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Abstract

The Circular Electron Positron Collider (CEPC) is a next-generation electron-
positron collider proposed for the precise measurement of the properties of the
Higgs boson. To emphasize boson separation and jet reconstruction, the baseline
design of the CEPC detector was guided by the particle flow algorithm (PFA)
concept. As one of the calorimeter options, the analogue hadron calorimeter
(AHCAL) was proposed. The CEPC AHCAL comprises a 40-layer sandwich
structure using steel plates as absorbers and scintillator tiles coupled with silicon
photomultipliers (SiPM) as sensitive units. To validate the feasibility of the
AHCAL option, a series of studies were conducted to develop a prototype. This
AHCAL prototype underwent an electronic test and a cosmic ray test to assess
its performance and ensure it was ready for three beam tests performed in 2022
and 2023. The test beam data is currently under analysis, and the results are
expected to deepen our understanding of hadron showers, validate the concept
of Particle Flow Algorithm (PFA), and ultimately refine the design of the CEPC
detector.
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stitute of Atomic Energy,102413,Beijing,China The Circular Electron Positron
Collider (CEPC) is a next-generation electron-positron collider proposed for the
precise measurement of the properties of the Higgs boson. To emphasize boson
separation and jet reconstruction, the baseline design of the CEPC detector was
guided by the particle flow algorithm (PFA) concept. As one of the calorimeter
options, the analogue hadron calorimeter (AHCAL) was proposed. The CEPC
AHCAL comprises a 40-layer sandwich structure using steel plates as absorbers
and scintillator tiles coupled with silicon photomultipliers (SiPM) as sensitive
units. To validate the feasibility of the AHCAL option, a series of studies were
conducted to develop a prototype. This AHCAL prototype underwent an elec-
tronic test and a cosmic ray test to assess its performance and ensure it was
ready for three beam tests performed in 2022 and 2023. The test beam data
is currently under analysis, and the results are expected to deepen our under-
standing of hadron showers, validate the concept of Particle Flow Algorithm
(PFA), and ultimately refine the design of the CEPC detector.
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Introduction

The discovery of the Higgs boson marked a significant milestone in the field of
particle physics [1, 2]. Now, the focus is on precisely measuring the properties
of the Higgs boson [3-6], which has led to the proposal of the Circular Electron-
Positron Collider (CEPC) as a future Higgs factory [7, 8]. The CEPC could
operate at a center-of-mass energy of s ~ 240 GeV with a luminosity of 8.3 x 1034
em 257! resulting in an integrated luminosity of 21.6 ab~! for two interaction
points over a decade, producing 4 million Higgs bosons [9, 10]. In addition,
it will also be operated on the Z-pole as a Z factory, perform a precise WW
threshold scan, and be upgraded to a center-of-mass energy of 360 GeV, close
to the tt threshold.

The CEPC physics potential has been continuously explored by the CEPC
Physics study groups, focusing on a wide range of topics, including Higgs preci-
sion measurements, precise EW measurements, Flavor Physics, and so on. Many

chinarxiv.org/items/chinaxiv-202511.00049 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00049

ChinaRxiv [$X]

Higgs boson couplings can be measured with precision about one order of mag-
nitude better than those achievable at the High Luminosity LHC (HL-LHC)
[11-15]. In addition, the CEPC is expected to improve the current precision of
many of the electroweak observables by about one order of magnitude or more
[8, 16].

These CEPC physics studies also identified a handful of critical detector require-
ments. A boson mass resolution (BMR) of 4% is required to separate the Higgs
bosons from the W and Z bosons in their hadronic decays, corresponding to an
unprecedented jet energy resolution of 3-4% at 100 GeV [15]. To achieve this jet
energy resolution, the baseline detector concept was guided by the particle flow
algorithm (PFA) of measuring final state particles in the most suited detector
subsystem [17, 18]. It employs an ultra-high granular calorimetry system to effi-
ciently separate the final state particle showers, a low material tracking system
to minimize the interaction of the final state particles in the tracking material,
and a large volume 3 Tesla solenoid that encloses the entire calorimetry system
as illustrated in Fig. 1 [Figure 1: see original paper] [8].

