification of muon and KY is performed by extrapolating
tracks reconstructed by CDC and comparing with the actual measured hit in the
KLM or if no secondary shower is present in the KLM. For high-purity samples
of muons (e.g. ete™ — u™u~ (7)) it has been estimated that the barrel section of
the KLM provides a muon reconstruction efficiency of 89% for particle momenta
above 1 GeV/c.

3.3 The trigger system at Belle II

As observed from Table 3.2, not all events in the collision are interesting to
register. Most of the time, elastic Bhabha scattering processes happens, which
are useful for calibration of detectors and luminosity measurement but not for
the physics studies performed on the Belle II data. The background rates are
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expected to be 20-30 times larger than at KEKB, resulting to a total expected event
rate of about 15 kHz, while the limitation of the data acquisition system (DAQ)
is 30 kHz. In addition, the detector readout of the sub-detectors needs to be
synchronized to make sure that each device records the data of the same collision
event. To preserve high efficiency on the processes of interest, an effective trigger
system is essential. The trigger system is composed of the Level 1 trigger (L1),
implemented in hardware, and the software implementation of the High Level
Trigger (HLT).

3.3.1 L1 Trigger

The L1 trigger system gathers four sub-trigger systems which provide
information from various subdetectors (see Fig. 3.14). The global decision logic
(GDL) receives all sub-trigger information and makes the final trigger.

cDC TSF  |—r— r-@20) Track |=1—{ 3D Track |-»
{ MNeural net I—b
ECL 4::4Trimerr.eu|——l Cluster i L1 Trigger

—| Energy Suml I
BPID Hit »

KLM u hit

Global Decision Logic

v

FIGURE 3.14: Schematic view of L1 trigger system. CDC finds a
track using small segment information and reconstructs 2D track.
In addition, 3D track information which is constructed from 2D
track and beam along information. Neural network based track
finder is going to be implemented. ECL provides both each cluster
information and total energy deposit in ECL to GRL. TOP and
KLM information helps to identify particle type at the trigger level.
Adapted from [63].

The CDC trigger finds and characterizes the charged tracks detected in the
drift chamber and gets their information such as momentum, position, and
charge by using 2D and 3D tracking algorithms. Thanks to the 3D tracking,
the vertex position along the beam direction is known and the beam-induced
backgrounds in which tracks do not originate from the interaction point can be
eliminated. In Belle, only the 2D tracking algorithm was used. The maximum 5
us latency, limited by the buffer size in the SVD read-out ASICs, of the L1 trigger
system requires a very fast z-vertex reconstruction, to be performed in no more
than 1 us, which is achieved thanks to neural networks techniques.

The calorimeter trigger provides energy deposit and cluster information to
be sensitive to events with high electromagnetic energy deposition or multi-
hadronic physics events with low energy clusters and/or minimum ionizing
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particles. It can also detect Bhabha scattering and e*e~ — <7y, which have large
energy deposit and a back-to-back event topology.

The Barrel PID (BPID) trigger gives precise timing and hit topology
information. With the KLM trigger, which gives u track information, they are
sensitive to radiative two-track processes and non radiative dimuon events such
asete” —utu.

The maximum instantaneous rate of the L1 trigger is 30 kHz. The goal is
to keep the trigger rate as low as possible for physics targets, mainly hadronic
events, while ensuring a high efficiency (larger than 99%). The L1 output is then
forwarded to the High Level Trigger for further background rejection based on
tully reconstructed objects.

3.3.2 High Level Trigger

In order to further reduce the information we need to store online or in tapes,
the HLT reduces the event rates to the maximum design output event rate of
10kHz. It uses full detector information, except for the PXD, to calculate the event
topology and the physical properties of the particles in order to reconstruct offline
the events passing the L1 trigger. The events are categorized into each physics
process (BB, ete™ — Tt~ ...). Combining all the track information gathered,
the PXD is then used to define so-called Region-Of-Interest (ROI). On each sensor
plane where the particle is expected to go through, a rectangular-shaped region is
defined around the extrapolated positions. Only the pixels belonging to the ROI
are then readout and used to complete the event reconstruction.

Currently, all events are kept in the HLT since the total event rates are
acceptable. With the increase in luminosity, the software for the HLT is being
developed to tackle the rising event rate [53].



43

Chapter 4

Upgrade of the Belle II vertex
detector

The current VXD was conceived to have good performances and resolutions until
the nominal luminosity of 8 x 103 cm 25! with certain beam optic parameters
and without safety factors. Reaching such instantaneous luminosity requires
new (yet unknown) beam parameters, hence it is not guaranteed that the current
VXD is well suited. The beam-induced background is up to five times higher
than the rate predicted by the MC simulations [54], but this single-beam induced
background will be dominated by the beam-beam induced background at high
luminosity. However, due to the extreme environment of the VXD, it is usual
to change the pixel detector multiple times during the B-factory lifetime. The
collaboration has to plan a possibility of an upgrade in the coming years to
be able to replace the vertex detector. The upgrade plan to takes advantages
of monolithic active pixel sensor (MAPS) to build a new VTX operating at low
occupancy, which brings safety margin.

My work consisted of implementing new fully pixelated geometries in the
Belle II software and optimizing them to reproduce the measured performances
of existing MAPS. An overview of the requirements for the upgrade is given
Section 4.1. The Belle II software framework and the tracking algorithm are
described Section 4.2. Finally, the work on implementation of the upgraded
vertex detector in the Belle II framework is presented Section 4.3.

4.1 Belle Il upgraded tracking detector requirements

The Belle II physics program aims to accumulate a total integrated luminosity of
50 ab~!, as shown in Fig. 3.4, which requires a peak instantaneous luminosity
of SuperKEKB of 6 x 10%° cm 2571, approximately thirty times higher than the
current one. To achieve that, a long shutdown is scheduled around 2026 to
replace the focusing magnets (QCS), which provides an opportunity to upgrade
the tracking detector of Belle II.

The estimate of the beam-induced background rate at peak luminosity has
large uncertainty since various key factors are still unknown. The machine optics
needed to reach peak luminosity is not yet confirmed. Also the interaction region
geometry may change significantly. Finally the background generated during
continuous injection has not yet been robustly assess, since it is necessary to know
perfectly how the mismatch between the injection optics and the optics of the
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main ring affects the dynamics of the beam, hence limiting severely the precision
of any extrapolation to higher luminosity. Current simulations with the existing
geometry predict that at peak luminosity, occupancies for the various layers of the
present VXD get close to or exceed the limit beyond which tracking performance
starts to degrade (see Fig. 4.1).

With uncertainty on the level of background noise which will accompany the
rise in brightness beyond the target instantaneous luminosity, the collaboration
wishes to have a solution which presents a more important security factor than
that of the current VXD detector. It is therefore necessary to start developing
upgrade solutions over the years to come. The construction decision will have to
take place in 2024 at the latest in order to allow installation in 2026-27.

The goal is to get better performance and background handling compared to
the current VXD. This can be achieved by designing a new VXD with significantly
lower occupancy (which drives pattern recognition performance). The occupancy
of the layers can be expressed as:

tintegration

granularity’ 1)

occupancy o

By increasing the granularity of the detector and by reducing the integration

time, the occupancy can be greatly reduced. A fast and fully pixelated detector,

for instance based on the CMOS pixel sensor technology [64], to replace the strip
and pixel detectors is then an appealing solution.
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FIGURE 4.1: Occupancy extrapolation at peak luminosity for the
current VXD, as of February 2021. The horizontal line indicates
the occupancy limit beyond which tracking performance is expected
to degrade. However, instrumental and algorithmic effort with the
current instrument may push this limit a few percent higher.

As described in the Section 3.2.2, the VXD is currently composed of two
pixelated layers using the DEPFET technology and four silicon strip layers. The
upgrade consists of replacing the six layers with five to seven pixelated ones, to
get the same technology on every layer. The new detector should at least match
the acceptance of the current one. Its sensitive volume has then to extend from
1.4 cm to 14 cm in radii and from 12 ¢cm to 72 cm in length.
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Reducing the occupancy while providing similar or better tracking
performance requires a pixel pitch in the range from 30 to 40 ym and an
integration time under 100 ns. The material budget should target values of
0.1% of a radiation length (Xp) for the inner layers and 0.3% of X for the outer
layers, which implies a small sensor thickness, under 50 ym, and a low power
dissipation, under 200 mW /cm?, to limit the material required for cooling.

FIGURE 4.2: Representation of the CMOS-MAPS sensors. From
Magnus Mager at CERN.

These requirements match the capabilities of CMOS-MAPS [64]. As depicted
in Figure 4.2, MAPS combines the sensitive and signal treatment elements,
allowing powerful detection performance with a low material budget. In
particular, the TJ-MonoPix1 [65] and TJ-MonoPix2 [66] prototypes are good
candidates as they feature a pixel size of 40x36 um? and 33x33 um?
respectively, and an integration time of 25 ns which will be able to cope with the
increased background at the maximal instantaneous luminosity. TJ-MonoPix1
already exists and was characterized at the DESY test beam facility. T]-MonoPix2
is being fabricated and its pixel matrix is a good candidate for the sensor needed
for the upgrade. It is then necessary to implement the response of these sensors
in a so-called digitizer module in order to assess the overall performance of the
upgraded VXD.

To predict the performance of the TJ-MonoPix2, we developed a test-beam
simulation using the Belle II software. By modifying and simplifying the existing
digitizer used for the DEPFET technology to fit the properties of a MonoPix chip,
we tuned the digitizer with the data of a test-beam experiment done at DESY
with TJ-MonoPix1 chips, a predecessor of the MonoPix-2.

4.2 Detailed simulation development

In order to estimate the performances of new geometries in Belle II, they have
to be developed and validated in the Belle II analyses software. To do this, the
geometries have to be correctly modeled and connected to the tracking scheme to
be used in Belle I simulations. The major part of my work was to implement two
geometries, called VTX, develop all the necessary infrastructure in the framework
and link them to the existing tracking algorithms.
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4.2.1 The Belle II software

The Belle II Analysis Software (basf2) [67] is the modular analysis framework
in the Belle II collaboration and is used to do Monte-Carlo (MC) simulation,
any physics analysis or data processing. It is based on C++ and Python and
used ROOT [68] for analysis or graphics, EvtGen [69] and PYTHIA [70] to
simulate physics events and Geant4 [71] to modelize the Belle II geometry and
the interaction of particles with matter. basf2 is divided into packages, each
containing the code relevant for a subdetector or data processing code (e.g.
tracking package containing the whole tracking scheme).

A typical way to process data is building in a Python script a chain of smaller
processing blocks, called modules, performing very specific tasks. A module can
be responsible for loading the geometry with Geant4, generate particles with
EvtGen, apply the tracking algorithms to the data or even save the analysis
information in a root file.

Monte-Carlo method is used to do simulations. The particles are generated at
the center of collision following a defined distribution, they decays into modes
that can be modified by the user and their decay products then interacts with
the detector. MC simulations lets us access all the data of generated particles
(quark composition, impulsion, energy ...), which we can then compare with
the reconstructed data from the detector. All the information is sorted in so-
called datastore, in particular the hits from the various subdetectors before the
reconstruction and the information of the reconstructed tracks from the tracking
algorithms. Finally, the information from the datastore can be saved in root files
as NTuples.

4.2.2 Track Finding in Belle II

The whole tracking scheme is explained in detail in [56]. Here, only a brief
description is given in order to understand how the new VTX detector was
implemented and connected to the existing tracking system.

The tracking scheme

In order to reconstruct the tracks, the track finding algorithm needs information
from the CDC, the SVD and PXD.

For the CDC, by combining the time between the event’s trigger signal and the
arrival of the drift electrons at the sense wire, the relative distance between the
sense wire and a passing particle can be computed. The amplitude information
from the front-end read-out is also used to separate signal and background hits.

In the SVD, clusters are formed by combining adjacent strips with a signal-
over noise ratio above three. Then, 3D space points are deduced by combining
all clusters on one side of a sensor with clusters on the other side. Along with
the space points, cluster charge and time information is used in the tracking
algorithms.

For the PXD, neighboring pixels in the ROIs (see Sec. 3.2.2) with a charge
above a threshold are combined into clusters and their positions and charges are
used in the tracking algorithms.
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With all the inputs from the tracking detectors, the track finding algorithm
will try to return all fitted tracks. Figure 4.3 shows all necessary steps to
reconstruct the tracks.
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FIGURE 4.3: Overview of the steps performed for track
reconstruction at Belle II. From [56].

The tracking begins with the CDC, where all the measured signals are filtered
and reconstructed globally by a track finding algorithm based on the Legendre
transformation [72] and locally by using a cellular automaton, which complement
the global fit by finding the short tracks and tracks displaced from the interaction
point. The results of the two method are merged and fitted together using
a deterministic annealing filter (DAF) [73], based on boosted decision trees
(FastBDT) [74], to finally get the tracks from the CDC. Then, the tracks are
extended to the SVD by using its clusters with a combinatorial Kalman filter
(CKF) [75].

Particles with a transverse momentum of less than 100 MeV/ ¢ do not deposit
enough hits in the CDC to be fitted, so a dedicated standalone algorithm was
developed to reconstruct those tracks within the SVD. It uses a cellular automaton
and an advanced filter concept called Sector Map. For my service task', I
optimized the Sector Map to reduce its memory usage while having the same
performances. The work is detailed Appendix A. The tracks coming from the
CDC, the SVD CKF and the SVD standalone algorithms are then merged together
with an other DAF.

In order to be author, a 6-months work on a general tool useful to the whole collaboration.
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The PXD hits are not used for the track finding, but are finally added to the
merged tracks with a second CKF. The final fit, on all the found tracks, is done by
a third DAF. The results of the pattern recognition is stored to be used in physics
analyses.

Performance evaluation

Three types of efficiency will be interesting to discuss the performances of the
new geometries.

In a Monte-Carlo simulation, the generated parameters for each particle along
with the Geant4 simulation of the interaction between them and the detector
can be accessed. Using these information, an ideal track finder, called MC track
tinder, was implemented. Its performance cannot be surpassed by definition as it
is limited only by the acceptance, efficiency and resolution of the detector.
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FIGURE 4.4: Different classification of MC (left side) and PR (right
side) tracks based on the efficiency and purity calculated between
them as indicated by the arrows (top arrow is efficiency, bottom is

purity) [76].

The performance of the Track Finder described in the last section should
behave as closely as possible to the MC one. The number of shared hits are used
to compare the tracks from the pattern recognition (PR-track) with the MC track
finder (MC-track). Figure 4.4 summarizes the four cases:

* A PR-track share more than 66%” of its hits with a MC-track with a
minimum efficiency of 5%: the two tracks are then linked together and the
PR-track is called matched. The tracking algorithm correctly reconstructed
the track.

¢ Two PR-tracks share more than 66% of their hits with a MC-track: The one
with the highest efficiency of linked to the MC-track and the other one is
called clone. The two reconstructed tracks correspond to the same MC-track,
but one took some hits from other tracks and/or background.

* A PR-track share hits with a lot of MC-track without going over 66% purity:
it is marked as fake. This reconstructed track should not exist.

With this classification, three figure of merits car be defined:

266% purity was chosen as a minimum to get a good resolution on the impulsion of the particle.
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Ideally, the reconstruction efficiency should equal to 1 and the clone and fake
rate equal to 0. In reality, the low momentum particles don’t leave enough hits in
the tracking detector and are affected by multiple scattering effect. They do not
go through a lot of tracking layers, thus are difficult to reconstruct. Also, they
can curl in the detector due to the magnetic field, which increase the clone rate.
The fake tracks are mainly due to background hits.

In the next section, along with momentum resolution, these figure of merits
will be used to evaluate the Track Finder for a specific geometry compared to the
current Belle II setup.

4.3 VTXimplementation in basf2

I was responsible for the implementation in basf2 of a new pixelated detector,
replacing the current VXD, in order to estimate how much Belle II can benefit
from this technology. The description of the new VTX tracking detectors had
to be developed then connected to Geant4 and the existing tracking algorithm.
Finally, it had to be tuned to mimic TJ-MonoPix1 and TJ-MonoPix2 performances.

