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Critical Aspects in the Modeling of Sub-GeV Calorimetric
Particle Detectors: The Case Study of the High-Energy Particle
Detector (HEPD-02) on Board the CSES-02 Satellite
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appropriate hadronic physics lists for low-energy interactions, and accurately describing
the detector response—particularly quenching effects in scintillators and digitization in
solid-state tracking planes. Particular attention is given to three critical aspects: the precise
CAD-level geometry implementation, the impact of hadronic physics models on the detec-
tor response, and the parameterization of scintillation quenching. In this study, we present
original solutions to these challenges and provide data-MC comparisons using data from
HEPD-02 beam tests.

Keywords: HEPD-02; CSES-02; particle detection; GEANT4; Monte Carlo simulation;
signal digitization

1. Introduction

The second China Seismo-Electromagnetic Satellite (CSES-02) [1,2] is a scientific satel-
lite part of a multi-spacecraft program devoted to studying the electromagnetic, plasma,
and particle environment in the low-orbit region around the Earth at about 500 km of
altitude. The CSES missions program is a collaborative effort between the China National
Space Administration (CNSA) and the Italian Space Agency (ASI), with the participation
of several Chinese and Italian universities and research institutes. The CSES program’s
most relevant objective is the observation of the perturbations involving the Van Allen
belts and the Earth’s atmosphere that originated by solar [3-6] or terrestrial phenomena,
producing changes in the electromagnetic fields and the charged trapped particle fluxes.
CSES [7,8] aims to establish a possible statistical correlation between such transients and
intense seismic phenomena [9,10].

In addition, the mission has demonstrated its capability to contribute to the continuous
monitoring of high-energy transient phenomena in the gamma-ray domain, such as Gamma-
Ray Bursts [11,12].

The first satellite, CSES-01, was launched at the beginning of 2018, while the second,
CSES-02, is in operation as it was successfully launched in June 2025. The High-Energy
Particle Detector (HEPD-02), built by the Italian Limadou collaboration, is one of the CSES-
02 payloads, specifically designed to study the low-energy cosmic rays: mainly electrons in
the range of 3-100 MeV and protons in the range of 30-200 MeV. HEPD-02 is an upgraded
version of the predecessor HEPD-01 [13] onboard CSES-01, which is capable of performing
event-based particle identification through a simultaneous measurement of the incoming
particle direction and its total energy. This is achieved thanks to the information coming
from its different subdetectors: plastic scintillator trigger planes (TR1 & TR2), a Direction
Detector (DIR) consisting of three layers of silicon pixel tracker, a segmented calorimeter
made of plastic scintillator named “range detector” (RAN), an inorganic calorimeter made
of Lutetium Oxyortho Silicate (EN1 & EN2) or LYSO, and an anticoincidence detector made
of plastic scintillator (LAT_01 - LAT_04, BOT). Figure 1 shows the detector assembly and
its components.

HEPD-02 features the first space-borne pixel silicon tracker [14-16], representing an
important advancement for particle spectrometry in space.

In this work, we present a detailed GEANT4-based Monte Carlo (MC) simulation of the
HEPD-02 detector, accurately replicating its geometry, response, and signal digitization to
produce realistic data. We also include performance benchmarking and validation against
expected detector behavior, establishing the simulation as a key tool for mission operations
and data analysis.

https://doi.org/10.3390/particles9010006


https://doi.org/10.3390/particles9010006

Particles 2026, 9, 6

30f22

BOT

TR1

Figure 1. The HEPD-02 assembly onboard CSES-02 with its subdetectors: trigger planes (TR1 &
TR2), silicon pixel direction detector (DIR), range detector (RAN) made of plastic scintillator, LYSO
calorimeter (EN1 & EN2), Anticoincidence Detector (LAT_01 - LAT_04 & BOT).

2. Monte Carlo Simulation Setup and Geometry Modeling

Monte Carlo simulations reproduce the detector response under controlled initial con-
ditions and provide a reference for validating the modeling of physical interactions within
the system. MC techniques [17] are particularly useful for complex detector geometries
such as that of HEPD-02. Radiation transport tools like GEANT4 [18], FLUKA [19], and
McStas [20], combined with accurate descriptions of geometry and physics models for
radiation-matter interactions, allow one to sample the detector response. This is partic-
ularly important for unfolding procedures [21,22], which depend critically on a precise
understanding of the experimental apparatus.

The overall Monte Carlo simulation workflow adopted for HEPD-02 is illustrated in
Figure 2. The input to the simulation consists of the detector geometry, described in GDML
format and imported directly from the detailed CAD model (see Section 2.1), and of the
generated primary particle parameters, including position rgen, direction pgen, charge Z,
mass m, and kinetic energy K. The GEANT4-based simulation (central block in Figure 2)
propagates the particle through the full detector model, accounting for the relevant physical
interactions as defined by the selected physics list. The MC simulation of the HEPD-02
instrument has been developed using the GEANT4 toolkit (version 10.6.1) [18]. The entire
simulation pipeline is parallelized so that independent runs can be performed concurrently
on the computing cluster, each using a different physics list configuration. The output of
each simulation branch is a collection of Monte Carlo truth data, including the particle hit
positions and the energy deposited in each sensitive volume at every simulation step.

These MC truth quantities are subsequently processed by two dedicated digitization
packages: TROP1X, which handles the tracker readout simulation, and CALIX (Calorimeter
Light eXtraction), which models the calorimeter optical and electronic response. The digiti-
zation stage converts the analog energy deposits into discrete signal units, producing data
structures fully consistent with the experimental raw data format. Additional metadata,
such as the deposited energies in individual detector volumes and the projectile informa-
tion, are also attached to the simulated output, enabling a direct comparison between data
and Monte Carlo at multiple levels of the reconstruction chain.

https:/ /doi.org/10.3390/particles9010006
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Figure 2. Schematic representation of the Monte Carlo simulation chain for HEPD-02. The detector
geometry from CAD and the generated particle parameters are used as inputs to the GEANT4
simulation, producing MC truth information (hit positions and energy deposits) that is subsequently
processed by the TROPix and CaLiX digitization modules to generate simulated data.

