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Abstract

The p=p ratio published by AMS-02 shows an excess of p at rigidities above 60 GV, which
can potentially be from WIMP annihilation. To that end, one has to decouple the contribution
of secondary p coming from standard p + He=H ¥ p + X process. However models com-
puting the latter component are affected by astrophysical and nuclear uncertainties. To reduce
the former, the 10g¢= oge ratio is calculated by analysing 10 years of AMS-02 Be data. A
set of selection criteria is developed to extract a pure sample of Be, and a fit model is con-
structed to extract the counts of the Be isotopes viz. Be, °Be, and °Be. Additionally, the
detector acceptance is computed using the AMS-MC datasets for Be, and the RTI information
from the AMS-02 data is employed to calculate the exposure time. Using these components,
the detector level fluxes are calculated for each of the isotopes which is then unfolded using a
Bayesian iterative unfolding procedure to extract the particle level fluxes. These fluxes are then
utilised to compute the ratios, 10ge= 9ge and 7ge= TomiBe- Lhe former is compared with
various theoretical models for computation of galactic halo sizes from the 10g¢= oge ratio;

which suggests that the AMS-02 results severely challenges our understanding of halo sizes.

Furthermore, for the measurement of the p production cross-section, p beam at various energies
from the CERN Super Proton Synchrotron are directed at a liquid He target within the COM-
PASS++/AMBER experimental hall. For this purpose, the COMPASS-RICH detector is used
for p identification. As such, a Monte-Carlo simulation of the detector is developed in Geant4,

and a reconstruction algorithm is written. This work is presented as an appendix to the thesis.






Acknowledgement

Enrico Fermi, one of the prominent figures of modern physics, has had a profound influence
on me. He is among the rare breed of physicists who had made significant contribution to both
Experimental and Theoretical physics. Inspired by his work and legacy, three years back, I
made the life-changing decision to switch from Gravitational Physics to Experimental High
Energy Physics. As expected, this transition posed severe challenges, but the people around me
supported me in various measures, making it an enjoyable and horizon-widening experience.
Foremost, I would like to express my heartfelt gratitude to my supervisor, Prof. Paolo Zuccon,
who bestowed his trust on me, and guided me through the Ph.D. journey. He helped me unlock
my potential to work on multiple projects, and provided me with significant autonomy in con-
ducting my research. I would thank him for his patience in dealing with my trivial curiosities,
and engaging in discussion of results at all hours.

The succesful completion of this thesis wouldn’t have been possible without the invaluable su-
pervision of Dr. Francesco Dimiccoli. He not only guided me through the intricacies of data
analysis, but also provided guidance on academic life. I am aware, I have tested his patience on
many occasions, but he dealt with them calmly and clarified my concepts with utmost kindness
and dedication.

I must acknowledge the significant contribution of Dr. Francesco Nozzoli for his important in-
sights into various aspects of analysis. He was always enthusiastic in providing me with great
suggestions and advise that has helped shaped my work, and thesis. I am also grateful to him
for his assistance in managing the CERN missions for detector shift.

During my time at CERN, I was fortunate enough to be part of two exceptional collabora-
tions, AMS-02 and AMBER. I extend my gratitude to the team of Engineers and Scientists
who ensured the success of these experiments. In particular, I would like to acknowledge the
extraordinary leadership of Prof. Samuel Ting, a Nobel laureate, and a man of inexhaustible
energy and scientific rigor. I am also thankful to Dr. Mercedes Paniccia, Dr. Jiahui Wei, and
Manbing Li for their scientific collaboration and insightful discussions.

Furthermore, I would like to express my gratitude to my family- Mom, Dad and my elder
brother- for their constant support over video calls and heartfelt prayers for my success. My
friend, Chiranjeeb, was a steadfast companions during the ups and downs of my Ph.D. journey.
Additionally, Alessio, Jeevan, Ali, Revanth, Joel, Rawlings, Raktim, Preetam, Manas, Nirab,
Syed, Adhiraj, Tirtha, Darpan, Partha, Himangshu, Sagar, Ayub and Manash played an invalu-
able part in preserving my sanity.

Words fail to describe my gratitude towards Kakoli who not only encouraged and supported
me during the Ph.D but also patiently bore the brunt of my Ph.D. stress.






Contents

1 Intr tion 27
1.1 OVEIVIEW . . . o e e e 27
2 Cosmic Rays and Propagation Models 32
2.1 Abriefpeakintohistory . .. ... ... ... 32
2.2 COoSMICRAYS . . . . . i e 37
2.21 Composition . . . . . ... 37
2.2.2 Energy Spectrum . . . . ... 39
2.3 Cosmic Ray Sources and Acceleration Mechanisms . . . . .. ... ...... 41
2.3.1 Second Order Fermi Acceleration . . . ... ... ... ........ 42
2.3.2 First Order Fermi Acceleration . . . . . ... ... ... ........ 44
2.4 Galactic Propagation of CosmicRays . . . . . . ... . ... ... ... ... 47
2.4.1 Galactic MagneticField . . ... ... ... ... ... .. ... . 48
2.4.2 De ection of Cosmic Rays by Magnetic elds. . . . . ... ... ... 49
2.4.3 Cosmic Ray Propagationequation . . . . . ... .. ... ....... 50
2.4.4 ThelLeaky-BoxModel . . . ... ... ... ... .. ... ...... 51
2.4.5 Numerical Solution of Transport Equation . . . . . . ... ... .. .. 52
2.5 Heliosphere and Solar Modulation . . . . . ... .. ... ........... 53
2.5.1 The Force-Field approximation . . . ... ... .. .......... 57
2.6 Magnetosphere and Rigidity Cutoff . . . . . ... ... ... ......... 58
2.7 Cosmic Ray Composition as a Tool for Astrophysics . . . . .. .. ... ... 61
2.7.1 Unstable Secondary to Stable SecondaryRatio . . . .. ... .. ... 62
2.7.2 Back of the envelope thumb rules for CR transport . . . . . . ... .. 65
2.7.3 BerylluminCosmicRays . . . ... ... ... ... ... ...... 66
2.8 AntimatterinCosmicRays . . . . . . . . . ... 69
3 The AMS-02 Experiment 73
3.1 Introduction . . . . . . . . .. 73
3.2 The AMS-02Detector . . . . . . . . . . i i i e 74
3.3 ThePermanentMagnet . . . . . . . . . . . . .. 76
3.4 Silicon Tracker Detector . . . . . . . . . . . . . ... 77
3.5 The Transition Radiation Detector (TRD) . . . . ... .. .. ... ... ... 79
3.6 The Time-Of-Flight (TOF) . . . . . .. ... . ... .. .. ... . .. .... 81
3.7 Anti-Coincidence Counter (ACC) . . . . . . . . . . i vt 83



3.8 The Ring Imaging Cherenkov Detector (RICH) . . . .. .. ... ... .. .. 84

3.9 Electromagnetic Calorimeter (ECAL) . . . . . . . . .. . ... ... ..... 86
3.10 Trigger Logic and Data Acquistion System . . . . . . ... .. ... ..... 88
3.10.1 TheTriggerLogic . . . . . . . . . . . . it 88
3.10.2 Data Acquisition System (DAQ) . . . . . . . . . ... 89
3.10.3 Livetime . . . . . . 90
311 DataTaking . . . . . o o e e 91
3.12 Data Processing and Event Reconstuction . . . . .. ... ... ........ 92
3.13 AMS-02 Monte Carlo Simulation . . . . .. .. .. ... ... ........ 93
AMS-02 Be Isotope Data Analysis 95
4.1 DataReconstruction. . . . . . . . . . . ... 95
4.1.1 DataReduction (Trigger) . . . . . . . . . i 95
4.1.2 Geomagnetic Environment and timestamp (RTI) . . ... ... .. .. 96
41.3 AMS-02 Monte-Carlo Simulations. . . . . ... ... ... ...... 96
4.1.4 General Quality Selections . . . . . .. ... ... . ... ... ..., 97
4141 TimeandLocationBasedcuts. . . ... ... ........ 97
4.1.4.2 Event Geometry and Reconstruction Selections . . . . . .. 98
4.2 Identication of BeryliumEvents . . . .. ... ... ... .......... 99
4.2.1 Principal Signal Puri cation with Charge (Inner Tracker) . . . . . . .. 99
4.2.2 Background from Heavy Nuclei Fragmentation . . . . . ... ... .. 102
4.2.3 Reduction of Fragmentation Background . . . . . ... ... ... .. 102
4.2.4 Contamination from Interacting Heavier Nuclei . . . . . . . . ... .. 105
4.3 Isotopic Distinction with AMS-02 . . . . . . . . .. .. ... .. .. ..... 106
431 TheMassFormula . ... .. .. ... ... .. .. ... .. ..... 107
4.3.2 Rigidity(R) . . . . . . e 107
4.3.2.1 MeasuringRigidity . . . ... ... .. ... ... ..., 108
4.3.2.2 Track Quality Selections: Improving tReResolution . . . . 108
4.3.2.3 Final Rigidity Resolution . . . . .. ... ... ....... 109
4.3.3 Velocity . . . . ... e 112
4.3.3.1 \Velocity Measurement . . . . .. .. ... ... ... ..., 112
4.3.3.2 ToF Measurement and ToFResolution . . . .. ... .. 113
4.3.3.3 RICH Measurementand RICHresolution . . . ... .. 115
4.3.3.4 RICHCharge Measurement . . . . ... .. ......... 119
4.3.4 Beta and Energy per Nucleon Range for the Analysis . . . . .. .. .. 119
4.4 Data Selection Summary and Final Mass Distributions . . . . ... ... ... 125
4.5 FitonBe Mass Distribution . . . . . .. ... . L L L 127
451 FitMethod . . ... ... . . . ... 127
45.1.1 MeasurementPrinciple . . .. .. ... ... ........ 127
45.1.2 Parametrisation on Single-Isotope Template MC . . . . . .. 129
45.1.3 FitResults and Template Verication . . . . ... .. .. .. 132

4.5.1.4 Full Mass-Distribution Model (The Three-Isotope Template) 134

6



4.5.2 Monte-Carlo validation of the Fit-Model . . . . .. .. ... ... .. 136
4.5.2.1 Realistic Mixture of Isotopes in MC (Tuning the Spectrum) . 136

