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We survey the sensitivity of past and present neutrino experiments to MeV-GeV scale vector portal dark
matter and find that these experiments possess novel sensitivity that has not yet fully explored. Taking
ap = 0.1 and a dark photon to dark matter mass ratio of three, the combined recast of previous analyses of
Big European Bubble Chamber and a projection of NOvA’s sensitivity are found to rule out the scalar thermal
target for dark matter masses between 10 and 100 MeV with existing data, while CHARM-II and MINERvA
place somewhat weaker limits. These limits can be improved by off-axis searches using the NuMI beam line
and the MicroBooNE, MiniBooNE, or ICARUS detectors and can even begin to probe the Majorana thermal
target. We conclude that past and present neutrino facilities can search for light dark matter concurrently with
their neutrino program and reach a competitive sensitivity to proposed future experiments.
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I. INTRODUCTION

A program for the direct detection of light dark matter
(LDM) in the keV-GeV mass range has recently been
advanced as many current dark matter searches are insen-
sitive to DM below a few GeV in mass. This program has
already borne fruit despite being only a few years old. It
was shown that a new generation of DM direct detection
experiments could be built with current or near-future
technologies [1] and the first dedicated sub-GeV direct
detection experiment (SENSEI) has already begun taking
data [2]. It is timely to pose the question of how we can
efficiently search for LDM in our laboratories. While high
energy colliders have limited sensitivity to light, ultra-
weakly coupled particles, accelerator experiments such as
fixed-target experiments and low energy colliders (the so-
called intensity frontier) represent an ideal playground [3],
with the advantage that the DM is produced with relativistic
energies [4—7]. This has stimulated a wave of interest in
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accelerator-based LDM searches leading to the proposal of
many new dedicated experiments (e.g., SHiP [§8], LDMX
[9-11], BDX [12,13]), which are under study by major
laboratories. The neutrino program is extensive, with many
experiments currently running and even more in prepara-
tion, such as the Fermilab program at the booster beam line
with three liquid argon detectors: SBND, MicroBooNE,
and ICARUS [14]. However, the attempt to make full use of
existing neutrino fixed-target experiments for DM searches
is limited to a few experiments, analysis techniques, and
DM signatures [6,15-28], with the strongest sensitivity
coming from the NOvA [25] experiment at Fermilab [25].
We also discuss the possibilities offered by experiments
aiming to measure the coherent neutrino-nucleus scattering
[29,30]. In particular, a recent analysis of released
COHERENT CslI data [31], which made use of a novel
strategy based on timing spectra in a pulsed proton beam,
hints at a roughly 20 excess in the region where dark matter
scattering would be expected. Coherent CAPTAIN-Mills
[32] has recently completed an engineering run at Los
Alamos National Laboratory and will publish a dark matter
analysis sometime in 2020.

In the present paper, we will thoroughly investigate
the potential of electron-DM scattering signatures at
neutrino fixed-target experiments, considering for the first
time the sensitivity of past experiments such as CHARM-II
[33], Big European Bubble Chamber (BEBC) [34], and
MINERVA [35], We also revisit the sensitivity of current
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experiments such as MiniBooNE, MicroBooNE, and
ICARUS to vector portal dark matter when treated as
off-axis detectors for the NuMi beam line (see Refs. [36]
for some other dark sector searches using the aforemen-
tioned detectors and the NuMI beam line).

The paper is organized as follows: in Sec. II, we define a
benchmark LDM model. Section III summarizes the main
aspects of DM searches at neutrino facilities, and Sec. IV
presents the results of the sensitivity studies.

II. VECTOR PORTAL

We consider as a benchmark model a dark sector
coupled to the Standard Model through the vector portal.
Specifically, we introduce a dark photon (DP) [37-39] A,
as the gauge boson of a new dark gauge group U(1),
kinetically mixed with the photon, and a scalar y charged
under U(1),, that serves as a DM candidate,

Lom =Ly + L, (2.1)
where
1 my 1
Ly == FuF"™ + TAA’/‘A;, —5eFuP, (22)
where € is the DP-photon kinetic mixing, while
L, = igpA¥Jh + 0, 0"y — mix'y, (2.3)

where J% = [(0,0")x — x'0,x] and gp, is the U(1),, gauge
coupling. The region of the parameter space to which neutrino
facilities are most sensitive is my > 2m, and gp > ee,
which implies that the DP decays promptly into a yy' pair.