2.1. Precise CAD-Level Geometry of the Experiment

A high-fidelity simulation of the HEPD-02 detector requires an accurate implemen-
tation of its geometrical model. The detailed CAD model of the HEPD-02 payload was
therefore adopted as the primary source for the detector description. The geometry was
initially provided in STEP (STandard for the Exchange of Product model data) format [23],
a standard for CAD data exchange ensuring interoperability between different design
platforms. Since this format is not directly compatible with the GEANT4 framework, it
was converted into GDML (Geometry Description Markup Language) [24], an XML-based
format suitable for physics simulations. For HEPD-02, the conversion from STEP to GDML
was performed using the GUIMesh tool [25]. Since the mechanical model was available
as a STEP file, we used GUIMesh/FreeCAD for the STEP-to-GDML conversion; however,
CADMesh is a viable alternative when the geometry is provided as triangular meshes
(e.g., STL/PLY/OB]J) [26]. To reproduce the in-flight configuration of the experiment, the
most relevant structural components of the CSES-02 satellite were included in the model.
Before conversion, the metallic structures—such as lateral panels and the star tracker—were
simplified in Autodesk Fusion 360 [27] by removing small inserts, screws, and apertures.
The final GDML files were produced with the FreeCAD GDML Workbench [28], and the
geometrical consistency was verified using the overlap-checking procedure.

Figure 3 illustrates the full geometry implemented in the GEANT4 simulation. Panel (a)
shows the geometry as placed in the world volume, where the payload structure is rendered
in black, the particle entrance window in a copper-like color, and the satellite body with
the star tracker—both modeled in aluminum—are shown in blue. Panel (b) depicts the
CAD representation of the HEPD-02 payload with and without the external mechanical
structure, showing both the detector subsystem (right) and the electronics subsystems (left).
Panel (c) shows some details of the TR1 subdetector, including the photomultiplier tubes
(PMTs), optical pads, and mechanical supports. Panel (d) presents the complete detector
assembly with all mechanical details, screws, PMTs, and passive structures.

https:/ /doi.org/10.3390/particles9010006


https://doi.org/10.3390/particles9010006

Particles 2026, 9, 6

50f22

Figure 3. Overview of the HEPD-02 detector geometry implemented in the simulation. (a) Geometry
placed in the world volume with the satellite body and star tracker. (b—d) Detailed CAD representation
of the payload and subdetectors, including mechanical structures, PMTs, and electronic boards.

2.2. Impact of Physics Models on the Detector Response

For the HEPD-02 virtual model, well-established Physics Lists commonly used in
high-energy physics experiments have been adopted [29]. The baseline Physics List is
QGSP_BIC, chosen for its reliable treatment of hadronic interactions across the HEPD-02
energy range. In GEANT4, QGSP_BIC combines the Binary Cascade (BIC) for protons and
neutrons below 6 GeV, the Bertini cascade model [30] for pions, kaons, and hyperons in
the same range, the Fritiof model (FTF) [31,32] from 3 to 25 GeV, and the Quark-Gluon
String model (QGS) [33] above 12 GeV. After the initial interaction, the Precompound and
pre-equilibrium models [34,35] handle the de-excitation of residual nuclei.

To improve the accuracy of electromagnetic interactions at MeV and sub-MeV energies,
the standard electromagnetic physics module is replaced with G4EmStandard_option4,
which provides refined treatments of multiple scattering, energy loss, and electron-photon
interactions, at the cost of increased computational time [36]. Furthermore, to simulate
LYSO radioactivity and calibration with radioactive sources, the G4RadioactiveDecay
module is included [37,38], which also accounts for intrinsic background contributions.

The GEANT4 application was instrumented to enable runtime selection of the physics
list and fine-grained replacement of individual physics constructors via macro files. This
flexibility supports systematic studies of model-dependent effects and the characterization
of related uncertainties [39-41].

The relative performance of different physics lists is shown in Figure 4a—c, which
reports energy-deposition distributions and ratios in three representative calorimeter
units for 228 MeV protons. In this simulation, the beam is directed along the z-axis
and focused on the center of the detector. The reference QGSP_BIC (blue) is compared
against FTF_BIC (green), FTFP_BERT (orange), FTFQGSP_BERT (red), QGSP_BERT (purple),
and FTFP_INCLXX (dark gray). At this energy, the ratio panels indicate overall agreement
within statistical uncertainties.
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Figure 4. Distributions of MC truth energy deposits in different HEPD-02 calorimeter units under
varying simulation parameters. Top panels (a—c): Proton simulations (228 MeV) comparing different
physics lists. Bottom panels (d—f): Electron simulations (60 MeV) with varying range cuts for
secondary production. Statistical uncertainties are shown as error bars.

