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ABSTRACT

Name of the student: Aman Sahoo

SR No. 22164

Department: Undergraduate Studies/ Centre for High Energy Physics
Degree: BS (Res.)

Thesis title: Search for Heavy QCD Axion-like Particles at BELLE-II
Thesis supervisor: Dr. Minakshi Nayak

Date of thesis submission: 12/04 /2026

We present a Monte Carlo feasibility study for searching for heavy QCD axion-like particles
(ALPs) at the Belle Il experiment via the decay B* ¥ K*a,a ¥ * |, @I Heawy
QCD axions arise in extensions of the Peccei{Quinn mechanism where additional hidden-sector
contributions decouple the axion mass from the canonical QCD relation, permitting masses
in the MeV{GeV range while simultaneously resolving the strong CP problem and the axion
quality problem. The avor-changing neutral current transition b ¥ sa is induced at two
loops through the axion-gluon coupling, yielding an estimated branching fraction BR(B X
Ka) 10 8{10 7 for f,  TeV. Signal Monte Carlo samples were generated using the
basf2 framework at the KEK Computing Centre across the kinematically allowed ALP mass
range of 0:85{3 GeV, the upper bound being imposed by dense charmonium resonances that
preclude reliable signal extraction above this threshold. Standard Belle Il selection criteria
were applied alongside gure-of-merit-optimized cuts on photon energy (E > 150 MeV)
and the opening angle (cos > 0), achieving reconstruction e ciencies of approximately
10{13% across the signal mass points. Standard Model control channels (B ¥ KD° and
B ¥ K ') sharing the same nal-state topology were used to validate the reconstruction
strategy. Continuum background from e*e ¥ qq processes was suppressed using Boosted
Decision Trees trained on event-shape variables including thrust, Fox{Wolfram moments, and
Kakuno{Super-Fox-Wolfram moments, achieving continuum rejection rates exceeding 90%
with signal loss below 7%. The energy di erence E is established as the primary tting
observable for eventual signal extraction from data.
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Chapter 1

Introduction and Motivation

1.1 Overview of Belle Il and SuperKEKB

The Belle Il experiment is a high-energy physics experiment located at the High Energy
Accelerator Research Organization (KEK) in Tsukuba, Japan. It is designed to study the
properties of B mesons and other particles produced in electron-positron collisions, with the
primary goal of searching for new physics Beyond the Standard Model (BSM) of particle
physics [1]. Belle Il is the successor to the original Belle experiment, which operated from
1999 to 2010 and made signi cant contributions to our understanding of CP violation and
rare B decays.

Figure 1.1: Overview of the SuperKEKB accelerator complex [2]

SuperKEKB is the particle accelerator that provides the high-luminosity electron-positron
beams for Belle Il [3]. It is an upgrade of the KEKB accelerator, with a target luminosity of
up to 6:5 10%°cm? s, which is about 30 times higher than KEKB. This high luminosity
allows Belle Il to collect large datasets, enabling precise measurements and searches for rare
processes. SuperKEKB operates at the (4S) resonance, where the center-of-mass energy is
approximately 10.58 GeV, ideal for producing B meson pairs.

The Belle Il detector is a sophisticated apparatus designed to reconstruct and analyze
the products of these collisions with high precision. It consists of several subdetectors, each
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serving speci ¢ purposes with detailed working principles and measurement capabilities:

Figure 1.2: Schematic view of the Belle Il detector [4]

" Vertex Detector (VXD): This innermost detector comprises pixel and silicon strip
sensors that detect charged particles by measuring the ionization they produce as they
pass through the silicon. It achieves vertex resolution better than 50 m, enabling precise
reconstruction of decay vertices. This is crucial for distinguishing B meson decays from
background and measuring lifetimes of short-lived particles.

Central Drift Chamber (CDC): A helium-ethane gas- lled cylindrical chamber with
sense wires, where charged particles ionize the gas, and the resulting electrons drift
toward anode wires. The drift time and wire position determine the particle's trajectory
with high accuracy (momentum resolution p=p 0:3% at 1 GeV). Combined with the
solenoid's magnetic eld, it provides momentum measurements essential for kinematic
reconstruction.

" Time-of-Propagation Counter (TOP): Utilizes quartz radiator bars where relativistic
particles emit Cherenkov radiation. Photons propagate along the bars and are detected
by photomultipliers at the ends. The time-of- ight di erence between direct and re-
ected photons allows particle identi cation (PID) with =K separation up to 4 GeV/c,
vital for distinguishing kaons from pions in B decays.

