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Mo>va>on
• Quan>za>on of electric charge is a 

long-standing ques>on in physics 

• Well-mo>vated dark-sector models 
have been proposed to predict the 
existence of millicharged par>cles ( s) 
while preserving the possibility for 
unifica>on  

• One possibility is to assume new dark 
sector U(1) with massless dark-photon 
( ) and massive dark-fermion ( )
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Current reach

3

ϵ
=

Q
/e

 [GeV/c2]mχ

• Various searches for 
millicharged par>cles so far
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SUBMET:  SUB-Millicharge ExperimenT
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• Scin>llator-based detector using 
proton fixed-target collisions at J-PARC 
(inspired by milliQan experiment) 

• Target low-mass and small-Q region
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Abstract

We propose a new experiment searching for sub-millicharged particles (�s) using 30 GeV

proton fixed-target collisions at J-PARC. The detector is composed of two layers of stacked

scintillator bars and PMTs and is proposed to be installed 280 m from the target. The

main background is a random coincidence between two layers due to dark counts in PMTs,

which can be reduced to a negligible level using the timing of the proton beam. With

NPOT = 5⇥1021 which corresponds to running the experiment for three years, the experiment

provides sensitivity to �s with the charge down to 6⇥ 10�5
e in m� < 0.2 GeV/c2 and 10�3

e

in m� < 1.6 GeV/c2. This is the regime largely uncovered by the previous experiments.
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J-PARC complex
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30 GeV Main Ring

Neutrino beam for T2K TargetBeam 
Dump

Neutrino 
Monitor

heps://j-parc.jp/c/en/about/outline.html
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Experimental site

6

30 GeV Main Ring

Neutrino 
Monitor

heps://j-parc.jp/c/en/about/outline.html

PTEP 2012, 02B005 

 beamνB2

 beam for T2Kν
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Experimental site

7
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Basic idea of detec>ng sχ
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Basic idea of detec>ng sχ
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Basic idea of detec>ng sχ
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Beam Dump
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monitor

Decay volume

Target
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proton

0 m120 m280 m

Neutrino 
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Millicharged par>cles are produced from the decay of neutral mesons
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Basic idea of detec>ng sχ
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Basic idea of detec>ng sχ
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Muons pass the Beam Dump, but lose the en>re energy in sand (5 
MeV/cm) before reaching the Neutrino Monitor building 
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Basic idea of detec>ng sχ
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Beam Dump

Muon 

monitor

Decay volume

Target

χSUBMET
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proton
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Neutrino 
Monitor 
building

hadrons

Muon

Only s (and neutrinos) reach the detector 

(energy loss for s with  is <0.1 MeV )

χ
χ Q = 10−3e
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Overview of detector design
• Use long (1.5 m) scin>llator bars so that 

s with small change can produce 
photons 

• For small , detect single photons 

• Stack (10x8) scin>llators to increase 
total volume and use two layers to 
control backgrounds 

• Align the two layers such that a  goes 
through them 

• Cover them with scin>llator panels to 
tag/reject external radia>on/cosmic 
muons 

χ

ϵ

χ

PMT

PMT (R7725)

Scin>llator  bar (EJ-200)

Module

150 cm

5 cm
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• Use long (1.5 m) scin>llator bars so that 
s with small change can produce 

photons 

• For small , detect single photons 

• Stack (10x8) scin>llators to increase 
total volume and use two layers to 
control backgrounds 

• Align the two layers such that a  goes 
through them 

• Cover them with scin>llator panels to 
tag/reject external radia>on/cosmic 
muons 

χ

ϵ

χ

PMT
Conceptual  

design of detector
Layer2

Layer1

Overview of detector design
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Overview of detector design
• Use long (1.5 m) scin>llator bars so that 

s with small change can produce 
photons 

• For small , detect single photons 

• Stack (10x8) scin>llators to increase 
total volume and use two layers to 
control backgrounds 

• Align the two layers such that a  goes 
through them 

• Cover them with scin>llator panels to 
tag/reject external radia>on/cosmic 
muons

χ

ϵ

χ

PMT

Layer2

Layer1

Signature of millicharged par>cles:  
Coincident SPE signals in two aligned modules 