4.5.2.2 Fiton Monte-Carlo Distributions . . . . . ... ... .... 136
4.6 Measurede Isotopic FractiononData . . ... ... ... .......... 144
4.6.1 FitProcedureonData . ... .. ... . ... ... ... 144
46.2 AnoteontheEnergyBinning . . ... ... .. ............ 145
4.6.3 Anote on Template Fitting Procedure . . . . . .. ... ... ..... 150
4.6.4 Anoteonthe NatureoftheData . . . . ... ... .. ... ...... 151
5 Isotope Fluxes and Experimental Results 152
5.1 Fluxof Cosmicray Species . . . . . . . . . . i i i i i e 152
5.1.1 TheExposureTime . . . . . . . . . . . ittt 153
5.1.1.1 Avoiding Bias to the Isotope Ratio . . . . ... ... .. .. 153
5.1.1.2 Live-time Fraction and Exposure Time . . . . . .. ... .. 155
5.1.2 Acceptance . . . . . . . .. 156
5.1.2.1 GeometricAcceptance. . . . . . . . . ..o 156
5.1.2.2 Monte Carlo Acceptance . . . ... .. ... ... ..... 157
5.1.2.3 Data Driven Efciency Corrections . . . . . ... ... ... 159
5.1.2.4 Corrected Acceptance and Uncertainty . . . . . ... .. .. 161
51.3 Unfolding . . . . . . . . . . e 161
5.1.3.1 Detector Smearing of True Spectrum . . . . ... ... ... 161
5.1.3.2 Mathematical Formalism of the Unfolding problem . . . . . 164
5.1.3.3 D'Agostini's Iterative Bayesian Unfolding Method . . . . . . 166
5.1.3.4 Unfolding Factor for thBe isotope uxes . . ... ... .. 167
5.1.4 Systematic Uncertainties, Final Flux and Flux Ratiosresult . . . . . . . 167
5.1.5 Comparison with theory and sensitivity to halo thickness parameter . . 171
6 Conclusion 178
A AMBER experiment at CERN 180
A.l Introduction . . . . . . . . 180
A.2 Spectrometer for Hadron Physics . . . . . . . ... .. ... ... L. 181
A2.1 Beamline . . . . . . . ... 181
A.3 Beamparticleidentication . . . . . ... .. ... o oo 182
A.3.1 CEDARdetector . . . . . . . . . . . . e 182
A.3.2 Positive Beam Separation . . . . .. ... 0o 183
A4 TargetRegion . . . . . . . . 183
A.4.1 Recoil ProtonDetector . . . . . . ... .. ... ... 184
A.4.2 Sandwich Veto Detector . . . . . . . .. . ... .. .. oo 185
A5 TrackingDetectors . . . . . . . . . . . . 185
AS5.1 VerySmallAreaTracker . . . . . .. ... . ... . ... ... ... 186
A.5.1.1 Scintillating Fibre Detectors (SciFi) . . . . .. .. ... ... 186
A.5.1.2 Silicon Microstrip Detectors. . . . . . ... ... ...... 187

7



A5.1.3 PixelGEM Detectors . . . . . . . .. ... 188

AS5.2 SmallAreaTrackers . . . . . . . . . . . . . ... 188
A5.21 MicromegasDetectors. . . . . . ... ... ... 188
Ab5.22 GEMDetectors . . ... .. .. .. .. 190
A5.3 LargeAreaTracker . . . . . . . . . . ... 192
A5.3.1 DriftChambers . .. .. .. ... ... .. ... .. ..., 192
A5.3.2 Straw Tube Chambers . . . . . ... .. ... ... ..... 193
A.5.3.3 Multiwire Proportional Chambers . . . . . . ... ... ... 195
A.5.3.4 Large Area DriftChamber. . . . . ... ... ... ..... 196
A535 RichWall ... ... ... ... .. .. ... .. ... ... 197
A.6 Particle Identi cation Detectors . . . . . . . .. ..o 198
A.6.1 Calorimeters . . . . . . . . .. 198
A.6.1.1 Electromagnetic Calorimeter . . ... ... ... ...... 198
A.6.1.2 Hadronic Calorimeter . . . .. .. ... ... ........ 199
AT THQOEr . . e e e e e 199
A7.1 Beamtrigger . . . . . . . e e 199
A7.2 VetoDetectors . . . . . . . . . . ... 199
A7.21 BeamKillers. .. .. .. ... .. ... .. o 199
A.7.2.2 Sandwich Veto Detector . . . . . ... ... ... ...... 200
A.7.2.3 Hodoscope VetoSystem . . . . . ... ... ... ... 200
A.7.3 ProtonTrigger . . . . . . . . .. 200
A.7.4 Multiplicity trigger . . . . . . . . 200
A.7.5 CalorimeterTrigger. . . . . . . . . . o 201
A.8 Data Acquisition and Reconstruction . . . . . . .. ... ... ... ... 201
Ring Imaging Cherenkov Detector 203
B.1 Introduction . . . . . . . . . . 203
B.2 Theory of Cherenkov Radiation . . . ... ... ... ............. 204
B.2.1 Cherenkov EmissionAngle . . . ... .. ... ... ... . ..... 205
B.2.2 Qualitative Description of the Cherenkov Process . . . . . . . ... .. 207
B.2.3 Cherenkov Energy Spectrum (Frank-Tamm Formula) . . . . . .. . .. 207
B.2.4 \elocity Measurement from CherenkovAngle . ... ... .. .. .. 213
B.2.5 Upper Momentum limit for Separation of Two Particles . . ... . .. 215
B.3 COMPASS-AMBERRICH-1. . . . .. . ... ... . . ... 216
B.3.1 RICH VesselandtheRadiatorGas . . . . . ... ... ......... 216
B.3.2 The FocusingMirrors . . . . . . . . . . . .. .. 219
B.3.3 The CLAMSystem . . . . . . . . . . . . . it 220
B.4 Data Analysis and Reconstruction . . . .. .. ... ... ... ........ 222
B.4.1 CORAL . . .. . . . 222
B.4.2 RICHONE . ... ... .. . . . e 223
B.4.2.1 Primary functions of the RICHONE package . . . . .. ... 223

8



C Dark Matter: WIMP and Detection Channels 226

Cl

C.2

C.3

CA4
C.5
C.6

Introduction . . . . . . .. 226
C.1.1 EvidenceofDarkMatter . . . .. ... .. ... ... ......... 226
C.1.2 RelicAbundance . . . ... ... . . ... ... 227
Antiproton Excess as a Channel for Dark Matter Search . . . . . . ... .. .. 231
C.2.1 Anti-protonsinCosmicRays. . . . . .. . .. . ... ... .. ..., 232
C.2.2 Secondary Anti-Protons . . . . . . ... ... e 232
C.2.3 Anti-protons from DM annihilation . . . . . ... .. .. ... .... 234
C.2.4 AMS-02 Anti-Protonto ProtonRatio . . . . . ... ... ....... 235
Theoretical Uncertainties in DM Interpretation from Anti-Proton Spectrum . . 236
C.3.1 Astrophysical Uncertainties . . . . . . .. .. ... ... ....... 236
C.3.2 NuclearUncertainties. . . . . . . . . . . . . i 237
C.3.2.1 Maximal Energy of Product Particles . . . . ... ... ... 239
C.3.2.2 Relation between LAB and CM frame for the energy-differential
Cross-section . . . . . . . . . .. ... 239
Determination of Precision on the Cross-Section. . . . .. .. .. ... .... 241
Dark Matter Candidates for AMS-02 and criticism of MOND theories . . . . . 247
Non-Particle Description of Dark Matter . . . . . . . .. ... ... ...... 250

D Monte Carlo Simulation of the AMBER-RICH Detector and RICH Ring Recon-

struction Algorithm 251
D.1 Introduction . . . . . . . . . . e 251
D.2 NaF Radiator RICH MC simulation . . . ... ... ... ........... 252
D.2.1 RICH-NaFRingAnalysis . . .. ... .. .. .. ... ... ..... 257
D.2.1.1 Modelto Fit CherenkovRings . ... ... ... ...... 257
D.2.1.2 Reconstruction from FitModel . . . . . .. .. ... ... 257
D.3 Proximity Focussing Gas-RICH Detector . . . . .. .. ... ... ...... 261
D.4 AMBER-RICH . . . . . . . . e 264
D.4.1 Modelto Fitthe CherenkovRings . . . . . ... .. ... ....... 266
D.4.2 Naive Reconstruction fromFitModel . . . ... ... ... ..... 269
D.5 Work Towards an Exact Reconstruction Algorithm . . . . . ... ... ... 271
D.5.1 The Motherequation . . . . .. .. ... .. .. ... ......... 273
D.5.2 Final incident ray equation and mirror intersectionvalues . . . . . . . . 274
D.5.2.1 Mirror Intersection Points Expression . . . . . ... ... .. 274
D.5.2.2 Normal at the point of Intersection . . . . ... ... .... 275
D.5.23 ReectedRayFormula . . ... ... ............ 275



List of Figures

2.1 Left: Victor Hess (center) and his crew on the balloon departing from Vienna
in 1911. Right: Cover page of The New York Times reporting the heated dis-
cussion between Millikan and Compton on the natureof CRs. . . . . . . . .. 33
2.2 Original measurements from one of the ascents performed by Viktor Hess
[178]. The increase of rate of discharge with altitude implies that the ioniz-

ing radiation responsible for itis extraterrestrial . . . . . ... ... ... ... 34
2.3 Development of a typical particle shower cascade triggered by a cosmic ray

entering atsmophere . . . . . . . .. 35
2.4 Relative abundance of elements in Cosmic Rays as compared to the Solar system 38
2.5 Cosmic Ray nuclei ux from different experiments [233] . . . . .. ... . .. 38
2.6 Differential energy spectra of Cosmicrays[218]. . . . ... ... ... . ... 39
2.7 The all-particle spectrum from air shower measurements from below the knee

to above the ankle. The spectra are scaled by a facteféf233] . . . . . . . 41
2.8 2nd and 1st order Fermi-acceleration in astrophysical media and shock waves.

Picture takenfrom [103] . . . . . . . . . . . . . ... 42
2.9 Cosmic ray journey from production site to the Earth's atmosphere. Figure

from[283]. . . . . . e 42

2.10 Elastic scattering of a cosmic ray in a magnetic cloud. Picture taken from [186]. 43
2.11 Conditions on the down-stream (left) and the up-stream (right) side of a shock

in the lab system (top) and in the shock rest frame with=  vs (bottom).