Aerogel Ring-Imaging Cherenkov Counter (ARICH): Employs aerogel as a radiator
material to produce Cherenkov light, which is focused by mirrors onto hybrid avalanche
photodiodes. It provides PID for particles in the forward region, complementing TOP
for comprehensive particle identi cation across the detector.

Electromagnetic Calorimeter (ECL): Composed of thallium-doped cesium iodide
(CsI(TI)) crystals that absorb photons and electrons, converting their energy into scin-
tiIIatioB light detected by photodiodes. It measures energies with resolution E=E
1:5%= E (in GeV), enabling reconstruction of neutral particles likeand via their
photon decays.

A

A
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" K. and Muon Detector (KLM): Features resistive plate chambers (RPCs) for muon
detection through gas ionization and scintillator strips forikenti cation via hadronic
interactions. It provides muon PID and vetoes ghowers, with penetration depth
measurements distinguishing muons from hadrons.

" Solenoid Magnet: A 1.5 T superconducting coil that generates a uniform magnetic
eld, causing charged particles to curve. This curvature, measured by the tracking
detectors, allows precise momentum determination via p = 0:3Br (in GeV/c, with B in
T and r in m).

These subdetectors work together to achieve excellent particle identi cation, tracking, and
calorimetry, and allows Belle Il to perform detailed analyses of complex decay chains with high
e ciency and resolution.

1.2 Motivation for Searching Heavy QCD Axions at Belle Il

The strong CP problem and the potential existence of axion-like particles (ALPs) motivate
searches for new physics [5, 6, 7], but Belle II's unique capabilities make it particularly suited
for probing heavy QCD ALPs through rare B decays. Compared to other experiments, Belle
Il 0 ers distinct advantages:

" Optimized for B Physics: Operating at the (4S) resonance, Belle Il produces copious
B meson pairs in a cleari @ environment, unlike hadron colliders like LHCb, which
face higher backgrounds from QCD processes. Belle II's excellent vertex resolution and
PID allow precise reconstruction of multi-body decays like B ! Ka ! K

High Luminosity and Statistics: With luminosity 30 times that of its predecessor
KEKB, Belle Il collects datasets far larger than BABAR (which had similar design but
lower integrated luminosity), enabling sensitivity to branching ratios as low &s 10
This is crucial for rare FCNC processes suppressed in the Standard Model.

Clean Experimental Environment: The asymmetric beam design and hermetic detec-

tor provide superior background rejection compared to LHCDb, where pile-up and multiple
interactions per bunch crossing complicate rare decay analyses. Belle II's calorimetry and
tracking excel at reconstructing neutral particles and low-energy photons from ALP de-
cays.

Complementary to LHC Experiments: While LHC probes higher-mass ALPs via

di erent production mechanisms, Belle Il accesses the GeV mass range through B decays,
lling a gap in parameter space. Its focus on avor physics complements direct searches
at ATLAS/CMS for heavy axions and astrophysical probes for lighter axions.

Proven Track Record: Building on Belle's discoveries in CP violation, Belle II's up-
graded detector enhances sensitivity to narrow resonances in invariant mass spectra,
making it ideal for ALP signals that appear as peaks in m

A

A

A

N

Thus, Belle II's combination of high statistics, precise reconstruction, and B-focused design
positions it as the premier experiment for discovering or constraining heavy QCD ALPs via
avor-changing B decays.

Heavy QCD axions arise when additional contributions generate the axion mass, decoupling
it from the canonical QCD relation and allowing masses in the GeV range. In this scenario,
axion-like particles can be produced in rare B decays such as B ! Ka, with the subsequent
decay a! giving a narrow resonance in the m invariant mass. Previous Belle and
BABAR studies have already demonstrated the power of this approach in constraining heavy
ALP production [8, 9]. This channel o ers several advantages for Belle II:
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" Rare FCNC Process: The b ! sa transition is not allowed in the SM, making it
sensitive to Beyond SM physics.

A

Clean Experimental Signature: The narrow resonance in m distinguishes the
signal from background, and the nal state particles ( ) are well-reconstructed by
Belle II's subdetectors.

Complementary to Other Experiments: While light axions are probed by astrophys-
ical observations, heavy ALPs require collider experiments like Belle I, which can access
the GeV mass range through B decays.

A

A

Existing Sensitivity: Analyses on analogous decay channels from previous experiments
like Belle and BABAR have set limits, and Belle II's improved detector and luminosity
position it to explore new regions, potentially discovering or constraining heavy QCD
ALPs.

