The design and performance of the glass-scintillator hadronic calorimeter for the CEPC reference
detector
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The CEPC reference detector requires a particle-flow-oriented hadronic calorimeter with high three-
dimensional granularity, sufficient depth, and robust neutral-hadron performance. Such a calorimeter is es-
sential for the precision reconstruction of hadronic W, Z, and Higgs final states. The glass-scintillator
hadronic calorimeter (GS-HCAL) is adopted as the baseline HCAL of the CEPC reference detector. It uses
40 x 40 x 10 mm?® gadolinium fluoro-oxide glass-scintillator cells read out by 3 x 3 mm? silicon photomul-
tipliers, arranged in a barrel and two endcaps. The full detector comprises 5.22 million channels with a total
depth of 6 A1 and a sampling fraction of about 30%. Experimental studies of the baseline active unit show a light
yield of ~1500 ph/MeV and an attenuation length of about 6 cm. The glass scintillator retains more than 70% of
its light yield after irradiation below 100 Gy, and practical single-cell signals have been measured with *37Cs,
cosmic-ray muon, and 5 GeV electron-beam sources. Geant4 simulation of the design predicts a standalone
single-hadron energy resolution of 29.8%/v/E @ 6.5% with non-linearity within 2%. Combined with particle-
flow reconstruction, a boson mass resolution of 3.88% is achieved for the H — gg benchmark. Full prototype
beam validation remains necessary to close the optical model, Birks quenching, intrinsic e/h, calibration, and
system-level response. This study establishes the technical and performance basis of the GS-HCAL baseline
design.

Keywords: glass scintillator; hadronic calorimeter; CEPC; silicon photomultiplier; particle-flow algorithm; highly granular
calorimeter

1 I. INTRODUCTION

2 The Circular Electron—Positron Collider (CEPC) [1] is de-
s signed to measure Higgs boson couplings to sub-percent pre-
4 cision. It will also enable sensitive electroweak and flavour
s studies at centre-of-mass energies around the Z pole, the
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WW threshold, and the Higgs production peak [2]. Recon-
structing the hadronic decays of W, Z, and Higgs bosons
with the requisite resolution demands a calorimeter system
that substantially exceeds conventional performance. The
Particle-Flow Algorithm (PFA) [3, 4] achieves this by com-
bining tracking and calorimeter information to reconstruct in-
dividual particles, separating charged- and neutral-hadron en-
ergy deposits on a cell-by-cell basis. This particle-level sepa-
ration requires fine three-dimensional calorimeter granularity
to resolve overlapping showers and assign each energy de-
posit to the correct parent particle.

Within a PFA-based detector, the hadronic calorimeter
(HCAL) serves two defining roles. It provides the transverse
and longitudinal segmentation needed for charged—neutral
shower separation, and it supplies the intrinsic energy reso-
lution for neutral hadrons, whose energies are inaccessible to
the tracker. The CEPC Conceptual Design Report [1] spec-
ifies a boson mass resolution (BMR) of 3-4% for hadronic
W, Z, and Higgs decays. Meeting this benchmark constrains
the active medium to combine sufficient density for sampling
performance, adequate light output for efficient readout, and
manufacturability at the scale of millions of channels.

The glass-scintillator hadronic calorimeter (GS-HCAL)
has been adopted as the HCAL of the CEPC reference de-
tector [2]. It employs 40 x 40 x 10 mm? cells of gadolin-
ium fluoro-oxide (GFO) glass scintillator, each read out by
a 3 x 3 mm? silicon photomultiplier (SiPM), arranged in 48
sampling layers within a barrel and two endcaps. The sup-
porting evidence spans measured GFO material properties,
single-cell signal verification, full-detector simulation projec-
tions consistent with the BMR target, and engineering feasi-
bility studies at the CEPC detector scale.

This paper presents a coherent technical basis for the GS-
HCAL. Section II derives the detector requirements from the
physics goals and presents the architecture, active-medium
selection, and readout technology. Section III reports the ex-
perimental characterisation of GFO glass and single-cell per-
formance. Section IV describes the digitisation-based sim-
ulation framework and presents projected single-hadron and
H — gg boson mass resolution. Section V discusses me-
chanical feasibility, calibration strategy, and the prototype
validation programme, and Section VI summarises the find-
ings.

The CEPC Reference TDR documents the entire refer-
ence detector, including all HCAL engineering, mechani-
cal design, and alternative technology options, in exhaus-
tive detail [2]. This paper is the first standalone, peer-
reviewed account dedicated to the glass-scintillator HCAL
(GS-HCAL). It presents a focused, physics-motivated syn-
thesis that links GFO glass material properties, single-cell
measurements, full-detector simulation, and the H — gg
boson-mass-resolution benchmark into one coherent argu-
ment. Readers are referred to the TDR for the complete en-
gineering, mechanical, and alternative-option detail not re-
peated here. [NEW-ANALYSES PLACEHOLDER: quanti-
tative results added beyond the TDR, to be finalized]
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II. DETECTOR DESIGN

A. Design requirements

The boson mass resolution target of 3-4% established
in Section I defines the performance scale that the HCAL
must achieve. The PFA reconstruction paradigm governs
how this performance is realised. Within the PFA approach,
charged-hadron momenta are measured by the central tracker.
The HCAL therefore contributes primarily shower-shape and
cluster-position information for pattern recognition. For neu-
tral hadrons, which leave no track, the HCAL alone deter-
mines both energy and position. The HCAL must there-
fore provide fine three-dimensional granularity—both trans-
verse and longitudinal—to separate nearby charged and neu-
tral showers. It must also provide adequate intrinsic energy
resolution for neutral hadrons. These dual requirements trans-
late into three design drivers. First, the granularity must be
sufficient to resolve individual shower clusters in the dense
environment of a hadronic jet. Second, the longitudinal depth
must be sufficient to contain the full development of hadronic
showers. Third, the sampling fraction must be high enough
to keep the stochastic term of the energy resolution within the
required bounds.

