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Abstract

This paper presents the design and optimization of a lutetium yttrium oxyorthosilicate (LYSO) crystal electromagnetic calo-
rimeter (ECAL) for the DarkSHINE experiment, which aims to identify dark photons as potential mediators of dark forces.
The ECAL design was evaluated through comprehensive simulations, focusing on optimizing dimensions, material selec-
tion, energy distribution, and energy resolution. The configuration consisted of 21x21x11 LYSO crystals, each measuring
2.5 cmXx2.5 cmx4 cm, arranged in a staggered layout to enhance signal detection efficiency. A 4 GeV energy dynamic range
was established to ensure accurate energy measurements without saturation, which is essential for background rejection
and signal identification. A detailed digitization model was developed to simulate scintillation, silicon photomultiplier, and
analog-to-digital converter behaviors, providing a realistic representation of the detector’s performance. Additionally, the
study assessed radiation damage in the ECAL region, emphasizing the importance of using radiation-resistant scintillators
and silicon sensors.
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1 Introduction

Dark matter (DM) [1, 2] remains one of the most compel-
ling mysteries in cosmology and particle physics, as demon-
strated by its gravitational effects on visible matter and the
cosmic microwave background. Theoretical models suggest
that DM was produced through thermal processes in the
early universe, with the “freeze-out” mechanism [3] explain-
ing its current observed density and positing a probable mass
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range from a few MeV to several TeV. Despite extensive
research, the specific properties and particle characteristics
of DM remain undefined. Experiments such as XENONnT
[4], PandaX [5], CDEX [6], LUX-ZEPLIN [7], AMS [8],
DAMPE [9], and LHC [10] have narrowed the parameter
space for weakly interacting massive particles (WIMPs)
[11-17] in the GeV to TeV range; however, these particles
remain undetected [18].

The absence of evidence for high-mass DM candidate
particles has increased interest in the sub-GeV mass range,
presenting significant detection challenges due to the mini-
mal interaction cross-sections of such light particles with
ordinary matter. This necessity has driven the development
of innovative detection techniques distinct from traditional
DM detection methods. Accelerator-based experiments are
particularly promising; they leverage high-energy particle
collisions to produce and detect dark photons, which are
hypothetical mediators between visible and dark matter
[19-23]. Facilities such as NA64 at CERN [24], LHC [25],
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Fig. 1 a Production of dark photons via bremsstrahlung. b Decay of
dark photons into “invisible” modes, resulting in dark matter parti-
cles. [29]

BELLE-II [26], BES-III [27, 28], already have results in
the search for dark photons [29], and the proposed LDMX
[30-32] experiments aim to explore these possibilities.

The DarkSHINE experiment [33, 34], designed to operate
under a minimal dark photon model, introduces an innova-
tive approach for detecting these elusive particles. Figure 1
illustrates the conceptual mechanism of dark photon pro-
duction via dark bremsstrahlung and its subsequent decay
into invisible dark matter, forming the experimental basis for
DarkSHINE. This experiment leverages the high-repetition-
rate single-electron beam provided by the Shanghai High
Repetition-Rate XFEL and Extreme Light Facility (SHINE)
[35, 36], optimized for detecting subtle signals indicative of
dark photons.

This study delineates the design principles of an electro-
magnetic calorimeter (ECAL) for the DarkSHINE experi-
ment, focusing on material selection and structural layout.
Through simulations, the ECAL volume was optimized to
balance signal efficiency and cost-effectiveness, and the
dynamic range of energy measurements in the ECAL chan-
nels was examined. Insights from these analyses informed
the development of potential triggering strategies for future
detectors. To ensure that the simulated detector response
closely reflects real detector behavior, a digitization model
was implemented, and the energy resolution of the ECAL
was analyzed. Furthermore, we evaluated radiation damage
in the ECAL region, emphasizing the importance of crystals
and silicon sensors capable of maintaining high performance
in high-radiation environments.

2 DarkSHINE experiment and ECAL design

DarkSHINE is a fixed-target experiment designed to study
the bremsstrahlung production of dark photons and measure
their invisible decay. It uses a high-repetition-rate single-
electron beam provided by SHINE and is currently under
construction. The beam is expected to reach an energy of
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8 GeV and a repetition rate of 10 MHz, corresponding to
3 x 10'* electron-on-target events during the year of the
DarkSHINE experiment’s commissioning.

The primary challenge for DarkSHINE is integrating
data from various detectors to minimize background con-
tributions while preserving the dark photon signal. Figure 2
illustrates the DarkSHINE detector system, comprising a
tungsten target and three subdetectors: a tracker, an ECAL,
and a hadronic calorimeter (HCAL). Simulations incorpo-
rated a single-electron beam with a 3 cm spatial distribu-
tion radius and a maximum non-uniform magnetic field of
1.5 Tesla in the tracker region. The tracker, made up of 13
silicon strip layers, measured the momentum and trajectory
of electrons. Seven layers were positioned in front of the tar-
get to tag (tagging tracker) to tag the incident electron, and
six layers were placed behind the target (recoil tracker). A
tungsten target (0.1 X)) was sandwiched between the tagging
and recoil trackers. Positioned behind the recoil tracker, the
crystal ECAL measures the energy deposited by recoil elec-
trons and photons. Recoil electrons are defined as incident
electrons after interaction with or passage through the target.
Next, a scintillator-steel sampling HCAL, placed behind the
ECAL, captured and vetoed background, particularly neutral
hadrons and muons.

