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The AMS-02 Experiment

Platform: High-energy physics
detector aboard the ISS (since 2011).

Key Observables: Precision
measurement of cosmic-ray flux,
charge (Z), and rigidity ( P).

Primary Mission: Understanding
particle acceleration, origins, and
propagation throughout the Galaxy.

Fundamental Physics: Searches for
dark matter signatures, primordial
antimatter, and isotopic composition.



Our goal

ﬂmework Development: Build a comprehensive Monte Carlo simulation pipeline to model the \

measurement chain and instrumental response of the AMS-02 spectrometer for Boron isotopes.
Tracker, Time-of-Flight (TOF), and RICH subsystems to identify and quantify the primary systematic
uncertainties governing mass reconstruction.

Data Architecture: Structure the generated kinematic samples and instrumental observables into
optimized ROOT TTree structures for downstream cross-validation and statistical fitting.

Statistical Isotopic Separation: Transition from raw observables to reconstructed invariant mass,

\ilikelihood estimation.

Detector Performance & Resolution Modeling: Replicate the measurement constraints of the Silicon

generating continuous theoretical mass templates to accurately resolve the high-energy isotopic overlap
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The AMS-02 Detector
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Target: Secondary Cosmic Rays (Boron).

m =

Tracker: Rigidity (P = 25).
Ze
Time of Flight and Trigger (TOF)
|
Ring Imaging Cherenkov (RICH)  cos(fc) = Bn

Transition Radiation Detector (TRD): Distinguishes
matter particles from antimatter.

Electromagnetic Calorimeter (ECAL): Measures the
total energy of the particles

ECAL

He Vessel



Monte Carlo Simulation

To each particle generated were

N

N

associated a set of “true” variables
randomly generated such as: \ TRD
Mass; 5 § _ :
Zenith angle(8), Azimuthal angle
(P);
: RICH
X,y variables;
Trigger (boolean variable);
ECAL

statistical weight (w). AMS-02 detector



Monte Carlo Simulation - Particle Spectrum

In first approximation, the particle flux is

proportiona| to P—2.7 ’ meaning that % 108 Flat Generation (Unweighted)
generating rigidities uniformly across the § - Physical Flux (Weighted)
entire kinematic range would result in a “F

severe statistical deficit at low rigidities and 10°E

a computational excess at high rigidities, ; 05;

undermining the precision of the Monte E

Carlo integration. To mitigate this, rigidities 10—

were sampled from a log-uniform b \
distribution, ensuring that each momentum E

decade is populated with an equal number 10

of simulated events. il

To reconcile this log-uniform generation & e
with the physical cosmic ray spectrum, a Ganeriad R HEIF 1=
statistical weight w must be applied to each

event.



Monte Carlo Simulation - Smearing

A set of smeared particles was also incorporated, representing the values that
each subsystem measures during the simulation:

L
L +0,-NO, 1))

velocity measured with TOF; Bror = (
C

velocity measured with RICH;  OricH
Bo

=A-B  _ Ein
= exp E

Bricu = Bo + Bo
rigidity measured with Tracker; — p _ p 4 .. N(0. 1)

A —B-exp(l - E—k")] -N(@,1)
Ey

reconstructed mass associated to TOF;

reconstructed mass associated to RICH.



Instrumental Resolution

Validation: Ideal y ==z
kinematic correlation.

Visible the wider range of
TOF’s measurement.

RICH more accurate and
precise.
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Geometric Acceptance - Spatial Uniform Generation
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Geometric Acceptance - Angular Data

Number of events detected Zenith Angle Cosine

Entries 1000000
R0000 Mean 0.8984
Std Dev_ 0.07771
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Dual-Plane Trigger: Only events intersecting both upper and lower TOF planes are accepted.

Angular Phase Space: Uniform azimuthal symmetry (¢), with the zenith angle () strictly bounded by the
detector's physical acceptance cone.

Incidence Profile: Expected event density peak at cos(f) ~ 1, confirming the dominance of near-vertical
trajectories.
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The Kinematic Challenge
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Kinematic Saturation (Left):
e Atlow energies, distinct isotopic bands are distinguishable.
e As energy increases, velocity asymptotically saturates (3 — 1), compressing phase space.

Mass Degradation (Right):
e  Error propagation (6m/m ~ —y>§3/ ) causes severe mass broadening.
e Isotopic mass bands merge into a single continuous distribution above ~ 10 GV. 12



Isotopic Mass Overlap
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Monte Carlo Truth: Visualizing the
physical separation between B and ''B
that is hidden in real data.

Severe Signal Overlap: Integrated TOF
resolution creates cross-contamination,
which worsens as § — 1.

Non-Gaussian Tails: Non-linear relativistic
error propagation and flux drop (P—27)
invalidate Gaussian fits.

Solution: Requires superior RICH velocity

resolution combined with continuous
Bayesian templates.
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Analytical Mass Templates

First-Principles Templates: Continuous PDFs derived

via Bayesian numerical integration of instrumental 5 1.2:_ """ Na EARa.d.i.a.t.er ______________________ _____________________ _108/; _—
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Isotopic Fraction Extraction
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Successful Extraction: MLE fitting applied across independent velocity windows for TOF, NaF, and AGL.
Resolution Degradation: Mass reconstruction progressively worsens at higher velocities.

Kinematic Cause: As 5 — 1], the vzfactor severely amplifies instrumental uncertainties, broadening the mass peaks.
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Conclusions & Future Work

Main Conclusion: Successful resolution of the severe high-energy mass overlap using Bayesian Analytical
Templates and MLE fitting (RooFit). The dual-language architecture effectively cross-validated the instrumental
modeling of the TOF and RICH subsystems.

Cosmic Flux Refinement: Replacement of the generic power-law with the official AMS-02 Smoothly Broken Power
Law (SBPL) parameterization, alongside the introduction of solar modulation (Fisk approximation) for low rigidities.

Dynamic Geomagnetic Filter: Implementation of continuous local cutoff rigidity calculations, correlating ISS orbital
coordinates with updated magnetospheric models (IGRF).

True Trajectory Physics: Abandonment of the rectilinear approximation by integrating the true magnetic deflection
for exact geometric acceptance and time-of-flight calculations.
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