Herev, = vj,, andv; = vyy. Picture takenfrom [186]. . . . . . . .. ... .. 45
2.12 Anatomy of Milky Way Galaxy. Souce: [1] . .. ... ... .. ... ..... 48
2.13 Comparison between sunspot numbers, and neutron monitor counters. High

sunspot activity has a negative correlation with CR intensity. Source: https://www.sidc.be/ 5¢
2.14 Solar periodicity starting from a solar minimum of positive polariy> 0),

to that of a solar minimum of a negative polarigg€ 0). . . . . . ... .. .. 54
2.15 Schematic representation of the Heliosphere. Picture taken from [259] . . . . . 55
2.16 CR propagation through the Solar System [109]. Depending on the polarity of

the HMF, CRs follow different trajectories to reach the Earth. During negative

polarity (A < 0), positively charged CRs drift along the HCS, which is shown

as the periodic solid line, and propagates across layers of HCS via diffusion.

Whereas, particles diffuse more directly in ef cient manner with minimal en-

ergy losses during periods of positive polariy & 0). The Heliospause is

represented by the curved linehere. . . . . ... .. ... ... ... ..... 56

10



2.17 Solar modulation of the galacticspectrum, as measured in different epochs

by the BESS [220], and PAMELA [17] experiments. . . . .. .. .. .. ... 57
2.18 Downgoing and Upgoing proton spectrum at different geomagnetic latitudes

from AMS-01 [160]. We can observe a part of the downgoing spectrum match-

ing with the upgoing spectrum. These are the trapped proton population. . . . . 59
2.19 Total Geomagnetic eld intensity at the WGS84 ellipsoid surface for epoch

2020[48]. . . . . . e 60
2.20 Model of our Galaxy with the Galactic Halo. Heke s the Galactic Halo Half

Size. The red zig-zag line denotes the diffusion of a CR species. Figure taken

from[267] . . . . . . e e 62
2.21 Charge measurement of the Time-of- ight counter and Tracker of AMS-02.
Figurefrom [33] . . . . . . . . . e 67

2.22 Leading-order Feynman diagrams for electron capture decay. An electron in-

teracts with an up quark in the nucleus via a W boson to create a down quark

and electronneutrino. . . . . . . .. 67
2.23 Leading-order Feynman diagram for decay of a neutron into a proton, elec-

tron, and electron antineutrino via an intermedMte boson . . . . . . . . .. 67
2.24 Variations in Solar activity, along with variation in sunspot number (red) and

10Be concentration (blue). Note that tiB® scale is inverted, so increases on

this scale indicate loweéfBe level. Source: wikipedia . . . . ... ... ... 68
2.25 Comparison of t results for three data sets (P), (PHe), and (main) in the main

t framework (11 parameters) for a selected set of propagation parameters. [196] 69
2.26 'Be="Be predicted ux ratios compared against all experimental data avail-

able and for every cross section parametrisation studied in [211]. For each

parametrisation, various simulations with different halo sizes are provided,

alongside the simulation yielding the best t value. Plot taken from [211] .. . 70
2.27 Left:Expected ratio dPBe="Be by tting elemental ux ratios ofLi=C; B=C; andBe=B

published by AMS-02. [276]. Right: Summary of the results obtained by tting

experimental data dPBe="Be. The error bars here have statistical origin, and

the blue dashed line denotes the mean of all the halo sizes obtained by different

methods, and the red band representncertainty about the mean [211]. . . . 71
2.28 Particle type abundance in p + p interactions at 190 GeV/c. [13] .. .. .. .. 71
2.29 Thee' fraction measured by AMS-02 with comparison to other experiments. . 72

2.30 a) The measurgaEp ux ratio of AMS-02 as a function of rigidity compared
with PAMELA. b) P=¢€" (red, left axis) angp=€ (blue, right axis) ux ratios [27] 72

3.1 Left: Space Shuttle Endeavour. Right: AMS-02 installation on ISS by STS-134
crew. Photo copyright- NASA . . . . . . . . . . . . . . 74

3.2 AMS-02 mounted on the ISS with a 12 degree angle to the zenith in order to
prevent the interference of rotating ISS solar arrays with the AMS eld of view. 75

3.3 Schematic view of the AMS-02 detector. . . . . . . . . . . .. ... ..... 76

11



3.4 Left: The Permanent magnet. Right: The magnetic eld con guration showing
the eld direction of the 64 permanent magnet sectors with negligible dipole
moment and eld leakage outsidethemagnet. . . . . . . .. ... ... .. .. 76

3.5 The silicon tracker detector consists of total of nine layers, each situated at
different locations within the detector. Among these layers, three of the planes
(L3-L8) are equipped with layers on both sides, while the remaining layers (L1,

L2, and L9) are equipped with asinglelayer.. . . . . . .. .. .. ... .. .. 77
3.6 The fourtracker patterns of the AMS-02 Silicon Tracker: (a) Inner (b) L1+Inner

(c) Inner+L9, and (d) L1+Inner+L9 (Full Span). . . . . .. . ... ... .... 78
3.7 Innertracker charge resolutiory=2. . . . . . .. ... ... ... ... .. 79

3.8 (a) TRD Module prototype along with the ber eece radiator on top of the
layer, (b) TRD Support Structure, and (c) Detection Scheme: Detection of ion-
isation due to charged patrticles, hgrén blue) are compared te" (in red),
transition radiation photons (curved red arrow, TRare emitted as the"
traversestheradiator. . . . . . . . ... ... 80

3.9 (a) The energy distribution q¢f (represented by blue points) aed (repre-
sented by red points) exhibits a noticeable distinction in shape. This distinction
is leveraged within the likelihood function to effectively discriminate between
these two species of CRs. (b) The distribution§ &D,, for p (depicted in
blue) ande (depicted in red) within the energy range of 10-1B6V are dis-
played, along with the MC simulation that accurately represents the data across
a vast range. The vertical dashed line indicates the location of the cut-off point
associated with a 90% ef ciency in detecting electron signals. It is possible to
enhance the purity of the electron signal by tightening this cut-off, albeit at the
expense of reducing the ef ciency of detecting #hesignal [33].(c) The pro-
ton rejection corresponding to a 65 % and 90 % ef ciency in the TRD estimator
signals [33]. . . . . .. 81

3.10 Upper and Lower TOF along with a scheme of one of the paddles. . . . . . .. 82

3.11 Left: The measured TOF velocity distribution #r= 6 (C) witha =1:2%
from a Gaussian t, which gives a time resolution of g8[82]. Right: The
inverse velocity distribution of the TOF f& 2 (He), illustrating a confusion
probability of aboutl0 ° from downward-going and upward-going particles

[B3]. . e 82
3.12 TOF charge distribution frodd =1 (p)toZ =30 (Zn)[82]. ... ... ... 83
3.13 Left: The ACC counters (blue and green coloured panels) along with the col-

lection system [269]. Right: Scheme of the ACC system. . . ... ... .. .. 84

3.14 Left: RICH radiator with its expansion volume and conical re ector. Right:
RICH photo-detectionplane. . . . . . . . . . .. .. ... ... ........ 85

3.15 Left: RICH detection system scheme. Right: The velocity resolution as a func-
tionofthecharg& [169]. . . . . . . . . . . . . . . .. . ... ... 86



3.16 (a) The ECAL structure. (b)The 9 superlayer distribution with the bres stacked
in an alternating fashion. (c) One of the 9 superlayers with the PMT footprint
with a single cell superimposedonit. . . . ... ... ... ... ....... 87

3.17 Left: The ECAL energy resolution measured ugngest beams for perpen-
dicularly incident particles [162]. Right: The measured proton rejection for
two differente selection ef ciencies, namely 90% (represented by blue data
points) and 65% (represented by red data points), is compared. It is observed
that implementing a stricter cut in the ECAL estimator leads to a reduction in
the proton background by approximately a factor of 3 [33]. This improvement
in proton rejection is independent of the rejection capability of the TRD, as
depictedin g.3.9(C). . . . . . . . e 88

3.18 The diagram illustrates the con guration of the DAQ system within AMS-02.
The process commences with the Data Reduction Boards responsible for each
sub-detector. The signals originating from these boards are subsequently trans-
mitted to the Low Level DAQ computers, JINF, where they are collected. Fi-
nally, the High Level DAQ computer, JINJ, gathers the data from the JINF
computers. The main computer, JIMDC, consolidates all the event information

and transmitsittotheground [185]. . . . .. . . . . ... ... .. ... 90
3.19 Left: Mean trigger rate. Right: Mean livetime. Near higher latitudes, higher
trigger rates results in DAQ saturation, and consequently lower livetime. . . . . 91

3.20 Time stability of data taking is=day. The light gray, red and cyan represents
AMS-02 orbit time, DAQ collection time, and the exposure time respectively.
Plot taken from the analysis in [221]. . . . . . . . . . .. . ... ... ..... 93

3.21 Scheme for the MC event generation in the AMS-02 Geant4 simulation. . . . . 93

4.1 The live time fraction values along the AMS-02 orbit. The SAA position is the
one wherethereisadropt04. . . . . . ... .. .. .. ... .. ... 98

4.2 The Inner Tracker Charge distribution. We can interpret that AMS-02 has ex-
cellent charge resolution, which allows us to select a very @eaeample
( 0:23). . . e 100

4.3 The Inner Tracker Charge distributions with pre-selections. The Li, Be, and
distributions are tted with Gaussians. The selection window de ned by the
dashedred lineshasawidthof0.90. . . .. ... ... ... .......... 101

4.4 The (a) Ef ciency and (b) Contamination as a function of the steps for the Inner
Tracker charge. We make a compromise between the two; in this particular
case, the compromise is achieved at the 1st step which translates to a selection

window of [3:55; 4:45](the selection window is plotted in g. 4.3). . .. ... 101
4.5 Charge distribution of L1 after applying a charge selection on the Inner Tracker,

with Be andB templatesfromL2. . . . .. ... ... ... ... ....... 102
4.6 The charge distribution of Tracker Layer 1, with Be, andB templates from

TrackerLayer 2. . . . . . . . . e e 103



4.7 The Upper ToF charge distribution after the application of selection windows
on L1 and Inner Tracker. The vertical lines represent the selection window on
thisquantity. . . . . . . . . . 104

4.8 Charge distribution of L1 after application of charge selection only on the Inner
Tracker shown in red shows that we have contamination from heavier species
such as C and O. Application of charge selections on the upper ToF detector,

and requesting a single track almost eliminates the background. . . . . . . . .. 104
4.9 Fluxes of , and Oxygen used for estimating the contamination in Be

measurement by AMS-02. These uxes have been re-weighted according to

the ones measured by the AMS-02 collaboration [29]. . . .. ... .... .. 105

4.10 The mass distributions for the ToF and RICH-Agl sub-detectors. The red his-
togram denotes théBe mass distribution from AMS-MC. The blue histogram
and denotes the amount of contamination due to fragmentation from
Oxygen and Carbon respectively. The contamination from Carbon is estimated
tobe 0:1%and 0:05%for ToF AND RICH-Agl respectively. Meanwhile,
the contamination from Oxygen is estimated to b8:2%and 0:1%for ToF

AND RICH-Aglrespectively. . . . . . .. .. ... .. .. ... .. ..., 106
4.11 Comparison between the theoretical mass curveSfer°Be, and iso-

OPEBS. . . . e e e e 108
4.12 Tracker rigidity resolution for different tracker spans, evaluated by proton MC

simulation. Black: Inner Tracker, Red: L1, : L9, and Blue: L1 & L9.