Conceptual  
design of detector
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2×160 μm insula>ng tape  

                2×18 μm Al foil  

                                         2×100 μm teflon  

                                                                                 EJ-200

Detector components: module

17

LED Support for LED 
circuit and horizontal/
ver>cal leveling

How a scin0llator bar is wrapped 

(teflon + Al foil + insula>ng tape)
PMT support for coupling 
between PMT and scin>llator 

Drawing of an assembled module

1710 mm
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Detector components: module

18

How a scin0llator bar is wrapped 

(teflon + Al foil + insula>ng tape)

LED Support for LED circuit and 
horizontal/ver>cal leveling

PMT support for coupling 
between PMT and scin>llator 

An assembled module
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Detector components: supermodule

19

bracket 

end-stopper

handle

end-stopper

handle

end-stopper

Drawing of an assembled supermodule

bracket
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Detector components: supermodule

20

bracket 

end-stopper

handle

end-stopper

handle

end-stopper

bracket

Mu-metal plate: 
- two layers and 0.2 mm-thick  
- shielding magne>c field > 95% 

Drawing of an assembled supermodule
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Detector components: supermodule

21

bracket 
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end-stopper

bracket 
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mu-metal
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Detector components: Cage
• Cage: a structure that holds 

twenty (5 × 4) supermodules  

• 1 cage per layer 

• Made of aluminum 

• 4 main parts  

• end-cap  

• ver>cal plate  

• horizontal plate  

• cage-cap 

22
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Detector components: Cage

With supermodules installed

23

Dimensions are 

  1850 × 764 × 620 mm3 

total weight: ~430 kg
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Detector components: Table

24

• Table: a structure that provides 
some distance from the floor 
and align the detector axis to 
point the target  

• Made of 4040 and 5050 
aluminum profiles 

• Tilted by 1 degree wrt floor 

floor

430 mm 500 mm

χ

5050

5050

50
50

50
50

40
40

40
40

40
40

40
40

40
40

200 mm

764 mm

Table1 Table2
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Detector components: Cage + Table

25

Stability of mechanics confirmed by sta>c and dynamic weight simula>ons (results in the backup)
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Detector system
Beam trigger signal 

Trigger 
Board (TB)

Control 
machine 
(surface)

DAQ computer 
(NM B2)

Only dataflow 
Dataflow and control 
HV

Readout 
Boards 
(RBs)

NM B2

Surfa
ce

HV system



Phase II ND Workshop (6/20-22/2023) Jae Hyeok Yoo (Korea University)27

Detector system
Beam trigger signal 

Trigger 
Board (TB)

Control 
machine 
(surface)

DAQ computer 
(NM B2)

Only dataflow 
Dataflow and control 
HV

Readout 
Boards 
(RBs)

NM B2

Surfa
ce

HV system

NOTICE Korea

CAEN &  
NOTICE Korea
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•  Requirements  

•  precision to detect SPE signal 

•  GHz sampling rate to iden>fy 
SPE signal 

•  μs acquisi>on window for 
sampling a full spill (use beam trigger) 

• Design: cascade 4 channels of a DRS4 chip 
to achieve 0.7 GHz sampling rate and  
μs acquisi>on window 

• Tested with a 4-ch prototype board 

• Plan to use twelve 16-channel boards (max 
192 channels)

O( ∼ mV)

> 0.5

> 5

∼ 6

From 
PMT

TB

Readout Boards
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HV system
• High Voltage (HV) is supplied to the PMTs by CAEN 

AG7236SN cards in the CAEN SY5527 frame  

• Each AG7236SN board has 24 output channels and 
max current and voltage per channel are 1.5 mA and 
3.5 kV, respec>vely 

• Since the typical current per PMT is  ~300 mA at the 
opera>ng voltage, one channel can serve up to 4-5 PMTs  

• We feed HV to 3 PMTs from one AG7236SN channel 
using a HV splieer 

• One splieer box takes 6 HV inputs and feeds 18 PMTs  

• Developed HV monitoring/control system

29

SY5527

AG7236SN

SY5527

AG7236SN

AG7236SN

AG7236SN

Illustra0on of 
a spliOer box

HV monitoring & control
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Backgrounds

