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We study the sensitivity of the NOvA near detector to MeV-GeV dark matter while operating
symbiotically with the neutrino program. We find that NOvA could explore a large new region of parameter
space over the next few years for dark matter masses below 100 MeV, reaching the thermal target for a
scalar dark matter particle for some masses. This result represents a significant improvement over existing
probes such as BABAR, E137, MiniBooNE, and LSND.
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I. INTRODUCTION

There are many compelling dark matter (DM) candidates
with a correspondingly wide range of possible masses and
couplings to the visible sector. Probing this vast parameter
space requires a correspondingly broad experimental pro-
gram, and neutrino fixed target facilities can play a role in
this quest by searching for signatures of DM scattering with
electrons and/or nuclei in their (near) detectors [1-10].
Their main advantage lies in the high luminosity available,
frequently boasting 10°°~10%! protons on target (POT) per
year, which allows for the production of a sizeable
relativistic DM beam. Moreover, this setup offers the
possibility of probing light DM/quark couplings, comple-
mentary to direct detection experiments sensitive to elec-
tron/DM interactions [11,12].

However, the neutrino background presents a significant
challenge when searching for nucleon-DM scattering
[2,4,5,7-9]. More promising in this regard is electron-
DM scattering, where the neutrino related backgrounds are
much smaller. Some of the strongest constraints on the DM
parameter space have been placed by recasting existing
neutrino-electron scattering data from the LSND experi-
ment [13,14] and we aim to investigate whether present
neutrino facilities could improve on LSND’s sensitivity. In
particular, we study the reach of the NOvA near detector to
DM-electron scattering. By reinterpreting an existing
analysis on v — e elastic scattering we find sensitivity to
a large region of the DM parameter space still uncon-
strained by present experimental probes such as LSND
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[13,14], E137 [15], MiniBooNE [16,17], NA64 [18],
BABAR [19] and CRESST-II [20].

The paper is organized as follow: in Sec. II we define our
benchmark model. Section Il summarizes the main aspects
of DM searches at neutrino facilities. In Sec. IV, we present
the sensitivity of NOVvA of electron-DM elastic scattering
by recasting of current analysis performed by the collab-
orations. Finally, we present a summary in Sec. V.

II. VECTOR PORTAL

Our benchmark model consists of a dark photon (DP)
[21] A}, 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, (1)

where:
L= 1F/ Fluv mfl’ AMA! 1 F Fuv 2
A’__Z uv +T /4_56 Hv ’ ()

where ¢ is the DP-photon kinetic mixing, while:

L, = %DAW; + %aﬂ;ﬁaﬂ;{ - m'y, (3)
where J% = (0,4 )x — x"0,x] and gp is the U(1),, gauge
coupling. The region of the parameter space reachable by
neutrino facilities is my > 2m, and gp > ee which
implies that the DP almost always decays into a yy' pair.

For much of the parameter space studied, the strongest
experimental constraints for m, > 60 MeV come from a
monophoton search performed by BABAR [19] that exclu-
des the existence of a DP with € > 1073 and m, < 8 GeV
decaying into yjy. For large values of ap, CRESST-II
places strong constraints on m, > 500 MeV. The NA64
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collaboration has recently published very strong limits
for DP masses below 100 MeV [18] via a missing energy
analysis. However, for large ap, NA64 sensitivity is
superseded by experiments looking at electron-DM scatter-
ing such as LSND [13,14], MiniBooNE [16,17] and E137
[15]. These constraints do not depend on whether the
particle y produced through prompt DP decay is DM or not,
as the only necessary ingredient is its stability with respect
to the target-detector distance (a few kilometers at most).

