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MCP: production & detection @ neutrino detector
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� production: 
meson decays

� detection: 
scattering electron 

Target

� Heavy measons are important 
for higher mass mCP’s in high 
enough beam energy

BR(π0→2γ) = 0.99

BR(π0→γ ି ା) = 0.01

BR(π0→ ି ା) = ି

BR(J/ψ→ ି ା) = 0.06
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FIG. 2. Number of millicharged particles produced through various sources with 10
20

POT and fall within ArgoNeuT’s

geometrical acceptance for ✏ = 10
�2

. The mCP production from scalar mesons ⇡, ⌘, ⌘0 are shown in solid lines from top-down.

The mCP production from vector mesons ⇢, !, �, J/ are shown in dashed lines from top-down, and the Drell-Yan production

are shown in dot-dashed line. The production rate scales as ✏2. RH: remove the /yr from y-axis label.

However, the phase-space suppression at threshold is stronger such that this increase in acceptance is not visible in
Figure 2.

In order to assess the e↵ect of soft scatterings on the trajectory of the mCP it will be useful to study their typical
energies. In figure 3 we show the energy distribution of mCPs that are accepted by ArgoNeuT and are produced by
pions, !’s and DY. In each case we choose mCP masses in a range that the corresponding production source accounts
for a high fraction of the overall production. For lower masses of the mCPs for a given mode, represented by the
blue curves, the energy distributions are very similar to each other as the mass is a tiny correction to the kinematics.
This shows that in the region of interest the mCPs that go through on-axis near detectors will be highly relativistic,
often possessing over 10 GeV of energy. We can thus conclude that a high flux of relativistc mCPs are produced in
neutrino beams motivating a search for them in near detectors.

A. Matter E↵ects

Before discussing the detection of mCPs in LAr detectors we briefly discuss the e↵ect of the roughly 500 meters
of matter which they traverse between the target and the detector. Matter can a↵ect mCPs in two ways - causing
energy loss and changing its direction [? ]. Energy loss is dominated by the interaction of mCPs with electrons.
Over a kilometer many such soft interactions occur and can be resummed to the well known formula for dE/dX, or
Bethe-Block3. It is well known that energy loss is dominated by by the rare hard collisions. The energy lost by a
typical mCP in a km of dirt can thus be estimated by solving for the recoil energy at which the mean free path to
a kilometer. The dE/dX for a relativistic particle of charge 10�2

e is of order 10�4MeV ⇥ cm2
/g. For 500 meters of

dirt with average density of 5 g/cm3, the typical energy loss is around 25 MeV, far below the typical energy of 10s of
GeV of the accepted mCPs as shown in Fig. 3. We thus conclude that matter causes an unobservable change in the
energy spectrum in the region of interest.

The second e↵ect, that of directional change, is dominated by scattering o↵ of nuclei [? ]. This too is a small e↵ect,
but requires attention since we will make use of the fact that mCPs arrive to the detector from the direction of the
target. Since the estimate of the deflection angle requires some of the formulae in the next section, we will defer the
details to an Appendix. The result, however, is that a typical mCP is deflected by traversing a length Ldirt of dirt by

3 Bethe-Block is the average energy loss per unit radiation length in an asymptotically long path through matter. For our case, in which
we are interested in a finite path of order a kilometer, the “typical energy loss” is a more appropriate quantity. This amounts to a
decrease in the estimated loss by up to an order of magnitude [? ].
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FIG. 3. The energy distribution of millicharged particles that are accepted by ArgoNeuT from various sources and for di↵erent

masses. In each plot mCP masses are chosen so that the respective production mode is dominant.
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Having established that mCP retain their energy spectrum and direction in going through matter, we are now ready
to consider their interactions in a LAr detector.

III. MILLICHARGE INTERACTIONS IN LIQUID ARGON

We have seen that millions to billions of mCPs may pass through neutrino near detectors during their exposure.
In this section we will consider strategies to detect them using electron recoils, including single and double hit events
near the detector threshold of order an MeV. We begin with calculations of the scattering rate and mean free path of
mCPs in LAr.

A. Cross section and mean free path

Given that millicharged particles have a low cross section and large mean free path, a scattering treatment for the
detection and interaction with material would be in general appropriate. The cross section is largest for scattering o↵
of electrons which will be discussed here. Though we will be interested in low recoil energies, of order an MeV, the
momentum exchange is su�ciently large compared to atomic scales and we will approximate the electrons to be free.