• In the es>ma>on of background, use 1.3 μs (0.16 μs  x 8 bunches) per spill as a signal region 
• s travel at , so  of the bunch width (160 ns) should capture most of them 

• Assume that data-taking period/year is 4 months; live >me is ~50 s for 3 years 

χ ∼ c 2σ

30

PMT dark current and 
external radia0on (major): 
measured in the lab and at 

the experimental site

Beam-induced 
backgrounds: 

expected to be minor

Cosmic backgrounds:  
negligible based on  
Geant4 simula>on

J-PARC MR beam structure
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External radia>on + PMT dark current

31

• Radia>on from the structures of the 
building can generate pulses that are 
indis>nguishable from the pulses due to s 

• In par>cular, if the radia>on from the same 
source produces a single photon signal in 
the two modules that are aligned, the >me 
difference between them can be small 
enough to be iden>fied as a  signal 

• Since the condi>on of radia>on strongly 
depends on the environment, we 
measured the rate at the detector site

χ

χ
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External radia>on + PMT dark current

32

• Applied following cuts to select events 

• SPE selec>on:  ADC, pulse width < 7 samples (10 ns) 

• Remove events with a large number of awerpulses:  

• Coincidence >me window:  samples (20 ns) 

• Results 
• Total number of events recorded: 12M  

• This corresponds to 4 years of data 

• Number of events that passed the cuts: 1 

• There are 80 pairs of modules 

• Use direc>onality of the beam (factor of 2 reduc>on) 

• Expected number of backgrounds ( ): 30 events for 3 years

20 < Vpulse < 50

Npulse ≤ 2

Δt < 14

b
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Sensi>vity of SUBMET

33
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=

Q
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NPOT = 5 × 1021

                        
                   
                   
                   

3 scenarios have similar 
performance due to the 
steep drop of  in  
sub-millicharge regime  

( )

b = 90
b = 450
b = 450
ϵsig = 50 %

Nsignal

Nsignal ∝ ϵ6
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Abstract

We propose a new experiment sensitive to the detection of millicharged particles produced

at the 30 GeV proton fixed-target collisions at J-PARC. The potential site for the experiment

is B2 of the Neutrino Monitor building, 280 m away from the target. With NPOT = 1022, the

experiment can provide sensitivity to particles with electric charge 3 ⇥ 10�4
e for mass less

than 0.2 GeV/c2 and 1.5⇥ 10�3
e for mass less than 1.6 GeV/c2. This brings a substantial

extension to the current constraints on the charge and the mass of such particles.
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Abstract

We propose a new experiment searching for sub-millicharged particles (�s) using 30 GeV

proton fixed-target collisions at J-PARC. The detector is composed of two layers of stacked

scintillator bars and PMTs and is proposed to be installed 280 m from the target. The

main background is a random coincidence between two layers due to dark counts in PMTs,

which can be reduced to a negligible level using the timing of the proton beam. With

NPOT = 5⇥1021 which corresponds to running the experiment for three years, the experiment

provides sensitivity to �s with the charge down to 6⇥ 10�5
e in m� < 0.2 GeV/c2 and 10�3

e

in m� < 1.6 GeV/c2. This is the regime largely uncovered by the previous experiments.
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Summary and outlook
• SUBMET can provide unique opportunity to probe small-charge 

and low-mass (  GeV) millicharged par>cles  

• Tested design of the detector: no major issues found 

• Measured the rate of the major background on site 

• Currently, tes>ng and assembling the modules before installa>on, 
and studying the performance of the full-scale readout system 

• Outlook: awer receiving Stage-II approval and performing full-
scale detector test in Korea, plan to install the detector in J-PARC 
and start exploring the unexplored regime!  

mχ < 1.6

35

NPOT = 5 × 1021
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Millicharged par>cle search at DUNE ND site
• There is already an idea  

• Kevin Kelly, and Yu-Dai Tsai, FerMINI, PRD 100, 
015043 (2019)  

• Detector has 3 layers 

• Requiring coincidence between layers is the main 
method of background suppression: more layers  
less backgrounds 

• But, detec>on efficiency for  is propor>onal 
to , so adding more layers significantly degrades 
sensi>vity 

• SUBMET uses beam->ming as an addi>onal handle to 
control backgrounds (beam is not con>nuous, but 
comes in like a pulse) 

• What is the DUNE beam structure like?

