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Motivation and model
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• Quantization of electric charge is a long-standing 
question in physics 

• Well-motivated dark-sector models have been 
proposed to predict the existence of millicharged 
particles while preserving the possibility for 
unification 

• Assume new dark sector U(1) with massless dark-
photon ( ) and massive dark-fermion ( ) 

•  and  (in SM) 
kinetically mix, then 
charge of  is 
proportional to the 
strength of mixing ( )
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• Search for millichaged particles ( ) 
using 30 GeV proton fixed-target 
collisions at J-PARC 

• Target low-mass (  GeV)  

and small-Q ( ) region 

• Detector installation in May 2024 

• Data-taking since June 2024

χ

mχ < 1.6

Q < 10−3e

SUB-Millicharge ExperimenT (SUBMET)
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SUB-Millicharge ExperimenT (SUBMET)
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Beam

PTEP 2025, 123H03

• Search for millichaged particles ( ) 
using 30 GeV proton fixed-target 
collisions at J-PARC 

• Target low-mass (  GeV)  

and small-Q ( ) region 

• Detector installation in May 2024 

• Data-taking since June 2024

χ

mχ < 1.6

Q < 10−3e

https://academic.oup.com/ptep/article/2025/12/123H03/8342155
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Basic idea of detecting sχ
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Detector Design
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• Long (1.5 m) scintillator bars  sufficient path length for small-
Q particles to interact  SPE signal 

• A stacked (10×8) array of modules  increase volume; two 
layers  reduce backgrounds 

• Beam timing (trigger on beam signal)  effective 
background suppression ( ) 

• Layers aligned with the direction of s so 
they traverse both in a short period of time 

• Signature of s: coincident (  ns) 
SPE signals in two aligned modules

⇒
⇒

⇒
⇒

⇒
O(10−6)

χ

χ Δt < 30

Layer2
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Detector calibration: SPE

• Identifying and understanding SPEs are crucial  

• Use weak LED light as a single-photon source 

• Measured pulse area distribution of each 
module 

• Mean of SPE area is about 70 pVs 

• Use this calibration results for channel-by-
channel SPE selection ( )±2σ

8
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FIG. 4. Charge distribution obtained from LED calibration for a representative single channel at a

PMT high voltage of 1300 V. The clear separation of the pedestal and single-photoelectron (SPE)

peak allows the mean SPE pulse area to be extracted. A secondary structure areas corresponds to

double-photoelectron (DPE) events.

C. Pulse selection criteria: height, width, multiplicity199

After pulse candidates are reconstructed from the digitized waveforms, a set of quality200

cuts is applied to isolate genuine SPE signals and to suppress spurious activity such as201

electronic noise, afterpulses, or abnormally large fluctuations. The selection is performed at202

the pulse level before event-level filtering.203

Table I summarizes the main pulse-level requirements. The basic time selection restricts204

valid pulses to the acquisition window, while a minimum width requirement removes narrow205

spikes consistent with noise. A more detailed set of conditions defines SPE-like signals by206

exploiting the pulse height-to-width ratio, the integrated pulse area, the number of contribut-207

ing time samples, and the shape parameter (kurtosis). The pulse kurtosis, tkurt, is defined208

as the excess kurtosis of the pedestal-subtracted waveform samples within the reconstructed209

11
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Detector calibration: charge
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• Important to know the average number of 
photoelectrons for a given charge and energy 

• Higher NPE per energy means better sensitivity 
to lower charge 

• Measure NPE per energy in situ by using vertical 
cosmic muons in combination with SPEs 

• Calculate Area(cosmic muon )/Area(SPE ) to 
get NPE for muons (  per keV)    

• Mean NPE by muons is 4000  0.4/keV  

• Consistent with lab measurement using Cd-109 
source before installation

⇒
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Detector calibration: time
• Time alignment between two 

channels in layer 1 and 2 is crucial to 
determine the coincidence window
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Layer 1 Layer 2

• Measured time difference  of the two 
channels:  ns in all pairs 
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Figure 7: Distribution of !t measurements between 80 module pairs.