To measure the invisible decay of dark photons, precise
measurement of the recoil electron energy after each colli-
sion is essential to identify any significant energy loss. The
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Fig.2 (Color online) Schematic representation of the DarkSHINE
detector system, illustrating the key components involved in the
detection of dark photons. The diagram shows the beam entering the
center of the detector from the left, traveling along the longitudinal
direction. The setup includes a magnet (red) with its supporter (blue),
a tagging tracker with seven layers (equal-sized tiles, gray in the mid-
dle and green at both ends) inside the magnet, a recoil tracker with
six layers (unequal-sized tiles) positioned behind the tagging tracker,
and a tungsten target sandwiched between the tagging tracker and the
recoil tracker. An electromagnetic calorimeter (small gray cube) is
placed behind the recoil tracker, followed by a hadronic calorimeter
(large yellow cube) located behind the electromagnetic calorimeter
[33]
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core detector of DarkSHINE, the ECAL, is a homogene-
ous LYSO crystal calorimeter. LYSO [37-39] was chosen
as the crystal material due to its high light yield, which is
critical for achieving excellent electromagnetic resolution,
and its rapid scintillation decay time (40 ns), which is cru-
cial for managing the exceptionally high event rate encoun-
tered. Furthermore, the ECAL’s central region is subject to
a significant radiation dose, making radiation resistance an
essential property. LYSO demonstrated exceptional durabil-
ity under high-radiation conditions, making it an optimal
choice for the DarkSHINE ECAL.

The structure of the ECAL is illustrated in Fig. 3. The
transverse dimensions of ECAL were approximately 52.5
cmx52.5 cm, with a length of about 44 cm along the beam
direction, corresponding to approximately 39 radiation
lengths. This substantial depth ensures excellent energy
containment, allowing the ECAL to absorb nearly all elec-
tromagnetic showers and prevent leakage into the HCAL.
Preventing such leakage is crucial to avoid the HCAL veto-
ing dark photon signals. The ECAL volume was determined
to balance signal efficiency with crystal cost (Sect. 4). To
enhance information collection and improve discrimina-
tion of dark photon events, the ECAL was fully segmented.
It consisted of 21x21x11 LYSO crystals, each measuring
2.5 cmx2.5 cmx4 cm, covered by ESR, and read out using
silicon photomultiplier (SiPMs) [40, 41]. In each layer, the
crystals were arranged in a uniform 21x21 grid. To enhance
detection efficacy and prevent particles from traversing
through gaps, crystals in successive layers were staggered
by half the crystal’s transverse dimension. This staggered
layout aids in detecting recoil electrons with energy loss and
capturing dark photon signals [42, 43].

Fig.3 (Color online) Configuration of the ECAL in DarkSHINE. The
ECAL compromises an array of LYSO crystals, each coupled with a
single SiPM for readout at the end. The schematic shows the segmen-
tation and staggered layout of the crystals within the ECAL

3 Signal and background
3.1 Software setup

A Monte Carlo simulation of the ECAL was conducted using
the DarkSHINE Software (DSS) framework, built on Geant4
[44, 45]. This simulation included the entire detector setup,
encompassing the LYSO crystal cubes, wrappers, silicon
sensors, support structures, and additional components such
as the tracker and HCAL. This comprehensive configuration
served as the reference for ECAL reconstruction, while the
primary analysis established the appropriate phase space for
ECAL evaluation. The DSS framework facilitated the simu-
lation of all Standard Model background processes involving
electron—target interactions, as well as various dark photon
processes, and their respective detector responses.

The target was used in a “full simulation” scenario,
in which an 8 GeV electron beam impacted the target, as
outlined in the experimental design, and the resulting sec-
ondary particles passed through all detector components.
In addition, an “ECAL-unit simulation” was conducted to
isolate the response of a single ECAL unit, allowing for
detailed analysis of its behavior and facilitating direct com-
parison with laboratory test results during the R&D phase.
All simulations were conducted using consistent material
configurations.

3.2 Signal and background

Figure 4 illustrates the background processes accounted
for in the DarkSHINE experiment and their relative rates
under an 8 GeV electron beam. Typically, incident electrons
pass through the target with minimal interaction. Approxi-
mately 6.7% of the electrons undergoes hard bremsstrahl-
ung, where bremsstrahlung photons carry more than 4 GeV
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Fig.4 Background processes observed in the DarkSHINE experiment
and their relative rates, simulated under an 8 GeV electron beam
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of energy away from the incident electrons. These photons
may then interact with the target or ECAL materials via
photon-nuclear interactions, which occur at relative rates
of 2.31 x 10™*and 1.37 x 1079, respectively. Occasionally,
bremsstrahlung photons may convert into muon pairs, with
relative rates of 1.63 x 107¢in the ECAL and 1.50 x 1078 in
the target. Additionally, these photons frequently produce
electron—positron pairs. Electron—nuclear interactions within
the ECAL and target materials also contribute to the back-
ground, with relative rates of 3.25 x 107 and 5.10 x 1077,
respectively [33].

When a dark photon is produced during the electron-on-
target process, most of the incident energy transfers to it,
while the recoiled electron deposits the residual energy in
the ECAL. Dark photons subsequently decay into dark mat-
ter, leaving no observable signal in the tracker or calorimeter
and resulting in significant energy loss in the ECAL. As
depicted in Fig. 5, over 75% of events from 1 MeV dark
photon signals exhibit energy deposits below 4 GeV in the
ECAL. As the dark photon mass increases, it carries more
energy away from the electrons, further enhancing the meas-
ured energy loss in the ECAL.

The inclusive process encompasses all potential Standard
Model interactions occurring within the detector, weighted
by their branching ratios. In comparison to dark photon
signals, most events in the inclusive background deposit a
substantial portion of their energy in the ECAL, making the
total energy measurement in the ECAL a strong criterion on
background rejection.