We focus on the region where y is a thermal relic
compatible with the observed DM relic energy density.
A complex scalar dark matter candidate y is safe from
constraints from precise measurements of the temperature
anisotropies of the cosmic microwave background (CMB)
radiation [40,41]. Other compelling choices for DM not in
tension with the CMB include a Majorana fermion or
pseudo-Dirac fermion with a mass splitting. In the follow-
ing, we will also comment on these other candidates since
the sensitivity of neutrino experiments to LDM does not
significantly depend on its spin.

For m, > 2m,,, the annihilation cross section for a scalar
dark matter particle can be written as [42]

- 82y
olyy = fflv~ 2

X

(2.4)

where v is the relative DM velocity and Y is defined as

4
m
— 2 4

Y =¢€“ap .
nmy

(2.5)

We will present the sensitivity of neutrino facilities in the
(Y.m,) plane, since this allows us to identify the so-called
thermal targets, regions of the parameter space where, for a
certain scenario, the correct DM thermal abundance is
obtained [3,42].

We consider as benchmark point ap = 0.1 following
[43], for which the most important existing constraints on
the (Y,m,) are as follows:

(i) Laboratory bounds: The strongest laboratory con-
straints for m, > 60 MeV come from a monophoton
search performed by BABAR [44] that excludes the
existence of a DP with e > 10~ and m, < 8 GeV
decaying into yjy. For a complex scalar with our
benchmark parameters, BABAR bounds constrain
thermal relics to be lighter than 100 MeV [44]. The
NAG64 Collaboration has recently published very
strong limits for DP masses below 150 MeV [45] via
a missing energy analysis. For large ap, experiments
looking at electron-DM scattering such as LSND
[46,47], MiniBooNE [20,21], E137 [48-50], and
NOvA [25] and capable of competing with NA64 for
dark matter masses below few tens of MeV.

(i) Direct detection: In the region where the y relic
abundance corresponds to the observed DM abun-
dance and for large values of ap, CRESST-1I and III
place strong constraints on m, > 500 MeV [51-54].
However, as direct detection experiments lose
sensitivity if DM is a Majorana or pseudo-Dirac
fermion, we will not present the constraints coming
from direct detection in our sensitivity plots. As was
already mentioned in the Introduction, many new
ideas to probe the sub-GeV thermal DM parameter
space via a direct detection experiment have been
proposed [3]. For example, SENSEI can discover or
exclude the scalar thermal target for DM masses
below 100 MeV [2] in the near future, and
Refs. [55,56] detail a new fermionic dark matter
signal that can potentially probe MeV-scale dark
matter masses.

(iii) Astrophysical and cosmological bounds: The U(1)
gauge coupling ap is bounded by the constraint on
the DM self-scattering cross section coming from
halo shape and bullet cluster observations, that is,

(2.6)

(o2
— < few x cm?/g.
My

In the whole MeV-GeV region values ap < 0.1 are
allowed, while for m, > 10 MeV even larger values
of ap up to ap < 0.5 which is the upper bound
suggested by the running of ap [57]. Furthermore,
for the minimal DP model considered here, a
complex scalar lighter than 6.9 MeV is ruled out
[58] by the Planck measurement of N [41].

035006-2



HUNT FOR SUB-GEV DARK MATTER AT NEUTRINO ...