6.3. Data Transfer Stability and Throughput Analysis425

The full SUBMET readout system operates with ten ROBs in parallel.
Each event generates a fixed data payload of 131,072 bytes per ROB, resulting
in an aggregate event size of

10→ 131, 072 bytes = 1, 310, 720 bytes = 1.25 MiB.

The data flow architecture utilizes GTX optical transceivers for ROB-to-
TCB communication, providing multi-Gb/s line rates that far exceed the
experimental requirements. The primary throughput constraints are instead
localized at the TCB-to-server interface and the subsequent storage I/O. The
TCB is interfaced with the DAQ server via a USB 3.0 (SuperSpeed) connec-
tion, which employs 8b/10b encoding with a signaling rate of 2.5 Gbps. While
the theoretical maximum throughput is 500 MiB/s, practical user-level trans-
fer rates are typically limited to approximately 400 MiB/s due to protocol
overhead. In our current DAQ configuration, the dominant bottleneck is the
sequential write performance of the server’s storage subsystem. The server
employs conventional 7,200 RPM hard disk drives (HDDs) with RAID strip-
ing. Sustained write rates for these devices typically range between 50 and
70 MiB/s. To evaluate the system’s limits, we considered an event acceptance
rate of 100 Hz, which would generate a data stream of

100→ 1.25 MiB/s = 125 MiB/s.

As this rate approaches or exceeds the sustainable write capability of a RAID
array, operating at such frequencies would risk bu!er overflows or I/O back-
pressure. To ensure long-term stability and provide a su”cient safety margin

19

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4 0.5
dt (ns)

0

5

10

15

20

25

30

35

dt Distribution
hdist

Entries  80

Mean  0.2159− 

Std Dev    0.09282

dt Distribution

Figure 7: Distribution of !t measurements between 80 module pairs.

6.3. Data Transfer Stability and Throughput Analysis425

The full SUBMET readout system operates with ten ROBs in parallel.
Each event generates a fixed data payload of 131,072 bytes per ROB, resulting
in an aggregate event size of

10→ 131, 072 bytes = 1, 310, 720 bytes = 1.25 MiB.

The data flow architecture utilizes GTX optical transceivers for ROB-to-
TCB communication, providing multi-Gb/s line rates that far exceed the
experimental requirements. The primary throughput constraints are instead
localized at the TCB-to-server interface and the subsequent storage I/O. The
TCB is interfaced with the DAQ server via a USB 3.0 (SuperSpeed) connec-
tion, which employs 8b/10b encoding with a signaling rate of 2.5 Gbps. While
the theoretical maximum throughput is 500 MiB/s, practical user-level trans-
fer rates are typically limited to approximately 400 MiB/s due to protocol
overhead. In our current DAQ configuration, the dominant bottleneck is the
sequential write performance of the server’s storage subsystem. The server
employs conventional 7,200 RPM hard disk drives (HDDs) with RAID strip-
ing. Sustained write rates for these devices typically range between 50 and
70 MiB/s. To evaluate the system’s limits, we considered an event acceptance
rate of 100 Hz, which would generate a data stream of

100→ 1.25 MiB/s = 125 MiB/s.

As this rate approaches or exceeds the sustainable write capability of a RAID
array, operating at such frequencies would risk bu!er overflows or I/O back-
pressure. To ensure long-term stability and provide a su”cient safety margin

19

0.5
−

0.4
−

0.3
−

0.2
−

0.1
−

0
0.1

0.2
0.3

0.4
0.5

dt (ns)
0 5 10 15 20 25 30 35

dt D
istribution

hdist
Entries 

 80

M
ean  

0.2159
−

 

Std D
ev   

 0.09282

dt D
istribution

F
igu

re
7:

D
istrib

u
tion

of
!
t
m
easu

rem
ents

b
etw

een
80

m
od

u
le

p
airs.

