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Abstract

The sensitivity of the dark photon search through invisible decay final states in low-background experiments relies sig-
nificantly on the neutron and muon veto efficiencies, which depend on the amount of material used and the design of the
detector geometry. This paper presents the optimized design of the hadronic calorimeter (HCAL) used in the DarkSHINE
experiment, which is studied using a GEANT4-based simulation framework. The geometry is optimized by comparing a
traditional design with uniform absorbers to one that uses different thicknesses at different locations on the detector, which
enhances the efficiency of vetoing low-energy neutrons at the sub-GeV level. The overall size and total amount of material
used in the HCAL are optimized to be lower, owing to the load and budget requirements, whereas the overall performance

is studied to satisfy the physical objectives.
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1 Introduction

Over the past few decades, astronomical observations have
indicated the presence of ordinary matter in the universe
that can be observed by electromagnetic interactions, as well
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as a considerable amount of matter that does not interact
with the electromagnetic force, which is called dark mat-
ter (DM) [1, 2]. One can predict that dark matter not only
interacts through gravitational force but can also be studied
as dark matter particles from a particle physics perspective.
Research conducted from this perspective offers a mecha-
nism to elucidate the evolutionary process of dark matter
composition and to investigate potential novel interactions
between DM candidate particles and standard model (SM)
particles.
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Within a class of prevailing theories, a mechanism known
as ‘freeze-out’ [3] has been introduced to elucidate the evo-
lutionary process. The universe was in thermal equilibrium
at the beginning of its existence, and dark matter was con-
stantly created and annihilated in pairs. As the universe
subsequently underwent expansion and cooling, resulting
in a greater dispersion of matter, the density of dark matter
reached a steady state. ‘Freeze-out’ allows for the existence
of dark matter across a broad mass spectrum ranging from
MeV to 10 s TeV, and which can be further divided into
light dark matter (LDM) within the MeV to GeV mass range
and weakly interactive massive particles (WIMP) within the
GeV to TeV mass range [4-10].

The search for dark matter particles is essential and
challenging in elementary particle physics. Among these,
WIMPs have been extensively explored for a long time. In
general, the WIMP hypothesis provides a more natural and
intuitive framework for the existence and detection of large
mass but weakly interacting particles. Numerous experi-
ments have obtained constraints on the mass of WIMPs [11],
such as AMS [12], DAMPE [13], LHC [14], BESIII [15],
XENON [16, 17], and PandaX [18]. These experiments
encompass space, collision, and underground experiments,
and search for WIMPs through direct and indirect explora-
tion. Thus far, the mass limits of WIMPs have been close to
the neutrino floor [19].

However, current research on LDM remains insufficient,
rendering it a prominent subject in recent investigations of
dark matter. Beyond the standard model (SM) theory of
the LDM, a particle analogous to an ordinary electromag-
netic photon is introduced as a mediator for transporting
the interaction between dark matter, commonly referred to
as a dark photon (A’) [20, 21]. Moreover, a dark photon
can be coupled to an SM photon via kinetic mixing (e) and
subsequently interacts with SM particles. Dark photons play
a crucial role in mediating interactions between dark and
ordinary matter [22-24]. Several international experiments,
including NA64 [25], BESIII [26], and LDMX [27-29], are
currently in operation or are under development to search
for dark photons.

The DarkSHINE experiment [30, 31] is a new initiative of
fixed-target experiments that utilizes an 8 GeV high repeti-
tion rate low-current electron beam, which will be provided
by the Shanghai High Repetition-Rate XFEL and Extreme
Light Facility (SHINE) [32-34]. Their primary goal is to
search for dark photons through their invisible decay into
dark matter particles. DarkSHINE is expected to exhibit sen-
sitivity to dark photons within the mass range of MeV-GeV.
An illustrative overview of the preliminary design of the
DarkSHINE detector is shown in Fig. 1, including a sili-
con tracker, electromagnetic calorimeter (ECAL), and had-
ronic calorimeter (HCAL). A fixed tungsten target is placed
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between the tagging and recoil trackers, and immersed in a
magnetic field.

The silicon tracker, immersed in a 1.5 T magnetic field
generated by the magnet system, is used to reconstruct the
trajectory of the incident and recoil electrons and obtain the
momentum of the electrons. The tracker system includes
a tagging tracker and recoil tracker, both of which are
immersed in a magnetic field. The tagging tracker comprises
seven silicon strip layers, whereas the recoil tracker has six
layers. A tungsten (W) target is placed between two parts
of the tracker. The target has a decay length of 0.1 X|,. In
each layer of the tracking module, two silicon strip sensors
are placed at a small angle (100mrad) to improve position
accuracy.