PHYS. REV. D 102, 035006 (2020)

I1II. DM PRODUCTION AND DETECTION
AT NEUTRINO FACILITIES

Fixed-target neutrino facilities collide high-intensity pro-
ton beams with thick targets, producing large numbers of
mesons whose leptonic decays generate a neutrino beam. The
properties of the neutrino beam may be studied in both near
and far detectors, located anywhere from tens of meters to
hundreds of kilometers downstream of the target. Depending
on the detector, both electron-neutrino and nucleon-neutrino
interactions may be observed. Near detectors with relatively
short baseline distances and large volumes can also serve
as ideal LDM experiments [6]. Rare meson decays (see
Refs. [59,60] for a previous approach to dark photon
production through rare meson decays at the SPS for
NOMAD, PS191 and CHARM-I) and bremsstrahlung can
produce LDM alongside the neutrino beam mentioned above.
These LDM particles can then be detected through their
interactions with the nucleons and electrons of the neutrino
detector, or if unstable and sufficiently long-lived, through
their decays to visible particles. Electron scattering, in
particular, provides one of the most promising signals for
LDM particles with masses below 100 MeV [21,25,47].

The total number of DM particles produced through the
decay of some pseudoscalar meson ¢ is given by

N, = 2NporNgporBr(d = 1), (3.1)
while the total number of DM particles produced in the
target via bremsstrahlung is

———or(pp = A'X), (3.2)

where the factor of 2 takes into account the production of
the yy pair, Npot is the number of protons on target, and
or(pp) is the total proton-proton cross section.

A. Electron-DM scattering inside the near detector

DM-electron scattering is a very promising signature for
new physics searches due to the suppressed neutrino signal
that can be further reduced with the appropriate cuts. We
can approximate the inclusive electron-neutrino scattering
cross section by [61]

E
o(ve) ~ 1074 (GebV> cm™2, (3.3)

while for £, > my the DM-electron elastic cross section is

2

4 100 MeV'\ 2
o(ye) ~TODIE 1027 62 Y em2, (3.4)
m%, ny

such that for € ~ 107#~1073 and a light DP the DM-electron
scattering cross section is still orders of magnitude larger

than the neutrino-electron cross section. Hence, we write

the number of signal events S,,_,,. as
dN+(E,)
Syee = Lum, / Cr e, (35)

where L, is the longitudinal length of the detector, n, is
the electron number density inside the detector, while
dN+(E,)/dE, is the differential number of dark matter
particles per unit energy incident on the detector, written
generically as

dN+(E,) 1 dor(pA - x¥)
— = 2N . 3.6
dE)( €det~!VPOT GT(pp) dEX ( )

In the formula above, €4 indicates the acceptance of the
detector under investigation, or(pp) is again the total
interaction cross section between a proton and the target
material, and o1(pA — yj) is the dark matter production
cross section in proton-A collisions, where A is the target
material.

It is challenging experimentally to distinguish an elec-
tron shower from the (large) neutral current (NC) events
background. However, elastic scattering events are char-
acterized by no hadronic activity near the interaction vertex,
and

EO* < 2m,, (3.7)
and indeed imposing this cut could reduce the NC back-
ground to a manageable level. This level of background
reduction, however, requires detectors with good angular
resolution. A handful of experiments (LSND [46],
CHARM-II [33,62], MINERVA [35], NOvA, MiniBooNE
(MB) [21], and MicroBooNE (MC) [63]) are equipped to
distinguish such a signal. In the following section, we will
study their sensitivity. Moreover, a new generation of liquid
argon detectors will soon be running at Fermilab. ICARUS is
being installed and commissioned, and SBND is in the
design and construction phase, and as such, we will also
evaluate their future reach.

(i) CHARM-II [33,62] was a CERN-based experiment

which performed runs with proton energies of 400
and 450 GeV. It took data from 1987 to 1991,
collecting a total of 2.5 x 10! POT. The target
calorimeter was 36 m long and consisted of 420
modules with cross sections of 3.70 x 3.70 m?. The
total detector mass was 692 tons with a fiducial mass
of 450 tons (see Table I for important geometrical
information). CHARM-II performed a dedicated
analysis of v — e scattering [64], which can be recast
to obtain its sensitivity to the sub-GeV DM param-
eter space.