The di↵erential cross section for a millicharged particle to scatter o↵ an electron is

d�

dEr
= ⇡↵

2
✏
2 2E2

�me + E
2
rme � Er

�
m

2
� + me(2E� + me)

�
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Appendix A: Supporting material

ZL: Does the focusing horn has any deflection e↵ect on the mCP flux?
ZL: Comment on the spectural information available as well.

Appendix B: Scattering angle calculation

In section II A we estimated the angular deflection of mCPs traveling through matter. It is well known that, as
opposed to energy loss, the angular deflection of charged particles moving through matter is dominated by multiple
soft scatterings o↵ of nuclei []. Since there is no correlation between one scattering and the next, the total deflection
can be described as a random walk. The di↵erential scattering cross section of a mCP o↵ a nucleus is similar to
Equation (4), but with the nucleus mass mA replacing the electron mass and with an additional factor of Z

2 to
account for the large nuclear charge. The IR divergence of this formula is cut o↵ by the atomic form factor, which
we will approximate here as a sharp cuto↵. However we will see that the results are insensitive to the value of the IR
cuto↵. With every scattering in which the nucleus recoils by Er the angle of the mCP is deflected by

✓�(Er) ⇠
p

2mNEr

E�
(B1)

The average angular deflection in a nuclear scattering is

h✓�i =
1

�(Emin)

Z Emax

Emin

@�nuc

@Er
✓�(Er)dEr (B2)

In traversing a length L of material, the number of such collisions is simply the L/� where � is the mean free path
of Equation, with the appropriate replacements of me ! mN and the additional coherent factor of Z2 instead of the
incoherent Z. The total deflection due to Ncol collisions is

�✓� ⇠ h✓�i
p

Ncol (B3)

Evaluating this expression numerically for a range of nuclei gives Equation (3). It is interesting to note that this

estimate is insensitive to the IR cuto↵ since the square root of the number of collisions scales as E
�1/2
min while the

average deflection scales as E
1/2
min. The total deflection is also quite insensitive to the nuclear species.
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MeV-scale energy depositions by low-energy photons produced in neutrino-argon interactions have been
identified and reconstructed in ArgoNeuT liquid argon time projection chamber (LArTPC) data. ArgoNeuT
data collected on the NuMI beam at Fermilab were analyzed to select isolated low-energy depositions in the
TPC volume. The total number, reconstructed energies and positions of these depositions have been compared
to those from simulations of neutrino-argon interactions using the FLUKA Monte Carlo generator. Measured
features are consistent with energy depositions from photons produced by de-excitation of the neutrino’s target
nucleus and by inelastic scattering of primary neutrons produced by neutrino-argon interactions. This study rep-
resents a successful reconstruction of physics at the MeV-scale in a LArTPC, a capability of crucial importance
for detection and reconstruction of supernova and solar neutrino interactions in future large LArTPCs.

I. INTRODUCTION

The Liquid Argon Time Projection Chamber
(LArTPC) is a powerful detection technology for
neutrino experiments, as it allows for millimeter spatial
resolution, provides excellent calorimetric information
for particle identification, and can be scaled to large,
fully active, detector volumes. LArTPCs have been used
to measure neutrino-argon interaction cross sections
and final-state particle production rates in the case
of ArgoNeuT [1–7] and MicroBooNE [8], neutrino
oscillations in the case of ICARUS [9], and charged
particle interaction mechanisms on argon in the case of
LArIAT [10].

LArTPCs are being employed to make important mea-
surements, e.g. understanding the neutrino-induced low-

⇤ ilepetic@hawk.iit.edu
† blittlej@iit.edu

energy excess of electromagnetic events with Micro-
BooNE [11] and will be used to search for sterile neu-
trinos in the Fermilab SBN program [12] and for CP-
violation in the leptonic sector with DUNE [13]. Precise
measurements of neutrino-argon cross sections will be
performed with SBN [12] and of charged hadron interac-
tions with ProtoDUNE [14]. In most of the existing mea-
surements, LArTPCs were placed in high energy neu-
trino beams to study GeV-scale muon and electron neu-
trinos as well as final-state products, generally with en-
ergies greater than 100 MeV. A smaller number of mea-
surements have investigated particles or energy deposi-
tions in the < 100 MeV range [6, 15, 16], some using
scintillation light [17].