Meeting these requirements at the CEPC detector scale in-
volves coupled trade-offs that must be resolved at the level of
the active medium, cell geometry, and readout architecture.
Increasing the density of the active medium improves the
sampling fraction and hence the stochastic resolution. This
is beneficial only if optical transmission and light yield re-
main adequate to produce a usable signal at the SiPM. Re-
ducing the cell size improves shower-separation capability
for PFA, but increases the number of readout channels and
with it the complexity and cost of electronics, cooling, and
calibration. A shorter attenuation length can be tolerated in
small cells, where the optical path lengths are correspond-
ingly short, but this same attenuation length would become
prohibitive in larger cells. The design choices described in the
following subsections represent the resolution of these trade-
offs, informed by measured material properties, simulation
studies, and engineering feasibility assessments.

B. Detector architecture

The GS-HCAL is a steel-scintillator sampling calorimeter
comprising 48 longitudinal layers arranged in a barrel and two
endcaps. It reaches a total depth of 6 A\; and contains 5.22
million (5,224,960 in total) readout channels. The barrel is
divided into 16 trapezoidal sectors forming a hexadecagonal
prism that approximates a cylindrical shell. It has an inner
radius of 2140 mm, an outer radius of 3455 mm, a length of
6460 mm, and a mass of about 955t. The two endcaps use
matching 16-sector disk structures with inner and outer radii
of 400 mm and 3385 mm, extending in |z| from 3260 mm to
4575 mm, each weighing about 362t. The sectorisation sup-
ports modular assembly. Glass scintillator (GS) cells, SiPMs,
printed circuit boards (PCBs), and application-specific inte-



115 grated circuits (ASICs) are assembled into boxes that can be
116 tested before installation. Water-cooling pipes are embedded
117 in the steel absorber layers, with a design target of 15 mW per
s front-end channel. The overall geometry is shown in Fig. 1,
119 and Table 1 summarises the cell, box, layer, and sector counts
120 for the barrel and endcaps.

(a)
(b)
Fig. 1: (a) Barrel: 16 trapezoidal sectors forming a

cylindrical structure. (b) Endcap: disk with matching sector
segmentation.

TABLE 1: Numbers of cells, boxes, layers, and sectors for
the barrel and endcaps in the GS-HCAL.

Part Cells Boxes Layers Sectors
Barrel 3212800 27 840 48 16
Endcap 1006080 3072 48 16
(x2)

The single-layer design is the fundamental repeating unit
122 of the design detector, and the same layer structure is used
123 throughout the barrel and endcaps to simplify calibration and
124 digitisation modelling. Each layer has a total thickness of
125 27.0 mm and comprises a 9.8 mm steel absorber, a 10 mm GS
126 active layer, a 3.2 mm PCB/ASIC layer, and two 2 mm steel
127 cover plates. The nuclear-interaction-length contributions of
128 the steel absorber, GS, and PCB are 0.0805 A1, 0.0425 A, and
129 0.0024 A, respectively, giving a ratio of about 1:0.53:0.03.
130 The sampling fraction, defined as the fraction of dE/dx de-
131 posited in the active GS layer for minimum-ionising particles
122 (MIPs), is about 30% [2]. This energy-sampling fraction in

121

the active medium is conceptually distinct from the nuclear-
interaction-length fractions listed above. Those fractions de-
scribe the geometric probability of hadronic interactions oc-
curring in each sub-layer. The single-layer structure and cell
geometry are illustrated in Fig. 2.

The 48-layer segmentation is motivated by the need for ad-
equate longitudinal shower sampling. With a total depth of
6 A1, the GS-HCAL provides sufficient hadron containment
while keeping the detector volume within the magnet cryostat
envelope. Each of the 48 longitudinal samples corresponds
to 0.125 \j, affording detailed shower-profile reconstruction
along the depth axis. The upstream electromagnetic calorime-
s ter (ECAL) contributes about 1.2 A\; of additional material,
16 so the total interaction length before the magnet coil exceeds
147 7 )\1.
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Fig. 2: (a) Single-layer structure of the GS-HCAL, showing
the steel absorber, GS active layer, PCB/ASIC layer, cover
plates, and embedded cooling pipes. (b) One

40 x 40 x 10 mm?® GS cell.

148 C. Active medium and readout

The detector architecture described above imposes specific
requirements on the active medium, photosensor, and read-
out electronics. Each technology choice is driven by a causal
chain that connects back to the physics requirements.

Active medium. GFO glass is adopted as the active
medium because it provides a practical balance of den-
sity, light output, and manufacturability for highly granular
calorimetry. The choice is motivated by the density-light-
yield trade-off identified in Section I A. A high-density ac-
1ss tive medium is needed to raise the sampling fraction and



thereby improve the stochastic resolution. However, the den-
sity must not come at the cost of optical opacity or unaccept-
ably low light yield. GFO glass has a density of 6.0 g/cm?.
This value is substantially higher than conventional plas-
tic scintillator (typically ~1.05 g/cm?®) and approaches that
of crystalline BGO (7.13g/cm®). It has a nuclear inter-
action length of 24.2cm and a dE/dz of 8.0MeV/cm for
MIPs. This high density yields a sampling fraction of about
30%. This is roughly twice the value expected for a plastic-
scintillator AHCAL with the same absorber geometry. The
higher sampling fraction is expected to reduce the stochas-
tic term of the energy resolution. A direct simulation com-
parison with a plastic-scintillator design of identical absorber
layout has not yet been performed. At the same time, the
measured light yield of ~1500 ph/MeV is sufficient for cell-
level calorimetry when read out by a SiPM. The value of
1000 ph/MeV is adopted as the tile production quality thresh-
old. The emission peak near 400 nm matches the peak PDE
of commercial SiPM devices. The GFO material builds on
earlier glass-scintillator development [5] and recent progress
in Ce-doped heavy glass compositions [6—8]. Table 2 com-
pares key GFO parameters with BGO crystal [9] and DSB
glass [10]. This comparison shows that GFO occupies a
distinct region of the parameter space. It has higher den-
sity than DSB. It offers lower cost and better mouldability
than BGO. Its light yield is adequate for SiPM readout in
40 x 40 x 10 mm? cells.
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TABLE 2: Key parameters of GFO glass compared with
BGO [9] and DSB [10]. GFO parameters are from
Refs. [6-8], measured on a 5 x 5 x 5 mm? sample.