We took the number of z° (5) mesons to be
6.35 x POT (0.726 x POT), with their momenta and
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TABLE I. Summary of experiments and their geometry. Beneath the name of each experiment is the energy of the proton beam
incident upon its target. POT stands for the total number of protons on target, and d indicates the distance of the detector from the target.
In the last two columns, the selection requirements applied to signal events and the number of neutrino background events which pass
the same criteria are reported. The BEBC, CHARM-II, and MINERvA detectors are located on axis with respect to the beam line, while
MB, MC, and ICARUS are located off axis by an angle of @ = 6.5°,5.7°, and 7.5° from the NuMi beam line, respectively. For the latter,
we consider a background free analysis, as an off-axis signal should have greatly reduced beam-related backgrounds.

Experiment d(m) ngy (g/cm’®)  Mass (tons) POT Cuts Tpkg
MB NuMI [67] 120 GeV 745 0.69 800 6 x 102 cos > 0.99 ~0
E™¢ > 75 MeV
MC NuMI [63] 120 GeV 684 1.4 89 10%! cos 6 > 0.99 ~0
E™ > 75 MeV
MINERVA [35] 120 GeV 980 0.9 6.1 3.43 x 107 E™¢0? <3.2MeV 137 £ 17 [35]
E™¢ > 0.8 GeV
CHARM-II [33] 450 GeV 871 1.4 692 2.5 % 10" E™ € [3,24] GeV 5429 + 170 [68]
E*¢9?> <1MeV
BEBC/WA66 [34] 400 GeV 406 0.69 11.5 2.72 % 10'8 E*0%> < 2m, 1+1[65]
E™ > 0.8 GeV
ICARUS NuMI [69] 120 GeV 789 1.4 500 107! cosf > 0.99 ~0
E™ > 75 MeV
angular distribution determined by a PYTHIAS sim- Ref. [25]. The following cuts were applied: E§* <
ulation (see Sec. IIIB for further details). We 5 MeV rad? and the recoil energy was considered in
selected dark matter-electron scattering events with the range 0.5-5 GeV. The reconstruction efficiency
electron recoil energies between 3 and 24 GeV and was taken to be 50% with a total background of
assumed a reconstruction efficiency of 0.73. We ~580 events for 2.97 x 102 POT [25,66].
placed a 90% limit on 340 dark matter induced (iv) MINERvA [35] is a neutrino scattering experiment
electron recoil events. currently running that uses the NuMI beam line at
(i) BEBC/WAG66 [34]: The WA66 experiment used the Fermilab. It performed a neutrino electron scattering
BEBC, a large detector located at CERN and analysis [35] intending to improve the precision in
installed in the early 70s, to detect neutrinos pro- measuring the neutrino flux. However, the possible
duced by dumping 400 GeV protons from the CERN new physics contribution arising from DM-electron
SPS into a copper block large enough to contain scattering was not taken into account. We will study
almost the entire hadronic cascade. This long target here for the first time whether the sensitivity to LDM
suppresses the standard neutrino flux by almost 3 might be significant. The number of mesons produced
orders of magnitude (i.e., emitted by pion or kaon by the NuMI beam line was estimated by PYTHIA to be
decays), while prompt neutrinos (for instance, those N, =4.176 x POT and N, =0.474 x POT. We
created by D-meson decays) were still copiously applied the following cuts E6 < 3.2 MeV rad? in

produced and reached the detector. This specific our analysis and placed a 90% exclusion on 41 dark
feature makes this experiment suitable for new matter induced recoil events.
physicfs searches, and hence a new physics analysis (v) MiniBooNE off-axis (MBOA) is a Fermilab-based
is available to be recast [65]. . 800-ton detector. It collected data both as an on-axis
C.ompared to CHARM-II, BEBC operated with detector from the booster beam line (8.9 GeV) and as
a slightly lower energy beam (400 GeV, equal to a detector located 6.5° off axis from the NuMI beam
th? lower energy run of CHARM-II) and_ produced line (120 GeV) [67]. An analysis considering DM-
slightly fewer mesons as a result, with N = electron scattering was recently published by the
6.15 x POT and N, = 0.703 x POT. The analysis MiniBooNE Collaboration [21] considering an

cuts used were E0% < 2m,, E° > 0.8 GeV with a 8.9 GeV run in beam dump mode. Here, we consider
reconstruction efficiency of 0.8. The 90% confidence instead the possible sensitivity of the off-axis NuMI
limit corresponds to 3.5 new physics events. data with the same meson production estimates as