Few existing measurements have demonstrated
LArTPC capabilities at the MeV scale for neutrino
experiments, despite the wealth of physics studies that
have been proposed for future large LArTPCs in this
energy range. A number of studies have investigated
expected supernova and solar neutrino interaction rates

ar
X

iv
:1

81
0.

06
50

2v
1 

 [h
ep

-e
x]

  1
5 

O
ct

 2
01

8

FERMILAB-PUB-18-559-ND

Demonstration of MeV-Scale Physics in
Liquid Argon Time Projection Chambers Using ArgoNeuT

R. Acciarri,1 C. Adams,2 J. Asaadi,3 B. Baller,1 T. Bolton,4 C. Bromberg,5 F. Cavanna,1 E. Church,6

D. Edmunds,5 A. Ereditato,7 S. Farooq,4 A. Ferrari,8 R.S. Fitzpatrick,9 B. Fleming,2 A. Hackenburg,2

G. Horton-Smith,4 C. James,1 K. Lang,10 M. Lantz,11 I. Lepetic,12, ⇤ B.R. Littlejohn,12, † X. Luo,2

R. Mehdiyev,10 B. Page,5 O. Palamara,1 B. Rebel,1 P.R. Sala,13 G. Scanavini,2 A. Schukraft,1

G. Smirnov,8 M. Soderberg,14 J. Spitz,9 A.M. Szelc,15 M. Weber,7 W. Wu,1 T. Yang,1 and G.P. Zeller1

(The ArgoNeuT Collaboration)
1Fermi National Accelerator Lab, Batavia, Illinois 60510, USA

2Yale University, New Haven, Connecticut 06520, USA
3University of Texas at Arlington, Arlington, Texas 76019, USA

4Kansas State University, Manhattan, Kansas 66506, USA
5Michigan State University, East Lansing, Michigan 48824, USA

6Pacific Northwest National Lab, Richland, Washington 99354, USA
7University of Bern, 3012 Bern, Switzerland

8CERN, CH-1211 Geneva 23, Switzerland
9University of Michigan, Ann Arbor, Michigan 48109, USA
10University of Texas at Austin, Austin, Texas 78712, USA

11Uppsala University, 751 20 Uppsala, Sweden
12Illinois Institute of Technology, Chicago, Illinois 60616, USA

13INFN Milano, INFN Sezione di Milano, I-20133 Milano, Italy
14Syracuse University, Syracuse, New York 13244, USA

15University of Manchester, Manchester M13 9PL, United Kingdom

MeV-scale energy depositions by low-energy photons produced in neutrino-argon interactions have been
identified and reconstructed in ArgoNeuT liquid argon time projection chamber (LArTPC) data. ArgoNeuT
data collected on the NuMI beam at Fermilab were analyzed to select isolated low-energy depositions in the
TPC volume. The total number, reconstructed energies and positions of these depositions have been compared
to those from simulations of neutrino-argon interactions using the FLUKA Monte Carlo generator. Measured
features are consistent with energy depositions from photons produced by de-excitation of the neutrino’s target
nucleus and by inelastic scattering of primary neutrons produced by neutrino-argon interactions. This study rep-
resents a successful reconstruction of physics at the MeV-scale in a LArTPC, a capability of crucial importance
for detection and reconstruction of supernova and solar neutrino interactions in future large LArTPCs.

I. INTRODUCTION

The Liquid Argon Time Projection Chamber
(LArTPC) is a powerful detection technology for
neutrino experiments, as it allows for millimeter spatial
resolution, provides excellent calorimetric information
for particle identification, and can be scaled to large,
fully active, detector volumes. LArTPCs have been used
to measure neutrino-argon interaction cross sections
and final-state particle production rates in the case
of ArgoNeuT [1–7] and MicroBooNE [8], neutrino
oscillations in the case of ICARUS [9], and charged
particle interaction mechanisms on argon in the case of
LArIAT [10].

