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Abstract

The search for antihelium nuclei in cosmic rays provides a new opportunity to learn
about important problems in modern physics: antimatter asymmetry and the nature of
dark matter. Measurements of cosmic rays are being done by the AMS-02 experiment
since its installation on the International Space Station. A first-time discovery of cosmic
antihelium would be a strong indicator of unknown antimatter sources in our Galaxy.
This thesis studies the low-energy region where antihelium has the advantage of having
a highly suppressed astrophysical background. This work discusses the techniques utilized
for identifying low-energy antihelium and demonstrates how any potential source of
background will be adequately suppressed. An antihelium exclusion limit for this low-

energy antihelium analysis is set with the results obtained.
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Chapter 1

Introduction

An important open question in modern physics is the asymmetry in the density between
antimatter and matter in the Universe. There is no clear explanation for this difference, but
one solution comes from the existence of antimatter objects in the Universe that has yet
to be detected directly [1]. Another issue in physics is the mysterious nature surrounding
Dark Matter. Dark Matter comprises most of the gravitational matter in the Universe and is
non-luminous. Studying these problems in physics would bring a better understanding of
the origin of the Universe and its evolution.

Cosmic Rays (CRs) are atomic nuclei that are products of energetic astrophysical
processes in our Galaxy, like supernovae explosions and supernova remnants [2].
CR antimatter is mostly comprised of positrons, created in pulsars, and antiprotons,
created from primary CRs interacting with the interstellar medium (known as secondary
production). AMS-02 has already detected antimatter in CRs like positrons, and antiprotons
[3-14] (and potentially antihelium [15]). Many Dark Matter (DM) models state that
the annihilation or decay of these candidate particles could create Standard Model (SM)
particles [16]. This means the signal from Dark Matter annihilation’s should contaminate
the flux of CR particles. The low flux of antiparticles allows the signal-to-background from

Dark Matter annihilation’s to be better. Antihelium is a heavier antiparticle that possesses
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a challenge in detection, due to its low production compared to lighter antiparticles.
Any detection at low energies would be signaling to sources beyond the standard model.
Winkler [50,68] discusses an aspect overlooked that could explain the potential antihelium
candidates at higher energies.

The Alpha Magnetic Spectrometer (AMS-02) experiment is a multi-purpose CR
detector mounted on the International Space Station (ISS) since 2011. The objective of
the experiment is to measure the flux of CRs and antinuclei in CRs over a wide energy
range in space.

The thesis will discuss the following in the next chapters. Chapter 2 provides the
background information on astroparticle physics and CRs. A description of the AMS-
02 experiment and its sub-detectors are also discussed. Chapter 3 details the methodology
for the low-energy antihelium analysis with Monte Carlo simulations and analysis of the
AMS-02 data from 2011 to 2021. Details on the background suppression from potential
sources and on the estimation of the antihelium exclusion limit determined are shown in
this chapter. Chapter 4 focuses on better understanding the geomagnetic cutoff rigidity at

low energies for antinuclei studies. Chapter 5 summarizes the results obtained in this thesis.



Chapter 2
Astroparticle Physics and AMS-02

2.1 Cosmic Rays

Light from the Sun and more distant stars was the main type of extraterrestrial radiation
known until the discovery of cosmic rays was made by Victor Franz Hess in 1912 [17,18].
Cosmic Rays are a unique type of radiation referring to highly energized charged particles
that the Earth experiences. Investigations into the nature and origin of CRs are helping to
reveal new astrophysical phenomena, and in unraveling the mystery surrounding the nature
of dark matter. The CR field is an important cross-disciplinary area of in-depth research
that is explored by particle and astrophysics to solar and planetary phenomena.

Cosmic Rays are atomic nuclei that are mainly composed of protons (86%), helium
(11%), and other elemental particles like electrons (2%) and neutrinos (less than 1%)
[20]. All other elements in the periodic table could potentially be found in CRs because
all elements can technically be produced during element formation. Cosmic Ray origin
is a problem that is still not completely understood, but some particles are known to be
produced and accelerated by astrophysical events in our Galaxy. The astrophysical sources
are very energetic like supernova explosions (SNE), supernova remnants (SNRs), pulsars,

accretion black holes, and active galactic nuclei (AGN). Primary CRs refer to particles
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Figure 2.1 Abundance of elements in cosmic-rays compared to elements in solar-system.
Figure from Reference [20].

that are essentially unaltered after being produced by an astrophysical source. Secondary
CRs are particles that are produced from primaries interacting with the interstellar medium
or by the decay of unstable nuclei. Figure 2.1 shows the abundance of elements in CRs in
comparison to the elements in the solar system. The abundance shown between CRs and the
solar system is comparable in their magnitudes except for some. The difference is apparent
in Lithium, Beryllium, and Boron (charge Z=3 to 5). These three light elements are more
abundant in CRs because they are secondary CRs that are produced by the fragmentation
of heavier nuclei, like Carbon and Oxygen, interacting with the interstellar medium. The
fluxes of nuclei from CRs have been measured by experiments like PAMELA and AMS-02

with great precision [22-29].



2.1.1 Antimatter in CRs

Antimatter has been detected in CRs and they account for less than 0.01% of particles. The
first experimental observation of antimatter was a positron, by Carl David Anderson while
studying CR tracks in a cloud chamber in 1932 [30]. Antiprotons would later be observed
in the Bevatron accelerator in 1955 [31] and soon after antineutrons. Antideuterons would
be the first antinucleus to be observed at the Brookhaven National Laboratory in 1965
[32]. Antiprotons and antideuterons are produced in our Galaxy as secondaries, although
antideuterons have not yet been detected in CRs. The first detection of antiprotons in CRs
would not occur until the late *70s by Golden et al. [4] and Bogomolov et al. [5] using
spectrometers. Antimatter is produced more commonly now in collider experiments. A
large portion of antimatter is in CRs that come from secondary production, but the flux of
antiparticles that reach the Earth is reduced. In recent years, experiments like PAMELA
[27,28], and AMS-02 [22-26] have moved CR measurements to the precision era. There is
still some ambiguity on whether antiprotons are purely of secondary origin or if they may

contain hints of originating from exotic sources.

2.1.2 Antimatter Asymmetry

Our observable Universe is matter dominated and the disparity in the density between
antimatter and matter makes this apparent. This difference in the observable Universe
still does not have a clear explanation and hinders the understanding of the evolution
of the universe. Antiparticles in CRs provide an intriguing method of learning about
the antimatter in our universe. A proposed answer to the discrepancy would come from
detecting antimatter regions in our Galaxy. A possible explanation suggests that anti-
clouds or anti-stars would be regions in our Galaxy that would be capable of creating

antiparticles [1]. This assumption is challenging because this type of source has not been
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detected before. Antiparticle detection is rare since they account for less than 0.01% of
CRs and cosmic antihelium in a low-energy region pose an enormous challenge with a
unique advantage. Antihelium is not produced as commonly as lighter, more abundant
cosmic antiparticles like positrons and antiprotons. Any detection of antihelium in CRs
would be an indicator of processes that could not be explained by standard methods. Thus,
low-energy antihelium in CRs are an excellent candidate for detecting antimatter objects in

our Galaxy that could emit antiparticles [2].

