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Mo0va0on
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• Arbitrary	charges	are	allowed	in	SM	U(1),	but	only	
quan0zed	charges	have	been	found		

• Mo0vated	Dirac	quan0za0on	and	considera0ons	of	GUTs	=>	magne0c	
monopoles	

• Well-mo0vated	dark-sector	models	have	been	proposed	
to	predict	the	existence	of	millicharged	par0cles	(mCPs)	
while	preserving	the	possibility	for	unifica0on		

• Such	models	can	contain	a	rich	internal	structure,	providing	candidate	
par0cles	for	dark	maYer		

• A	new	U(1)	in	dark	sector	with	massless	dark-photon	(A’)	
and	massive	dark-fermion	(ψ)	

• A’	and	B	kine0cally	mix	=>	charge	of	ψ	is	propor0onal	to	mixing	(κ)	

• Results	of	EDGES	experiment	(Nature	555,	67–70	(2018))	
can	be	explained	if	a	frac0on	of	DM	is	millicharged
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Current	reach
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Current	reach
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mχ > 0.1
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Experiment	at	J-PARC:	SUBMET
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•SUBMET:	SUB-Millicharge	ExperimenT	
• Scin0llator-based	detector	in	pp	fixed	target	experiment	at	J-PARC	

• Inspired	by	milliQan	(LHC)	and	FerMINI	(Fermilab)	experiments	

• Similar	to	FerMINI	experiment:	with	lower	beam	energy	(30	GeV)	and	larger	NPOT	

• Candidate	site	in	the	exis0ng	building	280	m	from	the	target
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J-PARC	complex
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Poten0al	detector	site
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On	the	boYom	floor,	
there’s	space	for	a	
5-6	m	long	detector
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Produc0on	of	mCPs
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• mCP	( )	produc0on	via	meson	decaysχ

π0, η → γγ * → γχχ̄

J/ψ → γ * → χχ̄

NPOT = 1022

• Number	of	mCPs	( )	that	reach	
detector	

• 	where	exclusion	limit	is	

Nχ

O(109)
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Basic	idea	of	mCP	detec0on
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Basic	idea	of	mCP	detec0on
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Beam dump
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hadrons

hadrons	dumped	in	beam	dump
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Basic	idea	of	mCP	detec0on
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muons	pass	beam	dump,	but	loose	energy	in	sand	(5	MeV/cm)	neutrino	monitor	building		
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Basic	idea	of	mCP	detec0on
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Only	mCPs	(and	neutrinos)	reach	the	detector	
(energy	loss	for	mCP	with	Q=0.001e	is	<0.1	MeV	)	



Jae	Hyeok	Yoo	(Korea	University) KPS	DPF	Mee0ng	(12/04/2020)

�

0.7 m1 m

0.
7 

m

Figure 3: Demonstration of the SUBMET detector. There are four layers of scintillator bars
(blue). At one end of each bar a PMT (black) is attached A � will penetrate 4 layers in a narrow
time window.

using a segmented detector with large scintillator bars as the core detector technique. In order

to be sensitive to charges down to 10�3
e, a thick sensitive volume is needed. It is advantageous

to segment the large volume because it reduces backgrounds due to dark currents and shower

particles from cosmogenic muons to a negligible level. It also allows for utilizing the directionality

of the incident �s to further suppress non-pointing particles. The detector, as shown in Figure ??,

is composed of 4 layers of stacked 5⇥ 5⇥ 80 cm3 plastic scintillator bars. They are aligned such

that the produced �s pass through all layers in a narrow time window. In each layer there

are 14 ⇥ 14 scintillator bars, so the area of the detector face is about 0.5 m2. A prototype

of a detector with a similar design has been installed at the LHC, and shown robustness and

sensitivity to �s [?].