The calorimetry system plays a crucial role in the PFA for separating different
particles in a jet and measuring the energy of photons and neutral hadrons. The
analog hadron calorimeter (AHCAL) with ultra-high granularity was proposed
as one of the options for the CEPC calorimetry. The AHCAL utilizing the
SiPM-on-tile technology was previously developed by the CALICE group for
the future linear collider, and a prototype was exposed to test beams in 2018
[19-21]. However, considering that the CEPC will operate at a relatively low
center-of-mass energy to prioritize precise Higgs measurements, it is essential
to optimize the design of the AHCAL and build a prototype to validate its
performance.

This article describes the design, construction, and tests of the CEPC AHCAL
prototype that consists of a 40 layer steel-scintillator sandwich structure. The
design of the AHCAL prototype including the sensitive units, the readout elec-
tronics and the mechanical structure are introduced in Section 2. Section 3
discusses the construction of the AHCAL prototype, covering the production
and testing of scintillator tiles, SiPM testing, sensitive layer production, and
prototype integration. In Section 4, the electronic test and the cosmic ray test
are presented, demonstrating the functionality of the prototype. Finally, Sec-
tion 5 provides a summary.

II. Design of the AHCAL Prototype

The design of the CEPC AHCAL was optimized based on the PFA reconstruc-
tion results of the H — gg channel within the CEPC software environment [22].
The optimized AHCAL design could achieve a Higgs boson mass resolution of
3.7% [23]. Following the optimized AHCAL design, the AHCAL prototype was
expected to exhibit an energy linearity of approximately 1.5% and an energy
resolution of approximately for pion particles with an energy ranging from 10
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GeV to 80 GeV. The prototype consists of 40 sampling layers, with each layer
composed of 20 mm steel as the absorber and 40 x 40 x 3 mm? plastic scintilla-
tor tiles as the sensitive material, as illustrated in Fig. 2 [Figure 2: see original
paper]. The total material of the prototype amounts to approximately 5 A\. The
sensitive area of the prototype is 720 x 720 mm?, corresponding to 12,960 scin-
tillator tiles. These scintillator tiles are read out by silicon photomultipliers
(SiPM) and SPTIROC2E chips.

The scintillator tiles and electronics are housed in steel cassettes forming sensi-
tive layers, which are then secured by the supporting framework along with the
absorber plates.

A. Sensitive Unit

Scintillator is often used as the sensitive material for sampling calorimetry, along
with the novel photosensitive device SiPM [24-32]. The AHCAL sensitive unit
is composed of a scintillator tile and a SiPM. The 40 x 40 x 3 mm? scintillator
tile is designed with a 5.5 x 5.5 x 1.1 mm? groove at the bottom to accommodate
the SiPM [33], as depicted in Fig. 3 Figure 3: see original paper. Moreover, an
LED is also positioned in the groove adjacent to the SiPM for calibration [25].

The scintillator tiles were produced using a cost-effective injection molding tech-
nique, with the recipes and procedures undergoing eight iterations to achieve
optimal performance [25]. Subsequently, the scintillator tile was wrapped with
ESR, as shown in Fig. 3(b) Figure 3: see original paper.

The scintillator tile was tested by a Sr-90 source and a S14160-1315P SiPM [34,
35]. The result was shown in Fig. 3(c) Figure 3: see original paper, indicating
that the light yield of this scintillator tile was approximately 17 p.e. (photon-
electron). The non-uniformity of the scintillator tile was obtained by varying
the position of the Sr-90 source. It turned out to be approximately 6.7% [33].

A simulation based on GEANT4 was carried out to investigate the impact of
the SiPM on the performance of the AHCAL. A standalone AHCAL prototype
geometry was built, and its responses to hadrons of different energies were simu-
lated. Various thresholds in the unit of MIP (Minimum Ionizing Particle) were
applied in the simulation. The energy resolution improves while lower threshold
is utilized, indicating that the SiPM with low crosstalk or high light yield should
be selected for the prototype.