During the inclusive process, hard bremsstrahlung or
photon conversion into electron—positron pairs can create
electromagnetic showers in the ECAL, leading to significant
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Fig.5 (Color online) Energy deposition in the ECAL for 8 GeV elec-
trons during dark photon processes and inclusive background interac-
tions. In dark photon events, the deposited energy in the ECAL typi-
cally falls below 4 GeV, with energy decreasing as the dark photon
mass increases. Conversely, inclusive background processes exhibit
substantially higher energy deposition within the ECAL
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energy deposition. In contrast, complex processes involving
the production of high-energy muon pairs or hadrons gener-
ally result in minimal energy deposition in the ECAL and
can be effectively filtered out using the tracker and HCAL.

Neutrino-producing background processes, such as
Moller scattering (e"e~ — e”e”) followed by a charged-
current quasi-elastic (CCQE) reaction (e”p — v,n), neu-
trino pair production (¢e”N — e~ Nvv), bremsstrahlung with
CCQE, and charge-current exchange with exclusive channels
(e”p — vnx®), as outlined in [46], were considered negligi-
ble in this experiment due to their low event rates. Conse-
quently, these background processes were excluded from the
DarkSHINE simulations [33].

In summary, the design and function of the ECAL focus
on excluding backgrounds that do not involve hard muons
or hadrons.

4 Volume optimization

As the dark photon mass increases, they carry a larger share
of the incident electron’s energy, which results in a more sig-
nificant recoil angle—defined as the angle between the parti-
cle momentum direction and the beam axis. Figure 6 illus-
trates the distribution of recoil angles for particles striking
the front surface of the ECAL for both inclusive background
events and dark photon signals at different masses. The ECAL
spans a cross-sectional area of 52.5 cmx52.5 cm. Inclusive
background events predominantly involve electrons that pass
through the target and strike near the center of the ECAL,
with minor divergences due to the beam’s spread and magnetic
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Fig.6 (Color online) Recoil angle distribution for particles hitting the
ECAL in different processes. The recoil angle, defined as the angle
between the particle’s momentum direction and the beam axis, is
shown for both inclusive background processes and dark photon sig-
nals. The ECAL has a cross-sectional area of 52.5 cmx52.5 cm. Dark
photon signals tend to exhibit larger recoil angles than inclusive back-
ground processes, with an increase in dark photon mass resulting in
more events impacting the peripheral regions of the ECAL
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deflection. Conversely, signal events with dark photons showed
wider recoil angle distributions. Higher-mass dark photons are
more likely to produce recoil electrons in the ECAL’s periph-
eral region, increasing the chance of missing the ECAL alto-
gether. These cases, however, can be detected and vetoed by
the HCAL. Increasing the ECAL size could enhance signal
detection efficiency but would also involve balancing with cost
considerations.

The signal region of the calorimeter is defined in Table 1.
It includes criteria where the total energy deposited in the
ECAL is below 2.5 GeV, the total energy in the HCAL is less
than 30 MeV, and the maximum energy of a single unit in the
HCAL is under 0.1 MeV. This signal region was established to
maintain a low background level within 3 x 10'* electron-on-
target events. It is derived from a comprehensive analysis of all
subdetectors, using specific energy thresholds for the ECAL
and other components, along with extrapolation methods to
exclude background contributions [33, 47]. The optimization
results for the ECAL were evaluated based on signal efficiency,
defined as the ratio of the number of events falling within the
signal region to the total number of simulated events.

The ECAL size was optimized in both transverse and lon-
gitudinal dimensions, with the longitudinal direction aligned
along the beam axis. During this optimization process, the
individual crystal dimensions were kept constant at 2.5 cmX
2.5 cmx4.0 cm, which was determined based on the maximum
density that the electronics can accommodate [48].

First, the transverse dimensions of the ECAL were adjusted
while maintaining a constant longitudinal length across the
11 layers. Four distinct calorimeter configurations were simu-
lated. The results presented in Fig. 7a indicate that increas-
ing the transverse size of the ECAL leads to enhanced signal
efficiency for various dark photon masses. The average signal
efficiency corresponding to all mass points for each calorim-
eter size is summarized in Table 2.

The width of the ECAL was increased by seven crystal
blocks each time. From a design with 14x14x11 crystals to
one with 21x21x11 crystals, the ECAL area increased by 2.25
times, resulting in a 17.46% improvement in signal efficiency.
However, when the number of crystals per layer reached 35x
35, the increase in signal efficiency became marginal. Consid-
ering the cost of the crystals, an ECAL with 21x21 crystals is
considered appropriate.

The impact of the detector’s longitudinal size on signal
efficiency was also investigated. For each volume change, the
transverse dimensions of the ECAL were kept constant at 21

Table 1 Defined signal region criteria for the calorimeters in the
DarkSHINE experiment

ECAL HCAL
ES8 <25 GeV EEl <30 MeV, EM&Cell <01 MeV
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Fig.7 (Color online) Signal efficiency as a function of dark photon
mass for different ECAL configurations. Signal efficiency is defined
as the ratio of events entering the signal region (Table 1) to the total
number of simulated events. The notations “x Xy X z”” in the legends
represent the number of crystals in the ECAL along the transverse-x,
transverse-y, and longitudinal-z dimensions, with each crystal meas-
uring 2.5 cmx2.5 cmx4.0 cm. Signal efficiency optimization based
on (a) transverse size variations, illustrating the enhancement of
signal efficiency with increased transverse dimensions, particularly
for higher dark photon masses. b Longitudinal size variations, dem-
onstrating that an increase in longitudinal size improves signal effi-
ciency

Table 2 Average signal efficiency for different transverse sizes of the
ECAL

Number of crystals Average sig-

nal efficiency

(%)
14x14x11 53.32
21x21x11 70.78
28x28x11 75.75
35x35x11 77.62
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Table 3 Average signal efficiency with varying longitudinal size of
the ECAL

Number of crystals Average signal efficiency (%)

21x21x7 52.05
21x21x9 66.32
21x21x11 71.52
21x21x13 74.07
21x21x15 76.71

X 21 crystals, and two layers were added longitudinally, main-
taining a consistent number of crystals. As shown in Table 3,
the increase in average signal efficiency begins to plateau at
11 layers. Consequently, 11 longitudinal layers were selected
as the final configuration.