4.3.1 New five and seven layer geometries

Two new geometries were fully implemented: one 5-layer and one 7-layer
pixelated detector (see Fig. 4.5). A 5-layer with disks in the forward region, to
track lower momentum particles, was also developed but later dropped as the
mechanical part is too difficult to realize and install in Belle II in the short span of
time before the long shutdown.

The properties of each detector are shown in Tables 4.1 and 4.2 for the five
and seven layer respectively. The sensor properties are shown in Table 4.3. The
sensor type A and A’ are respectively placed in the inner and outer ladders of
the detectors. Some simplifications were made in order to reduce the computing
power needed in the simulation: the length of the sensors is equal to the length
of one ladder (12 cm), in the final design the sensors will have a length of about 2
cm; the thickness of the sensors is a bit larger to simulate some support materials
that are not modelized in basf2; for the outer layer, one sensor corresponds to
two sensor placed next to each other. In the final design, the five and seven layer
detectors are expected to have around 2000 and 3000 CMOS sensors respectively.
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P
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FIGURE 4.5: Front and side view of the 5-layer, 7-layer and 5-layer
with disks geometries (from left to right) implemented in basf2.
Only the first two are connected to the tracking.

TABLE 4.1: Five layer VTX detector properties. See Tab. 4.3 for the
sensor characteristics.

Layers 1 2 | 3] 4 5
Radius (cm) 1412239 |89|14.0
# ladders 6 |10 8 |18 26
Sensor type Al A A A | A
# Sensor rows (z direction) | 1 1 2 | 4 6

TABLE 4.2: Seven layer VTX detector properties. See Tab. 4.3 for the
sensor characteristics.

Layers 1123145 6 7
Radius (cm) 14122(35]60 90| 115|135
# ladders 6 1014|1218 22 | 26
Sensor type AlA A A A A | A
# Sensor rows (z direction) | 1 112 |3 | 4 5 6

The VTX package is following the PXD package structure, designed and
described in [77]. Figure 4.6 summarizes each developed steps in the VIX
package in order to be used by basf2.

First, the geometry is configured in files containing definition parameters
under the general purpose xml format. A lot of parameters car be tuned. One
file is responsible for the number of layers, ladders and the angle between the
ladders; an other for the number of sensors per ladder, the radius and shift
(wrt. the z axis origin) of each layer, the material of each component and all the
parameters for the pixels (number of, size, integration time ... ); and a final file to
characterize the mounting support. With all this information, Geant4 is now able
to simulate matter-matter interaction in the new geometries.

Specific containers for all the VTX related objects had to be developed to then
be used in the simulation and reconstruction algorithm. These two works the
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TABLE 4.3: Sensor properties for the two new geometries.

Sensor A | Sensor A’

Width (cm) 2.0 20x2
Thickness (mm) 0.4 1.0
Length (cm) 12
Radiation length Xy 0.1% \ 0.3%

Sensitive area
Width (cm) 1.8 1.75 x 2
Height (ym) 40 100
Length (cm) 12
# Pixels U 512
# Pixels V 3584
Charge Threshold (ENC) 150
Integration time (ns) 100
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FIGURE 4.6: Overview of all the necessary steps for the VTX package
to be used in the Belle II software.

same way as in the PXD: the particles going through the layer of the VTX create
hits (VTXSimHits and VTXTrueHits), which are then group together into clusters
and digitized into signal (detailed description in the next section). All these
information will then be used by the tracking.

The tracking algorithms have also been modify to be used with VTX.
Figure 4.7 shows all the steps with the VIX detector implemented, similarly
as Fig. 4.3 for the standard geometry. The CDC standalone tracking was not
changed. To extend the CDC tracks to the VIX ones, a new CKF had to be
trained. The remaining hits from the VTX go to a standalone track finding,
similar to the SVD one. The 3D space points are now easier to get as neighboring
hits in the pixels are combined. Finally, to merge the VTX and CDC hits, another
CKF had to be trained.

Two setup can be used to compare the performance of the VIX: the full
tracking scheme, from CDC to VTX, and VTX standalone track finding, where no
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CDC track finding _
with Legendre, CA VTX hits
VTX track finding
CDC tracks with CKF from CDC

remaining
VTX hits
VTX standalone
track finding
track merging
with CKF
merged tracks

FIGURE 4.7: Overview of the steps performed for track

reconstruction with the new pixelated detector. Black arrows show

the full tracking path, while red arrows show the VTX standalone
path.

information from the CDC are used (black and red arrows in Fig. 4.7 respectively).

4.3.2 Tuning of the digitizer

When a charged particle traverses the sensor, secondary charges are generated by
ionization along the particle trajectory within the active thickness of the sensor.
Then, their movement driven by the sensor biasing generate voltage pulses
over a number of pixels, which the electronic front-end microcircuits concert
into a digital quantity, representing the pixel signals. The so-called digitizer
module simulates the whole process according to a number of parameters. I was
responsible to tune those parameters to match a test-beam experiment made at
DESY with TJ-MonoPix1 chips.

Description of the digitizer

Figure 4.8 shows a schematics on how the digitizer works. First, it checks if
the particle hit in inside the integration time window Tj,;; = 100 ns. Then, it
emulates the collection of the drifting charges over the pixels in the vicinity of
the particle hit. It splits the path of the particle in the VTX active thickness e
into segments and drift the charges from the center of each segments. Assuming
the active volume is fully depleted, charges are randomly spread according to
a Gaussian, with a width that depends linearly with the charge depth creation.
Then, the digital value of each pixel is decided taking into account an equivalent
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Track entrance poh

FIGURE 4.8: Schematization of the VTX digitizer operation. The
blue parameters have been tuned to match T]-MonoPix1 and 2
performances.

noise charge and a charge-to-digital conversion factor. Finally, if the number of
electrons is above a detection threshold, the pixel is fired.
The digitized signal follows [78] and is given by:

QU)—t (1006 +3535In(e)) ¢
c 3.6¢ o (4.2)

with S the width of the cluster charge, e = 30 ym and the threshold t = 500¢~.
After a Landau fit of the cluster charge from the test-beam measurement, the
conversion factor is extracted. We get ¢ = 120 e~ /ADU (analogue to digital
converter).

For a normal incidence (see Fig. 4.9 for the test-beam setup), the transverse
diffusion coefficient D is obtained from:

S —

De
Udiffusion = 7/ (4.3)
with ogifusion Size of the cluster, obtained with the cluster size plot Figure 4.10.
We finally get D = 0.6 pm.
Along with the charge threshold, those parameters have then been tweaked

to match the observed distributions as TJ-MonoPix1 test-beam data.

Results

In the end, the tuned digitizer reproduces fairly well the test-beam data. It leads
to a good agreement with the cluster size and cluster charge distribution for
every test-beam angle (see Fig. 4.11). The small discrepancies are not an issue
to estimate the performance of TJ-MonoPix1. A more precise tuning will be done
when T]-MonoPix2 will be implemeted.

Also the spatial resolution is reproduced within 20%, as shown Figure 4.12.

These results show that the digitizer, in particular the tuned value of the
transverse diffusion, is validated for the TJ-MonoPix1, can be used to predict
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Electron beayv

VTX

FIGURE 4.9: Schematics of the test-beam setup. The u and v
coordinates corresponds to the horizontal and longitudinal axis of
the sensor respectively.

v,,, [mm)]
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FIGURE 4.10: Cluster size map in u and v coordinates for the test-
beam experiment (left) and for the VIX simulation in basf2 after
tuning (right).

the TJ-MonoPix2 behavior in the full simulation of the upgraded geometries
presented in the next section.

Mean size [Pixel]



4.4. Performance results 55

E —VTX — ] v 53
— 0.08
o.aa: — Monopix1 0.07] —Monopix1 — Monopix 1

Nu_.rnber of hits

o
a

3
[T

e

8

L
3 &
T[T T[T IO T [T [T I 7T

o

=3
o
2

&
TTIT T[T T T[T IT T[T I T T TIT T [TTTT]T

L =] 1 L |
50 60 ' 10 0 ]

o &
T

0 % 0 0 E % % %0 % 10 20 ) %0 ] %
Cluster charge (ToT) Cluster charge (ToT) Cluster charge (ToT)
— L= T
|::Me(h‘ F IM

Number of hits

& B

B R reraes
Cluster size Cluster size Cluster size
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the test-beam (in red) and the tuned digitizer in the Belle II software

(in blue) with, from left to right: a normal incidence beam to the
detector, an angle of 30° and 60° (see Fig. 4.9).
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FIGURE 4.12: Pointing resolution on the u side as a function of the

beam angle (see Fig. 4.9) for the test-beam data (in blue), the tuned

digitizer to reproduce the T]-MonoPix1 (in black) and the predicted

TJ-MonoPix2 (in red) and a theoretical sensor with a 27 ym pixel
size (in green).

4.4 Performance results

To see how the upgraded geometries perform, several resolution parameters have
been measured and compared with the current Belle II setup.

When using a muon particle gun with nominal background predictions from
2019 overlaid, the CMOS five and seven layers have better transverse momentum
resolution compared to the current Belle II VXD, in particular at low py, as shown
in Fig. 4.13. Also, the absolute full-track finding efficiency (CDC + VTX) is
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improved. When averaged on a flat momentum distribution is 2-3% better, as
shown in Fig. 4.14. However, an increase in the fake rate is observed. This can
be reduced with a better optimization of the tracking algorithm with the VTX
detector, e.g. with a better tuning of the sector map (see Appendix A).
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FIGURE 4.13: Transverse momentum resolution as a function of py,
with in red the current Belle II VXD, in blue the five layer and in
pink the seven layer geometries.
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FIGURE 4.14: Finding efficiency (left) and fake rate (right) for the

current Belle II tracking system (in red), the VTIX five (in blue)

and seven (in black) layer detector as a function of transverse

momentum. The percentages correspond to the mean over the
whole region.

For the VTX-only figure of merits, the average layer one occupancy is 0.0016%,
which is three orders of magnitude lower than the current VXD, due to its
pixelated design and its fast integration time. Also, as shown Table 4.4, the
current SVD efficiency drops by 5% on average when the nominal background
is multiplied by five as a safety factor. This is not the case for the new geometries.
They only drop in absolute tracking efficiency by 0.5% to 1%, which shows that
this technology is very robust to the increase of the background.
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TABLE 4.4: Standalone average tracking efficiencies for the current
SVD and the two new geometries (5 and 7-layer) for a nominal and
a five times rescaled nominal beam-induced background.

Background x 1 | Background x 5
Current SVD 0.961 0.907
5-layer 0.984 0.979
7-layer 0.987 0.978

4,5 Conclusion

To upgrade the SuperKEKB collider for its peak luminosity, a long shutdown
around 2026 is foreseen, which is a good opportunity to also upgrade the
Belle II vertex detector. Current estimates indeed show that its occupancies
are close to a limit where its performances can degrade. Two new geometries
and a fully-pixelated technology were implemented in the Belle II software.
The digitizer was tuned to reproduce the TJ-MonoPix1, thus predicting the
MonoPix-2 performance. Also, according to the first Monte Carlo simulations,
the new designs are more robust against beam-induced background, have a lower
occupancy and have better tracking performances. The results were presented
at the XXVII Cracow EPIPHANY Conference and lead to a proceeding [79].
Currently, the impact of this upgrade on the physics channels are studied, to
further assess the benefits for Belle II from a fully-pixelated detector [80,81].
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Chapter 5

Dalitz-separated analysis of the
Time-dependent CP asymmetries in
BY — K97t m~ decays in Belle

In this chapter, I report the development of the time-dependent asymmetry in
the decay B — K{7t" 7~ measurement, done previously in Belle [2], with a
new method developed by S. Akar et al. [52] to extract more information using
Dalitz plots and get new constraints on the imaginary and real parts of C'7.

This measurement is based on a MC sample that is about 1x the Belle data set
size, that contains around 1 x 10® BB pairs and it was collected near the Y (45)
resonance, with the Belle detector at the KEKB asymmetric energy ete™ collider.

Section 5.1 describes the MC samples used in the analysis. The reconstruction
and the selection strategy is presented Section 5.2. The fit strategy to get the
CP violating parameters is explained Section 5.3. Finally, a conclusion and the
perspectives of the new measurement and method in Belle is given Section 5.4.

5.1 Data samples used

All the samples used in this analysis are generated and analyzed using the
Belle Analysis Software (basf) [82]. basf works similarly to basf2, described
in Section 4.2.1, but with older version of its components. EvtGen and Pythia
are the generators used to simulate the events and the physical processes, and
Geant3 provides the response of the Belle detector when the generated particles
go though its layers. The output is written in the format of root files, which can
be analyzed with the ROOT software.

To study the signal, 500000 events composed with only B® — [K) — (K? —
) (pg — 7w tT)] oy were generated, corresponding to a luminosity of about
250 ab~!. This sample, called the signal-only sample, was used to determine the
efficiency of the selection and the signal and cross-feed shapes (see Sec. 5.3.2).

Charged (B*B~), mixed (B°B"), charm and uds background were generated
using the Monte-Carlo samples made available by the Belle collaboration and
they amount to six times the Belle data set, so around 6 ab~'. The first two
backgrounds are merged together to get the BB background sample and the last
two to get the continuum background sample. The two samples are used in the
tit to get the shape of all these background contributions.
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The final sample used contains all the BB rare decays (BR < 10~%) from
PDG2004 revision and HFAG Winter 2005. In particular, our signal is a possible
decay in this sample. It was also provided by the Belle collaboration and amount
for about 50 ab~'. This rare sample was used to fit the rare contribution
background.

To do the final fit and measure A and S (see Sec. 2.2), the continuum, BB and
rare samples were resized to 1 ab~ ' and merged together in a unique sample.

5.2 Reconstruction and selection

Since the idea is to redo the measurement in [2], most of the event selection cuts
were not re-optimized in order to compare our results. Our signal is composed
of four charged tracks and one high energy photon. The charged are first
reconstructed, then combined with vertex fits to get the K and combined with
the photon to get the B candidate.

5.2.1 Charged track reconstruction

From all the charged particles candidates, we select all the reconstructed pions
tracks and we ensure that the tracks originate from near the interaction point. We
require |dr| < 1em and |dz| < 3 cm, where dr (dz) is the distance of the point of
the closest approach (in the z axis) in respect to the interaction point.

With the information of the CDC, Cherenkov counter and time-of-flight
detector, we can get a likelihood on the nature of the charged tracks. The PID
likelihood is defined as:

_ Lr
EK"_LT(

where P(K : ) is the likelihood that a track is a kaon compared against a pion
hypothesis, and L, is the likelihood that the particle is of type p. To ensure good
pions candidates and to disambiguate them from kaons and electrons, we require
P(K*: %) < 0.25and P(e* : ©*) < 0.25, which keeps 72% of the signal with a
background rejection of 54%.

P(K:m) = (5.1)

5.2.2 Photon reconstruction

To select only high energy photons, we get all the reconstructed photons from the
events and require 1.5GeV < ESMS < 3.5GeV. They also have to be in the ECL
barrel region (—0.65 < cos(f) < 0.86). Since the electromagnetic shower has a
narrower shape than the hadronic shower, we require that E9/E25> 0.95, where
E9 and E25 are energies summed over the ECL crystal arrays with3 x 3and 5 x 5
surrounding respectively, including the center of the shower.

One of the important background of radiative decays comes from the decay of
the light meson 7 and 7 going to . To veto some of these events, the prompt
photon is combined with all other photons in the event and the combination
is checked to see if the two photons come from the same light meson. A
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tool has been developed [83] to distinguish and remove these events. Using
discriminating variables, like the diphoton mass or the energy, the 71° /7 veto tool
returns the probability P that the photon pair originates from a 71° or 17 decay. We
require P 0 < 0.2 and P, < 0.25, which keeps 87% of the signal while removing
61% of the background candidates.

5.2.3 K? reconstruction

K? decays into two charged pions 69.2% of the time. The two charged tracks are
used to reconstruct so called VO-particles. The second dominant decay, 7r° 7°, in
not used. These candidates can come from K¢, A — 7p decays, other two tracks
decays, combinatorial background or fake tracks. A mass cut within 20 MeV/ c?
of the K? mass is applied on all the VO reconstructed particles.

