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We propose a low-cost and movable setup to probe minicharged particles using high-intensity proton
fixed-target facilities. This proposal, FerMINI, consists of a scintillator-based detector, requiring multi-
coincident scintillation signatures within a small time window, located downstream of the proton target of a
neutrino experiment. During the collisions of a large number of protons on the target, intense minicharged
particle beams may be produced via meson photo-decays and Drell-Yan production. We take advantage of
the high statistics, shielding, and potential neutrino-detector-related background reduction to search for
minicharged particles in two potential sites: the MINOS near detector hall and the proposed DUNE near
detector hall, both at Fermilab. We also explore several alternative designs, including modifications to
increase signal yield, and combining this detector technology with existing and planned neutrino detectors
to better search for minicharged particles. FerMINI can achieve unprecedented sensitivity for minicharged
particles in the MeV to few GeV regime with fractional charge ε ¼ Qχ=e as low as 10−4.
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I. INTRODUCTION

The quantization of electric charge has been one of the
longest-standingmysteries in particle physics. The Standard
Model (SM) Uð1Þ hypercharge group in principle allows
arbitrarily small charges, yet experiments so far suggest that
electric charge has a fundamental unit. This has inspired
the concept of Dirac quantization [1] and motivated several
considerations of grand unification theories [2,3]. The
discovery of particles with electric charge less than the
smallest quark charges, namely minicharged particles
(MCP), would be a major paradigm shift. MCP have been
studied and searched for on various fronts [4–16].
Given that MCP interact feebly with the SM particles

through their small electric charge, they are also a potential
solution to another well-established mystery of particle
physics: dark matter. MCP may be a member of a dark
sector [17] that couples to the Standard Model via a
massless dark photon through kinetic mixing [18], and
these or other dark sector particles may constitute the relic
abundance of dark matter. Theories and signatures of dark

sectors have been heavily explored, especially in the
context of neutrino and proton fixed-target experiments
[19–33]. Recently, MCP as dark matter has been proposed
to explain the anomalous 21-cm hydrogen absorption
signal reported by the Experiment to Detect the Global
Epoch of Reionization Signature (EDGES) collaboration
[34–36]. However, orthogonal constraints have been
explored, and it has been demonstrated that the favored
MCP candidates to explain the EDGES result cannot
comprise the entirety of the observed relic dark matter
abundance [37–39]. The favored range of masses of these
MCP is below roughly a hundred MeV, which is a region
that could be explored in proton fixed-target experiments.
Probes of MCP and other weakly-interacting MeV-GeV

particles have been under intense study, due in large part to
the fact that many dark matter and dark sector hypotheses
fall into these categories. Additionally, experimental tech-
niques to probe this region have matured significantly [17].
The most sensitive laboratory-based probes of MCP are
threefold:

(i) Collider Probes
(ii) Electron Fixed-Target Experiments
(iii) Proton Fixed-Target and Neutrino Experiments

Both the Tevatron and Large Hadron Collider (LHC)
have provided constraints on MCP for the first category
[6,11]. Additionally, a dedicated experiment was specifi-
cally proposed to occupy the CMS P5 site to search for
MCP [13,14]. Electron fixed-target experiments have been
historically the most sensitive searches for MCP below
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100 MeV. The dedicated SLAC MCP experiment [5,7] still
provides leading sensitivity for MCP in this range. Several
proposed electron-fixed target experiments (e.g., LDMX
[40] and NA64 [41]) can further improve the sensitivity of
MCP, but the mass reach would be limited by the beam
energy. Finally, using neutrino experiments and protons-
on-fixed-targets to study MCP has been long proposed
[8–10], but a dedicated analysis considering all the current
and proposed near-future experiments has only been done
recently [16], followed by the study based on reactor
neutrino experiments for lower mass MCP [42].
We propose a Fermilab-based experiment to probe

minicharged particles, FerMINI, that combines the tech-
niques of dedicated searches at SLAC [5,7] and the LHC
[13] with the advantages of neutrino facility sites [16]. We
utilize the intense proton beams, for example, the existing
Neutrinos at the Main Injector (NuMI) beamline and the
future Long-Baseline Neutrino Facility (LBNF) beamlines,
and place three groups of scintillator arrays downstream of
the intense beam, shielded from strong electromagnetic
radiation. The signature for MCP is the detection of one or
a few photons produced when the particle traverses the
scintillator, causing small ionizations and producing pho-
tons that generate photoelectrons (PE) in the photomulti-
plier tubes (PMT). We require such a detection in
contiguous scintillator sets in each of the three detector
groups in order to greatly reduce background. The two sites
we explore are the existing Main Injector Neutrino
Oscillation Search (MINOS) near detector hall and the
proposed Deep Underground Neutrino Experiment
(DUNE) near detector hall.
The nominal FerMINI setup substantially benefits from