Overall, an ECAL size of 52.5 cmx52.5 cmx44 cm was
chosen, balancing significant signal efficiency with reason-
able cost.

5 Energy distribution

In the fixed-target experiment, incident particles that do not
undergo significant energy loss predominantly impact the
central area of the ECAL, resulting in substantial energy
deposition within the crystals in the central region of the
initial layers. Additionally, the energy absorbed by crystals
varies considerably across different regions; crystals closer
to the edges typically experience minimal energy deposi-
tion. To determine the dynamic energy range for future
detectors and explore potential triggering methods for the
ECAL, energy deposition in crystals from various regions
was analyzed.

5.1 Energy deposition in different regions

Using the optimized ECAL volume described in Sect. 4, the
energy deposition in the crystals for dark photon signals and
background processes is shown in Fig. 8. Inclusive back-
ground processes typically result in higher energy deposits
in the crystals, often up to 4 GeV. In comparison, energy
deposition from dark photon signals tends to be slightly
lower, with smaller dark photon masses leading to higher
energy deposits. A 1 MeV dark photon can deposit up to
3.5 GeV in the crystals, as such dark photons have a low
probability of carrying minimal kinetic energy, allowing the
recoiling electron to retain most of the incident energy.
The ECAL was divided into four sections from the center
to the periphery (Fig. 9) to study energy deposition in dif-
ferent regions. The number of crystals in each region is
listed in Table 4. Region-I (red) represents the core area
of shower development and contains 125 crystals, each

@ Springer
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Fig.8 (Color online) Energy deposited in individual crystals by an 8
GeV electron beam incident on the ECAL. For inclusive background
processes, the energy absorbed by a single crystal can reach up to 4
GeV, while dark photon signals can result in energy deposits of up to
3.5 GeV

Fig.9 (Color online) ECAL divided into four regions from the center
to the periphery. Red: region-I, green: region-II, blue: region-III, yel-
low: region-1V. The beam enters the detector at the center, traveling
in the longitudinal (z) direction from left to right

Table 4 Number of crystals in each region as depicted in Fig. 9

Dimension Region-I  Region-II  Region-III  Region-IV
Transverse-x 5 13 21 21
Transverse-y 5 13 21 21
Longitudinal-z 5 7 9 2

Total 125 1058 2786 882

measuring 2.5 cmx2.5 cmx4 cm, roughly equivalent to 18
radiation lengths. This region covers the entire beam spot
with a radius of 3 cm, and an additional area equivalent to
one Moliére radius. The energy absorbed by crystals in each
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of these four regions is shown in Fig. 10. Crystals in the
central and near-central regions absorb significantly more
energy than those in Regions III and IV, which are farther
from the shower center and absorb noticeably less energy.
For dark photon signals, energy deposition was even lower
than that for inclusive background processes. Figure 11
shows that crystals in Region-I, which constitute only 2.6%
of the ECAL volume, absorb more than 90% of the energy
for inclusive backgrounds.

5.2 Energy limits on channels

The setup of the dynamic energy range is crucial for the
accuracy of energy measurements in the ECAL. Typically,
a narrower dynamic range results in higher measurement
precision. To determine the minimum dynamic range that
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Fig. 10 (Color online) Energy absorbed by single crystals in the four
regions shown in Fig. 9. Crystals in the central regions (Region-
I and Region-II) absorb significantly more energy, whereas crystals

fulfills the ECAL’s energy measurement requirements, an
energy cap was applied to each crystal. This cap simu-
lated the saturation behavior seen in real detectors when
the deposited energy exceeded the set limit. If this energy
limit was too low, it could lead to an overall reduction in
the energy recorded by the ECAL, thereby misidentifying
high-energy background events as dark photon signals due to
significant energy underestimation. The analysis focused on
events characterized by substantial energy losses, assessing
how different energy limits influenced the count of events
where the total energy measured by the ECAL dropped
below 4 GeV.

Figure 12 shows the total energy distribution in the
ECAL following the application of various energy limits to
the channels. As the energy limit decreased below 3 GeV, a
notable decline in the total energy measured by the ECAL
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(d) Region-IV

in Region-III and Region-1V, located farther from the shower center,
absorb noticeably less energy
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Fig. 11 (Color online) Energy ratio in different regions shown in
Fig. 9 for various processes. The energy ratio is defined as the ratio
of the total energy deposited in the crystals within a specific region
(EiT°‘al) to the total energy deposited across all crystals in the ECAL

(EE%‘Z‘L). Both signal and background processes deposit the highest
energy in Region-I. However, for dark photon processes, as the dark
photon mass increases, a greater proportion of the energy is absorbed

in the outer regions
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Fig. 12 (Color online) Energy distribution in the ECAL for inclusive
background processes after applying various energy limits to individ-
ual channels. The energy limit represents the maximum energy that
a single channel can record, simulating saturation effects observed
in detector electronics. When this limit is set too low, the measured
energy in the ECAL can significantly diverse from the actual incident
energy, resulting in a shift toward lower energy values. This misrep-
resentation increases the risk of misidentifying background events as
dark photon signals

was observed, which parallels the saturation effect resulting
from an inadequate dynamic range in the detector’s electron-
ics. When the energy limit exceeded 3 GeV, the total energy
recorded by the ECAL remained largely unaffected by the
imposed limit. To maintain accurate energy measurements
within the ECAL, it is essential that the dynamic range
of the individual channels does not compromise the total
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energy recorded. Consequently, as demonstrated in Fig. 12,
a dynamic range exceeding 3 GeV is deemed appropriate.