LArTPCs are being employed to make important mea-
surements, e.g. understanding the neutrino-induced low-

⇤ ilepetic@hawk.iit.edu
† blittlej@iit.edu

energy excess of electromagnetic events with Micro-
BooNE [11] and will be used to search for sterile neu-
trinos in the Fermilab SBN program [12] and for CP-
violation in the leptonic sector with DUNE [13]. Precise
measurements of neutrino-argon cross sections will be
performed with SBN [12] and of charged hadron interac-
tions with ProtoDUNE [14]. In most of the existing mea-
surements, LArTPCs were placed in high energy neu-
trino beams to study GeV-scale muon and electron neu-
trinos as well as final-state products, generally with en-
ergies greater than 100 MeV. A smaller number of mea-
surements have investigated particles or energy deposi-
tions in the < 100 MeV range [6, 15, 16], some using
scintillation light [17].

Few existing measurements have demonstrated
LArTPC capabilities at the MeV scale for neutrino
experiments, despite the wealth of physics studies that
have been proposed for future large LArTPCs in this
energy range. A number of studies have investigated
expected supernova and solar neutrino interaction rates

ar
X

iv
:1

81
0.

06
50

2v
1 

 [h
ep

-e
x]

  1
5 

O
ct

 2
01

8
6

Wire Number
0 20 40 60 80 100 120 140 160 180 200 220 240

Ti
m

e 
(ti

ck
s)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Below Threshold
Fiducial
Track
Cone
Passing

Wire Number
0 20 40 60 80 100 120 140 160 180 200 220 240

Ti
m

e 
(ti

ck
s)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

FIG. 4. Left: A raw data neutrino event display with one track reconstructed as a muon and with photon activity (isolated blips).
The top image is the collection plane, and the bottom image is the induction plane. Wire number is indicated on the horizontal axis.
The vertical axis indicates time sample number. Color indicates amount of charge collected. Right: The same event after hit finding
and reconstruction. Each square denotes a reconstructed hit. Color indicates whether or not a hit was removed and by which cut
(see text). Hits that pass all cuts are in red.

Following this selection, we grouped signal hits into
clusters and attempted a reconstruction of clusters’ posi-
tions and energies. A cluster is defined as a collection of
one or more signals on adjacent wires that occur within
40 samples on these wires. This value was determined
by examining a simulation of electrons with energies in
the range of interest. If a cluster spans an unresponsive
wire, each section was considered as a separate cluster. A
total number of 553, 319 and 4537 plane-matched clus-
ters were reconstructed, yielding an average of 1.00, 0.16
and 1.12 clusters per event in the selected neutrino, back-
ground and MC events, respectively. In neutrino events,
most of the clusters (75%) are composed of just one hit,
23% are two hit clusters, and only 2% are clusters with
more than two hits.

B. Position Reconstruction

We reconstructed the 3D position of a cluster by
matching the furthest upstream collection plane hit in a
cluster to the furthest upstream induction plane hit in the
matched cluster. This yielded a coordinate on the yz-
plane. We then included the x-coordinate of the collec-
tion plane hit to obtain a 3D position and calculated the
distance of each cluster with respect to the neutrino inter-
action vertex. While a cluster may span more than one
wire in a plane, the distance traveled by the presumed
Compton-scattered electron creating the cluster is negli-
gible when compared to the distance from the vertex.

C. Charge to Energy Conversion

To reconstruct the energy associated with each recon-
structed cluster, first the measured pulse area (ADC ⇥
time) of each hit was converted to charge (number of ion-
ization electrons) by an electronic calibration factor, then
a lifetime correction was applied to account for ioniza-
tion electron loss due to attachment on impurities in the
liquid argon during drift, as described in [7].

Calorimetric reconstruction in a LArTPC requires
converting the collected charge to the original energy de-
posited in the ionization process. This requires applying
a recombination correction which depends on charge de-
position per unit length dQ/dx [27]. The low-energy
photon-induced electrons in the present analysis result in
just isolated hits or clusters of very few hits, not extended
tracks, so the effective length of the electron track seen
by a wire cannot be determined.