Parameter GFO BGO DSB
Density (g/cm®) 6.0 7.13 4.2
Melting point (°C) 1250 1050 1550
Radiation length (cm) 1.59 1.12 2.62
Moliére radius (cm) 2.49 2.23 3.33
Nuclear interaction length (cm) 24.2 22.7 31.8
Lot 56.6 71.5 49.7
dE/dx (MeV/cm) 80 8.99 5.9
Emission peak (nm) 400 480 430
Refractive index 1.74 2.15 —
Light yield (ph/MeV) ~1500 7500 2500
Energy resolution (% at 662keV) ~23 9.5 —

Scintillation decay time (ns) ~60, 500 60, 300 90, 400

Cell geometry. The choice of 40 x 40 x 10 mm? cells fol-
lows directly from the PFA requirement for fine transverse
granularity. Hadronic showers in a dense calorimeter ex-
tend laterally over several centimetres. Cell dimensions sig-
nificantly smaller than the typical lateral shower extent are
needed to resolve individual shower cores and to separate the
charged and neutral components within a jet. The 40 mm
transverse pitch is comparable to that of other highly gran-
ular HCAL designs and has been shown to provide adequate
pattern recognition in PFA studies [3, 11]. At the same time,
196 40 mm is small enough that optical path lengths within the
tile are short. The measured attenuation length of about 6 cm
at 400 nm is therefore acceptable. The maximum path length
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190 from the far corner of a 40 x 40 mm? tile to a centrally placed
200 SIPM is of order 30 mm, well within the attenuation range.
201 If larger cells were used, the attenuation length would be-
202 come a limiting factor for response uniformity. If cells were
203 smaller, the channel count would increase rapidly, with atten-
204 dant cost and power implications for the readout system. The
205 10 mm cell thickness corresponds to the active depth per sam-
206 pling layer and is chosen to balance the active-to-passive ratio
207 against the longitudinal sampling frequency.

208 SiPM readout. Silicon photomultipliers are adopted as
200 the photosensor. They combine compact dimensions (3 X
3 mm? active area), insensitivity to magnetic fields, high
photon detection efficiency (PDE) near 400 nm, and single-
photon sensitivity. These features are essential for reading
out small GFO tiles in the 3.5T CEPC solenoid field. The
three key requirements for the SiPM are adequate PDE at the
GFO emission wavelength, sufficiently low dark-count rate
(DCR), and mechanical dimensions compatible with 40 mm
cell pitch. The low DCR must permit a low readout threshold.
Table 3 lists representative commercial devices. The Hama-
matsu Photonics (HPK) S14160-3050 and Novel Device Lab-
oratory (NDL) EQR20-11-3030 are the most promising can-
didates.

The HPK S14160-3050 provides a PDE of 47% at 400 nm
and a DCR in the range 10-100 kHz/mm?. The NDL EQR20-
11-3030 provides 45% PDE at 400 nm with a DCR of 150—
450 kHz/mm?. The cell light output of about 60 photoelec-
trons per MIP (p.e./MIP), together with these SiPM pa-
rameters, supports a 0.1 MIP readout threshold (about 5-
6 p.e.). At this threshold the measured noise-occupancy rates
are 12 Hz/mm? for the HPK device and 28 Hz/mm? for the
NDL device. These rates include correlated noise from after-
pulsing and optical crosstalk and are derived from the single-
photoelectron DCR values and the SiPM pulse-height distri-
bution. The 0.1 MIP threshold is chosen because it provides
adequate signal-to-noise margin while keeping the noise oc-
cupancy comfortably below values that would degrade cluster
reconstruction. These noise-occupancy figures correspond to
un-irradiated devices. The effect of CEPC radiation doses
(40-96 Gy) on SiPM dark-count rate has not been directly
measured in this study. However, the baseline noise occu-
pancy at the 0.1 MIP threshold is sufficiently low that a mod-
erate radiation-induced increase would remain acceptable for
cluster reconstruction. Dedicated irradiation tests of candi-
date SiPMs to CEPC-representative doses are planned as part
of the prototype programme. The three-pixel-pitch compari-
son in Table 3 also illustrates the trade-off between PDE and
dynamic range. The 15 pm pitch HPK S14160-3015PS of-
fers a higher pixel count and larger effective dynamic range
but lower PDE (27% at 400 nm). This makes it less suitable
for the low-light regime of GFO scintillation. The 50 wm
pitch devices (HPK S14160-3050HS, NDL EQR20-11-3030,
Jiabei Technology (JBT) JSP-TP3050-SMT) provide higher
PDE at the cost of fewer pixels and a correspondingly smaller
linear dynamic range. This trade-off is acceptable given the
moderate light output of GFO tiles.

Front-end electronics. The front-end readout must pre-
serve single-cell signal information while scaling to 5.22
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TABLE 3: Parameters of commercial SiPMs evaluated for the GS-HCAL.

