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Abstract
A combination of scintillator, wavelength shifting (WLS) fiber, and silicon photo-
multiplier (SiPM) shows excellent performance in the ‘KL and � detector (KLM)’
of the Belle II experiment. We describe the R&D for a similar detection tech-
nology with a new scintillator and SiPM, which can be implemented for a muon
detector for the proposed CEPC experiment and the upgrade of KLM in Belle
II. The R&D contains the study of the performance of a new scintillator with
a length of 150 cm, the NDL SiPM with a sensitive surface of 3 mm × 3 mm
or the Hamamatsu MPPC with a sensitive surface of 1.3 mm × 1.3 mm, the
construction of a detector strip, and the methods to achieve excellent light col-
lection. The cosmic ray tests show good photon collections by NDL SiPM or
MPPC, efficiencies well above 90% with a threshold of 8 p.e., and time resolu-
tions of better than 1.7 ns for the hits at the far end of a scintillator strip. The
performance shows a good option for an excellent muon detector for CEPC and
the possible upgrade of Belle II KLM.
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Abstract: The integration of a scintillator, wavelength-shifting fiber, and sil-
icon photomultiplier (SiPM) has demonstrated superior performance in the K-
long and Muon detector (KLM) of the Belle II experiment. This study outlines
our research and development (R&D) initiatives aimed at harnessing similar de-
tection technologies, incorporating a novel scintillator and SiPM, for potential
use in a muon detector for the proposed Circular Electron Positron Collider
(CEPC) experiment.

Our R&D activities have focused on evaluating the efficacy of a newly developed
150 cm-long scintillator, alongside the NDL SiPM featuring a sensitive area of
3 mm × 3 mm, or the Hamamatsu MPPC with a 1.3 mm × 1.3 mm sensitive
surface. The project also includes the fabrication of a detector strip and the
implementation of techniques designed to optimize light collection efficiency.

Cosmic ray testing has shown that both NDL SiPMs and MPPCs are capable
of highly efficient photon collection, achieving efficiencies significantly exceed-
ing 90% when employing a threshold of 8 photoelectrons. Additionally, the
time resolution for detecting events at the distal end of a scintillator strip has
been measured to be better than 1.7 ns. The remarkable performance observed
suggests that this technology holds great promise as a highly effective muon
detector for the CEPC.

Keywords: Muon spectrometers; Scintillators and scintillating fibres and light
guides; Photon detectors for UV, visible and IR photons (solid-state) (PIN
diodes, APDs, Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs, CMOS imagers,
etc); Performance of High Energy Physics Detectors
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Introduction
In the framework of the Standard Model of particle physics, the Higgs boson
(𝐻) is pivotal in shedding light on the origin of mass for matter. With the Higgs
boson’s mass approximately 𝑚𝐻 ≈ 125 GeV/𝑐2, it enables the conceptualization
of a new 𝑒+𝑒− collider that would operate at a center-of-mass energy of

√𝑠 ∼
240 GeV, effectively serving as a Higgs factory. Several initiatives, including
the International Linear Collider [1, 2], the Circular Electron Positron Collider
(CEPC) [3, 4], and the Future Circular Collider [5], have been proposed in
pursuit of this goal. The CEPC proposal, initiated in 2013, has since been
followed by extensive research and development (R&D) efforts focused on both
the accelerator and the detector components.

The primary process for Higgs boson generation via 𝑒+𝑒− annihilation is 𝑒+𝑒− →
𝐻 +𝑍0, allowing for the precise determination of the 𝐻 boson through the recoil
of the 𝑍0 boson, which exhibits a branching fraction of (3.3662 ± 0.0066)% for
decay into a 𝜇+𝜇− pair [6]. Consequently, the muon detector is of paramount
importance in a Higgs factory setting. Beyond the reconstruction of 𝑍0 → 𝜇+𝜇−,
the presence of muons in the final state is often regarded as the “golden channel”
in new particle searches [7]. As outlined in the Conceptual Design Report for the
CEPC, its muon detector is tasked with muon identification, calibrating shower
leakage from calorimeters, and probing for long-lived particles [4]. The muon
detection system is expected to excel in detection efficiency, maintain a low
rate of hadron misidentification, ensure precise position resolution, and achieve
broad coverage. Additionally, clear muon signals are invaluable for enhancing
the trigger system’s performance. The proposed layout for the CEPC muon
detector, consisting of a barrel and two endcaps, incorporates eight sensitive
layers interposed with iron absorbers. This configuration is designed to achieve
high standalone muon detection efficiency (95%), requiring minimum position
resolutions 𝜎𝑟𝜙 = 2.0 cm, 𝜎𝑧 = 1.5 cm, alongside precise time resolution and a
rate capability ranging from 50–100 Hz/cm2, thereby facilitating crucial muon
momentum insights [4].

