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Abstract: Future electron-positron collider experiments aim at the precise measurement of the Higgs
boson, electroweak physics and the top quark. Based on the particle-flow paradigm, a novel highly
granular crystal electromagnetic calorimeter (ECAL) is proposed to address major challenges from jet
reconstruction and to achieve the optimal EM energy resolution of around 2–3%/

√
E(GeV) with the

homogeneous structure. Extensive R&D efforts have been carried out to evaluate the requirements
and potentials of the crystal calorimeter concept from sensitive detection units to a full sub-detector
system. The requirements on crystal candidates, photon sensors as well as readout electronics are
parameterized and quantified in Geant4 full simulation. Experiments including characterizations of
crystals and silicon photomultipliers (SiPMs) are performed to validate and improve the simulation
results. The physics performance of the crystal ECAL is been studied with the particle flow algorithm
“ArborPFA” which is also being optimized. Furthermore, a small-scale detector module with a crystal
matrix and SiPM arrays is under development for future beam tests to study the performance for EM
showers.

Keywords: Higgs factory; calorimeter; crystal; SiPM; high granularity

1. Introduction

The discovery of the Higgs boson in 2012 by the ATLAS [1] and CMS [2] Collaborations
at the Large Hadron Collider (LHC) offers exciting opportunities for future particle physics
in the coming decades. Precise measurements of properties of the Higgs boson, the W and
Z bosons, as well as the top quark, will provide crucial tests of the standard model (SM) and
are promising in searching for new physics beyond the SM (BSM). Following the demands
from physics, future electron–positron colliders including the CEPC [3], FCC-ee [4], ILC [5]
and CLIC [6] are among options planned to devote most of their operation hours as Higgs
factories, to produce millions of Higgs bosons within a clean collision environment.

To fully exploit the physics potentials of a future lepton collider, the detectors should
achieve an unprecedented jet energy resolution, which poses stringent requirements on the
detector design. The invariant mass resolution of the Higgs boson aims to reach 3–4% at
the CEPC. A jet is typically composed of ~65% charged particles, ~15% photons, and ~10%
neutral hadrons. Particle flow algorithms [7] (PFA) aim to measure each of the final-state
particles with one of the optimal sub-detectors and require high granularity in calorimeters
to separate close-by particle showers and try to match with the tracking system for charged
particles. A PFA-oriented electromagnetic calorimeter (ECAL) should be precise enough
for photon energy reconstruction and particle identification (PID). Therefore, a highly
segmented ECAL with excellent three-dimensional (3D) spatial resolution as well as good
energy and time resolution is desired. Among the PFA-ECAL options that are being
developed within the CALICE [8] Collaboration, e.g., the silicon-tungsten ECAL [9] and
scintillator-tungsten ECAL [10], the energy resolution would be limited by the sampling
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structures (on the order of ∼10%/
√

E(GeV)). On the other hand, legendary crystal-based
calorimeters have demonstrated excellent EM resolution of 2–3%/

√
E(GeV) (for instance,

the BGO calorimeter in the LEP-L3 experiment [11] and the PWO calorimeter in the LHC-
CMS experiment [12]) while there was no fine 3D segmentation in crystals. Hereby, we
propose a new conceptual design of the high granularity crystal ECAL with fine 3D
segmentation to be compatible with the PFA, to reach an optimal EM resolution, and to
significantly improve the sensitivity to low-energy particles. The precision measurements
of γ and π0 can also be portals to further explore the new physics beyond the standard
model [13].

There are two major designs of the high granularity crystal ECAL in the proposal,
as shown in Figure 1. Design 1, with finely segmented crystals in both longitudinal and
transversal dimensions, would be naturally compatible with PFA. Initial PFA studies have
been performed using this design to demonstrate the potentials in physics, which will be
presented in Section 2. It also sets a stringent requirement on the total material budget of
readout boards, cooling services and mechanical structures between longitudinal layers,
which must be strictly controlled to avoid significant performance degradation [14].

To address this challenge, a new detector layout is proposed (Design 2 in Figure 1)
with long crystal bars arranged to be orthogonal to each other in two neighboring layers
for a maximum longitudinal segmentation, minimum inactive materials in between and a
significant reduction in readout channels. High transverse granularity is expected to be
realized by combining the information of every two adjacent layers. The basic module of
a “supercell” is 40× 40 cm2 in the transverse plane with, typically, 24X0 in depth. Each
crystal bar is read out by 2 SiPMs at two ends, which can also provide timing information
from the two sides for positioning reconstruction, clustering and particle identification.
Nevertheless, this layout also poses a challenge for 3D pattern recognition and requires
the development of dedicated reconstruction software, which will be briefly introduced in
Section 3.