Parameter HPK NDL JBT
Type S14160-3015PS S14160-3050HS EQR20-11-3030-S JSP-TP3050-SMT
Pixel pitch (um) 15 50 20 50
Number of pixels 39984 3531 22500 3364
Terminal capacitance (pF) 530 500 157.5 170
Breakdown voltage (V) 38+3 38+3 272+1 24.6£0.2
Recommended V5, (V) Vep + 3 Vep + 2.7 VBp + 5 Vep + 2
Peak-sensitivity wavelength (nm) 450 450 420 420
Peak PDE (%) 32 50 47.8 35
PDE at 400 nm (%) 27 47 45 33
Gain 3.6 x 10° 2.5 x 10° 8.0 x 10° 2.1 x 10°
Total DCR at 1 p.e. (kHz/mm?) 700 to 2100 10 to 100 150 to 450 120 to 270

257 million channels and operating within a tight power bud-
258 get set by the water-cooling capacity. An interim front-
29 end board [14] provides a gain of +20 V/V, bandwidth of
400MHz, and baseline noise of 300 uVgms. This board
serves as the readout basis for the single-cell and prototype
measurements and represents the performance envelope for
a dedicated ASIC. The target ASIC specification includes a
charge dynamic range of 0.8 pC—800pC (corresponding to
about 0.01-100 MIP), a charge resolution of 10% at 1 MIP,
and a per-channel power consumption of 15mW. The total
ionising dose accumulated in the HCAL over the full 10-year
Higgs programme is about 40 Gy. For one year of Z-pole
operation the dose reaches about 96 Gy. The electronics are
required to survive this radiation environment without signif-
icant performance degradation.

Optical simulation. Optical photon transport simula-
tion with Geant4 [13] supports the interpretation of the de-
sign choices and provides parameter sensitivity studies. The
simulation framework follows the methodology of Ref. [12],
originally developed for aluminoborosilicate glass scintilla-
tor. Material-specific optical parameters (refractive index, at-
tenuation length, scintillation yield, and surface reflectivity)
are taken from the GFO measurements reported in Table 2
and in Section III. With these inputs the simulation predicts
a response of about 42 p.e./MIP for the 40 x 40 x 10 mm3
cell with a centrally coupled 3 x 3 mm? SiPM and Teflon
wrapping. This predicted value should be understood as con-
ditional on the present modelling assumptions. The method-
ology was developed for a different glass composition. The
substitution of GFO-specific optical parameters introduces
systematic uncertainties that are yet to be fully quantified. A
comparison of this optical-simulation prediction with mea-
sured cosmic-ray and beam-test responses is presented in
Section III. There it is shown that the measurement exceeds
the simulation by roughly 50%. This indicates that a GFO-
specific optical-model tuning is required. The present sim-
ulation is retained for future parameter-sensitivity studies,
while final validation of the optical model remains a proto-
type beam-test objective.
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III. EXPERIMENTAL CHARACTERISATION

296

207 The technology choices described in Section II C are val-
idated by experimental measurements of the GFO active
medium and of complete single-cell assemblies. Two bod-
ies of data are presented below. First, the bulk optical and
radiation-tolerance properties of the glass itself define the pa-
rameter space available for cell design. Second, the photo-
electron response of wrapped 40 x 40 x 10 mm? cells un-
der three complementary irradiation conditions establishes
the practical signal level at the SiPM readout. Together these
measurements connect the candidate material to a functioning
active unit.
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A. GFO material properties

308

sos  The production-quality requirement for the active medium
is a light yield of at least 1000 ph/MeV when read out with a
photomultiplier tube (PMT) at the single-photoelectron level.
GFO glass can achieve light yields well above 1000 ph/MeV.
The best laboratory samples reach ~1500 ph/MeV (Table 2).
The visible transmittance exceeds 80% for polished sam-
ples of millimetre thickness. The emission spectrum peaks
near 400 nm. The scintillation decay profile comprises a fast
component of about 60 ns and a slower component of about
500ns. These properties are sufficient for SiPM-coupled
readout at the cell scale adopted here. The 400 nm emis-
sion peak coincides with the high-PDE region of commercial
SiPMs (Table 3). The decay timing is compatible with the
shaping and readout scheme of the nominal front-end elec-
tronics [14].

The optical attenuation length at the emission wavelength
is obtained from transmittance measurements for varying
aee thicknesses. The formulais Lty = (Lo —L1)/In(Tr, /TL,),
a2z where 17, and 17, are the measured transmittances at sam-
a2 ple thicknesses L and Lo, respectively [24]. The best GFO
a20 samples give Ly 6cm at 400nm (Fig. 3). For the
s30 40 x 40 x 10 mm?® cell with a centrally coupled SiPM,
a3t the maximum photon path length is about 3cm. The mea-
a2 sured attenuation is acceptable for the present geometry. Im-
33 provement in attenuation length would nevertheless benefit
a3 position-dependent response uniformity. It remains a contin-
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Fig. 3: Attenuation length of GFO glass as a function of
wavelength, determined from transmittance measured at
several sample thicknesses. At the emission peak (400 nm)
the attenuation length is about 6 cm.

uing goal of the material development programme [6—8].

Radiation tolerance is a practical requirement for the CEPC
environment. The accumulated dose over the ten-year Higgs
programme is estimated to be about 40 Gy. For one year of
Z-pole operation the dose reaches about 96 Gy. These val-
ues are modest relative to hadron-collider environments but
are nonetheless relevant for scintillator stability. Gamma-
irradiation studies (Fig. 4) show that GFO glass retains 71.2%
of its initial light yield at 100 Gy and 37.2% at 400 Gy [2, 19].
Proton-irradiation tests at the APEP facility [17] give consis-
tent results [18], supporting the applicability of these reten-
tion values to the CEPC radiation environment. The CEPC
operating range lies well within the high-retention plateau.
The measured tolerance supports the intended use, provided
that production batches are monitored and irradiation-induced
response changes are tracked by the in-situ calibration system
(Section V A).