ECAL is placed after the recoil tracker and comprises 11
layers of crystal scintillator. Each layer includes a 20 X 20
LYSO (Ce) crystal scintillator with an area of 2.5 cm
X 2.5 cm and a length of 4 cm. Eleven layers provide 44
X, of decay length. The design aims to effectively absorb
all the energy of the incoming electrons and photons while
utilizing crystals with excellent energy resolution to achieve
optimal sensitivity. In addition to enabling more precise
measurements of the deposition energy, the combination of
information captured by ECAL and the tracker facilitates a
comprehensive reconstruction of recoil electrons.

HCAL is a sampling calorimeter of ‘Fe-Sc’ type, which
uses iron as the absorber layer and plastic scintillator strips
to construct the sensitive layer. Each sensitive layer com-
prises two scintillator layers positioned between two absorb-
ers. The scintillator strips in the two layers are perpendicular
to each other in the xy-plane, as illustrated in Fig. 2. The
cross-sectional area of HCAL is 4 m X 4 m, and the length

Magnet

Trackers

Target (tungsten)

Fig. 1 (Color online) Schematic of DarkSHINE detector. Electron
incident direction is from left to right, and the red material with a
blue brace is the dipole magnet. The tagging tracker is placed at the
center of it, while the recoil tracker is located at the edge of the mag-
net. The target is caught in the middle of the tracker. ECAL is placed
after the tracker, followed by HCAL [30]
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Fig.2 (Color online) Schematic of the xy-crossing scintillator struc-
tures. Transparent parts are scintillator layers, and the opaque parts
are iron layers. One scintillator layer comprises x-direction sublayer
and y-direction sublayer

Y

X

Fig.3 Feynman diagram illustrating the signal process in the Dark-
SHINE experiment, encompassing bremsstrahlung production and
invisible decay of dark photons [30]

is 4 m; thus, these materials can provide more than 10 A of
interaction length.

The interaction between the electron and target is
expected to produce dark photons, as illustrated in Fig. 3.
These dark photons carry a portion of the incident electron
energy and subsequently decay into dark matter particles,
which traverse the remaining detectors without leaving dis-
cernible traces. Simultaneously, the residual energy is car-
ried away by the recoil electron, traversing a path within
the recoil tracker, and is subsequently fully absorbed by
the ECAL. In certain scenarios, dark photons may exhibit
a visible decay mode. The decay of dark photons into a pair
of SM particles introduces an additional vertex containing
€, resulting in a significantly suppressed cross section for
this process compared to that of invisible decay [30]. In this
invisible decay signal process, the energy difference between

the incident and deposited energies of the ECAL can be
treated as the energy of the dark photons.

HCAL is designed to veto background events that exhibit
similar behavior in the tracker and ECAL as signal events.
These events typically involve neutrons and muons, which
can occur in both the target and ECAL areas, resulting in
minimal energy deposition in ECAL but a detectable num-
ber of deposits in HCAL. Because ECAL functions as a
fully absorbed calorimeter, neither the recoiled electrons
nor the dark matter provide any discernible information in
HCAL. Therefore, when HCAL registers a certain amount
of deposited energy, it serves as a veto condition for this type
of background scenario. As a low-background experiment,
the sensitivity of DarkSHINE is directly influenced by the
power of HCAL to identify these events.

This paper presents the design and optimization of HCAL
for DarkSHINE experiments. The primary criterion for eval-
uating the optimization is the capability of the detector to
discern events containing neutrons, which are predominant
in target particles and pose challenges for detection. The
need for optimization mainly arises from budget constraints
and building load considerations. It is necessary to reduce
the weight of HCAL within a specific range while ensuring
that an adequate amount of material is used to minimize
waste. The weight is dominated by iron, and the cost is
mainly owing to the scintillator, which is directly related to
the number of layers. Section 2 provides an overview of the
background processes related to this optimization concern
and discusses the optimization criteria. Sections 3 and 4 pre-
sent the details and results of the optimization, respectively.
Finally, Sect. 5 provides a comprehensive summary.

2 Main background in HCAL and treatment

Beam electrons mostly pass through the tungsten target with-
out any interaction, predominantly depositing the bulk of
their energy in the ECAL in the form of an electromagnetic
shower. The rejection of these background events is straight-
forward; a cutoff based on the total energy accumulated in
the ECAL (Eg4;) can be employed because recoil electrons
from signal processes are expected to possess lower depos-
ited energies [30]. However, a small fraction of electrons
generate an additional photon through the process of hard
bremsstrahlung emissions. These bremsstrahlung photons
can either end in electromagnetic showers within ECAL and
be vetoed using a similar Epc,;, cut, or exhibit conversions
into lepton or hadron pairs, which may occur within both the
target and ECAL. In the context of electron pairs, events can
be identified either in the tracker and/or ECAL, depending
on the location of the conversions.
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The HCAL plays a crucial role in the conversion of
photons into u pairs and hadron pairs [35]. Muons pass
through the ECAL as minimum ionizing particles (MIP),
which reduces the effectiveness of the Ep-,; cut. While
DarkSHINE ECAL provides additional information, such
as tracks and topology within the ECAL, it is essential
to emphasize that the information obtained from HCAL
remains paramount and straightforward without requiring
complex reconstruction algorithms. This situation is analo-
gous to the final states of charged hadron pairs, where com-
bining information from both ECAL and HCAL can result
in exclusion. However, in the case of neutral hadrons that do
not decay within ECAL, discrimination power relies heavily
on HCAL.