A different method to estimate the energy from the de-
posited charge which relies on the assumption that all
hits passing cuts are due to electrons has been developed.
The method uses the NIST table that provides the ac-
tual track length for electrons in LAr at given energies
(ESTAR) [31], from 10 keV to 1 GeV. Using this table,
we can thus approximate the deposited energy density
dE/dx by dividing the energy by the track length for
each row in the table. Using the Modified Box Equa-
tion [32] to model the recombination effect, we can cal-
culate the expected dQ/dx and by multiplying by the
track length (i.e. dx), we obtain the expected amount
of charge freed from ionization processes by an electron
at a given energy, as shown in Fig. 5 (left). By using
the result of a fit, also shown in the Figure, we can now
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FIG. 5. Left: Energy deposited vs collected charge. Red curve indicates fit used to perform energy calculations from collected
charge. Right: Reconstructed energy vs true electron energy using the charge method for a sample of simulated electrons with
energies between 0 and 5 MeV. Events where the electron was not detectable are excluded.

convert collected charge from the individual hit to de-
posited energy. The total energy in a cluster is the sum
of the deposited energy reconstructed for each individ-
ual hit forming the cluster. To test the efficacy of this
method, we applied it to a sample of GEANT4 simulated
electrons propagating in LAr in the energy range of in-
terest. Figure 5 (right) indicates that it works well. We
find a detection efficiency of 50% and energy resolution
of 24% at 0.5 MeV, and an efficiency of almost 100%
and energy resolution of 14% at 0.8 MeV.

D. Systematic Uncertainties

There are three primary sources of systematic uncer-
tainty associated with hit and energy reconstruction in
this analysis. As the electron lifetime varies between
runs, we expect a variation and uncertainty in the num-
ber of near-threshold hits that are selected as signal. De-
spite having precise measurements of electron lifetime
for all runs, we conservatively account for electron life-
time uncertainties by re-running FLUKA with a ±25%
change in electron lifetimes; the resultant spread in re-
constructed multiplicities and energies is treated as the
systematic uncertainty from this source. A second sys-
tematic uncertainty arises from the choice of a true un-
derlying functional form for the recombination correc-
tion. To account for this uncertainty, we consider recon-
struction of simulated events using the unmodified Box
Model as described in [32]; deviation from the default
selection is treated as an uncertainty contribution from
this source. Finally, there is a 3% error associated with
the utilized calorimetric calibration constants, which are
fully correlated between all runs. Any multiplicity or en-
ergy variation arising from a ±3% shift in thresholds and
reconstructed energies is treated as an uncertainty from
this source. Systematic uncertainties in reconstructed po-
sitions are expected to be small and were not considered

in this analysis.

VI. RESULTS

A. Comparison of Neutrino and Background Datasets

Table II shows a comparison of neutrino and back-
ground datasets. Comparing the different metrics leads
to the conclusion that we have observed a statistically
significant sample of neutrino-induced MeV-scale pho-
tons. Hit and cluster multiplicities are found to be sig-
nificantly higher in the neutrino dataset than in the back-
ground dataset, with 1.30±0.07 and 0.21±0.02 hits per
event, respectively. This difference corresponds to a 15�
statistical excess of signal in the neutrino dataset. The
higher neutrino dataset multiplicity is also accompanied
by a larger per-event signal occupancy (54± 4% in neu-
trino events versus 12 ± 2% in background events) and
total signal energy per event (1.1 MeV in neutrino events
versus 0.19 MeV in background events). This can be
interpreted as evidence of neutrino-induced MeV-scale
energy depositions.

B. Comparison to MC Simulations

A comparison of reconstructed per-event signal multi-
plicity and total signal energy for data and FLUKA MC
simulation are shown in Figs. 6 and 7, respectively.

In both data and MC, around half of the events have
no signal clusters, as expected based on the small Ar-
goNeuT detector size and the previously-mentioned siz-
able number of predicted product nuclei in the ground-
state. Overall, there is good agreement between data and
FLUKA MC predictions. We find a �2/ndf of 7.81/12
(p-value 0.80) for the total reconstructed energy dis-
tributions, and a �2/ndf = 12.6/6 (p-value 0.05) for
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where Z is the atomic number of the target element in the detector and ndet is its number density. For liquid argon
⇢ = 1.3954 gram/ cm3, Z = 18, ma = 39.948 gram/mol, the mean free path for an ultra-relativistic millicharged
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Before proceeding to propose a search strategy we point out that soft scattering, those with electron recoils of order
an MeV, lead to a very small angular deflection of the mCP. The deflection angle is of order the momentum transfer
in the collision divided by the initial momentum of the mCP
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The momentum transfer,
p

2meEr, is of order an MeV, while the initial momentum of the typical mCP is of order
one to tens of GeV. The deflection angle of a beam mCP which deposits an observable hit in a LAr detector will be
thus deflected by an angle that is at most 10�3. We conclude that after an observable hit the mCP will maintain its
trajectory and that any further hits will be along a line pointing back to the target. As shown in Figure 1, we will
use this to identify signal events and suppress backgrounds.