B. Single-cell measurements

The effective light output of a 40 x 40 x 10 mm? GFO cell
coupled to a SiPM has been measured with three complemen-
tary probes. These are a !37Cs radioactive source, cosmic-
ray muons, and a 5 GeV electron beam at the KEK test-beam
facility. In all three measurements the cell was wrapped in
Teflon film [16] and the SiPM was positioned at the centre
of one 40 x 40 x 10 mm? face. Teflon was selected after
comparative measurements showed about 20% higher effec-
tive reflectivity than Enhanced Specular Reflector (ESR) film
(3M) [16] for the present cell geometry. The SiPM models
differ among the three measurements because the data were
collected at different times as device availability evolved. All
three devices are representative of the reference specifications
listed in Table 3. The results are normalised to photoelec-
trons (p.e.), the physically meaningful quantity for comparing
across different SiPM types.

The !37Cs measurement used an HPK S14160-3050HS
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Fig. 4: Relative light yield of GFO glass as a function of
gamma-irradiation dose. The retention is 71.2% at 100 Gy
and 37.2% at 400 Gy. The CEPC ten-year Higgs dose

(40 Gy) and one-year Z-pole dose (96 Gy) lie within the
high-retention plateau.

SiPM. The 662keV ~-ray pulse-height spectrum yields a
most probable value (MPV) of 12.9 p.e. at the Compton edge,
as shown in Fig. 5(a). This result characterises the response
to a point-like y-ray conversion within the cell volume. Be-
cause the energy deposition geometry differs fundamentally
from that of a through-going MIP, the 137Cs signal is not di-
rectly scalable to a MIP-equivalent value. It provides an in-
dependent verification of the single-cell signal chain and an
estimate of the average photon-collection efficiency.

The fiducial MIP-scale reference is provided by cosmic-
ray muons, which are genuine MIPs that traverse the full
10 mm cell thickness and deposit energy at a well-understood
rate. The measurement employed an HPK S13360-3050PE
SiPM and gave 63.6 &+ 0.5 p.e./MIP. Here, 1 MIP corre-
sponds to the most probable energy deposit of a minimum-
ionising muon in the GFO cell (Fig. 5(b)). The quoted
+0.5 p.e./MIP is the statistical fit uncertainty only. Dom-
inant systematic uncertainties arise from the SiPM PDE cal-
ibration, the MIP energy-deposition model, and cell-to-cell
light-collection variations. Their quantitative evaluation is
the subject of ongoing characterisation. The p.e./MIP ra-
tio is obtained directly from the most probable value of the
Landau fit to the SiPM charge spectrum expressed in pho-
toelectrons. Dividing by the unit MIP energy deposit yields
the photoelectron-to-MIP conversion. This value is adopted
as the experimental MIP reference for the active unit. The
S13360-3050PE device used for this fiducial measurement
has a weighted PDE of 32.5% for the GFO emission spec-
trum. This provides a cross-calibrated MIP reference, which
is adopted as the empirical light-output scale for the simula-
tion.

The third measurement used 5 GeV electrons at the KEK
test beam, read out with an NDL EQR20-11-3030 SiPM. The
Landau-fitted MPV is 157.6 + 2.9 p.e./MIP (Fig. 5(c)). The
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higher signal relative to the cosmic-ray result is expected. A
5 GeV electron initiates an electromagnetic shower within the
dense GFO glass rather than depositing energy as a single
minimum-ionising track. The p.e./MIP unit is retained here
solely as a normalisation convenience. The electron measure-
ment demonstrates that the cell can sustain shower-level en-
ergy deposits without saturation, which is relevant for the cal-
ibration and dynamic-range requirements of the full detector
readout chain.

The three independent measurements together confirm
that the single-cell SiPM signal is well above the single-
photoelectron noise floor. This provides adequate margin for
the 0.1 MIP readout threshold described in Section ITC. The
results meet the requirement for prototype beam-test opera-
tion and define the input scale for the detector-level digitisa-
tion model (Section IV).

The cosmic-ray result merits particular attention in rela-
tion to the optical simulation. The Geant4 model described
in Section II C uses the methodology of Ref. [12] with GFO-
specific optical parameters. It predicts a response of about
42 p.e./MIP for a 40 x 40 x 10 mm? cell with Teflon wrap-
ping and a 3 x 3 mm? SiPM. The measured cosmic-ray value
of 63.6 &+ 0.5 p.e./MIP exceeds this prediction by roughly
50%. The discrepancy is attributed to simplifications in the
optical model, including the description of light collection
and of the SiPM response. The cosmic-ray measurement em-
ployed a sensor with a weighted PDE of 32.5% [2]. A numer-
ical decomposition of the discrepancy has not yet been per-
formed, and the associated simulation uncertainty remains at
the 50 % level. A GFO-specific optical calibration, informed
by the present cell measurements, is therefore a priority for
the prototype programme.

In a first production batch of approximately 290 40 x 40 x
10 mm? tiles, 60+3% (stat) met the 1000 ph/MeV PMT-based
light-yield target. This figure applies to the first 290-tile pro-
duction batch, whereas the laboratory result demonstrates the
material’s potential. Systematic uncertainties associated with
the testing procedure have not yet been evaluated. Tile-to-
tile variation is under active investigation and is expected to
be reduced through improved melting, casting, and anneal-
ing procedures. Production uniformity is a central concern
for detector-scale deployment of glass scintillator. The con-
cept includes tile-level quality control before installation, to-
gether with in-situ MIP and LED monitoring after detector
operation begins (Section V A). The present yield, while not
yet at the level required for mass production, demonstrates
that tiles meeting the specification can be produced in reason-
able quantity. The characterisation infrastructure required for
batch testing is being established in parallel with the material
development programme.