Table 5 lists the ratios between the number of events with
ECAL energies less than 4 GeV and the total number of sim-
ulated events. These ratios were derived from background
and dark photon signals of varying masses after applying dif-
ferent channel energy limits. As the energy limit decreases,
the inclusive background experiences greater energy loss,
resulting in an increasing number of cases in which the
ECAL energy is less than 4 GeV. The results indicate that a
dynamic range of 100 MeV or 500 MeV is insufficient, as
these limits exhibit a poor background rejection capability
with a statistical sample of one million events. When the
energy limit on the channels is set above 500 MeV, nearly
all events deposit more than 4 GeV of energy in the ECAL,
except for two photon-muon pair processes and one nuclear
process, which can be effectively vetoed by the HCAL. This
indicates that very few crystals exhibited energy depositions
exceeding 1 GeV, as reflected in the normalized entries
shown in Fig. 8. Therefore, to ensure effective background
rejection, the energy limit should be set to at least 1 GeV.

Overall, a 4 GeV dynamic energy range is optimal for the
DarkSHINE ECAL, as it maintains the accuracy required
for energy measurements while ensuring strong background
rejection capability. Future detector readout electronics can
be designed based on this standard.

5.3 Trigger efficiency

In the high-frequency beam environment of DarkSHINE,
the majority of events collected by the detector were back-
ground events of limited interest. These background events
can significantly strain data transmission and storage at the
backend. Implementing an online trigger to filter out events
that do not match the characteristics of dark photon signals
can significantly reduce resource usage. The preliminary
trigger design involves summing the energy across selected
channels in the ECAL. If the summed energy was less than 4
GeV, the event would be saved. Trigger efficiency is defined
as the ratio of the number of triggered events, where the
summed energy in the trigger region is less than 4 GeV, to
the total number of events. Table 6 lists the trigger efficien-
cies across the different trigger regions.

In Table 6, a 4 GeV trigger effectively rejects most of the
inclusive background, with minimal losses for dark photon
signals, particularly those with larger masses. By using only
125 crystals in Region-I, over 99.9% of inclusive background
events can be filtered out, thereby conserving resources such
as bandwidth and storage. When the summed energy from
all crystals in the ECAL is used for triggering, nearly 100%
efficiency can be achieved, with only a few rare background
processes exhibiting exceptions. This trigger strategy dem-
onstrates significant promise in reducing background events
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Table 5 Ratios between the number of events with ECAL energy total energy measured by the ECAL also tends to decrease, resulting
less than 4 GeV and the total number of simulated events, calculated in an increased number of events within the region where the total
after applying various channel energy limits to background and dark ECAL energy is less than 4 GeV

photon signals of different masses. As the energy limit decreases, the

Energy limit Inclusive 1 MeV dark photon (%) 10 MeV dark photon (%)
100 MeV 999967/1 M 100 100

500 MeV 1066/1 M 90.57 96.93

1000 MeV 3/1M 76.78 91.23

2000 MeV 3/1M 76.76 89.89

3000 MeV 3/1M 76.76 89.89

4000 MeV 3/1M 76.76 89.89

6000 MeV 3/1M 76.76 89.89

8000 MeV 3/1M 76.76 89.89

Energy limit 100 MeV dark photon (%) 1000 MeV dark photon (%)

100 MeV 100 100

500 MeV 98.27 99.5

1000 MeV 94.52 98.56

2000 MeV 93.52 98.32

3000 MeV 93.52 98.32

4000 MeV 93.52 98.32

6000 MeV 93.52 98.32

8000 MeV 93.52 98.32

Table 6 Trigger efficiency across different trigger regions. The trig- the total number of events. The trigger regions I, II, III, and IV cor-
ger efficiency is defined as the ratio of the number of triggered events, respond to those shown in Fig. 9

where the summed energy in the trigger region is below 4 GeV, to

Trigger region Inclusive 1 MeV dark photon (%) 10 MeV dark photon (%)
No trigger 1M/1M 100 100

I 746/1 M 71.57 91.58
I+1I 37/1 M 74.05 90.03
I+II+110 6/1 M 73.78 89.9
I+I+1I+1V 3/1M 73.75 89.9
Trigger region 100 MeV dark photon (%) 1000 MeV dark photon (%)

No trigger 100 100

I 94.86 98.75

I+1I 93.67 98.35

I+1I+II1 93.57 98.32

I+IT+II+IV 93.57 98.32

while having a negligible impact on dark photon signals, even  serves as a critical reference for the electronic design of future
when relying solely on the channels in Region-I. This study  detectors.
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6 Energy resolution
6.1 Energy digitization

Accurate simulation of the detector response requires a pre-
cise description of digitization effects. Digitization intro-
duces realistic aspects to simulation results, replicating
actual detector behavior and enhancing comparability with
real experimental conditions. The energy obtained directly
from Geant4, referred to as the truth energy, reflects the
ideal energy deposition of a particle in a perfect detection
scenario, devoid of detector effects or measurement errors.
Thus, digitization provides a more realistic portrayal of
detector performance and supports design validation [49,
50].