the large fluxes of MCP from the intense proton collisions.
We will also discuss new ideas to combine the MCP
detector with the neutrino detectors. FerMINI serves as an
example to demonstrate that the proton-fixed target facili-
ties could be natural habitats for the dedicated low-cost
detectors to search for weakly interacting and long-lived
particles.
We limit our attention to the assumption that the MCP

are simply fermions with small Uð1ÞY hypercharges with
masses between MeV-GeV—constraints do not rely on the
existence of dark photons nor assumptions of MCP
abundance and velocity distributions in the local galaxy,
but the bounds we derive serve as conservative constraints
to the MCP-related dark matter and dark sector scenarios.
Interestingly, finding MCP without an accompanying
massless dark photon would have implications on not only
GUT theories [2,3] but also string compactifications and
quantum gravity [43]. The subtleties between different
MCP scenarios are further explored in Refs. [44,45]. One
can also use this setup to search for dark sector particles that
couple to the SM through a light mediator, as demonstrated
in Refs. [46,47]. Outside of probing MCPs and light dark
matter scenarios, one can also utilize this proposal to probe

the electric dipole moment of a heavy neutrino, as was
proposed utilizing the milliQan facility [48].
Assuming MCP to be an appreciable fraction of the dark

matter relic abundance, the parameter space FerMINI can
probe falls into the regime of “strongly interacting dark
matter” (see e.g. [49,50]). In this regime of the mass and
cross section, the local dark matter flux would be strongly
attenuated through the scattering with electrons and nuclei
in the Earth’s crust, atmosphere, and overburden, before
reaching an underground dark matter direct-detection
detector. As illustrated in [50], the dark matter in this
parameter regime thus cannot be probed by any under-
ground direct-detection experiments. Accelerator-based
experiments like FerMINI that directly produce dark matter
particles with high energy that can survive the attenuation
through the propagation are thus needed to explore this
parameter regime.

II. MINICHARGED PARTICLE PRODUCTION

We consider MCP χ with electric charge Qχ and define
ε≡Qχ=e. In proton fixed-target experiments, minicharged
particles are produced via neutral meson decays and Drell-
Yan processes:
Meson decays:We consider the following meson decays

to the MCP χ:
(i) π0 → γχχ̄ (mπ0 ¼ 135 MeV)
(ii) η → γχχ̄ (mη ¼ 548 MeV)
(iii) J=ψ → χχ̄ (mJ=ψ ¼ 3.1 GeV)
(iv) ϒ → χχ̄ (mϒ ¼ 9.4 GeV)

When produced in proton-proton collisions, each mesonm
may decay into MCP with masses up to mm=2.
For m ¼ π0; η, the decay proceeds similar to that of

m → γeþe−. We may write the total number of χ produced
via these decays as [51,52]

Nχ ≃ 2cmBrðm → γγÞε2αEMNPOT × Ið3Þ
�
M2

χ

m2
m

�
: ð1Þ

Here, cm is the number of meson m produced per proton-
on-target (POT, total number NPOT) in the target hall, and
Ið3ÞðxÞ characterizes the three-body decay1 m → γχχ̄,

Ið3ÞðxÞ ¼ 2

3π

Z
1

4x
dz

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4x
z

r ð1 − zÞ3ð2xþ zÞ
z2

: ð2Þ

We find, using PYTHIA8 [53], cπ0 ≃ 4.5 and cη ≃ 0.5 for
120 GeV protons on target.
The J=ψ andϒ mesons may decay directly viam → χχ̄,

and

Nχ ≃ 2cmBrðm → eþe−Þε2NPOT × Ið2Þ
�
M2

χ

m2
m
;
m2

e

m2
m

�
; ð3Þ

1With ε ¼ 1, the product Brðπ0 → γγÞIð3Þðm2
e=m2

π0
Þ reprodu-

ces the observed branching fraction of π0 → γeþe−.
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where

Ið2Þðx; yÞ ¼ ð1þ 2xÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p

ð1þ 2yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4y

p : ð4Þ

The amount of J=ψ or ϒ produced per POT is far
smaller than that of π0 and η, though their production is
important for larger mχ. We find that cJ=ψ ≃ 4.4 × 10−5

and2 cϒ ≃ 2.5 × 10−9.
Drell-Yan production: We also take into account qq̄ →

χχ̄ using Martin-Stirling-Thorne-Watt (MSTW) parton
distribution functions [54]. For the 120 GeV protons on
target for the NuMI and DUNE beams, this process is
subdominant to meson-production, except for when mχ >
mϒ=2 (see gray curve in Fig. 1). The Drell-Yan production
curve is cut for mχ≲1 GeV since the MSTW parton
distribution functions [54] are no longer appropriate below
this energy.
While most of the χ particles produced via meson decay

and Drell-Yan production are forward-going, not all pass
through the 1 m2 cross-section of the detector at a distance
of ∼500–1000 m away. We take this into account during
our simulation and find that Oð10−4Þ of χ produced reach
the detector.