In this article, we detail the R&D efforts for the CEPC muon detector, employ-
ing scintillator-based technology akin to the KLM of the Belle II experiment [8].
During the initial Belle experiment, Resistive Plate Chambers (RPCs) were uti-
lized within the KLM [9]. However, the prolonged recovery time of RPCs, when
operating under high luminosity conditions, led to a noticeable drop in efficiency,
prompting the partial substitution with scintillator modules. These modules,
composed of plastic scintillator strips, wavelength-shifting (WLS) fibers, and
silicon photomultipliers (SiPMs), have demonstrated effective performance in
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Belle II [10]. Their operation not only meets but also largely aligns with the
stringent requirements set for a muon detector in the CEPC, showcasing their
potential for future applications.

2 Belle II KLM and scheme of a detector channel
As the outermost component of the Belle II detector, the KLM system plays a
crucial role in identifying 𝐾𝐿 mesons and muons, capable of detecting particles
with momenta up to 4.5 GeV/𝑐. The KLM extends over radii from 200 to 240
cm in its octagonal barrel section and from 130 to 340 cm in the forward and
backward endcaps, as illustrated in Fig. 1 Figure 1: see original paper. The
barrel configuration includes 15 layers of detector elements interleaved with 14
layers of yoke iron, whereas each endcap is structured with 14 detector and 14
iron layers. These yoke layers fulfill a dual purpose: facilitating magnetic flux
return for the solenoid and aiding in the clustering of hadron cascades for 𝐾𝐿
detection.

Detector panels, approximately 3.1 cm in thickness, are strategically placed
within the gaps of steel plates, each 4.7 cm thick, to enhance particle detection
efficiency. The detector’s architecture incorporates scintillator strips within the
two innermost layers of the barrel and throughout all layers of the endcaps,
whereas the remaining 13 barrel layers utilize the legacy RPCs from the original
Belle experiment. This design allows for precise two-dimensional localization
of particle trajectories through orthogonal hits on the scintillator strips. The
KLM boasts around 38,000 readout channels, half of which are dedicated to the
scintillator-based detections, showcasing the system’s extensive coverage and
high-resolution particle tracking capabilities.

In the design of scintillator modules for the Belle II KLM detector, the cross-
sectional dimensions of the scintillator strips are tailored for their specific loca-
tions: 4 cm × 1 cm for the barrel and 4 cm × 0.75 cm for the endcaps, achieving
a spatial resolution of approximately 𝜎𝑠 ≈ 1.2 cm. Each strip incorporates a
Kuraray Y11(200)MSJ WLS fiber [11] to efficiently capture and guide photons
towards a SiPM, also known as a Multi-Pixel Photon Counter (MPPC: Hama-
matsu S10362-13-050C), which is directly attached to one end of the WLS fiber.
The MPPC enhances the initial signal by an internal preamplification factor of
about 10, after which the signals are transmitted through ribbon cables to the
external readout electronics located on the magnet yoke. Figure 1(b) illustrates
the interior of a scintillator module developed at Virginia Tech for the barrel
section of KLM in 2013. Further details on the development and testing of the
scintillator modules for the Belle II endcap KLM are provided in Ref. [12].

We adopted a design inspired by the Belle II KLM for our detector channel,
utilizing an extruded scintillator as depicted in Fig. 2 [Figure 2: see original
paper]. This detector channel comprises a lengthy scintillator strip, measuring
1 cm × 4 cm × 150 cm, which houses a WLS fiber. A SiPM is mounted on
a compact printed circuit board (PCB) and connected to the WLS fiber via a
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custom-designed coupling component, ensuring efficient signal transfer.

3 The major components for a detector channel
A detector channel comprises four key elements: a scintillator strip, a WLS
fiber, a SiPM, and a front-end electronic readout equipped with a preamplifier.
The readout design [13] was meticulously crafted, while the scintillator strips
and SiPMs were custom-produced by manufacturers in Beijing. Additionally,
we procured the identical WLS fiber utilized in the Belle II KLM experiment
directly from Kuraray.