We are particularly interested in the region where y is a
thermal relic compatible with the observed dark matter relic
energy density. A complex scalar dark matter candidate y is
safe from constraints coming from precise measurements of
the temperature anisotropies of the cosmic microwave
background (CMB) radiation [22,23]. Other choices for
DM not in tension with the CMB are a Majorana or pseudo-
Dirac fermion. Furthermore, for the minimal DP model
considered here a complex scalar lighter than 6.9 MeV is
ruled out [24] by the Planck measurement of N [23].

For m, > 2m,, the annihilation cross section for a scalar
dark matter particle can be written as [25]:

- 8xv’Y
oler = [Hv~ =, (4)

X

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

v=cap(22) (5)

mA/

in the following we will present the sensitivity of neutrino
facilities in the (Y, m,) plane by considering as benchmark
points ap = 0.5 and ap = 0.05 with my = 3m,. This
choice has the advantage of making the so called thermal
targets apparent, that is regions of the parameter space
where, for a certain scenario, the correct thermal abundance
is obtained [12,25]. For a complex scalar with our bench-
mark parameters, BABAR bounds constrain thermal relics
to be lighter than 500 MeV [19]. Hence, the unexplored
parameter space for which y provides a good thermal relic
dark matter candidate is large in this simple scenario. The
U(1) gauge coupling ap is bounded by the constraint on
DM self-scattering cross-section coming from halo shape
and bullet cluster observations, that is

7 < few x cm?/g, (6)
ny

which however does not lead to a significant bound in the
region my > m, [26]. We will limit a, < 0.5, where this
upper bound is suggested by the running of ap [27].

III. DM PRODUCTION AND DETECTION AT
NEUTRINO FACILITIES

The near detector (ND) of a fixed target neutrino facility,
designed to measure the neutrino flux before significant

oscillations occur, also offers the opportunity for measure-
ment of neutrino interactions. As pointed out in Ref. [1], the
ND could also serve as a DM detector. The idea is as
follows: the DP is produced in the interaction of the proton
beam with the target and it then decays promptly into DM
particles, producing a DM beam alongside the neutrino
beam. The DM beam is then detected inside of the ND
through DM-nucleon or DM-electron interactions. DPs are
produced mainly by rare decays of z° and 7, or for heavier
masses, via proton bremsstrahlung and mixing between the
DP and the p.

We simulate the DP production pN — A’X via the
BANMC simulation tool [28] which considers only the
primary reactions resulting from the collision of the proton
beam with the target. This is sufficient to capture the
leading order production mode for the DP, but does miss
possible secondary and tertiary production from showering
within the target. As the DM produced in the decays of the
secondary or tertiary DP have much lower energy and a far
larger angular spread than those produced by the initial
proton-target collisions, their contribution to the final dark
matter event rate is highly suppressed. A more thorough
analysis would also consider these additional contributions
to the DM beam, and our projections should be considered
conservative.

The total number of DM particles produced in the target
via bremsstrahlung is

N:

., or(pp = A'X) (7)

or(pp)

where the factor of two takes into account the production of
the yj pair, Npgr is the number of proton on target, and
o(pp) ~40 mb is the total proton-proton cross section,
for a beam of 120 GeV. The total number of DM produced
through the decay of some pseudoscalar meson ¢ is
given by:

N, = 2NporNgporBr(¢ — xx") (8)

where we follow the convention of previous work and take
the number of ¢’s produced per POT N,por to be
approximately 1 for z° and 1/30 for 5 [3,28]. This is an
underestimate, as many more mesons are produced in
secondary and tertiary beam-target interactions but as
previously mentioned, these have smaller energies and a
larger angular spread, greatly decreasing their intersection
with the detector and suppressing their contribution to the
dark matter-electron scattering rate. The eta production rate
was estimated by comparing the ratio of the production rate
of 7° to # in proton-proton collisions [29].

The angle and momentum distribution of produced 7°’s
was estimated by taking the average of the ™ and z~
production distributions developed in Ref. [30], which
we will call the BMPT distribution is a parametrization
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of the angle-momentum distribution of charged pions
produced in high energy fixed-target neutrino experiments.
Experimental measurements suggest that this procedure
yields a reasonable approximation of the z° distribution
[31,32], which is fortunate as well-measured z° distribu-
tions do not exist. The same procedure was used for the 7
for much the same reasons.