Then, to have better reconstruction efficiency and purity and to further
discriminate A decays and K?, a neural network trained on event-shape variables
and PID is applied [84]. The network outputs two variables: a probability of the
candidate being a VO-particle like and a probability of the candidate not being
Lambda like. We require that the probabilities are above 0.25 and above 0.3 for
the first and second probability respectively; which yield a purity around 93%
and an efficiency around 85%.

524 K?7it7m~ combination

The K? 71~ system can come from a lot of resonances (see Fig. 5.1), as K*°(892)
resonance and higher K resonances, like K9(1270) and K*°(1410), which are often
denoted as X,;.
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FIGURE 5.1: Background-subtracted K " 1~ mass distribution of

the BY — K™ ntn~ 7 signal. The same distribution is expected

for B® — KYmt 71~ 1y, assuming isospin symmetry. The dashed lines
correspond to different intervals of interest in [20)].

The two reconstructed pions and the K? are combined together, and the
resulting particle is called X;. To further reduce miss-reconstructed candidates,
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we apply a loose cut on its mass, 0.9 < My , < 1.8GeV/c? and a hard cut on its
CMS energy, 1 < EZM® < 3.5GeV.

5.2.5 B reconstruction

To get the BY and B candidates, we use the same method as in the last subsection:
we combine the X,; and the -y candidates.

Since Y (4S) — B'BY is a 2-body decay, we know that the energy of one B is
the Y(4S) frame, E§M®, must be half of the total energy of the e*e~ system. For
each event, we know with high precision the energy of the collision. We can then
define a new variable m,,, called the beam constrained mass, which have a better
resolution than the invariant mass of the B:

2 —
mye =\ (ESMS)* — [p5Ms 2 62
In addition, we can also define the difference between the reconstructed
energy and the beam energy:

AE = EGMS _ ECMS (5.3)

beam

We require that the B® candidates have my,. > 5.2 GeV/c? and |AE|< 0.2 GeV.
In addition, the two final state pions has to come from a p° meson, which peaks
at 0.78 GeV/c? as shown Fig. 5.2. We select the B candidate which fulfill 0.6 <
m i < 0.9GeV/c2.
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FIGURE 5.2: Distribution of m+,- for the B® — KYnt 7t~ signal
only sample, with the p°(770) resonnance (in red) and all the others
(in blue).

5.2.6 Flavor tagging

In order to measure A and S, we have to know the flavor of the reconstructed B
mesons (see Eq. 2.32). Because of its oscillation before the decay of the B, we
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cannot directly measure the flavor. However, we can use information on the
second B, called Biag, and take into account the BY BO mixing to get the flavor
of the signal B meson, called Brec Or Bgig. This process is called B tagging or flavor
tagging in the context of Belle and Belle II.

( Information on charged tracks )
Track-level
look-up tables

| Slow pion Lambda | | Kaon Lepton |

Select track Calculate Select track

with combined "q.r" with

largest "r" largest "'r"

q.r l l(q.r)K/A q.r

Event-level look-up table
|—> Flavor information "q" and "r"

FIGURE 5.3: Schematic diagram of the workflow of the flavor
tagging procedure. q holds the information of the flavor of the B,
while and r represents the quality of this information. From [48].

The procedure used in Belle is described in detail in [48] and a schematic
diagram of the workflow of the algorithm is shown Figure 5.3. The algorithm
looks at the decay products of the event and try to deduce the flavor information,
like the charge of the lepton or kaons in semi-leptonic decays or BY to charged
kaon decays. Two parameters, g and r, are returned after the algorithm has
combined the result of all the tracks. The first one can take only two values:
+1 if Byag is preferably B® and —1 if it is preferably B®. The second parameter
can take a value between 0 and 1 and summarizes the quality of the information
on g. If r = 0, we have no information on the flavor; if » = 1, the flavor was
unambiguously assigned.

In addition, we have to take into account the wrongly tagged candidates w,
and Aw the difference in fraction of wrongly tagged BY and BY. Their values,
expected to be decay mode independent, have been estimated using self-tagged
decays like B — D*~I*v, D* 7™ and D*~p™. The values of w and Aw depend
on the quality of the information we have on the flavor of the B. We divide the
reconstructed B candidate into seven bins according to the value of r and obtain
the values of w and Aw.

The miss-tag fractions range from 2% at high r-bins to 40% at low r-bins. The
differences in the wrong tag fractions between B” and B” are around 1%. In total,
the effective tagging efficiency obtained in Belle is around 29%.

5.2.7 Vertex fitting

In order to get the time interval between the decay of the reconstructed Brec
meson and the tagged Biag meson, we have to get a precise measurement of the
distance between their decay vertices. The two quantities are related by:
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Zrec — Ztag
TPBe
where z.c and z;,4 are the z coordinate of the Brec and Biag decay vertex, and
By = 0.425 is the boost of the B meson pair in Belle. Having a precise vertex

resolution is important, since the asymmetry depends on the decay time.

The vertexing algorithm of Belle tries to get the best estimation of the common
origin point of the tracks by minimizing the candidate track x? and using a
Kalman filter [85]. To get more constrain for the kinematical fit, we also exploit
the beam interaction point (IP). We require the fit of the vertex to be consistent the
IP profile, which size is typically around oy ~ 100 ym, 0y, ~ 5 ym, and o, ~ 3mm.
To take into account the B decay length and to avoid introducing a bias in the
z position, the constrain is not modeled by a three dimensional Gaussian, but
rather a tube shape profile called IP tube [86], as depicted Fig. 5.4. It has the same
size in the xy plane, and it is smeared by an additional 21 ym.
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FIGURE 5.4: Schematics of the IP tube constrain [87].

However, the IP constrain biases the standard quality indicator of the vertex
fit x2/ndf, as the tube makes it correlated with the z-position. We define a new
vertex quality indicator:

Yho1 Xk
h===10k 5.5
2n—2 5:5)
with n the number of tracks and X% the x? of the k-th track. This unbiased
indicator corresponds to the reduced x> without the IP constrain taken into

account. If the vertexing has failed, the B candidate is rejected.

For the signal side, we determine the vertex using the two final state pions. We

require them to have a minimal number of hits in the vertex detector NrS(PVD >=1

and N?VP >= 2 in the r¢ plane and z axis. We also require that the candidates
have a vertex quality h < 50.

For the tag side, every remaining tracks not used for the signal side are taken
for the vertexing. We require i1 < 50 for multiple tracks candidates.

5.2.8 Continuum suppression

To separate the signal from continuum background events (ete™ — qq (um,
cc, dd, ss)), we use a fast boosted decision tree (fastBDT), described in [74].
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Given a set of variables (like B properties, kinematics, vertex information ...)
and a discriminating one to know if the candidate is signal or background, the
fastBDT tries to optimize the cuts on all the variables and combine them in one
output variable, called CSMVA. Doing a cut on this variable removes 80% of the
background, while only removing 15% of the signal candidates.

For the MC data, all the B candidates and their children are linked to their
corresponding MC information, coming from the generator. We can then know if
the B candidate is our B — K7t* 71~ signal decay or not.

As input, we give two samples: one with around 110000 signal only events
and one with around 500000 continuum background events. We train the BDT on
eleven event-shape variables, described below. Two third of the events in the two
samples are used to train the BDT, and the remaining third is used as a testing
sample to see if the BDT was not over-trained and to compare the performance
with the training sample.

Thrust axis

The thrust of an ensemble of particles is defined as the direction in which the
sum of the projections of the momenta of the particles is maximized. As shown
Fig. 5.5, the g7 events are created back-to-back in the center-of-mass frame, while
the BB events are mostly isotropic.

We input in the BDT the transverse energy, the cos(0) of the B candidate in
the CMS frame and the cosine of the angle between the candidate and the thrust
axis of the event. For BB events, their distribution are flat, while for g they peaks
mostly at large values.

plq) = 5GeV/e p(B) = 0.3 GeV/c

ete” = qq (q € {u,d,s,c}) ete” — T(4S) — BB

FIGURE 5.5: Illustration of the shapes of continuum (left) and BB

(right) events. Light quark pairs produced in the e e~ -annihilation

are produced back-to-back and give rise to a jet-like structure of
continuum events, while BB events have spherical shape [88].

Modified Fox-Wolfram moments

To describe the event topology of eTe™ annihilation, we can use the k-th Fox-
Wolfram moment H; is defined as:
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|pi| |Pj| Pk (cos 6

Hk — Z | ]’Ez. ( ]) , (56)
1) VIS

where P denotes the k-th order Legendre polynomial, 0; is the opening angle

between the momentum p of the i-th and the j-th particle and E,;s is the sum

of the measured energy in an event. We also define the k-th normalized Fox-

Wolfram moment Ry, as:

_ Hy

Ry = } 7
k=, (5.7)

This provides a good continuum to BB event separation. For example, the
continuum events with 2 jet-like structures will have Ry values close to zero or
one, and spherical BB event topologies will have different values.

The Belle collaboration refined the definition, to develop so-called Modified
or Super-Fox-Wolfram moments [89]. The idea is, in the summation over the
momenta of the i-th and the j-th particle, to not sum over all final state particles.

Instead, we define Hgk, where the superscripts i and j can be: s indicates that one
of the indices in the summation takes the final state particles of the reconstructed
B candidate and o indicated that one of the indices run over the remaining
final-state particles in the event. In addition, the summation only runs on the x
category: charged (x = 0), neutral (x = 1) or missing (x = 2) group of particles. k
corresponds to the k-th order Legendre polynomial. For Hy°, the x category is not
taken into account. There are in total 16 KSFW moments in basf: H3?

{0,1,2}x{0,2,4}
9), H?{%}X{w} (2) and Hf{’874} (5).

The most important discriminating variables are shown Figure 5.6. The
output of the fastBDT is shown Fig. 5.7. A good discrimination between signal
and background and no over-training is observed. We remove every events
which have a CSMVA value below zero.

5.2.9 Best candidate selection

After the selection, some events still have multiple B candidates. We select the
candidate which have the highest vertex confidence level. This cut removes
candidates in about 6% of the events.
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FIGURE 5.7: Output of the CSMVA training for signal (in blue)
and background (in orange). The black dashed line correspond to
the selection cut. The overtraining is checked using the difference
plot between the test and train sample. The p-value comes from a
Kolmogorov-Smirnov test.



5.3. Fit strategy 69

5.3 Fit strategy

To extract A and S, we perform a three dimensional extended unbinned
maximum likelihood fit to my., AE and At. The fit is done by RooFit [90] and
the likelihood is computed using the MINUIT software [91]. We implemented 3D
tits on these three variables on the signal and each individual background MC
samples to get values of the probability density functions parameters. Finally, we
combined them all into a ~1 ab~! MC sample to do the 3D fit.

5.3.1 Probability Density Functions

A probability density function (PDF) describes the relative likelihood for a
continuous random variable to take a given value. A PDF is, by construction,
non-negative and normalized to unity over the whole range. The three-
dimensional PDFs are build by the product of three unidimensional PDF for each
variable, my., AE and At. For the final fit, we split the Dalitz plot to fit two A and
S in the two regions. We will quickly define the different base PDFs used to fit
the different MC samples.

Gaussian Distribution

The standard Gaussian PDF takes two input parameters and is defined as:

(x—p)?
G(x;p,0) = % e (5.8)

where y and ¢ are the mean and the width, respectively, of the function. N is a
normalization factor. It is used for some my,. and AE distributions, and in the At
resolution function.

Exponential Distribution

The standard exponential PDF takes one input parameter and is defined as:

1 ,—Ax >
Bxa) =N 20 (5.9)
0 x < 0.

where A describes the slope of the function. N is a normalization factor. It is used
in some AE distributions, and in the At resolution function.

Chebyshev Distribution

Chebyshev Polynomials are an orthogonal set of polynomials which can be used
to approximate any function in a given interval using a sufficient high order. The
n-th order Chebyshev takes n input parameters. We use Chebyshev Polynomials
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of the first kind which are defined as:
1 n
Cheby, (x;c1,¢2,...,¢n) = — - | To(x) + ) ci- Ti(x) (5.10)

where N is a normalization factor and the T;(x) are defined using the recurrence
relation:

To(x) =1 Ti(x) =x Typ1(x) =2x-Ty(x) — T,,—1(x). (5.11)

It is mainly used for my,. and AE.

Argus Distribution

The Argus PDF is an empirical function introduced by the ARGUS collaboration
[92] to model the invariant mass distribution for the continuum component to the
background. It takes two input parameters and is defined as:

1 / 2 p(1-2
Argus(x;a,c) = NX 1-— i—zea <1 cZ) (5.12)

with the curvature parameter 2 < 0 and the cut-off energy ¢ > 0. N is a
normalization factor.

In our case, the cut-off parameter is the beam energy, so we only have to
determine the curvature parameter:

Argus(x;a) = Argus (x;4, Epeam ) (5.13)

Crystal Ball Distribution

The Crystal Ball PDF [93], named after the Crystal Ball Collaboration, consists of
a Gaussian core portion and a power-law low-end tail, below a certain threshold.
It is mainly used to fit my,. It takes four parameters as input and is defined as:

(x—p)? x—pt
exp(— ), for > —u
sa,n,u,0) =N - o [ 5.14
f(Xan}l(T) {A(B_x y)_n, f0r¥<—a ( )

B n n |DC|2
A= (W) - exp (_T> , (5.15)

n
B=— —l|af, (5.16)
||

where

N is a normalization factor, y and ¢ drive the mean and the width, respectively,
of the Gaussian part, and a and n drive the power-law end tail and their values
are greatly correlated to each other.
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At distribution

For At, a specific software tool called Tatami developed in Belle is used to fit the
signal and all the background contributions [86,94-96].

The typical background PDF is composed of one physics-like-part Py
convoluted to one resolution-like-part Ry, It is defined as:

Foug (At) = / 0; Poig (AF) Rpjg (At — AY) dAY (5.17)

where the physics and resolution parts are defined as:

At —
Pbkg (At) = f(55 (At — ]/ld) + (1 — f(5) exp (—%) (518)
g
Rpkg (At) = (1 = frait) G (At; SmainOotx) + ftait G (AE; StainOotx) (5.19)
and
1 _x2
G(x;0) = exp o2 (5.20)

\271o

thx — \/ Uifzec + U-HZSC (5.21)

The input parameters are as follow: S, and Sy, are the scale factor for
the main or tail part of the resolution function, y; and y; the mean shift of the
prompt component, Ty, the mean lifetime of the exponential component and f;
and f;,;; the fractions of the delta and Gaussian components.

For the signal, the function used to fit At can be decomposed into four factors
that affect the resolution:

Fsig(At) = Pphys ® Rsig(At) ® Rtag(At) ® Rnp(At) ® Rkin(At)r (5-22)

where Pppys is the time-dependent decay rate in Eq. 2.32, reminded here:

_Ia

Ponys (At) = 4T1 exp B [1—gAw+q(1—2w) x (Ssin (AmAt) 4+ Acos (AmAt))],
BO
(5.23)

which takes as input a lot of event-by-event information like the flavor g of the B,
the miss-tag fraction w or information on CP and tag side. Ryt and Riag describe
the vertex resolutions of the Bz and Biag candidate. Rpp represents misplacing
of the reconstructed vertex due to non-primary tracks. Finally, Ry, (At) describes
the kinematic approximation coming from the analytic formula relating the
relation between At and Az.
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5.3.2 Results

The results of the signal and all the background fits are described below. In all
the At plot, we only plot the events in the signal region in my,. and AE, i.e. events
in 5.27 < my. < 5.29GeV/c? and —0.1 < AE < 0.05GeV.

Signal and cross-feed fit

Using the MC signal only sample after the selection, the cuts and the single
candidate selection, 13380 signal events remain. The 3D fit is performed with
only B candidate labeled as signal on the MC sample. After this cut, 11417 signal
events remain, which gives a efficiency of 2.29 4= 0.02%.

A Crystal Ball shape is used for my. and AE while the tatami function Fig is
used for At. All parameters are left floating in the fit.