The energy deposition in a single AHCAL scintillator tile for 100 GeV hadrons
was also simulated [36]. The majority of scintillator tiles exhibit energy deposi-
tions below 400 MIP, indicating that the dynamic range of the SiPM, estimated
as the pixel number divided by the light yield, should exceed this value. To ad-
dress the requirements of the CEPC AHCAL, several sensitive units of different
SiPMs were evaluated [36, 37].

As a result, two types of SiPMs were selected for the AHCAL prototype, with
their parameters listed in Table 1 . Note that the EQR-22-1313D-S model has
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four pads, but only two of them were read out. The S14160-1315P SiPM was
implemented on 38 AHCAL sensitive layers due to its low crosstalk and high
dynamic-range. The EQR-22-1313D-S SiPM was utilized on the last 2 layers of
the AHCAL prototype due to its high light yield and low price [38, 39].

B. Readout Electronics System

The readout electronic system is responsible for collecting data from 12,960
channels across the 40 sensitive layers. It is composed of the front-end electronics
and the DAQ system. The front-end electronics consists of 120 HBU boards and
the DAQ system consists of 40 Data InterFace (DIF) boards and a DAQ board,
as shown in Fig. 4 Figure 4: see original paper. The HBU board is responsible
for carrying the sensitive units and converting the analog signals of the sensitive
units into digital signals, the DIF board is designed to collect the digital signals
across the sensitive layer, and the DAQ board is intended to gather the data
from the DIF boards and transmit it to the server.

On one side of the HBU, 108 SiPMs were soldered with LEDs positioned beside
them, and the scintillator tiles were subsequently affixed using glue, as depicted
in Fig. 4(b) Figure 4: see original paper. On the opposite side of the HBU, three
SPIROC2E chips were employed for the data collection of these 108 sensitive
units, as illustrated in Fig. 4(c) Figure 4: see original paper.

SPIROC is an auto-triggered, bi-gain, 36-channel ASIC which allows measure-
ment on each channel of the charge from one photoelectron to 2000 and the time
with a 100 ps accurate TDC [40-42]. An analog memory array with a depth of
16 for each channel is used to store the time information and the charge mea-
surement. A 12-bit Wilkinson ADC has been embedded to digitize the analog
memory contents (time and charge on 2 gains). The data are then stored in a
4 kbytes RAM. A very complex digital part has been integrated to manage all
these features and to transfer the data to the DAQ. Each SPIROC chip contains
36 channels, corresponding to 36 sensitive units. Each SPIROC channel employs
two preamplifiers with different gains to enhance the dynamic range, as depicted
in Fig. 5 Figure 5: see original paper. Following the high gain preamplifier, a
fast shaper and a discriminator are used to provide self-trigger. Once triggered,
the signals from the high gain preamplifier and the low gain preamplifier are
recorded in the analog memory after the slow shaping. Subsequently, the signals
stored in the analog memory are converted into digital signals by a 12-bit ADC.
It is important to note that the signal that triggers the SPIROC chip may not
be exactly the same as the signal recorded. For instance, if a signal with an
extremely narrow time width triggers the discriminator after the fast shaper, a
pedestal may be recorded after the slow shaper.

A single sensitive layer of AHCAL contains 3 HBUs, corresponding to 324 sensi-
tive units. A DIF board was designed to collect signals from these HBUs with a
parallel readout scheme, as illustrated in Fig. 5(b) Figure 5: see original paper.
18 small FIFO (First In/First Out) modules and one large FIFO module were
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designed to cache the data from 9 SPTROC2E chips, enabling the simultaneous
processing of the Analog to Digital (AD) conversion and the data transmission.
This parallel readout scheme significantly enhanced the event readout rate to 3
kHz, compared to the 83 Hz of serial readout scheme, enabling the prototype to
operate under the beam-line environment [43]. The FPGA on the DIF board
also processes commands from upstream, real-time control of the HBU board,
and power supply to the HBU boards.