(iii) NOvA [35] is a Fermilab-based long-baseline neu- those quoted for MINVERvA above. We applied the
trino experiment located slightly off axis from the same cuts as [21] (cos@ > 0.99, E° > 75 MeV),
NuMI beam. Its near detector is located 990 m assumed a reconstruction efficiency of 0.35, and
downstream of the NuMI target with 125 tons of considered a background free analysis, as an off-axis
active mass. The reach of the existing neutrino- signal should have greatly reduced beam related
electron analysis [66] was previously studied in backgrounds.
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(vi) MicroBooNE off-axis MicroBooNE is the first large
liquid-argon time projection chamber (LArTPC) to
acquire a high statistics sample of neutrino inter-
actions. It is located at a 7.5° angle relative to the
NuMI beam line. We consider the same cuts and
production rates as MiniBooNE off-axis.

(vii) ICARUS off-axis ICARUS is a 600-ton (500-ton
fiducial) LArTPC that serves as the far detector of the
SBND program. It is located at a 5.7° angle relative to
the NuMI beam line. We consider the same cuts and
production rates as MiniBooNE off-axis.

The sensitivity of the six experiments described above
relies heavily on angular cuts to differentiate between
background and signal. Electron recoils from dark matter
scattering are very peaked in the forward direction, meaning
that a large fraction of dark matter events will easily satisfy
even very tight angular cuts. However, we have not
accounted for the angular resolution of the experiments
themselves in our analysis. A poor angular resolution would
tend to smear dark matter events at small angles to larger
angles more often than the reverse, reducing the efficiency
with which dark matter events satisfy the cuts and depressing
the measured sensitivity. A more comprehensive detector
simulation may be able to account for this by determining the
expected efficiency loss for a given set of dark matter
parameters, but that is beyond the scope of our effort.

The cuts used for BEBC, CHARM-II, and MINERVA
were those adopted by the experiments themselves, and we
would expect their angular resolution to be sufficiently small
for the angular cuts to remain meaningful. The CHARM-II
experiment provides a plot of their angular resolution in
Fig. 15 of Ref. [62], and it does become quite poor low
energies, with 6,y &~ 12 mrad for E* = 3 GeV, where the cut
requires # < 18 mrad for such an energy. The BEBC analysis
of Ref. [34] does not discuss their angular resolution, but they
do mention angular measurements as small as 3 mrad.
MINERVA cites an average angular resolution of between
7.2 and 7.5 mrad depending on the direction in Ref. [35].

The cuts for MicroBooNE and ICARUS are based on the
angular cut proposed for the MiniBooNE dark matter
search detailed in Ref. [21]. A cos(€) > 0.99 cut is quite
generous compared to the experiments discussed above,
and MiniBooNE demonstrated in its previous analysis that
such a cut could be satisfied with little loss of sensitivity
due to its angular resolution. However, ICARUS and
MicroBooNE use new detector technology and are not
guaranteed to be able to attain the same performance. A
more detailed study using the ICARUS and MicroBooNE
detector simulations would therefore be valuable in improv-
ing the reliability of our signal estimates.

B. Simulation of the signal

In the parameter space relevant for fixed-target neutrino
experiments, the generation of signal events can be mod-
eled as a three-step process:

(1) (Prompt) production of dark matter particles in the

target or proton beam dump.

(2) Propagation (as free particles) from the production

point to the detector.

(3) Interaction within the active volume' of the detector.
The production rate of DM particles is dominated by the
interaction of the incoming protons within the first few
interaction lengths in the dump, with the most relevant
mechanisms given, as mentioned above, by prompt radi-
ative meson decays and proton bremsstrahlung. We neglect
effects related to the geometry of the production target (and
secondary particle interactions), as its characteristic length
is far smaller than the distance between the beam dump and
the detector, and we assume that the production is localized
to a point at the center of the target. The simulation of the
full production and propagation process was performed
using two different available tools, BANMC [70] and
MadDump [71]. They both provide a complete framework
to handle all the three-particle generation steps in a trans-
parent and mostly automatic fashion.