2.1.3 Dark Matter Motivation

Observations have shown that the observable Universe accounts for less than 5% of its mass
density. The Universe is comprised of Dark Matter (27%) and Dark Energy (68%) which
are non-luminous. This means that DM is roughly five times more abundant than standard
model matter and its nature remains a mystery [33-35]. Dark matter has been confirmed to
exist through observations of Galaxy rotations, Cosmic Microwave Background anisotropy,
gravitational lensing, and the movement of Galaxy clusters [36-44]. Understanding the
nature of DM would be important in understanding our Universe and its evolution. A
potential method of learning more about DM is through indirect detection.

Some models theorize that SM particles can be created through the annihilation or
decay of DM because DM was in thermal equilibrium with SM particles in the early
Universe [17]. The resulting particles would contribute to the regular CR flux and hence
provide a gateway to revealing the nature of DM. Final state DM-induced particles are
expected to be at low energies because of the low-velocity DM distribution near Earth.
Although this excess should be present in any type of cosmic radiation, the abundance
of matter from astrophysical sources limits its detection. The DM excess can have a

better signal-to-background in antiparticles because antimatter is less abundant in the
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Figure 2.2 Predicted antihelium flux from different Dark Matter models [47-50,68] and the
predicted background [51].

Universe than matter. It is in this context where antimatter, and particularly antihelium,
becomes a golden candidate to observe DM indirectly. The only possible source of
background for antihelium is secondary antihelium produced from CRs interacting with the
interstellar medium. However, antihelium has a high energy threshold for production and
the steep energy spectrum of CRs means that few particles would have sufficient energy to
produce secondary antihelium. Any that would be produced would have a relatively large
kinetic energy as shown in Fig. 2.2. Therefore, low-energy cosmic antihelium can be a
potential breakthrough approach for indirect DM searches. Some theorize that the excess
measurement in the positron fraction around 10GeV needs an additional source like DM to
explain, but this anomaly continues to be debated [45,46]. Thus, antihelium at low energies
would be an unambiguous signal for an exotic source like DM, that could not be explained

by standard models.



Figure 2.3 View of the AMS-02 experiment with the sub-detectors labeled.

2.2 The AMS-02 experiment

The Alpha Magnetic Spectrometer (AMS-02) is a space-based multi-purpose particle
detector that has been operating on the ISS since May 2011. The objective of the
experiment is to measure the spectrum of CRs from 500MeV/c to a few TeV/c momenta per
nucleon. Included in the mission of the experiment are the measurements for antimatter, the
origin of cosmic rays, searching for dark matter, and the investigation of new astrophysical

phenomena.

The AMS-02 had a successful precursor, AMS-01, that was boarded on the Space

Shuttle Orbiter Discovery for ten days in June 1998. The detector produced significant
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results by collecting over one hundred million cosmic ray events for roughly 180 hours
[52-56].

A schematic overview of the AMS-02 detector is shown in Fig. 2.3. The detector
contains a Transition Radiation Detector (TRD), a Time of Flight (TOF) system with
four layers, a permanent magnet, a nine-layer silicon tracker, an Anti Coincidence
Counter (ACC) array, a Ring Imaging Cherenkov counter (RICH), and a 3D sampling
Electromagnetic Calorimeter (ECAL). The AMS-02 uses a Cartesian coordinate system
with the origin located at the center of the magnet. The X-axis is parallel to the magnetic
field in AMS-02 while the Y-axis is perpendicular to the magnetic field. The Z-axis thus
corresponds to the vertical axis of AMS-02, with the positive Z region pointing towards the
TRD and negative Z pointing towards the ECAL. The Y Z plane is known as the “bending

plane” because the magnetic field deflects charged particles to this plane alone.

2.2.1 Transition Radiation Detector (TRD)

The TRD [57], at the top of AMS is used for distinguishing between electrons and protons
and can obtain the charge of light nuclei. Transition Radiation is the physical principle of
a charged particle emitting electromagnetic radiation when traversing through two media
that have different dielectric constants. This radiation is produced in the detector when
highly relativistic charged particles pass through the 20mm thick fleece radiator material
with a density of 0.06g/cm?®. The transition radiation photons are detected in proportional
mode by straw tube modules filled with a 90:10 Xe:CO, mixture. The TRD consists of 20
straw layers that are separated by the 20mm fleece radiators. Modules consist of 16 straw
tubes arranged in parallel with an inner diameter of 6mm and lengths up to 2m. There are a
total of 328 straw tube modules and 5248 proportional tubes. These layers are arranged in

a conical-shaped octagon structure as seen in Fig. 2.4. The top and bottom four layers are
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Figure 2.4 View of the entire TRD sub-detector.

arranged parallel to the AMS-02 magnetic field while the inner 12 layers are perpendicular
to the magnetic field to provide 3D tracking. The TRD separates electrons from protons by
their transition radiation intensity, which is proportional to the particle relativistic Lorentz
factor v = E//m. An analog pulse height readout is used in distinguishing the signal, and

electrons and positrons can be selected with 90% efficiency.

2.2.2 Time Of Flight (TOF)

The TOF [58-60] system provides the fast trigger signal to the experiment, shown in Fig.
2.5. It measures the velocity 5 and the absolute charge Z of charged particles and can
distinguish if a particle is going up or down concerning the detector’s coordinate system.
The detector is formed by four layers that contain 34 plastic scintillator paddles in total,
which are read out by fine-mesh Hamamatsu R5946 PhotoMultiplier Tubes (PMTs). Each
paddle is made up of EJ-200 polyvinyltoluene plastic scintillators, manufactured by Eljen-
Technology, which are 1cm thick. The Upper TOF (UTOF), comprised of layers 1 and 2,

is located above the magnet and below the TRD. Layer 1 contains 8 scintillator paddles
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Figure 2.5 The upper and lower TOF planes that make the TOF system.

oriented parallel to the magnetic field direction (X-axis) and Layer 2 has 8 scintillator
paddles oriented perpendicular to the magnetic field (Y-axis). The Lower TOF (LTOF),
comprised of layers 3 and 4, is located below the magnet and above the RICH. Layer 3
contains 10 scintillator paddles oriented perpendicular to the magnetic field and layer 4 has
8 paddles oriented parallel to the magnetic field.

Every layer has the central paddles being rectangular while the edge paddles are
trapezoidal to cover the AMS-02 acceptance. A paddle will vary in length between 117
to 134cm. The central paddles have a total of 4 PMTs at their ends, each end having 2. The
edge paddles for layers 1 and 4 each have 6 PMTs, and layers 2 and 3 have 8 PMTs each.
The TOF has a total of 134 PMTs and the layers being grouped help to avoid geometrical
inefficiencies.

A particle crossing the plastic scintillator will deposit energy that can be used to

determine the absolute value of the electric charge Z. The charge is measured by using the
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PMT anode signal that comes from both sides of a counter. The resolution from the TOF
for charge |Z|=2 particles is measured to be AZ=0.06. The TOF system reconstructs a
particle’s velocity v, where v=/{3c, from the precise time measurement ¢ = [,,/v of a particle
going from UTOF to the LTOF. The path length is obtained by [, = L/ cos §, where L is the
distance between the two TOF planes, which is 127.3 cm, and @ is the tracks zenith angle.

The timing is measured by:
L

t= .
cfcosb

2.1

Each counter has a timing resolution measured to be less than 180 ps and is parameterized

P2
a:\/?—l—Pf. (2.2)

The parameters P, and P, are equal to (159 £ 2)ps and (79 £ 1)ps respectively. Assuming

by:

that the time measurement has a Gaussian uncertainty, yield’s:

2 2 2
Oy 2,0y O cosh
— = L(— + /=) 2.3
t2 (”02 +C0829) 2.3)

This can then be simplified by the uncertainty in the zenith measurement being very small.