At the end of each scintillator bar a photodetector is attached to convert the photons to an

electronic signal. There are several options, but we consider Photomultipliers (PMTs), because

of their large area coverage, low cost, and low dark current. Since the size of a bar is 5⇥ 5 cm2,

5

Detector	concept
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• mCPs	detected	by	ioniza0on	which	depends	on	Q2	

• Need	large	ac0ve	volume	for	small	Q	

• In	the	end,	the	experiment	becomes	detec0ng	SPEs	

• 4	layers	of	long	scin0llator	(BC-408,	5x5x80	cm3)	+	
PMT	arrays	

• 4	layers	to	suppress	backgrounds	

• PMT	to	cover	large	area	(dark	count	rate	~	500	Hz)	

• Well-understood	technology	

• Similar	version	of	detector	tested/operated	by	milliQan	
demonstrator		PRD	102,	032002	(2020)	

• Signal	acceptance	is	 	

• Require	4-layer	coincidence	( 	ns)

O(10−4)

Δt ∼ 20
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 new detector fo
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e LHC
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 dark 

sector is
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 photon in th
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Model, r
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e detector 

system and study th
e backgrounds in 
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 building and operatin
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s data analyses.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032002


Jae	Hyeok	Yoo	(Korea	University) KPS	DPF	Mee0ng	(12/04/2020)

Backgrounds
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• Beam-induced	backgrounds	

• Muons	from	hadron	decays	do	not	reach	detector	due	to	energy	loss	

• Neutrino	interac0ons:	 /layer	for	 	gives	 	

• Muons	from	interac0on	of	neutrinos	and	the	material	of	the	building	can	be	iden0fied/rejected	by	installing	
scin0llator	plates	between	the	wall	and	the	detector		

• Detector	backgrounds		

• Random	coincidence	expected	to	be	negligible	(thanks	to	using	4	layers)	

• Other	sources	

• Cosmic	shower	(needs	in	situ	measurement)	

• Non-beam-induced	backgrounds	can	be	es0mated	using	no-beam	data	

• Assume	 	for	sensi0vity	study

O(107) NPOT = 1022 Nbkg ∼ 0

Nbkg ∼ O(1)



Jae	Hyeok	Yoo	(Korea	University) KPS	DPF	Mee0ng	(12/04/2020)

Sensi0vity	of	SUBMET
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Jae	Hyeok	Yoo	(Korea	University) KPS	DPF	Mee0ng	(12/04/2020)

Alterna0ve	detector	configura0ons	I	

16

• Explored	alterna0ve	detector	configura0ons	 	

• Es0mated	exclusion	limit	for	10	MeV	mCP	by	changing	3	
parameters	

• :	detector	volume,	dura0on	of	data-taking	

• 	(number	of	photoelectrons):	different	scin0lla0ng	material,	length	of	
each	scin0llator,	different	photodetectors	

• 	(number	of	backgrounds):	different	photodetector,	unexpected	radia0on	

• Main	driver	is	 	

• 	 	and	 	have	small	impact	=>	dura0on	of	data-taking,	detector	size,	and	
backgrounds	do	not	maYer	much	

• Even	 	does	not	make	a	huge	difference,	though	

• Overall,	performance	similar	despite	large	varia0ons	

• Due	to	steep	decrease	of	probability	to	detect	mCPs	( )		

Nχ

Nχ

NPE

b

NPE

Nχ b

NPE

1 − e−NPE

Nχ NPE b Exclusion	limit	on	ε		
for	Nχ	=	10	MeV

x1 x1 x1 2.6	x	10-4

x2 x1 x1 2.4	x	10-4

x1/50 x1 x1 3.9	x	10-4

x1 x1 x100 3.0	x	10-4

x1 x2 x1 1.9	x	10-4

x1 x3 x1 1.7	x	10-4

nominal		
design
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Alterna0ve	detector	configura0ons	II
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• Use	SiPM	instead	of	PMT:	two	challenges	-	area	coverage	and	DC	

• Area	coverage	

• SiPMs	are	small…		

• Use	light	guide	+	1	cm2	SiPM	coverage	

• Dark	count	

• Order	of	MHz/cm2	at	room	temperature	

• Electric	cooling	to	-20	deg	+	correla0on	with	beam	0ming	(dura0on	of	one	packet	=	a	few	μs):	can	reduce	random	coincidence	to	<1	per	year	

• Increase	the	number	of	layers,	but	s0ll	require	4	layer	coincidence	

• Help	by	combinatorics,	e.g.,	with	8	layers,	 	becomes	 	

• Random	coincidence	s0ll	under	control:	a	few	in	3	years	

• Using	higher	light	yield	scin0llator,	e.g.	BGO,	with	20	cm	length	and	8	layers,	exclusion	limit	on	ε	for	Nχ	=	10	
MeV	can	extend	down	to	~10-4	(nominal	2.6	x	10-4)