Nonetheless, the two tools differ in many aspects
regarding their actual implementation, providing a power-
ful test of the robustness of our prediction. In particular,
they handle the DM scattering process inside the detector
(step 3) following two different strategies. BANMC works
event-by-event and decides if each DM particle reaching
the detector will interact according to an acceptance-
rejection criterion. If an event is rejected, a new one is
generated, and the procedure is iterated until the requested
number of sample events is reached. In MadDump, the
intermediate results of step 1 and step 2 are used to build a
fake DM beam, characterized by its bidimensional flux
distribution in energy and angle, which interacts within the
detector acceptance. In this way, the interaction probability
(cross section) can be computed by exploiting standard
Monte Carlo methods, and the final signal events can be
generated through an efficient unweighting procedure (as
provided by the MadGraph framework [72]).

Limiting our focus to the cases relevant to this work, we
have found a reasonably good agreement, within a few
percent, between the predictions of BANMC and MadDump
on the total signal rates with and without applying the

'Given the weakness of the interaction of LDM with ordinary
matter, we neglect here any loss in its propagation from the
production point to the active volume of the detector. In particular,
we do not consider the interactions within the passive components
of the detector. In the case where these interactions could lead to a
detectable signature, they will actually increase the signal yield and
improve the sensitivity. On the other hand, if they are not detectable,
this might lead to a loss of the LDM flux if they occur before
reaching the active volume. We expect that this effect does not alter
significantly our estimations as we consider very long interaction
lengths for the LDM. A complete simulation that takes into account
the realistic features of the detector is beyond the scope of this work,
but it should be part of a dedicated analysis by the experimental
collaborations.
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selection cuts on the electron recoil. The level of agreement
is below the main experimental and theoretical systematics.
One of the primary sources of uncertainty is given by the
modeling of the meson spectra produced in the proton dump,
which represents an input for our tools. Indeed, BANMC and
MadDump handle only the decay of the mesons into DM
particles within an effective field theory approach. External
data must be supplied, and one can either rely on full event-
generator such as PYTHIA [73] or adopt a phenomenological
parametrization such as those provided in Ref. [74], which
represents the default choice in BANMC. We have found that
for the relatively high energy beams of the neutrino experi-
ments investigated in this work, the difference in the final
rates can be as large as a factor of 2, with the distribution
given by PYTHIA being softer and with a larger angular
spread. We assume a pragmatic approach adopting the more
conservative result given by PYTHIA, which has been
investigated in Ref. [75].

IV. SENSITIVITY TO SUB-GEV DM OF PAST
AND CURRENT EXPERIMENTS

In Fig. 1, we present the comparison of the sensitivity of
all different neutrino experiments described above, includ-
ing also previous results such as NOvA [25] and MB on
axis [21], while in Fig. 2, we compare the strongest ones to
existing constraints described in Sec. II.

We find the following:

(i) In the small mass region m, <50 MeV, the best

sensitivity is reached by MB off-axis, which can rule
out part of the thermal targets both for scalar and

1077 .

///_ MiniBooNE Beam Dump

u 10~M —— LSND E
> MiniBooNE from NuMI
-------- ICARUS from NuMI
-------- MicroBooNE from NuMI 4
—— BEBC
—— CHARM-II
-13 ma=3my —— NOvA
10 ap=0.1 MINERVA 3
77777 SHiP
L A
107° 1072 107 1
my(GeV)
FIG. 1. All limits and projections from existing fixed-target

neutrino experiments. Limits based on existing data and analyses
are given by solid lines, while projections are dotted.