B. Interaction probabilities - one and two hits

The probability of a mCP to interact within a detector of size L is simply L/� when the mean free path is larger
than the detector, which is valid for small millicharges or order 10�2 or below. Since we would like the limit setting
procedure to be smooth as we go to larger millicharges and physically large detectors we will write a probability for
interaction that is valid even when the mean-free-path is of order the detector size or smaller. To this end we will
consider a segmented detector with a spatial resolution of �L in the beam direction. The probability to scatter once
above a threshold E

min
r within a detector segment of size �L along the mCPs path is
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I. INTRODUCTION

An important component in the quest for new particles beyond the Standard Model (SM) is the search for new
light states, at or below the GeV scale that are very weakly coupled. A particularly simple possibility that realizes
this is the introduction of new particles that carry a small electric charge, so-called millicharged particles (mCPs). In
their simplest form they may be introduced as just that, new particles that violate the quantization of charge seen in
the SM. Millicharged particles can also arise more elegantly in the low energy limit of a theory in which a new dark
photon kinetically mixes with the visible one [? ]. Millicharged particles could make up part of the dark matter in
the Universe [? ? ? ? ? ? ? ? ? ] and this possibility has recently attracted attention in the context of the EDGES
21 cm anomaly [? ? ? ].

In this work we propose to search for mCPs in liquid argon (LAr) detectors in neutrino beams. We will show that
ArgoNeuT [? ], one of the first and smallest for such detectors, can already probe new regions of the mCP parameter
space with existing data. Millicharged particles can be produced at any intense fixed target setup via the decay of
mesons or through bremsstrahlung. In particular, they will be produced in the target that is struck by a proton beam
to produce neutrinos. Due to their small charge mCPs will for the most part travel in an approximately straight path
through magnetic fields and shielding traversing through neutrino near detectors.

LAr detectors are well suited to search for these particles. At the microphysical level, high energy millicharged
particles interact with matter similarly to their charged counterparts through soft ionizing collisions, though with
reduced rates. It has recently been shown that LAr detectors are able to resolve the individual mCP collisions down
to a threshold of order an MeV or less [? ]. The mCP signal thus consists of one or more soft hits within the detector
volume. In the case of two of more hits, we will show that signal events will be aligned with the target in which the
mCPs are produced as shown in Figure 1. In contrast, background double hit events will be uniformly distributed in
the detector volume and will only rarely align with the target. We will thus find that searching for two or more hits
that are in line with the production target can be used to e↵ectively reduce the backgrounds and improve the reach.

Laboratory based limits on mCPs have been placed by the milliQ experiment at SLAC [? ]. More recently more
search strategies have been proposed, both in a dedicated experiment at LHC (milliQan) [? ] and other fixed target
setups [? ]. During the preparation of this work, Ref. [? ] has also suggested a search for mCPs in neutrino detectors,
including miniBooNE microBooNE, ICARUS using the booster 8 GeV beam line and with the future DUNE1.

The paper is structured as follows. In section II we will discuss the production of mCPs in the 120 GeV which
primarily proceeds via meson decay and bremsstrahlung for high masses and consider the small e↵ects that matter
have on mCPs en route to the detector. In Section III we describe the interaction of mCPs in liquid Argon and and
consider the signal rate for single and double hit events. In Section IV we discuss the background rates in ArgoNeuT
and estimate the reach of a dedicated analysis with existing data. In section V we discuss some of the opportunities
and challenges of searching for mCPs in larger detectors that are also exposed to more intense beams.
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background

FIG. 1. In a signal double-hit event (top) the line that is defined by the two hits will point to the target whereas in a background

double-hit event (bottom) it generically will not. Going from single-hit to double-hit events can thus lead to an enhanced signal

to background ratio.