Figurefrom [53] . . . . . . . . 109
4.13 Distribution of the Trackerf,:d:o:f from ISS data. Vertical line denotes the

selection upper cutonthisvariable. . . . . ... ... ... ... ....... 110

4.14 Tracker §:d:o:f distribution of the whole MC sample (red points) and badly
reconstructed rigidities bluepoints . . . . . .. ... L oL 110

4.15 The Rigidity Migration Matrix before (a) and after (b) application of charge
and track quality selections. . . . . . . . .. ... ... 111

4.16 Inverse reconstructed rigidity residual distribution for B€events for one of
the generated (true) rigidity bins. The red line is the Gaussian t used to extract
therigidity resolution. . . . . . . . .. 111

4.17 (a) Rigidity standard deviation as a function of generated momentum in log
scale. (b) Rigidity resolution as a function of generated momentum in log scale. 112
4.18 Distribution of ToF (a) 2=d:of time of ight, and (b) spatial 2=d:o:f from
ISS data. Vertical line represents the selection upper cut on this variable. . . . . 113

4.19 migration matrix measured for the ToF detector. See text for explanation. . . 114

4.20 (a) Two-dimensional histogram of ToFresiduals after all selections. Only
AMS-MC "Be events passing through the ToF detector planes are included
here. (b) Projection of the shaded vertical slice from the plot on the left. A
Gaussian t describes the core of the distributionwell. . . . . .. . ... ... 115

14



4.21 Magnitude of the resolution onfor ‘Be, °Be and!°Be ions in the ToF, as
determined by the AMS MC. The resolution for each isotope is similar. Refer
to the text for further explanation. . . . . .. .. ... .. .. ... ...... 116

4.22 The resolution against the Chargé, for the RICH Agl. Figure taken from
AMS-02website. . . . . . . . 116

4.23 Distribution for the number of PMTs for NaF (a) and Agl (b) radiators of the
RICH. The vertical lines represent the selection lower-cut on these variables. . 117

4.24 The distribution for total number of PhotoElectrons collected in the RICH ring
to that of the total number of collected PhotoElectrons; (a) For NaF radiator,
(b) For Agl radiator. The vertical lines denotes the selection lower-cut applied
onthisvariables. . . . . . . . . . . ... 117

4.25 The Kolmogorov distribution for Photoelectrons along a RICH ring. The verti-
cal line represents the selection lower-cut on this variable. . . . .. ... ... 118

4.26 Distribution for the difference in measured by two different reconstruction
algorithm (developed by LIP and CIEMAT groups of AMS-02). The vertical
line represents the selection upper-cut on thisvariable. . . . . . ... ... .. 118

4.27 Distribution for the difference between the value abbtained from the ToF
and RICH (NaF (a), Agl (b)). The vertical lines represents the selection upper-

cutonthesevariables. . . . .. ... . .. L 119
4.28 migration matrix the NaF radiator ofthe RICH. . . . . . . .. ... ... .. 120
4.29 migration matrix of the Agl radiator of the RICH. . . . . . . .. .. ... .. 120

4.30 Magnitude of the resolution onfor ‘Be, °Be and'°Be ions in the RICH-Naf
(a) and RICH-AgI (b), as determined by the AMS MC. The resolution for each
isotope is similar. Refer to the text for further explanation . . . ... ... .. 121

4.31 RICH Charge distribution (a) NaF radiator, and (b) Agl radiator. The vertical
lines represent the selectionwindow. . . . . . . ... ... ........... 122

4.32 The two-dimensional histogram demonstrates the mass vs rigidity scatter plot
for the ToF detector for three isotop&se, °Be and from AMS MC. The
black dashed line denotes the lower threshold for the detector, and the magneta
lines denotes the analysisrange selected. . . . . . . .. ... ... ....... 123

4.33 The two-dimensional histogram demonstrates the mass vs rigidity scatter plot
for the (a) RICH-NaF and (b) RICH-Agl detector for three isotop@s, °Be
and from AMS MC. The black dashed line denotes the lower threshold
for the detector, and the magneta lines denotes the analysis range selected. . . 124

4.34 Left: The< Mass vs scatter plot. Right: Mass distribution for the highlighted
bin on the left for ToF, RICH-NaF, and RICH-Agl respectively. . . ... ... 126

4.35 Reconstructed mass distribution for a particuldsin from RICH-Agl. The
vertical lines represent the theoretical mean value for the three isotopes as in-
dicated. . . . . . . . 128



4.36 Distribution ofm (a) and1=m (b) in a.m.u for a particular bin from the
RICH-Agl. The red and blue dashed lines represent the theoréBeaimean
location for the mass and inverse mass respectively. Inverse mass distribution is
symmetric and has a Gaussian core due to it being proportiodaRpwhich
guarantees same properties in its error distribution. . . . . ... ... ... 130

4.37 Example template ts to = 1=m distribution from’Be AMS-Monte Carlo
for the ToF, RICH-NaF and RICH-Agl sub-detectors. The dashed line
denotes the core gaussian, and the blue dashed line denotes the residual Gaus-
sian. The red continous lines represents the summation of the two Gaussians
andtheoverall t. . . . . . . . .. 133

4.38 Location of thé Be peak from single-isotope template ts. We see there is
good agreement with the theoretical value 0.4481 ! across the energy-range.134

4.39 The analytical Gaussian model to t tBe data is represented pictorially. . . 135

4.40 Left: The< Massvs > scatter plot. Right: Mass distribution for the high-
lighted bin on the left for RICH-AgI for three different mixtures®é isotopes
iIn AMS-MC respectively. . . . . . . . . . 137

4.41 Example of template ts to mass distribution frdde AMS-Monte Carlo for
the ToF, RICH-NaF and RICH-AgI sub-detectors for the default isotope com-
position. The red dashed line denotes iBe template Gaussian, and the blue

dashed line denotes tliBe template Gaussian, and the dashed line de-
notes the®Be template Gaussian. The red continous lines represents the sum-
mation of the three Gaussian templates andtheoverall t. . . . . ... ... .. 138

4.42 a) Mean of théBe peak from three-isotope template. We see that there is
good agreement with the theoretical value within 0.1 %. b) Thestatistic
for the three sub-detectors across the enery range. The value is well within
2=ndf . 2forallbins. . ... ... ... .., 139

4.43 Top Panel: The isotopic fraction (!Be="Be, and (b)’Be=Total Be for the
default composition in AMS-MC. Here, the points represent the fraction elicited
from the t model, and the histograms represent the injected spectrum into the
AMS-MC. Bottom Panel: The ratio of the measured by expected isotopic frac-
tion (a)1°Be="Be, and (b)’Be=Total Be for the default composition in AMS-
MC. We see that the extracted isotopic fraction closely follows the injected
spectrum, validating our model for the default MC composition. . . . .. ... 140

4.44 Example of template ts to mass distribution frade AMS-Monte Carlo for
the ToF, RICH-NaF and RICH-Agl sub-detectors for the isotope compaosition
where'®Be is purposely injected 0.3 times lower than the default composition.
The red dashed line denotes thize template Gaussian, and the blue dashed

line denotes thé&Be template Gaussian, and the dashed line denotes the
10Be template Gaussian. The red continuous lines represents the summation of
the three Gaussian templates and theoverall t. . . . . .. .. ... ... ... 140

16



4.45 Example of template ts to mass distribution frdde AMS-Monte Carlo for
the ToF, RICH-NaF and RICH-Agl sub-detectors for the isotope composition
when'%Be is injected 1.3 times higher than the default composition. The red
dashed line denotes tHBe template Gaussian, and the blue dashed line de-

notes the’Be template Gaussian, and the dashed line denoté%Bbe
template Gaussian. The red continous lines represents the summation of the
three Gaussian templates and theoverall t. . . . ... ... ... ....... 141

4.46 a) & c) Location of théBe peak from three-isotope template whét8e is

purposely injected 0.3 times lower than the default composition, and #Ben

Is injected 1.3 times higher than the default composition. We see that there is

good agreement with the theoretical value within 0.1 %. b) & d) The chi-

squares statistic for the three sub-detectors across the enery range. The value is

well within 2=ndf . 2forallbins. . ... ... ... ... .......... 142
4.47 Top Panel: (a) & (b) The isotopic fractiétBe="Be, and’Be=Total Be where

10Be is purposely injected 0.3 times lower than the default composition, and

(c) & (d) where'®Be is injected 1.3 times higher than the default composition.

Here, the points represent the fraction elicited from the t model, and the his-

tograms represent the injected spectrum into the AMS-MC. Bottom Panel: (a)

& (b) The ratio of the measured by expected isotopic fractkBe="Be, and

’Be=Total Be wheré®Be is purposely injected 0.3 times lower than the default

composition, and (c) & (d) whet?Be is injected 1.3 times higher than the de-

fault composition. We see that the extracted isotopic fraction closely follows

the injected spectrum, validating our model for the MC composition mixture

employed here. . . . . . . . . ... 143
4.48 The energy per unit nucleon dependence of the shape parameters as explained

in the text for'Be Monte-Carlo inverse mass distributions for the ToF detector.