3.1 Scintillator and WLS fiber

Efficiencies exceeding 90% have been achieved at the distal end with scintil-
lator strips from renowned producers such as Fermilab and Uniplast for the
Belle II KLM [8]. In this R&D work, the scintillator strips are produced by
GaoNengKeDi company [14] using a polyethylene extrusion technique [15]. The
inherent short attenuation length of such scintillators, only several centimeters,
poses challenges in long detector strips, whereas a WLS fiber boasts an attenu-
ation length of several meters. To accommodate the WLS fiber, a long groove,
approximately 2 mm wide and 4 mm deep, is embedded within the scintilla-
tor. We evaluated both the BCF-92 fiber from Saint-Gobain [16, 17] and the
Y11(200) fiber from Kuraray [11], with diameters of 1.0 mm and 1.2 mm, re-
spectively.

Light yield performance of the two WLS fibers was assessed by comparing the
activated pixels of the SiPM. The tests indicate that the light yield with Ku-
raray fiber is typically 2.3 times higher than that with Saint-Gobain fiber. The
Y11(200) fiber acts as a blue-to-green wavelength shifter with an emission spec-
trum peaking at 476 nm [11]. According to its datasheet, Y11(200) fiber has
an attenuation length exceeding 3.5 m. Light yields of the scintillator cou-
pled with Y11(200) fiber were measured at various positions in cosmic ray tests
and modeled with two exponential decay functions. The effective attenuation
lengths derived from these functions are (2.63 ± 0.37) m and (5.8 ± 1.1) cm,
respectively.

3.2 Hamamatsu MPPCs and NDL SiPMs

A SiPM consists of a densely packed array of avalanche photodiodes, each oper-
ating in Geiger mode. This technology is celebrated for its exceptional photon
detection efficiency, substantial gain, superior time resolution, low operational
voltage, durability, and immunity to magnetic fields. The quantum efficiency of
a SiPM typically approaches 50%. Upon photon arrival, the SiPM’s pixels trig-
ger through the photoelectric effect, generating and amplifying electrons. This
includes the generation of thermally induced electrons in the absence of photon
input, known as dark counting. An electron thus generated and amplified in a
SiPM, whether from an actual signal or dark counting, is termed a photoelectron
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(p.e.). The output pulse amplitude is directly proportional to the number of pho-
toelectrons (𝑁𝑝.𝑒.), distinguishable in the SiPM’s Analog-to-Digital Converter
(ADC) signal distribution.

In our research, we utilize two variants of SiPMs: the S13360 series MPPC with
a pixel size of 50 µm, produced by Hamamatsu, and the EQR15 11-3030D-S
series SiPM with a 15 µm pixel size, developed by the Novel Device Laboratory
(NDL). The S13360 series MPPCs, in comparison to the S10362 series used in
the existing KLM detector of Belle II, offer an identical sensitive area of 1.3
mm × 1.3 mm, but with lower operational voltages and decreased rates of cross-
talk and dark counting (DCR). The EQR15 11-3030D-S series presents a larger
sensitive area of 3.0 mm × 3.0 mm, significantly surpassing the cross-section of
the Y11(200) WLS fiber.

Prior to their integration into our setup, we thoroughly investigated the Hama-
matsu MPPCs and NDL SiPMs for key characteristics: breakdown voltage,
gain, DCR, and cross-talk. Breakdown voltage refers to the reverse bias voltage
at which the SiPM begins functioning via avalanche amplification. The gain of
a SiPM quantifies the charge it accumulates from a single p.e. signal (SPE).
Experimental evaluations demonstrate gains of 1.1 × 105 for the S13360 MPPC
at an operational voltage of 57.0 V, and 0.7 × 105 for the EQR15 11-3030D-S
at 27 V.

Dark counting in SiPMs presents a challenge for photon detection, particularly
for SPE detection. The DCR of an SiPM is determined by counting the number
of dark pulses surpassing a specified 𝑁𝑝.𝑒. threshold. In this context, we set
the threshold at 0.5 p.e. Optical cross-talk is assessed by comparing the DCR
for pulses exceeding thresholds of 1.5 p.e. and 0.5 p.e. As illustrated in Fig.
3 [Figure 3: see original paper], NDL SiPMs exhibit significantly higher DCR
and greater optical cross-talk compared to Hamamatsu MPPCs, a discrepancy
attributed in part to their smaller pixel size.

3.3 Readout electronics and data acquisition system

SiPM operation generally necessitates a signal amplification circuit and an ex-
ternal power supply. We have developed a new preamplifier that achieves a time
resolution superior to 50 ps and a gain of 21 [13]. To enhance gain stability,
we implemented negative feedback in its design. Additionally, we engineered
a power supply motherboard equipped with a voltage regulator module. This
module provides both high voltage for SiPM functioning and low voltage for the
preamplifier operations.