Besides the highlights of physics performance studies and software development,
preliminary results from hardware R&D activities on the key aspects of the calorimeter
design are presented in Section 4, followed by the summary and prospects in Section 5. It
should be noted that most results presented in this proceeding are selected from active
working progress.

Design 2: long bars

Incident

particles

Design 1: short bars

Incident

particles

Crystal bars SiPM FE+PCB Cooling + Support

Figure 1. Two designs proposed for a high granularity crystal calorimeter: Design 1 with finely
segmented crystals and single-ended readout; Design 2 with long crystal bars and two-ended readout.

2. PFA Performance

The CEPC baseline detector (“CEPCv4”) in the CEPC Conceptual Design Report [3]
and the PFA software “ArborPFA” [15] were implemented in the CEPC software frame-
work [16] for the PFA performance studies and PFA optimizations. Baseline sub-systems
from the inside out include silicon vertex detector, Time Projection Chamber (TPC), silicon-
tungsten (SiW) ECAL, RPC-based HCAL, magnet coils and the return yoke as a muon
detector, as shown in Figure 2a. The SiW-ECAL was replaced by finely segmented crystal
bars with two sets of granularity, i.e., 1× 1× 1 cm3 and 1× 1× 2 cm3. The granularity of
1× 1× 1 cm3 corresponds to an ideal setup to fully exploit 3D information to evaluate the
potentials and optimize the PFA parameters for crystals. The slightly coarser granularity
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of 1× 1× 2 cm3 is the goal for the layout of long crystal bars (Design 2), assuming that
the dedicated reconstruction software can finally resolve ambiguities of pattern recogni-
tion in shower clustering due to the special geometry arrangement. The crystal option
implemented for the crystal ECAL was selected to be the Bismuth Germanate (BGO) at
this stage.

(a) (b)

Figure 2. The CEPC CDR detector layout (“CEPCv4”) for PFA performance studies with implemen-
tations of the SiW-ECAL (as the CDR baseline) and crystal ECAL in two scenarios. (a) CEPC CDR
baseline detector. (b) Reconstruction with long crystal bars with an aim of fine transverse granularity.

2.1. Separation Power of Close-By Showers

The separation capability of showers initiated by close-by particles is an essential
requirement for PFA calorimetry. Considering typical jet components, key scenarios are:
(1) the separation of two photons (denoted as γ′s) and (2) the separation of a charged pion
(π±) and a γ [17].

Compared with the SiW-ECAL, EM showers in crystals tend to have a larger number
of hits and a wider lateral distribution, since crystals are more sensitive to low-energy
particles in secondary cascades and the Molière radius (RM) for crystals (RM = 2.26 cm
for BGO) is significantly larger than tungsten (RM = 0.93 cm) [18]. As the ArborPFA was
optimized for the CEPC CDR with sampling calorimeters, it needs further optimizations to
take into account different shower features in a homogeneous calorimeter.

Major updates implemented in the ArborPFA algorithm for the crystal ECAL include:
(1) to search for the cluster skeleton using a relatively high energy threshold and by
temporarily ignoring low-energy hits; and (2) to re-cluster low-energy hits near the shower
skeleton. Simulation studies so far show that these two updates can significantly improve
the separation capability (presented below) and energy linearity and resolution (not shown
due to page constraints), respectively.

The separation of near-by particles is based on the overlay of events of single particles
generated by a particle gun with varying positioning offsets. Showering events of γs and
charged pions before entering the ECAL are excluded for further analysis. The separation
efficiency is defined as the ratio of the events with two correctly reconstructed physics
objects from ArborPFA algorithm (PFA Objects, or PFOs) and the total events. A correct
reconstruction is defined as the PFO energy being in the range of 3.3–6.6 GeV for incident
5 GeV photons, and of 9.9–10.1 GeV for incident 10 GeV charged pions. The latter scenario
corresponds to an essential part of the ArborPFA, i.e., cluster matching between trackers and
calorimeters for charged particles, where trackers can provide the momentum information
with much higher accuracy than calorimeters.