After dropping this term, the resolution for high velocity particles is:

o, c-cosf
=0

0. (2.4)

The velocity and direction measured for | Z|=2 particles have a resolution of AS3/5? ~ 2%.
The timing resolution of the TOF can check whether a particle is going upward or

downward at the 107 level, and is a fundamental aspect in searching for antimatter.
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Figure 2.6 View of AMS-02 cylindrical permanent magnet.

2.2.3 Permanent Magnet

The permanent magnet [61] is one of the most important pieces of AMS-02 as it bends
charged particle tracks with a magnetic field strength B = 0.149T to determine their rigidity
(momentum per charge). The magnet is recycled from the previous experiment, AMS-01,
and is comprised of 64 high-grade Nd-Fe-B sectors placed into a cylindrical structure that
has an inner diameter of 110cm and is 80cm long as seen in Fig. 2.6. The magnetic field,
about the AMS-02 coordinate system, points along the X-axis. The magnet is configured
in such a way so that the external magnetic field is negligible. The measured field strength
2m from the center of the magnet is measured to be less than 3G so the field outside should

not affect the station.

2.2.4 Silicon Tracker

The silicon tracker [61,63] measures the electric charge and the rigidity of particles with its
9 layers. The nine layers of the tracker are composed of double-sided silicon micro-strip

detectors that are 0.3mm thick as seen in Fig. 2.7. Layer 1 is located above the TRD, layer
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Figure 2.7 View of one of the silicon tracker layers.

2 is above the magnet and below the UTOF, and layer 9 is in between the RICH and the
ECAL. These single layers make three planes while layers 3 to 8 are arranged to form a
double-sided plane. Layers 3 and 4, 5 and 6, and 7 and 8 come in pairs and make up the
inner tracker inside the magnet along with layer 2 being above the magnet. The planes that
comprise the inner tracker are mounted onto a cylindrical carbon fiber structure so that they
can be set inside the magnet as shown in Fig. 2.8. A particle that passes through one of the
silicon trackers will produce a signal through the ionization at the plane. Each tracker plane
obtains an independent value of a particle’s absolute charge with the deposited ionization
energy proportional to the square of the charge (I o< Z?). The charge resolution from the

silicon tracker is AZ= 0.06 for charge two particles.

The ionization provides a signal that is used to estimate the traversing position of
a particle on the surface with an accuracy of 10um in the bending direction (Y) and
30pm in the non-bending direction (X). A laser system of 20 infrared beams monitors
the mechanical stability of the inner tracker with a position accuracy of 5um or better by

having a beam that penetrates all layers. The precise measurements of a particle by the
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Figure 2.8 The assembled inner tracker being set inside the magnet.

tracker planes, 3 planes inside the magnetic field and one outside, allow for the trajectory
of a particle that may bend in the magnet to be well determined. The rigidity of a charged

particle traveling through the detector is obtained by:

:—:B 2.
k== P (2.5)

The magnetic field intensity B and the trajectories radius of curvature p gives an
accurate value for the rigidity which has a resolution of 25% at 500 GV [62]. The
precise measurements of the silicon tracker are accomplished with its 2284 micro-strip
detectors which make 192 ladders that contain the silicon sensors, readout electronics, and

mechanical support for the planes.

2.2.5 Anti Coincidence Counter (ACC)

The ACC system surrounds the inner tracker, as shown in Fig. 2.9, to ensure particles

have a clean track reconstruction [64]. The system is placed in the inner bore of the
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Figure 2.9 Image of the assembled ACC.

magnet with a modular design that consists of 16 plastic curved scintillator panels. Each
panel is embedded with wavelength-shifting fibers and they have a dimension of 826mm
long, 230mm wide, and 8mm thick. A hit on the ACC could indicate that an event has an
unwanted particle coming from the side of the detector. Very high-energy events can have
hard interactions occurring in the inner tracker which would produce secondary tracks that
would exit through the side and trigger the ACC. The system provides information on
secondaries created by cosmic rays interacting with the detector and the backscattering on
the ECAL. The ACC gives a veto to a particle that travels through the side at the same time
as another particle passing through the inner tracker and TOF system. A veto in these cases

ensures the event is a clean sample with a detection efficiency greater than 0.9999.

2.2.6 Ring Imaging CHerenkov (RICH)

The RICH [65] sub-detector, located between the LTOF and the ECAL, is designed to
measure a particle’s charge and velocity (8). The top plane consists of two dielectric

radiators that are non-overlapping. The central area of the plane has 16 tiles of sodium
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Figure 2.10 View of the detection plane and the mirror in the RICH.

fluoride crystals that are Smm thick with a refractive index n = 1.33 surrounded by 92 tiles
of silica aerogel that are 2.5cm thick with a refractive index n = 1.05. The bottom plane
is composed of 680 4x4 multi-anode PMTs which detect the Cherenkov light emitted by
the cosmic rays that interact with the radiator and an empty rectangular area in the center
to match the area of the ECAL beneath it. The radiator (top plane) is separated from the
detection plane (bottom plane) by 46 cm and has a highly reflective conical mirror in the
inner lateral surface between them as shown in Fig. 2.10. The mirror reflects Cherenkov
rings that would otherwise not be visible back onto the detection plane to increase the
geometrical acceptance. Particles with a velocity that exceeds the threshold velocity of 1/n
emit Cherenkov light and these photons have an angle # concerning the direction of the
particle. RICH determines a particle’s velocity over a wide energy range by measuring the
Cherenkov angle with a high resolution of 0.001 on 3. The absolute charge of a particle
is deduced by the intensity of the Cherenkov light emitted making the light cone and can

obtain the charge for nuclei up to iron.

17



2.2.7 Electromagnetic CALorimater (ECAL)

The ECAL [66] provides precise 3D imaging reconstructions of showers initiated by
leptons and photons. The ECAL is located at the very bottom of the AMS-02 detector. The
calorimeter consists of 9 superlayers that are Imm thick lead interleaved with 10 layers of
scintillating fibers that are 1mm thick. Leptons and hadrons are separated by the ECAL
with a rejection power of 10* in the energy region from 1GeV to 1TeV with an energy

resolution parameterized by:

o(E) _ (10.4 +0.2)% & (1.4 +0.05)% (2.6)

E VE/GeV
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Chapter 3

Low-energy Antihelium Analysis

Antihelium in cosmic rays is a challenge to detect because of the disproportion of
antimatter in the Universe and the scarceness of heavier antinuclei. The lack of cosmic
antihelium gives it the unique advantage of also having a strongly suppressed astrophysical
background at the low-energy region being explored. This chapter discusses in detail the
different methods used to identify antihelium and how these methods suppress the potential
background that could appear.

Cosmic antihelium will be identified by looking at the reconstructed mass for events:

m=ZR %—1. 3.1
Z is the absolute charge of a particle obtained by the Inner Tracker and TOF. The charge is
assumed to be an integer when calculating the mass. R is the rigidity (momentum/charge),
and f is the particle velocity measured by the TOF which allows this work to investigate a
low-energy region.
Potential Background

For |Z|= 2, the expected particles are helium-4 and helium-3. Helium has the same

absolute charge as antihelium and is the most abundant CR that can fake antihelium.
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The tracker misidentifying the charge sign of helium CRs makes them potential sources
of background because they have the same |Z| as antihelium. A large helium-4 MC
sample is investigated to properly understand if and how a helium event can be incorrectly
reconstructed as antihelium.