1.3 Groundwork laid by previous experiments and analyses

Analyses using data from BELLE and BABAR have looked into decay channels analogous to
our target channel, which have been used to predict the sensitivity of the BELLE-II experiment
to our decay channel B!K *a, a! *

Ref. [8] estimates several B ! Ka decays using some experimental data. Figure 1.3a
shows the bounds for B ! Ka decays while considering the branching fraction of the heavy
QCD axion (Fig. 1.3b). The horizontal axis shows the axion mass, and the left vertical axis
represents the limits of the axion decay constants. To compare with other decay modes,
the value of the decay constant is converted to the gluon couply¥g (he right vertical
axis in Fig. 1.3a). The green and blue shaded regions show the limit on a*! and
a! ©°* decays, respectively.

Ref. [10] shows the results of the search for the excited in'B * x by BaBar with

400 fo * data. This result is reinterpreted as a limit for the heavy QCD axion study in the
al *  decay channel from 0:9 GeV=t 1:5 GeV=¢ (and up to 3 GeV=¢ for the
expected limit in Belle I).

Ref. [11] shows the reconstructed;Mdata in Belle ( 700 fb! ) used to search for
B ! K! decay. This was used to evaluate a! ©° *  decay below 800 MeVZc

Thus, the limits in Fig. 1.3a are estimated by recalculating from other measurements, and
an experimental analysis to directly search for heavy QCD axions has not been performed so
far. In this work, the analysis of BIK *a, a! " decay using Monte Carlo simulated
data is presented.



(a) Bounds and BELLE-II sensitivity placed on parameter space of ALP using previous experimental
data. Ref. [8]

(b) Summary of the branching fractions for the heavy QCD axions. [8]

Figure 1.3: Feynman diagrams that arise from Eq. 2.8



Chapter 2

Theory of Heavy QCD Axion-like
Particles

2.1 Strong CP Problem and the Peccei{Quinn (PQ) Mechanism

Quantum Chromodynamics (QCD) admits a CP-violating term in the Lagrangian,

&
3272
which induces observable CP violation such as a neutron electric dipole moment (EDM).
Experimental limits constrain jj. 10" , posing the strong CP problem [12, 13].

A dynamical solution was proposed by Peccei and Quinn [5, 14], introducing a global
U(1)ro symmetry that is spontaneously broken. The associated pseudo-Nambu{Goldstone
boson is the axion [6, 7], which dynamically relaxes the e ective parameter to zero.

The axion couples to gluons via

L 8f5 aG® G® ; (2.2)
a

L = G2 G2 ; (21)

leading to the relation
Mafa'm (2.3)

in the minimal QCD axion scenario [12].

2.2 Motivation for Heavy QCD Axions

If the Peccei{Quinn scale is near the electroweak scaleTéV), the above relation predicts
m, keV. Such parameter space is excluded by astrophysical constraints and beam dump
experiments [15, 16, 17].

Conversely, very large f 10 °{10'3GeV vyields ultra-light axions, motivated as dark
matter candidates but extensively constrained experimentally [18].

This motivates scenarios where the relation

myf,'m f (2.4)
is violated by additional contributions to the axion mass [8].

2.3 Axion Quality Problem

A central theoretical issue is the axion quality problem. Global symmetries such aspl (1)
are expected to be violated by quantum gravity, leading to Planck-suppressed operators of the
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form
n

—— +h.c; 2.5
M5 (23)
where carries PQ charge.

These operators generically induce shifts in the axion potential, reintroducing CP violation
unless highly suppressed [19, 20, 21, 22].
Quantitatively, unsuppressed Planck-scale corrections spoil the axion solution unless

fo.10 {10°GeV; (2.6)

depending on model assumptions [8].

This creates tension with traditional invisible axion models requiring lgrdéefavy QCD
axions provide a natural resolution: if the axion mass receives dominant contributions from
a hidden sector, then the CP-violating shift induced by Planck-suppressed operators becomes
negligible relative to the total potential [23, 8].

Thus, heavy axions with

fa TeV, m , MeV{GeV (2.7)

can simultaneously solve the strong CP problem and evade the quality problem.

