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Abstract

Shanghai High-repetition-rate XFEL and Extreme Light
(SHINE) Facility provides an 8 GeV, 1 MHz, 100 pC elec-
tron beam, offers a unique driver for an electron-driven
muon source complementary to existing proton-based fa-
cilities. Simulation studies have demonstrated the potential
of such a source for muon-based fundamental physics and
applied research. Realization of this type of muon beamline
presents challenges, including lower per-bunch yield, high
background, and the need for new measurement methods.
As a first step, we propose a feasibility study of a muon yield
measurement at SHINE facility using a compact vacuum
chamber with scintillator detectors. The measurement strat-
egy is validated through end-to-end simulation incorporating
optical photon process and realistic photodetector response,
demonstrating that muon decay signal can be isolated from
the mixed secondary beam.

INTRODUCTION

Muons play an increasingly important role in fundamental
physics and applied sciences, for example: precision test
of the Standard Model [1], searches for physics beyond the
Standard Model [2], muon spin rotation (uSR) [3], and many
more. Many such experiments are statistically limited by
the time structure of existing proton-driven sources: current
facilities operate either in pulsed mode at 25-50 Hz (e.g.,
J-PARC [4]) or in continuous mode (e.g., PSI [5]), while
optimal statistical performance requires repetition rates in
the tens of kilohertz range [6—10].

Several alternatives have been proposed in order to achieve
a high-repetition-rate driver for muon production, including
attempts on proton accelerators [11, 12]. Muon production
via electron-beam-induced photonuclear process in a fixed
target offers another alternative independent from proton
accelerators [13]. This is of particular interest as the produc-
tion scheme can be implemented at existing XFEL facility,
as well as laser wakefield acceleration facilities [14]. For
example, the Shanghai High-repetition-rate XFEL and Ex-
treme Light (SHINE) Facility [15] capable of delivering
100 pC electron bunches at 8 GeV, 1 MHz, is a promising
driver for such a source. Initial feasibility studies [16] and
subsequent detailed target and beamline simulations [17]
demonstrated competitive surface muon rates with an ideal
time structure and high polarisation.

Transitioning from simulation to experiment presents sig-
nificant challenges: low per-bunch yield, intense mixed
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Figure 1: Schematic of the beam test setup. A Cu produc-
tion target converts the 3 GeV electron beam into a mixed
secondary beam; an Al stopping target ranges out surface
muons; two plastic scintillators with SiPM readout detect
muon decay positrons for lifetime analysis.

secondary background (e*, y, hadrons), and no event-by-
event particle tagging. This paper reports the current status
of our preparation towards a beam test at SHINE FEL-II
(Shaft #2), including detector development, an end-to-end
Geant4-based simulation framework, and background char-
acterisation studies that validate the measurement strategy.

BEAM TEST SETUP AT SHINE

The beam test is planned at SHINE FEL-II, Shaft #2, us-
ing a 3 GeV electron beam at 10-100 Hz with 50-100 pC
per bunch. A compact vacuum chamber houses the com-
plete production and detection chain. Electrons impinge
on a copper (Cu) production target, generating a mixed sec-
ondary beam comprising muons, pions, electrons, positrons,
photons, and neutrons. The secondary beam traverses an alu-
minium (Al) stopping target sized to range out surface muons
(p = 29.8 MeV/c), stopped p* then decay via p™ - e*v, v,
(see Fig. 1).

Two plastic scintillators with silicon photomultiplier
(SiPM) readout detect the muon decay positrons downstream
of the stopping target: Detector 1 (near) and Detector 2 (far).
Each scintillator is instrumented with two SiPMs read out
in coincidence. The SiPM waveforms in the 24 us-time
window after an acclerator trigger event are digitised by a
PicoScope (Pico Technology, UK) DAQ system at a time
resolution of 4 ns, and a ADC resolution of 8-bit.

Prior to measurement, the DAQ and analysis pipeline were
validated using cosmic muons, demonstrating that the system
correctly measures the muon lifetime in a clean single-muon
decay scenario.
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Figure 2: End-to-end simulation pipeline. G4BL and musrSim generate the same event data; two parallel analysis tracks—
truth (particle-level ROOT trees) and waveform synthesis (mimicking realistic SiPM response and digitization)—run on the

same simulated output.

END-TO-END SIMULATION
FRAMEWORK

The simulation is built around two sequential stages.
g4beamline (with QGSP_BERT physics list) [18] mod-
els primary beam transport through the Cu production target
and generates the secondary particle kinematics. The sec-
ondary beam is then passed to musrSim [19]—a Geant4-
based [20] package developed at PSI and widely used in
USR detector simulation—which models the full detector ge-
ometry, employs the FTFP_BERT physics list, and includes
optical photon transport. A measured SiPM response was
also imported to the simulation.

Two parallel analysis tracks are applied to the same sim-
ulated dataset, as illustrated in Fig. 2. The truth analysis
reads particle-level ROOT [21] trees directly, giving access
to the PDG identity, production process, time, and energy
deposition of every track in each scintillator. The waveform
analysis synthesises detector waveforms from the simulated
optical photon arrival times, mimicking the realistic SiPM
readout, and analyses these waveforms with the same algo-
rithms that will be applied to beam data.