Nχ × O(100)
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Sensi0vity	of	SUBMET
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Current	status	and	plan
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• Prepared	LOI	and	submiYed	to	J-PARC	
(arXiv:2007.06329)	

• Domes0c	(Korea	Univ)	and	interna0onal	
collaborators	(CERN,	UCSB,	OSU,	NYU,	LU)	

• Exper0se	from	milliQan	collabora0on	

• Next	steps	

• Build/test	prototype	in	Korea	and	at	J-PARC	

• Get	funding!	

• Beam	expected	in	2022	azer	upgrade

Letter of Intent: Search for sub-millicharged particles at J-PARC
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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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J-PARC Neutrino Beamline and 1.3 MW Upgrade Yuichi Oyama

1.3MW

T2K-II target POT

Figure 2: The target MR beam power and accumulated POT as a function of Japanese Fiscal Year (JFY).
The solid lines are the target MR beam power (red) and accumulated POT (blue) where six months of the
MR operation with the fast-extraction mode each year and the running time efficiency of 90% are assumed.
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Summary
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• Designing	an	experiment	to	search	for	millicharged	par7cles	using	30	GeV	proton	beam	at	J-PARC	

• Unique	opportunity	to	probe	low	mass	( 	GeV)	millicharged	par7cles		

• Sensi0ve	to	mCPs	with	 	in	 	GeV	and	 	in	 		GeV	with	3	years	of	data	

• Other	proposals	at	FNAL	(FerMINI)	and	LHC	(milliQan,	FORMOSA)	

• These	proposals	are	not	fully	funded	yet	and/or	targe0ng	HL-LHC	(>=2027)	

• Low-hanging	fruit	we	(Korea)	should	pick	

• Well-established	technology	

• Can	reach	the	best	limit	in	low	mass	region	within	a	few	months	of	data-taking

mχ < 1.6

Q/e = 3 × 10−4 mχ < 0.2 Q/e = 1.5 × 10−3 mχ < 1.6
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Backup
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Geometrical	acceptance
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beam	axis
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Produc0on	=>	detec0on
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Figure 1: Expected number of �s that reach a 0.5 m2 detector located at 280 m from the target.
NPOT = 1022 is assumed.

2 Production of millicharged particles at J-PARC

We consider �s with charge Q produced from ⇡
0
, ⌘ and J/ neutral meson decays. The ⌥

production is irrelevant because the center-of-mass energy
p
s 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 (⇡0, ⌘ ! ���̄), while J/ mostly decay to �s directly (J/ ! ��̄). In both

cases, m� up tomm/2 is kinematically allowed. The number of produced �s N� can be calculated

by the equation in [8],

N� / cm✏
2NPOT ⇥ 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 that goes to 0 as m� approaches

mm/2. Figure 1 shows the expected number of �s that reach the detector with face area of

0.5 m2, located 280 m from the target. Assuming NPOT = 1022 that corresponds to running the

3

Produc0on Detec0on

P = (1 − e−NPE)4

Detec0on	efficiency	
4	=	number	of	layers
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Other	proposals
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FIG. 2. Left: Parameter space for MCPs shown in the plane of the fractional charge ✏ versus MCP mass m�. The sensitivity
reach of FORMOSA-I shown as a solid magenta curve corresponds to placing the minimal detector (16 bars per layer) 2 m o↵-axis
at the LHC UJ12 hall, assuming 3000 fb�1 of integrated luminosity. The solid (dashed) red line shows the expected sensitivity
of FORMOSA-II on-axis (2 m o↵-axis) at FPF (expanded UJ12 hall), assuming the same luminosity. Exclusions from other
previous studies are shown in gray and projections for milliQan HL-LHC [23] (dashed cyan), FerMINI at LBNF/DUNE [26]
(dashed blue) and SUBMET at J-PARC (dashed purple) [27] are shown for comparison (see the text for further details). Right:
The sensitivity reaches of FORMOSA-II in the millicharged SIDM window is shown in terms of the reference cross-section �̄e,ref

defined in the text. In addition to accelerator constraints we show constraints from direct-detection experiments (assuming
0.4 % DM abundance for the direct-detection experiments) [54].

background can be reduced to a negligible level with the
requirement of quadruple coincidence. We also assume
the beam-produced muon background can be reduced to
a negligible level if one install suitable PMTs and apply
appropriate cuts to eliminate the afterpulse backgrounds.
These sensitivity projections can be easily adjusted with
more realistic background determinations. The line cor-
responds to FORMOSA-I placed 2 m o↵-axis is colored
magenta. FORMOSA-II on-axis (2 m o↵-axis) is plotted
red (orange and dashed).