A DAQ system was designed to collect the data from 40 DIF boards and trans-
mit the data to the server or the PC. Additionally, it synchronizes the clocks
across the 40 AHCAL layers, and dispatches triggers and other commands to
the DIF boards. Fig. 5(c) Figure 5: see original paper provides a schematic
view illustrating the interactions between the front-end electronics and the DAQ
system.

The trigger system of the AHCAL consists of SPIROC2E chips, the DAQ board
and the trigger logic unit (TLU) [44]. The TLU distributes the trigger based
on the coincidence measurement, which is determined by signals from other
detectors or two specific layers of the AHCAL prototype. Once it receives the
trigger from the TLU, the DAQ sends a readout command to all SPIROC2E
chips via DIF boards. The SPIROC2E chips start the AD conversion and the
FIFO cache starts to readout. If the absence of the trigger is over 4 ps, the
DAQ board sends an erase command to clear the cache.

C. Calibration System

The non-uniformities among the numerous AHCAL channels would significantly
impact the performance of the AHCAL. Therefore, a calibration system was
developed. The SPIROC chips were modified to calibrate the pedestal and
gain of each channel. SiPMs were coupled with LEDs for gain monitoring.
Additionally, each sensitive layer was equipped with 48 temperature sensors to
monitor temperature variations.

The pedestal of each channel could be obtained by a random trigger distributed
from the DIF board to SPIROC chips. The pedestal of this channel is deter-
mined as the mean value derived from the Gaussian fitting, as illustrated in Fig.
6 Figure 6: see original paper.

The DIF board could also inject electric charge into the SPIROC chip to probe
the response of all channels. By varying the amount of injection charge, the
gain ratio between high gain and low gain could be calibrated, as shown in Fig.
6(b) Figure 6: see original paper. The high gain response is linear with the low
gain response until it reaches its saturation point. With the linear part and the
saturation part fitted separately, the gain ratio could be obtained from the slope
of the left line, and the saturation point is considered to be the intersection of
two lines.

The LED placed adjacent to the SiPM is used to calibrate and monitor the
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SiPM. On a single HBU, 108 LEDs are divided into two groups to prevent
light crosstalk. The SiPM response to the LED exhibits good single photon
separation as illustrated in Fig. 6(c) Figure 6: see original paper. The intervals
between photon peaks are approximately 20 ADC, representing the gain of the
SiPM.

The performances of SiPMs such as gain, PDE, and cross talk were notably influ-
enced by temperature. Therefore, a temperature monitoring system consisting
of 48 temperature sensors on each sensitive layer was implemented.

D. Mechanical Structure

The mechanical structure of the AHCAL prototype is composed of the steel
cassettes and the supporting framework. The steel cassette was designed to
accommodate three HBUs and one DIF board. The supporting framework is
responsible for securing the steel cassettes and absorber plates.

The design of the AHCAL prototype supporting framework is depicted in Fig. 7
Figure 7: see original paper. This framework supports and secures 40 absorber
plates measuring 16 mm, with steel cassettes accommodating the scintillator
tiles and electronics inserted into the gaps between these plates. The total
thickness of the absorbing material is 800 mm, which includes contributions
from the steel cassettes.

The design of the steel cassettes pursues compactness of the AHCAL prototype,
as illustrated in Fig. 7(b) Figure 7: see original paper. The top and bottom steel
sheets of the cassettes, which serve as part of the absorbing material, are both 2
mm thick. This thickness ensures the stiffness of the cassette while maintaining
portability. The scintillator tile, wrapped with ESR, has a thickness of 3.5 mm,
while the PCB has a thickness of 2.5 mm. Additionally, a 4 mm space is designed
for the electronic parts, providing a tolerance of 1 mm. The total thickness of
the cassette is 14 mm.

Fig. 7(c) Figure 7: see original paper illustrates a steel cassette assembled with
three HBUs and the DIF board. The scintillator tiles are in direct touch with
the bottom sheet, and six steel strips with a thickness of 3.5 mm are fixed
to the bottom sheet to secure the scintillator tiles and provide screw holes for
HBU fixation. This design provides light shielding to the scintillator tiles while
maintaining the compactness as much as possible. The HBUs will be attached
to the top sheet with six small strips, leaving space for air cooling.