Protons and antiprotons have a |Z|=1 and are the most abundant CRs for matter
and antimatter, respectively. Since these |Z|=1 particles are so abundant they could be
misreconstrcuted as antihelium if their charge is measured incorrectly. High-velocity
particles can have their charge sign misidentified because their track is not bent significantly
by the magnetic field. For low energies the confusion should be negligible. To ensure
that these |Z|=1 species are not misreconstructed as antihelium, a large MC sample for
antiprotons and protons is looked at.

For this work, two different methods will be discussed, a Standard cut and a Boosted
Decision Tree (BDT) method. The variables that are used for the Standard cut method are
adopted from the previous work in Ref. [67] for antideuterons. The cut regions are modified
to identify low-energy antihelium events. The BDT method selects good antihelium events
with quality track variables from the Standard method. The BDT method was incorporated
as an alternative way to search for antihelium events. It is incorporated into the Toolkit
for Multivariate Analysis (TMVA) which provides parallel processing of the training and
testing of events [70]. This would help to improve some of the cuts in the Standard method
that may be too restrictive that could be rejecting potential antihelium candidates. This
analysis is performed by working with Monte-Carlo simulations to build a framework that
is then applied to data to identify low-energy antihelium nuclei.

Minimum Cuts

Before discussing the methods used to search for the particle of interest, both methods

have some necessary cuts that must be applied to the data. These minimum cuts are required

to check that an event in data has the minimum number of required measurements and that
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the measurements were taken during times when the detector is operating normally. There
are a series of bad run cuts that are specific for an AMS analysis and these cuts exclude
runs that were tagged as bad. Another cut involves excluding flight times that are in the
South Atlantic Anomaly (SAA) region. In this region, the geomagnetic field is close to the
Earth’s surface, and this causes a high trigger rate. The other cuts are for checking that
events have AMS exposure time information, a physics trigger measurement, and a particle
track measured. The last cut is to verify a particle has entered from the top of the detector’s

field of view.

3.1 Standard cut method

This section discusses the implementation of a direct cut-based analysis, referred to as the
Standard method, to search for cosmic antihelium. The entire list of cuts applied for this
method is listed in Table [3.1]. The first group of variables looked at are the preselection
cuts. The preselection cut group requires events to have activated the physics trigger and
that the velocity (5) of a particle is in the TOF range. The physics trigger is built by having
4 out of 4 of the TOF planes to form a coincidence signal. The geometrical cut group is
important in verifying that a particle is within the detector’s volume. The first variable
checks the track’s zenith angle at layer 2 is in line with a CR entering from the top of the
AMS detector. The next variables check a particle’s zenith angle and the radial distance
obtained 100 cm below the center of AMS-02. The last variable for the geometrical cut
group checks that the position of an event at every tracker layer is within 2cm of the layer’s
length.
Charge cuts

The particle charge is important in identifying an event as antihelium. The particle

charge is obtained by the inner tracker and the TOF. The cut on the charge from the inner
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Table 3.1 Standard method selection criteria for low-energy antihelium analysis.

Variable Cut Group

Physics trigger = 1 Preselection cut
Velocity (53) > 0.5 < 0.85 | Preselection cut
Tracker Layer 2 theta < 45 | Geometrical cut
Tracker theta (at Z=-100cm) < 45 | Geometrical cut
Tracker radial distance (at Z=-100cm) < 80 | Geometrical cut
In Tracker Layers > 1 Geometrical cut
Inner Tracker Charge > 1.7 < 2.7 | Charge cut
UTOF Charge > 1.7 < 2.7 | Charge cut
LTOF Charge > 1.7 < 2.7 | Charge cut
Inner Pattern = 1 Inner tracker cut
Inner Tracker XY (Y) Hits > 4 Inner tracker cut
Tracker Track Normalized x? X > 0 < 5 | Inner tracker cut
Tracker Track Normalized x? Y > 0 < 5 | Inner tracker cut
x? X Difference (Kalman-Choutko) > -5 < 5 | Inner tracker cut
x? Y Difference (Kalman-Choutko) > -6 < 6 | Inner tracker cut
TOF clusters Associated with Particle | = 4 TOF cut

TOF BetaH Spatial Normalized ? > 0 < 2 | TOF cut

TOF BetaH Timing Normalized x> > 0 < 5 | TOF cut

TRD Electron Helium Log Likelihood | > 0.4 TRD Likelihood cut
ACC Hits < 1 | Interaction cut
Number of Tracks = 1 Interaction cut
Number of Particles = 1 Interaction cut

tracker, and the upper and lower TOF layer are wide. The lower bound charge limit removes
any particles that have a | Z|=1 and allows for any |Z|=2 particles that may have had their
charge value determined to be lower than expected. The upper bound value is allowed to
be much further away from |Z|=2 because no antiparticles heavier than antihelium can be
potential background in this region, but the limit still excludes any | Z|=3 particles.
Inner tracker cuts

The other selection groups are instrumental in verifying that a candidate event has a
good quality track. The first cut in the inner tracker group, the inner pattern, is an important

requirement that a particle hit all the inner tracker planes. This is useful in assuring the
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particle crossed the entire inner portion. The minimum number of inner tracker XY and Y’
hits associated with the AMS particle is 5. Since the inner tracker measured the charge and
rigidity of a particle, enough hits must be obtained to get good values. The normalized y? is
required to be less than 5 for the X fit, which is the non-bending plane, and the Y fit, which
is the bending plane. A x? fit compares the observed and expected track for the bending
(Y) and non-bending (X) direction. The x? value demonstrates the similarity between the
tracks and this information is important for knowing the quality of an event passing through
the detector. The tracker track fit is used in getting the inverse of the rigidity by determining
the radius of curvature of a track. The fitting algorithm for these tracker track fits uses the
Kalman method. The last two variables in the inner tracker cut group are to ensure that the
x? for the X and Y fit using the Choutko method are near those obtained with Kalman.
The Kalman method uses some information from the positions measured to predict where
the particle will go next. The Choutko method is a technique that is specific to an AMS-02
analysis.
TOF cuts

To ensure that the TOF reconstructs the best possible velocity value, the cuts in the
TOF cut group is important. The number of TOF clusters associated with an AMS particle
makes sure that all 4 TOF layers are used for the velocity reconstruction. The normalized
x? spatial fit is set to be less than 2 and 2 of the timing fit must be less than 5. The spatial
fit compares the tracker track to the TOF clusters. The timing fit compares the timing of
the TOF clusters with the tracker tracks.
TRD and Interaction cuts

The TRD likelihood cut is important in rejecting electrons from antihelium. The
TRD is used to suppress light mass mesons by the transition radiation produced from
highly relativistic particles. The signal measured by the TRD allows for the separation

to occur because it is proportional to the particles energy and mass. Light nuclei may
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Figure 3.1 Left: Acceptance distribution of antihelium MC after applying cut groups in
selection criteria. Right: Reconstructed mass distribution of antihelium MC multiplied by
the particle charge sign.

not contaminate the antihelium signal largely so a loose cut on the electron-helium log
likelihood is implemented to suppress background from these events. The number of
ACC hits cut in the interaction group is important for excluding events that may have
simultaneous particles crossing the AMS detector. Since the ACC surrounds the inner
volume of the detector, it helps in checking that only one particle travels the AMS-02 from
top to bottom and that no particle enters from the side of the detector. To avoid these
potential side-crossing particles from contaminating an event, no more than one ACC hit is
allowed in the selection. This, with the other cuts in the interaction group, guarantees that

an event has a single particle track detected.