We plot the existing constraints as gray-shaded re-
gions. These include bounds from SLAC [16], LEP [17,
86], CMS [87, 88], LSND and MiniBooNE [25], Ar-
goNeuT at Fermilab [89], proto-milliQan at LHC [52],
and cosmic-ray produced MCP constraint from Super-
K [55]. For comparison, we also show the sensitivity
projections from the full milliQan experiment at 14 TeV
LCH with 3 ab�1 integrated luminsoity [23], the proposed
FerMINI experiment at LBNF/DUNE with a beam en-
ergy of 120 GeV and 1021 POT [26], and the proposed
SUBMET experiment assuming 1022 POT at the 30 GeV
proton beam at J-PARC [27].

Base on our analysis, one can see that FORMOSA-I,
a low-cost minimal detector to be placed in UJ12, would
provide a better sensitivity reach in comparison to the
full MilliQan run. As discussed above, this is due to an
enhanced flux of MCP in the forward region, in compari-
son to that of the transverse region. Up to O(106) signal
events at m� = 1 GeV near the proto-milliQan bound
are possible.

Also note that, although we derive our sensitivity pro-
jections based on the luminosity of HL-LHC, it could be
possible to employ a similar setup already during Run
3 of the LHC. In particular, one could install the proto-

milliQan detector in the TI12 cavern and perform a test
run for FORMOSA to better understand the detector
environment and experimental challenges.

We further show that FORMOSA-II provides leading
sensitivity projections in a large window of MCP mass
from 100 MeV to 100 GeV, exceeding the reaches of other
similar proposals. We also see that, even if the detector
is placed a few meters o↵ the beam axis, the sensitivity
would not be strongly a↵ected. This allows to directly
place FORMOSA inside the existing cavern UJ12.

The features of the sensitivity projections of FOR-
MOSA can be easily understood. In the high mass re-
gion, the detection probability is (1 � e�NPE)4 ⇠ 1, and
the number of produced MCPs controls the signal event
rate. In contrast, in the low mass region and for ✏ . 10�3,
we expect a small number of PEs, leading to a sharp drop
in the number of signal events as we reach the detection
limit of the scintillator [26, 27].

Millicharged Strongly-Interacting DM - MCP in
our parameter of interest can account for a fraction of the
dark matter (DM) abundance, and cannot be detected by
the direct-detection experiments when the cross-section
is larger than certain critical values (derived in [54]). The
ambient DM with a substantial cross-section with Stan-
dard Model (SM) particles can lose most of its kinetic
energy through the interactions with SM particles. For
some model parameters, the DM particles lose most of
their energy and hence cannot be detected by ground-
based direct detection experiments after interacting with
the atmospheric particles and the crust. These DM par-
ticles are generally referred to as strongly interacting DM
(SIDM) [90–92]. In [54, 55], an unconstrained region of
parameter space is identified, which can be referred to as

• MilliQan	

• full	HL-LHC	data	

• FerMINI		

• LSNF/DUNE	

• FORMOSA		

• full	HL-LHC	data	
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Poten0al	experiment	site

• Thanks	to	the	photos,	we	
could	find	a	poten0al	site	
for	the	experiment	

• On	B2	where	NINJA	working	hut	is	
set	(red	box)	

• It	is	about	5-6	m	from	the	
beam	axis	

• sensi0vity	would	not	be	affected	
much	

• We	will	need	to	make	sure	
that	the	experiment	does	
not	interfere	with	the	on-
going	NINJA	project

Drain pit  NM B2

Drain pumps

Removable stage for 
loading on SSV-INGRID

NINJA Working hut

loading on SSV-INGRID

ND280 
BabyMIND/
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