2.4 Heavy QCD Axion E ective Theory

In this framework, m and f, are independent parameters. The dominant interaction remains
the axion-gluonic coupling inside the e ective Lagrangian,

a 1 m2

L=Lgu+ -Gy G* + 2 2 _=2

MY g f, e (@) 5

giving rise to Feynman diagrams of the form Fig. 2.1. Couplings to photons and fermions
arise via mixing and loops, but hadronic decays dominate op& @(100 MeV).

a? (2.8)

(a) Axion-gluon-gluon coupling (b) Flavor changing neutral current processes as a
result of 2.1a

Figure 2.1: Feynman diagrams that arise from Eq. 2.8

A data-driven approach to hadronic decays was developed in [24], allowing reliable predic-
tions in the GeV regime.
The dominant decay modes are:

“a! form a&3m



“al! form ,&m +2m ,
with the latter becoming dominant above 0:85{1 GeV [23].

2.5 Flavor-Changing Processes: B ! Ka
The gluonic coupling induces avor-changing neutral currents at two loops, leading to the

transition b ! sa as shown in Fig. 2.1b (taken from [8]).
The e ective Lagrangian (Appendix A) can be written as

L. @3 (2.9)
fa
This generates the decay
B! Ka: (2.10)
(a) Decay B! Ka acc. to (b) Full Decay Reaction

Eq. 2.10

Figure 2.2: Particle Production in target decay channel

The branching ratio is estimated as (Appendix A)

2
BR(B!Ka) 10 ° 10266\/ : 2.11)
a
up to model-dependent factors [23].
For f, TeV, this yields
BR(B!Ka) 10 °{107: (2.12)
2.6 Target Channel: B!K[a![ ! ] ]
For axion masses above the threshold, the dominant decay is
al (2.13)
leading to our target decay chain (Fig. 2.2b)
B!K[a![ ! ] B K (2.14)
The total branching fraction is therefore
BR(B!K[a![! ] * 1) BR(B!Ka) BR(@! ) 10 7. (2.15)

since BR(a! ) O(1) in this mass range [23].
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2.7 Experimental Signatures

The signal is characterized by:
~ A narrow resonance in m ,
" A rare FCNC transition b ! sa,
" Prompt or displaced decays depending gn f

The clean topology and low Standard Model background make this channel particularly
suitable for Belle Il searches [23].



Chapter 3

Monte Carlo Simulations

3.1 Introduction

Monte Carlo (MC) simulations form the backbone of modern high energy physics analyses.
In the context of the Belle Il experiment, MC simulations are used to mbddelallisions,

the subsequent particle decays, and the detector response in a fully controlled environment.
These simulations allow one to study signal characteristics, optimize selection criteria, estimate
e ciencies, and understand backgrounds before analyzing real data.

In this work, Monte Carlo samples were generated using the KEK Computing Centre
(KEKCC) to simulate e collisions producing B mesons that undergo the target decay
channel:

B!Ka;, a! o (3.2)

To maximize statistics and isolate the signal topology, the branching fraction for this decay
was set to 100% at generation level. For each channel analyzed?® 2vihts were generated.

3.2 Generation-Level and Reconstruction-Level Data

Monte Carlo simulation in Belle Il proceeds in two conceptually distinct stages:

3.2.1 Generation-Level Data

At the generation level, events are produced using physics generators that simulate the under-
lying interaction and decay processes. The complete information of all particles in the event,
including their four-momenta, decay chains, and particle identities, is stored. This information
is often referred to as MC truth.

In this analysis, the generated dataset contains the full decay chain with perfect knowledge
of all intermediate and nal-state particles.

3.2.2 Reconstruction-Level Data

The generated particles are then passed through a detailed detector simulation, followed
by event reconstruction. This stage mimics the actual Belle Il detector response, including
ine ciencies, nite resolution, and detector e ects.

The output of this stage is stored in mDST (mini Data Summary Table) les, which
contain the reconstructed quantities such as:

~ Particle momenta and energies
" Vertex information
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~ Particle identi cation variables

This reconstructed information represents the machine readout and is what is used in
analysis, analogous to real experimental data.

NOTE: Reconstructed information is di erent from reconstructed particles, which are
intermediate particles on the decay chain, created by 4-momentum addition of the nal state
particles. It is these reconstructed particles that is used for the majority of this analysis.