These bremsstrahlung photons can also interact with
materials within the target and ECAL, resulting in photon-
nuclear reactions that facilitate the rise of neutral hadrons.
There exists a class of processes that is significantly less
frequent [35], exhibiting behavior similar to that of the sig-
nal processes in the tracker and ECAL. In these cases, a
single energetic neutral hadron is typically involved. The
identification of these particles involves subjecting them
to materials that induce hadronic showers, encompassing
both QED and QCD [36-38] processes. It can be predicted
that an HCAL with sufficient absorber thickness can cap-
ture a certain amount of the shower energy and veto such
events. Furthermore, electron-nuclear interactions between
the materials of ECAL and the target also involve nucleon
production, and the treatment remains the same as that for
photon-nuclear processes.

A schematic of these processes is presented in Fig. 4.
The previously discussed background can be suppressed
by the information provided by the detector, and its detec-
tion efficiency imposes limitations on the sensitivity of
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Fig.4 Flow of background processes, ECAL and target refer to the
locations where the processes occur
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the experiments. Further, there is an irreducible physics
background that encompasses neutrino processes. Two
leading irreducible reactions exist [30, 39]. The first is
Moller scattering, followed by the charged-current quasi-
elastic (CCQE) reaction e”p — v,n. The subsequent pro-
cess involves neutrino pair production e N — e~ Nvv. These
neutrinos account for a large fraction of incident electron
energy. However, these backgrounds exhibit a rate approx-
imately four orders of magnitude [30, 35] lower than the
3x 10" electron-on-target (EOT) and will not be addressed
in this study owing to their negligible impact.

Compared with neutral hadrons, muons are easier to
detect because of their significant energy deposits in suf-
ficient layers of scintillators. The primary concern lies in
the HCAL’s capability of to detect neutral hadrons, as the
veto power of hadronic particles is a crucial function and
design consideration. These rare processes, such as photon-
nuclear (PN) and electron-nuclear (EN) reactions, can be
further categorized based on whether they occur in the target
or ECAL. These are referred to as PN-target, PN-ECAL,
EN-target, and EN-ECAL, respectively. Table 1 summarizes
the particles most frequently generated from these rare pro-
cesses. Given that neutrons constitute the largest propor-
tion and protons can be excluded through a combination of
tracker and ECAL information, this study primarily utilized
neutrons to validate the optimization effect, with all target
particles subsequently tested.

HCAL rejects an event by setting cuts on the deposited
energy of the neutrons in the event, and the efficiency of
the veto varies for neutrons of different energies. Notably,
the veto efficiency of a single-neutron event is identical to
that of a neutron, whereas the efficiency of a multi-neutron
event is equivalent to the veto efficiency of at least one of
these neutrons. This veto performance is evaluated based on
a number defined as the ratio between the number of events
(or neutrons) that are not vetoed and the total number, which
is referred to as veto inefficiency.

The energy distribution and the number of neutrons in
the predicted events are studied, as illustrated in Fig. 5. As
discussed in Sect. 1, the ECAL of DarkSHINE absorbs all
photon and electron energy, providing the total deposited
energy quantity. The variable Ep,; can effectively dis-
criminate against numerous background events, because the
majority of background events tend to exhibit higher values
of Epc,p, than the signal. To specifically focus on events

Table 1 Particle types and frequencies from electron-nuclear and
photon-nuclear process, neutrons are predominant

Process Neutron (%) Proton (%) Pion (%) Kaon (%)
Electron-Nuclear 73.42 21.52 4.64 0.42
Photon-Nuclear 64.95 18.56 14.43 2.06
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Fig.5 Neutron energy distribution after applying cut on ECAL
energy to request Epcap < 2.5 GeV. The result shows that very few
neutrons with energy exceeding 2.5 GeV are left after ECAL cut.
Thus, under assumptions of 1 X 10" EOT, at most 1 x 10° level ener-
getic neutrons are expected

that cannot be rejected by other subdetectors but rely on the
rejection power of the HCAL, only events satisfying the cut
Epcar < 2.5GeV [30] are presented.