I1I. Construction of the AHCAL Prototype

In the construction process of the AHCAL prototype, a total of 16,000 scin-
tillator tiles were produced and tested, along with 120 HBU boards that were
manufactured and soldered with SiPMs. They were assembled into 40 sensitive
layers with other components. Furthermore, 40 DIF boards, the DAQ board,
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40 absorber plates, and the supporting framework were fabricated. After the
integration of all these components, the AHCAL prototype was completed.

A. Production of Sensitive Units

The scintillator tiles were produced efficiently with the injection molding tech-
nique and wrapped with ESR foils using a dedicated machine. A light yield
test platform was developed to test this vast quantity of scintillator tiles [45].
The platform consists of a front-end board, a DIF board, a Sr-90 source loaded
on a 3D servo motor, and a PC, as demonstrated in Fig. 8 Figure 8: see
original paper. The front-end board followed the design of HBU, utilizing 144
S13360-1325PE SiPMs and 4 SPIROC2E chips, allowing for the testing of 144
scintillator tiles in a single run.

Fig. 8(b) Figure 8: see original paper displays a MIP spectrum for a single
scintillator tile. The peaks corresponding to photon electrons were identified,
and the ADC value of a single photon-electron was estimated. The light yield of
the scintillator tile was determined by the most probable value (MPV) obtained
from fitting a convolution of the Landau and Gaussian functions.

Fig. 8(c) Figure 8: see original paper displays the distribution of light yield
values for all the scintillator tiles. To improve the uniformity of the AHCAL
prototype, only scintillator tiles with a light yield falling within a window of 13
+ 10% p.e. were selected. Out of approximately 16,000 scintillator tiles, 14,219
were chosen under this criterion [46].

A SiPM test platform was developed based on customized jigs and LEDs. The
customized jig can contain four SiPMs with a hole in the middle, allowing the
LED light to pass through and activate the SiPMs. An FPGA was utilized to
control the LED and readout signals from the SiPMs. Good photon electron
separation was achieved on this platform, similar to what has been achieved with
the LED calibration, as shown in Fig. 6(c) Figure 6: see original paper. SiPMs
produced in the same batch share similarities, such as the working voltage, while
SiPMs from different batches differ in these characteristics. Therefore, in every
batch, a few SiPMs were tested with the SiPM test platform to ensure their
quality.

B. Assembly of Sensitive Layers

The HBU boards were produced and soldered with SiPMs, SPIROC chips and
other components. The scintillator tiles were assembled and secured onto the
PCB using adhesive. The HBUs along with scintillator tiles were secured in the
steel cassette, as illustrated in Fig. 7(c) Figure 7: see original paper. Prior to
installing the top steel sheet, an electronic test was conducted to verify the basic
functionality of this sensitive layer. The pedestals of all channels were checked.
LEDs were activated group by group to identify potential light crosstalk or dead
channels.
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IV. Tests of the AHCAL Prototype
A. Integration of the Prototype

The supporting framework of the prototype was manufactured and then inte-
grated with the steel absorbing plates. The gaps between the absorbers were
tested to ensure the tolerance for sensitive layers. The sensitive layers were in-
serted layer by layer. Several fans were fixed on the right side of the prototype
for air cooling, as depicted in Fig. 9 [Figure 9: see original paper]. The complete
AHCAL prototype reaches a total weight of 5.5 tons.

In order to calibrate the pedestal and gain ratio of each AHCAL channel, an
electronic test was conducted. Additionally, a cosmic ray test was performed to
validate the functionality of the entire prototype.

B. Electronic Test

The electronic test was carried out using the calibration system introduced in
Section IT C. The pedestals of both high gain channels and low gain channels
were obtained through an external trigger. Fig. 10 [Figure 10: see original
paper] depicts the distributions of pedestals for all AHCAL high gain channels
and low gain channels.