As shown in Figure 3, the separation efficiency of two γ′s increases along with a higher
energy threshold (implemented for each crystal cell) in the updated ArborPFA with the
multi-threshold reconstruction scheme. The performance of the granularity of 1× 1× 2 cm3

is similar to the ideal granularity of 1× 1× 1 cm3. It would be more challenging to separate
hadronic clusters from EM ones, due to the complicated hadronic shower profiles leading
to issues of matching the charged clusters in calorimeters with trackers. Clusters of the
hadrons will be much more widely distributed in 3D space, and fluctuations in hadronic
shower profiles and energy depositions are much more significant, compared with EM
showers. Parameters concerning the distance between clusters and tracks can hardly be
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effective enough. For the particle-flow algorithms, there is always a significant chance that
clusters originally from a hadron will not be correctly associated with its track.

It should be noted that the crystal ECAL geometry in simulation was kept the same
as the SiW-ECAL layout, where gaps between modules are based on the SiW option. This
study shows these gaps (e.g., around 160 mm in the plots) will degrade the separation
efficiency of the crystal ECAL. A new general layout dedicated to crystal modules will be
studied to include realistic estimates and minimize the impacts from gaps.

0 20 40 60 80 100 120 140
Distance / mm

0

20

40

60

80

100

S
ep

ar
at

io
n 

E
ffi

ci
en

cy
 / 

%
%

Hit Threshold 0.05 MeV

Hit Threshold 0.5 MeV

Hit Threshold 2 MeV

Hit Threshold 5 MeV

(a) γ/γ separation with 1× 1× 1 cm3 cells
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(b) γ/γ separation with 1× 1× 2 cm3 cells
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(c) π+/γ separation with 1× 1× 1 cm3 cells
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(d) π+/γ separation with 1× 1× 2 cm3 cells

Figure 3. Separation efficiency with varying distances between two incident particles using two sets
of crystal granularity.

2.2. Higgs Benchmark with Jets

The boson mass resolution (BMR) is a key parameter to evaluate the PFA performance
of jets in Z/W/Higgs hadronic decays. At the CEPC, the Higgs BMR needs to be <4% in
order to reach the 2σ separation power of the Higgs and Z/W bosons. The MC samples
of e+e− → ZH → ννgg including initial-state radiation (ISR) photons at 240 GeV were
used for the studies with two gluon jets of the Higgs final state, where the BMR is defined
as the invariant mass with two jets reconstructed by the ArborPFA. The simulation setup
remains the same as in Section 2.1, i.e., the CEPC CDR baseline detector with the SiW-ECAL
superseded by the crystal ECAL using the granularity of 1 cm3. Since the default ArborPFA
was optimized for the CEPC CDR baseline detector, as shown in Figure 4a, it cannot
deliver the required performance with the crystal ECAL even with the fine granularity.
After implementing the updates in ArborPFA as discussed in Section 2.1 for separation of
close-by particles in crystals, there is a significant improvement in BMR by 3.7%, as shown
in Figure 4b. Further optimizations and studies of impacts from granularity are ongoing.
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Figure 4. Higgs boson mass resolution with the ArborPFA algorithm. (a) BMR with the crystal ECAL
using the default ArborPFA. (b) BMR with the crystal ECAL using the optimized ArborPFA.

3. Reconstruction Algorithm Dedicated to New Geometry Design

For the long bar layout, the geometry was implemented using DD4hep [19] and a
dedicated reconstruction algorithm is under development in the new software framework
named “CEPCSW” [20]. The idea is to start reconstruction from raw hits for each longi-
tudinal layer to form 1D clusters and obtain 2D clusters by combining information from
every two adjacent layers. Then, 2D clusters are linked in the longitudinal direction into 3D
clusters required by the PFA. The basic reconstruction flow is shown in Figure 5. To reach
its full physics potential, key questions including pattern recognition and cluster matching
with the tracking system need to be addressed. In general, the new algorithm aims to
achieve the granularity of 1× 1× 2 cm3, and minimize the impact from the ambiguity of
pattern recognitions. In Figure 6, preliminary performance studies of the crystal ECAL with
the long bar layout show promising results in particles reconstruction and separation [21].
Further development and validation works are still ongoing.

Figure 5. Dedicated reconstruction flow for the crossed long crystal bar ECAL.
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Separation of gamma and pionSeparation of 2 gammas

Figure 6. Preliminary study of separation efficiency with the dedicated reconstruction algorithm.

4. Detector Design and Characterizations

The quantitative requirements on the crystal and readout unit are presented in this sec-
tion, including the EM energy resolution, photon statistics, energy threshold, and response
uniformity, followed by measurements of a typical crystal-SiPM unit. Parameters in the
digitization tool used by the Geant4 [22] simulation were tuned based on the cosmic-ray
and radioactive test results.