The fit is shown on the Fig. 5.8. We observe a slight disagreement in At.
Since this fit uses more than 100 times more data than what we will expect,
some non-linearity behavior of the tatami function appears. No discrepancies
are observed when the luminosity corresponds to two times the expected signal
(see Appendix B.1.2). As we do not fix At parameters from this fit, this doesn’t
impact the final measurement.
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82000 . — 800F E < 800F
8 b S 700E 3 I 700E
S1500F . S 600F 3 3 600f
2 ¢ = 500F 4 < s00p
; —~ 900 e
1000 3 £ 400 3 3 400F
o £ 300F E £ 300F
§ 500F 3 Yook E L;'>j 200F
o f 100k 3 100E
C' " " i 1 ] C: C-
2 ] 5 -
gcl T o ! 20 20
B2 527 524 526 528 5.3 B K 0 0T 02 S0 5 0 5 7
m,. [GeV] AE [GeV] AT [ps]

FIGURE 5.8: 3D fit of myp., AE and At for the signal component

on a private MC signal sample with 11417 signal events after the

selection. Table with every parameters of the functions used can be
found in Table B.1.1.

The self cross-feed background, or cross-feed, described wrongly identified K
or 77 tracks in the three track combination.

The cross-feed is fitted using the same data set, but on all the B candidate
labeled as not our signal. 1963 events are remaining, thus 14.7% of the signal is
self cross-feed. The my, shape is composed of a sum of a Gaussian and an Argus
as:

Fu,. = f xG+(1— f) x Argus, (5.24)

where f is a coefficient between zero and one. AE is fitted with the sum of
an exponential and a Gaussian, and At uses the tatami F,ig function. All the
parameters are left floating. The results are shown in Fig. 5.9.
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FIGURE 5.9: 3D fit of mp., AE and At for the cross-feed component

on a private MC signal sample with 1963 signal events after the

selection. Table with every parameters of the functions used can
be found in Tab. B.2.

Continuum background fit

To fit the g9 events, we use the continuum background data set, corresponding
to a luminosity of six times the final Belle data set. After the selection, the cuts
and the single candidate selection, 40287 continuum events are remaining. For
the 3D fit, an Argus shape is used for my,, an exponential is used for AE and the
tatami function for At. All the parameters are left floating in the fit. The results
are shown on the Fig. 5.10.
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FIGURE 5.10: 3D fit of my,., AE and At for the continuum component

(charm and uds contributions) on a MC generated sample, with

40287 events after the selection. Table with every parameters of the
functions used can be found in Tab. B.3.

BB background fit

The fit the B’B® or B¥B~ background, we use the BB background data set
corresponding to a luminosity of six times the final Belle data set. After the
selection, the cuts and the single candidate selection, 1075 B B background events
are remaining. For the 3D fit, the sum of a Gaussian and an Argus shape is used
for my,., an exponential is used for AE and the tatami function for At. All the
parameters are left floating in the fit. The results is shown on the Fig. 5.11.
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FIGURE 5.11: 3D fit of mp.,, AE and At for the BB component

(mixed and charged contributions) on a MC generated sample, with

1075 events after the selection. Table with every parameters of the
functions used can be found in Tab. B.4.

Rare decays fit

To fit the rare decays contribution, we use the rare data set corresponding
to fifty times the final Belle data set. After the selection, the cuts and the
single candidate selection, 75364 events are remaining. This includes the rare
background contribution and our signal. To only fit the rare and remove the
signal and the cross-feed background coming with it, a new variable isSgnEvt
was developed. If the event contains our signal or not, the variable is equal to
one or zero respectively. It checks if one of the most important kaonic decay is
present in the event by looking at MC information. This includes most of the
BY — Kres — Kd7tt 717 decays, where K;(1270)° or K3(1430)* go to 7* and
K*(892)*, K}(1430)%; or go to K and p(770)°, w(782) or fo(1370). By cutting out
events with isSgnEvt equals to one, we make sure that there are only rare events
in the selection. 11753 events remain after this cut.

For the 3D fit, the sum of a Crystal Ball and an Argus shape is used for my,,
an exponential is used for AE and the tatami function is used for At. All the
parameters are left floating in the fit. The results are shown on the Fig. 5.12.
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FIGURE 5.12: 3D fit of mp., AE and At for the rare components on
a MC generated sample, with 11753 events after the selection. Table
with every parameters of the functions used can be found in Tab. B.5.
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5.3.3 Final A and S fit

A and S are fitted using the resized one time Belle data set, composed by rare, BB
and continuum contribution.

The BB and continuum fractions are automatically determined using their
number of events. For the rare sample, the number of events with the B candidate
labeled as our signal correspond to signal, and 14.7% of those were measured as
cross-feed. The remaining events are considered as rare.

300F E 160F 3
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FIGURE 5.13: 3D fit of mp., AE and At after the selection.

In the final sample, there are 6714 continuum background, 179 BB background
and 1507 rare contribution, which contains 646 rare events, 734 signal and 127
cross-feed events. The PDF of my., AE and At are the convolution of all the
PDF used for the individual contributions. The fractions are fixed, and every
parameters of every shapes are fixed to the values that have been fitted in the
previous plots. Only A and S are free. The result are shown in Fig. 5.13. The
CP-violation parameters measured values are:

A =0.07+0.10 (5.25)
S = —0.09 +0.12. (5.26)

The statistical uncertainty comes from the fitting procedure. The result is
compatible with zero, as expected from the inputs into the simulation. This
result predicts a statistical uncertainty which is a good improvement (around a
factor two) compared to the last Belle measurement [2].

The fit with the Dalitz separation (see Fig. 2.4) allows to extract the two new
parameters ST and S, defined Eq. 2.43:

S =—-0.07+0.17 (5.27)
ST=—-01+017, (5.28)

which gives:
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ST =-017+£024 (5.29)
S~ =0.03+£0.24. (5.30)

These results are also compatible with the zero CP violation present in the
simulated data used for the fit. Of course, we observe a larger statistical
uncertainty due to the separation of the sample in two equal parts.

5.4 Conclusion and perspectives

I developed on simulated data a measurement of CP violation parameters for the
BY — K7™ 7t~ on MC simulations in Belle, resulting in an excepted improved
statistical uncertainties compared to the last measurement. I also implemented
on the same simulated sample the first measurement of the two new parameters
ST and S~ that give better constrain on C; and C’y, detailed in [52]. All the work
is resumed in an internal Belle Note [97].

Before measuring the parameters in data, the study of all the systematic
uncertainty has to be done. In addition, the interest of the new method based on
a separation of the Dalitz plot requires more data to reach interesting constraints.
As Belle II collected more and more data, I switched my focus to the Belle II
rediscoveries. The systematic study was resumed in 2022 by a postdoc in the
Strasbourg group.

To finally use this measurement in the constrain of C; and C’;, we have
to combine our efforts with a detailed amplitude analysis of B¥ — Kty —
Kttt 7~y, which is under study in a different Belle group.
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Chapter 6

Rediscovery and branching fraction
measurements for B — KVt~
and BY — KY7V9

This chapter presents the work I did for the rediscovery of B® — K7+ 7~ and
B — K% — K9%7%y channels based on a full Monte-Carlo (MC) simulation
and data of the Belle II experiment. Measurements of the respective branching
fractions are targeted with the data samples from 2019 to 2021 at the Y(4S)
resonance, which corresponds to an integrated luminosity of 189.26 fb!. I
optimize the particle selections over a simulated data sample equivalent to 900
fb~1. T use one dimension AE fits to determine the signal yields for the K7 71~
and K?7% final states. Efficiencies are extracted from dedicated simulation
samples featuring 2M signal-only decays.

The next section describes the different data set used. Then, the skimming
and reconstruction procedure is explained Section 6.2, followed by the selection
strategy and its results. After that, the remaining background contribution is
shown in Section 6.5 . The final fit with yield extractions on MC samples are
shown in Section 6.6. The systematic uncertainties are presented in Section 6.7,
before the unblinding strategy and the final branching fraction measurement in
Section 6.9.

6.1 Data sample used

The main simulation sample! corresponds to 900 fb~! integrated luminosity
combining the generic events et e~ — B°B?, BYB~, uii, dd, cc and ss. The B'B°
sample, which contains our two decay channels, is referred in the note as mixed-
MC sample. The B’B?, without our signal, and B¥B~ combined is referred as BB
background MC sample, and the u1, dd, c¢ and ss combined sample is referred
as the g7 MC sample. We divide the 900 fb~! sample into a 700 fb™!, used to
optimize the selection, to determine the fit functions and background rejection;
and a 200 fb! sample, which is about the same size as data, used to estimate the
expected yields.

n Belle II, a new Monte-Carlo production is planned every year. For this analysis, we used
the MC14 production from the end of 2020 / beginning of 2021.
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To calculate efficiencies, we used two large samples of signal only events,
each with 2 million B — Kj,s7y decays. For the BY — Kgnﬂr"y event set, Kyes
decay to different kaonic resonances (mainly K; (1270)" with BF < 5.8 x 107° [23],
K1(1400)° with BF < 1.2 x 107>, K(1430)° with BF = (1.24 +0.24) x 10~° and
K*(1680)° with BF < 2.0 x 1073) and X,;. For the B — K%7%y event set, only
B — (K*9(892) — K?71p)~y are simulated.

The signal and et e~ — Y(4S) — BB samples are generated using the EvtGen
package [69], while the continuum background events are generated with the
KKMC [98] generator interfaced with Pythia [70]; the detector response is then
simulated by the Geant4 package [71].

The data used in this analysis were collected between March 2019 and July
2021. They correspond to a total integrated luminosity of 190 fb~! obtained
at the center-of-mass energies at or near the Y(4S) resonance (10.58 GeV). The
sample corresponds to Npz = (197 & 6) x 10° B’B? and B*B~ events determined
following Ref. [99].

Both data and simulated data sets are analyzed with Belle II analysis software
framework, basf2 [67] (see Sec. 4.2.1).

6.2 Reconstruction and pre-selection strategy

The first step of the analysis is to reconstruct both B® — K{nt7n~v and
B — K%7%y in the MC samples. Two similar reconstruction scripts have been
developed. To skim a large part of the background, we apply some lose cuts on
track parameters, mass energies or PID of the reconstructed tracks. This step is
called pre-selection, or skimming.

6.2.1 Reconstruction

Both b — sy channels discussed share two final state particles: K and high
energy photon 7. The unified reconstruction scheme of these particles will
help to evaluate the systematic uncertainties for both analyses. The particle are
reconstructed as follow.

Charged track reconstruction

To skim some of the events, we require that the event must have a least 3 tracks
which satisfy |d,| < 0.5 cm, |d;| < 2.0 cm, where dr (dz) is the distances of the
point of the closest approach (in the z axis) in respect to the interaction point, and
at least 20 hits in the CDC. We also require a visible CMS energy above 4 GeV. In
data, a small shift in momentum was observed. We apply a correction factor of
0.99971 on all the tracks.

All pions tracks that would belong to our signal must be in the CDC
acceptance and the track fit has to have a positive x>. We also require |d,| <
0.5cm, |d;| < 3cm. Finally, to discriminate fake pion recontruction, we apply a
global PID cut, defined as:
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where, in the denominator, are summed the likelihoods of the reconstructed track
to be an electron, muon, pion, kaon, proton and deutron.

Finally, a list composed of pions that passes p; > 0.1 GeV/¢, |dy| < 0.5 cm,
|zo| < 2,0 cm and at least 20 hits in the CDC is used to create the event-shaped
variables, used in the continuum suppression.

P () > 0.01, (6.1)

Photon reconstruction

Events with at least one ECL cluster in the tracking acceptance and E jyster >
0.2 GeV are kept.

To select only high energy photons, we get all the reconstructed photons from
the events and require 1.4GeV < E, < 4GeV in the laboratory frame. They
also have to be in the ECL and CDC tracking acceptance. On data, a small bias
compared to MC in the photon energy was measured by the collaboration. We
correct it by applying a small scaling factor in bins of E,.

As in Belle, one of the background of radiative decays comes from the decay of
the light meson 7t° and 7 going to . To reject such events, a 77%-1 veto algorithm
was developed in basf2 and is applied on the high-energy photon candidates.
The output is a probability P, called 7¥ likeness, and is equal to one if the
photon comes from a 7t° and zero if not. The value of this cut is defined in the cut
optimization Section 6.4.2.

For the event-shape variables, we select photons that are in the tracking
acceptance and have an energy above 0.1 GeV. We also require that the total
deposited energy in the ECL are below 9 GeV.

KY reconstruction

Two reconstructed charged pions are used to fit their vertex using TreeFitter [100],
which is a Kalman based filter for a whole particle decay chain. Only candidates
with an invariant mass in the range 0.450 < M < 0.550 GeV/c?, and for which
the vertex fit did not fail, are kept.

0

7TV reconstruction

A vertex fit using KFit [101], single vertex fit inherited from Belle, is performed
to reconstruct 1 — 7. Only candidates with an invariant mass in the range
0.120 < M < 0.145 GeV/c?, and for which the vertex fit did not fail, are kept.
The photons used in the fit must be in the CDC acceptance with at least one
ECL cluster, which energy must be at least 30 MeV in barrel, 80 MeV in forward
endcap and 60 MeV backward endcap.

BO reconstruction

The B® and B° candidates are reconstructed using two charged pions, a K and
a photon for B — KYnt7~v; and a %, K¥ and a photon for B — KJ7%.
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Their vertex is fitted using TreeFitter. Also, the reconstructed B must satisfy
52 < mpe < 529 GeV/c?, |AE| < 0.5 GeV and the event must have at least 5
reconstructed tracks. This last cut is not necessary for the moment, since we do
not use the tag-side, but it will be in the TDCPV analysis.

6.2.2 Systematic cuts

In order to reduce the continuum background and the miss-reconstructed
candidates, we apply a cut on pion PID and 7¥ veto before the optimised
selection. These so-called systematic cuts feature the following values:

e P(m) > 0.1 for Ko tm .
e P_o < 0.7 for the photon for both channels.

For the pion PID cut, since looser cut P(7r) > 0.01, is applied in the skimming
for the pions in the final state and there are no systematic associated, we took the
lowest pion PID cut (P (7r) > 0.1) with associated systematic (see Sec. 6.7). For the
pions coming from the K?, no cut is applied on the skim and in the pre-selection.

For the n¥ likeness cut, its value was optimized in the cut optimization
procedure before (see Sec. 6.3.2), but its cut value as a function of the figure of
merit plot is mostly flat (see Appendix C.2). The value of 0.7 is compatible with
the best cut value found in the optimization process for both channels and has
an associated systematic.

The performance of all this procedure is shown in Table 6.2 and Table 6.4
for B — K0t~y and B® — KJ7Yy. The efficiency of the pre-selection and
the reconstruction is obtained using the number of truth-matched reconstructed
candidates after this procedure divided by the number of generated signal in
the 2 M signal only sample. The final efficiency of the pre-selection and the
reconstruction is (27.86740.031)% and (28.86540.032)% for B® — K7+ 7~ and
B? — K970 respectively.

6.3 Selection strategy

The work flow of the selection strategy consist of the following steps. We first
reduce the continuum using a boosted decision tree; then we optimized cuts
on specific variables to maximize the significance; finally we select a unique
candidate in the event.

6.3.1 Continuum Suppression

The dominated background comes from e*e~ — gg (ui, cc, dd, ss). In order to
separate g7 background and BYBY signal events, we use a binary boosted decision-
tree classifier (fastBDT) [74], which combines information in a nonlinear way
from several variables and output one CSMVA variable that discriminates signal
and background. The tree is trained with 30 event-shape variables on 60000 signal
and 60000 gg background, and tested on a 30000 signal and 30000 44 events.
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Thrust axis

As explained in Section 5.2.8, we use the cosine of the angle between thrust
axis of the signal B and thrust axis of the rest of the event, and the cosine of
angle between thrust axis of the signal B and z-axis. In addition, we input the
magnitudes of the rest of the event and the signal B thrust axis.

Fox-Wolfram moments

As also explained in Section 5.2.8, we input 16 Kakuno-Super-Fox-Wolfram
moments and the ratio between the second and zeroth Fox-Wolfram moments.

CLEO cones

The 9 left variables that are input in the fastBDT were developed by the CLEO
Collaboration to suppress continuum background [102]. They are based on the
sum of the absolute values of the momenta of all particles within angular sectors
around the thrust axis in intervals of 10°, resulting in 9 concentric cones.

Figure 6.1 shows the distributions of the nine most important variables used
in the training of the BDT for B’ — K771~ continuum suppression. Similar
distributions are observed for B’ — K{7’7, as shown Fig. 6.2.