Figure 5 summarizes the dependence on incident energy. Also in these simulation
runs, the proton beam is directed along the z-axis and focused on the center of the detector.
Panel (b) shows that differences among families increase across 50-300 MeV. The dominant
contributors are the intra-nuclear cascade models (BIC, BERT, and INCLXX) which govern
hadronic interactions in the sub-GeV regime; the HP suffix denotes high-precision neutron
extensions below 20 MeV based on evaluated data libraries [42]. At the highest energies
(~300 MeV), the mean deposited energy differs by about 3% between _BERT and _BIC,
and by about 2% between _INCLXX and _BIC. These differences are statistically significant
at 228 MeV as well, where panel (a) indicates offsets of roughly 4 MeV for _BERT vs.
_BICand 1.5 MeV for _INCLXX vs. _BIC. Such trends are consistent with known modeling
variations in inelastic interactions and secondary-particle cascades. Below ~70 MeV, the
relative differences among the different hadronic physics lists become compatible within
the statistical errors due to the predominant electromagnetic component of the interaction.
No significant differences are observed between the “Fritiof Precompound” (FTFP_) and
the “Quark Gluon String Precompound” (QGSP_) models, as these are typically invoked
only when the particle energy exceeds 3 GeV and 12 GeV, respectively, which is not the
case in this simulation.
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Figure 5. Comparison of different physics lists in GEANT4 simulations for HEPD-02. Panel (a): Mean
total deposited energy for 228 MeV protons across different physics lists with statistical uncertainties
(multiplied by a factor 10 for visualization purposes). Panel (b): Mean total deposited energy versus
incident proton energy (top) and relative difference 6 = (Xcomp — Xref)/ Xref With respect to the
QGSP_BIC reference (bottom). In both panels, the background shading distinguishes physics-list
families: blue for _BIC, green for _BERT, and orange for _INCLXX.

These mismatches will be further investigated to assess the impact of the simulation
model on the systematic uncertainties associated with the analysis of flight data.

The simulation software enables adjustment of range cuts between different MC runs.
This parameter sets a length-based threshold that determines the minimum energy required
for secondary particle production from processes like ionization and other electromagnetic
interactions. Secondary particles that lack sufficient kinetic energy to exceed this distance
are not explicitly generated; instead, their energy is deposited locally along the track.

Lowering the range cut threshold provides a more detailed modeling of the topology
of energy deposition in materials, enhancing the accuracy of the simulation. However, this
comes at the cost of increased computational complexity, leading to a higher number of
generated and stored hits. Therefore, an optimal trade-off must be established between
accuracy in energy deposition modeling and data storage efficiency.

Within the detector, micrometer-scale accuracy in energy deposition is required only in
specific sensitive detector volumes. To achieve this localized increase in spatial resolution,
different G4Regions have been instantiated. A G4Region is an object that can be assigned
to multiple simulation volumes, allowing the user to specify custom properties such as
different range cuts or specialized physics models.

To ensure a proper representation of energy deposition within the DIR, which employs
ALTAI silicon pixel sensors [16] with a thickness of 50 um, the range cut has been set to
1 um. In the first trigger plane (TR1), which is 2 mm thick, the range cut has been set to
10 um. In the second trigger plane (TR2) (4 mm thick) and in the Range Detector (RAN)
(5 mm thick scintillating slabs of plastic scintillators), the range cut has been set to 40 pm.
For all remaining volumes belonging to passive materials, and also the electromagnetic
calorimeter units EN1 and EN2, the range cut follows the default GEANT4 value of 1 mm.
Range cut values can be adjusted for fine-tuning analyses by the user thanks to dedicated
UI commands.

A study of the energy deposition response (MC truth) is presented in the lower panels
of Figure 4d—f. These plots show the energy deposited in three different subdetectors
incident 60 MeV electrons with the beam directed along the z-axis and focused on the
center of the detector. It can be observed that setting an excessively large range cut

https://doi.org/10.3390/particles9010006
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(100 mm) leads to nonphysical behavior in the simulation. In contrast, choosing a range
cut that corresponds to a small fraction of the characteristic size of the subdetector ensures
accurate modeling, as indicated by the ratio plots: the distributions obtained with the finest
range cut are nearly compatible with unity. For the EN1 calorimeter unit, the ratio plots
remain compatible with unity at larger range cuts because their thickness is about 3 cm. We
observe that for the examples shown in Figure 4d—f, restricting the range cuts from 0.1 mm
to 0.01 mm results in a computation time increase within a factor of 10.

2.3. Event Generation

A key innovation of the HEPD-02 Monte Carlo code is the implementation of a
dedicated beam test mode that enables accurate reproduction of experimental beam con-
ditions. The application allows users to specify the incident particle spectrum by setting
the beam’s initial position (xo,yo), angular distribution (via polar angles 6,¢ with re-
spect to the z-axis), and energy spectrum. To account for realistic beam profiles, position
and angular dispersions are parameterized as oy, 0y, and projected angles 6 = 0 cos ¢,
8y = 0sin ¢, respectively.

These parameters are tuned iteratively to match the distributions of reconstructed
variables from the DIR, as shown in Figure 6. These plots show both experimental data
and MC simulations for a run acquired during the beam-test campaign with 228 MeV
protons. The simulated events are analyzed after the digitization and event-reconstruction
procedure. This iterative tuning procedure is essential because particle interactions with
detector materials modify the trajectory, making the input parameters only indicative of
the final reconstructed distributions. Once tuned against experimental data (e.g., 228 MeV
proton beam test), the MC code reliably reproduces beam conditions for quantitative
data—MC validation.

Beyond beam test applications, the code also supports cosmic ray studies via the
standard G4GeneralParticleSource, including the intrinsic radioactivity of 7®Lu in LYSO
crystals when needed.

Counts Counts
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0x [deg] 0x [deg]

MC

~30.0 —27.5 —25.0 —22.5 —20.0 —17.5
Xo [mm]

Figure 6. Reconstructed position and angular distributions from 228 MeV proton beam test compared
with MC simulation after parameter tuning.

2.4. Output Data Structure and MC Truth Information

The simulation framework outputs ROOT files [43] containing both MC truth and
digitized detector response. MC truth information includes the primary particle kinematics
(PDG code [44], mass, charge, initial position, momentum, kinetic energy) and detailed
records of energy deposits throughout the detector.