6
.3
.
D
a
ta

T
r
a
n
s
fe
r
S
ta
b
ility

a
n
d
T
h
r
o
u
g
h
p
u
t
A
n
a
ly
s
is

425

T
h
e
fu
ll
S
U
B
M
E
T

read
ou

t
system

op
erates

w
ith

ten
R
O
B
s
in

p
arallel.

E
ach

event
gen

erates
a
fi
xed

d
ata

p
ayload

of131,072
bytes

p
er

R
O
B
,resu

ltin
g

in
an

aggregate
event

size
of

10
→
131,072

bytes
=

1,310,720
bytes

=
1.25

M
iB
.

T
h
e
d
ata

fl
ow

arch
itectu

re
u
tilizes

G
T
X

op
tical

tran
sceivers

for
R
O
B
-to-

T
C
B

com
m
u
n
ication

,
p
rovid

in
g
m
u
lti-G

b
/s

lin
e
rates

th
at

far
exceed

th
e

exp
erim

ental
requ

irem
ents.

T
h
e
p
rim

ary
th
rou

gh
p
u
t
con

straints
are

in
stead

localized
at

th
e
T
C
B
-to-server

interface
an

d
th
e
su
b
sequ

ent
storage

I/O
.T

h
e

T
C
B
is
interfaced

w
ith

th
e
D
A
Q

server
via

a
U
S
B
3.0

(S
u
p
erS

p
eed

)
con

n
ec-

tion
,w

h
ich

em
p
loys

8b
/10b

en
cod

in
g
w
ith

a
sign

alin
g
rate

of2.5
G
b
p
s.

W
h
ile

th
e
th
eoreticalm

axim
u
m

th
rou

gh
p
u
t
is
500

M
iB
/s,

p
racticalu

ser-leveltran
s-

fer
rates

are
typ

ically
lim

ited
to

ap
p
roxim

ately
400

M
iB
/s

d
u
e
to

p
rotocol

overh
ead

.
In

ou
r
cu
rrent

D
A
Q

con
fi
gu

ration
,
th
e
d
om

in
ant

b
ottlen

eck
is
th
e

sequ
ential

w
rite

p
erform

an
ce

of
th
e
server’s

storage
su
b
system

.
T
h
e
server

em
p
loys

convention
al

7,200
R
P
M

h
ard

d
isk

d
rives

(H
D
D
s)

w
ith

R
A
ID

strip
-

in
g.

S
u
stain

ed
w
rite

rates
for

th
ese

d
evices

typ
ically

ran
ge

b
etw

een
50

an
d

70
M
iB
/s.

T
o
evalu

ate
th
e
system

’s
lim

its,w
e
con

sid
ered

an
event

accep
tan

ce
rate

of
100

H
z,

w
h
ich

w
ou

ld
gen

erate
a
d
ata

stream
of

100
→
1.25

M
iB
/s

=
125

M
iB
/s.

A
s
th
is
rate

ap
p
roach

es
or

exceed
s
th
e
su
stain

ab
le
w
rite

cap
ab

ility
of

a
R
A
ID

array,
op

eratin
g
at

su
ch

frequ
en
cies

w
ou

ld
risk

b
u
!
er

overfl
ow

s
or

I/O
b
ack-

p
ressu

re.
T
o
en
su
re

lon
g-term

stab
ility

an
d
p
rovid

e
a
su
”
cient

safety
m
argin

19

 [ns]Δt



2026 NPN2026 (5/26-28/2026) Jae Hyeok Yoo (Korea University)

Beam-off backgrounds

Layer 1 Layer 2

11

• Validate background prediction method and 
find potential issues in data/detector system, 
using beam-off data 

• Random trigger in the absence of beam 

• Background prediction done by using two 
uncorrelated variables [ref] 

• Directionality (aligned or not) 

• Coincidence (  ns or not)Δt < 30

Layer 1 Layer 2

https://arxiv.org/pdf/2506.02251
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Beam-off backgrounds