6.3.2 Cut optimization

In order to reduce significantly the background, while keeping a maximum
number of signal, a selection on a few variables is done for each channel. Using

the significance N Figure Of Merit (FOM), the selection criteria is optimized

on the 700 fb ! MC sample in the signal range, i.e. 5.26 < nmyp, < 5.29 GeV/c? and
—0.2 < AE < 0.1 GeV. The procedure is as follow:

1. Take a variable and measure the FOM as a function of the variable cut values
and the cut which gives the highest FOM is chosen.

2. The found cut is applied to the data set, then a new variables is optimized
the same way.

3. The procedure is repeated until no variable is left.

4. After all the cuts are found and applied, the order of the variables is
changed. For each order, the FOM of the whole selection is calculated
and the final selection result is the order which gives the highest FOM. All
possible orders, 6 for B — K771~ and 24 for B — K971V, are tested.

An example of a cut on K? decay length significance is shown on Figure 6.3
and all the plots of the selection can be found in Appendix C.1.

This procedure is applied on

¢ the CSMVA output variable to reduce the continuum background,
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o the K? decay length significance d K2 /o(d Kg)' with d K2 the decay length of
the K? and ¢ its resolution, to have a good KY selection and to further reduce
the continuum,

¢ the invariant mass my, to reduce any background type,

e the ng 70 invariant mass for Kg no'y, to remove other kaonic resonances and
only keep K*°(892) — m°KY.
0 0 -
For B — K{mtm~ v, the Mot

instead fixed to the value used in the last Belle analysis [2] to efficiently select all
the Kyes contributions. The cut m Ko+ - < 1.8GeV/c? is thus chosen and applied

_ invariant mass is not optimized. It is

s
before the optimization.

The result of the optimization is described in Sec. 6.4.2.

6.3.3 Single candidate selection

After reconstruction and selection is applied, all candidates with a failed B°
vertex fit are removed. For events containing multiple candidates, the one
featuring the lowest x? from the B? vertex fit is chosen and the other discarded.
If two candidates have the same x2, a random one is selected. The plots of the
number of candidates per event before and after applying the candidate selection
are shown in Sec. 6.4.3.
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FIGURE 6.2: Distributions of B?

used in the CSMVA training.

— K971% signal (in blue) and background (in orange) of the nine most important variables
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FIGURE 6.3: KU decay length significance distribution with all

contribution (right) and the signal only plot (left), with the cut

corresponding to the highest FOM (see Figure 6.4) for B* —

K7tt = . Data on the right of the dashed line is kept. Blue is qq,
orange c¢ and green BB.
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FIGURE 6.4: Plot of the FOM as a function of the K? decay
length significance for B — K7t m~+. The cut on this variable
corresponds to the maximal of this function.
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6.4 Selection results

Here we present the results of each step of the selection procedure.

6.4.1 Continuum suppression

The optimization result of the CSMVA with the fastBDT is shown in Figure 6.5
and Figure 6.6 for KY7t7m~v and K%7%y. The output variable gives a good
discrepancy between the background and the signal for both channels. Also,
the testing sample, when comparing to the training one show that there is no
over-training of the boosted decision tree.

o
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FIGURE 6.5: Output of the CSMVA training for signal (in blue) and

background (in orange) for B — KYm*7~+. The over training is

checked using the difference plot between the test and train sample.
The p-value comes from a Kolmogorov-Smirnov test.

6.4.2 Cutoptimization

The results tables of the optimization of the selection is shown in Tables 6.1 and
6.2 for B — K%7t* 71~ and Tables 6.3 and 6.4 for B — K%70.

For B — K{7t* 7177, the efficiency of the four selection cuts combined is 34%.
With the reconstruction and pre-selection, the final efficiency of the selection is
9.5%, with a FOM of 22.3. The distribution for each background and signal
contribution before and after the selection is presented in Figure 6.7.

For B — K27%, the efficiency of the four selection cuts combined is 34%.
With the reconstruction and pre-selection, the final efficiency of the selection is
9.9%, with a FOM of 11.7. The distribution for each background and signal
contribution before and after the selection is presented in Figure 6.8. In particular,
the Mo ,0 cut value remove the B — X,;7v contribution from the background

(see Figure 6.10 in Section 6.5), so the final AE fit will not have this peaking
background.
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FIGURE 6.6: Output of the CSMVA training for signal (in blue)

and background (in orange) for B® — K%7t%y. The over training is

checked using the difference plot between the test and train sample.
The p-value comes from a Kolmogorov-Smirnov test.

TABLE 6.1: Value of the cut and the evolution of the FOM for each
variable after the optimization process for B — K77~ in the
signal region for 700 b L.

Cut cut value FOM
Mg Mion < 1.8GeV/Z 443 +0.09
Mpe Mpe > 5275 GeV/c>  6.40+0.13
goigpist - gsighist g 13.09 4 0.30
CSMVA CSMVA > 0.88 223405

TABLE 6.2: Signal efficiency, calculated on the 2M signal only
sample in the whole region, and background retention, calculated
on MC in the signal region, for each variable after the optimization
process for B — K97t 7t~ on 700 fb~!. The efficiency of the single
candidate selection is calculated in the whole region.

Cut sgneff [%]  bkg retention [%]
Reconstruction + pre-selection 27.867 £ 0.031 -

MK 80.64 + 0.05 19.990 + 0.031
Mpe 86.90 £+ 0.05 38.85 +0.08
KS'8P! 72.53 £ 0.07 11.74 £0.09
CSMVA 67.20 = 0.09 9.91+0.24
Combined selection 34.16 + 0.06 0.452 + 0.011
Single candidate selection 87.08 = 0.08 82.5£0.6

Total efficiency 8.288 +0.019 -
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FIGURE 6.7: AE distribution in the signal region before (left) and
after (right) the selection optimization for B — K77t~ on the
700 b, Blue is g, orange cc, green BB and red is signal.

TABLE 6.3: Value of the cut and the evolution of the FOM for each
variable after the optimization process on MC for B’ — K97%y in
the signal region on 700 fb™'.

Cut cut value FOM

gEsbist - geisbist o g¢ 2.11 +0.07
Mpe Mpe > 5275 GeV/c? 2.99 +0.11
CSMVA CSMVA > 0.96 10.5+0.5

Mg 0 Mg <11GeV/c? 11.7+05

TABLE 6.4: Signal efficiency, calculated on the 2M signal only
sample in the whole region, and background retention, calculated
on MC in the signal region, for each variable after the optimization
process for B — K979 on 700 fb~!. The efficiency of the single
candidate selection is calculated in the whole region.

Cut sgn eff [%]  bkg retention [%]
Reconstruction + pre-selection 28.865 £ 0.032 —

KPR 88.33£0.04  14.624+0.035
Mpe 86.32 £ 0.05 39.51 +£0.13
CSMVA 45.34 £0.08 1.14 +£0.04

My 70 99.190 + 0.020 68.3£1.8
Combined selection 34.29 +0.06 0.0450 £ 0.0021
Single candidate selection 87.74 £ 0.07 57.0+1.2
Total efficiency 8.685 + 0.020 -

6.4.3 Single candidate selection

The number of candidates per event after the selection is shown on Figure 6.9 for
both B — K7t~ and B® — K979 Efficiencies on the signal are reported
in Table 6.2 and Table 6.4, they reach 87% for the first channel and 88% for the
second. Before the selection, a large amount of multiple candidates is present
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FIGURE 6.8: AE distribution in the signal region before (left) and
after (right) the selection optimization for_B0 — K271% on the
700 fb~. Blue is 4, orange cc, green BB and red is signal.

on both channels. This might comes from the fact that we take all pions to
reconstruct KY7tt 7177, and for K)7%y the photons from the 7 might be miss-
interpreted as the one from the final state.

10° 4

10° 4

102 4

Number of events

Number of events

102 4

1 2 3 4 5 6 7 8 1 2 3 a 5 6 7 8
Number of candidates per event Number of candidates per event

FIGURE 6.9: Distribution of the number of candidates per events
after applying the selection for B® — Krmtm~+y (left) and B —
K970 (right).

6.5 Background contributions

As explained in the cut optimization Section 6.4.2, the Myoq0 < 1.1 GeV/c?

cut for B — K%7%y decays correctly removes the major peaking background
contribution, where K 7% come from a X,; resonance instead of a K*°(892).
Distributions for both contributions are shown in Figure 6.10.

The AE final distributions of all backgrounds and signal contribution before
the fit for both channels are shown on Figure 6.11. There is no significant peaking
background in the signal region in both channels.

For K97t™ 717+, the peak beyond AE > 0.1 GeV from the B*B~ contribution is
coming from B¥ — K**v and cannot be removed by adding additional cuts.
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FIGURE 6.10: Distribution of ntyo . for B — K%7%y before the

selection, showing the contribution of B® — K*°(892) in blue and
B — X4 in red.

For K977, the peaking background in —0.3 < AE < —0.2 GeV range comes
from quark fragmentation channel B¥ — XJ,. Attempts to fit this contribution
has been made (see Appendix C.4) but it was not kept as no statistical accuracy
improvement of the fit was observed, there is not enough stats to handle it at
200 fb .

500 | signall 1004 | signall
B taupair mmm taupair
B ddbar B ddbar
BN uubar B uubar

400 1 BN ssbar 80 BN ssbar
s ccbar s ccbar
W charged W charged

B mixed 60 B mixed

AU.

404

204

0.0 .
AE [GeV] AE [GeV]

0.0

FIGURE 6.11: Distributions for B — K7t~ (left) and B® —
K97%y (right) showing the contribution of each background types
and the signal after the selection and the single candidate selection.

6.6 Yield extraction

Yields are extracted from fits to AE distributions. First, templates for each
contribution types are established on dedicated simulated samples. Then these
templates are assembled into a PDF aiming to reproduce the complete AE
distribution. In addition to the yield, some line shape parameters for the signal
contribution are free in the final fit.
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6.6.1 AE distribution templates

A Johnson function [103], which acts like a double-sided Crystal Ball (see
Sec. 5.3.1), describes the signal contribution with four parameters, one for the
central value and three for the shape.

The resulting Johnson PDF is:

2
PDF (x = AE; 1,0, 7, A) = — L exp |-+ (7 + Asinh ! (X =F
oV27 e\ 2 2 o
1+ (52)

o
(6.2)

The fit results to candidates recognized as signal on the 700 fb~! mixed-MC
sample are shown in the left plots of Figures 6.12 and 6.13. Table 6.5 lists the fitted
parameters.

For K?7t%, all background contributions are fitted with a single Chebyshev
polynomial of order two. For B® — K27t 71~y the background is fitted using two
Gaussian functions, one for the continuum and one to fit the charged peaking
background in AE > 0.1. The fit results to candidates recognized as not-signal
for an equivalent of 700 fb ! from the generic-MC sample are shown in the right
plots of Figures 6.12 and 6.13. Table 6.5 lists the fitted parameters.
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FIGURE 6.12: Fit of the signal (left) and the background (right)
on the simulated mixed-MC sample corresponding to 700 fb™ for
B — KVttt ey.

TABLE 6.5: Values of the parameters for the signal and background
templates as fitted over the mixed-MC sample (700 ).

BY — Kirt oy BY — KOm¥

Signal

Background

Signal

Background

1.10£0.12

.ubkg

—0.318 == 0.030

1.18 +0.30

ap

—1.323 £0.019

1.20 +=0.08

Ubkg

0.439 =0.033

1.47 £0.24

ai

0.398 = 0.031

Hsgn

0.024 = 0.004

VK*'Y

0.252 £0.021

Hsgn

0.036 = 0.017

Usgn

0.0401 == 0.0035

UKy

0.081 =0.021

Usgn

0.080 = 0.016

kang*'y

0.051 =0.019
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FIGURE 6.13: Fit of the signal (left) and the background (right)
on the simulated mixed-MC sample corresponding to 700 tb™" for
BY — K27%.

6.6.2 AE final fit

The PDF for the final fit is built from the sum of the signal and background
templates, from the previous Section 6.6.1, weighted by respectively the signal
and background yields.

For both channel, the mean y;s¢,, and the width o5, are left free for the signal
template, while A and -y are fixed to the values from Table 6.5.

For the background templates, the parameters of the continuum contribution
are fixed to the values fitted on the mixed-MC sample and listed in Table 6.5 for
both channels. For the K*v peaking background in B® — K)7 7+, the ratio
between the continuum component and the K*< one is let free. For the Gaussian
function, the mean and the sigma are defined as:

Wiceq = Hsgn + dpt (6.3)

UI’@W = Usgn X scale, (6.4)
with

scale = Ok+r /Osgn, (6.6)

with the parameters corresponding to the values from Table 6.5. This way, by
only letting the signal mean, if there is a shift in AE in data, the same shift will be
applied on this peaking background. Same goes for a different resolution of the
peak in data compared to MC, the scaling factor for the sigma will correct the
shape.

The final fit is exercised over a part of the generic-MC sample equivalent to
200 fb !, corresponding to approximately the size of the data currently available.
This sample of 200 fb™! is disjoint from the sample of 700 fb~! used to fix the
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templates. The fit results are displayed in Figures 6.14 and 6.15 respectively for
the B — K%t 71~ and B® — KY7% channels.

250 | Belle Il 2022 *gc 4Bk
F I — Signal+Bkg
oL dt=200 o ~Signal

200 |~ MC campaign ] Background

150 F

100 E

Candidates / ( 0.0625 GeV )

&FES o

05-04 03-02-01 0 01 02 03 04 05
AE [GeV]

FIGURE 6.14: Fit of signal + background on 200 fb~' for B’ —
KrtT 7t~ y. The yields, mean and sigma of the signal function and
the continuum-K*y ratio are let free.
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FIGURE 6.15: Fit of signal + background on 200 fb' for B —
K%7t%. The yields, mean and sigma of the signal function are left
free.

Table 6.6 and 6.7 summarize the fitted values of the different parameters
and the raw yields estimated through the fit procedure compared to the Monte
Carlo truth. The error estimation is provided by HESSE [104]. No statistical
incompatibility is observed.

6.6.3 Fit robustness
ToyMC procedure

To estimate the fit robustness, we perform a Toy Monte-Carlo study of the fit
on both channels. 500 data sets, all corresponding to integrated luminosity of
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TABLE 6.6: Fitted values of y and ¢ on a generic-MC sample
equivalent to 200 fb™".

BY - Kt BY — K070y
Jisgn ] 0.022 £ 0.004 || jisgn | —0.000 & 0.011
Tsgn 0.037 +0.005 || 0s¢n | 0.068 +0.016

fBkg—Kxy | 0.048 +0.016

TABLE 6.7: Results of the yield extraction from the overall fit on
generic-MC sample equivalent to 200 fb™'.

B - Kty BY — K09
Signal | Background || Signal | Background
MC truth yields 316 1117 75 264
fit yields 2924+31 | 11404+40 | 67+15| 272+21

200 fb~!, are created by bootstrapping the initial 700 fb~! MC sample. The total
number of events for each data set are determined from a Poisson distribution
which average is set to the true number of events expected for a 200 fb ™! data set.
Then the final fit procedure described in Sec. 6.6.2 is performed for each data set.
The final values of the free parameters obtained in each fit are stored.

Finally, the differences and the pulls for the signal yield are calculated
following Eq. 6.7 and Eq. 6.8. The true signal and background yields considered
(Msgn true and Mpyg true) are the expected ones and are common to all toy data sets
to correctly take into account the Poissonian fluctuation in the estimation of the
statistical uncertainties. The same equations are used for the background yield.

Nsgn diffs = Msgn fit — Msgn true (6.7)

Nsen diffs
Msgnpulls = —— (6.8)
Mson fit-error
Additionally, the evolution of the fit parameters are studied with varying true
signal yields nsgn true While keeping the true background npyg e constant at the

level expected for 200 fb ™.

Results

Pull and the difference distributions are shown for the B® — K%+ 71~ channel
on Fig. 6.16 and Fig. 6.17, and for the B — K?7%y channel on Fig. 6.18 and
Fig. 6.19. We observe a slight over-estimation of the signal yield in both cases.