This study involves simulating 1 X 10% electrons hitting
the target. Considering that the ECAL energy loss is approx-
imately 5.5 GeV, even if there is a neutron with an energy
of approximately 2.5 GeV in the event, which accounts for
approximately half of the energy loss, it can still be inferred
that the event comprises other components with similar ener-
gies. Consequently, events involving a single high-energy
neutron contribute significantly to the overall energy loss,
whereas the remaining components lack sufficient energy for
veto and are rare. To assess the quality of the optimization
results, neutrons around 2 GeV are considered as energetic
particles.

Considering that only a few neutrons survive in this phase
space, it is expected that approximately 1 x 10° energetic
neutrons will be generated under the conditions of a 1 x 10'
EOT, which is consistent with the predicted number to be
collected within one year [30]. Consequently, a veto ineffi-
ciency of < 1073 is selected as the performance benchmark
for high-energy neutron rejection, which is capable of reduc-
ing energetic neutrons to the unit level. Conversely, in the
absence of high-energy neutrons and the presence of only
low-energy neutrons, it is implausible that these particles
are the sole particles detected in the event; otherwise, the
ECAL would have recorded an energy deposition closer to 8
GeV. In such a scenario, a veto inefficiency of < 1073 would
suffice to achieve an equivalent rejection power if multiple
neutrons are present.

3 Optimization of the design
3.1 Simulation introduction

The optimization study is conducted using DarkSHINE
software [30], which is a comprehensive simulation and
analysis framework that seamlessly integrates various
functions such as detector simulation, electronic signal
digitization, event display, event reconstruction, and data
analysis. In an upcoming iteration, machine learning,
which is becoming increasingly prevalent in high-energy
physics research [40], will be implemented. This all-in-one
package, built on GEANT4 v10.6.3 [41], is characterized
by a DarkSHINE detector, and employs an internal data
structure to facilitate efficient data flow across different
stages.

GEANT4 is a comprehensive toolkit specifically designed
to simulate the interaction of particles with matter, and plays
a critical role in the development and optimization of HCAL.
It is widely used in high-energy physics analyses owing to its
extensive functionalities including particle tracking, detailed
geometry configurations, sophisticated physics models, and
particle hit detection. The toolkit supports a wide range of
physical processes encompassing electromagnetic, hadronic,
and optical interactions. Further, it provides an extensive
library of long-lived particles, materials, and elements
across various energy spectra. The architecture of GEANT4
excels in managing complex geometries while offering flex-
ibility for customization to satisfy the unique demands of
scientific and engineering applications.

The properties of GEANT4 facilitate the employment
of two different simulation strategies. First, the target par-
ticles are simulated directly to hit the HCAL without con-
sidering other detector components. This approach allows
us to obtain large statistics easily and intuitively calculate
the veto efficiency of a target particle (Sect. 3). Second,
complete simulations are conducted to evaluate the veto
efficiency of rare process events involving neutrons or
muons by applying bias functions while electrons interact
with the target and traverse all the detectors (Sect. 4). The
absence of this bias function results in excessive consump-
tion of computing resources when simulating inclusive
background instances until the statistics of certain rare
process instances reach the required level.

As documented in Ref. [30], the DarkSHINE experiment
employs two cuts to veto the muons and hadronic particles,
relying on the HCAL variables, Etl_‘l’giL and Eﬁé’ﬁf". Here,
E;;’E“LL represents the total energy collected in the HCAL and
ER@Cell corresponds to the highest energy deposition among
all the cells (scintillator strip). In this study, considering the
wide range of sizes tested, a scintillator unit width of 5 cm
is selected because of its small and easily divisible value.

@ Springer
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The cut value has been optimized since its initial publica-
tion [30] to achieve an improved signal-to-background ratio.
Therefore, is it adopted as the baseline selection criterion
in this study:

o total energy reconstructed in HCAL, E;-(I)(t?/l\L < 30MeV;
e maximum cell energy in HCAL, E;”é"/‘\cf“ < 0.1 MeV.
To achieve a sufficiently accurate estimation to satisfy the
requirement of < 1073 veto inefficiency, the studies pre-
sented in this section employ 10° events for each test point
(excluding Sect. 3.5, wherein the number is 107). In the cor-
responding plots, even if 0 out of 10° events survive the cuts,
they are still counted as 1 x 1076 veto inefficiencies, which is
identical to the scenario where 1 out of 10° events survives.
This treatment is necessary because the current number of
simulated events cannot represent a scenario between 0 and
1 x 107® while maintaining the validity of the logarithmic
axis.