→

ϵ < 10−3

ϵ2

36

of such events, and the fact that they must occur in adjacent
scintillator bars, should suppress this further. The possibil-
ity of an additional layer of scintillator (and requiring
quadruple coincidence) would effectively make this back-
ground zero. We leave a more complete simulation of
neutron-related backgrounds to future work.
A realistic determination of the beam-related back-

ground at Fermilab beams would require a detailed sim-
ulation including the beam production and the detector
configuration. This should be possible with assistance from
the NuMI-MINOS and LBNF-DUNE collaborations. We
also note that the movable DUNE PRISM detector concept
can aide in measuring beam-related backgrounds [62].
In Fig. 2 left and right we show 95% CL sensitivity

reaches assuming aforementioned background events and
1 year of live-trigger time at NuMI and DUNE, respectively.
We also show alternative FerMINI designs with larger
numbers of photoelectrons that lead to improved sensitivity.
Given the large flux of MCP at neutrino beams, we

consider adding an additional stack of scintillators and
requiring quadruple coincidence to further cut down the
background. We find similar sensitivity reach to that in
Fig. 2, however this would constitute a nearly zero-back-
ground search, an intriguing possibility.

A. Alternative detector design with
neutrino detectors

Since the detector will be located inside existing/future
neutrino near detector halls, we discuss the possibility of
utilizing the neutrino detectors to better enhance our
sensitivity. One idea would be to place FerMINI directly
in front of or behind a neutrino detector and using the
liquid argon technology to provide extra information on
particles traversing the MCP detector and provide a
veto on SM particles that could fake an MCP signal.
In addition, one can look for mixed signature combining
the scintillation signature discussed in this work and the
hard electron scattering [16].

In particular, the excellent resolution of liquid argon could
also be leveraged, by splitting the FerMINI detector arrays,
placing some in front of and some behind the neutrino
detector. MCP particles traveling through liquid argon can
scatter off electrons, leading to single-electron events
[16,63]. The combination of this signature with the scintil-
lation signal of FerMINI could potentially further improve
the MCP sensitivity. Both the NuMI and DUNE locations
could provide such a combination, using the existing
ArgoNeuT detector [64] and the upcoming DUNE near
detector. At the DUNE site, the proposed 3D Scintillator
Tracker could also be included in these combinations.

V. DISCUSSION AND CONCLUSION

Compared to milliQan, our setup consists of a much
larger flux of MCP reaching the detector, due to the higher
proton beam intensity. We find that FerMINI is sensitive to
ε below 10−3 and has better sensitivity than the milliQan
search with the HL-LHC up to about mχ ∼ 5 GeV. The
MCP flux is so large that it potentially saturates the
scintillation limit and force us to consider modified
detectors to fully explore the potential of FerMINI.
Reference [63] recently explored the capability of the

existing ArgoNeuT and future DUNE Near Detector
sensitivity to MCP by requiring multiple scatters in the
liquid argon of the detector, a strategy that will significantly
reduce the number of background events in such detectors.
We find that, in comparison with Ref. [63], one year of
FerMINI sensitivity places stronger constraints on ε than
ten years of data collection using the DUNE near detector
for all masses mχ ≲ 4 GeV. In general, the one-year
FerMINI sensitivity is a factor of ∼2–10 times stronger
than the ten-year DUNE sensitivity in Ref. [63]. An
inexpensive detector like FerMINI, while dedicated to
MCP searches, will provide extremely powerful sensitivity,
and, as discussed in Section IVA, the combination of
FerMINI and the liquid argon detectors could provide even
stronger limits on MCP.

FIG. 2. Expected 95% CL sensitivity to minicharged particles in the two potential sites we consider. Solid curves: sensitivity reach of
FerMINI with one year of data collection. Colored curves correspond to modified detector design. We compare against the milliQan HL-
LHC reach [13,14], as well as existing constraints from SLAC [5], collider [6], MiniBooNE and LSND [16]. See text for more detail.