IV. SIMULATION AND PERFORMANCE PROJECTION

The measured cell properties reported in the preced-
ing section—light output, attenuation length, and signal
amplitudes—provide the input parameters for the detector-
level digitisation simulation described below.
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Fig. 5: Single-cell photoelectron responses measured with
three complementary probes: (a) '37Cs pulse-height
spectrum (HPK S14160-3050HS), MPV = 12.9p.e. at

662 keV; (b) cosmic-ray muon response (HPK
S$13360-3050PE), 63.6 + 0.5 p.e./MIP; (c) 5 GeV electron
beam at KEK (NDL EQR20-11-3030), Landau MPV
157.6 + 2.9 p.e./MIP. All measurements used Teflon
wrapping and a centrally coupled SiPM. The SiPM models
differ because the data were taken at different times as
device availability evolved; all are representative of the
reference specifications in Table 3.
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A. Simulation setup and single-hadron response

The intrinsic response of the GS-HCAL is evaluated with
Geant4 in the CEPCSW framework [1]. This evaluation uses
a standalone HCAL configuration and a digitisation model
that incorporates the best available experimental inputs.
Birks’ quenching [23] is modelled with kg = 0.01 cm/MeV,
the standard value for organic plastic scintillator. This value
is adopted here as a preliminary placeholder pending a dedi-
cated measurement for inorganic GFO glass. The applicabil-
ity of the Birks formalism to inorganic glass scintillators has
not been experimentally verified. The effective light output is
set to 60 p.e./MIP, empirically calibrated from the cosmic-
ray measurement of 63.6 & 0.5 p.e./MIP (Section III) with a
conservative downward adjustment to account for tile-to-tile
variation. This value is anchored to the single-cell cosmic-ray
measurement of 63.6 £0.5 p.e./MIP (Section III). The exact
p.e./MIP distribution from QC-passing tiles has not yet been
measured. The 5.7 % margin is expected to bracket the vari-
ation observed in the first 290-tile production run. A direct
p.e./MIP uniformity campaign is planned as part of the pro-
totype tile qualification. The attenuation length measured on
the best-performing laboratory sample is 6 cm (Section IIT A).
The distribution among production tiles has not yet been char-
acterised. The simulation therefore uses this best value as
a placeholder, and a dedicated attenuation-length uniformity
study is planned for the prototype programme. A 0.1 MIP
readout threshold is applied as a baseline digitisation param-
eter. These digitisation parameters are preliminary and await
validation with full prototype beam-test data. They form the
present working basis for performance projection.

The single-hadron energy resolution is parametrised in the
standard form o /E = a/v/E @ b, where a is the stochas-
tic term and b the constant term. With the present digitisa-
tion model, the projected standalone GS-HCAL response is
29.8%/+/ E [GeV] @ 6.5%, with energy non-linearity within
2% over the range from a few GeV to several hundred GeV.
The stochastic and constant terms are obtained from a fit to
simulated energy points. The fit uncertainties are not yet
quoted and will be evaluated in a dedicated study with larger
simulation statistics. The resolution and linearity results are
shown in Fig. 6.

B. Constant term decomposition

The total constant term of 6.5% includes contributions
from longitudinal shower leakage, digitisation effects, and in-
trinsic response non-uniformities. Parameter scans indicate
that a MIP-scale signal above 60 p.e./MIP is important for
stable operation at a 0.1 MIP threshold. The measured at-
tenuation length of 6 cm provides adequate uniformity. A
dedicated Geant4 scan of kg (shown in the CEPC Reference
TDR [2]) demonstrates the hadronic resolution sensitivity to
the Birks constant. The systematic shift on the constant term
and its propagation to the boson mass resolution have not yet

s11 been quantified. They will be evaluated once a GFO-specific
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Fig. 6: Projected standalone GS-HCAL single-hadron
response from the full digitisation-based Geant4 simulation:
(a) energy linearity—reconstructed versus true energy for
single hadrons in the standalone GS-HCAL, non-linearity
within 2% over the full energy range; (b) energy resolution
as a function of incident hadron energy, with fitted
parametrisation 29.8% /v/E @ 6.5%.

To isolate the leakage contribution, a dedicated depth-
variation study was performed in which the simulated HCAL
thickness is increased from 6 \; to 10 A\; while all digitisa-
tion parameters are held fixed. The constant term attributable
to longitudinal leakage alone is bieakage ~ 4.7 % at 6 \1, re-
ducing to about 2.9% at 10 A\;. Decomposing the total con-

: 2 2 2 :
stant term in quadrature, by, = Dicuage T Domers Yields

botmer = 1/ (6.5%)2 — (4.7%)? = 4.5%. This residual is at-
tributed to digitisation effects including the 0.1 MIP thresh-
old, the 6 cm attenuation length, Birks quenching, and intrin-
sic response non-uniformities. The quadrature subtraction as-
sumes that the leakage contribution is uncorrelated with the
other effects. The sub-decomposition of by, therefore rep-
resents a model-dependent attribution that will be experimen-
tally disentangled through prototype beam-test characterisa-
tion. At 10 A1, where bieakage ~ 2.9%, the projected total
constant term becomes /(2.9%)2 + (4.5%)2 ~ 5.4%. Soft-
ware compensation techniques of the kind demonstrated on
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the CALICE AHCAL [21] are expected to further reduce the
effective leakage contribution [15]. Their quantitative impact
on the GS-HCAL has not yet been evaluated.

C. Electron-hadron response and H — gg benchmark

The calibration constant C' relates the raw HCAL signal
SucaL to the true particle energy through Ey,e = C' - SucaL-
The ratio Chadron/Ce characterises the electron-hadron re-
sponse balance of the calorimeter. The simulated values
are summarised in Table 4, and range from 1.09 &+ 0.02 for
7~ to 1.14 4 0.02 for protons and neutrons. They indicate
a smaller signal for hadrons than for electrons at the same
energy. This behaviour is typical of a non-compensating
sampling calorimeter. The high density of the GFO active
medium and the Birks quenching correction affect the rela-
tionship between the calibration constant C' and the intrinsic
e/h ratio [20]. The intrinsic e/h response ratio remains to
be extracted through decomposition of electromagnetic and
hadronic shower components.

TABLE 4: Calibration constants C' and electron—hadron
response ratios Chadron/Ce for the GS-HCAL.