Particle trajectories through the detector are represented discretely via hit objects
recorded at each propagation step. Each hit captures essential information for systematic
studies: deposited energy, particle identity (PDG code), step length, position, and kinematic
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variables (momentum, kinetic energy). This granular recording of energy deposits enables
subsequent reconstruction of detector response and traceability to physical processes. To
facilitate background and systematic studies, the framework also records energy deposi-
tions in inert materials (passive detector elements, shielding, support structures). However,
only hits in active detector volumes contribute to the final digitized signals—inert material
hits serve purely for analysis purposes and are discarded during digitization.

3. Digitization and Subdetectors Response Modeling

Accurate digitization is essential to enable direct comparison between MC and ex-
perimental data. We describe the transduction chain from physical observables (energy
deposits, ionization) to digitized signals (ADC counts, pixel maps).

A simplified scheme of the digitization procedure followed by the HEPD-02 virtual
model is depicted in Figure 7. The procedure begins with the collection, for each event, of a
series of hits representing the energies deposited at discrete points along particle tracks.
Each hit is defined as Hit; = (rf re,rfOSt, AE;), where rf " and rf o' are the start and end

positions of the step, and AE; is the deposited energy.

{GEANT4 Event - Hit Collections}

(M

=
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Figure 7. MC digitization chain: deposited energy from GEANT4 (MC truth) is converted to detector
signals via calorimeter light yield maps (CaLiX) and a parameterized charge diffusion model for the
DIR (TROPix).

The first step of the digitization consists in the generation of the pixel clusters within
the DIR. For this task, the TROPix software (version 1.0) [45] (Section 3.2) is used. The
information about the fired pixels is then attached to each event.

The scintillating calorimeter digitization involves several physical transduction steps:
energy deposition is converted into scintillation light, which depends on the ionization
density distribution [46]. Photons propagate through the scintillator, undergoing reflections
and absorptions before detection by photomultiplier tubes (PMTs) with limited quantum
efficiency. We use a parametric approach based on experimental response maps (Section 3.1)
to capture these effects and reduce computational demands.
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At each step of the particle track within the scintillator, the local energy loss per unit
length (4E); is calculated as:

__ AR (1)

||rlpost _ rlpre| | :

dj
dx

i

The local energy deposition can then be converted into an averaged number of photons

emitted An‘?en:
dE
e <d

1

dE
A gen _ 4L
i dx

t
r{/\j}> LY [ = (2)
i

where LY is the nominal light yield, and Q is the quenching factor describing non-linearity
at high ionization density, parametrized by {A;}. Within this general formulation, {A;}
represents a set of parameters of the model adopted for the quenching mechanism. The
non-linearity in Equation (2) becomes important at high-ionization densities.

Scintillation quenching, the reduction in light yield at high ionization density, is
often parameterized empirically by the Birks model [46]. However, for sub-GeV particles
interacting with modern scintillators, both saturation effects and exciton recombination
mechanisms must be accounted for to achieve accurate modeling. The Birks—Onsager
parameterization [47-51] incorporates these factors and provides an improved description
across the full ionization density range:

(dE/dx)

dE 1 —HH |: —
, )\ — + . 1 _ e (dE/dx)q 3
Q(dx { ]}) |f7H 1+kB(1—ﬂH)§£] Me/h 3)

where 77y is the limiting minimum luminous efficiency (saturation), #,,;, quantifies the

contribution from exciton recombination at scintillator recombination centers, and (dE /dx)
sets the characteristic ionization density scale for the recombination process.

The generated scintillation photons Anig " ateach step (Equation (2)) must be converted
into detected photoelectrons. This is achieved using position-dependent response maps
R(r"*), where R represents the detection efficiency — the ratio of photoelectrons detected by
the PMT to generated photons — as a function of hit position r" = (r!"* + 1/ ") /2. These
light yield maps are generated and applied within the CALIX code section. Derivation of
these maps is described in Section 3.1. The detected photoelectron contribution from each
hit is:

Andet = R(dl) - An$*" (4)
Two examples of R(r") maps are displayed on the right-hand side of Figure 7. The average

number of detected photoelectrons by a PMT coupled to the scintillator (n9°) is given by
the sum of all the terms expressed by Equation (4)

Nits Nits .
<ndet> _ Z An?et — 2 R(rf”t) . Anigen
i=1 i=1
()
_Nhitb‘ dE dE A LY R( hlt)” post preH
= Z% ix -Q Ix A L L L
i= i i

where Ny, is the number of hits within the scintillator of interest acquired during an event.

To provide a practical example, Figure 8 compares three quenching models (no
quenching, pure Birks, and Birks-Onsager) by showing the photoelectron yield and charge-
normalized response across nuclear charges for minimume-ionizing particles in three HEPD-
02 subdetectors (T'R1, RAN, and EN1). For protons (Z = 1), the models agree within 5%
in both plastic (E]J200) and LYSO scintillators. However, discrepancies grow with charge:
in EJ200, differences reach approximately 10% at Z = 4, while in LYSO the two Birks
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models agree within 10% up to Z = 6. The charge-normalized yield (lower panels) iso-
lates the quenching effect, clearly showing the systematic suppression introduced by the
Birks—Onsager model at lower ionization densities compared to pure Birks.
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Figure 8. Photoelectron yield . (top) and charge-normalized yield rnppe / Z? (bottom) versus nu-
clear charge Z for minimume-ionizing particles (8 = 3) in three HEPD-02 subdetectors. Comparison
of three quenching models: no quenching (blue circles), pure Birks (red squares), and Birks—-Onsager
(grey crosses).