3.3 basf2 Framework and Reconstruction Scripts

The Belle Il analysis software framework, basf2, is used for both simulation and reconstruction.
It provides modular tools for:

~ Event generation

" Detector simulation

" Particle reconstruction

" Analysis variable calculation

A reconstruction script in basf2 is a Python-based work ow that de nes:

" Which particles to reconstruct

" The decay chains to be built

" Selection criteria (cuts)

"~ Variables to be stored for analysis

In this work, reconstruction scripts were developed to identify the decay chain:

BIK[a! (I ) YT (3.2)

3.4 MC Truth Matching

A crucial concept in MC-based analyses is MC truth matching. This procedure associates
reconstructed particles with their true generated counterparts.
A reconstructed candidate is labeled as signal if:

isSignal = 1; (3.3)

indicating that all its daughters match the correct generated decay chain.
If a B-candidate is reconstructed incorrectly, it is given isSignal = 0
MC truth matching allows:

"~ Validation of reconstruction performance
"~ Calculation of reconstruction e ciencies
~ Separation of correctly reconstructed signal from combinatorial background

3.5 Choice of ALP Mass Points

The allowed ALP mass range spans approximately:
0:8 GeV.m ,.4:76 GeV: (3.4)
Three representative mass points were chosen:
" m,=0:957 GeV =m
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“m,=2:3 GeV

“m,=4:6 GeV

These were used to study the dependence of reconstruction performance and kinematic
distributions across the accessible phase space.

3.6 Key Kinematic Variables

The analysis relies on several kinematic variables:

3.6.1 Beam-Constrained Mass
q

MbC = E[geam J‘p sz (35)

This variable exploits the precisely known beam energy and is highly e ective in identifying
correctly reconstructed B mesons.

3.6.2 Energy Dierence
E=E & E peam (3.6)

This measures the consistency of the reconstructed B candidate energy with the beam
energy.

3.6.3 ALP Invariant Mass
M (3.7)

This is used to reconstruct the ALP candidate and verify signal formation.

3.6.4 Fitting Variables

The primary tting variables are:
" E
"M bc
These are chosen because:
" They have well-de ned signal peaks
~ Background distributions are smooth
" They are largely independent of ALP mass assumptions
The ALP invariant mass is used as a validation variable rather than a primary t observable.

3.7 Initial Reconstruction and Benchmarking

Initial attempts at ALP reconstruction revealed 3.1:

~ Poor reconstruction of ALP invariant mass - The distribution was extremely asymmet-
rical, biased

"~ Signi cant background contamination

To re ne and validate the reconstruction strategy, Standard Model control channels were
used:

12



Figure 3.1: Initial attempts at reconstructing the ALP and extracting variable distributions

"BIK[D![! ] t ]
“BIK[ OI[! ] ]

These channels share identical nal states and topology, allowing direct comparison and
benchmarking through the same reconstruction strategy.

3.8 Reconstruction E ciency

Reconstruction for a given set of cuts is de ned as:

Reconstructed signal events (isSignal==1)
= (3.8)
Generated events

E ciencies were evaluated for the SM channels as well as the 3 ALP mass points using
the below cuts

The event selection cuts for'B'K *a; a'! * ;! decay are summarized
as follows:

" B selection: M, > 5:27 GeV=¢& and j Ej < 0:15 GeV (standard cuts recommended
by BELLE-II experts)

" Good pion and kaon tracks from the interaction point: jdzj <2 cm and jdrj < 0:5 cm
(standard cuts recommended by BELLE-II experts)

" Selection of mass: 509 MeV < M < 577 MeV (most of the signal is concen-
trated within the 3 region. Cut made accordingly after tting the mass distribution
Figure 3.2)

" Global pion ID: pionID > 0:4.
" Global kaon ID: kaonID > 0:6.

The above cuts are so called standard cuts that are generic to every BELLE-II analysis.
Figure 3.3 shows the reduction in combinatorial background as opposed to loss in signal for
the SM channels. We also introduced a few cuts specic to our analysis by performing a
Figure of Merit and MVA analysis.

" Gamma energy cut to reject low energy gamma background> BE50 MeV (Based
on Figure of Merit analysis, see section 3.9)

" Cut on opening angle between nal two daughters: cos > 0 (Encodes information of
ALP mass and provides good separation from background. FoM analysis, see section 3.9)

" MVA cut for continuum suppression (chapter 5).
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(&) mass distribuition, and the 3 cut in red (b) Fitting mass distribuition using a mix of
Crystall Ball and gaussian functions, and using t
parameters cg and gauss tO extract 3 cut

Figure 3.2: Applying 3 cuts to reduce combinatorial background

Table 3.1: Reconstruction e ciencies for control and signal channels after standard selection
cuts.

Channel Reconstruction E ciency (%)
B!KD 9 (control) 4.8

B!K 9(control) 12.85
B!Ka(m ,=0:95GeV) 12.84
B!Ka(m ,=2:3GeV) 10.82
B!Ka(m 5=4:6GeV) 12.9

Table 3.1 shows the reconstruction e ciency after applying the standard cuts. Stise
a promptly decaying particle, with almost no discernible qualities from an ALP at the same
mass, the reconstruction e ciency remains same. An analogous e ect is not observel for D
since it has a nite decay lifetime, unlike our target ALPs.