1 This work only considered single-hit events. Our work generally agrees with the signal rates in this paper, though we will take a more
conservative approach to backgrounds in LAr and assume uncertainties are systematic in nature. To this end, the use of the multi-hit
signal for suppressing backgrounds will allow for a nearly background free search. In addition, here will consider the use of the existing
120 GeV NuMI beamline with ArgoNeuT.
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FIG. 4. The physics reach in the m�-✏ plane for millicharged particles achievable by the ArgoNeuT experiment with existing
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FIG. 5. Number of millicharged particles produces through various sources, falling into the DUNE near detector’s geometrical

acceptances for ✏ = 10
�2

in the left and right panels, respectively.

hits are distributed among of order 108 frames. The number of ⇠MeV hits per frame is thus of order 300. Under
the assumption that the number of hits scales up with beam intensity and with detector volume and assuming the
background uncertainty is systematic the limit from single hit events in DUNE will be similar to the equivalent limit
at ArgoNeuT (the blue curve in Figure 6).

It is therefore tempting to employ our technique of identifying pairs of hits that are aligned with the LBNF proton
target. We note however that given a frame with n hits number of pairs of hits is of order n2

/2, of order a few million
in our case. Assuming the spatial resolution is similar to the of ArgoNeuT and taking perfect angular resolution
and taking the suppression factor in Equation (16) yields of order 10 signal-like double-hit events per frame that are
pointing back to the target. Integrating over all frames gives a rough estimate of about 109 double-hit background
events.

It thus seems that due to the high detector occupancy, the parametric gain in signal to background in double hit
events is significantly degraded. There is , however, an additional advantage to using double-hit events. Assuming
the background hits are uncorrelated, the distribution of the angle with respect to the target, depicted in figure 1,
should be a smooth function around the target orientation. As a result, the expected background that is pointing to
the target can be measured with high precision and would be dominated by statistical uncertainty. As a result, the
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assumption on the scaling of the background at DUNE from ArgoNeuT data, upper lines corresponding to an estimation where

the background scaled as the product of the detector volume, the solid angle and total POT, and lower lines corresponding

to scaling with detector volume only. The solid band corresponds to the results after considering possible 2-hits background

reduction through side band calibration.

figure of merit for setting limits on mCP’s is S/
p
B, rather than S/B.

RH: add a curve to the money plot?
The estimated sensitivity above, however, may be qualitatively improved by making use of additional features of

bigger neutrino detectors:

• Timing and light collection: The DUNE near detector is planned to be segmented into of order 20 modules, each
of which will have a separate light collection system. The light collection allows for excellent timing resolution,
of order XXX. If each of the, say, 3000 hits in a frame can be associated with a hit time at this resolution, a
sizable fraction of the signal-like double-hit events can be rejected. In e↵ect, a good resolution on timing can
increase the number of frames and thus reduce the ocupancy per frame. This capability depends strongly on
the performance of the light collection system and should be explored further.

• Argon Gas TPC: In order to mitigate the high occupancy in the near detector a high pressure gaseous argon
TPC detector is proposed. Naively, argon gas, with its lower density, will produce less signal event because
the mean free path for a mCP is of order (n�)�1. However, precisely because of the lower density, charged
particles travel in gas farther than they do in liquid argon [? ]. As a result the e↵ective energy threshold
will be much lower, as low as 10 keV. As we showed in Equations (6) or (9), the scattering cross section is
inversely proportional to the detection threshold. The total signal event rate in a gas TPC is thus expected
to be parametrically similar to that in a liquid detector. The backgrounds in a gas detector may, however, be
significantly lower, potentially leading to enhanced sensitivity. Further advantages may be had by combining
hits in the LAr and the gas TPC, as well as making use of the planned electromagnetic calorimeter.

• O↵ axis detectors: The dominant source of soft hits in near detectors is likely to be beam related. Since the
charged pions are collimated in the magnetic horns, the backgrounds may be highly peaked in the forward region.
In [? ] and [? ] is was shown that dark sector signals which are produced by the decay of neutral particles
are produced in a much wider beam than the neutrino beam and that and thus the signal to background ratio
is higher in o↵-axis detectors. Fortunately, microBooNe and ICARUS, two LAr detectors, are located about 6�

o↵-axis, an ideal angle for this purpose. In fact the angular distribution of mCPs is similar to that of secluded
dark matter and is shown in [? ]. Within the LBNF beam, the proposed DUNEprism detector [? ] will also be
able to cover o↵ axis angles.

• Faint tracks - a dedicated millicharge reconstruction: The standard track reconstruction in LAr TPCs is geared
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When there is no upper cut placed on the recoil energy the upper limit can be replaced by the maximal kinematically
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where Z is the atomic number of the target element in the detector and ndet is its number density. For liquid argon
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