4.1. Energy Resolution and Requirements

The EM energy resolution of the crystal calorimeter was studied with the Geant4
simulation (without the optical photon simulation). To take into account the important
factors related to photon statistics, we developed a digitization tool to convert the raw
energy deposition into the number of photons detected by a SiPM. The digitization tool
includes the energy threshold per readout channel, fluctuations in photons detected at
the SiPM, the time window for signal integration, etc. The photon statistics are primarily
evaluated in terms of the MIP (minimum ionising particle) response, which corresponds to
the most probable energy deposition of high energy muons in 1 cm BGO crystal around
8.9 MeV [18].

As shown in Figure 7a, the EM energy resolution for a given MIP response of 100 p.e.
is dominated by the energy threshold per readout channel and the threshold should be
lower than 0.5 MIP to achieve the aim of <3%/

√
E(GeV). The MIP light yield per channel,

i.e., photo-statistics, significantly impacts the stochastic term extracted from the EM energy
resolution, as shown in Figure 7b, and the MIP light yield is required to be more than 100 p.e.
A sufficiently low energy threshold is always desirable to further improve the resolution.
SiPMs with a low inter-pixel crosstalk level are promising to achieve a reasonably low
energy threshold. For a good balance between the MIP light yield and the dynamic range,
the appropriate crystal candidate needs to have a moderate intrinsic light yield. The crystal
candidate is required to be friendly for mechanical processing (especially important for the
long crystal bar design) and not prohibitively costly for the large volume usage required by
the final detector (unit price on the order of a few USD per c.c.).

Crystal options under study primarily focus on the bismuth germanate (BGO). BGO
has a high intrinsic light yield, in the range of 8000–10,000 photons/MeV, and its mechanical
stability is good for cutting and polishing, but with a typical long scintillation decay time
of 300 ns. The lead tungstate (PWO) has fast scintillation components (the fast and slow
components are 10 ns and 30 ns, respectively), but its low intrinsic light yield, in the
range of 100–200 photons/MeV, makes it difficult to meet the requirement of more than
100 p.e./MIP. Furthermore, it is quite brittle and, thus, further mechanical processing is
very challenging, especially for long crystal bars.
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Figure 7. Energy resolution under different energy thresholds and crystal light yields. (a) The EM
energy resolution when different energy thresholds are implemented on calorimeter hits. The light
yield is set to 100 detected photons per MIP. (b) The stochastic term of the EM energy resolution with
varying light yields (number of detected photons per MIP) and energy thresholds for hits.

4.2. Laser Calibration of SiPMs

The SiPMs for the crystal ECAL readout need to cover a large dynamic range (on the
order of 103 MIPs), which requires a high pixel density (on the order of 105 pixels for the
total sensitive area). A laser test stand was built with a picosecond laser source (405 nm,
NKT Photonics [23]) for SiPM characterizations including the single photon calibration
and the response linearity. The SiPMs under test are listed in Table 1. In Figure 8, single
photons can be well-separated for the two types of SiPMs, and the NDL-EQR06 SiPM is
expected with better timing performance due to the fast-rising edge. The narrow pulse
shape (~10 ns) is helpful to achieve an effectively larger dynamic range for crystals with a
long decay time (e.g., BGO) due to the short recovery time of pixels. Results of ongoing
measurements of the response linearity and the dynamic range will be presented in future
conferences or papers.
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(c,d) correspond to trigger signals.



Instruments 2022, 6, 40 8 of 11

Table 1. Devices under test and their basic parameters.

Type
Pixel
Pitch
(µm)

Sensitive
Area
(mm)

Number
of Pixels

Typical
PDE

Typical
Gain

Hamamatsu S13360-6025PE [24] 25 6× 6 57,600 25% 7× 105

NDL EQR06 11-3030D-S [25] 6 3× 3 244,720 30% 8× 104

4.3. Characterization of Long BGO Crystal Bar

The characterizations of a 40 cm long BGO crystal bar (manufactured by the Shanghai
Institute of Ceramics [26]) were carried out to evaluate the MIP response performance and
the results are also used to validate the digitization tool.

4.3.1. Cosmic-Ray Test

A 1× 1× 40 cm3 BGO crystal was tested with cosmic-ray muons to evaluate the MIP
response. As shown in Figure 9a, the crystal bar was wrapped with ESR film and placed
onto a rail. Two apertures were cut out through the wrapping of the two ends for the light
detection at SiPMs. Hamamatsu C13365-3050SA [27] SiPM modules (3× 3 mm2 active area)
were coupled to the two sides of the crystal bar with silicone grease (index of refraction
1.465). In addition, two 3× 3 cm2 triggers were used to select coincidence muon events.
The most probable value of the MIP response is 2028 p.e./MIP, as shown in Figure 9b.
The fact that the trigger size is larger than the crystal cross section leads to a structure at
the left side of the MIP signal, i.e., muons penetrates only partially but not the full crystal.
It shows that the MIP response can meet the requirement, but we also need to consider the
dynamic range as another critical issue, which remains under study.