3.9 Figure of Merit Optimization

As seen in previous section, the standard cuts were e ective to reduce the combinatorial
background (that is, wrongly reconstructed events strictly from the signal Monte Carlo).
However, the real data will contain generic Standard Model events with much higher cross
sections than our signal channel. This is called the generic background. To optimize
selection cuts that reduce generic background, a gure of merit (FOM) approach was used
to discriminate between signal and background.
The Figure of merit for a given cut is de ned as
S
FOM = p—— 3.9
Ps+5 &9
where:
" S = number of signal events that pass the cut
" B = number of background events that pass the cut

This metric balances signal e ciency against background rejection, and the cut where FoM
maximizes is selected as the most optimal cut for a given variable For uniformity, FOM was
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(@) D° no cuts (b) D© std. cuts

(c) °no cuts (d) Ostd. cuts

Figure 3.3: Applying 3 cuts to reduce combinatorial background (SM channels)

maximized for a single mass point (2.3 GeV) and the extracted optimal cut was applied to all

mass points (this is motivated by the observation that the optimal cut had very low mass de-

pendence, despite the generic background having di erent distributions Figure 3.4,Figure 3.5).
Photon-related variables were optimized:

” Photon energy E (Figure 3.4)

" Opening angle cos (Figure 3.5)
Optimal cuts were found to be:

" E >0:15 GeV

“cos >0

Other than signi cantly reducing the generic background, these cuts also had the added
e ect of further reduced combinatorial background while retaining signals Figs. 3.6, 3.7, 3.8.
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Figure 3.4: FoM optimization for E

(a) 0.957 GeV (b) 2.3 GeV

(c) 4.6 GeV

Figure 3.6: E distribution for ALP decay channel after std. cuts but before FoM cuts
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Figure 3.5: FoM optimization for cos

(a) 0.957 GeV (b) 2.3 GeV

(c) 4.6 GeV

Figure 3.7: E distribution for ALP decay channel after std. cuts and FoM cuts
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(a) 0.957 GeV (b) 2.3 GeV

(c) 4.6 GeV

Figure 3.8: M distribution for ALP decay channel after std. cuts and FoM cuts

3.10 Generic Background

3.10.1 De nition
Generic background refers to events from all Standard Model processes that can mimic the
signal topology, including:

" B B decays (mixed, charged)

" Continuum ¢g production (w; dl; s; @)

3.10.2 Processing

For each hadronic channel above, generic MC samples are provided by Belle II. For our analysis,
we used:

" 100fb ' at KEKCC
~ 500 fb ! from the Belle Il grid collections

These samples were passed through the same reconstruction pipeline, but with a broader
invariant mass window:
09GeV<M <48GeV (3.10)

Unlike signal MC, which uses a narrow window ( 200 MeV), this ensures full background
coverage. The full range is also used to train MVA models to perform continuum suppression.
Figure 3.9 shows the E distribution for generic SM events. Since the ALP is a BSM patrticle,
there are no peaks around 0, as expected. There may be other particles in the allowed mass
range (eg.0; 9 but the cross sections of those channels are so low compared to SM hadronic
events that their peaks do not show up in the distribution.
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(@) E for generic B B events (b) E for generic g events

Figure 3.9: E plotted after generic MC events were reconstructed through the same scripts
used for reconstructing our signal events.

3.11 Reconstruction E ciency Across the ALP Mass Range

Now that we have decided on the signal cuts for our reconstruction, a study on the dependence
of the reconstruction e ciency on the ALP mass can be done. The reconstruction e ciency
is de ned as: o
Nreco(isSignal==1)
Ngen ’

where Nec, is the number of correctly reconstructed signal candidates gggdid\the number
of generated events.

To study this dependence systematically, Monte Carlo simulations were performed across
the full kinematically allowed mass range:

0:85GeV.m,.4:8 GeV: (3.12)

(Ma) = (3.11)

The analysis strategy consists of:

1. Generating signal Monte Carlo (2 20events each) at discrete mass points from
0:9 GeV to 4:8 GeV in steps of 0:1 GeV.

2. Processing these samples through the reconstruction pipeline.

3. Evaluating the reconstruction e ciency at each mass point.

4. Constructing an e ciency curve (rg) as a function of the ALP mass.

The variation of e ciency with m is driven primarily by kinematic e ects:

1. At low masses, the ALP is highly boosted, leading to collimated decay products, par-

ticularly in the ! channel. This can reduce reconstruction e ciency due to over-
lapping clusters in the electromagnetic calorimeter and increased sensitivity to detector
resolution.