The real detected number of photoelectrons is then sampled from a Poisson distribu-
tion with the mean parameter equal to the expected number of detected photoelectrons from
Equation (5). The number of photoelectrons is then mapped to the ADC domain through a
one-dimensional sigmoid parameterization (each PMT has its own parameterization from
experimental characterizations [52]) given by the following:

a a

T T+expk(xg—x) 1+ expkxy’ ©)

ADC(x)

where g, k, x) are parameters estimated via Data-MC comparison. In the final digitized
charge, expressed in ADC, additional electric noise, modeled as a zero-mean normal
random distribution, is considered.

At the end of digitization, MC data are formatted identically to experimental data and
can be fed directly into the reconstruction pipeline for production of reconstructed-level
data products. The event reconstruction methodology is beyond the scope of this work and
will be addressed in future publications. The key distinction between MC and experimental
data is that MC files include a truth-level database with particle generation information
and energy deposits, enabling validation of the MC predictions against real measurements.

3.1. Modeling the Optical Response of the Scintillating Counters

The initial step in achieving optimal digitization is to adjust the simulated detector
response to best match the experimental data. This involves tuning the optical response
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of the individual counter. To do this, a standalone GEANT4 MC simulation (described
in [53]) was developed for each type of scintillation counter, taking into consideration
the propagation and energy release of the incident particle in the material, as well as the
production of scintillation photons. These photons are produced from a parameterization
of the emission spectra of the scintillators (EJ-200, LYSO:Ce) and then propagated according
to the refractive index, absorption length in the materials, and reflectivity of the wrapper.
Based on the PMT quantum efficiency, photons reaching the photocathode surface may
be converted into photoelectrons. For every primary event, the integrated number of
photoelectrons generated is recorded at each end of the counter, and the charge is calculated
by multiplying this number by the PMT gain. The result is then compared to experimental
data obtained in the laboratory under cosmic ray muons. For every counter, bi-dimensional
maps are produced showing the mean number of photoelectrons/charge, relative to the
center of the counter, as recorded by each phototube. These maps are based on the energy
deposit and the impact position of the incident particle, with bins arranged along the
transverse and longitudinal axes. The bin size and total number of bins are chosen according
to the geometrical dimensions of each individual counter. A detailed investigation was
carried out to study the distribution of the mean number of photoelectrons recorded as a
function of the deposited energy when the primary ion traverses the center of the counter.
The complete digitization of the counter response is achieved through the combination of
2D maps (Figure 7) and the parameterized average number of photoelectrons as a function
of the deposited energy.

3.2. Modeling of the Direction Detector Response

The modeling of the output of the HEPD-02 pixel tracker is handled using TROPix [45].
This tool is designed to model the response of silicon pixel detectors. Developed specifically
for the DIR of the HEPD-02, TROPix integrates GEANT4 for energy deposition simulations
and employs a parametric approach for charge generation and diffusion.

The main steps of the simulation process include:

*  Charge deposition: energy deposited by incident particles in the active silicon material
is converted into primary charge carriers;

*  Charge propagation: the movement and diffusion of the generated charges are mod-
eled using a parametric approach;

*  Digitization: active pixels are determined after applying noise contributions and
threshold comparisons.

The simulation begins with the conversion of deposited energy into released charge
within the silicon sensors. This process follows a Landau distribution, characterized by a
location parameter i and a scale parameter s = k - u, where k = 3.6 eV represents the energy
needed to create an electron—hole pair in silicon [54].

Charge transport is handled through parametric Gaussian smearing, which models
the diffusion of primary charge carriers. The diffusion parameters are finely calibrated
using data from experimental beam tests, ensuring an accurate representation of charge
spread within the sensor.

Finally, the accumulated charge distribution is mapped onto the hit map, providing
a spatial visualization of the active pixels in the silicon chip. The digitization process
determines active pixels by comparing the collected charge to a threshold map, ensuring
that only pixels exceeding the predefined threshold are recorded as hits.
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4. Experimental Data and Monte Carlo Comparison

4.1. Calorimeter Response Validation

For validation of the HEPD-02 MC pipeline, we used a 62,000-event sample from a
228 MeV beam test at the APSS Proton Therapy facility in Trento [55]. Since both data
and MC are produced in identical L2 data format, they are analyzed using the same
reconstruction algorithms, ensuring a fair and unbiased comparison. To ensure the analysis
of a pure proton sample without pile-up, only events with one reconstructed track in the

DIR are considered.

The first validation focuses on the calorimeter subsystem response, shown in Figure 9.
The figure compares ADC signal distributions from three calorimeter elements: TR2 and
RAN (plastic scintillators) and EN2 (LYSO), each read out by dedicated photomultiplier
tubes. MC distributions are scaled to match the total number of events in the experimental
data to allow direct shape comparison. Both data and MC error bars represent Poisson
statistical uncertainties on the bin counts. The naming convention follows the pattern
Subdetector_i HG - PMT j, where i indexes the scintillator element and j labels the PMT
readout channel via the high-gain amplifier stage. The insets present the EXP/MC ratio,
quantifying agreement by showing how well the MC prediction matches the measured
distribution; gray bands in the insets indicate the £1c statistical uncertainty band, derived
from the combined errors of data and MC. All error bars represent statistical uncertain-

ties only.
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Figure 9. ADC signal distributions from experimental data and MC simulation for 228 MeV vertical
protons in three HEPD-02 calorimeter elements: TR2 and RAN (plastic scintillators) and EN2 (LYSO).
The insets display EXP/MC ratios, evaluated for the bulk of the distributions (vertical shaded area
in the main panels). Horizontal shaded bands in the insets represent -1 ¢ statistical uncertainties.
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Fitting procedures and detailed comparisons are presented in Section 4.1 and Appendix B.

To compare the ability of the simulation to reproduce the MPVs and widths of the

experimental distributions, physics-motivated functions were adopted.