Layer 1

Layer 2

Layer 1

Layer 2

 Δt = 30 ns

12

• Validate background prediction method and 
find potential issues in data/detector system, 
using beam-off data 

• Random trigger in the absence of beam 

• Background prediction done by using two 
uncorrelated variables [ref] 

• Directionality (aligned or not) 

• Coincidence (  ns or not)Δt < 30

https://arxiv.org/pdf/2506.02251
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Beam-off backgrounds

•  between aligned and not 
aligned modules 

• SPE pulses are selected 

• Same shape  negligible 
correlation 

• Can use “ABCD method” 

Δt

⇒

13
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Beam-off backgrounds

14

• Predict yield in A by B*D/C  

• Results with 2.1M events 

• Prediction: 14.3 ± 0.5 

• Observation: 11 

• Tested further by varying the size of 
coincidence window and the 
location of readout window 

B C

2112 150597

A (signal region) D

Pred: 14.3 ± 0.5 1017

Aligned Not aligned

   
   

   
Δ

t<
30

 n
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Δ
t>
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 n
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B C

2112 150597

A (signal region) D

Pred: 14.3 ± 0.5 
Obs: 10 1017

Beam-off backgrounds

• Predict yield in A by B*D/C  

• Results with 2.1M events 

• Prediction: 14.3 ± 0.5 

• Observation: 10 

• Tested further by varying the size of 
coincidence window and the 
location of readout window 
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Beam-off backgrounds

• Varying size of the coincidence 
window  (  ns ) 

• Good agreements  beam-off 
backgrounds are mostly random 
coincidence (uncorrelated)

Δt 10 → 50
⇒

• Varying location of the readout window 

• No window-dependent issue

16

Robustness of background prediction 
No issues with detector/DAQ flow  
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FIG. 9. Observed and predicted yields under variations of the !t coincidence window. Stability of

the agreement near 10% demonstrates insensitivity of the ABCD background model to the precise

!t choice.

modules. In addition, quadrant-based variations partition Layer 2 into four quadrants rela-342

tive to the aligned reference module and test two scenarios: (i) excluding cross-shaped sets343

of modules around a randomly chosen reference point within a quadrant, and (ii) vetoing344

one entire diagonal quadrant.345

Table III summarizes the resulting ABCD predictions. For all spatial redefinitions, the346

observed yield in the signal-like Region A remains consistent with the ABCD expectation347

within statistical uncertainties, and the predicted yields are stable at the sub-percent level.348

No evidence is found for biases arising from local spatial correlations.349

These results demonstrate that the background prediction in the signal region is insensi-350

tive to both temporal and spatial redefinitions, confirming the validity of the factorization351

assumption underlying the ABCD method.352

D. Systematic uncertainties353

The dominant systematic uncertainty in the background estimate arises from SPE selec-354

tion cuts. This e!ect is quantified by varying cut values within reasonable ranges motivated355
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FIG. 10. Observed (Nobs

A ) vs. predicted (N̂bkg

A ) yields in sub-windows of the out-of-time region

defined to mimic future beam bunch timing intervals. The ABCD prediction reproduces the data

with no statistically significant residual correlations. The nominal in-time definition |!t| < 30 ns

is used for this study. The bin-to-bin variations are consistent with statistical fluctuations from

limited control-sample yields.

by the LED calibration study of SPE response.356

The following variations are applied relative to nominal requirements:357

• Pulse area: the nominal ±2ω window around the SPE peak is shifted to ±1ω and358

±3ω.359

• Pulse width (FWHM): the requirement 1 < FWHM < 10 is tightened to 1 <360

FWHM < 8 and loosened to 1 < FWHM < 12.361

• Height-to-width ratio: the nominal cut of < 30 is varied to < 20 and < 40.362

For each variation, the predicted background yield N̂bkg

A is recomputed, and the di!erence363

from the nominal prediction is taken as the systematic shift. The pulse area variation364

contributes approximately 1 event, while width and height/width variations contribute at the365