Fig. 10(c) Figure 10: see original paper depicts the pedestals of different chips
in a sensitive layer. Consistency within a chip and differences among chips were
observed, indicating that non-uniformities among pedestals mainly originated
from the variations among SPTROC chips.

The gain ratios and saturation points of all AHCAL channels were calibrated
by the charge injection. The distributions of gain ratios and saturation points
are depicted in Fig. 11 [Figure 11: see original paper].

Fig. 11(c) Figure 11: see original paper shows that AHCAL channels from most
of the sensitive layers have similar gain ratio, except for the last two layers due
to the different junction capacitance of NDL SiPMs. Fig. 11(d) Figure 11: see
original paper illustrates the differences in saturation points between SPIROC
chips, indicating that the saturation points of AHCAL channels are primarily
determined by the SPTROC chips.

C. Cosmic Ray Test

A cosmic ray test was performed on a dedicated test platform with 40 sensitive
layers, as shown in Fig. 12 [Figure 12: see original paper]|. During the cosmic
ray test, signals from the top and bottom sensitive layers were directed to the
TLU for coincidence measurement, with the DAQ board processing the data
acquisition accordingly. The cosmic ray test spanned a month, during which
half a million events were recorded.

Fig. 13 Figure 13: see original paper illustrates the cosmic ray response for
AHCAL channels in a chip, showing noticeable dark noise. To suppress this dark
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noise, a threshold of 100 ADC was applied to each hit in the offline analysis,
and track fitting was performed. The track fitting was conducted using hits
that were the only hit in their respective layers. A minimum of 15 such hits was
required in each event.

Fig. 13 [Figure 13: see original paper]| illustrates the fitting of a cosmic event.
Some poorly fitted events with high chi-square values were excluded, resulting
in approximately 20,000 events displaying good tracking. In these events, noise
hits were effectively eliminated by rejecting hits that were more than 120 mm
away from the fitted track.

Fig. 13(d) Figure 13: see original paper demonstrates the impact of the track
fitting and noise hit rejection. The MIP peak was fitted using a convolution of
Gaussian and Landau functions. After pedestal extraction, the MPV obtained
from the fitting was 347 ADC, roughly corresponding to 17 photon electrons
according to the LED calibration results.

It is important to note that the MPV varies from chip to chip due to the dif-
ferences in SiPM voltages and SPIROC chip configurations. These variations
in MPV resulted in differences in detection efficiency between sensitive layers,
as shown in Fig. 14 [Figure 14: see original paper]. The majority of AHCAL
sensitive layers demonstrated a detection efficiency of approximately 97%, with
approximately 2% of undetected events attributed to dead areas between scin-
tillator tiles. Layer 9 showed a lower efficiency due to improper configurations,
which were subsequently rectified during the beam test.

V. Summary and Outlook

Several studies have been conducted on key components of the AHCAL proto-
type, including the sensitive units, the electronics, and the mechanical structure.
These studies optimized the design of the AHCAL, thereby improving its perfor-
mance. A 40-layer AHCAL prototype with 12,960 channels was constructed. An
electronic test and a cosmic ray test were conducted on the prototype. Pedestal
and internal gain of each AHCAL prototype channel were calibrated with the
electronic test data. The results of the cosmic ray test indicated that the typ-
ical MIP response for the AHCAL chip was approximately 17 photoelectrons,
while the detection efficiency for cosmic rays in the sensitive layers was approx-
imately 97%. These results validated the proper functioning of the prototype
and confirmed its readiness for the three beam tests conducted between 2022
and 2023.

The test beam data of the AHCAL prototype is currently under analysis. Prelim-
inary results indicate that the AHCAL prototype demonstrates excellent imag-
ing capability, enabling detailed visualization of the intricate inner structure
of hadron showers. Additionally, its energy resolution reaches approximately ,
which satisfies the requirements of the CEPC experiment. Further results will
validate the feasibility of using the AHCAL as a hadron calorimeter for the
CEPC experiment and will contribute to enhancements in the CEPC baseline
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detector design. Additionally, the test beam data presents an excellent oppor-
tunity to study hadronic shower shapes and refine the particle flow algorithm.
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