3.1.1 Monte-Carlo analysis

Antihelium-3 Monte-Carlo (MC) was initially studied to build the framework to identify

antihelium in data. Figure 3.1 (right) shows the reconstructed mass distribution after
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Figure 3.2 Left: Reconstructed mass distribution of antiproton MC multiplied by the
particle charge sign. No events remain in the negative mass region. Right: Reconstructed
mass distribution from proton MC multiplied by the particle charge sign. No events remain
in the negative mass region.

applying all the cuts consecutively. The mass distribution, after all the cuts, is utilized to set
the mass region where antihelium should appear. After setting the expected mass region,
the acceptance from the antihelium MC is studied alongside the potential background MC.
The background MC is studied simultaneously to understand the effects of the selection
criteria. The acceptance is determined by dividing the generated rigidity distribution after
a selection cut by the generated rigidity distribution from the MC. The acceptance also
demonstrates the efficiency for the entire selection criteria as shown in Fig. 3.1 (left).

For the | Z|=1 particles, a MC with 2-10° events is used for antiprotons and 5-10° events
for protons. A MC with 120-10° events was used for studying helium-4. A larger MC was
looked at for helium because it is a particle with | Z|=2 like antihelium. Figure 3.2 shows
the reconstructed mass distribution for the antiproton (left) and proton (right) MC. Figure
3.3 is the reconstructed mass distribution for helium. Applying the charge cuts shows most

of the | Z|=2 events being suppressed. Since helium is a | Z|=2 particle, it is not suppressed

25



il

Il Preselection
B Geometrical
10% B Charge
E @ InnTrk
TOF

e
o
~
L AL

\‘ \HHU.L‘ \HHHIl L1l

10*

10°

102

4 6 8§ 10
Sign % Mass [GeV/c?]

Figure 3.3 Reconstructed mass distribution from helium MC multiplied by the particle
charge sign.
by the charge cut. However, the inner tracker cuts begin to increase the quality of the track
and this suppresses most of the misreconstructed events which are on the negative side
of the mass plot for helium. Looking at the |Z|=1 particle distribution shows that all the
events on the negative mass side disappear for antiproton and only a few events remain
for proton. The antihelium acceptance, in Fig. 3.1 (left), shows its distribution decrease
from the charge and inner tracker cuts. The acceptance is seen to decrease the most after
applying the cuts from the inner tracker group. Studying the cuts individually showed that
the inner pattern cut reduces the acceptance the most. This cut is important because it
requires an event to hit every plane from the inner tracker. While the inner pattern reduces
the efficiency of the selection it is important in suppressing misreconstructed events.

By applying the cuts in the order shown, the other cut groups do not seem to
contribute as much as the inner tracker group, but this is not the case. The other quality

cuts were analyzed, and they showed a comparable decrease in misreconstructed events
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as the inner tracker group when applied initially. This means the other groups are
just as important in removing bad tracks that could be misreconstructed as antihelium.
Looking at the reconstructed mass distributions demonstrates that these cuts do help in
removing even more misreconstructed events. The events that remain from the |Z|=1
MCs are misidentified events that are mistaken as |Z|=2 particles. The helium MC
also has misreconstructed events that have been measured to have a negative rigidity.
The acceptance from the antihelium MC does not decrease significantly after requiring
an improvement to the quality of an event. However, the antihelium MC still shows
misreconstructed events like the MC from the background being investigated. While
no particles from the background MC remain in the antihelium mass region, the current

selection does not completely negate bad tracks.

The misreconstructed events from the antihelium and background MC showed that
there was a disparity between the generated and reconstructed rigidity values. These
misreconstructed events that remain in all the MCs studied could be suppressed by using
more information from the TOF, TRD, and possibly RICH. The antiproton and proton MC
make it apparent that only utilizing the charge from the inner tracker and TOF is not enough
to completely remove |Z|=1 particles. Therefore, the charge and particle track measured
by the TRD could be useful to further suppress antiprotons and protons. The number of
extra hits measured on the TOF would further improve the quality of a track and this can
be used to suppress the misreconstructed events from the antihelium and background MC.
Studying the misreconstructed events showed that most of the bad events from the | Z|=1
particles and some of the bad | Z|=2 particles would be suppressed with the additional TRD
and TOF variables. A ring being measured at the RICH could be an indicator that the
particle measured is a high-velocity cosmic ray that has been measured incorrectly. These

variables would need to be studied more to see how they could improve the selection of the
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Figure 3.4 Reconstructed mass distribution for data using the selection criteria from the
Standard method.

Standard method. The acceptance of the antihelium MC would need to be studied closely

to continue improving its efficiency.

3.1.2 Data analysis and Exclusion limit

The antihelium exclusion limit is calculated to set a discovery limit with the Standard

method. The exclusion limit calculated is determined like the sensitivity by:

Nobs —b

—_ s (3.2)
AccTAFE

The antihelium exclusion limit is determined by using data taken between 2011 to 2021.
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Number of events N, is the number of events in data that are observed after the
entire selection criteria in the expected antihelium mass region. Figure 3.4 shows the
reconstructed mass distribution from 10 years of data after applying the Standard method
cuts sequentially like for the MCs. The distribution shows zero events remaining after these
cuts so the exclusion limit can be calculated. The events in the negative mass region showed
a difference in the reconstructed rigidity between the Kalman and Choutko methods, some
had extra interactions in the TRD, and some had extra hits on the TOF. No events remaining
could indicate that some cuts are too restrictive and including other variables could help in
the optimization of other cuts. Applying the Standard method to the background candidate
MCs showed no events being misreconstructed as antihelium. Therefore, the number of
background events b is set to zero for this analysis. This value could fluctuate when
determining its statistical significance. The antihelium exclusion limit is set at a 95%
confidence level by using the Feldman-Cousins [69] statistical approach. N, is set to

3.09 from the Feldman-Cousins 95% confidence level signal.

Energy region The low-energy region searched in this analysis for antihelium utilizes
the TOF’s precise velocity measurement. As mentioned in section 2.2, the TOF determines
the velocity of a particle () in the range from 0.5 to 0.85. The rigidity region studied from

the TOF range is determined using:

R=—+. (3.3)

Z is the absolute charge for antihelium, m is the expected mass for antihelium, S is the
velocity, and y=1/1/1 — $2. Hence, the rigidity region obtained is from 0.81 to 2.27GV.

The rigidity range from 1 to 2GV is focused on for this analysis. The energy region is
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Figure 3.5 Left: Interpolated acceptance distribution from antihelium after entire selection.
Right: Exposure time utilizing the IGRF geomagnetic cutoff calculation.

calculated from the velocity region using:

VR 7 — m

E = "

(3.4)

Again m is the expected mass for antihelium, Z is the absolute charge, R is the rigidity, and
A is the number of nucleons for antihelium-3. Thus, with the rigidity region chosen, the

energy range is from 0.21 to 0.69 GeV /n.

Acceptance The average acceptance (Acc) uses the antihelium MC acceptance
distribution after the entire selection and mass cut shown in blue in Fig. 3.1. The average
acceptance is determined by getting the acceptance value in the rigidity region of interest
every 0.05GV as shown in Fig. 3.5 (left). The average acceptance in the region of interest

is 0.077 m?sr.
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Figure 3.6 The number of events per rigidity bin from data and the helium-4 MC to
demonstrate the size of the MC will properly account for the events in data.