Particle C Chadron/Ce
e 2.94 +0.01 —
T 3.20 & 0.05 1.09 4+ 0.02

K+ 3.28+£0.05 1.12 £ 0.02
n 3.35+0.07 1.14 £ 0.02
p 3.36 £0.07 1.14 £ 0.02

The H — gg benchmark provides the most direct test of
whether the HCAL concept, combined with PFA reconstruc-
tion, meets the CEPC physics requirements. The analysis
uses WHIZARD [22] for event generation. It uses Geant4 in
CEPCSW for full detector simulation with particle-flow re-
construction. The reconstructed dijet invariant mass distri-
bution yields mj; = 126.32 £ 0.04 GeV/c? and a width of
o(m;;) = 4.90 & 0.04 GeV/c?. This corresponds to a boson
mass resolution (BMR) of 3.88 + 0.03% (statistical only),
as shown in Fig. 7. The reconstructed mass offset of about
1.3 GeV/c? is relative to the nominal Higgs mass of 125 GeV.
It is attributable to jet energy scale effects in the PFA recon-
struction chain. It is within the expected range for dijet mass
measurements at this energy. The BMR of 3.88% is consis-
tent with the CEPC target of 3—4% for hadronic final states.

These simulation results establish the expected perfor-
mance under the present modelling assumptions and motivate
the next step of experimental validation with a calibrated pro-
totype.

V. PROTOTYPE PROGRAMME AND OUTLOOK

The simulation projections presented in Section IV demon-
strate that the GS-HCAL concept meets its physics perfor-
mance targets under the present modelling assumptions. Re-
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Fig. 7: Reconstructed dijet invariant mass distribution for the
H — gg benchmark with particle-flow reconstruction. The
fit yields m;; = 126.32 & 0.04 GeV/c? and

o = 4.90 4 0.04 GeV/c?, corresponding to a boson mass
resolution of 3.88%.

alising this design at the full CEPC detector scale requires a
coherent effort of engineering validation, calibration develop-
ment, and prototype beam testing. The present section defines
that effort and identifies the key remaining uncertainties that
the prototype is designed to resolve.

A. Engineering feasibility and calibration

The GS-HCAL structure has been evaluated through finite-
element analysis (FEA) to verify that it can be mechani-
cally realised at detector scale. The present analyses ad-
dress static gravitational loads and assembly stresses. Ded-
icated studies of dynamic loading (seismic and transport vi-
bration) and thermal-stress arising from expansion-coefficient
mismatches are planned as part of the engineering validation
programme. During assembly, maximum deformations are
below 0.66 mm. Under the 135t electromagnetic calorimeter
(ECAL) load, peak stresses of 371 MPa at connection points
correspond to safety factors above 2.2 with titanium-alloy
TC4 components. GS cell stresses of about 20 MPa are well
within material limits, confirming that the active elements are
not mechanically at risk. These margins provide confidence
that the structure meets the stability and alignment require-
ments of a large-scale collider detector.

Calibration is integral to the design because of the 5.22
million channels and the measured tile-to-tile response vari-
ation reported in Section III. The strategy exploits the detec-
tor’s own physics data. MIP inter-calibration using prompt
muons from Z — p* ™ decays provides about 47 events per
hour per cell-size window on the central barrel surface at the
nominal Z-pole luminosity. This yields per-cell MIP anchors
with adequate statistics. With two weeks of dedicated Z-
pole data-taking, 4.71 x 10® di-muon events can be accumu-
lated, achieving a per-cell MIP calibration precision of about
1%. Hadronic-scale inter-calibration using Z — ¢qq dijet
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mass constraints and F/p monitoring with isolated charged
hadrons link the cell-level calibration to the jet energy scale.
A light-emitting diode (LED) hardware monitoring system
tracks SiPM gain and linearity stability between physics fills.
Together, these elements provide a self-contained calibration
chain that covers the full signal chain from photoelectron to
jet energy. The calibration methods described here are en-
abling infrastructure, not primary performance results. Their
development is a prerequisite for prototype operation and will
be exercised in the beam-test campaign described below.

B. Prototype design

A full technological prototype is planned to resolve the
key remaining uncertainties identified in this paper. It fol-
lows the same single-layer design of Section II B. The proto-
type consists of a steel-scintillator sandwich of dimensions
52.0cm x 52.0cm x 130cm (129.6cm active stack plus
4mm end plates). It comprises 48 layers of 13 x 13 ar-
rays of 40 x 40 x 10 mm? cells, totalling 8112 GS cells.
This corresponds to 48 x 27.0mm = 129.6cm of active
stack plus end plates and totalling 6 A;. The 52.0 cm trans-
verse dimension was chosen as a compromise between lateral
shower containment and practical construction scale. Sim-
ulation of this configuration with 80 GeV 7~ beams indi-
cates roughly 95% lateral shower containment (obtained with
the QGSP_BERT physics list) and a projected single-hadron
energy resolution of 45%/v'E @ 8%. No systematic vari-
ation of physics lists has been performed for this estimate.
A model-comparison study is planned during the beam-test
programme. The larger stochastic term relative to the full
detector projection (29.8%/v/E, Section IV A) arises from
lateral shower leakage in the smaller 52 cm footprint. The
constant term of 8% reflects both this lateral leakage and the
digitisation effects already characterised for the full detector.
The prototype is instrumented with the same front-end read-
out and cooling single-layer architecture, so that the complete
signal chain is exercised under realistic operating conditions.

The prototype effort targets five interconnected valida-
tion goals. First, the optical model will be tested by
comparing prototype beam response with Geant4 predic-
tions at the tile and layer level. This will address the
50% simulation—measurement discrepancy identified in Sec-
tion III. Second, the Birks quenching constant for GFO glass
will be determined from the measured hadron energy depo-
sition. This will replace the provisional organic-scintillator
value adopted in the present simulation. Third, the intrinsic
e/h response ratio will be extracted through electromagnetic
and hadronic shower decomposition using particle-identified
beams. Fourth, the calibration chain—MIP inter-calibration,
hadronic inter-calibration, and LED monitoring—will be ex-
ercised end to end. Fifth, the system-level hadronic response,
including software-compensation techniques [21], will be
measured and compared with the simulation projections of
Section IV. Achieving these goals will transform the present
performance projections. These projections are conditional
on simulation inputs and will become experimentally an-
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chored measurements.