Vavilov distributions have been used for the bulk of TR2 and RAN, and a Crystal Ball
function for EN2 (capturing both the peak and low-energy tail). For TR2 and RAN, the fit is

https://doi.org/10.3390/particles9010006



https://doi.org/10.3390/particles9010006

Particles 2026, 9, 6

14 of 22

restricted to the well-populated peak region. The RAN scintillator produces a statistically
significant high-energy tail which may be modeled by an additional Landau component.

The simulation reproduces the peak positions (Most Probable Value, MPV) with percent-
level accuracy. For TR2, the data shows MPVpyp = 436.4 + 1.20%t) + 1.36yst) ADC
compared to MPVyc = 439.4 + 1460 £ 1568 ADC. The RAN detector yields
MPVgxp = 559.6 + 0.66%t) + 0.76¥st) ADC versus MPVyc = 566.4 +0.66tt) +1 26yst) ADC,
while EN2 shows MPVpxp = 1888.1 + 2.060%) + 0.46yst) ADC compared to
MPVyc = 1875.1 + 1.9¢1t) + 0.36¥st) ADC. Regarding the signal widths, the simulation
provides a consistent description for TR2 and EN2, whereas a larger width is observed in the
Monte Carlo distribution for the RAN detector (see Table A2).

Small residual discrepancies in the MPV positions (e.g., the ~0.7% offset observed
in EN2) are likely due to systematic effects in the absolute energy calibration and the
digitization chain (e.g., optical response and quenching modeling).

In the final physics analyses, these sources of systematic uncertainty, together with
those related to the choice of hadronic physics list at the MC-truth level, will be quantified
and propagated to the final results.

4.2. DIR Response Validation

The second key step in the data-MC comparison is the validation of the digitization
procedure for the DIR subsystem. After reconstruction, which is applied identically to
both experimental and simulated data to produce L2 data products, pixel clusters can be
analyzed. To assess the overall DIR modeling performance and its fidelity to experimen-
tal observations, a sophisticated stacked cluster analysis is performed, as illustrated in
Figure 10.

The reconstruction pipeline performs pixel clustering by grouping adjacent activated
pixels, with each cluster representing a single particle impact. Quality selection retains only
events containing exactly one reconstructed track composed of three pixel clusters (one
per DIR layer). For each cluster, individual pixel coordinates are combined to compute the
cluster barycenter: ¥ = ﬁ Yixiand j = ﬁ Y. i, where pixel pitch is AxP* = 29.24 um
and AyPX = 26.88 um [16].

To enable meaningful spatial comparison across many clusters, each cluster is re-
centered at the origin (0,0) by subtracting its barycenter coordinates from all constituent
pixels. However, since the true hit position within each pixel is unknown and can lie
anywhere within the pixel boundaries, a uniformly distributed random shift (dithering) of
£0.5 pixel units is applied to the cluster centroid before stacking. This procedure, illustrated
in the left panels of Figure 10, properly accounts for sub-pixel uncertainties inherent to
discrete detector readout. The centered and dithered clusters are then superimposed on a
fine-grained spatial grid and used to build a two-dimensional histogram: bins of the fine
grid that fall within pixels of the cluster are incremented by one, and this is repeated for all
clusters in both MC and experimental datasets.

The resulting 2D hit maps are shown for MC simulation (central panel) and experimen-
tal data (top-right panel). To facilitate direct visual comparison, iso-density contour lines at
matched levels (from the logarithmic color scale) are drawn on both maps: solid contours
represent MC while dashed contours represent experimental data. The one-dimensional
projections along the X and Y axes (top and right panels) show the marginal distributions
obtained by integrating the 2D maps.
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Figure 10. Stacked hit-map analysis of pixel clusters in the HEPD-02 tracker from 228 MeV vertical
proton beam. Left panels: illustration of cluster re-centering on barycenter with uniform dithering
(0.5 pixel units). Central panel: 2D distribution from MC simulation (solid contours) overlaid
with experimental data contours (dashed). Both panels share the same axis limits; the dashed grid
indicates the pixel pitch (29.24 ym in x and 26.88 pm in y). Top and right panels: 1D projections along
X and Y axes comparing MC (red) and experimental (violet) data.

Importantly, these projections are normalized by dividing by the number of fine-grid
bins corresponding to one pixel width, rendering the vertical axis independent of the
underlying binning and allowing meaningful comparison of “effective pixel activation”
between data and simulation.

The projections show good agreement (at the level of ~10%) between MC and experi-
mental data in the bulk region, while larger deviations are confined to the tails, which are
dominated by less frequent cluster topologies and are more sensitive to the details of the
digitization model [45].

Another potential source of systematic uncertainty arises if inter-chip or intra-chip
misalignment in the TROPix readout array is present but not accounted for in the digi-
tization model; such misalignment would distort reconstructed cluster morphology and
bias spatial and cluster-size measurements. However, from individual events alone, it is
impossible to distinguish between genuine cluster shapes arising from particle straggling
versus artificial distortions induced by unknown detector misalignment. Therefore, chip
alignment constants must be determined independently through dedicated metrological
calibration procedures applied to flight data.
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5. Conclusions

In this work, we showed the development and validation of a Monte Carlo model of
the HEPD-02 detector aboard the CSES-02 satellite, addressing the critical aspects inherent
to accurate simulation of sub-GeV particle interactions.

First, CAD-level geometry implementation with tessellation techniques ensures faith-
ful representation of detector complexity, from scintillator layer stacking to silicon tracker
pixel alignment. Second, systematic comparison of Geant4 hadronic physics lists reveals
non-negligible differences in energy deposition across the sub-GeV spectrum, with BERT
and BIC models differing by approximately 4 MeV at 228 MeV, with a relative difference
slightly increasing toward higher energies. This systematic effect must be carefully evalu-
ated for accurate detector response modeling. Third, implementation of the Birks—Onsager
scintillation quenching model, whose validation against beam-test data was presented in
previous works [50,51], properly accounts for both saturation and recombination mech-
anisms relevant to sub-GeV particle detection in plastic and inorganic scintillators. In
Appendix C (Table A3), the main sources of systematic effects are listed.