Once the DM beam is produced, a fraction €4, N, enters
the neutrino (near) detector and scatters with electrons and
nucleons. For m, < Agcp, the DM-electron scattering is
the dominant process, while for neutrinos the electron
scattering cross section is at least three orders of magnitude
suppressed compared to the hadronic cross section [33],
hence this is a powerful signature to explore in the light
mass region.

The inclusive electron-neutrino scattering cross section
can be approximated by [33]:

o(vye) ~ 10-2 <(f—v) om-2 )

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

2
~10"ape (M)ﬂ) cm™2  (10)

my

drapoe’
olye)~—"5—
A/

such that for € ~ 107*~1075 and a light DP the DM-electron
scattering cross section is still orders of magnitude larger
than the neutrino-electron cross section. The number of

signal events S,,_,,, is then:
Sjese = Lane [ dNi(EJotee). (1)

where n, is the detector electron density, while

1 do

dNT(E;():edetN< dE

)(pN = x0T dE,. (12)

where €4, us the acceptance of the detector under
investigation.

We now consider the Fermilab NuMI facility [34], which
operates with access to the Main Injector’s 120 GeV proton
beam and delivers neutrinos to several nearby detectors:
MINOS, NOvA, and Minerva. We focus on the NOvA
(NuMI Off-axis v, Appearance) near detector, and explore
its sensitivity to DM masses in the MeV-GeV window
produced via the prompt decay of a sub-GeV DP (see [7,8]
for a discussion on the sensitivity of these facilities to few-
GeV vector bosons). The NOvA ND is located 990 m away
from the target and is 12 milliradians off-axis, where its
location was chosen to guarantee that the energy distribu-
tion of the neutrino flux peaks at 2 GeV. The NOvA near
detector is a 300-ton low-Z, highly active tracking calo-
rimeter able to differentiate between muons (long tracks),

TABLE I. Main specifications of NOvA near detector.
Detector d(m) L 4(m) O(mrad) n,(1/m?)
NOvA 990 14.3 14.6 4.13 x 10%
TABLE II.  Fraction of simulated DM particles which intersect

with NOvA near detector considering DM production via pion
decay and proton bremsstrahlung.

A’ production mode ENOVA
70 — yA’ 0.0027
pp = A'pp 0.0043

electrons (EM showers) and 7°°s (which leave a gap before
decaying to y’s). This low-Z material and fine cell structure
provides the NOvA detector with good angular resolution
for neutrino(DM)-electron elastic scattering. Table I
presents the specifications of the NOvA ND, while table
Table II shows eygp,a, the fraction of simulated DM
particles which intersect with NOvA near detector, for
both the 7° decay (labeled 7° — yA’) and bremsstrahlung
(labeled pp — A’pp) production modes. Note that the 7°
decay mode has a significantly greater angular spread than
the bremsstrahlung mode, and a correspondingly smaller
acceptance as more of the dark matter is emitted at angles
too large to intersect with the detector.

IV. ELECTRON-DARK MATTER SCATTERING
SIGNATURE IN NOvA NEAR DETECTOR

We now study NOvA’s sensitivity to electron-DM
scattering events by reinterpreting the v — e elastic scatter-
ing analysis [35] performed on 2.97 x 10?° POT as a DM-
electron scattering analysis, treating both the v signal and
background as background for the DM search. This
amounts to 160 events: the estimated number of v-e signal
event is ~140, while its background of ~20 [35] events
includes both charged current quasielastic (CCQE) events
and neutral current (NC) events emitting a single pion.
Each signal event is composed of single forward-boosted
electron with energy E, in the range 0.5 GeV-5 GeV; for
these energies the electron detection efficiency is approx-
imately 50% [36]. Since electrons coming from v-e elastic
scattering are very forward along the direction of the
neutrino beam we impose a cut on E, 6% < 0.005.