The primary goal of energy digitization is to parameterize
the behavior of each component related to energy measure-
ment, incorporating smearing effects derived from prelimi-
nary experiments. For the DarkSHINE ECAL, the energy
digitization process consists of three main components:
scintillation digitization, SiPM digitization, and analog-to-
digital converter (ADC) digitization. These components cor-
respond to the light emission and decay of the scintillator,
the SiPM response, and the behavior of the readout elec-
tronics, respectively, all based on preliminary experimental
measurements.

6.1.1 Scintillation digitization

The first step in the digitization process is scintillation digi-
tization. This phase involves sampling the fluctuations that
may occur during the generation and attenuation of scintil-
lation light. We established an intrinsic light yield of 30,000
photons per MeV for the LYSO crystal scintillator, assuming

Table 7 Parameters used in scintillation digitization

Scintillator Light yield (intrinsic) Light yield fluctuation
LYSO 30000 ph/MeV 10%

Light yield calibration accuracy Light yield (measured)
1% 150 p.e./MeV

Table 8 Parameters used in SiPM digitization

Active area (mm?) Pixel pitch (ym) Pixel number
3.0x3.0 10 89984

PDE (1 = 4, Fill factor Gain fluctuation
18% 31% 10%

@ Springer

a 10% fluctuation across all scintillators. The scintillation
light, which is proportional to the energy deposited in the
crystal, is modeled to follow a Poisson distribution. During
its propagation within the crystal, scintillation light experi-
ences attenuation, which is influenced by the photon trans-
port length and the photon detection efficiency (PDE) of the
SiPM. The measured light yield is crucial for determining
the extent of light loss during both propagation and detec-
tion. Although the measured light yields for all crystal-SiPM
units show fluctuations, they can be calibrated to a certain
extent, with an assumed accuracy of 1%. The parameters
used in this step are summarized in Table 7.

6.1.2 SiPM digitization

For SiPM digitization, a toy Monte Carlo model [51] was
used to simulate the response of the SiPM to scintillation
light from a LYSO crystal. This model was specifically
designed to describe the relationship between the number
of photons detected by the SiPM and the number of incident
photons. The simulation was based on the HAMAMATSU
S14160-3010PS datasheet [52], which features a sensitive
area of 3 mmx 3 mm, 10 pm pixels, and nearly 90,000 pixels
in total, with a LYSO crystal measuring 2.5 cmx2.5 cmx
4 cm. The model accounts for the PDE, pixel density, pixel
recovery, and cross talk effects of the SiPM, as well as the
scintillation decay time, transmittance, emission spectrum,
and absorption spectrum of the LYSO crystal. The param-
eters used in SiPM digitization are listed in Table 8.

In Fig. 13, Ng.4 represents the number of photons
detected by the SiPM, e denotes the PDE of the SiPM, and
Ny, represents the number of photons incident on the SiPM.
The SiPM exhibits a nearly linear response when the effec-
tive photon count, calculated as the product of the PDE
(e) and the number of incident photons (Ny,), is less than
10,000. As the effective photon count increases, the response
gradually deviates from linearity and approaches saturation.
A formula from [53] was employed to fit the response of the
SiPM, aiding in modeling its behavior for varying numbers
of incident photons and providing a means to correct for
saturation effects.

In the SiPM digitization, the number of photoelectrons
from the scintillation digitization was used as the input for
the fitting function shown in Fig. 13, resulting in a response
that includes the nonlinear effects of the SiPM. The fluc-
tuations during this process can also be estimated, approxi-
mately proportional to the square root of the effective photon
count. Furthermore, the inverse of this fitting function can
be applied to correct the nonlinear response of the SiPM;
however, this correction inevitably reintroduces fluctuations
[54, 55].
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Fig. 13 (Color online) The simulated response of the SiPM to scin-
tillation light from a 2.5 cmx2.5 cmx4 cm LYSO crystal is shown.
This SiPM-LYSO setup is identical to that used in the DarkSHINE
ECAL. Performance parameters of the SiPM, including PDE, fill fac-
tor, pixel pitch, pixel counts, and recovery time, are referenced from
the HAMAMATSU S14160-3010PS datasheet [52]. The detected
photons exhibit a time structure influenced by the scintillation decay
time of LYSO and the geometric effects of the crystal, which are con-
sidered in the simulation. The horizontal axis represents the effective
photon counts, calculated as the product of the PDE (¢) and the num-
ber of incident photons (NVy,). The upper figure displays the variation
in the number of photons detected by the SiPM (Nj,.4) as a function
of the effective photon counts. The lower figure illustrates the extent
to which the response of the SiPM deviates from linearity. It can be
observed that for effective photon counts below 10,000, the response
of the SiPM remains largely linear. However, as the effective photon
count exceeds 10,000, the response begins to deviate from linearity
and gradually saturates

Table 9 Parameters used in ADC digitization

6.1.3 ADC digitization

The behavior of the readout electronics was simulated using
an ADC digitization process. Table 9 lists the parameters
used in this digitization. We assumed that the charge pro-
duced by the SiPM is recorded by a 12-bit multichannel ana-
lyzer with 4096 ADC counts. Gain is defined as the number
of ADC count outputs per photoelectron signal. Three gain
modes expand the dynamic range of energy measurements:
high gain, medium gain, and low gain. The dynamic energy
range for high gain is approximately 0-2.7 MeV, primarily
designed for energy calibration using radioactive sources.
The maximum energy measured by the designed electron-
ics is approximately 5461 MeV, which exceeds the 4 GeV
result presented in Sect. 5. This increase is attributed to a
series of smearing effects during digitization that can yield
energies greater than the original values. In the high- and
medium-gain modes, when the ADC exceeds 4000, it auto-
matically switches to the next gain level. A 3-ADC DAQ
noise was set for each gain mode to represent the intrinsic
noise. The SiPM noise was set to 1 ADC in high-gain mode
and varied with the gain. The digitization model character-
izes the SiPM noise as the average dark noise present in each
event waveform, accounting for the scintillation decay time
of LYSO and the dark count rate of the SiPM. Additionally,
a calibration accuracy of 1% was assumed for photoelectron
measurements.