III. NOMINAL FERMINI SETUP AND
SIGNATURE

We propose to place a scintillator-based detector down-
stream of a proton beam to detect the MCP flux from the
collisions of protons on a fixed target. In order to
accumulate a large flux of MCP, the MCP detector will

be downstream of a beam of a neutrino facility, specifically
the existing NuMI or the upcoming LBNF beamline at
Fermilab. We provide some detail of the two options here:
the MINOS near detector hall is 1040 m downstream of the
NuMI target hall, shielded by the absorber (840 m down-
stream) and 200 m of rocks [55]. The LBNF/DUNE3 setup
is largely similar: a distance of 574 m from target to
detector, with similar shielding [53,56].
The nominal detector design of FerMINI directly follows

Refs. [13,14], consisting of three stacks of scintillator
arrays coupled to PMTs for readout. The physical obser-
vation for an MCP interacting with the detector is a very
small amount of ionization and scintillation light. Based on
Refs. [13,14,57], a particle with charge Qχ ¼ e traveling
through a ρscint: ¼ 1 g=cm3 density scintillator deposits
2 MeV per cm of travel. With a length of 1 m, this results in
roughly 200 MeV of energy deposited. Such scintillators
have a yield of about 104 photons per MeV, corresponding
to Oð106Þ photons produced. The amount of energy
deposited, and therefore the number of photons produced
in the scintillator, scales with ε2, so we can expect
sensitivity to reach ε ∼ 10−3 if single-photon readout is
achievable. Each scintillator stack will consist of 400
5 cm × 5 cm × 80 cm scintillator bars coupled to PMTs.
Each bar will be oriented in the direction of the neutrino
beam. A triple coincidence in all three adjacent scintillator
bar-PMT sets in a small time window (nominally 15
nanoseconds) is required as an experimental signature to
reduce the background.
We consider a runtime corresponding to one year of

live-trigger time, corresponding to either 6 × 1020 POT for
the NuMI beam [55] or 1021 POT for the DUNE beam
[58]. This live-trigger time is not the same as the actual
runtime, which would be slightly longer, however one

FIG. 1. Left (right) panel: expected number of MCP to reach a 1 m × 1 m detector in the MINOS (DUNE) near detector hall, a
distance of 1040 m (574 m) from a 120 GeV proton beam hitting a target. We assume 1 year of data collection, or 6 × 1020 (1021) protons
on target. See text for detail.

2Since cϒ is too small to generate ϒ particles via Monte Carlo,
we assume the flux of χ from this decay is similar to that from
J=ψ decay, extending the maximum allowed mχ up to mϒ=2
(instead of mJ=ψ=2), scaled by the fraction cϒ=cJ=ψ . This scaling
fraction is determined in Ref. [16] and the reference therein.

3We assume that the LBNF beamline consists of 120 GeV
protons on target.
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year should be easily obtained, given the small dead/
live ratio estimated by milliQan [14] and the fact that
NuMI will run for roughly five more years and LBNF
is expected to run for more than ten years. This time
also corresponds to the milliQan proposal using the
High-Luminosity LHC (HL-LHC), allowing for direct
comparison of sensitivity.
The advantage of having three separate scintillator array

stacks is that, by requiring the observation of a signal in
each stack in a narrow time window, we can drastically
reduce the number of most background events [13,14].
If we define N̄PE as the average number of photoelectrons
collected by the PMT due to a single minicharged particle χ
passing through one stack of scintillators, then the prob-
ability of observing a single particle generating a signal in
each stack, using a Poisson distribution, is

P ¼ ð1 − e−N̄PEÞ3: ð5Þ

We can roughly estimate N̄PE as follows: N̄PE ∼
ρscint:Lscint:h− dE

dxi × y × Edet :, where ρscint: and Lscint: are
the scintillator density and the single-scintillator-bar length,
respectively, h− dE

dxi is the mean rate of energy deposition
(or energy loss) by a charged particle in the material, y is
the photon yield (number of photons per keV of energy
deposited) of the scintillator, and Edet : is the detection
efficiency (the fraction of produced photons that generate
PEs in the PMT) [59]. The mean energy deposition rate
h− dE

dxi is proportional to ε2. Strictly speaking, N̄PE is not
exactly linearly proportional to Lscint: and h− dE

dxi. First, one
needs to take into account the scintillator’s attenuation
length (roughly 2 m for the plastic scintillator) and Edet :
decreases as the scintillator length extends. Second, the
dependence of N̄PE on h− dE