Beam test comparisons demonstrate reasonable agreement between data and simula-
tion across detector subsystems: calorimeter ADC distributions agree within a few percent
in peak position, and pixel cluster morphologies match within 10% in spatial distribution.
These results indicate that the current digitization procedures and physical models capture
the main mechanisms governing detector response under controlled beam test conditions,
though systematic uncertainties remain to be fully characterized.

With CSES-02 now in orbit, HEPD-02 is acquiring cosmic-ray data in the sub-GeV
range. The detector model validated in this work will be used for the flight data analysis,
where systematic uncertainties from hadronic physics lists, quenching, and digitization
will be propagated to the final flux measurements.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter
ASI Agenzia Spaziale Italiana (Italian Space Agency)
BOT Bottom anticoincidence detector

https://doi.org/10.3390/particles9010006


https://doi.org/10.3390/particles9010006

Particles 2026, 9, 6 17 of 22

CaLiX Calorimeter Light eXtraction
CSES China Seismo-Electromagnetic Satellite
DIR Direction Detector (silicon pixel tracker)

EN1/EN2 Energy calorimeter units made of LYSO crystals
GEANT4  Geometry and Tracking 4 simulation toolkit
GDML Geometry Description Markup Language
HEPD-01  High-Energy Particle Detector on board CSES-01
HEPD-02  High-Energy Particle Detector on board CSES-02

INFN Istituto Nazionale di Fisica Nucleare

LAT Lateral anticoincidence detectors

LYSO Lutetium-Yttrium Orthosilicate (inorganic scintillator)
MC Monte Carlo

NIST National Institute of Standards and Technology

PDG Particle Data Group

PMT Photomultiplier Tube

RAN Range Detector (plastic scintillator calorimeter)

STEP Standard for the Exchange of Product model data

TR1/TR2  Trigger planes 1 and 2
TROPix Tool Reproducing the Output of the HEPD-02 Pixel detector

Appendix A. Material Properties in the HEPD-02 Detector Geometry

In this appendix we report the properties of the materials used in the HEPD-02
MC model.

Table A1 shows how the properties of the materials are modeled within the GEANT4
application. All the chemical compositions, material densities, and refractive indexes, when
applicable, are taken from the manufacturer’s datasheet. Furthermore, for single-element
materials, such as Aluminum or Silicon, the embedded material catalog from NIST is used.
For the materials composed of multiple elements, the chemical composition is provided
using the notation Xy, where X represents the chemical element symbol and Y denotes its
percentage by weight in the material. Radiation lengths, nuclear interaction lengths, and
electron densities have been directly computed using the GEANT4 toolkit. When applicable
and required by optical simulations, the average refractive index of the material is reported.

Table Al. Properties of the materials used in the HEPD-02 MC model.

Nuclear

. Radiation - Electron Average
Material Name I(Denmgf Length In{iﬁcg‘on Density Composition Refractive
g/em (cm) ( cr;sl) (107 cm—3) Index
Aluminum G4_Al (NIST) 2.70 8.90 38.89 7.83 Al -
Aluminized Mylar 1.40 28.11 56.98 433 H3A0 C63'0 032'0 Alz'o 1.64
Kapton 1.42 28.61 55.55 4.40 H3A(] C69_() N7A0 021.0 -
Copper G4_Cu (NIST) 8.96 1.44 15.59 24.62 Cu -
Plastic Scintillator EJ-200 1.02 42.92 70.59 3.34 Hgs5 Cor5 1.58
Acrylic Light guide 1.19 34.07 62.71 3.86 Hg.o Cs0.0 O320 1.56
Silicon G4_Si (NIST) 2.33 9.37 45.66 6.99 Si -
LYSO 7.10 1.22 21.46 18.39 LU71‘4 Y4'0 8164 013'1 Ceoll 1.81
Araldite 1.05 40.01 69.15 3.45 H9A5 C63_] 0105 N]7_g -
Optical pads E]-560 1.03 29.78 78.65 3.34 C32.0 Hg'o 022'0 5138.0 143
BSGlass 2.23 13.38 41.38 6.67 Sizr 0 Bso Nag o Al; g Ogs0 147
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Poron-0.4 (Compressed) 0.40 100.79 165.39 1.44 CZO.O 040.0 HZOAO Nzo‘o -
Poron-0.46 (Compressed) 0.46 88.61 145.40 1.64 CZO.O 040.0 HZOAO Nzo‘o -
Carbon Fibre 1.55 27.14 50.23 4.80 C85.0 H3'0 N4.0 O&O -
GT-2 Tape 1.33 23.13 60.79 4.32 Sizz8 O216 Hg2 Cao4 -
3m Duct Tape 0.95 47.13 71.18 3.26 His4 Cgs -
GT-1 Tape 1.33 23.13 60.79 4.32 Si379 021.6 H&z C32.4 -
PEEK 1.32 31.48 58.45 414 Hys Cr92 O166 -
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Appendix B. Fitting Models for Calorimeter Signal Distributions

In this appendix, we provide a detailed description of the fitting models used to
analyze the ADC signal showed in Figure 9. The distributions from both experimental
data and Monte Carlo have been acquired using a 228 MeV proton beam at Trento Proton
Therapy Center [55]. Different calorimeter components, at different detector depths, have
been considered: TR2 (second trigger layer of plastic scintillator), the 6th layer of the RAN
(the range detector composed of 12 layers of plastic scintillator), and EN2 (the second layer
of the LYSO inorganic scintillator in the calorimeter). For the TR2 ADC distributions, a
Vavilov function [56] has been used to fit the bulk of the distribution:

y(x)

where A is a height normalization factor, MPV is the most probable value of the distribution,