6.2 Single-channel performance

After digitization, the ideal energy deposited in the crys-
tal within Geant4 was transformed into a signal that more
accurately represented the actual response of the detector.
The equivalent noise energy (ENE) for the electronics of the
single-channel digitization is shown in Fig. 14a. The ENE
was calculated using the following formula:

Noise

ENE= — —2%¢
ADC, X LY peq 1

Modes Gain ADC/p.e. Charge calibra-
tion accuracy
(%)

High gain %2000 10 1

Medium gain x40 0.2 1

Low gain x1 0.005 1

SiPM noise DAQ noise Switching point Energy range

1 ADC 3 ADC 4000 ADC 0-2.7 MeV

0.02 ADC 3 ADC 4000 ADC 2.7-133.3 MeV

0.0005 ADC 3 ADC - 133.3-5461 MeV
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where Noise represents the number of ADC noise, which
includes both SiPM noise and DAQ noise, as listed in
Table 9. ADC, .. is the number of ADC counts per photo-
electron, also listed in Table 9. LY., denotes the number of

photoelectrons detected by the SiPM coupled to the crystal
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Fig. 14 (Color online) a ENE of a single channel. The x-axis repre-
sents the input energy in the digitization model, while the y-axis indi-
cates the ENE. The three bins correspond to the three gain modes,
each with a fixed ENE value that is independent of input energy. The
width of each bin represents the dynamic range of energy measure-
ment at that gain. b Energy resolution of a single channel. The x-axis
represents the input energy in the digitization model, and the y-axis
indicates the energy resolution of the channel, calculated as the ratio
of the standard deviation (o) to the mean value from a Gaussian fit
of the output energy distribution. At energies below 100 MeV, the
primary contributor to resolution is the SiPM digitization, which
depends on the efficiencies of light collection and photon detection,
introducing larger fluctuations in Monte Carlo sampling compared to
intrinsic light output and ADC noise. As energy increases, the scin-
tillation digitization and ADC digitization become more dominant,
mainly due to constant terms reflecting calibration accuracy
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when it absorbs 1 MeV of energy. In our setup, LY ., is set
to 150 p.e./MeV (Table 7).

In Fig. 14a, the three distinct ENE regions correspond to
the different gain modes. Since ENE represents electronic
noise and is independent of the input signal, it remains con-
stant across the energy ranges covered by each electronic
gain. However, at the transition points between these ranges,
the ENE exhibits jumps corresponding to the changes in
gain, as do the parameters Noise and ADC,, . .

The single-channel energy resolution, after incorporat-
ing the three digitization effects, is shown in Fig. 14b. We
individually simulated the digitization process for each
component to obtain its respective resolution, followed
by a simulation of the combined process to determine the
overall resolution. Scintillation digitization involves Pois-
son sampling based on the intrinsic light yield of the LYSO
crystal, along with a series of Gaussian samplings. Conse-
quently, this component of the energy resolution decreases
with increasing incident energy. However, due to the high
intrinsic light yield of the crystal, this change is not signifi-
cantly noticeable in Fig. 14b; instead, it is dominated by the
constant term introduced by Gaussian sampling, reflecting
the calibration accuracy. The resolution of SiPM digitization
also decreases with increasing energy. However, because
statistical sampling is based on the number of detected pho-
toelectrons—significantly lower than the number of gener-
ated scintillation photons due to attenuation and the PDE
of the SiPM—the resolution of SiPM digitization is worse
than that of scintillation digitization. Moreover, applying a
nonlinearity correction further degrades the resolution, as
the correction process introduces additional fluctuations. For
ADC digitization, the energy resolution shows two jumps at
5 MeV and 500 MeV, attributed to an increase in ENE due
to gain switching. Additionally, a constant term appeared
in the high-energy region, reflecting the calibration accu-
racy assumed in the model. Overall, at lower energies (less
than 100 MeV), the resolution of SiPM digitization was the
main contributor. At higher energies, the contributions from
scintillation digitization and ADC digitization became more
significant.

The energy resolutions presented in Fig. 14b were derived
from the parameters listed in Tables 7, 8, 9, which corre-
spond to preliminary experimental measurements. Optimiz-
ing the LYSO-SiPM units, such as improving light-collec-
tion efficiency to achieve a larger light output, could enhance
channel resolution.

mea

6.3 ECAL performance

The performance of the full detector was determined by
applying digitization to each channel. Figure 15 shows the
energy resolution and containment of the ECAL. Here,
E1.., denotes the energy of the incident electrons. In the
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simulation, the ECAL consists of a grid of 21x21x11 LYSO
crystals, each with a volume of 2.5 cmx2.5 cmx4 cm, con-
sistent with the results presented in Sect. 4. Targets and other
detectors were excluded from this assessment. The incident
particles were electrons with energies ranging from 1 GeV
to 8 GeV, impacting the front face of the ECAL within a
circular area of 3 cm radius.