Exposure Time The average exposure time (7)) is determined like the Acc (Fig. 3.5
(right)). The exposure time is the amount of time the detector spends with cosmic rays
at certain rigidities. The exposure time is obtained from data that is above the cutoff
rigidity. The cutoff rigidity describes if a charged particle with a rigidity can enter the
Earth’s geomagnetic field or if it is deflected. This analysis uses geomagnetic cutoff values
determined by the International Geomagnetic Reference Field (IGRF) [72]. The cutoff
rigidity at a position is an effective value that takes the largest value from the directions
examined at a position on the magnetosphere. This value is multiplied by 1.2 for safety
to not need to use a value for a direction and to account for any uncertainties in the
measurements. In Chapter 4, the cutoff rigidity is discussed more. The average exposure

time is 6.896-10%s.
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Figure 3.7 The exclusion limit obtained with Standard method for 10 years. Predicted
antihelium flux from different Dark Matter models [47-50, 68] and the predicted
background [51].

The number of events per rigidity for the helium MC and data is compared to show that
the main source of background will properly account for data. The number of events per

rigidity for data is determined by:
dN/dR = Flux - T - AccGeo. 3.5)

The Flux refers to the helium flux measured by AMS, T is the exposure time at a rigidity
bin, and AccGeo is the geometrical acceptance of AMS which is 47.78m?sr. Figure
3.6 shows that the helium MC statistics are large enough to explain the current number
of events per rigidity bin from data. The high MC statistics can be used to study any
effects that would appear in data between 1 to 2GV. This is applicable for 10 years of

data being used for this analysis and with the exposure time distribution utilizing the
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IGRF geomagnetic cutoff. The exclusion limit with the Standard method is 1.2-107°
(GeV /n-m?sr-s)~'with a 95% confidence level. Fig. 3.7 shows the exclusion limit for
10 years of data from AMS-02 with the predicted antihelium-3 fluxes from Dark Matter

and background models [47, 48, 50, 51, 68].

3.2 BDT Method

Another method to search for antihelium was explored because the Standard method leaves
no events remaining in the expected antihelium mass region. To make sure that the
selection criteria cuts are not too restrictive, a Toolkit for Multivariate Analysis (TMVA)
was explored [70]. TM VA provides an environment for parallel processing and application
of multi-variable classification and multivariate regression techniques with TM VA version
4 (TMVA 4). With TMVA 4, the Boosted Decision Tree (BDT) algorithm was incorporated
to select good track events to give any antihelium candidates identified confidence in the

quality of the track.

A decision tree [70] is a binary tree-structured classifier that repeats yes/no decisions
one variable at a time until a stop criterion is fulfilled. The phase space created from
the variable is split into multiple regions that are then classified as signal or background
properties. A Boosted Decision Tree is the culmination of multiple decision trees, which
make a forest. The trees are weighted and combined into a single classifier that denotes
the signal and background percentage (will be referred to as BDT value). The BDT will
be trained to continue suppressing any background events with the training and testing
provided by TMVA 4. Additionally, the BDT should improve the antihelium acceptance

with its optimization of cutting on the variables being used.
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Table 3.2 Initial cuts, from standard methods selection criteria, applied to data used to train
BDT.

Variable Cut Group

Physics trigger = 1 Preselection cut
Velocity (53) > 0.5 < 0.85 | Preselection cut
Tracker Layer 2 theta < 45 | Geometrical cut
Tracker theta (at Z=-100cm) < 45 | Geometrical cut
Tracker radial distance (at Z=-100cm) < 80 | Geometrical cut
In Tracker Layers > 1 Geometrical cut
Inner Tracker Charge > 1.7 < 2.7 | Charge cut
UTOF Charge > 1.7 < 2.7 | Charge cut
LTOF Charge > 1.7 < 2.7 | Charge cut
Inner Pattern = 1 Inner tracker cut
TRD Electron Helium Log Likelihood | > 0.4 TRD Likelihood cut

3.2.1 BDT training with data

The BDT utilized in this analysis works to separate good (signal) and bad (background)
tracks by the mass of an event. The BDT uses a small sample of data to build the technique
to select good tracks. The good tracks are defined as being in the mass region between 3.5
and 3.7 GeV /c* and bad tracks are events that have a mass larger than 6 GeV /c?. The mass
region for the good tracks is where helium is expected and it was chosen based on the low
background contamination from |Z|=1 particles. Helium has the second-largest abundance
in CRs and the same absolute charge as antihelium. The mass from helium is not near the
reconstructed mass expected for antihelium so this will remove bias that could occur when
checking the complete data set for antihelium. The mass region for the bad tracks is away
from the expected helium mass so they would be misreconstructed helium. The BDT is
trained from data events that remain after applying the initial cuts in Tab. 3.2. The initial
set of cuts applied are identifiers for a |Z|=2 particle and for events to have a minimum
quality for the track. This is why the bad tracks can be treated as misreconstructed helium.

As described in section 3.1 for the Standard method, the cuts on charge and TRD likelihood
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are useful for selecting particles with |Z|=2. The other cuts that are shown in Tab. 3.2 are

to ensure a particle is passing through the detector while remaining inside its volume.

The BDT is trained with the quality track variables in Tab. 3.1 from the interaction
group, TOF group, and most of the inner tracker group. From the total number of events
available from the sample, the events are separated initially based on their mass. After
separating the events into each group of signal or background, the events in the group are
split in half. The BDT takes one-half of each of the groups to begin its training and checks
the values for the variables input for training. The training uses the TMVA 4 parallel
processing to apply the BDT algorithm. The BDT is separating a variable into being signal
or background by essentially asking many yes or no questions. TM VA 4 ranks the variables
in this process on how important their value is for an event to be classified as signal or
background. Once this part of the training is complete the other half of both groups are
tested to verify how well the events are separated. A new ranking list with values is given
for the variables trained that are likely to correspond to a good or bad track. TMVA 4
creates various plots for the BDT that demonstrate the separation between good (signal)

and bad (background) tracks as shown in Fig. 3.8.

Figure 3.8 shows the signal and background efficiency as a function of the value
from the BDT. From this plot a minimum BDT value is selected based on the signal and
background efficiency values. The BDT value that has a high signal efficiency with a
low background efficiency is chosen to be the minimum BDT value that will be cut on.
A minimum cut on the BDT value is chosen at 0.08 because the background and signal
efficiency are roughly 0.05 and 0.8 respectively. This minimum cut accompanies the initial

cuts in Tab. 3.2, and this is referred to as the BDT method.
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Figure 3.8 Signal (blue) and background (red) efficiency as a function of the BDT value.

3.2.2 MC with BDT

The antihelium and background MC are examined with the established BDT method built
from data. Figure 3.9 shows the reconstructed mass using the BDT methods selection and
includes the Standard methods distribution for comparison. Fig. 3.9 shows the acceptance
after the BDT method with the cut on the expected mass region to properly compare with
the Standard methods acceptance distribution. These figures show that the BDT method is
comparable to the Standard method. The average antihelium MC acceptance from the BDT
method is 0.089 m?sr. The acceptance using the BDT method shows a 15.6% increase from

the Standard method’s value.

Next is checking the MC from potential background to ensure the background remains
suppressed. The antiproton and proton MC reconstructed mass distributions are in
Fig. 3.10. Like the Standard method, the |Z|=1 particles are suppressed from being
misreconstructed as antihelium. Figure 3.11 shows the mass distribution from the helium
MC and no helium remains in the antihelium mass region. Like the reconstructed mass

distribution with the Standard method, there are some misreconstructed events in the
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Figure 3.9 Left: Reconstructed mass distribution for antihelium MC with the BDT method.
Right: Antihelium MC acceptance that has comparison between BDT and Standard
method. BDT includes the cut on mass like in Fig. 3.1.

antihelium and background MC. Since the BDT method was able to improve the average
antihelium acceptance and continue to suppress the background MC; the improvements that
were discussed in section 3.1.1 could be utilized in the BDTs training. Using the particle
track and charge information from the TRD, and the number of extra hits measured on the
TOF could improve the BDTs selection when applied to the MC. The measurement of a
ring at the RICH is another component that could verify the type of event that is being

measured. These variables could help the BDTs training and help with its selection.