C. Remaining uncertainties and priorities

The following specific, well-defined uncertainties are the
target of the prototype effort. It is appropriate to identify them
clearly so that the programme’s objectives are understood as
responsive rather than open-ended.

The most significant uncertainty concerns the optical
model. The present Geant4 simulation is based on the
methodology of Ref. [12]. It uses GFO-specific optical
parameters taken from the measurements of Sections IIT A
and III. The simulation predicts a cosmic-ray muon re-
sponse of about 42 p.e./MIP. The measured value is
63.6 £ 0.5 p.e./MIP, as reported in Section III. This 50%
discrepancy indicates that the scintillation-yield and light-
collection description requires GFO-specific tuning beyond
simple material-parameter substitution. A dedicated optical-
model calibration campaign, informed by the prototype
beam-test data, will bring simulation and measurement into
agreement. It is the single most impactful near-term activity
for reducing systematic uncertainties on the detector perfor-
mance projections.

The second uncertainty concerns the Birks quenching con-
stant. The present simulation uses kg = 0.01 cm/MeV, the
standard value for organic plastic scintillators [23], as a provi-
sional placeholder. The applicability of the Birks formalism
to inorganic glass scintillators has not been experimentally
verified. The constant-term decomposition in Section IV B
indicates that Birks quenching has a significant effect on
hadronic resolution. A dedicated hadron-beam measurement
of the GFO Birks constant is therefore an essential deliver-
able of the prototype programme. Similarly, the intrinsic e/h
response ratio has not yet been extracted from the simulated
shower decomposition. Particle-identified beam data will en-
able this extraction and provide an experimentally grounded
comparison with the calibration-slope ratios reported in Ta-
ble 4.

The third area concerns tile production. As noted in Sec-
tion III B, about 290 tiles have been produced to date, with
about 60% satisfying the 1000 ph/MeV light-yield quality
threshold. The required uniformity and yield concern the
8112-cell prototype and ultimately the 5.22 million channels
of the full detector. They require further optimisation of the
glass production process, including melt homogeneity and
post-production quality control. This is an engineering-scale
activity that can proceed in parallel with the beam-test pro-
gramme.

Finally, it must be acknowledged that the systematic uncer-
tainties associated with the present modelling assumptions—
the optical model, the Birks constant, and the simulation
inputs—have not yet been quantified. The quoted single-
hadron resolution of 29.8% /+/E ©6.5% and the H — gg bo-
son mass resolution of 3.88% are therefore conditional on the
present parameter set. They should be understood as perfor-
mance projections, not measurements. Resolving these sys-
tematic uncertainties is precisely the purpose of the prototype
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effort. Their quantification will be a principal outcome.

Within the landscape of highly granular hadron calorime-
try, the GS-HCAL concept occupies a distinctive and well-
motivated position. Its high-density GFO glass (6.0 g/cm?)
provides a sampling fraction of about 30%. The H — gg
boson mass resolution of 3.88% with PFA reconstruction
meets the CEPC physics requirement of 3—4% for hadronic
final states (Section IV). This design space—high-density
inorganic scintillator, SiPM readout, and PFA-compatible
granularity—defines a coherent approach that is distinct from,
and complementary to, the established AHCAL and SD-
HCAL technologies.

The immediate priorities flow directly from the uncertain-
ties identified above. The prototype beam-test campaign is
the central activity. It simultaneously addresses the opti-
cal model, the Birks constant, and the intrinsic e/h extrac-
tion. In parallel, optical-model tuning using the prototype
data will close the simulation—-measurement gap. Software-
compensation development will translate the raw hadronic
response into the calibrated jet energy scale. Tile-production
optimisation will demonstrate the scalability of the GFO glass
technology. These activities are defined, resourced, and se-
quenced. Together, they form a coherent plan. Its milestones
are the prototype beam tests, the release of experimentally
validated performance parameters, and the demonstration that
GS-HCAL technology can be manufactured at CEPC detector
scale.

VI. CONCLUSION

This paper has assembled the experimental and simula-
tion evidence that supports the GS-HCAL as the hadronic
calorimeter of the CEPC reference detector. The full-
scale architecture has been specified. The properties of the
GFO active material have been characterised with multiple
probes. The projected performance has been evaluated using
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a digitisation-based simulation framework.

The measurements confirm that GFO glass provides the
needed combination of density, light yield, attenuation length,
and radiation tolerance. The single-hadron and boson-mass
resolution projections demonstrate that the design is consis-
tent with the CEPC physics goals under the present mod-
elling assumptions. The boson-mass resolution of 3.88 % has
been evaluated only for the H — gg channel. Benchmarks
for Z — qq and W — ¢g have not yet been simulated.
Moreover, this projection depends on provisional values for
the Birks quenching constant (taken from organic scintilla-
tor) and the optical model, whose systematic uncertainties
have not been quantified. At the same time, several open
questions remain. The optical simulation currently underesti-
mates the measured single-cell response by about 50%. The
Birks quenching constant for GFO has not yet been measured,
and the intrinsic e/h ratio has yet to be extracted from data.
Quantifying the associated systematic uncertainties is a pre-
requisite for turning the present performance projections into
definitive results.

The prototype beam-test programme is the critical next
milestone. It will validate the Geant4 optical model with
GFO-specific data and determine the Birks quenching con-
stant and intrinsic e/h ratio. It will exercise the full cal-
ibration chain from MIP inter-calibration to hadronic mass
calibration. It will also measure the system-level hadronic
response in a controlled beam environment. These mea-
surements will transform the current simulation-based perfor-
mance projections into experimentally validated results. They
will also complete the technical basis of the GS-HCAL.
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