< 0.02 event level. Combining all sources in quadrature yields a total systematic uncertainty366

of 1.5 events, comparable to the statistical uncertainty of the beam-o! dataset.367
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Fig. 2: Time distribution of pulses with heights exceeding 140 mV. (a) shows the full beam

structure consisting of 8 bunches as recorded in the standard data-taking mode. (b) shows

a delayed time window in the run dedicated to afterpulse studies.
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Fig. 3: Waveform of an afterpulse event. Green arrows indicate the detected pulses by the

SUBMET pulse-finding algorithm. A significant baseline fluctuation is observed immediately

after the large pulse (Region1).

7

Beam structure

• Time distribution of pulses 
produced by sand muons  

• Can see the beam structure 
Cleary  

• Our readout system can 
store a whole spill 

Bunch 0 … … Bunch 7
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What a collision event looks like
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• Multiple pulses after a large pulse in layer 2  afterpulses→
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• How to deal with them?
Incorporate them in background prediction 
Use samples not affected by them
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Fig. 2: Time distribution of pulses with heights exceeding 140 mV. (a) shows the full beam

structure consisting of 8 bunches as recorded in the standard data-taking mode. (b) shows

a delayed time window in the run dedicated to afterpulse studies.
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Fig. 3: Waveform of an afterpulse event. Green arrows indicate the detected pulses by the

SUBMET pulse-finding algorithm. A significant baseline fluctuation is observed immediately

after the large pulse (Region1).

7

Afterpulses

• Developed a model to predict 
the rate (or count) of after 
pulses 

• Took data with a larger trigger 
delay such that only the last 
bunch is in the daq window  

•  us to study after pulses ∼ 4

19

 Bunch 7

~4 us



2026 NPN2026 (5/26-28/2026) Jae Hyeok Yoo (Korea University)

Afterpulses

• Constructed a model that predicts the 
afterpulse counts  where  is time 
of an afterpulse and  is the area of the 
primary pulse 

• Counts vs. area: linear ( ) 

• Counts vs. t: exponential ( )  

• Used half of data for estimation of 
parameters and other half for validation 
(total  events)

R(A, t) t
A

∼ p0 + p1A

e−t/τ

50k
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Fig. 4: Distribution of number of afterpulses n vs pulase area A. The black dots represent

the average number of afterpulses in each area bin. The orange solid and green dashed lines

correspond to the linear and the exponential fits, respectively.

generates afterpulses and the time constant of afterpulse rate (ω). Since ω varies by modules,106

it is obtained individually for each of them.107

3.1.1 The dependence of afterpulse counts on the large pulse area108

The number of afterpulses in a single event (n) is measured with varying A for each109

module within a fixed time window of interest (t → [t0 = 720 ns, t1 = 3475.2 ns]). Figure 4110

illustrates a positive correlation between A and n. This distribution is fitted using linear and111

exponential functions of A as follows:112

linear fit: nlin
pred

(A|t0, t1) = plin0 + plin1 A (2)

exponential fit: nexpo
pred

(A|t0, t1) = exp(pexpo
0

+ pexpo
1

A) (3)

where plin0 , plin1 , pexpo
0

, pexpo
1

are fit parameters and nlin
pred

(A|t0, t1), n
expo

pred
(A|t0, t1) are the113

expected number of afterpulses between t0 and t1 for a given A, based on linear and114

exponential fits, respectively.115

3.1.2 Afterpulse Time Structure116

As shown in Figure 5, the number of afterpulses in each time bin (Nbin

data
) decreases117

exponentially during the time of interest as the time di!erence between the large pulse and an118
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Fig. 5: Distribution of !t = tafterpulse → tlarge pulse normalized to unit area.