The solid red line shows the linear tonthepoints. . . . .. ... ... .... 144
4.49 The energy-dependent trends of the free paramtand - respectively. They

are tted with second-degree polynomials for each sub-detector range sepa-

rately. The energy dependent polynomial values are used as a starting point for

the second step of the tfor the free parameters. . . . . .. .. .. ... ... 145
4.50 Fit on one of the ToF bin. The dashed red represent$éBhebi-Gaussian,

dashed blue represents ftige bi-Gaussian, and the representsiBe

bi-gaussian. The thick red line denotes the sum of the three bi-Gaussians. . . . 146
4.51 Fiton one of the RICH-NaF bin. The dashed red representBthiei-Gaussian,

dashed blue represents ftige bi-Gaussian, and the representsiBe

bi-gaussian. The thick red line denotes the sum of the three bi-Gaussians. . . . 146
4.52 Fit on one of the RICH-agl bin. The dashed red represent8thbi-Gaussian,

dashed blue represents ftige bi-Gaussian, and the representsiBe

bi-gaussian. The thick red line denotes the sum of the three bi-Gaussians. . . . 147
4.53 Fit on one of the bins. The dashed red representé®becore and residual

Gaussians, while the the continous red line denotes the sum of the two Gaussians.147

17



4.54 The location of théBe peak with respect to energy per unit nucleon for all the
sub-detectors. The location is consistent with the theoretical value of the peak
0:1423 and all points are within 0:5% of the theoretical value. . . . . .. 148

4.55 The chi-squares statistic for the three sub-detectors across the energy range.
The value is well within 2=ndd  2forallbins. . ... ... ......... 148

4.56 The counts ratio dBe="Be along with its associated relative error. The bins
have been merged to reduce statistical error and uctuations, as well as for
comparison with other analysis groups within the AMS collaboration. . . . . . 149

4.57 The counts ratio dBe=Total Be along with its associated relative error. The
bins have been merged to reduce statistical error and uctuations, as well as for
comparison with other analysis groups within the AMS collaboration. . . . . . 149

5.1 Values oR™ in GV along the AMS-02orbit . . .. ... ... ....... 156

5.2 Values of the exposure tinke,,( E; t) obtained for the bins of the three
different energy ranges of the analysis. . . . . . .. . ... ... ... .. .. 157

5.3 The Monte-Carlo acceptance for the three isotopes as indicated. In the RICH-
NaF region, the markers f@Be aren't visible because of similar acceptance
of °Be and'°Be and the nature of thescale. . . . . . ... ... ........ 160

5.4 The efciency curves and corrections fBre nuclei selections. On the left
column of the gure, the red denotes the loss in ef ciency in data, and the blue
in Monte-Carlo. On the right side, the data/MC ratio is shown which forms the
correction to be applied to the acceptance. They are tted with a linear function
withthel condencebandshown. . ... .. ... .............. 162

5.5 The efciency curves and corrections fBe velocity selections. On the left
column of the gure, the red denotes the loss in ef ciency in data, and the blue
in Monte-Carlo. On the right side, the data/MC ratio is shown which forms the
correction to be applied to the acceptance. They are tted with a linear function
withthel condencebandshown. . .. ... ... .............. 163

5.6 The MC acceptance corrected with the data-driven ef ciency corrections with
it's associated errors in the bottom panel. Here, the acceptance curi@s of
is shown in red?Be in blue, and'°Be in blue. Because of close values, some
of the curves may not be clearly visible within the granularity of the plot's scale. 164

5.7 (a) The response matrix for the ToF detector (b) The true and measured nor-
malisation distributions (c) The unfolding factor for ToF detector. The analysis
is performed for Be counts and applied to other isotopes, taking advantage of
similar mass resolution for all the three isotopes. . . . . . . . ... .. ... .. 168

5.8 (@) The response matrix for the RICH-NaF detector (b) The true and measured
normalisation distributions (c) The unfolding factor for RICH-NaF detector.
The analysis is performed féBe counts and applied to other isotopes, taking
advantage of similar mass resolution for all the three isotopes. . . . . . .. .. 169

18



5.9 (a) The response matrix for the RICH-Agl detector (b) The true and measured
normalisation distributions (c) The unfolding factor for RICH-Agl detector.
The analysis is performed fdBe counts and applied to other isotopes, tak-
ing advantage of similar mass resolution for all the three isotopes. . . . . . .. 170

5.10 The uxes for the isotopeBe, °Be, and°Be with their relative error in the
bottom panel. The Statistical errors are shown in magenta, Systematic errors in
cyan, and Total errorsinblack. . . . .. ... ... ... .. ... .. ..., 172

5.11 The totaBe ux found by adding the individual uxes of the three isotopes
with their relative error. The Statistical errors is shown in magenta, Systematic

errorsin cyan, and Total errorsinblack. . . .. .. .. ... ... ... .... 173
5.12 The uxratio of wge= sge from our analysis showinred. . ... ... ... 173
5.13 The uxratio of 7ge= Totaige from our analysis showinred.. . . . .. .. .. 174

5.14 The ux ratio of 10ge= sge from our analysis show in red, and plotted with
previous measurements. ACE-CRIS (1997/08-1999/07) [279], ACE-SIS (1997/08-
1999/07) [279], Balloon (1973/08) [176], Balloon (1977/05) [94], Balloon
UNH (1977/09) [272], IMP7&8 (1972/09-1975/09) [163], IMP7&8 (1974/01-
1980/05) [164], ISEE3-HKH (1978/08-1979/08) [277], ISOMAX (1998/08)

[177], PAMELA-CALO (2006/07-2014/09) [225], PAMELA-TOF (2006/07-
2014/09) [225], Ulysses-HET (1990/10-1997/12) [121], Voyagerl&?2 (1977/01-
1991/12) [209], Voyagerl&?2 (1977/01-1998/12)[208] . . . . . ... ... .. 174

5.15 The uxratio of 7ge= Totai Be from our analysis show in red, and plotted with
previous measurements. Balloon (1973/08) [176], Balloon (1977/05) [94], Bal-
loon UNH (1974/07+1974/08) [273], Balloon UNH (1977/09) [272], IMP7&8
(1972/09-1975/09) [163], IMP7&8 (1974/01-1980/05) [164], ISEE3-HKH (1978/08-
1979/08) [277], PAMELA-CALO (2006/07-2014/09) [225], PAMELA-TOF
(2006/07-2014/09) [225], Ulysses-HET (1990/10-1997/12) [121], Voyager1&2
(1977/01-1991/12) [209], Voyagerl&?2 (1977/01-1996/12) [210], Voyagerl&2
(1977/01-1998/12) [208] . . . . . . . e 175

5.16 The model simulation [211] for variotfssizes superimposed on tHBe="Be
ux ratio from AMS-02. a)DRAGON2, b) GALPROP, c) DERIVED, d) WE-
BER . . . e 176

5.17 The 2 plot of the models tted to thé®Be="Be ux ratio in its entire en-
ergy per unit nucleon range. Three models, i.e., DRAGON2, GALPROP, &
DERIVED suggest different halo sizes and calls for further investigation. . . . 177

A.1 The COMPASS setup for measurements with hadron beams. The beam arrives
from the left side. Figurefrom[9] . . .. .. .. ... .. .. ... ...... 180

A.2 Diffractive dissociation, central production, and photo-production by quasi-real
photons , with denoting the beam particle (can be atgd ), andN is the
target nucleon or nucleus. These are the production mechanism in COMPASS [9].181

19



A3

A4

A5
A.6

A7
A.8

A.9

Working principle of a CEDAR. Two particles with same momentum but dif-

ferent masses (full green and dashed red lines here) radiate Cherenkov photons

at different angles, resulting in rings with different radii. A diaphragm adjusted

to the photon ring radius selects a particle type. Figure from([9]. . . . . . . .. 183

CEDAR 1 pressure scan for a positive hadron beam with different multiplici-
ties. The kaon peak cannot be distinguished from the pion peak. . . ... ... 183

Liquid hydrogentargetsystem . . . . . . . .. . .. .. .. ... ... ..., 184

Left: Momentum resolution of the RPD for protons detected at an angié of

with respect to the beam axis. Right: Energy logs in the outer ring of the

RPD as a function of the velocity of the particle in elastic pp scattering. Figures
takenfrom[9] . . . . . .. 185

Sandwich Veto Detector. Figurefrom[9]. . . . . . .. .. ... .. ... ... 185

Left: SciFi plane bre con guration. The number of bre layers per plane is
8,12 or 14, depending on the station. Right: Time resolution of a single SciFi
plane across the beam region with the beam pro le. Figures taken from[9] . . 186

Left: Front view of a Silicon Microstrip Detector. Figure from [10]. Right: The
conical cryostat with the upstream beam window dismounted. The bent cooling
capillary is xed to the PCB close to the sensitive area of the detector. Inside

the cryostat, the readout cables are directly soldered to the detector module
and plugged to vacuum-sealed feedthrough connectors also visible on the outer
surface of the cryostat. Figure takenfrom([9] . . ... ... ... ... .... 187

A.10 Left: Spatial resolution of a single silicon detector plane. “RMS1” and “RMS2”

refer to the cases of clusters with one and two hit strips, respectively. Right:
Time resolution of a single silicion detector projection. Figure taken from [9] . 188

A.11 Left: Schematic view of the pixel and strip region of the readout circuit. The

pixel region consists 082 32 pixels of 1mm? size each, while onl¢ 4

are shown for clarity. Right: A fully assembled PixelGEM detector, equipped
with 16 APV front-end cards. The digitisation of the analog signals from the
APVs is done at an external ADC card, which is connected via the grey cables.
Figuretakenfrom[9] . . . . . . . . . . . 189

A.12 The residual distribution, i.e., the difference between measured cluster position

and track penetration point i1 direction for the pixel (left) region, and the

strip region (right) of a pixelGEM. The residulas are obtained by tting a bi-
gaussian with a constant background. After taking track uncertainty in consid-
eration, spatial resolution of 1061 (pixels) and 54m (strips) are obtained.
Figuretakenfrom[9] . . . . . . . . . . . . .. .. 189

A.13 The time residual distribution, i.e., the difference between measured cluster

time and track time, for the pixel (left) region, and the strip (right) region in the
X direction of a pixelGEM. Figures takenfrom[9] . . . . . . .. .. ... .. 189

20



A.14 Left: Principle of a Micromegas detector. Right: A Micromegas douket (
andV projections) in the COMPASS setup. The active zone igithe 40 cnm?
internal square (1). Strips are extended (2) to keep the front-end electronics (3)
outside the acceptance of the spectrometer. . . . . . .. .. ... ....... 190
A.15 Left: Distribution of the mean time measured by a Micromegas with respect to
the track time for nominal intensity data. Right: Distribution of residuals of a
Micromegas at high intensity. The r.m.s width is 1&8 to which the detector

contributes 92m . Figurestakenfrom[10] . .. ... ... .. ... .. ... 191
A.16 Left: Triple GEM detector with its associated electric eld con guration. Right:
Two-dimensional readout structure of the GEMs. Figures taken from [10] . . . 191