Relic Density (Complex Scalar) 3
// -------- Relic Density (Majorana)
MiniBooNE from NuMI
-------- ICARUS from NuMI
-------- MicroBooNE from NuMI
— E137

10_13 —— BEBC BaBar
ap=0.1 —— NOvA Belle-II
————— SHIP  —— NA64
L L
1073 1072 107 1

my(GeV)

FIG. 2. We show a slice of the vector portal dark matter
parameter space with @, = 0.1 and m, = 3m,,. The solid (dotted)
black lines show the parameter space for which a complex scalar
(Majorana) dark matter candidate coupled to a DP reproduces the
observed dark matter relic density. The blue shaded region is
excluded by the NOvA experiment, while the gray shaded region is
excluded by a recast of a physics analysis of BEBC. The other
dotted lines show the projected sensitivity of a new physics
analysis of 102! POT of data for MiniBooNE, ICARUS, and
MicroBooNE taking data from the NuMI beam line. SBN is too far
off axis to provide much sensitivity to vector portal dark matter
produced by the NuMI beam line and is not shown.

Majorana DM. NOvA is capable of excluding some
parameter space for m, ~ 10 MeV. ICARUS will
further improve on this result reaching a sensitivity
to the Majorana target even better, while Micro-
BooNE has more limited reach, although the off-axis
run still could improve over the beam dump dark
matter run using the 8.9 GeV booster beam line.
Both the MicroBooNE and ICARUS analyses as-
sume zero background based upon the results of the
MiniBooNE electron scattering analysis, but this
may be too optimistic. MicroBooNE and ICARUS
use different detector medium and technology than
MiniBooNE and may not be able to attain the same
level of background rejection as MiniBooNE was
capable of during its beam dump dark matter search.
Conversely, the off-axis position considered should
greatly reduce the number of neutrinos reaching the
detector, which may improve the potential sensitiv-
ity of all three experiments. Similar sensitivity could
potentially be achieved by repeating the Mini-
BooNE-DM beam dump run [21] with the ICARUS
and MicroBooNE detectors, but we have not per-
formed a full analysis for this work.
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(i) For higher masses, the best reach among fixed-target
experiments instead comes from old SPS experi-
ments like BEBC and CHARME-IL. In particular, the
recast of the previous new physics search using
BEBC [65] eliminates some existing parameter
space not covered by E137, NA64, and BABAR.

(iii) MINERUVA is less sensitive to new physics than other
existing experiments, but for sufficiently high mass,
it can surpass the sensitivity of the MiniBooNE
beam dump search [21]. However, both NOvA and
the old SPS experiments (CHARM-II and BEBC)
have a significantly better reach.

V. CONCLUSIONS

In this paper, we surveyed the reach of past and present

neutrino facilities. We found the following:

(i) NOvA and BEBC exclude a significant range of
masses for the scalar thermal target. A dedicated DM
analysis by NOvA is important, as it could further
improve on this result.

(i) An analysis performed on the existing data of MB
from the NuMi beam could rule out most of the
remaining parameter space and even reach the
Majorana thermal target, substantially improving
on the reach of the MB beam dump dedicated
run. However, as such an analysis may not occur,
it is critical that the potential of existing and future
experiments such as MicroBooNE and ICARUS be
exploited. We also find that the signal improves as
the threshold for the electron recoil energy is
decreased, a trait that could be targeted by future
analyses.

(iii) The derived limits hold for ratios of the dark photon
mass to the dark matter mass larger than three, as

both the limits and the relic density curves are
squeezed to smaller dark matter masses by this
change, but are otherwise unchanged. The limits
may not hold for smaller mass ratios, as the relic
density curve moves to smaller values of the kinetic
mixing when the dark photon mass approaches twice
the dark matter mass due to resonant enhancement of
the annihilation cross section. Further complicating
matters, visible decay channels will begin to com-
pete with the invisible dark matter channel, intro-
ducing new constraints on the parameter space. The
relic density curve is unaffected in terms of Y by
changes in aj, while the other constraint lines will
move to lower values of Y as ap declines, though the
exact scaling is dependent on the signal.

(iv) ICARUS rules out the Majorana thermal target for
masses between 6 and 50 MeV. This result is highly
complementary to Belle II and not far from the reach
of SHiP [43], as shown in Fig. 2. We limit our off-
axis analyses to MicroBooNE and ICARUS, as
SBND was found to be too far off axis to achieve
good acceptance.

(v) Our final conclusion is that existing and past
facilities can compete with future and proposed
experiments sensitivity [43] in a completely parasitic
way to their neutrino program.
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