PROTON FIXED-TARGET SCINTILLATION EXPERIMENT TO … PHYS. REV. D 100, 015043 (2019)

015043-5
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Backup

37
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Produc>on of sχ
• s can be produced from the decay of neutral mesons 

•  through a photon  

•  and  directly to  

• In both cases,  up to  is allowed 

• Number of s produced at the proton-target collisions is 
propor>onal to  

  

• Values of  for each meson are es>mated from Pythia 
simula>on and validated by comparison with measurements 
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Produc>on of sχ
• Expected number of s that reach  

m2 detector area ( ) in  

• Material effect/detec>on efficiency not 
included 

• Dependence on  due to produc>on of 

mother mesons (Note that ) 

• Expect  s where the exclusion limit 
is placed

χ 0.5 × 0.5
Nχ NPOT = 5 × 1021

mχ

mχ ≤
mmeson

2

∼ 106 χ

40

2 Production of millicharged particles at J-PARC

Figure 1: Expected number of �s that reach 0.25 m2 detector area located at 280 m from the
target. NPOT = 5⇥ 1021 is assumed.

At proton fixed-target collisions at J-PARC, �s with charge Q can be produced from the

decay of ⇡0, ⌘, ⇢,!,� and J/ neutral mesons. The ⌥ production is not relevant because the

center-of-mass energy is 7.5 GeV for the collisions between the 30 GeV proton beam and the

fixed target. The lighter mesons (m = ⇡
0
, ⌘) decay through photons (m ! ���̄), while ⇢,!,�,

and J/ decay to a pair of �s directly (m ! ��̄). In both cases, m� up to mm/2 is kinematically

allowed. The number of produced �s (N�) can be calculated by the equation in [16],

N� / cm✏
2
NPOT ⇥ f

 
m

2
�

m2
m

!
(2)

where cm is the number of mesons produced per proton-on-target (POT), NPOT is the total

number of POT, ✏ = Q/e, and f is a phase space related integral. The cm of each meson is

extracted using PYTHIA8 [17] and the estimated values are c⇡0 = 1.9, c⌘ = 0.21, c⇢ = 0.24,

c! = 0.24, c� = 4.9 ⇥ 10�3, and cJ/ = 2.5 ⇥ 10�9. The result of the simulation is validated

by comparing it with existing measurements. Particularly, the flux of muons passing through

the beam dump [18] and the production rate of J/ [19] in simulation and measurements are

3

NPOT = 5 × 1021
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Produc>on  detec>on→

41

Number of s that reach 
the detector ( )

χ
Nχ

Number of s detected 
by SUBMET ( ) 

χ
Nsignal

P = (1 − e−NPE)2

Detec>on efficiency  
2 = number of layers

P

Figure 5: Number of signal events Nsignal observed by the SUBMET detector for NPOT =
5⇥ 1021. Dashed lines indicate Nsignal = 1, 102, 104, and 106.

signal events measured by the detector can be calculated as s = N�P . The number of signal

events is shown in Figure 5. Due to small P , we expect < 1 events to be detected for ✏ below

⇠ 5⇥ 10�5.

Figure 6 shows the 95% CL exclusion curve for NPOT = 5 ⇥ 1021. SUBMET provides the

exclusion down to ✏ = 6 ⇥ 10�5 in m� < 0.2 GeV/c2 and ✏ = 10�3 in m� < 1.6 GeV/c2.

Systematic uncertainty on b is not considered because it does not have a significant impact on

the exclusion limit [15]. The sudden degradation of sensitivity at m� = 0.2 GeV/c2 is because

of the small production rate of J/ with the 30 GeV proton beam.

As shown in Fig 5, the number of signal events recorded by the detector drops rapidly in

✏ < 10�3 due to small NPE. Therefore, one can expect that increasing NPE or N� would not

have a large impact on the sensitivity.