We then simulated DM production and scattering events
using the BANMC code [28] and applied the analysis cuts,
finding that nearly all dark matter events passed the cuts.
A comment is in order: a v-electron elastic scattering
analysis can be used to measure the neutrino flux and
improve the total uncertainty on flux estimates over those
based on hadronic measurements (see for instance [37] for
how this is used to measure the Minerva flux). However,
the problem of whether the accuracy of this technique could
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be adversely affected by DM contamination is an important
one which we will address in a separate publication. In the
following we will not rely on any flux estimates using
neutrino-electron scattering, and instead assume a standard
10% uncertainty in the flux from hadronic calculations.
This is a conservative choice, and there is a strong effort in
improving on that. Another strategy suggested in [38] is to
instead consider high energy events with electron recoil
energies of 5 GeV-15 GeV without imposing any angular
cut. In this case the neutrino background consists of
55 events for 2.97 x 10 POT (roughly half of which
are elastic electron-neutrino signal events, with the other
half produced by electron neutrino contamination from the
beam) [38] and we will assume a reconstruction efficiency
of 20% [36]. Figures 1 and 2 illustrate NOvA sensitivity for
two different benchmark values of ap (0.5 and 0.05)
obtained by recasting the analysis of Ref. [35] using the
angular cut of E,0% < 0.005 GeVrad> with 2.97 x 10%°
POT (labeled NOvA 2.97 x 10%°) and the final POT of
6 x 10*' (labeled NOvA 6 x 10%'). We also considered
high energy events with electron recoils between 5 GeV and
15 GeV with 6 x 10>! POT only (labeled NOvA High
Recoil), though this produced somewhat weaker limits
despite the smaller number of required events. The stronger
sensitivity in the low recoil analysis is due to the low energy
peak in the DM-electron recoil spectrum shown in Fig. 3,
an effect which weakens as m, increases.

1077
107
107° )
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E o0
S
3
-11
AL — 5w
> E137
BaBar
10712 —— Jlgsinvisible
—— Direct Detection
—— NA64
1 0_13 -------- MiniBooNE
Relic Density (Complex Scalar)
-------- Relic Density (Majorana)
1072 107" 1
my(GeV)
FIG. 1. NOvA estimated sensitivity to a DP decaying into yy'

pairs for the benchmark point ap = 0.5 and my = 3m,. We
plot contours of 41 (650) events for 2.97 x 10 (6 x 10%")
POT with E,6% < 0.005 GeVrad®> and for the contour labeled
High Recoil, 230 events for E, € [5,15] GeV for 6 x 107!,
Also shown are the strongest existing experimental limits:
LSND [13,14], E137 [15], MiniBooNE [16,17], NA64 [18],
BABAR [19] and CRESST-II [20].
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FIG. 2. NOvA estimated sensitivity to a DP decaying into
electrons for the benchmark point @, = 0.05 and m, = 3m,,. See
Fig. 1 for further details.

The limit curves shown in Figs. 1 and 2 were produced
by simulating a sample dark matter events for the NOvA
near detector and counting the number of events which
survived the two sets of cuts discussed in the previous
paragraph. The value of € was scaled to reproduce a number
of events which would exceed the uncertainty in the

le7

2 4 6 8 10 12 14
Electron Recoil Energy (GeV)