dxi should also be modified
according to Birks’ law [60].
We assume the scintillator is a Saint-Gobain BC-408

plastic scintillator and the PMTs are Hamamatsu R329-02
PMTs, as in Ref. [14] in performing calculations of these
quantities, but specific scintillator and PMT choices can be
later optimized for actual installation.We define ξ by N̄PE ¼
ðε=ξÞ2 and find ξ ∼ 2 × 10−3 for themχ range of interest, in
agreement with Ref. [14]. In our sensitivity estimates, we
allow N̄PE to vary depending on the mass/energy of χ.
Given the much larger flux of MCP produced in a proton

fixed-target facility compared to that by the LHC for MCP
below ∼10 GeV [16], one can potentially probe MCP with
fractional charges one-order below ε ∼ 10−3. This advan-
tage, in turn, brings up two complications: first, one should
consider the most probable energy loss instead of the
average energy loss in this case [59]. Second, one would be
sensitive to small enough values of ε that the expected
number of photons produced per MCP passing through the
detector is less than one, pushing the limit of the scintillator
itself.

IV. BACKGROUND AND SENSITIVITY

We will separate the discussions of the background into
two categories: detector background and beam-related
background.
First, we explore detector backgrounds. The back-

ground-reduction strategies developed in [13,14] can be
applied to the FerMINI detector and readout. Three major
backgrounds: dark currents in the PMT, cosmic rays, and
PMTafter-pulses, and the reduction strategies are listed and
discussed below.

(i) Requiring triple coincidence within 15 ns as a
detection signature reduces all background sources
except charged SM particles traversing the detector.

(ii) Offline vetoes of large-PE events allow for vetoing
cosmic ray muons, etc.

(iii) Offsetting the middle detector array vetoes skim-
ming tracks, which only deposit small numbers
of PE.

(iv) A deadtime veto of after-pulses, by vetoing any
small-PE depositions within ∼10−5 s of a large-PE
deposition, can reduce backgrounds induced by SM
particles.

After these background reductions, the largest remaining
background would be the triple coincidence dark current
counts in the PMT. As in Ref. [14], we assume a
(conservative) dark current rate of 500 Hz. With a triple-
coincidence window of 15 ns, this corresponds to roughly
300 background events per year.
Here we discuss backgrounds that are related to the

intense proton beams: SM charged particles that reach, or
are being produced in, the detector, and neutral particles
(neutrinos and neutrons). Charged particles can be pro-
duced directly in the beam, through secondary production
in the rock, or via particles scattering in the detector,
potentially generating triple-coincidence events. The SM
charged-particle flux in the beam would be shielded by the
layers of rocks and monitored by the muon monitors before
reaching the detector. Particles that arrive at or are produced
in the detector would then be vetoed the techniques as
discussed above. Production from hard neutrino and
neutron scattering would also be vetoed as large-PE events,
but soft collisions (e.g., neutrino neutral-current scattering)
could mimic the low-PE ionization signature. We expect
Oð104Þ of such scatters in one year [58,61], which
corresponds to Oð10−18Þ triple-coincidence background
events for our MCP search. Overall, we assume the
beam-related backgrounds will be of the same order as
the detector backgrounds (300 events per year).
Additionally, neutrons produced by cosmic-ray muons or

neutrinos from the beam could reproduce the soft scattering
signal of MCP. We expect that the background rate due to
cosmic rays will be small because of the depth of the
detectors, and that the beam-related neutron backgrounds
may be suppressed by using information of the timing of
the neutrino beam. Additionally, requiring triple incidence
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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.
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Another advantage of FerMINI is that the NuMI beam
is currently under operation. The LHC is under a long
shutdown and milliQan has to wait for the LHC upgrades
to complete in roughly two years to resume operation.
The NuMI beam will be shut down in roughly five years,
so it is important to initiate the FerMINI construction as
soon as possible to take full advantage of the NuMI beam
operation.
In addition, the great mobility of FerMINI makes it well

suited for current and upcoming Fermilab neutrino experi-
ments, where the detector can be used in the NuMI beam
until its shutdown in roughly five years, then moved to the
DUNE near detector hall. We regard the implementations of
this proposal as a great opportunity for synergy between the
collider, neutrino, and dark matter communities at Fermilab.
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APPENDIX: FIGURE ILLUSTRATION OF THE FERMINI EXPERIMENT

In this section, we include a figure that illustrates the design of the FerMINI experiment. As shown in Fig. 3, one can see
MCP χ can be produced in the target through proton collisions, going through the existing experimental structure, and reach
the FerMINI detector located downstream. The components of the figures are not to scale but serve as an illustration of the
relative locations of the parts. We use part of the figures from [14] and [65] to make Fig. 3.
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