The dependence with 7sgn true is shown on Fig. 6.20 and Fig. 6.21. We decide to
not correct for this small effect but rather treat the average difference as a source
of systematic uncertainty. For B — K27* 71~ 1, the relative uncertainty reaches
2.7% and for B® — KY7t%, it amounts to 11.5%.
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FIGURE 6.16: Pulls (see Eq. 6.8) for the signal (left) and background
(right) yields for B® — Kot .
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FIGURE 6.17: Ditferences (see Eq. 6.7) for the signal (left) and
background (right) yields for B® — Kttt 1.
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FIGURE 6.18: Pulls (see Eq. 6.8) for the signal (left) and background
(right) yields for B® — KO7%.
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FIGURE 6.19: Ditferences (see Eq. 6.7) for the signal (left) and
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6.7 Systematic uncertainties

The systematic uncertainties arising from the generation, reconstruction,
selection, fit and yield extraction procedures are listed and quantified below. All
relative systematic uncertainty values are summarized in Table 6.9.

MC sample size

A systematic uncertainty of 0.2% is assigned due to the finite sample size of the
MC signal sample.

MC generation

The B — K7~ signal is composed of different components that have
different efficiencies, it is thus important that the relative contributions of the
different component is well simulated. To account for a miss modeling of the
resonances, which can lead to a different efficiency in the m Ko+ Cut, we assign
a systematic by varying each branching fractions inside its uncertainties between
one Kes and all the other, which gives:

) , (6.9)

( ' Ae

Y (o x _

Ko 1+ Ae

AG _ fKres % (eKreS — €all other res) , (610)

€all other res

where

B

—B(Kres)’ (6.11)

g =

with B(Kres) and op the branching fraction of the Kps and its uncertainty,
€all other res and €k, are the efficiencies of the MK+ 7 cut on all the other

resonances and on the K, population respectively, and fg, . is the fraction of
the Kes population. The detailed of the calculation can be found Appendix C.5.
Table 6.8 details the different components considered together with the branching
fraction assumed in the simulation, the most up-to-date branching fraction
derived assuming isospin symmetry and the individual channel efficiency. A
correction factor of 1.13 for the efficiency is derived to correct for the wrong
branching fraction used in the simulation. The associated systematic relative
uncertainty of 4.2% is obtained by summing the difference in efficiency obtained
by varying each branching fractions inside its uncertainties. The choice to make
a simple sum instead of a sum in quadrature is to consider the most conservative
case with 100% correlation between the variations due to the various components.

For BY — K27n%y, the K* component is dominant in our selection. We
checked the efficiencies of the M(KJ7?) restriction after the pre-selection and
reconstruction and after the whole selection except for this criterion. We assign a
relative systematic uncertainty of 2.0% to the efficiency.
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TABLE 6.8: Branching fractions of the different components of

the B® — KIntm~+v signal from the PDG 21 [23] assuming

isospin symmetry versus the ones used in the signal MC and total
efficiencies excluding the single candidate selection.

Component | BF PDG ‘21 [23] (x107°) | BF in basf2 (x10~°) | Efficiency [%]
I<1 (1270)0 44707 43 124+ 0.04
K1(1400)° 1013 0.65 11.43 +0.09
K(1430)° 1.28£0.17 1.237 10.80 £0.12
K*(1680)° 6.7117 0.17 6.04 £0.19
X4 21.54+1.2 274 7.94 4 0.02
Pion PID

Studies have been done on D** — D[K~7*]n" decays to measure the pion
identification performances in data. The results are, for different values of pion
PID, 2D tables in 7 momentum bins and 8 polar angle bins, and for each bin
the ratio of the efficiencies in data and MC is calculated. For each final state pions
with a PID cut, we realize the 2D tables with the same axis and bins configuration,
and the systematic uncertainty is then calculated with:

eDATA Hr,, (6.12)
where

R 613

T, = Zgg) (6.14)

with Niot before PID cut @A Nafter PID cut 1S the total number of events before and
after all the PID respectively, n; the number of event in the i-th bin of our table,
and c; the ratio of the efficiencies in data and MC in the i-th bin.

For the global PID P(7r) > 0.1 for the two final state pions in B —
Kt ry, we get PATA = 0.9158 £ 0.0020. The correction is applied on
the selection efficiency and the corresponding relative systematic uncertainty is
0.0020/0.9158 = 0.2%.

Tracking

The track reconstruction efficiency in data was measured using T-pair events, in
which one tau lepton decays leptonically while the other decays hadronically into
three charged pions. The result is that for each track in the final state, a relative
systematic uncertainty of 0.69% is applied. It gives a global value of 1.38% for
B® — K%7* 7. The systematic uncertainty associated to the reconstruction of
KY is computed separately.
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0

7T° reconstruction

For the 71¥ selection, the difference in reconstruction efficiency between data and
simulation is estimated by comparing the 7 — 7y and  — ©°7°7° yields. For
BY — K270, it gives a systematic uncertainty of eg’% = 0.945 £ 0.004 £ 0.041,
which is compatible with 1. Hence, we do not correct the efficiency and take as a
relative uncertainty |1 — 0.945| = 5.5%.

K? reconstruction

The uncertainty on the K? reconstruction comes from the study on displaced

vertexes on BT — ¢[K*"™ — K7t] and B® — nt [ﬁo — K%7t7]. The result
is that we assign a relative uncertainty computed as average 3D distance (in cm)
x 0.413%. The average K! decay distance after selections are 8.71 cm and 8.37 cm
for B — Kt~y and B — K?7%y, which give the corresponding relative
uncertainties of 3.60% and 3.46% respectively and are taken both as systematic
and corrections factors.

™ veto

The same idea as pion PID is performed to get the 7t° veto systematic uncertainty.
For a given P2 cut, the ration of efficiency of that veto between real and simulated

is evaluated on B® — D~ 7" and B+ — D n+ samples, in bins of the energy of
the photon. By doing the same histogram for our sample, we multiply each bin
by the data/MC ratio to get the I' from Eq. 6.12. The € is the ratio between the
number of events after and before the ¥ veto cut.

We get “PATA = 1.036 + 0.018 for B — K{7"7~y and “2AT4 = 1.034 + 0.020
for B — K%7%). The correction is applied on the selection efficiency and
the corresponding relative systematic uncertainty is 1.7% and 1.9% for B —
KVt 7t~ and B® — KY7t"y respectively.

Photon selection

According to the measurement of the data to MC ratio of photon reconstruction
efficiency in the calorimeter, using radiative muon pair events, we get <244 —

€mMc
1.0026f8:88£f8:888;. The efficiency is not corrected and the relative uncertainty is

taken as 0.3%.

Continuum suppression

We looked at the off-resonance sample, recorded 60 MeV below Y (4S) resonance,
and the continuum events in the MC sample before and after the CSMVA cut
to extract a systematic on the efficiency. We get a background rejection fraction
of DAIA = (0.969 + 0.009 for B® — K¢rmt7~v and 244 = 1.028 4 0.029 for

B® — KY7%y. Since this study concerns the background, we decided to assign
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a conservative 3% relative systematic uncertainty on the signal efficiency for the
BDT selection.

Fit bias

As discussed in Sec. 6.6.3, we observed a small overestimation of the signal yield
by the final fit procedure. It is taken into account with relative uncertainties of
2.7% for the B® — K771~ channel and 11.5% for the B® — KY7t% channel.

Number of BB pairs

For the data sample we have, Npg = (197.2 & 5.7(syst.)) x 10°, the systematic
uncertainty was estimated at 2.9%.

% systematic

A systematic uncertainty of 1.2% is assigned due to the uncertainty in the
branching fraction of Y (4S) decaying to BB from Ref. [23].
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TABLE 6.9: List of all the systematic relative uncertainties affected
the branching ratio estimation for B® — K7™ 7~ (left) and B® —
K97y (right). The total efficiency systematic corresponds to the
quadratic sum of all the systematic uncertainties for the selection

efficiency.
] Efficiency systematics \ BY - K0t \ BY — K9rY%9 ‘
MC sample size (stat error) 0.2%
MC generation 4.2% 2.0%
pion PID 0.2% -
Tracking 1.38% -
¥ reconstruction - 5.5%
KY reconstruction 3.60% 3.46%
Y veto 1.7% 1.9%
v selection 0.3%
Continuum suppression 3.0%
| Total efficiency \ 6.67% | 7.68% |
Yields systematic BY — KVt | BY = K00y
Fit bias 2.7% 11.5%
’ Number of B'BY pairs syst \ 2.9% ‘
] 9 systematic \ 1.2% ‘

B — Kdnt7ty | BY — KInVy
’ Total 7.86% 14.2%
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6.8 Measurements of Branching Fractions

The branching fraction is computed according to:

- N
- €2fONgg’

where N is the yield of a given decay channel and extracted from the procedure
described in Section 6.6.2, € is the overall efficiency to reconstruct the decay,
9 = (48.6 + 0.6)% [23] the ratio of Y(4S) going to B’B? and Npz = (197.2 &
5.7(syst.)) x 10° is the estimated number of BB pairs produced in the data sample
listed in Section 6.1.

Overall efficiencies are taken from Tables 6.2 and 6.4 with the corrections from
Sec. 6.7. They amount to:

B (6.15)

e(B = Kot y) = (85664 0.571)% (6.16)
e(B® = K%)= (8.669 £ 0.666)% (6.17)

6.9 Data unblinding

In Belle II, all official measurements are done following an unblinding process.
Two steps are required to make sure that the analysis done on MC is under
control. First we compare various distributions, mainly variables used in the
selection and the fit, between data and MC in a kinematical region that does
not contain our signal, to see if everything agrees and to assign systematic
uncertainties if not. This region is the named data sideband in the following.
Then, we perform the same comparison including the signal region, this is called
unblinding. If everything is under control, we can then proceed to the fitting of
AE and the BR measurement.

6.9.1 Data-MC sideband check

To proceed to a Data-MC comparison before unblinding, the data were processed
with the strategy described in Section 6.2. In addition, a cut on my,. < 5.27 GeV/c?
is applied to look only at the sideband regions and keep blinding the signal
region.

The Data-MC sideband comparisons for variables used in the selection are
shown in Fig. 6.22, Fig. 6.23 and Fig. 6.24 for B — KYnt7~ v and Fig. 6.25,
Fig. 6.26 and Fig. 6.27 for BY — K97%.

Fair agreements are observed for the K! decay distance significance. A
discrepancy is observed for the invariant mass m Ko+ but it disappears when
we compare the distributions after applying all other selection cuts, as shown in
Fig. 6.28. We do not thus apply any correction. The same discrepancy is observed

for m KO0 but is not visible in the off-resonance? plot (Fig. C.30) and in the plot

2Around 18 fb~! of data recorded 60 MeV below Y (4S) resonance.
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after applying all the selection (Fig. 6.28). The CSMVA discrepancy are covered
by the systematic defined Sec. 6.7. For distributions related to the ¥ veto and
the photon energy E,, discrepancies are expected and systematic uncertainties
provided by the different collaboration studies described Sec. 6.7 are used to take
them into account.

0
1 MC14 10

L ¢ Data

PrIRit
+
+
107"
.
‘.LL
M 1072

- L MCl4
t Data
. . ;
T

AU.

g

AU
o =) o o
o o o =3
= N} w =
1 .
.
-
-
i -
-
[ RN J TSTS—
-

pulls
pulls

0.5 1.0 15 20 25 3.0 35 40 45 0.0 02 04 06 08 10
My [GeV/C?] CSMVA

FIGURE 6.22: Normed MO et - (left) and CSMVA output (right)

distributions for MC and data sidebands for B — KYnt7t=+. The
bar indicates the value of the cut and the arrow is oriented to the

kept part.
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FIGURE 6.23: Normed K? significance of distance (left) and my,

(right) distributions for MC and data sidebands for B® — Kt~ 1.

The bar indicates the value of the cut and the arrow is oriented to the
kept part.

The AE distribution for both channel is shown Fig. 6.29. No discrepancies are
observed.

Finally, the last check consists of applying all the cut from the selection
except on my, (but still keep mp. < 5.27 GeV/c?) and look at the AE sideband
distribution, shown in Fig. 6.30. The two distributions are compatible for both
channels.
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distributions for MC and data sidebands for B® — K%7tt7t=+. The

bar indicates the value of the cut and the arrow is oriented to the
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distributions for MC and data sidebands for B — K%7%v. The bar
indicates the value of the cut and the arrow is oriented to the kept
part.

Off-resonance data and sideband comparison with MC is shown in
Appendix C.6. There are no differences in the plots compared to the study in

this section.
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the cut of the selection except mp,.
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6.9.2 Data-MC check

The first check in the unblinding procedure is to redo the same distribution
comparison as in Sec. 6.9.1 without the my, cut.

The Data-MC comparisons for variables used in the selection are shown in
Fig. 6.31, Fig. 6.32 and Fig. 6.34 for B — K7t 7~ and Fig. 6.35, Fig. 6.36 and
Fig. 6.37 for BY — K970.

The discrepancy at the tail of the my,. variable is related to the fact that the
beam energy in our MC is fixed to 10.58 GeV. Some MC samples are linked to
some data samples, where various parameters, e.g. the beam energy, are fixed to
their true values. if we use this type of MC sample and do the same comparison, it
shows a fair agreement, see Fig. 6.33. Since the B'B” population does not depend
on the beam energy, no correction is applied. For the other variables, we see no
unexpected behavior compared to the data-MC sidebands study.
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FIGURE 6.31: Normed MO et - (left) and CSMVA output (right)

distributions for MC and data for B® — K97t 71~ +. The bar indicates
the value of the cut and the arrow is oriented to the kept part.

The AE distribution for both channel is shown Fig. 6.38. No discrepancy are
observed.
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Finally, the last check consists of applying all the cut from the selection and
look at the AE distribution, shown in Fig. 6.39.

For B — K{n"7m~, we observe a peak in the signal region, but the
amplitude is significantly lower than expected. We tried to understand this
discrepancy by looking at other kinematic or vertexing variables. No discrepancy
were observed. We also tried to redo the same selection on a control channel
BT — K'm"m v, but the same discrepancy in AE is observed after the
unblinding. Further studies beyond the time line of this thesis should be done
to fully understand the source of the missing signal for B — K7t 7.

A good agreement is observed for B — K97%y. Once the unblind process is
done, we can proceed to the AE fit for this channel.
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FIGURE 6.39: Normed AE distributions for MC and data for B —
Ko7ttty (left) and B® — K971V (right) after applying all the cut of
the selection except mp,..

6.9.3 Fit and BR measurement

After applying the selection and the best candidate selection to data, we perform
the fit described in Sec. 6.6.2 for B — K97%y. The result is shown Fig. 6.40.
Table 6.10 summarizes the fitted values of the different parameters and the raw
yields estimated.

TABLE 6.10: Fitted values for B® — K97t%y on data.

| B — Kdn"y |
Hsgn 0.034 +0.018
Tsgn 0.136 + 0.040
Signal yields 121 +29
Background yields 158 +£29

Using Eq. 6.15, we find a branching fraction of:

B (BO — K?n%) — (7.28 £ 1.75(stat) & 1.03(syst)) x 10~°, (6.18)
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FIGURE 6.40: Fit of the data sample for BY — Kgnofy. The yields,
mean and sigma of the signal function are left free.

which is compatible with the known value of (7.0 & 0.4) x 10~¢ [23].
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6.10 Summary

I developed two rediscovery analysis in Belle II, one on B — K7™ 7~y decay
and one on B® — K97%y decay. As preparation for a future time-dependent CP
asymmetry measurement, both analysis showed reconstruction efficiencies inline
with previous studies conducted in Belle [1,2]. An inconsistency between MC and
data has been revealed in the first channel and requires further investigations.
The second one lead to a branching fraction measurement with around 190 fb™"
of data, taken by Belle II between March 2019 and July 2021. The result is
compatible with the world average, and was presented at the Moriond 2022
conferences [105] and published on arXiv in June 2022 [106].