A.17 Left: Residual distribution of one GEM projection in standard high intensity
muon beam conditions. In this particular plane, the r.m.s width is H8.,7out
of which the detector contributes 66 . Right: Distribution of cluster time
measured by a single GEM plane by sampling the analogue signaMH40,
with respect to the track time. Figures taken from[10] . .. ... ... .. .. 192
A.18 Left: Drift cell geometry of the COMPASS Drift Chambers. Right: Hit rate
versus wire number for one DC wire layer upstream of SM1 at nominal beam

intensity with central zone deactivated. Figures taken from[10]. . .. . .. .. 193
A.19 Left: RT relation for one layer of a DC. Right: Residual distribution for a single

DC layer (DC1X) in high intensity beam. Figures taken from [10]. . . . . .. 194
A.20 Schematic view of a Straw Detector. Figure taken from[10] . .. ... .. .. 194

A.21 Left: RT relation for a single 6hm straw tube for particle tracks with the 160
GeV=cmuon beam. Right: R.M.S widths of single-channel residual distribu-
tions versus channels number for alivn straw tubes of one layer. Figures
takenfrom [10]. . . . . . . . . L 195

A.22 Left: The MWPC residual distribution calculated as the difference between
wire cluster postion and extrapolated track position along axis perpendicular to
the wire layer. Right: MWPC residual distribution for cluster sizes 1 and 2.
Figurestakenfrom [10]. . . . . . . . . . . . . . ... 196

A.23 Left: Large area Drift Chamber dead region. In the central part, the sensitive
wire thickness is ve times larger than in the active part. Right: RT relation for
one Large Area Drift Chamber. Figures taken from[10]. . . ... ... .. .. 197

A.24 Left: Mini Drift Tube module sketch. Right: Front view of ah-plane of the
Rich Wall detector. The number of MDT modules in each sector is represented
by the numbers outside, while the dimensionsim are given by the numbers
inside. Figures takenfrom [9]. . . . . . .. . ... .. ... L. 197

A.25 Left: The Rich Wall residual distribution, i.e., the difference between recon-
structed cluster position and extrapolated track position along the axis perpen-
dicular to the wire layer is shown. The standard deviation is obtained by tting
a double gaussian. Right: Resolution of reconstructed Cherenkov rings for pi-
ons as a function of the track angle. The resolution improves by 20 % on an
average. Figurestakenfrom[9]. . . . . . .. . .. .. .. ... .. ... ... 198



A.26 Trigger elements in the Spectrometer. Figure taken from[9]. . .. ... .. .. 199
A.27 Left: Target pointing logic description. Right: Energy loss correlation between
protons and pions traversing ring A and stopping (or traversing) ring B of the
RPD. Figurestakenfrom[9]. . . . . . . . . . . . ... ... o 201
A.28 Scheme of the COMPASS DAQ system. Data coming from the detectors are
rst digitised in the front-end cards and then merged in the concentrator mod-
ules, either CATCH or GeSIiCA (HotGeSIiCA). The data from the concentrator
modules are rst sent to the ROB and then transmitted to the EBs. The data are
temporarily saved on disk, before being migrated to CASTOR. Figure taken

from[9] . . . . . e 202
B.1 Reconstruction of an event recorded with the BEBC hydrogen bubble chamber

facility at CERN in 1978. Figure from [223]. . . . ... .. ... ... .... 203
B.2 Beta Resolution versus momentum. Figure taken from [102]. . . . . . . . . .. 205
B.3 Huygens' construction of Cherenkov Radiation. Figure from google. . . . . . . 205

B.4 A particle of mass travelling in a refractive medium with refractive indeAt
some point in its trajectory, it emits a photon of energyand the particle itself
scatters at an angle from the original direction. . . . . . .. .. ... ... ... 206
B.5 The passage of a negatively charged particle in a refractive medium. At ve-
locity lower than the speed of light, there is overall symmetry conservation.
Breaching light speed barrier in the medium, results in a broken symmetry, and

subsequent emission of coherent dipole radiation. . . . . .. ... ... .... 207
B.6 The coordinate system considered for the Frank-Tamm formula . . . . . . . .. 209
B.7 Cherenkov band showninshadedregion . . . .. ... ... .......... 212
B.8 Schematic representation of the Cherenkov light polarisation vectors. The elec-

tric eld vector lies in the polarisationplane. . . . . . . ... ... ... .... 214
B.9 Transporting the RICH vessel in the 888 spectrometer hallat CERN . . . . . . 217
B.10 Beam pipe inside the RICH Vessel. Picture credits: [131] . . . . ... ... .. 217

B.11 The beam pipe was removed in April, 2023 before the commencement of anti-
proton XS data taking. The beam pipe can be seen lying in one of the ridges of
the supporting structure below. The hexagonal structures are the VUV mirror,
and the re ection of the beam hole can be seen in it towards the top-right of the

PICTUIE. . . . . o e e e e e 218
B.12 A CAD rendition of the RICH-1 vessel with the mirrors in blue and the beam

pipe in white. Figure taken from [131]. . . . . . . . . .. .. ... . ... ... 219
B.13 Mirror alignment operation being conducted. Figure from [131]. . . . . . . .. 219
B.14 The mirror support structure; the nodal points are connected byAlgbipes.

Picturetakenfrom [131]. . . . . . . . . . . . . ... 220
B.15 The adjustments screws on the backside of the mirror. Picture taken from [131]. 220
B.16 The CLAM mirror alignment system. Figure taken from [122]. . . . . . . . .. 221
B.17 Typical CLAM photo showing the image of the retro-re ective grid on the mir-

rors [L31]. . . . . o 221
B.18 RICHONE algorithm. Taken from [102]. . . . . . . . . . . ... .. ... ... 225

22



Cl

C.2

C3

C4

C.5

C.6

C.7

C.8

C.9

Rotation curves of spiral galaxies from the original Rustiral. paper [243]
showing the attening of the circular velocity at large radial distances. . . . . . 227

Feynman Diagrams for inelastic and elastic scattering processes in early uni-
verse for DM patrticles. Figure from[204]. . . . . . .. . .. .. .. ... ... 227

Left: IS antiproton ux for the B/C best t model and two parameterizations of
the production cross-section. Right: propagation uncertainty envelopes of the
IS p=pratio for the same production cross sections as in the left [245]. . . . . . 233

Left: The scatter plot displays the ux at solar minimum from neutralino
annihilation calculated &, = 0:23 GeV as a function of the neutralino mass

for a generic scan in a low-energy MSSM and for MED set of astrophysical
parameters [143]. Red crosses refer to cosmologically dominant neutralinos
(0:05 h?  0:3), blue dots refer to sub dominant relic neutralinos

0:05. Right: Similar to the left panel, but calculated for in scan of SUSY
framework where gaugino non-universality is not assumed, and therefore light
neutralinos are present. [245]. . . . . . ... L L L Lo 235

a) The measurga=p ux ratio of AMS-02 as a function of rigidity compared
with PAMELA. b) p=€¢ (red, left axis) angp=€ (blue, right axis) ux ratios [27].235

Relative uncertainty on the prediction for tirepratio, with respect to rigidity:

the astrophysical uncertainty derived from AMS-02 data is shown in light blue
[84—86], and the mean of uncertainties introduced by nuclear physics is shown

in dark yellow [137,197]. The AMS-02 measurement uncertainties as reported
in[27]isshowninblack. . . . . ... ... ... ..o 237

Fluxes of CRp, He, andp by AMS-02, PAMELA, and CREAM with respect
to energy per nucleon. The IS uxes are demodulated with an average Fisk
potential = 60020 MV . Figure taken from[140]. . .. ... ... .. .. 238

Energy-differentiap cross-section fronpp collisions in the LAB frame as a
function of T, andT,. Figure taken from [140]. . . ... ... ... ... ... 238

Panel a) and b) shows the energy-differential cross-sections for the interaction
p+p! p+ X inthe LAB frame for xed anti-proton and proton kinetic energy
respectively. Panel c) is similar to b) but for the interacfon He! p+ X.

Plots taken from [140]. . . . . . . . . . . 242

C.10 Relative uncertainty of the AMS-02 anti-proton ux measurements. The de-

modulated IS ux is shown, i.e., each data points are shifted by\N66V . Plot
takenfrom [140]. . . . . . . . 243

C.11 Isocontours for the containment functio{T,; T; ) for the contribution of the

pp channel to the anti-proton source term as a function of kinetic variables,
incident proton kinetic energy, and pseudorapidity in the LAB frame, at a

xed anti-proton kinetic energyl, = 50 GeV. Here 90 % level corresponds to

X =0:9. Plottakenfrom [140]. . . . . . . . . . . .. .. .. 244



C.12 Contour plot of the parameter space fppr! pX cross-section required to
determine the anti-proton source term with accuracy similar to AMS-02 mea-
surements. Here, within the blue shades regions, the cross-section has to be
known with an accuracy of 3% and 30 % outside. Plots taken from [140]. . . . 245

C.13 Parameter space for théle channel for a xedHe target experiment. The
different shaded areas corresponds to different proton beam energies. Plot taken

from[140]. . . . . . e e 246
C.14 Fractional contribution tp production from different interactions on the ISM
as afunction off,. Plottakenfrom [13]. . . . . . . ... ... ... ... ... 246

D.2 Characteristic vs curve in the RICH-NaF MC simulation for the refractive

index 1.328 corresponding to photonenergy 3.8¥6 . . . . .. ... .. .. 253
D.1 Refractive index vs Photon Energy for NaF as reportedin[59]. . . . . ... .. 253
D.3 The detector geometry of the RICH-NaF simulation. The circular disc is the
, and the rectangular screen is tire . The Geant4
simulation has been rendered withthe QT GUL. . . . . ... .. ... .. ... 255
D.4 A 10GeV proton = 0:995perpendicular to radiator surface generates a cone
of which forms a Cherenkov Ring on the Detector screen. . . . 256

D.5 The resultant Cherenkov Ring for a proton from the MC simulation with the
tted function on it, in increasing order of proton momentum. The arbitrary
choice of 1.1GeV=cas the rst momentum for this representation is to be
above the thresholdofNaF. . . . . .. .. ... .. ... ... ........ 258

D.6 Left: The geometry of the MC simulation, the one in green is the NaF radiator,
the Cherenkov Ring is in red, and the Detector plane is in yellow. Right: The
refraction of the Cherenkov radiation at the interface of NaF radiator and vacuum.259