FIG. 3. Histogram of electron recoil energy for 6 x 10> POT
with my = 60 MeV, m, =20 MeV, ¢ =107 and ap = 0.5.
For this choice of parameters, approximately 89.5% of events lie
in the low recoil region with energies of E, € [0.5,5] GeV. The
low reconstruction efficiency at higher energies is not included in
this plot, but further weakens the high recoil analysis. While the
required number of events to exclude the scenario is larger in the
low recoil region (650) than it is in the high recoil region (230),
the much larger number of signal events in the low recoil region
more than compensates for this, and therefore provides a better
constraint for most values of m,, as shown in Figs. 1 and 2.
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predicted electron neutrino signal and backgrounds by at
least two standard deviations. Adding the statistical
error and the error from the overall neutrino flux in
quadrature, we take the required number of events to be

24/N + (0.1 x N)?, where N is the predicted combined
neutrino signal and non-neutrino background and the
second term accounts for the 10% uncertainty in estimating
the overall neutrino flux from hadronic calculations. For
the E,6° < 0.005 GeV rad? region, this results in a cut on
41 (650) events for 2.97 x 1020 (6 x 10?!) POT, and
230 events for 6 x 102! in the high recoil region.

NOvA is able to reach new regions of parameter space
above and beyond that of currently existing limits for
m,, < 200 MeV. The black solid line represents the region
where the correct relic abundance is achieved via thermal
freeze out into SM particles and NOvA can probe it in some
regions of the parameter space for y masses below
100 MeV for ap = 0.05.

Both the LSND and E137 limits were obtained as a recast
of existing searches, while in this region the strongest
bounds from an analysis by an experimental collaboration
comes from NA64 and MinBooNE. While the recent
MiniBooNE analysis [17] has produced limits comparable
to LSND and E137, NOvA should be able to place slightly
better limits with currently available data and could poten-
tially further improve upon them with 6 x 10>! POT if the
overall error in the neutrino flux was reduced. At low
masses, m, <6 MeV, NOvA’s reach flattens out because
my < Ey, where Ef is the energy of the dark matter
particles after DM-electron scattering, and limits from
LSND dominate due to the lower energy threshold. In order
to improve NOvA sensitivity in this region it would be
necessary to reduce the threshold for the lower electron
recoil energy. At present, there are attempts to push EMin
down to energies of 100 MeV to 200 MeV. However, this
would typically imply a reduction in the reconstruction
efficiency of the recoil electron and thus may not result in a
significant increase in sensitivity. In the near future the low
mass region m, < 60 MeV may also be probed effectively
by the COHERENT experiment [39-41], whose primary
purpose is measuring coherent elastic neutrino-nucleus
scattering.

V. CONCLUSIONS

We studied DM-electron scattering signatures in the
NOvA near detector. Our main finding is that in the 6 MeV-
200 MeV dark matter mass window NOvA can probe
unexplored regions of the parameter space reaching down
to the thermal relic line for some values of ap, for a complex
scalar DM candidate. This represents a significant improve-
ment over existing scattering experiments like LSND
[13,14], MiniBooNE [16,17], and E137 [15]. Our proposal
is completely symbiotic to the neutrino program and
requires only a recast of an existing analysis. As a further
step, a dedicated analysis would be welcome as it would
place limits with the same rigor employed in the
MiniBooNE analysis and could further improve the sensi-
tivity. We have thus considered some preliminary ideas to
improve the sensitivity. As shown in Figs. 1 and 2, the
region of the parameter space within NOvA’s reach exhibits
a nice complementary with many planned future facilities
and proposed experiments such as Belle-II [42] and BDX
[43]. In particular, if a discovery were made at NOvA it
would then also be possible to study the properties of this
particle. Future direct detection experiments such as
SENSEI [12,44] would be able to test if the discovered
particle is DM (at least in the case of a complex scalar)
since NOvA, as with other accelerator-based probes, cannot
distinguish DM from other long-lived particles.

We conclude by commenting on the complementary of
our proposal to that put forward in [8,9] which illustrated
the possibility to probe few GeV leptophobic mediators
between the visible and the dark sector using MiniBooNE
data from neutrinos coming from the Main Injector. Hence
building a comprehensive DM program at Fermilab NUMI
facility is possible and highly motivated.
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