2. It also easier for thebbquarks to hadronize into lighter particles and hence can lead to
loss of detector sensitivity to the ALP decay channel.

3. At higher masses, the decay products are less boosted and more isotropically distributed,
improving reconstruction stability. However, phase space suppression and detector ac-
ceptance e ects may counteract this improvement.

The above e ects interact and evolve w.r.t. ALP mass in a complex manner and results
in the e ciency curve Figure 3.10.
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Figure 3.10: Reconstruction e ciency vs Mg, which ranges from 0.9GeV to 4.7GeV in the above
plot

3.12 Impact of Standard Model Resonances at High Mass

For ALP masses above approximately 2:9 GeV, the invariant mass region becomes densely
populated with Standard Model resonances, particularly charmonium () states. The number
of accessible resonant modes per unit mass increases signi cantly in this region, leading to a
loss of sensitivity for BELLE-II to the ALP decay channel, assuming the ALP hassieV .
Prominent resonances in this mass region are shown in Table 3.2
These resonances can decay into nal states similar to the signal topology, including multi-
hadron and nal states (Figure 3.11). As a result:

" The background becomes highly structured rather than smooth.
" Narrow resonant peaks can mimic or obscure a potential ALP signal.
" Interference e ects and overlapping resonances complicate the extraction of a signal.

Furthermore, theoretical predictions for the ALP production cross section in the literature
are typically limited to masses below 3 GeV (Figure 1.3b,[24]).
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Resonance PDG ID Mass (GeV)
c(1S) 441 2.9839
co(1P) 10441 3.4147
c(2S) 100441 3.6375

J=(1S) 443 3.0969

he(1P) 10443 3.5254
c1(1P) 20443 3.5107
(29) 100443 3.6861
(3770) 30443 3.7737
(4040) 9000443 4.039
(4160) 9010443 4.191
(4415) 9020443 4.421
2(1P) 445 3.5562
c2(3930) 100445 3.927

Table 3.2: Example resonances and SM particles, along with their PDG IDs and masses, taken
from PDG particle list

Figure 3.11: Reconstructed events that were identi ed to be particles from Table 3.2. This
events are expected to scale vastly and form insuppressible signal peaks as we analyze real data

with much greater statistics
For these reasons, the upper limit of the search window is restricted to:
m; . 3 GeV;

even though the kinematic limit extends to approximately 4.8 GeV.
This choice ensures that:

(3.13)
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" The analysis is performed in a region with manageable background.
" Theoretical predictions can be validated.
" The sensitivity to potential ALP signals is maximized.

3.13 Fitting Strategy

The E distribution is chosen as the primary observable for signal extraction due to:
~ Strong peak at zero for signal
" Smooth background distribution
"~ Stability across ALP mass points

Fits are performed independently for each mass hypothesis to extract signal yields and
shape parameters. Although ts are generally performed after full continuum suppression and
background rejection, a few example plots for tting have been shown in Figure 3.12. The
parameters of the distribution extracted from such a t distribution are used to t the true

measured data to look for signals and con rm the presence (or absence) of our hypothetical
ALP.

Figure 3.12: Fitting E for various mass points. A mix of Crystal Ball and gaussian functions
have been used to t the signal, while the background is t by a linear polynomial.
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Chapter 4

Continuum Suppression using
Multivariate Analysis

4.1 Introduction

One of the dominant sources of background in Belle Il analyses arises from continuum pro-
cesses:

e'e 'q; (Q=u;d;s;c); (4.1)
which produce hadronic nal states that can mimic signal decays. These events di er funda-
mentally from signal B events produced via the (4S) resonance. The process of discrimi-
nating between these two classes of events is known as continuum suppression.

4.2 Underlying Physical Principle

The key physical distinction between signal and continuum events lies in their topology:

~ Signal (B B events): Produced near threshold, the B mesons are almost at rest in the
center-of-mass frame, leading to spherical, isotropic decay topologies.

~ Continuum (o events): Produced via hard scattering, resulting in jet-like, back-to-
back structures.

This di erence in event shape forms the basis for continuum suppression [25] Fig. 4.1.