6 Summary and discussion

We propose a new experiment, SUBMET, sensitive to millicharged particles produced at the 30

GeV proton fixed-target collisions at J-PARC. The detector, inspired by the milliQan experi-
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where cm is the number of mesons produced per proton-on-target (POT), NPOT is the total

number of POT, ✏ = Q/e, and f is a phase space related integral. The cm of each meson is

extracted using PYTHIA8 [17] and the estimated values are c⇡0 = 1.9, c⌘ = 0.21, c⇢ = 0.24,

c! = 0.24, c� = 4.9 ⇥ 10�3, and cJ/ = 2.5 ⇥ 10�9. The result of the simulation is validated

by comparing it with existing measurements. Particularly, the flux of muons passing through

the beam dump [18] and the production rate of J/ [19] in simulation and measurements are

3

Used PMT QE = 30%

Very steep drop in  
 in this regime, 

ϵ < 10−3

→ Nsignal ∝ ϵ6

NPOT = 5 × 1021 NPOT = 5 × 1021
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Tes>ng detector design: prototype

• A prototype layer 
for 2×2 
supermodules 
has been 
constructed  

• Cage aeached on 
the Table  

• A supermodule 
nicely fit in the 
Cage 

42
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Tes>ng detector design: sta>c analysis

• A sta>c analysis has been performed to 
evaluate the maximum displacement of Table 
segments  

• Used Autodesk Inventor Professional 2023  

• Configura>on 

• Dead load: total weight of Table1/2 

• Live load: 10000 N  

• Result: maximum displacement is < 1 mm

43

Target Side

0.91 mm

0.78 mm

0.50 mm

0.27 mm

0.00 mm

Figure 33: The result of the weight analysis with the dead load of 82 kg force and the live load
of 10000 N. The maximum displacement of the mechanical support segments is less than 1 mm.

3.6.2 Weight and seismic analyses

A static analysis has been performed to evaluate the maximum displacement of Table segments,

as shown in Figure 29. We use the “Autodesk Inventor Professional 2023” program [32], and

the 3D CAD modeled table structure is used as input to the program. The total weight of

the mechanical supports (Table1 and Table2) as the dead load and the live load of 10000 N

has been applied for the simulation. 10000 N has been accounted for the weight of the Cage

and supermodules. The result of the weight analysis represents in Figure 33. The maximum

displacement of the mechanical support segments is less than 1 mm.

In addition to the gravity load, the expected seismic spectrum in Figure 34 has been taken

into account for the seismic analysis. We used the “Autodesk Robot Structural Analysis Pro-

fessional 2023” program for the seismic analysis [33]. The result of the seismic analysis with

the dead load of 82 kg force, the live load of 10000 N, and spectral in the Y-direction, which

corresponds to the worst scenario is shown in Figure 35. The maximum displacement of the

mechanical support segments is still less than 1 mm.

36
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Tes>ng detector design: seismic analysis
• A seismic spectrum taken into account in addi>on to 

the gravity load 
• Used Autodesk Robot Structural Analysis 

Professional 2023  
• Spectrum 

                                 
• Configura>on 

• Same as sta>c analysis +  spectral in the Y-direc>on  
• Also tested spectral in other direc>ons 

• Result: maximum displacement < 1 mm

Figure 34: The input spectrum for the seismic analysis. The basic peak acceleration of earth-
quake is assumed to be 0.2g, where the g is the gravitational acceleration 9.8 m/s2. Acceleration
becomes maximum, 0.65g, between 3 Hz and 6 Hz. Velocity is constant for the frequency less
than 3 Hz.

Target Side

Figure 35: The result of the seismic analysis with the dead load of 82 kg force, the live load
of 10000 N, and spectral in the Y-direction, corresponds to the worst scenario. The maximum
displacement of the mechanical support segments is 0.912 mm, which is less than 1 mm.
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Backgrounds (beam-related)
• Muons from hadron decays do not reach 

detector due to energy loss 

• Neutrino interac>ons with scin>llator 

• Refer to the measurements by INGRID:  
8×107 for NPOT = 5×1021 

• Iron: denser material  upper bound 

• Considering volume difference (1/50) and 
requiring coincidence, the rate becomes 
negligible 

• Muons from interac>ons between neutrinos 
and the material of the building can be 
iden>fied/rejected by installing scin>llator 
plates in front of the detector 

→

45

NIMA 694 (2012) 211–223
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Backgrounds (cosmic muons)

• Shower produced by cosmic muons hi}ng the 
structure of the building 

• Shower par>cles can hit both layers at the 
same >me 

• Typically large number of hits and larger 
energy deposits 

• Can be rejected by scin>llator panels covering 
top/sides or using the outermost bars 