For signal waveform data collection, we employed a Tektronix MSO58 oscil-
loscope, which was PC-controlled and equipped with trigger logic [18]. This
setup allowed us to efficiently store waveform data. The data acquisition sys-
tem operated at a bandwidth of 20 MHz, with a sampling rate of 3.125 GS/s,
and captured data within a 400 ns window. Through offline analysis of these
waveforms, we extracted comprehensive data on ADC, TDC, baseline stability,
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timing accuracy, and more. Specifically, we examined pulse heights or ADC
counts to estimate the 𝑁𝑝.𝑒. and utilized the leading edge or constant fraction
discrimination method to derive precise timing information.

4 Improvements for the photon collection
The coupling between the fiber, scintillator, and SiPM is crucial for the detector
channel’s performance, impacting detection efficiency and time resolution. We
developed a coupling component to secure the WLS fiber and SiPM together,
polished the end of the WLS fiber, applied a reflective coating to the scintillator,
and filled the scintillator groove with optical glue. To evaluate performance, we
triggered cosmic rays passing through the long strip at various positions using
two short strips positioned above and below. The 𝑁𝑝.𝑒. distribution from the
SiPM signals was fitted with a Landau function. The plotted points and their
error bars in Fig. 4 [Figure 4: see original paper] represent the fitted results,
indicating the number of activated pixels. Here, the 𝑦-axis value and the error
bar of each point represent the mean and the standard deviation (𝜎) of the
Landau function.

The coupling mechanism used in the Belle II experiment has been enhanced in
our R&D to streamline the assembly of the detection system and enhance photon
detection efficiency. As illustrated in Fig. 2, this modified component ensures
a robust connection between the WLS fiber’s end and the SiPM’s sensitive
area. These components are fabricated using a 3D printer for precision and
consistency. The fiber’s end is polished with sandpaper, and we find that a
2000 mesh provides a sufficiently smooth surface. This refinement is particularly
beneficial for employing the MPPC S13360, which has a sensitive area of 1.3 mm
× 1.3 mm. In the Belle II experiment, the proximity between the fiber and the
SiPM was found to influence photon collection by approximately 37%, primarily
due to diffuse transmission at the fiber’s end. The NDL EQR15 11-3030D-
S, featuring a much larger sensitive area of 3.0 mm × 3.0 mm, demonstrates
that meticulous polishing of the fiber’s end is not critical for enhancing photon
collection with this model.

Reflective coatings such as TiO2 and Teflon are applied to the scintillator strips
to enhance light reflection. Additionally, aluminum foil and black plastic tapes
are used to isolate the strips from ambient light and minimize cross-talk. Our
comparisons indicate that aluminum foil not only shields against external light
interference but also augments light collection, boosting 𝑁𝑝.𝑒. by 38% at the
strip’s far end, as depicted in Fig. 4(a). Tests comparing reflective coatings
showed that TiO2 slightly outperforms Teflon, as presented in Figs. 4(b) and
4(c). However, Teflon offers production simplicity and cost-effectiveness, sug-
gesting that a thicker Teflon layer could be advantageous for further optimiza-
tion.

We use optical glue to enhance the coupling between the fiber and the scintilla-
tor. In a test involving TiO2-coated strips, the application of optical glue yields
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a substantial increase of 63% in 𝑁𝑝.𝑒. at the far end of the strips, as shown
in Fig. 4(b). Similarly, Teflon-coated strips exhibited a 30% improvement, as
shown in Fig. 4(c), underscoring the efficacy of optical glue in enhancing photon
collection efficiency.

5 Performance of an array of scintillator strips in cosmic
ray tests
Similar to the KLM in the Belle II experiment as depicted in Fig. 1, a muon de-
tector usually comprises multiple layers of detector modules for effective charged
track identification. Drawing from our experience with the KLM, the corner-
stone of muon detector R&D, particularly when utilizing extruded scintillators,
is achieving high efficiency across all scintillator strips. To evaluate collective
performance, we assembled an array of six detector channels and conducted
cosmic ray tests, as illustrated in Fig. 5 Figure 5: see original paper. For
triggering, we positioned two short strips, each 10 cm in length, vertically at
both ends of the six longer strips. The optimal operating voltages determined
for the MPPC S13360 and NDL EQR15 11-3030D-S SiPMs are 56 V and 27
V respectively, based on their performance metrics presented in Fig. 3. The
signal amplitudes for SPE events from these SiPMs approximate 2 mV. Figure
5(b) displays typical signal waveforms captured from the two trigger strips and
the six detector strips.