3.2 Transverse size

The transverse dimensions of the HCAL, which determine
its coverage angle, are crucial for effectively vetoing events
with neutral particles and analyzing rare processes. The
consideration of the coverage angle encompasses both the
trajectories of secondary particles generated from electron-
target interactions and the dimensions of both electromag-
netic and hadronic showers. When designing and optimizing
an HCAL, a comprehensive range of factors must be consid-
ered. Although a larger size offers benefits, its use is limited.
Therefore, considering the physical requirements, budget
costs, and weight limitations imposed by the experimen-
tal conditions become the dominant factor. As a sampling
calorimeter, it is not essential to capture complete shower
information. Instead, it only requires sufficient components
within the shower cluster to be deposited in the scintillator
and subsequently vetoed by the designated selection cri-
teria. Therefore, provided that the exclusion efficiency of
the HCAL satisfies the criteria discussed in Sect. 2, opting
for a smaller size would yield a reduced budget and overall
weight, thereby constituting an optimal choice.

Diverse detectors exist worldwide with varying cover-
age angles designed for specific purposes. Our methodology
focuses on monitoring secondary particles projected forward
in alignment with the direction of the beam. By subjecting
the HCAL to direct tests involving the injection of various
particles, its performance can be independently evaluated
because it serves as the final component of the detector.
Considering that the incident is a particle rather than a
complete event, it is unnecessary to introduce the screening
information provided by the other subdetectors at this stage.
This approach facilitates the accumulation of experience in

@ Springer

HCAL design, rather than focusing on a highly specific case.
Moreover, it enables a comprehensive understanding of how
the lateral size of the HCAL impacts efficiency and effec-
tiveness across various experimental scenarios.

This study meticulously explores the influence of varying
transverse sizes on the veto capabilities of an HCAL, span-
ning dimensions from 4 m X 4 m [30] to a more compact
1 m X 1 m scale. Simulations were meticulously conducted
for each specified transverse size, adhering to the methodo-
logical framework described in Sect. 3.1. To comprehen-
sively investigate the variation trends, a range of particle
energies from 100 MeV to 3000 MeV and several size
options were traversed. A pivotal aspect of this study is the
maintenance of a constant total absorber thickness, precisely
104, across all designs. This strategic decision is aimed at
mitigating any potential bias that might arise from varia-
tions in the total detector thickness, thereby ensuring that
the observed differences in veto capabilities can be attributed
solely to the transverse dimensions.

The HCAL design under investigation comprises four
strategically arranged modules in a two-by-two configura-
tion. These modules were meticulously dimensioned to be
half the length of the HCAL’s transverse side, reflecting a
deliberate design choice that effectively balanced structural
integrity and functional efficiency. Moreover, the scintillator
strips, which are essential for the detection capabilities, were
designed with a length equivalent to half of the HCAL’s
transverse side while maintaining a consistent width of 5 cm.
This specification ensures enhanced sensitivity while keep-
ing the detector size manageable. Furthermore, this modular
design will facilitate future detector construction and instal-
lation processes, including the placement of readout elec-
tronics and design of support structures.

The results of these simulations, illustrated in Fig. 6,
provide critical insights into the relationship between the
HCAL’s transverse size and its veto efficiency. The Y-axis
represents the veto inefficiency, each curve corresponds to a
specific size choice, and the x-axis denotes the incident par-
ticle energy. Preliminary findings suggest that variations in
transverse dimensions significantly affect the HCAL's ability
to veto background events effectively.

In conclusion, these designs demonstrate equivalent
veto power for high-energy neutrons in the energy range
of 2-3 GeV, while the performance of 1 m X 1 m design
deteriorates significantly between 1-2 GeV compared to the
design above 1.5 m. For low-energy neutrons, larger area
configurations offer enhanced performance. The veto inef-
ficiency of low-energy neutrons in the 1.5 m X 1.5 m design
was already less than 1073, which satisfied the specified
requirement. Furthermore, the disparity in the low-energy
neutron veto between the 1.5 and 1 m designs was more pro-
nounced than that between the 4 and 1.5 m designs. Given
the constraints of the SHINE facility on the supporting
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Fig.6 (Color online) Veto inefficiency as a function of different inci-
dent neutron energies. Larger size HCAL exhibits better veto power
as expected owing to its capability of acceptance compared with
smaller size HCAL designs. To satisfy the weighting limits of the
SHINE facility, the 1.5 m design is selected to be the final choice

structure and weight, a 1.5 m X 1.5 m design was selected to
ensure sufficient interaction length while minimizing weight.

3.3 Absorber thickness

Depending on the experimental design and specific location
of the detector within the overall experiment, there can be
significant variations in the required information, leading to
diverse approaches for designing the detector, even when
employing identical materials. Among them, homogene-
ous sampling detectors stand out because of their distinct
design principles and applications. Homogeneous detectors
are characterized by their uniform composition and utilize
a single material that simultaneously acts as both the active
medium for detecting particles and the absorber. This design
ensures a high resolution for measuring the energy of incom-
ing particles, making homogeneous detectors particularly
useful in environments where precision is paramount. The
sampling detectors are constructed from alternating layers of
active and passive materials. The active layers are responsi-
ble for detecting particles, whereas the passive layers absorb
them, thereby facilitating the measurement of particle ener-
gies. Although sampling detectors may offer lower resolu-
tion than their homogeneous counterparts, they are highly
valued for their efficiency and versatility in handling high-
energy particles and complex events.