afterpulse (!t = tafterpulse → tlarge pulse) increases. The time constant (ω) of the afterpulse rate119

for each module is determined by fitting the time di”erence distribution to an exponential120

function. Dependence of ω on A was studied and found to be negligible. Therefore, ω was121

measured independently of A.122

3.1.3 Prediction model123

Based on the dependence of afterpulse rates on the area of the large pulse and the124

structure of afterpulse time, the prediction model is established as follows. Due to the expo-125

nentially decreasing number of afterpulses within the time of interest and the negligible126

correlation between ω and A, dn/dt can be expressed as127

dn

dt
=

1

ω
n0(A) exp(→t/ω), (4)

where128

n0(A) =
nlin
pred

(A|t0, t1)

exp(→t0/ω)→ exp(→t1/ω)
or

nexpo
pred

(A|t0, t1)

exp(→t0/ω)→ exp(→t1/ω)
(5)

is determined by integrating Eq. 4 from t0 to t1 and equating it with Eqs. (2) and (3).129

Then, the predicted number of afterpulses within an arbitrary time window t ↑ [ti, tf ]130

with ti ↓ 720 ns, denoted as npred(A, ti, tf ), is calculated using the measured parameters131

9
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Afterpulses

Afterpulse counts vs 
prediction for one channel

Afterpulse counts vs prediction for all channels (integrated over t)

• Prediction works quite well and can be incorporated 
in the search analysis 
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Fig. 7: Afterpulse (AP) time prediction with the linear (left) and exponential (right) models.

Black circles represent observed counts, and blue dashed bands indicate the ±1ω band of

predictions.

model is selected for further analysis, such as beam-on or beam-o! background prediction.167

In addition, dependence on the height of a large pulse was also tested, but pulse area was168

found to be a more reliable variable for predicting afterpulse rates.169

4 Summary and discussion170

The SUB-Millicharge ExperimenT (SUBMET) at J-PARC o!ers a unique opportunity to171

search for millicharged particles in the region of parameter space previously unexplored. The172

detector consists of long plastic scintillator bars coupled to photomultiplier tubes (PMTs).173

Large PMT pulses are often followed by afterpulses that are nearly indistinguishable from174

single photoelectron (SPE) signals. Consequently, an accurate prediction of the afterpulse175

rate is crucial for reliable background estimation in the experiment.176

We developed a method to predict the afterpulse rate using the area of a large pulse,177

responsible for generating afterpulses, and the timing of these afterpulses. The method178
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Data certification (2024/06 data)
• One problematic channel with 

anomalous signals 

• Gain stability throughout the whole 
data-taking period (~3 weeks) 
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Beam-on background prediction

• Use only the first of the 8 bunches 
to avoid after pulse contributions 

• Event and pulse selection: 
equivalent to that of beam-off 

•  

• Result: 

NPOT = 1.6 × 1019

Npred = 12 ± 3
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Signal simulation

• Signal simulation needed for interpretation 

• Meson/  production by Pythia fed into 
Geant4  

• Pythia production cross-checked with 
Geant4 

• Simulate Interaction with materials (target, 
sand, etc) by Geant4  

• Multiple scattering and ionization (+ 
default Geant4 interactions)

χ

24
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Signal simulation

25

Scattering angle ( )Q = 10−3e Energy loss ( )Q = 10−3e
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Signal simulation

26

2 × 10−5

0.7 × 10−5

Estimate geometrical acceptance due to 
misalignment of the detector by  

(  is very conservative;  in reality)
±0.5∘

0.5∘ < 0.2∘

 deg+0.5

 deg−0.5
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Summary and Plan
• We search for millicharged particles at J-PARC 

• Installed detector in summer 2024 and taking data since then 

• Established good understanding about detector performance: SPE/charge/time calibration  

• Background estimation method validated using beam-off data 

• Simulation studies close to completion 

• Plan 

• Data-taking until mid 2027 (before HK) 

• First search results this year and the results with full data late 2027 or early 2028 

• Expansion of ideas: LANL [PRD 113, 015038 (2026)] and Fermilab/CERN [arxiv:2512.11027]
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https://journals.aps.org/prd/abstract/10.1103/4bdh-sd5n
https://arxiv.org/abs/2512.11027