Similar to the approach detailed in Fig. 4, we evaluated the ADC distributions
of the array at various positions and then converted these into distributions
of 𝑁𝑝.𝑒.. We employed Landau functions for fitting the 𝑁𝑝.𝑒. distributions and
presented the resultant means and standard deviations in Figs. 6(a1) and 6(a2).
The array, equipped with NDL SiPMs, exhibited consistent photon collection
performance, achieving up to 34 p.e.s per cosmic ray event at the proximal
end and 23 p.e.s at the distal end, with the use of aluminum foil enhancing
the reflective layer. Despite the variance in cross-talk levels, both NDL SiPMs
and Hamamatsu MPPCs showed comparable photon collection efficiencies. The
absence of a significant decline in 𝑁𝑝.𝑒. beyond a 75 cm distance underscores
the advantage of the WLS fiber’s extended attenuation length for maintaining
high detection efficiency along the length of the scintillator strip.

As shown in Figs. 6(b1) and 6(b2), efficiency assessments at the distal end for
the six strips, fitted with either MPPCs or NDL SiPMs, revealed that most strips
equipped with NDL SiPMs maintained efficiencies above 90% at a threshold of
10.5 p.e.s. Strips with MPPCs also demonstrated high efficiency, exceeding 84%
at the same threshold. These findings underscore the effectiveness of both NDL
and MPPC SiPMs in capturing events at the farther reaches of the strips. It is
important to note that some variance among the six strips can be attributed to
the assembly quality of the SiPM and fiber.

Based on the results at operational voltages, the optical cross-talk for NDL
EQR15 11-3030D-S SiPMs is around 20%, while it is about 1% for MPPC
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S13360. Performance evaluation using strip response thresholds shows that
90% of cosmic rays trigger a response in all MPPC strips, compared to 70%
with NDL SiPMs. Achieving a cosmic ray detection efficiency of approximately
95% with NDL SiPMs and 99% with MPPCs indicates that the high-efficiency
design criteria for CEPC are satisfied. This suggests the potential for a highly
efficient, robust, and compact muon detector using scintillators, WLS fibers,
and SiPMs.

A key advantage of a scintillator-based muon detector is its superior time res-
olution. The time resolution of KLM built with RPCs was not considered in
Belle. With the time calibration, which started from the Belle II Fudan group,
the time resolution of Belle II KLM achieves about 4 ns in endcaps and 8 ns in
the barrel, with ongoing work for further enhancements. Our study on detector
channel time resolution used cosmic rays, employing a trigger system with long
attenuation scintillator strips and four large SiPMs per strip, yielding about 60
ps time resolution. By positioning triggers along the strip and measuring time
differences, we calculated the strip’s time resolutions.

Results from MPPC S13360 and NDL EQR15 11-3030D-S tests are shown in
Figs. 6(c1) and 6(c2), demonstrating that time resolution at a strip’s distal
end strongly correlates with the 𝑁𝑝.𝑒.. Achieving a time resolution under 1 ns
requires 𝑁𝑝.𝑒. > 35 for NDL SiPMs and 𝑁𝑝.𝑒. > 30 for MPPCs, suggesting that
enhancing the scintillator’s light yield or using multiple fibers and large SiPMs
can improve time resolution.

Figures 6(d1) and 6(d2) illustrate the time resolutions across different positions
on the long strips, with NDL SiPMs showing approximately 1.4 ns and MPPCs
about 1.2 ns. A linear fit to the time differences between signals from the
long strip detector and the trigger, at various trigger positions, determined the
scintillation photon propagation speed in Kuraray fiber as (16.3 ± 2.8) cm/ns.

Summary
For the CEPC muon detector’s design, research on using extruded plastic scintil-
lator, WLS fiber, and SiPM is conducted. The GNKD company’s scintillators,
Hamamatsu and NDL’s SiPMs, and Kuraray’s WLS fiber are used. SiPM perfor-
mance enhancement and photon collection improvement are achieved through a
coupling component for WLS fiber and SiPM attachment. Teflon is found to be
effective as a reflection layer. The long scintillator strips demonstrate over 90%
efficiency and better than 1.7 ns time resolution, indicating the technology’s
suitability for CEPC’s muon detector construction.
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