The energy resolution is plotted at the top of Fig. 15.
After digitization, the statistical term of the energy resolu-
tion of the ECAL remained better than 2% due to the high
intrinsic light yield of the LYSO crystal. This high-energy
resolution allows for more precise measurements of recoil
electron energy and enhances the reliability of distinguish-
ing between signal and background. The overall energy
resolution of the ECAL is typically better than that of a sin-
gle channel (Fig. 14b) due to statistical averaging, where
uncertainties from individual channels tend to cancel out,
and energy sharing across multiple channels reduces the
impact of measurement errors. Additionally, variations in the
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Fig. 15 (Color online) Energy resolution and containment of the
ECAL for incident electrons with energies ranging from 1 to 8 GeV,
excluding targets and other detectors. The x-axis represents the
energy of the incident electrons. The upper figure displays the energy
resolution of the ECAL, with the fitted stochastic term achieving
better than 2%. The lower figure illustrates the energy containment,
defined as the ratio of the energy deposited in the ECAL to the inci-
dent energy

responses of different channels are compensated for when
combined, thereby improving the overall resolution.

The bottom part of Fig. 15 shows the energy containment
of the ECAL, defined as the ratio of the energy deposited in
the ECAL to the incident energy. The energy containment
was less than 100% mainly because a small portion of the
energy was deposited in passive materials outside the crys-
tals, such as reflective films, PCBs, and support structures,
which could not be detected.

The performance of the ECAL is influenced by the digi-
tization model, which is based on preliminary experimental
results from a specific setup. Optimizing the detector config-
uration can alter the performance; however, the key objective
is to develop a tool that accurately evaluates the performance
of a detector, bringing it closer to that of a real detector.

7 Radiation damage

Given the high-energy and high-frequency beam environ-
ment, the ECAL, particularly its central region, is sub-
jected to significant radiation doses that may degrade its
performance. Therefore, evaluating radiation damage to the
ECAL is essential, with a focus on ionizing energy loss in
the crystals and non-ionizing energy loss causing damage
to the silicon sensors. Simulations conducted in Geant4
estimated the radiation damage to the crystals and silicon
sensors under conditions corresponding to 3 x 10'* electron-
on-target events, which represents one year of operation at a
repetition rate of 10 MHz.

Radiation damage to the crystals primarily results from
the loss of ionizing energy from incident particles, which
is evaluated using the total ionizing dose (TID). The TID
of a crystal is defined as the ionizing energy absorbed per
unit mass. The average ionizing energy loss absorbed by
each crystal in the ECAL was calculated based on one mil-
lion electron-on-target events. This average value was then
multiplied by 3 x 10'* to estimate the TID for each crystal
after one year of operation. The maximum TID absorbed by
the crystals was approximately 107 rad (Fig. 16a). Most inor-
ganic scintillators commonly used in high-energy physics
detectors, such as CSI, BGO, and PWO, experience signifi-
cant light yield loss after exposure to such doses. However,
LYSO exhibits only a slight reduction in light yield [56],
meeting the radiation resistance requirements of the Dark-
SHINE ECAL.

Radiation damage to silicon sensors primarily results
from non-ionizing energy loss (NIEL), which is typically
expressed as an equivalent neutron flux of 1 MeV. To deter-
mine the neutron flux on each sensor, the average NIEL per
event for each sensor was first calculated through simula-
tion, referred to as E,. Next, the average NIEL for a 1 MeV
neutron passing through a single sensor was simulated as

@ Springer
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Fig. 16 (Color online) Distribution of radiation damage in the ECAL
region under 3 x 10 electrons-on-target events, corresponding to
one year of operation at a 10 MHz repetition rate. The two distribu-
tions illustrate radiation damage along the ECAL symmetry plane in
the beam direction. The horizontal axis represents the beam direction,
while the vertical axis corresponds to the transverse directions, with
each segment indicating the position of a crystal. a TID absorbed by
the crystals, with a maximum value of 107 rad. b NIEL in the silicon
sensors, expressed as the equivalent 1 MeV neutron flux, with a max-
imum value of 10'3 per square centimeter

E,. The ratio E,/E, then provides the equivalent 1 MeV
neutron flux for each sensor. In the DarkSHINE ECAL, the
equivalent 1 MeV neutron flux on silicon sensors in the most
irradiated area is approximately 103 per square centimeter
(Fig. 16b). Such radiation level can cause the dark current of
typical sensors to increase by several orders of magnitude,
rendering them unusable. Therefore, silicon sensors with
high-radiation resistance are required for our experiments
[57-59].

8 Conclusion

This paper presents the design and optimization of a LYSO
crystal ECAL for the DarkSHINE experiment, which aims
to detect dark photons as potential candidates for dark force
mediators. Comprehensive simulations were conducted to
optimize the structure of the ECAL and evaluate its key per-
formance metrics.

The final ECAL design consists of 21x21x11 LYSO crys-
tals, each measuring 2.5 cmx2.5 cmx4 cm, arranged in a
staggered configuration to enhance detection efficiency. Both
the transverse and longitudinal dimensions of the ECAL
were optimized to maximize signal collection while main-
taining cost efficiency. A dynamic energy range of 4 GeV
was established for each channel to ensure accurate energy
measurements without saturation, crucial for background
rejection and precise signal detection.

@ Springer

A dedicated digitization model was developed to param-
eterize the scintillation, SiPM, and ADC behaviors, provid-
ing a realistic representation of the detector’s performance.
This model enabled a detailed analysis of the energy resolu-
tion and containment of the ECAL, demonstrating that the
statistical term of the energy resolution can achieve better
than 2% accuracy due to the high intrinsic light yield of the
LYSO crystals.

Radiation damage was thoroughly assessed, estimating
the TID absorbed by the crystals and the NIEL in the silicon
sensors for one year of operation at a 10 MHz repetition
rate. Due to its minimal light-yield reduction under high-
radiation doses, LYSO crystal is identified as an ideal scintil-
lator material for the DarkSHINE experiment. In addition,
the selected silicon sensors for the ECAL must exhibit high
resistance to radiation-induced damage, which is critical for
maintaining detector performance in the high-radiation envi-
ronment anticipated for the experiment.
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