D.7 The measuredand values at the simulated proton momenta as labelled. The
plot clearly shows that the MC simulation is robust. Note that the marker size
has been selected to be such that each of the partly (or partially) superimposed
points are distinguishable. . . . . . ... ... ... .. .. oo 0L 261

D.8 Characteristic vs curve inthe RICHE,F1o MC simulation for the refractive
index 1.0014. . . . . . .. e e 262
D.9 Light re ection types: Specular spike (i.e., perfect mirror), specular lobe, and

diffuse (Lambertian). A ground surface is composed of micro-facets whisre
the angle between a microfacet normal and the average surface normal. Figure

from [127]. . . . . e 263
D.10 A 100GeV Proton = 0:99996 red at an angle of 19nrad with respect to

the z-axis generates a cone of which forms a Cherenkov Ring

on the after being re ected from the Paraboloid Mirror. . . . . . 263
D.11 Artistic rendition of RICH-1 detector. The person standing next to it helps one

appreciate the size of the detector. Figure taken from [131] . . ... ... ... 264
D.12 The geometrical parameters of RICH-1. Figure taken from[41]. . . .. .. .. 265

24



D.13 The photon detectors present in RICH-1. The PDs are divided into two panels,

upper and lower eaching consisting of 8 PDs. The nomenclature of each PDs

is as depicted. Figure taken from [102]. . . . . . . . . . ... ... ... 266
D.14 Examples of the MC simulation of AMBER-RICH rendere in QT GUI for dif-

ferent con guration of the momentum direction and species of particles as de-

scribed. . ... 267
D.15 Examples of the MC simulation of AMBER-RICH rendere in QT GUI for dif-

ferent con guration of the momentum direction and species of particles as de-

scribed. . ... 268
D.16 P(x;y) is an arbitrary point on the circumerence of the ellipse, and the focii

are denoted b (Xo; Yo), andOqx1;y1). The semi major axis has a radias

and the semi-minor axis has a radlusThe distance between the two focii be

c. Thedistanc®P dy,andOP dp. . . . . . . . . . . . ... ... 269
D.17 A Cherenkov Ring formed on the PD by a @&V =cproton red from (0,15

cm,0) with a momentum direction vector (0,0,1). The tted ring is displayed in

1= 270
D.18 The distribution of the Cherenkov Ring radius for a simulation of 1000 events

of a 48GeV =cproton. The gaussian tis shown in red with a mean of 16.16

CIML . o e 271
D.19 The spherical polar coordinate system used throughout the code. Remaining

consistent with this scheme of reference is important for valid simulation re-

SULS. . . 273
D.20 Intersection of a straight line witha sphere. . . . . ... ... ... ...... 275
D.21 Geometry of re ection. Here the vectors are written in latex code format . . . . 276

D.22 Diagram to illustrate the process of re ection from the mirror, and subsequent
re ection and hit on the photon detector. The photon detector is in blue, the
isinyellow, andre ectedrayisinred. . ... ... ... ..... 277
D.23 Diagram to see the cherenkov photonrayangle . . . ... .. ... ... ... 278
D.24 Representation of the beta reconstruction simulation code using ROOT classes.
The graphics has been rendered in OpenGL GUI. The emitted Cherenkov cone,
and the re ected ones are shown in magenta. The mirror is in blue, and the
Photon Detectorisinred. . . . . . . . . . . .. . ... 280
D.25 Representation of the beta reconstruction simulation code using ROOT classes.
The graphics has been rendered in OpenGL GUI. The is shown
in green, and the extrapolated track position to give us the centre of the ring is
shownincyan. . . . . . . . . . . . e 281

25



List of Tables

4.1 The amount of contamination coming from fragmentation of heavy nuclei within

the AMS detector volume calculated from AMS-MC. . . . . . ... ... ... 107
4.3 Listof Selectionsusedinthe Analysis . . . . . .. ... .. ... ....... 125
4.2 Table of ranges in velocity and kinetic energy per nucleon chosen for the analysis125

D.1 NaF material parameters. . . . . . . . . . . . . . .. 252
D.2 The refractive index asa a functon of Photon Energy incorporated in the MC
simulation. . . . . . L 254
D.3 Table comparing the theoretical and simulation values of velocity if a proton
fordifferentmomentum . . . . . . ... 260
D.4 Table comparing the theoretical and simulation valuesfenkoy Of @ proton
fordifferentmomentum . . . . . . . ... L 260
D.5 C4Fio material parameters. . . . . . . . . . e 262

D.6 Table comparing the theoretical and simulation values of velocity of a proton
for different momenta. Since itis a rst order approximation validation, we are
not interested in the uncertainties. . . . . . . . ... ... ... o oL 272

26






Chapter 1

Introduction

1.1 Overview

"Is our Universe really Dark?”

To place the above sensational comment in perspective, we need to note that unravelling the
composition of our Universe is still a daunting question for Physicists. Evidence from numer-
ous astrophysical and cosmological sources, and observations has resularidard Model

of Cosmologywherein the ordinary matter constitutes only abd% of the universe and the
nature of the remainin§5%remains “dark” or unknown to us. Arour@8%of the Universe's
energy budget is in form dbark Energy which has been hypothesised to explain the current
acceleration of the expanding universe. The remaining7%is in the form ofDark Matter

(DM) which is hypothesised to be non-baryonic, non-luminous, non-relativistic form of matter
that constitutes abo@5%of the matter content of the universe.

Theorists have come up with several scenarios to explain the particle nature of DM. Those theo-
ries rely on going beyond tHetandard Model of Particle Physic$he Standard Model (SM) of
Particle Physics is a massively successful theory providing high-precision theoretical estimates
for experimental data, and it describes Weak Electromagneti@and Strong Forces Despite

being a major breakthrough in physics, SM cannot explain the origin, existence and properties
of DM. Although there has been no statistically signi cant results from any accelerator based
experiments including the LHC, of Physics beyond SM, we have strong evidence from other
experiments that SM is at best a low energy effec@uantum Field Theory

We have scant knowledge about DM as a patrticle, however, any candidate for (most of) DM
must obey the observational constraints. In cosmological terms, the relic abundance of the can-
didate particle should account for the obser@ad Dark Matter(CDM) abundance, should

be non-relativistic (and hence the name cold) in nature to allow structure formation in the early
universe, and among others, its lifetime should be larger than the age of the universe, or in
other words, it should be cosmologically stable. Among the various candidate theories for DM,
Weakly Interacting Massive Particl¢®/IMPs) are of great interest and have been widely con-
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sidered theoretically which has further instigated enormous experimental endeavours to detect
them. What makes WIMPs theoretically interesting is that they arise naturally in several exten-
sions of the SM, such as tiMinimal Supersymmeteric Standard Mo@&ISSM).

Efforts have been made worldwide to detect WIMPs using various methods, such as direct, indi-
rect, and collider searches. However, there has not been a de nitive WIMP detection signature
thus far. The DAMA/LIBRA collaboration [74, 246] has reported a sustained annual modu-
lation in its detector, which could be due to changes in the relative velocity between galactic
WIMPs and Earth caused by Earth's rotation around the Sun. DAMANs¢$T |) crystals to
measure WIMP scattering, and the detected signal indicates a WIMP mass of A0dbed if
the scattering fronNa ions is taken into consideration. The data collected from DAMA phase
1 and phase 2 [75], which corresponds to an exposug4@ftons yr , has a combined
signi cance of 12.9 C.L. [116]. Another collaboration called CRESST [57] has also reported
an excess of data that suggests WIMP masses in the rarige 060 GeV with a WIMP nu-
cleon scattering cross section betwd@n*® and10 “° cm?. CoGENT [7] has observed event
excesses and annual modulation similar to the DAMA experiment, with a signi cance of 2.8
C.L.. The results from the DAMA, CoGENT, and CRESST experiments are dif cult to rec-
oncile with the simplest models of DM [190, 248], and the parameter space that these models
suggest for the relationship between WIMP mass and WIMP nucleon scattering cross-section
seems to be inconsistent. This con ict is also apparent when comparing these positive signals
to the null results from experiments such as LUX [39], XENON-1T [58], and PANDA [262],
which have set the most stringent limits on WIMP nucleon spin-independent cross-sections.
These limits constrain the WIMP nucleon scattering cross section to Hélot¥ cm? for light
DM, with WIMP masses belo#00GeV. As a result, it is worthwhile to explore the WIMP
nucleon cross-section for lighter WIMPs, using complementary technigues such as indirect de-
tection or searches at colliders.

WIMPs can potentially be created as a result of proton-proton collisions at the LHC, along-
side one or more QCDQuantum Chromodynamicgets, photons, and other detectable par-
ticles from the SM. However, the DM produced in this way would not be detected due to its
very weak interaction cross-section. Therefore, experiments are looking for missing transverse
energy Er) signals, which could indicate the presence of dark matter. Searches at the col-
lider involve looking forE+ and speci ¢ SM particles in predicted nal states, often involving
searches for SUSY particles that can further decay to DM candidates. However, so far, no such
signatures have been found, and results from collider searches are consistent with SM expec-
tations. The ATLAS [4], CMS [252], and LHCDb [5] experiments at the LHC have set strong
limits on DM candidates. MiniBooNE experiment at Fermilab [35] also contrainGeXd-DM
candidates. Efforts to detect DM in the s@&V mass range has also been actively pursued at
xed target experiments and with high intensity, low-energy colliders. In particular, Search for
dark photons decaying into light DM has also been conducteteat colliders such as BaBar

(see chapter 16 of Ref. [128]). However, it's important to note that the limits set by colliders
are model-dependent, and hence the interpretation of these limits should be done, taking into
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consideration the underlying mechanisms that couple DM to the SM patrticles.

Indirect searches are often used in combination with direct detection and collider-based searches
to detect DM. They involve searching for the products of the annihilation and decay of WIMPs

in regions where there is a high concentration of DM, such as the center of the sun, earth, and
galaxy. This can manifests as distortions in gamma-ray spectra or anomalies in rare compo-
nents ofCosmic Ray¢CRs), such as antimatter components like anti-protons, anti-deuterons,
and positrons. Speci cally, CR antimatter components have the potential to detect the products
of DM annihilation in addition to standard astrophysical production.

+ L oggW s WTil pidiens s (1.1)

where is a generic symbol for a DM candidate.