• Precise measurement should be performed in situ

46
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SPE detec>on efficiency

47

<⌘SPE = 31.3 ADC
f⌘SPE = 7.91 ADC

threshold = 11.2 ADC

efficiency(⌘ > 11.2 ADC)
= 99.5%

Figure 2. Distribution of pulse height at HV = 1300 V. Near ADC = 3, there is a large pedestal peak. SPE
peak follows after the pedestal peak. The red curve is the result of a Gaussian fit around the peak. The blue
vertical line indicates the threshold to distinguish the SPE signal. Efficiency is equivalent to the ?-value of
the fitted Gaussian where ⌘ > 11.2 ADC.
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Figure 3. (Left) Measured pulse height as a function HV using a Hamamatsu Photonics R7725. The blue
horizontal line corresponds to 10f of the pedestal RMS (11.2 ADC), used as a threshold to count a pulse as
a signal. (Right) Selection efficiency for SPEs as a function of HV.
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Figure 3. (Left) Measured pulse height as a function HV using a Hamamatsu Photonics R7725. The blue
horizontal line corresponds to 10f of the pedestal RMS (11.2 ADC), used as a threshold to count a pulse as
a signal. (Right) Selection efficiency for SPEs as a function of HV.
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3 Identifying single photoelectron pulses92

To determine the number of coincidence signals for & < 10�34, it is necessary for the detector to93

be able to identify single photoelectron (SPE) signals. In other words, the typical size of the SPE94

pulses should be understood. One way to achieve this is by illuminating the photocathode of an95

R7725 with a dim LED light and measuring the typical pulse height of the resulting SPE pulses.96

Figure 1. Diagram of the LED test configuration.

The configuration for the LED test is illustrated in Figure 1. The LED is supplied with a pulse97

from the function generator, with an amplitude of 1.3 +?? and a width of 30 ns, resulting in the98

emission of several photons. To generate SPE signals, the emitted photons propagate toward the99

PMT through a pinhole. The data acquisition is triggered by a TTL signal synchronized with the100

generated pulse. The HV applied to the PMTs is adjusted to an appropriate range to ensure the101

detection of the SPE signal. The PMT is covered with black tape and housed within a light-tight102

dark box.103

Prior to estimating the pulse height, pulse identification is performed through the following104

steps. First, the baseline is calculated by excluding the region of TDC where pulses are present.105

The mean and standard deviation of the remaining data points are calculated, and the data points106

beyond 5 times the standard deviation from the mean are excluded. This process is repeated until107

no more data points are excluded, and the baseline is estimated as the mean value. Second, if a data108

point exceeds a specified threshold height from the baseline, it is identified as a pulse. The threshold109

height is set at 7 times the standard deviation value obtained during baseline estimation. Third, the110

TDC values that intersect the baseline on both sides of the data point exceeding the threshold height111

are determined. The data points between these two TDC values are recognized as part of the pulse.112

Once the pulse is identified through this process, the pulse height is calculated as the difference113

between the local minimum value within the pulse region and the baseline value.114

Figure 2 shows the pulse height distribution in ADC (1 ADC = 0.58 mV) at HV = 1300 V.115

To determine the location and the width of the SPE peak, we fit a Gaussian function around the116

– 3 –
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Predic>on for random backgrounds

(Lew) Distribu>on of  between two channels. The result of a linear fit is represented by a 
red line. (Right) Transfer factor as a func>on of . The red line corresponds to the fit with a 
horizontal line. 

Δt
Δt
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Figure 4. (Top) Configuration for the measurement of two-module coincidence rate with scintillator
shielding. Modules are surrounded by scintillator blocks (in blue). (Bottom) Photograph of the configuration
used for the measurement at the detector site.

Figure 5. (update plot) The trace of coincidence pulses in two channels, recorded by the prototype readout
board. The x-axis is in samples (1 sample = 1.4 ns) and the y-axis is in ADC (1 ADC = 0.58 mV).
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Figure 6. (Left) Distribution of �C between two channels. The result of a linear fit is represented by a red
line. (Right) Transfer factor as a function of�C. The red line corresponds to the fit with a horizontal line.
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