115

Conclusion

In this thesis, I developed the first implementation in Belle of the time dependent
CP violation measurement of B® — K7+ 7~ using a new method of splitting
the Dalitz plane to further constrain the Standard Model. Using around 1 ab™!
of Monte-Carlo simulation of Y(4S) — eTe™, I was able to extract the following
statistical sensitivity to CP violation parameters:

A =0.07 £0.10 (6.19)
S =-009+0.12 (6.20)

and the new parameters from [52]:

St =-017+£0.24 (6.21)
S =0.03+£0.24. (6.22)

where the central value is the outcome of the measurement on the simulated
sample with no CP-violation included and where the statistical uncertainty
comes from the fitting procedure. The result is compatible with zero, as the
SM predicts. The uncertainty obtained is around a factor two improvement
compared to the last Belle measurement of this channel [1]. To actually measure
these parameters on Belle data, a thorough study on the systematic is needed.
The work on this analysis is currently continued within the Strasbourg group,
and we expect a measurement on the full Belle data by the end of 2022. To finally
constrain C7 and C’7, we need the measurement of the dilution factor and the
hadronic parameters. A good candidate to provide these inputs is the charged
mode BT — K™ w7t~ v, as it is easier to reconstruct and has better yields. Some
studies [37,107-109] on this decay have been done on Belle II and LHCb, and a
combination of the effort to constrain the SM is currently being developed.

I also developed the rediscovery of B — K¢t~ and B® — K7y decays.
These analysis are the first steps toward the TDCPV measurement with Belle
IT data. The discrepancies between data and MC for the first channel are still
under investigations, with no conclusive results yet. The second channel lead to
a branching fraction measurement [106]. We found:

B (BO = Kgn07> — (7.28 + 1.75(stat) = 1.03(syst)) x 1076, (6.23)

which is compatible with the world average [23]. With the updated projection
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of the luminosity (see Fig. 6.41), we expect to have at least the same data set as
Belle for around 2024. We can then have a TDCPV analysis of both channels
to compare our sensitivity with the world average. Then, by the year 2026
(5 ab™!) and 2034 (50 ab~!), we expect to reduce the expected uncertainties
of CP violation parameters by three and five respectively [55]. Regarding the
constraint on the Wilson coefficient parametrizing new physics, C; and C7,
this set of measurements from Belle II will have to be combined with studies
conducted on LHCb on B — Ke™ e~ channels.
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FIGURE 6.41: Projection of the Belle II peak instantaneous (in red)
and integrated (in blue) luminosity, as of June 2022.

A long shutdown is planned around 2027, as seen in the luminosity projection
Fig. 6.41, allowing for an upgrade of parts of the Belle II subdetectors.

For the upgrade of the current vertex detector of Belle II, I implemented a full
package in the Belle II analysis software to simulate the new geometries [79]. Two
configurations, one with five and one with seven fully pixelated layers, have been
developed and connected to the tracking package in order to be used in physics
simulations. The performance of the new geometries have been compared with
the current performance of the Belle II trajectometer. They have a better track
reconstruction efficiency and better resolution for tracks with low transverse
momentum. The hit occupancy for the closest layer of the beam is reduced
by three order of magnitude, due to better granularity in space and especially
time. Consequently, this technology is quite robust regarding the increase in
background noise.

Since its development, a six fully pixelated layers geometry has been
implemented in the package, and more studies have been done in order to have a
better simulation of the material support. In addition, a new technology based on
PIXOR striplet detector [53] is being developed in the upgrade package. In the
end, the performance comparison with the full Belle II software of the various
proposed technologies and their various geometries will bring key inputs for the
choice of the final upgrade setup.
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Résumé en Francgais

Mon travail de these s’est déroulé dans le cadre d'une grande expérience de
physique des particules : la collaboration Belle II. En m’appuyant sur les outils
d’analyse des données mises a disposition par la collaboration, j'ai développé
un programme de recherche qui constitue le theme principal de ma these. Par
ailleurs, j’ai contribué aux développements de la collaboration avec une seconde
étude sur la possibilité d"une jouvence du trajectometre de I’'expérience. Ces deux
thématiques sont résumées successivement ci-dessous.

Analyse dépendante du temps de la violation de la
symétrie CP avec Belle et Belle II

L'objectif principal de cette thése est de découvrir des processus physiques qui
ne sont pas décrits par le Modele Standard (MS) de la physique des particules,
qualifiés de Nouwvelle Physique. Le MS, dans le canal de désintégration B — Kj,sy
que j'étudie, prédit une asymétrie CP® nulle. Mesurer une valeur non nulle peut
alors mettre en défaut le MS et permettre la découverte de nouvelle physique.

Belle était un détecteur situé placé autour des collisions eTe™ réalisées par
I'accélérateur de particules KEKB. L’énergie de collision des deux faisceaux a été
choisie afin de produire une résonance Y (4S), qui donne dans environ 96% des
cas une paire de mésons BB. Belle a déja réalisé avec une statistique proche d'un
millions de paires BB (correspondant a une luminosité intégrée d’environ 1 ab—!)
une mesure de I'asymétrie CP sur le canal B — K77~ , non conclusive car
son niveau de précision n’était pas assez bon pour obtenir un écart significatif
avec le MS [1,2].

Belle II, I'expérience succédant Belle, visible Figure 42, a démarré sa prise de
donnée fin 2018 et il faudra encore accumuler des données jusqu’en 2023 pour
commencer une mesure statistiquement pertinente de I'asymétrie. De plus, il
existe depuis peu une nouvelle méthode d’analyse des plans de Dalitz proposée
par S. Akar et al. [52] qui permet d’extraire davantage d’informations afin de
mieux contraindre les modeles physiques.

De ce fait, jai décidé d’utiliser le plus grand échantillon de données
disponible, celui de Belle, afin d’implémenter pour la premiere fois cette analyse.
J'ai redéveloppé les outils de la mesure, vérifié le temps de vie des mésons B
et j’ai pu obtenir sur des données Monte-Carlo une premiere validation de la
nouvelle méthode pour une mesure de 'asymétrie du canal de désintégration
B — KYwtm~v. La Figure 43 illustre la derniére étape de cette analyse.

3La symétrie CP est une symétrie interne des systémes élémentaires. Sa légere violation n’est
autorisée que dans quelques processus du Modéle Standard, et constitue une marque distinctive
de la structure du modele.
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FIGURE 42: Schéma représentant l'accélérateur SuperKEKB (a
gauche) avec, au niveau de la collision, le détecteur Belle II
(représenté a droite).

Les distributions des grandeurs cinématiques my,. et AE (respectivement la
masse invariante et 1'énergie du méson B reconstruit, contrainte par 1’énergie
du faisceau) font ressortir la présence du signal recherché, qui est responsable
des bosses bien visibles sur la figure. La grandeur At représente la mesure
de la différence de temps de désintégration entre les deux mésons B produits
dans chaque événement. Cette grandeur est un élément indispensable pour
I'extraction du parametre S qui est obtenu suivant I’équation de la désintégration
des mésons B :

e~ latl/T Aw ,
faag (D) = i 1 Gtag - + Grag (w) (S sin (AmyAt) + Acos (AmdAt))} ,

(24)
avec A et S les coefficients quantifiant la violation de CP, T le temps de vie d'un
méson B, Am, la différence de masse entre les états de propagation des mésons
B, gtag indique la saveur des B et w de combien on se trompe sur Iidentification
de cette saveur.

J’ai estimé la sensibilit¢ de la mesure sur des données Monte-Carlo
correspondant a environ 1 ab™ ! :

A =0.07 £0.10 (25)
S = —0.09 +0.12. (26)

La validation est tres compétitive par rapport a 'ancienne mesure de Belle [2].
J'ai également estimé la sensibilité, pour la premiere fois, de la mesure sur le
nouveau parametre S T nécessaire dans la nouvelle méthode pour contraindre le
MS [52]:
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St =-017+£0.24 (27)
S~ =0.0340.24. (28)

J’ai rédigé une note interne [97] et j’ai présenté ces résultats au Belle Analysis
Meeting début 2021.

Afin de mesurer A et S sur les données de Belle, il faut encore réaliser une
étude des incertitudes systématiques présentes pour cette mesure, et vérifier si
la sélection concorde entre les données et le MC. Pour finalement contraindre
le MS avec la nouvelle méthode, il faut combiner cette mesure a une analyse
d’amplitude du Dalitz du canal similaire BT — K™ w771~ 1.
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FIGURE 43: Ajustement des fonctions sur le MC de Belle pour trois
distributions utilisées pour obtenir les parametres de la violation
CP.

Une fois cette analyse bien entamée, j’ai pu démarrer ’analyse dans Belle II.
Comme Belle II n’a pas encore accumulé assez de données pour pouvoir réaliser
une mesure de l’asymétrie, je me suis concentré dans un premier temps sur le
développement de la redécouverte des deux canaux radiatifs B — Kty
et B — K%7% ainsi que la mesure de leur rapport d’embranchement (BR).
Les outils que j’ai développés pour cette analyse seront également utilisés pour
la mesure de 'asymétrie. Comme ces deux canaux sont rares, ils présentent
un rapport d’embranchement trés faible BR < 107%. Pour que notre pic de
signal soit visible parmi tous les autres canaux et le bruit de fond machine, j’ai
du développer un algorithme de tri capable d’exploiter un grand nombre de
variables discriminantes. Sur des données Monte-Carlo (MC) correspondant a
700 fb~!,j’ai entrainé un arbre de décision boosté pour pouvoir discerner le bruit
de fond du signal et j’ai optimisé les valeurs des coupures appliquées sur des
variables d’importance. La figure de mérite* obtenue a la fin de la sélection est
de l'ordre de 22 et 12, pour une efficacité de rétention du signal de 9,5% et 9,9%,
pour BY — KVt 7t~ et B — KY7t" respectivement.

Apres la sélection, une "bosse" devient visible sur la distribution de la
grandeur cinématique AE. Pour estimer la quantité de signal restante, j'ai du

4Ns/+/Ns + N, avec Ns et Ng le nombre de candidats identifiés comme signal et bruit de
fond respectivement.
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ensuite ajuster des fonctions sur AE pour ce pic de signal et pour le bruit de fond
restant sur un ensemble de donnée Monte-Carlo correspondant a la luminosité
que Belle IT a accumulée pour le début de ma 3¢ année, soit 190 fb ™!, afin d’obtenir
une estimation du nombre de signal attendu pour les deux canaux. Figure 44
et Figure 45 montrent le résultat de 1'ajustement. Une erreur statistique liée a
I'incertitude statistique des parametres de I’ajustement est associée a ce nombre.

250 [ Belle Il 2022 AP
E : . — Signal+Bkg
F L dt=200 ~ Signal

200 MC campaign

Background

150

=y
o
o

(4)]
o

Candidates / ( 0.0625 GeV )

HFd1E o

05-04 03-02-01 0 01 02 03 04 05
AE [GeV]

FIGURE 44: Ajustement des fonctions de bruit de fond et du signal
sur des données MC pour B® — K0t~ r.
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FIGURE 45: Ajustement des fonctions de bruit de fond et du signal
sur des données MC pour BY — K970

J’ai ensuite réalisé une étude des erreurs systématiques pour chaque
parametre du calcul du rapport d’embranchement. Ceux-ci proviennent de
la reconstruction des traces, de la facon d’optimiser la sélection ou encore de
l"ajustement des fonctions si les distributions MC sont légerement différentes.

Dans Belle II, toute mesure officielle suit une procédure dite a I'aveugle. On
ne regarde les données que lorsque l'optimisation sur le MC est réalisée. S’en
suit une comparaison du MC avec une partie des données, dans une zone
cinématique qui ne correspond pas a celle du signal, dans le but de vérifier si
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le MC reproduit bien les données et appliquer des corrections systématiques si
ce n’est pas le cas. Ensuite, on révele la zone de signal et on compare a nouveau
les distributions avant et apres la sélection pour enfin réaliser la mesure du BR.
J'ai donc comparé les formes des distributions entre les données et le MC pour
vérifier leur concordance pour les deux canaux et j’ai finalement pu ajuster le pic
de signal pour B® — K?7t%y obtenu dans les données (voir Fig. 46) pour mesurer
un rapport d’embranchement de :

B (BO N K?n%) — (7.28 + 1.75(stat) & 1.03(syst)) x 10~°, (29)

qui est compatible avec la valeur du MS (7.0 £ 0.4) x 107° [23].
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FIGURE 46: Ajustement des fonctions de bruit de fond et du signal
sur les données pour B — K97t%.

J'ai rédigé une note interne a Belle II [110], qui a été examinée par un
groupe de travail spécialement désigné. Apres avoir répondu et implémenté
différents commentaires et suggestions, la note a ensuite été passée en revue par
la collaboration afin de valider mon analyse et de pouvoir la présenter a des
conférences. Mon résultat a été présenté aux rencontres de Moriond [105] et la
note a été publiée sur arXiv [106].

Amélioration du trajectomeétre de Belle I1

Un deuxieme sujet de ma thése consiste a participer a une amélioration a long
terme (2026) de l'expérience Belle II par le renouvellement du trajectometre
interne via des couches entiérement pixelisées. Détecteur le plus proche du
faisceau, son environnement radiatif extréme fait qu’il est I'un des premiers
a devoir étre changés pour répondre aux défis qu'apporte une augmentation
de la luminosité. Le premier objectif était d’explorer différentes configurations
(géométrie du détecteur, performances des capteurs) afin de bien caractériser
le nouveau détecteur. A l'aide d'un logiciel de calculs numériques simplifiés
pour les performances de trajectométrie, j’ai pu conclure qu'une tres petite taille
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de pixel n"augmente pas énormément les performances a cause de la diffusion
multiple des particules a travers la matiere du détecteur, mais qu'une réduction
de la taille ou de la longueur de radiation du tube a vide permet un gain d'un
facteur deux sur les résolutions des parametres des traces.

Le second objectif consistait a contribuer a la mise en place d’une simulation
détaillée de ces géométries. ]'ai été responsable de l'implémentation, dans
I'infrastructure logicielle complete de Belle II (basf2) [67], de trois configurations
a cing et sept couches de capteurs pixelisés, avec et sans disques a l'avant,
visibles Figure 47. Seules les deux premieres géométries ont été complétement
implémentées dans basf2.

FIGURE 47: Vue de face (haut) et de profil (bas) de la configuration a
cing, sept couches de capteurs pixelisés et cinq couches avec disques
a I'avant (de gauche a droite).

J’ai aussi été responsable de ’ajustement du simulateur de la réponse détaillée
des capteurs (digitizer). Avec les données recueillies lors d"un test en faisceau
des capteurs adaptés pour notre trajectometre, j’ai pu obtenir dans basf2 des
distributions de charges et des résolutions similaires, montrant ainsi que notre
modele de digitizer est adapté pour simuler ce type de capteur pixelisé. Les
résultats de I'ajustement sont montrés Figure 48.

J'ai également participé au travail nécessaire pour connecter les géométries et
l’algorithme de reconnaissance des traces afin de pouvoir rendre opérationnel les
géométries. Une fois que cette derniere étape a été réalisée, j'ai pu comparer les
performances de nos nouvelles configurations avec les performances actuelles du
trajectometre de Belle II. Les nouvelles géométries ont une meilleure efficacité de
reconstruction des traces, ou encore une meilleure résolution pour des traces a
faible impulsion transverse, comme montré Figure 49.

L’occupation en hit pour la couche la plus proche du faisceau est diminuée de
trois ordre de grandeur, due a une meilleure pixelisation et un plus petit temps
d’intégration. De plus, comme montré Tableau 11, 1'efficacité du SVD actuel
décroit de 6% en moyenne lorsque le bruit de fond nominal est multiplié par cing,
pris comme facteur de sécurité. Ce n’est pas le cas pour les nouvelles géométries.
Elles ne perdent que 0.5% a 1% en moyenne, ce qui montre que cette technologie
est assez robuste quant a I’augmentation du bruit de fond.
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TABLE 11: Efficacité de la reconstruction des traces pour le SVD et
les deux nouvelles géométries (cinq et sept couches) pour un bruit

de fond nominal et multiplié par cinq.

Bruit de fond x 5

Bruit de fond x 1
SVD actuel 0.961
5 couches 0.984
7 couches 0.987
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Ces travaux ont été présentés dans le groupe Upgrade de la collaboration et
ont permis de valider 1'utilisation de mon outil pour les études d’optimisation a
venir.