The AMS-02 experiment, which is a state-of-the art accelerator type magnetic spectrometer
installed on thdnternational Space StatiofiSS), offers us a unique platform with its high
precision results of antimatter spectrum [27] to probe the possible DM channels. In particular,
the positron and antiproton channels have received attention in recent time to investigate ex-
cess over SM prediction. However, the excess of cosmic positrons observed cannot be solely
attributed to DM, as it may also be caused by the emission of positrons from nearby astro-
physical sources of leptons or galactic pulsars [135, 136, 202, 214, 271]. This contradicts the
predictions of standard models for the production of cosmic positrons [11, 32]. The present
isotropy (or anisotropy) of the cosmic positron ux cannot be relied upon to completely differ-
entiate between the various scenarios [213]. Consequently, the anti-proton spectrum remains
a privileged channel for indirectly searching for dark matter. However, to that purpose, it is
crucial to assess the uncertainties related to the production and propagation of anti-protons in
the galaxy.

Inelastic scattering of CRs off the ISM is responsible for the dominant part of the anti-protons
in our galaxy and it sets the background against which contribution from exotic sources is inves-
tigated. AMS-02 has measured thhaix and p=pratio with an exceptional degree of accuracy,

to within a few percent. These measurements cover a broad energy range, froni lagdav

up to several hundredseV. The ndings indicate that the=pratio remains steady aboé®

GV rigidity, and is quite at.

The anti-proton (secondary) component generated by CRs is expected to decrease more rapidly
than the primary proton spectrum, although those theoretical predictions are affected by sev-
eral uncertainties. Two major sources of uncertainties which afict the prediction of anti-
protons for indirect DM search are the astrophysical uncertainty due to propagation in the
galaxy andHeliospherg83-86,90,150,151,167], and the anti-proton-production cross-section
[137, 140, 156, 197, 239, 278]. The AMS-02 measurements will help reduce the astrophysi-
cal one, by constraining the propagation of CRs and re ning the diffusion model of CRs in
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the galaxy and th&olar SystemFor the latter uncertainty, we note that, nuclei heavier than
proton and helium contributes a paltry amount to the secondary production of CRs, either as
projectiles or targets, and hence they play a trivial role in the production of secondary an-
tiprotons [197]. Consequently, the dominant reactions are those involving protons and Helium
(p+ p;p+4He*He + p*He +% He). Approximately 40% of the production across the
entire energy spectrum involves interactions widie is either the target or the projectile.

To decrease uncertainty regarding the secon@goduction cross section and determine if
there are any indications of exotic components from DM annihilation or decay in the AMS-02
data, it is essential to conduct precise measurements @ pheduction cross section in both

p+ p collisions andp +* He collisions at energies ranging froh® GeV to a fewTeV. The
Apparatus for Meson and Baryon Experimental Rese@dWIBER) at the M2 beam line of
Super-Proton Synchrotro(6PS) at CERN, offers us the possibility to explore the production
cross-sections of interest. AMBER is8@ m long xed target experiment, and is a two-staged
spectrometer with numerous tracking detectors, particle identi cation and calorimetry. To carry
out the proposed physics program, data were collected using a liquid helium (LHe) target and
would be collected using a liquid hydrogen (bHarget in the future.

In the light of the above, there are two components to the doctoral work. The rst part which
serves as the primary focus of the thesis pertains to improving the CR propagation models to
reduce astrophysical uncertainty. In order to achieve this objective, the Beryllium (Be) isotope
analysis is performed using 10 years of AMS-02 data. Be is primarily produced in the spallation
reaction of Carbon (C), Nitrogen (N), and Oxygen (O) with the ISM, and is a rare component
of CRs. It has three major isotopéBe;® Be, and'°Be. Out of themBe is stable, whilé¢’°Be

is  radioactive, and has a relatively longer half-lifle{, = 1:39 10° years). The relatively

small amount of°Be, when compared to th#Be abundance, presents us with a radioactive
clock that can be used to measure the residence time of CRs in the Galaxy. The measurement
10Be="Be can also constrain the astrophysically important ratfe=D, whereH is theHalo

Half Size andD is theDiffusion Coef cientin Cosmic Ray Transport Equatiofis53]. A dis-
cussion on the theory is done in explicit details in chapter 2 (See 2.7.1).

For completeness, the second part of the work which involves the measurement of anti-proton
production cross-section is provided as an appendix to this thesis. For identi cation of the anti-

protons, the COMPASRIng Imaging Cherenkov Detect{fRICH) [10], is the most important

one. The RICH is a relatively large detector with a volum&®Mm?3, and it contain€,F 1, gas

as a refractive medium. The mirror system of the RICH consists of two very ultra-violet (VUV)

re ecting spherical surfaces, with a total area larger thhm?. Monte Carlo (MC) simulations

of the detector using the Geant4 platform was performed for the RICH detector. Furthermore,

to improve the velocity reconstruction from the RICH Cherenkov Rings, the necessary physics
processes calculations were implemented in C++ and visualised using ROOT classes. Along
with that, both test beam with a deuteron target and actual measurements with a liquid helium
target were conducted in November 2022, and in July 2023, respectively. Further data acqui-
sition with a hydrogen and deuteron target is scheduled to be held in 2024 as of writing this
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thesis. The ongoing analysis of the data would help reducing nuclear uncertainties.

31



Chapter 2

Cosmic Rays and Propagation Models

2.1 A Dbrief peak into history

The beginning of the 20th century, the factogolden period of modern physics, saw the par-
allel development of Cosmic Ray (CR) Physics and Elementary Particle Physics. In fact, in the
absence of particle accelerators, CRs provided the background for the discovery of several new
particles that could be observed only at high energies.

Towards the end of the 19th century, Becquerel's discovery of spontaneous radioactivity re-
sulted in a widespread belief that ionizing radiation in the atmosphere was solely derived from
radioactive elements present in the earth or their derivatives. Subsequently, a signi cant amount
of experimental work was conducted in the early 1900s to comprehend the properties and
essence of this ionizing radiation. This involved conducting experiments underground, un-
derwater, and at high altitudes to investigate its intensity in relation to distance from the ground
and its variations across different geographical locations. In 1910, Wolf [206] observed a pos-
sible radiation from outer space by measuring ionization rates with an electroscope at the top of
the Eiffel Tower. The intensity of this radiation did not decrease as much as it would have if the
source of the radiation was on the ground, suggesting it could have originated from extrater-
restrial sources. The signi cant progress occurred when Victor Hess conducted experimental
measurements starting in 1911, which involved multiple balloon ights at different altitudes
above sea level (Fig. 2.1). Hess discovered that the rate of ionization began to increase at
altitudes of around 1.5 km, leading him to conclude that a new form of radiation from outer
space was causing this observed increase [178]. In 1911, Domenico Pacini [229] and, indepen-
dently in the 1920s, Robert Millikan conducted underwater observations and both con rmed
the existence of a new type of radiation that was originating from beyond Earth. This radia-
tion was later identi ed as cosmic rays. During that period, the nature of cosmic rays was still
unclear, speci cally whether they were composed of charged particles or neutral photons. The
debate was so intense that it even made the front page of newspapers like New York Times
(2.1). Millikan initially supported the idea that cosmic rays were high-energy gamma rays with
some secondary electrons produced by Compton scattering, while charged particles were con-
sidered as candidates for Compton. After the era of the electroscope, there were a few key
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Figure 2.1: Left: Victor Hess (center) and his crew on the balloon departing from Vienna in
1911. Right: Cover page of The New York Times reporting the heated discussion between
Millikan and Compton on the nature of CRs.

technical breakthroughs that greatly advanced the study of cosmic rays. These included the
development of Geiger-Muller tubes, the implementation of coincidence techniques re ned by
Bruno Rossi [241], and the introduction of imaging devices such as bubble/cloud chambers
and photographic emulsions. These advancements provided a wealth of new information about
cosmic rays in the 1930s. It was discovered early on that the particles observed in cosmic rays
were capable of passing through substantial amounts of material. This raised concerns about
the original theory that cosmic rays were primarily composed of photons.

An important development in understanding the charged nature of cosmic rays occurred in the
early 1920s, when scientists realized they could use the Earth's magnetic eld to their advan-
tage. They realized that if cosmic rays were made up of charged particles, their trajectories
would be affected by the magnetic eld, causing greater radiation intensity near the poles than
at the equator.

Building on the earlier work of Carl Stoermer on the Earth's geomagnetic eld, Rossi predicted
that if CR were predominantly of one charge, an East-West ux asymmetry should be observed,
with the maximum effect occurring around the geomagnetic equator. In 1934, Rossi con rmed
this prediction by measuring the East-West effect [242], which was an important milestone in
the understanding of cosmic rays.

In the 1940s and 1950s, a comprehensive and consistent understanding of cosmic rays was
developed based on these foundations. It was discovered that the primary radiation is mainly
made up of protons, with a smaller amount of heavier nuclei, and that the particles observed on
the Earth's surface are secondary cosmic rays that are created through interactions between the
primary cosmic rays and the atmosphere 2.3.
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Figure 2.2: Original mea-
surements from one of the
ascents performed by Viktor
Hess [178]. The increase of
rate of discharge with alti-
tude implies that the ioniz-
ing radiation responsible for
it is extraterrestrial

Dirac's theory on the existence of anti-particles and Einstein's theory on the equivalence be-
tween mass and energy were both experimentally con rmed through the discovery of the
positron in 1932, which was observed by Anderson while studying cosmic rays using a cloud
chamber [55]. This discovery, along with the later measurement of pair conversion* e ,
contributed to the understanding of new interactions and particles that were postulated in the
1930s. In the 1940s, the discovery of muons [257], pions [227], and kaons [240] in cosmic rays
helped to clarify this puzzle further [133]. These discoveries in the eld of cosmic rays led to
the creation of two complementary elds of research: high-energy elementary-particle physics
and cosmic-ray astrophysics. These two elds have effectively merged today in the astroparti-
cle domain, where fundamental physics processes are investigated using cosmic radiation as a
source with high-energy physics instruments.

The launch of Sputnik | in 1957 was a signi cant breakthrough that marked the beginning of
the space era. This allowed for advancements such as the ability to observe primary cosmic
rays using satellites equipped with Geiger-Muller counters and magnetic spectrometers. One
of the most notable discoveries was the existence of the Van Allen belts, which are regions
around Earth with intense radiation levels due to low-energy charged patrticles trapped in the
geomagnetic eld. The&outh Atlantic Anomalya region where the lowest Van Allen belt is

near Earth's surface, is discussed in subsequent chapters due to its impact on measurements
made by the AMS-02 experiment.
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