Triggers

40 cm BGO crystal

SiPM module

(a) A photo of the setup of the cosmic-ray test
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(b) Measured MIP response with BGO crystal

Figure 9. Setup and result of the cosmic-ray test of the BGO crystal.

4.3.2. Energy Calibration with a Radioactive Source

Measurements with radioactive sources are important to evaluate the energy resolution
and to validate the digitization tool. Tests were performed with the same BGO crystal bar
of 1× 1× 40 cm3 as mentioned above. Signals were read out by two SiPMs (Hamamatsu
S13360-6025PE) directly air-coupled with each end. A slide rail system was used to improve
the stability for better SiPM–crystal coupling. A radioactive source of Cs-137 was placed
on the 1D movable rail to scan along the crystal length direction, as shown in Figure 10a. It
should be noted that the source collimation diameter is around 8 mm. Figure 10b shows
the energy resolution is 11.2% for 662 keV gammas, and the full-energy peak corresponds
to around 134 p.e. at the SiPMs.
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Figure 10. Radioactive source test of a 40 cm long BGO crystal bar.

4.3.3. Response Uniformity Studies

The response uniformity along the crystal bar was measured with the same radioac-
tive test-stand mentioned above by moving the radioactive source along the crystal bar
length direction. The results from measurements and Geant4 optical simulation are
shown in Figure 11a,b. The simulation assumed the intrinsic light yield of BGO crystals is
8200 p.e./MeV, and the crystal surface roughness was considered. Here, the incident-angle
distribution of gamma-rays was not implemented and the simulation will be improved in
the future.

Preliminary results show that the response uniformity in measurements is, in general,
better than the simulation, but only features an asymmetrical pattern. In general, the results
in data and simulation are reasonably consistent at a 10% level, which is sufficient for the
validation of the optical simulation and the digitization tool at the first order. For better
consistency of 1%, there are several subtle parts to be studied, such as optical model
parameters and the modeling of defects on the crystal surface, guided by the measurements.
On the other hand, more crystals will be tested to evaluate repetitive precision.
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Figure 11. Uniformity scan for a 40 cm long BGO crystal bar. (a) Measured response uniformity with
Cs-137. (b) Simulated response uniformity with 662 keV photons.

A 2D uniformity map is obtained in simulation with muons perpendicularly passing
through the module, as shown in Figure 12a, and was implemented in the digitization tool
for an ECAL module with the transverse size of 40× 40 cm2 with the detector layout of
crossed long crystal bars. The 2D non-uniformity effect will lead to position dependence
for the energy reconstruction. Monte Carlo samples of high-energy electrons were used to
evaluate the impacts on the energy reconstruction of EM showers, dependent on different
levels of non-uniformity, as shown in Figure 12b. Therefore, the crystal-SiPM response
uniformity needs to be well-controlled and carefully calibrated.
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Figure 12. Simulations of uniformity of the crystal ECAL module. (a) 2D response uniformity of
the ECAL module, 1 GeV muons are used for scanning. (b) Energy resolution under certain non-
uniformity of long crystal bars. Nine modules are placed in the simulation to prevent energy leakage.

5. Summary and Prospects

High-granularity calorimetry options enable an excellent jet reconstruction capability
for future high-energy experiments. A highly granular crystal calorimeter was proposed to
aim at a superior EM energy resolution and PFA performance for future Higgs factories.
Physics potentials were presented using the CEPC detector with a high-granularity crystal
calorimeter, including the PFA performance on separation power and the Higgs bench-
mark with two jets. The optimization of ArborPFA for crystals is ongoing. A dedicated
reconstruction algorithm is under development for the detector layout with long crystal
bars arranged to be orthogonal in adjacent layers. Hardware activities focus on the crystal–
SiPM readout unit to address key questions of the detector requirements were studied.
Characterizations of BGO crystals and SiPMs were carried out and the results were used to
validate the simulation. In the near future, small-scale ECAL modules will be developed to
evaluate the EM shower performance in beam tests, to gain experience in the large-scale
module design, and to deliver reliable inputs to evaluate the whole detector performance.
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