The DarkSHINE HCAL detector functions as a sampling
detector, capturing only a portion of the incoming energy
in the sensitive layers. Consequently, an ideal absorber
should be capable of capturing high-energy neutrons, while
retaining sufficient energy for low-energy neutrons to reach
the scintillators. In this study, the hadronic veto system

effectively detected neutrons ranging from approximately
100 MeV to a few GeV. Low-energy neutrons would rap-
idly lose their energy within the absorbers, depositing mini-
mal energy in the scintillator, whereas detectors may easily
overlook high-energy neutrons if the absorber’s thickness
is inadequate.

This study simulated various absorber thicknesses within
each detecting unit, ranging as 10-100 mm per layer, for dif-
ferent cases. The veto inefficiency as a function of the detec-
tor depth is illustrated in Fig. 7, where the three plots repre-
sent the tests conducted with neutron injections at energies
of 100, 500, and 2000 MeV. Each curve in these plots has the
same number of test points representing the total absorber
thickness from 100 to 1600 mm, incremented by 100 mm per
step. The overall HCAL depth was used as the x-axis instead
of the absorber thickness because it was easier to correspond
the x-axis numbers to the overall HCAL dimensions.

The performance of a 10 mm absorber is optimal for 100
MeV neutrons, achieving a platform with approximately 70
layers. Both thick and thin absorbers can attain an ineffi-
ciency of < 107 for high-energy neutrons when provided
with sufficient layers; however, thicker absorber requires
fewer layers when the depth remains constant. To under-
stand these scenarios more clearly, the veto inefficiencies as
a function of the detector depth for different beam energies
with two choices of thicknesses, 10 and 50 mm, are shown
in Fig. 8. With an increased thickness of the absorber, it is
feasible to reduce the number of layers and achieve an inef-
ficiency of < 1073, as demonstrated in this study.

It can be concluded that the new design for the Dark-
SHINE HCAL involves combining a thinner absorber in
the front half of HCAL to collect deposit energy from low-
energy neutrons and a thicker absorber in the remaining part
to minimize the total material used; this approach employs
70 layers of a 10 mm absorber and 18 layers of a 50 mm
absorber, which together achieve a total thickness of approx-
imately 104, thus satisfying the physical requirements.

3.4 Scintillator layer design

The scintillator layer comprises multiple scintillator strips,
which are extensively employed in calorimeters [42] along
with a photomultiplier device, such as SiPM [43, 44]. How-
ever, owing to packaging and mechanical constraints, there
exist inevitable gaps resembling a fence. By rotating the sec-
ond scintillator layer by 90°, the scintillator strips became
orthogonal to those in the first layer, effectively comple-
menting each other’s gaps. A schematic of its basic structure
is shown in Fig. 2. However, it remains uncertain whether
an intermediate structure between every two absorbers is
necessary or if a single layer followed by an absorber would
suffice.
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Fig.7 (Color online) Veto inefficiency as a function of detector depth
for different absorber thickness. Here, 100, 500, and 2000 MeV neu-
trons are generated to hit toward hadronic calorimeter at its center.
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The veto efficiency of low-energy neutrons can be enhanced in thin-
ner absorber thickness, while thicker absorber thickness enables the
vetoing of high-energy neutrons within a smaller depth range
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The present study was conducted based on the results of
the absorber thickness optimization presented in Sect. 3.3,
wherein the initial 70 layers utilize a 10 mm absorber, fol-
lowed by 50 mm layers. A comparison of veto inefficiencies
is visualized in Fig. 9. The default configuration involves the
insertion of two 10 mm layers between each pair of absorb-
ers, designated as ‘xy — Abs — xy,” where ‘xy’ denotes the
pair of scintillator layers and ‘Abs’ represents absorber. An
alternative configuration is labeled ‘x — Abs — y,” which sig-
nifies the insertion of an absorber layer between every two
10 mm scintillator layers with orthogonal strip direction.
Additional comparisons were also performed. The thickness
of the scintillators was set to 20 mm.