= Ay fy(x;MPV,Scale, B2, k) = Ay V(3; B, k) (A1)

Scale is a scaling factor for the x-axis.V (-; B2, k): Vavilov distribution function implemented
in ROOT. The é parameter is defined as:

_ x— (MPV)

Scale + 51110[16(:82/ k)

(A2)

where 8,4, ( ,32, k) is the mode of the Vavilov distribution for given parameters ,62 and k.
For the RAN ADC distributions, to model the bulk of the distribution, the Vavilov function
has been used. To account for the asymmetric tail on the right side of the distribution,
a Landau function can be added. Finally, for the EN2 ADC distributions, a Crystal Ball
function has been used to fit the bulk of the distribution:

y(x) = fep(x; A,MPV,0,a,n) =

A-exp( € ;\gv ) 7"_2@\’ > —n

A(ﬁ) eXP( WZ) (|a| |oe| — xil}/[PV>7n, for =MV < g

where A is a height normalization factor, MPV is the most probable value of the distribution,

for (A3)

o is the standard deviation of the Gaussian core, and « and # are parameters that define
the tail of the distribution. The results of the fitting procedure for both experimental data
and Monte Carlo simulations are summarized in Table A2. Systematic errors have been
assessed by performing repeated fits with randomized fit ranges.

Table A2. Summary of the best-fit parameters (Value + stat. & syst.) obtained for the three subdetec-
tors. For TR2, the energy-loss distributions are described by a single Vavilov function. For RAN, a
Vavilov model is adopted to describe the bulk of the distribution. For EN2, the Crystal Ball function
provides an effective description of the low-energy tail. MPV and scale parameters are expressed in
ADC counts.

Parameter TR2 (EXP) TR2 (MC) RAN (EXP) RAN (MQ) EN2 (EXP) EN2 (MC)
Model Vavilov Vavilov Vavilov (Bulk) Vavilov (Bulk) Crystal Ball Crystal Ball

A 8800 £ 300 £ 600 8500 £ 300 £ 400 9700 + 300 + 600 6000 £ 400 £ 900 690 £8+1 711+£8+1
MPV 4364+12+13 4394+14+15 559.6 + 0.6 £ 0.7 566.4 +0.6 +1.2 1888.1 +2.0+0.4 18751 +1.9+0.3
Scale /o 39.0+2.0+4.0 40.0£2.0£3.0 77.0+20+5.0 126 £8+17 118.1+1.6 +0.6 1239+1.6+04
K 0.39 +0.03 £ 0.07 0.36 +0.03 +0.05 094+0.1+0.1 25+0.3+0.7 - -

B? 0.353 (fixed) 0.353 (fixed) 0.353 (fixed) 0.353 (fixed) - -

% - - - - 0.93 +0.06 £+ 0.02 1.03 £ 0.06 + 0.02
n - - - - 324+07+03 23+04+02
x%/ndf 1.9 0.4 2.1 14 1.1 0.6
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Appendix C. Breakdown of the Sources of Systematic Uncertainties

In Table A3 we list the main sources of systematic effects that may affect different stages
of the simulation/digitization pipeline, together with the observables that are primarily
impacted and the corresponding evaluation/propagation strategy. When available, we also

report quantitative estimates derived from dedicated benchmark studies.

Table A3. Main sources of systematic effects in the Geant4-based simulation/digitization pipeline.

Source of Systematic

Stage of the Simulation

Main Impacted

Quantification from

Effect Chain Observables Mitigation Strategy Benchmark Studies
Geometry: volumg Energy deposits,

Sﬁ?ﬁ;ﬁiﬁ?’ material Particle transport spurious/unphysical Geometry validation Not quantified in this
CAD-to-GDML ir‘:(z%/ :csleposus due to (overlap checks) work

conversion p

Fjr;ler}%ys?:ﬁ(;a;‘ial Scan at different cuts.

Secondary production . npuysica’ sp Adopt cuts smaller than Results reported in
Particle transport distribution of energy - . .
range cuts d ; characteristic solid Figure 4d-f.
eposits / secondary di :
. imensions
production
228 MeV proton

Physics lists (hadronic
models)

Physics modeling at
MC-truth level (hadronic
interactions)

Energy deposits. Possible
differences in the hadronic
cross sections adopted

Compare alternative
hadronic physics lists on
the same benchmark
configuration

benchmark: AEge, ~ 4
MeV, i.e., ~2-3% of total
deposited energy. Results
reported in

Figures 4a—c and 5.

Non-linearity in
scintillating counters (light
yield quenching)

Digitization (light yield
modeling)

Reconstructed energies
and variables related to
PID

Comparison of different
quenching
parameterizations (e.g.,
Birks-Onsager)

Differences up to ~10%
for Z = 4 MIPs (~1% for
MIP protons); up to ~40%
if quenching is neglected
for Z 2 6 (~5% for MIP
protons). Results are
reported in Figure 8.

Position-dependent
optical response

Digitization (evaluation of
the collected
photoelectrons)

Reconstructed energy

Use experimental optical
maps/parameterizations

Treated in Ref. [53]

Parameterization of the
photoelectron-to-ADC
conversion

Electronics response in
digitization

Reconstructed energy.
Mismodeling of the
electronics nonlinearities

Per-channel
response-function fit.
Propagate fit-parameter
uncertainties in data
analyses

Worst case channel
systematic uncertainty
<10% (conservative
estimate, see text)
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