3.2.3 Data with BDT

After applying the BDT on the antihelium and background MC, the complete data set
analyzed in the Standard method is analyzed with the BDT method. Figure 3.12 shows the
mass distribution from data with the result from the Standard method to compare. Three

events from data remain with the BDT method. The properties of these events are checked
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Figure 3.10 Left: Reconstructed mass distribution for antiproton MC with the BDT
method. Right: Reconstructed mass distribution for proton MC with the BDT method.
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Figure 3.11 Helium MC reconstructed mass distribution with the BDT method.
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Figure 3.12 Reconstructed mass distribution for data with the BDT method.

to understand why they do not appear in the Standard method. Looking into this reveals that
all the events have a bad value for at least one quality track variable. An event display for
one of the three events is shown in Fig. 3.13. This event has a bad x? value in the bending
plane (Y) from the Choutko algorithm. Figures 3.14 and 3.15 are the other two events
from data that were observed in the antihelium mass region. The second event had two
particle tracks measured and the third event had two hits on the ACC. These events would
need to be investigated further. Including the additional information from the sub-detectors
discussed could improve the BDTs ability to choose better-quality tracks and learn more

about the events observed.
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Figure 3.13 Event display of one event in data that remains after BDT cut. Event has a bad
x2 Y value with the Choutko algorithm.
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Figure 3.14 Event display of second event in data that remains after BDT cut. Event had
two particle tracks measured.
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hits on the ACC.

41



Chapter 4

Geomagnetic Cutoff Rigidity

Cosmic Rays are highly abundant, and their origin is difficult to discern. Any CRs that
come to Earth will experience the Lorentz Force caused by the Earth’s magnetic field. The
rigidity value where particles are either deflected away or enter the Earth’s geomagnetic
field at a particular point is known as the cutoff rigidity [71]. The measured rigidity of a
particle is checked to be above the cutoff rigidity to distinguish between Galactic CRs and
albedo space radiation. Galactic CRs are cosmic rays that come from outside the Earth’s
magnetosphere and are above cutoff. Albedo space radiation is another class of CRs that
are created by the Galactic CRs interacting with the Earth’s atmosphere. These CRs are
unable to escape the Earth’s magnetosphere and can collide with the atmosphere again
before they decay [71].

AMS-02 uses the IGRF magnetic model for the cutoff rigidity and applies a factor of
1.2 to the cutoff value for safety. This is done so the cutoff does not need to be computed
for a specific direction. By doing this some low-rigidity cosmic rays will be passed over.
Since AMS-02 is aboard the ISS, it already covers a few regions where low-rigidity cosmic
rays are plentiful. Therefore, the AMS-02 exposure time at low rigidities is reduced which

affects the study of antihelium. A new method of calculating the geomagnetic cutoff will
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be done with PLANETOCOSMICS. This technique will obtain a cutoff value that depends

on the direction and position to improve the exposure time at low rigidities.

4.1 PLANETOCOSMICS

The PLANETOCOSMICS [74] software is a simulation framework that computes the
propagation of charged particles in the magnetosphere, computes the flux of particles
created by the interaction between cosmic rays with the planet’s atmosphere, computes
the energy deposited by cosmic ray showers in the planet’s atmosphere, and visualizes the
trajectories of primary and secondary particles in the environment. Models for the magnetic
field and atmosphere can be incorporated into the PLANETOCOSMICS framework, and
the magnetic field used for simulations has an internal and external field component
[72]. The internal field from the internal sources of a planet is implemented into the
simulation with the IGRF magnetic field model that uses the magnetic field measurements
that are provided by the International Association of Geomagnetism and Astronomy [72].
The external field incorporates the Tsyganenko and Sitnov [75], TSY04, magnetosphere
model. The TSY04 model was included by von Doetinchem and Yamashiro [76] into
PLANETOCOSMICS and it accounts for the influence of charged particles that the sun

emits from its solar wind on the magnetic field which increases at higher altitudes [77].

A back-tracing method is used for verifying whether a particle’s track is allowed or
forbidden. The particle is traced backward from a starting point inside the Earth’s magnetic
field and the path of the particle is tracked from an initial direction and rigidity as seen in
Fig. 4.1. A track is labeled as allowed if the particle travels through the magnetic field
(purple line in figure) and a track is forbidden if it remains trapped by the magnetic field

(red line in figure).
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Figure 4.1 Visual by PLANETOCOSMICS of tracks being back traced at a position for a
direction at different rigidity values.

The original method of obtaining a cutoff value would check rigidities in linear steps
of 0.1GV from 0.1 to 100GV. This would provide R, Ry, and R¢ for a direction. Ry,
and Ry are the rigidity values that represent the lowest and highest computed forbidden —

allowed transitions. R is the effective cutoff rigidity and is determined by:

RC = RU - nallowedAR- (41)

AR is the uniformly spaced rigidity intervals and 72,;,,,¢q 1S the number of allowed rigidities
found between R; and R;;. Therefore, R contains information about R; and Ry and
satisfies the inequality R;, <Rs <Ry. AMS-02 uses the maximum R for an area of
directions examined at a position and multiplies it by a safety factor of 1.2 to consider any
small changes or uncertainties in the measured rigidity. By using this safety factor, the
cutoff rigidity for a certain direction is not being considered and would neglect smaller

rigidities than the maximum cutoff value.
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Table 4.1 Direction and position binning that is used for the cutoff rigidity analysis.

variable range step size
sin(latitude) -1-1 0.1
longitude 0-360° 20°
azimuth 0-360° 20°
cos(zenith) -0.2-1 0.1

4.2 Cutoff Analysis

This new technique will be considering the position and direction for the cutoff rigidity
calculation. The starting position of a particle is described by the altitude, latitude, and
longitude on the Earth. The incoming direction of a particle is described by the zenith and
azimuth angle at the starting position. Table 4.1 shows the parameters for the directions
and positions that are used for this analysis. The sine of the latitude is employed to check
the positions near the equator more than at the poles because the path of the ISS is around
the Earth’s equator, within the latitude of 51.6°. The directions being investigated go below
zero for the cosine of zenith because tracks could arrive at a given position from below the
local horizon and be allowed as shown in Fig. 4.2 (left). For this analysis, the geomagnetic
cutoff will be determined during the period that the AMS-02 on the ISS, starting with its

installation on May 19, 2011.

A geomagnetic cutoff value is determined at a given position for any incoming
direction. The new method explores rigidities in a logarithmic scale from 0.1 to 100GV
(100 to 100,000MV) and provides a histogram per direction analyzed as shown in Fig. 4.3
(started by Ref. [73]). The minimum and maximum rigidity are converted to log scale
with log1o(R) and there are 75 bins between the extremes. The probability of a forbidden
track for the histogram is determined by checking 50 different rigidity values within a bin.