All the configurations exhibit satisfactory performance
for high-energy neutrons. For 100 MeV neutrons, a 10 mm
thick x — Abs — y configuration exhibits a slightly inferior
performance; however, considering that the overall veto
efficiency is the product of the inefficiencies of all particles
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Fig.9 (Color online) Veto inefficiency as a function of detector depth
for different absorber thicknesses and scintillator strategy. Here, 100,
500, 2000, and 3000 MeV neutrons are generated to hit toward had-
ronic calorimeter at its center. Further, 10 mm and 50 mm absorb-
ers are used in the first 70 layers and the remaining part, respectively.

in one event, it remains acceptable. The 20 mm thick
x — Abs — y configuration demonstrates virtually identical
performance to the xy — Abs — xy configuration, which is
consistent with expectations, but does not reduce scintil-
lator consumption. The x — Abs — y design with a 10 mm
thick scintillator utilizes half the materials compared with
the 20 mm configuration.

3.5 Optimization performance

As stated in Sect. 2, a previous study utilized the neutron
veto inefficiency as the primary research indicator; how-
ever, it is imperative to evaluate the performance of all
relevant particles entering HCAL. The veto inefficiency
of various hadronic particles traversing the optimized
DarkSHINE HCAL is assessed by simulating different
incident particles with distinct energies. The number of
events was increased to 107 and the test was conducted on

2 10— g
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The 20 mm scintillator in x — Abs — y design exhibits approximately
the same performance as the 10 mm scintillator in xy — Abs — xy
design. The 10 mm scintillator in the x — Abs —y design performs
slightly worse in low-energy scheme but reduces the amount of scin-
tillator
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neutrons, K° (both short- and long-lived), 70, and protons.
The results are presented in Table 2.

The HCAL demonstrated a nuanced performance gra-
dient in its veto capabilities, particularly when examining
its interaction with neutrons of disparate energies. Initial
observations revealed that neutrons in the lower-energy
spectrum, approximately 100 MeV, were predominantly
absorbed within the first few calorimeter’s absorber lay-
ers. This absorption effectively precluded the generation
or detection of secondary particles by the HCAL’s sensi-
tive layers. Such phenomena underscore the challenges
inherent in detecting lower-energy neutrons, owing to their
minimal interaction with detector materials.

As we progress to a higher energy threshold, specifi-
cally approximately 500 MeV, there is a notable decrease
in the veto inefficiency. This decrease is indicative of the
HCAL’s enhanced capability to effectively identify and
veto neutron events, aligning with the theoretical predic-
tions and design objectives. The underlying mechanism
facilitating this improved performance is likely related to
the increased production of secondary particles and their
subsequent energy deposition within the sensitive layers of
the HCAL, thereby enabling more efficient detection and
vetoing of incident neutrons.

Advancing further into the energy scale, particularly in
realms exceeding 1000 MeV, the HCAL shows a consist-
ently low veto inefficiency across a broad array of hadronic
particles, including but not limited to neutrons, kaons, and
pions. The inefficiencies observed for these particles gen-
erally reside within the order of magnitude of -5, illu-
minating the HCAL’s superior discrimination capabilities
against higher energy hadronic particles. This enhanced
performance can be attributed to the calorimeter’s design
optimizations, which were specifically tailored to maxi-
mize its sensitivity and specificity in the higher energy
domain.

In addition to the overall trend of decreasing veto inef-
ficiency with increasing energy, it was observed that the

veto inefficiency of kaon was higher at 2 GeV. This can be
attributed to the performance characteristics of long-lived
Ko—particles. As the energy increases, showers tend to occur
deeper within the detector, and secondary particles such as
neutrons, which are more challenging to detect, also possess
higher energies. Consequently the effectiveness of the veto
is slightly reduced.

Moreover, the differential behavior exhibited by vari-
ous particle types within the HCAL elucidates the complex
interactions between the particles and detector materials.
The variability in veto inefficiency among different had-
rons reflects their distinct interaction mechanisms within
the calorimeter, highlighting the sophisticated nature of the
HCAL’s operational parameters. These findings validate
the efficacy of the optimized HCAL design in satisfying
the DarkSHINE experiment’s stringent requirements and
provide valuable insights into the fundamental aspects of
particle detection and background event mitigation in high-
energy physics research.

4 Side HCAL design

The optimization and validation of the target particle
rejection power have been demonstrated, and this power
is equivalent to the rejection power of background events
where particles are incident on the HCAL. However,
not all these events occur within this context. Particles
can exit the ECAL via alternative paths and fail to enter
the HCAL. In the rare processes discussed in Sect. 2,
events may involve secondary particles with substan-
tial azimuthal angles relative to the beamline. These
processes, such as photon-nuclear and electron-nuclear
interactions, can occur at various locations within the
detector system. Secondary particles emitted by these
interactions may be overlooked if the detector cannot
cover a specific solid angle. Based on a study of 1 x 108
electron-on-target events, it was found that only 65% of