Agreement between the two tracks validates the analysis
pipeline. Disagreement identifies analysis-level systematics
that must be understood before beam data are taken. As a
benchmark, all three estimates agree with the PDG muon
lifetime of 2197 ns [22] within 10%: cosmic muons T =
2.078 + 0.133 s, truth analysis T 2080 + 53 ns, and
waveform analysis T = 2.191 + 0.006 ps, validating the
end-to-end measurement chain.

BACKGROUND CHARACTERISATION
AND SIGNAL EXTRACTION

Background Event Topology

In the truth analysis, secondary particles are classified by
PDG identity and Geant4 production process. Three cate-
gories are observed in the scintillators after a 1 us time gate
(which suppresses the prompt flash from beam-synchronous
particles):

 Signal: positrons from pt decay at rest, u* -
e*v,v, (Michel positrons), selected by PDGID!
—11 (positron) and process = DecayWithSpin. The
stopped-muon interpretation is supported by the single-
exponential time spectrum with T = 2080 + 53 ns, in
the range of the free-muon lifetime [22]; a significant
in-flight component would distort the spectrum and

bias 7 high.

* Hadronic background: primarily neutrons from p~
nuclear capture and hadronic cascade reactions. These
exhibit a two-component time structure and are statisti-
cally exhausted by ~10 ps.

* Electromagnetic (EM) background: ¢* consistent
with originating from the u* decay chain—these follow
the same exponential time distribution as the signal
and are therefore indistinguishable in the time domain
alone.

Without background rejection, the signal yield is overesti-
mated by a factor of 4.6.

Energy Deposition Cut

A minimum energy deposition threshold of 0.1 MeV is ap-
plied independently to each detector entry. Neutrons deposit
far less than 0.1 MeV in plastic scintillator via elastic scatter-
ing, so this cut removes the entire hadronic background. EM
tracks mostly clear the threshold and survive (see Fig. 3).

Crucially, the cut is applied per detector (not on the
summed Edep), matching the physical AND logic of the
SiPM readout: each SiPM pair fires independently, and a
track invisible to one detector is invisible regardless of what
the other sees.

Fitting the surviving event sample with an exponential
confirms that the EM background does not bias the lifetime
measurement: Ty, = 2127 + 51 ns versus 7, = 2080 +
53 ns, a difference of 0.65 . The T extraction is therefore
unbiased; the contamination affects only the absolute yield
(see Fig. 4).
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Figure 3: Energy deposition distribution per track in Detec-
tor 1. Neutrons (hadronic background) deposit well below
0.1 MeV, while signal (Michel e¢*) and EM background are
concentrated above this threshold, motivating the Edep cut.
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SUMMARY AND FUTURE WORK

We have developed an end-to-end simulation framework
for the feasibility study of a muon yield measurement at the
SHINE facility. The DAQ and analysis chain were first vali-
dated in a clean single-muon scenario using cosmic muons.
For the more complex beam environment—multiple particle
species, high background—the waveform synthesis pipeline,
incorporating optical photon transport and realistic photode-
tector response, is validated by agreement with the truth
analysis, confirming that the detection scheme is expected
to work under beam conditions.

Background characterisation reveals two distinct popula-
tions: hadronic (removed by a per-detector energy deposition
cut) and electromagnetic (suppressed by detector coinci-
dence). The combined cuts achieve 73.5% sample purity
with an unbiased lifetime extraction, providing a basis for
further understanding of systematic effects before beam data
are acquired.

Future work will focus on: (1) absolute muon yield ex-
traction; (2) feasibility study for muon polarisation measure-
ment; and (3) measurement with beam at SHINE FEL-II.
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Figure 4: Decay time spectrum of signal tracks in Detector 1
after the Edep cut, with a single exponential fit.

Detector Coincidence

After the Edep cut the residual background is purely elec-
tromagnetic. Most EM tracks are single-detector events:
low-energy e* in the EM background range out or convert
before reaching Detector 2. Requiring a coincidence—both
Detector 1 and Detector 2 each independently exceeding
the 0.1 MeV threshold—selects through-going tracks and
preferentially rejects single-detector EM events.

The coincidence requirement reduces signal yield by ap-
proximately half: roughly half of all Michel positrons have
energies low enough to stop before Detector 2, consistent
with the Michel endpoint of 52.83 MeV. The time difference
At between the two detectors is consistent with zero for all
genuine through-going tracks, confirming that a coincidence
time window of < 2ns is sufficient.

Under the combined Edep cut and coincidence require-
ment, the signal survival fraction is 45.4%, the background
survival fraction is 4.3%, and the resulting sample purity
is 73.5%. The 0.1 MeV threshold used here is a conserva-
tive placeholder; a calibrated threshold will be established
once the Edep-to-waveform conversion is determined from
a independent calibration with known sources.
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