J'ai également travaillé sur I'amélioration de l'algorithme de reconstruction
des trajectoires pour le préparer a l'utilisation des capteurs pixelisés qui
requierent une subdivision plus détaillée. Cette méthode utilise un algorithme
de reconnaissance de motifs qui, au lieu de les chercher a travers les pixels d'un
méme plan image, essaye de mettre en relation les pixels des différentes couches
des capteurs. ]J’ai démontré qu’on peut utiliser une division plus fine de ces plans
pour les mettre plus rapidement en relation sans pénaliser les performances de
I'algorithme. Ce travail, qui compte comme un service task nécessaire pour étre
auteur des publications de la collaboration, est résumé dans une note interne et je
suis également auteur d’un des articles du groupe de travail sur la reconstruction
des traces [56].

Le travail concernant I'amélioration du trajectometre ainsi que le service task
ont pu étre présenté a la XXVII Cracow EPIPHANY Conference, qui a donné lieu a
une publication [79].

Conclusion

La mesure de la violation de la symétrie CP était et demeure I'un des programmes
principaux et prometteurs de Belle et Belle II visant a découvrir de la nouvelle
physique. Durant ma theése, j’ai développé dans Belle un algorithme suivant
une nouvelle méthode de mesure proposée dans [52] pour contraindre le modele
standard en utilisant le canal B® — K{7t* 7177, etj’ai pu valider la méthode pour
la premiére fois sur des données Monte-Carlo.

Par ailleurs, j’ai implémenté dans l'infrastructure logicielle de Belle II une
simulation détaillée et adaptable pour des détecteurs candidats a 1’amélioration
du détecteur de vertex actuel de Belle II. Finalement, comme les données que
Belle II a accumulé en 2022 ne sont pas suffisantes pour démarrer les analyses
dépendantes du temps de la violation de la symétrie CP (TDCPV), j’ai développé
l'analyse de la redécouverte pour les deux canaux B — Kdnt7—y et B —
K97t%y, qui a mené vers une mesure du rapport d’embranchement pour le second.
Cette mesure est une premiere étape nécessaire pour mettre en place des mesures
de type TDCPV.
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Appendix A

Sector Map pruning

A.1 Introduction

The Sector Map is a key element of the Belle II tracking strategy. It's an object
that contains information about how space points in different regions of the
detector can be related by different tracks. All the sensors are subdivided into
smaller sections, called sectors. This way, we can define relations between sectors
that usually are crossed by the same tracks, as shown in Fig. A.1, where the
sectors 6 and 15 are related due to the track traversing both sectors. The sector
maps holds a mapping of those relations, which reduces a lot the combinatorial
required for the reconstruction algorithm. To reject background hits, the sector
map also stores so called "filters" that combine different space points information,
mostly geometrical quantities. The sector map are described in detail in the Track
Finding at Belle II paper [56].

My work consisted of increasing the segmentation of the sensors to see the
impact on the tracking performance, while also pruning the least used relations
to decrease the size of the sector map.

FIGURE A.1: Standard 3x3 division for the sensors and the relation
between the sectors 6 and 15 which are traversed by the same
track [56].
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A.2 Training of the sector map

A.2.1 Standard procedure
Three steps are required to get the sector map:

* 10 M Monte-Carlo events composed by generic Y (4S) and high-momentum
muon events are simulated. Bhabha events are also added to further
improve the tracking in the forward and backward region of the detector.

* The events are then processed and the cellular automaton stores the
relations between pairs of sectors which have been traversed by at least one
track as well as the minima and maxima or the quantiles of the distributions
of each filter variable.

¢ Finally, the sector map is trained used all the relation from the cellular
automaton. Each time a relation is used in the training, a proper variable
called n_found is increased. This will be used for the pruning of the map.
At the end, a root file is created with contains all the information needed to
be used with the tracking algorithm.

The standard division of each sector is 3x3 in u and v direction, but this can
be changed in the training. To modify this, one can change the values in the
]0,1] interval of the uand v sensor divider. For the results presented in the next
section, the segmentation was done as follows:

e 3x3:{3,.7,1}inuand v

e 4x4:{.25,.5,.75,1.} inu and v

e 5x5:{2,4,.6,.8 1}inuand v

* 6x6:{.165,.33, .5, .670, .835, 1.} in u and v

e 6x4:{.165, .33, .5, .670,.835,1.} in u and {.25, .5, .75, 1.} in v

A.2.2 Pruning

It's in the last step of the training of the sector map that the pruning is done.
Each relation and filter are stored in a SubGraph, and the whole set of SubGraphs
is stored in one SectorGraph. The SectorGraph is build for two hit-combination
scenarios (2 or 3).

After the training, all the n_found for each relation have been increased to
their final value. A histogram and its normalized cumulative (see Fig. A.2) of
all the n_found is created. We can see that around 50 % of the SubGraph have a
n_found < 10, meaning 50 % of all the relations have been used less than 10 x in
the training of the map, and some can be found up to 3000000 times (not on the
plot).

To prune the least used graphs, a small function get the maximal n_found;;y
below the threshold entered by the user and every relation with a n_found below
the n_found,,,, is removed from the SectorGraph.
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Launching the usual script to train a map, the user can now specify a relative
threshold (in %) used to prune the sector maps.
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FIGURE A.2: Number of times that subgraphs were found n_found

times (left plot) and its normalized cumulative function (right plot)

for 2-hit and 3-hit combinations for a 3x3 division with 10M events

trained. For example, if a 60% threshold is applied, subgraphs

with n_found < 11 for the 3-hit and n_found < 27 for the 2-hit

combination will be removed (respectively straight blue and red line
in the right plot).

A.2.3 Validation

To validate a sector map, the standard SVD standalone validation script is used.
1000 Y (4S) events, with and without the nominal bean-induced background, are
generated and reconstructed using the map trained with a certain segmentation
and threshold in order to get tracking efficiencies, clone and fake rates (see
Section 4.2.2 for the definitions).

A.3 Results

Here are presented the validation results (Finding and hit efficiencies, clone and
fake rates) for five different divisions (3x3, 4x4, 5x5, 6x6, 6x4) and seven different
threshold (no threshold, 40%, 50%, 60%, 70%, 80%, 90%).

A.3.1 Without background

For the finding and hit efficiencies in Fig. A.3, with a maximum difference
between every subdivision of 0.4% and 0.1% respectively, all configurations have
more or less the same efficiency. For the clone and fake rate in Fig. A .4, the worst
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setup is the standard 3x3 and the best is 6x6 with a ~ 45% decrease. We also
observe that for every figure of merit, everything is constant until 70% threshold.

The size of the map (Fig. A.5) decreases linearly with the threshold. With a
70% pruning, the loss in efficiency is negligible while the size of the sector map is
divided by three.
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FIGURE A.5: Size of the root file containing the sector map for
different configurations and subdivisions.
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Overall, large division does not harm efficiencies but decreases fake and clone
rate. Pruning the map can help maintain its size low. For a giver map size, the
largest division below threshold can thus be selected.

A.3.2 With nominal background

With nominal background, everything behave the same way as without
background. The finding efficiency is down 3.5% in average and the hit efficiency
2%, and every configurations are still really close to each other (see Fig. A.6). The
clone rate is at the same level as without background, but the fake rate is five
times higher for every configuration (see Fig. A.7). We still have this ~ 45%
decrease between the 3x3 and 6x6 segmentation. There is also little to no drop in
efficiencies, clone or fake rates before 70% pruning.
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FIGURE A.6: Finding (left) and hit (right) efficiencies for different
subdivisions and different thresholds with nominal background.
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FIGURE A.7: Clone (left) and fake (right) for different subdivisions
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Overall, the pruning does not affect differently the efficiency or the clone and
fake rate with or without background.

The sector map used in basf2 before this study was 15MB in size (3x3 trained
with 2 M events). Looking at Fig. A.5, the only sector maps trained with 10 M
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events that are around this limit are the 3x3 after 50% pruning, 4x4 after 70%
pruning, the 5x5 and 6x6 after 90% pruning. However, the efficiencies begin to
drop after 70% pruning, so the only viable candidates are 3x3 and 4x4.

A.4 Conclusion
The sector map with 4x4 segmentation and 70% pruning seems to be the best

compromise between its size and its performances. It has since replaced the 3x3
sector map used by the tracking package before this study.
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Appendix B

Belle analysis, complementary fit
tables

In this appendix are detailed all the values for all the PDF parameters fixed in the
fit.

B.1 Signal

B.1.1 Function tables

Crystal Ball in my, Fit value =+ statistical uncertainty
i 5.27959 + 0.00004
o 0.002881 + 0.000032
o 1.16 £ 0.05
n 19+ 16
Crystal Ball in AE
U —0.0067 £ 0.0008
o 0.0366 £ 0.0006
o 0.600 +0.018
n 6.2+2.6

For At, Aand S are left free in the final fit, and the event-by-event parameters
input in the function are scaled by internal model independent coefficients,
determined by other analysis before. More information in [96].

B.1.2 Low statistic fit

Figure B.1 shows the behavior of the Signal fit functions with two times the Belle
dataset. No discrepancies are observed.
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FIGURE B.1: 3D fit of my., AE and At for the signal component on
a private MC signal sample corresponding to two times the Belle
dataset.

B.2 Cross-feed background

fx Gaussian + (1 — f)x Argus in my, Fit value = statistical uncertainty
1 5.27910 =+ 0.00030
o 0.00360 £ 0.00022
a —-969+34
f 0.217 £0.015
fx Exponential + (1 — f)x Gaussian in AE
n —3.72£0.24
U —0.038 = 0.007
o 0.058 £ 0.005
f 0.793 + 0.025
Tatami function in At
T 1.4+0.5
Simain 2.84 £0.06
St 3.11+0.10
Hy —0.040 + 0.035
0 —0.690 = 0.024
Frelt 0.15+0.18

ftail 0.319 4 0.018
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B.3 Continuum background

Argus in myp,

Fit value =+ statistical uncertainty

a —-9.84+0.6
Exponential in AE
o —1.07 £0.04
Tatami function in At

Simain 1.825 4 0.009
Stail 3.77 £ 0.04

T 14+05

Hd —0.011 £+ 0.004

Hi —0.70+0.10
faelt 0.11 £ 0.20
Stail 0.1778 4 0.0029

B.4 BB background

fx Gaussian + (1 — f)x Argus in mp,

Fit value =+ statistical uncertainty

I 5.2797 + 0.0013

o 0.0020 4 0.0007

a —5+4

f 0.015 4 0.008

Exponential in AE
x —6.04 +0.31
Tatami function in At

T 1.4+05
Smain 2.79 +0.09
Stail 3.4340.18

Ha —0.04 +0.04

Hi —0.70 £ 0.09
fdert 0.15+0.18
ftail 0.218 + 0.020
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B.5 Rare background

fx Crystal Ball + (1 — f)x Argus in Fit value = statistical uncertainty

m 5.28079 £ 0.00016

o 0.00309 + 0.00009

x 0.322 +0.015

n 9.8+3.5

a —459+1.3

f 0.243 + 0.007

Exponential in AE
x —3.76 £ 0.09
Tatami function in At

T 14+05
S.ain 2.432 +0.023
Stail 3.32 +0.04

1 —0.077 +0.013

1 —0.6+0.6
faelt 0.154+0.18

ftail 0.329 =+ 0.007
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B.6 CP violation parameters

TABLE B.1: CP-violation parameters measured with the Dalitz
separation in an equivalent of 1 ab~! of Belle MC.

S—l—
S—
A-l—
A~

—0.17+0.24
0.03£0.24
0.13+£0.20

—0.05£0.20







137

Appendix C

Belle II analysis, additional materials

C.1 Plots of the optimization of the selection

All those distributions are from the 700 fb~! data set.
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FIGURE C.1: mpe distribution on signal (left) and

background+signal (right). Blue is qq, orange cc, green BB
and red is signal.
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C.2 7% veto FOM

7i¥ veto cut was a variable optimized in the selection, but its figure of merit as a
function of the cut value was mostly flat (Fig. C.18).
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FIGURE C.18: Evolution of the FOM as a function of the 1t° veto cut
value for B — K2t i~y (left) and B® — K07% (right).

C.3 Pulls, additional plots

The pulls of the other variables that are left free in the fit Sec. 6.6.2 are shown
Fig. C.19 and Fig. C.20 for B® — K7t 77~ and Fig. C.21 for B — K97%.
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FIGURE C.19: Pulls (see Eq. 6.8) for psey (left) and osgy (right) for
B —» Kt ry.
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FIGURE C.21: Pulls (see Eq. 6.8) for Hsgn (left) and Tsgn (right) for
BY — K970

C4 K2l fit: complementary tests

To try to reduce the fit systematic uncertainty for B — K97%y, some tests
have been made to take into account the peaking background in —0.3 < AE <
—0.2 GeV range.

C.4.1 B'B~ peaking background fit

The first test consists of adding to the Chebyshev a Gaussian function. The
background only fit on the 700 fb~! MC data set is shown Fig. C.22 on the left
and the signal and background fit on the 200 fb~! is shown on the right. For the
signal, the same Johnson function is used as in Sec. 6.6.2. For the new Gaussian,
the mean and sigma are defined with the same technique as in Eq. 6.6. If the
fraction between the Gaussian and the Chebyshev is let free, the fit does not
converge (the Gaussian disappears, as there is not enough stats in the 200 b~
to get a correct fit). To handle this, the fraction was fixed to the value from the
background only fit.
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FIGURE C.22: Fit of the background (left) and the final fit (right) on
the simulated MC sample, corresponding to 700 fb~' and 200 fb™*
respectively, for B® — K97t%.

The result of the toy study with this new background contribution is shown
Fig. C.23 and Fig. C.24. The shift in the signal pull is worse. The Chebyshev is
enough to fit the background at this statistic.
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FIGURE C.23: Pulls (see Eq. 6.8) for the signal (left) and background

(right) yields for B — K97t% for the fit Fig. C.22.
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FIGURE C.24: Differences (see Eq. 6.7) for the signal (left) and
background (right) yields for B — K%7t%+ for the fit Fig. C.22.

C.4.2 Background parameters free

In order to reduce the toy systematic, we tried to let the background parameters
free and rerun the toys study. The differences and pulls of the signal yield is
shown Fig. C.25. We observe a smaller overestimation of the signal, reducing the
systematic from 11.5% to 6%, but increasing the statistical uncertainty on the final
AE data fit from 24% to 31.5% as seen Fig. C.26. Also, the Chebyshev function
tends to go negative above AE > 0.35 GeV. We decided to keep the background
parameters fixed, as we have a good agreement on AE in the data-MC sideband

comparison (see Fig. 6.39).
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FIGURE C.25: Differences (see Eq. 6.7) and pulls (see Eq. 6.5) for the
signal yield for B — K97%, where the background parameters are

left free.
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FIGURE C.26: Fit of the data sample for B — K%7%. The yields,
mean and sigma of the signal function and the two Chebyshev
parameters for the background function are let free.

C.5 Continuum suppression systematic equation
We define the indices as:

1 = All other kaonic resonances except Kies, (C.1)
2 = Kpes population. (C2)

~+ is expressed as:

The efficiency on one cut in m K
€= frer + (1 - fr)ey, (C.3)

where f, is the fraction of Kies events, and €; and e€; are the efficiency of the
ngn+n, cuton 1 and 2.

If we vary the fraction of the number of K5 event by a ¢ amount:

fr=f+o, (C4)

we get a new expression for the efficiency:

€ = f2€2 + (1 — f2)€1 — (7'€1f2 (C.5)



150 Appendix C. Belle II analysis, additional materials

We can then calculate the relative uncertainty on this variables:

E—¢€ ofr(ex —€1)

= cC.6
€ f262+ (1 — fr)er (C.6)

(e2—€1)

0" 2 e 7
_ P €7)

1+ fz—ezele1

_gx B¢ (C.8)

1+ Ae

where
Ae = fzw. (C.9)
€1

C.6 Off-resonance data-MC comparison
In this section are shown the off-resonnance, around 18 fb~! of data recorded

60 MeV below Y (4S) resonance, data-MC comparison, used as a complementary
check with the sidebands data-MC comparison.
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FIGURE C.27: Normed MOt 7 (left) and CSMVA output (right)
distributions for MC and off-resonance data for B® — K0t 1.
The bar indicates the value of the cut and the arrow is oriented to

the kept part.
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