Table 2 Veto inefficiency

—6 0
of HCAL targeting different Veto InEff (MeV) (<107 " K
incident hadronic particles with 109 555
100 + +55.
different energies. Events with 707505 316007557,
multiple hadronic particles are 500 18411:;‘2 5~40J_r8:§§§
more easily vetoed by HCAL 1000 3,70+8»g(1)‘6‘ 370*8'2&2
detector under assumptions that 2000 27 0;0:626 1 511:19
veto power of different particles © 0516 ~-1.08
at one event is independent 7° p u
0.958 615 6.49
7.301005 30700*¢,3 409765
0.184 134 133
0.1%, 8.04% ¢ 15.0%5;
0.184 0.958 0.555
0.17, 0.1 2.007 0%
0.188 278 0.184
0.1 0.1*2 0.1%)
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Table 3 Ratio of neutrons inside and outside the 50 cm x50 c¢cm and
150 cm X150 cm regions of the HCAL

CutSize 50 cm X 50 cm 150cmx150cm
No cut 0.08 0.43
Epcar < 2.5GeV 0.23 0.65

Table 4 Veto inefficiency by simulating 8 GeV electron-on-target
events into different structures and with different rare process biased.
Based on the numbers, designs with side HCAL exhibit better veto
power than designs without side HCAL

Structure PN-ECAL

process

EN-target EN-ECAL PN-target

the neutrons in these events could reach the first layer
of HCAL within a 150 cm X 150 cm area. The detailed
numbers are presented in Table 3, considering both 50 cm
X 50 cm (directly entering HCAL from the end of ECAL)
and 150 cm X 150 cm. The results with and without a
Egcar, < 2.5 GeV cut are provided for comparison.

Therefore, an additional segmented HCAL, referred to
as a side HCAL, was incorporated. The side HCAL com-
prises four cuboid parts that encircled and enveloped the
ECAL end to end with its sensitive surface perpendicular
to the ECAL. The width of the proposed structure is envi-
sioned to align with the ECAL’s depth in the z-direction,
whereas its length (in either the x- or y-direction) cor-
responds to the sum of ECAL’s width and half the differ-
ence between HCAL’s transverse size and ECAL’s lateral
length, representing the distance from one side of ECAL
to the furthermost side of HCAL.

The side HCAL is also composed of multiple iron
absorber and plastic scintillator layers, each with an area
of 45 cm X 105 cm, which correlates to the ECAL dimen-
sions [30]. Owing to the non-square layer shape, the ‘x-
y’ design would result in differently sized scintillator
strips and is thus not employed. Furthermore, the uneven
absorber thickness is superfluous because the depth is
significantly smaller than that of the main body. Each sen-
sitivity and absorber layer was 10 mm thick, collectively
comprising 50 layers.

The performances of the two designs, with and with-
out the side HCAL, were evaluated separately. Simulated
events of four types of rare processes were employed
to investigate veto inefficiency. At this stage, the com-
bination of optimized designs discussed in our study
was implemented with no additional subdetector cuts
employed. These numbers should not be considered a
comprehensive measure of the DarkSHINE experiment’s
veto inefficiency in excluding rare process events, but
rather serve as a means to explore additional related
events for comparative analysis within this specific con-
text. The results are presented in Table 4, indicating that
the inclusion of a side HCAL significantly enhances the
overall performance.

w/o Side HCAL 2.68 x 1072 3.94x 1072 9.29 x 1072 1.24 x 107!
w/ Side HCAL  1.04 x 107 1.09x 1072 1.94x 107 3.58 x 1072

5 Conclusion

The design and optimization of the hadronic calorimeter
for the DarkSHINE experiment are conducted in detail.
Factors such as the thickness of the absorber, placement
of the scintillator, and requirements of the side HCAL,
which could influence the veto performance, have been
thoroughly investigated. Several crucial parameters are
identified for optimization, considering constraints such
as limited weighting and budget conditions, which also
satisfy the physical requirements.

In the optimized design, the HCAL comprises iron
absorber and scintillator sensitive layers. The transverse
dimensions are 1.5 m X 1.5 m, with approximately 104
thick iron absorbing layers along the beam direction. The
first 70 layers have a thickness of 1 cm, whereas the last
18 layers are 5 cm thick. Following each absorber, there
is a 1 cm thick plastic scintillator layer composed of a
strip measuring 5 cm in width. The scintillator strips in
the two adjacent layers before and after the absorber layer
were oriented perpendicular to each other. Additionally,
a scintillator layer is positioned between the ECAL and
the first iron layer. In addition to the main HCAL, a side
HCAL surrounding the ECAL is incorporated.

The novel design of HCAL offers enhanced veto power
for various rare processes, including electron-nuclear and
photon-nuclear reactions, particularly those with neutral
hadrons and muons in the final decay states. This opti-
mized HCAL design is not only crucial for the Dark-
SHINE experiment but also demonstrates the importance
of advanced hadronic calorimetry techniques in particle
physics experiments of this kind.
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