4.3 Continuum Suppression Variables

Several event-shape observables are used to quantify this di erence:

4.3.1 Thrust

The thrust axis is de ned as the directioB n that maximizes:

1= _plP _ﬁJ: (4.2)
i 18]

" T !1: jet-like (continuum)

" T 10:5: spherical (signal)
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Figure 4.1: Dierence in event shape between continuum and BB events (Credit:

Rehrken)

4.3.2 Fox{Wolfram Moments
De ned as: X
Hi = JpiigiPi(cos j);
i5j
where P are Legendre polynomials. Ratios such as:

are commonly used.

4.3.3 Modied Super Fox{Wolfram Moments

Markus

(4.3)

(4.4)

Belle 1l employs modi ed versions optimized for separating signal and continuum [25].The the
Kakuno-Super-Fox-Wolfram (KSFW) moments are more re ned version of the FW moments.

These variables collectively encode the global event topology.

Some of the variables assigned highest importance (Equation 4.8) after training the MVA
are plotted in Figure 4.2 to show how the various di erences between continuum Bnd B

events are encoded.
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Figure 4.2: Distribution of variables which are assigned most importance in most continuum
suppression MVAs. The above plots are distributions of the input training variables for the
mass point M, = 0:88 GeV

4.4 Boosted Decision Trees (BDT)

A Boosted Decision Tree (BDT) is a supervised machine learning algorithm that combines
multiple decision trees to improve classi cation performance [26].
A decision tree recursively partitions the feature space using binary splits:

X; < threshold (4.5)

Each leaf node assigns a classi cation score.

Boosting combines multiple weak learners into a strong classi er by iteratively reweighting
misclassi ed events.

The nal output is a classi er score:

yeor 2 [0;1]; (4.6)
representing the probability that an event is signal-like.
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(a) Schematic of a decision tree. S for signal, B (b) Schematic of a boosting procedure. [26]
for background. Terminal nodes(called leaves) are

shown in boxes. If signal events are dominant in

one leave, then this leave is signal leave; otherwise,

background leave. [26]

4.5 Training Strategy

Separate MVAs were trained for three representative ALP mass points:
m, = 0:88; 1:92; 2:96 GeV: 4.7)

4.5.1 Training Dataset

For each mass point:

" For signal events, 2 10 events were generated and underwent reconstruction for each
mass point.

" For continuum events, 500 fb MC data was used for each quark mode (ud; &; @)
and reconstructed on the BELLE-II grid, for the entire mass range.

" The reconstructed continuum events were mixed in a ratio corresponding to their relative
branching ratios, such that the total number of continuum and signal events for each
mass point is equal (Table 4.1)

" Dataset split: 50% training, 50% testing

Table 4.1: Relative branching fractions of quark pair production modes in the Standard Model
used to construct the continuum Monte Carlo sample for MVA training.

Quark Mode Fraction

w 0.350836
dd 0.0725795
s 0.135152
(o 0.441433

The target variable was isNotContinuumEvent, where signal events are labeled as 1 and
continuum as O.
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4.6 Loose vs Tight Cut Strategies

Two approaches were considered:

" Tight cuts: (section 3.9)
{ Background already reduced
{ No bias between training and analysis
{ Reduced statistics

" Loose cuts:
{ Final state E > 0:075 GeV, M. > 5:2GeV
{ Larger statistics for (possibly) better training results
{ Possible bias introduced when applied to tightly selected data

In this work, the tight-cut strategy was adopted for consistency with the signal analysis.

4.7 Variable Selection and Optimization

After initial training, the following steps were performed:

4.7.1 Variable Importance

Each variable is assigned an importance score based on its contribution to classi cation:
X
I = G; (48)

splits

where G is the reduction in impurity. Variables with zero importance were removed after
verifying their separation power.

4.7.2 Correlation Analysis
Correlation matrices were computed for all variables.
" Ifj jj> 0:8, variables are considered highly (positively or negatively) correlated

Highly correlated variables are undesirable because:
" They provide redundant information

" They increase model variance

" They lead to over tting

The less important variable in such pairs was removed. Two iterations of this optimization
were performed.

4.8 Example of Training lterations

In Figure 4.4, we see the results of the rst iteration of MVA training on data supplied for ALP

mass 0.88 GeV. The importance plots assigns importance 0 to the variables KSFWVariab1-13,
ThrustOm. As can be seen, the distribution of the variable KSFW variable hso03 is almost
identical, and hence can be safely removed. But the variable ThrustOm, despite having
importance 0 has quite distinct separation, and can still be used for training. Hence, it shall
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Figure 4.4. MVA training iteration 1 on M 5 = 0:88 GeV: variable importance (left), correlation
matrix (top right) and separation power of KSFWVariable1(hso03) (centre right), ThrustOm
(bottom right). 28
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