The forbidden probability values are calculated by taking the ratio of rigidity values that
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Figure 4.2 Left: Trajectory of a particle reaching the starting position from a direction that
is below the local horizon. Right: Example of how a circular cone at a position in the
magnetosphere would look for a rigidity R (right cone is forbidden cone). Images from
Ref. [78]

are forbidden and dividing them by the number of values checked. The new method starts
by checking the bin that contains the Stgrmer cutoff rigidity and then analyzing the larger
rigidity values. The Stgrmer cutoff rigidity refers to Carl Stgrmer’s [79] definition, that at
any point in a dipole magnetic field there exists a circular conical shell of directions that are
forbidden for rigidities smaller than R as depicted in Fig. 4.2 (right). This means that at a
chosen position in the magnetosphere and for a fixed direction there is a “forbidden cone”
with a Stgrmer cutoff rigidity (Rg). The Stgrmer cutoff rigidity is the rigidity R where all
the trajectories are forbidden for smaller rigidity values than Rg because they are within the
forbidden cone. Once all the larger values than g are studied, the smaller rigidity values
are looked at. This new method assumes that if there are three consecutive bins to the
right (left) of the starting bin, with a forbidden probability of exactly zero (one) then all the
larger (smaller) rigidities will have that probability. This is assumed from the discussion of
the forbidden cone that contains an Rg for any direction. To ensure this assumption does
not set the probability for an entire region of rigidities that may have a different at a larger
or smaller value, some larger and smaller rigidity bins are analyzed for a few values. If

the probability from the small sample is not zero (one) then all the bins up to that rigidity
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Figure 4.3 Forbidden probability histogram for a position (altitude [km], latitude [deg],
longitude [deg]) and direction (zenith [deg], azimuth [deg]).

value are analyzed normally. Another detail with this new method is that if a forbidden
probability is not zero or one then 3 times as many rigidity values in that bin are looked
at to get a more accurate probability value. This is done to make the computation more

efficient, by not requiring a large number of rigidity values to be checked for every bin.

The cutoff rigidity for a direction is obtained by finding the rigidity value that is below a
forbidden probability and the larger rigidity values remain below that forbidden probability.
The cutoff rigidity value for Fig. 4.4 with an allowed probability of 100% (probability of
forbidden track is zero) would be approximately 0.72GV. The dashed lines in the plot show
the original method’s effective cutoff multiplied by a factor of 1.2 for each direction shown.
This demonstrates that multiplying the effective cutoff by a safety factor excludes some
low-rigidity CRs. This safety factor is applied to the largest effective cutoff at a position,

so the current cutoff that AMS-02 uses does not consider the direction of a particle. Thus,
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Figure 4.4 Forbidden probability plot used to get more accurate cutoff rigidity value.
Dashed lines show the effective cutoff rigidity obtained by original method.

this new method can incorporate direction-specific cutoff values to improve the exposure
time at low-rigidity regions being explored by antinuclei studies.

By checking all the directions mentioned in Tab. 4.1, the cutoff rigidity values can be
plotted onto a histogram for a position as shown in Fig. 4.5 (left). This step is repeated for
all the positions on the Earth being checked to create a map of the average cutoff rigidity
as shown in Fig. 4.5 (right).

The next step that this work can do is to have these cutoff rigidity maps every 100 days
from the installation of the AMS-02 on the ISS. Determining the improvement that would
be caused by using the cutoff rigidity calculated with the new method. This would provide
Figure 4.2 shows the cutoff rigidity map for the first day on May 19, 2011. Using the
new method described the cutoff rigidity can improve the exposure time for the low-energy

region explored for antinuclei by experiments like AMS-02.
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Figure 4.5 Left: Cutoff rigidity, with 100% allowed tracks, histogram created by looking
at all directions for a position. Right: Cutoff rigidity map for May 19, 2011, for 100%

allowed tracks. The black dashed lines demonstrate a |Latitude| < 51.6° which the ISS
travels.
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Chapter 5

Conclusion

5.1 AMS-02 Antihelium Exclusion limit

This work discussed the importance of searching for antihelium in cosmic rays at low
energies as an indicator for new physics. The research focused on creating a method for
identifying antihelium in a low-energy region with AMS-02. Analyzing MC simulations
was the first step in creating a framework to search for antihelium candidates. The MC from
antihelium was used to provide the efficiency for the implemented selection criteria and to
set a region in mass where cosmic antihelium are expected. The helium MC was used
to check how the main source of background would be suppressed with the cuts applied.
The antiproton and proton MCs were studied to check that they are properly suppressed by
the resolution of the charge obtained by the Inner Tracker and the TOF. Two methods to
identify antihelium were utilized for this work.

The standard cut method utilized to search for antihelium showed that no events from
the helium MC would appear in the expected antihelium mass region. The average
acceptance from the antihelium MC in the energy region of 0.21 to 0.69GeV/n was
0.077m?sr. The data checked with the standard method showed no cosmic ray events

remaining in the expected antihelium mass region. The exclusion limit with a 95%
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confidence level was calculated to equal 1.2:107° (GeV/n-m?sr-s)~! with Feldman-
Cousins statistics.

A Boosted Decision Tree algorithm was explored as a method to select good antihelium
candidates after applying some initial cuts that are identifiers |Z|=2 particles. The BDT
was trained to pick the best quality tracks for |Z|=2 particles. Results from the BDT
method showed the average acceptance to equal 0.089m?sr which is an increase of 15.6%
in comparison to the standard method. The BDT method could suppress the background
from the helium MC and leave three potential antihelium events in the data. These events
in data all had at least one quality track variable that would be unfavorable.

Next Steps in Antihelium analysis

The Standard method left misreconstructed events after applying the entire selection
criteria in antihelium, helium, antiproton, and proton MC. The events remaining in the
antiproton and proton MC are on the positive side of the reconstructed mass plots. The
helium MC had a few events remaining on the negative side of the reconstructed mass plot.
The antihelium MC showed a few events remaining on the positive side of the reconstructed
mass plot. These misreconstructed events all had the same issue where the generated and
reconstructed rigidity values are different. Including the number of tracks from the TRD,
the charge from the TRD, and the number of extra hits from the TOF would suppress most
of the misreconstructed antiproton and proton MC events. This information would remove
some of the antihelium and helium MC events. The RICH could also be useful in ensuring
that a Cherenkov ring is not created. This would be important in verifying the type of
particle that is being measured. The Standard Method could then modify some of the other
quality track variables to improve their efficiency and selection for identifying antihelium
in data. The Standard Method could then modify some of the other quality track variables
to improve the efficiency of the antihelium acceptance and for identifying antihelium in

data.
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The BDT method showed an improvement in the average antihelium acceptance and left
some events in the data, but it also showed misreconstructed events in all the MC samples.
The misreconstructed events in the MC samples had the same issues as those discussed
for the Standard method, where the generated and reconstructed values were different.
Including the additional information from the TOF, TRD, and RICH would be beneficial
in the BDTs training. Since the BDT was trained with the variables used in the Standard

method then it could be used to optimize its selection with these additional variables.

5.2 Cutoff Rigidity

The geomagnetic cutoff was studied to better understand the cutoff rigidity for low-energy
antinuclei studies. This work began by implementing a new method of checking the rigidity
values for particles at a given position and incoming direction. Figure 4.4 showed that the
new method of obtaining the cutoff rigidity is better for allowing more lower rigidities
compared to the effective cutoff that is multiplied by a safety factor. By using direction-
specific cutoff values, the exposure time can be improved for low-energy antinuclei studies
by experiments like AMS-02. The cutoff analysis was able to properly run for May 19,
2001, the first day of AMS-02 operation, as shown by Fig. 4.2. The next steps for this
work would be to check other dates during the AMS-02 flight time with the new method

and to quantify the improvements from this new method.
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