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We report the first results of a search for leptophobic dark matter (DM) from the Coherent—CAPTAIN-
Mills (CCM) liquid argon (LAr) detector. An engineering run with 120 photomultiplier tubes (PMTs) and
17.9 x 10% protons on target (POT) was performed in fall 2019 to study the characteristics of the CCM
detector. The operation of this 10-ton detector was strictly light based with a threshold of 50 keV and used
coherent elastic scattering off argon nuclei to detect DM. Despite only 1.5 months of accumulated
luminosity, contaminated LAr, and nonoptimized shielding, CCM’s first engineering run has already
achieved sensitivity to previously unexplored parameter space of light dark matter models with a baryonic
vector portal. With an expected background of 115 005 events, we observe 115005 + 16.5 events which is
compatible with background expectations. For a benchmark mediator-to-DM mass ratio of my, /m, = 2.1,
DM masses within the range 9 MeV < m,, < 50 MeV are excluded at 90% C. L. in the leptophobic model
after applying the Feldman-Cousins test statistic. CCM’s upgraded run with 200 PMTs, filtered LAr,
improved shielding, and 10 times more POT will be able to exclude the remaining thermal relic density
parameter space of this model, as well as probe new parameter space of other leptophobic DM models.

DOI: 10.1103/PhysRevLett.129.021801

Introduction.—CCM is a proton fixed target experiment
capable of detecting signals of new physics via coherent
elastic nuclear scattering. As such, it can explore a variety
of sub-GeV dark matter (DM) models interacting via light
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mediators. Since the dominant production and detection
modes for DM occur via hadronic processes (such as pion
decays and nuclear scattering), CCM has a unique sensi-
tivity to leptophobic DM models [1-5] that are difficult to
probe in electron- or photon-beam experiments. Light dark
matter (LDM) models that do not couple to electrons and
photons tend to be unviable due to a lack of annihilation
channels that could yield the correct thermal relic abun-
dance. However, this issue is easily circumvented since
loop processes will invariably generate a small mixing of
the hadronic mediator with the standard model (SM)
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FIG. 1. Leptophobic DM () is produced at the LANSCE

through decays of light vector mediators (V) coupled to baryon
number, which in turn can be produced in rare pion decays. This
generates a flux of DM particles that can coherently scatter off
40Ar nuclei in the CCM detector. The resulting nuclear recoil
signals have a harder spectrum (250 keV) than the coherent
elastic neutrino nuclear scatter background from z* — utv
decays at rest.

photon, opening viable parameter space where DM can
efficiently annihilate in the early Universe [1].

CCM operates at the Los Alamos Neutron Science
Center (LANSCE) Lujan Center where 800-MeV protons
are delivered at a rate of 20 Hz in a 280-ns triangular pulse
from the LANSCE beamline and interact in a thick tungsten
target [6-8] copiously producing z%’s. Many light dark
sector models predict rare pion decays to vector mediators
that couple to quarks 7° — yVp, as illustrated in Fig. 1
[1,9]. If kinematically allowed, these mediators can
promptly decay to DM particles (Vp — yj), where some
of them travel to the CCM detector and scatter off nuclei
through the same Vjp mediator. CCM is designed to
measure coherent scattering off “’Ar with an energy thresh-
old of approximately 10 keV. The A’-enhanced cross
section due to coherent scattering off nuclei, in this case
Ar [10,11], where A is the number of nucleons in the
nucleus, further improves CCM’s sensitivity to DM masses
below m 0. As a result, CCM is able to extend the physics
reach beyond the MiniBooNE experiment [12,13] which
explored similar models. This Letter describes the results of
a search for leptophobic DM using the CCM120 coherent
nucleon scattering data [11]. Natural units (2 = ¢ = 1) are
used throughout this Letter.

Description of the CCMI20 detector—CCM is an
upright cylindrical stainless-steel detector with a diameter
of 2.58 m and a height of 2.26 m. It consists of a cryostat
filled with 10 tons of liquid argon (LAr), ~3 tons of active
veto, and ~5 tons of fiducial volume. The 128-nm scin-
tillation light is produced from the decay of excited Ar
dimer states and observed by 120 8-in. R5912-mod2
Hamamatsu photomultiplier tubes (PMTs). Ninety-six
PMTs are coated with tetraphenyl butadiene (TPB) to shift
the scintillation light to visible light. Mylar foils painted
with TPB cover the inner walls of the cryostat in between
the PMTs to increase the light collection efficiency. The
uncoated PMTs are used to disentangle the properties of the

PMTs and LAr with that of the TPB. Both the coated and
uncoated PMTs are used in the physics analysis. Their
performance characteristics are determined from the optical
model [11], a Monte Carlo program using GEANT4, to
determine the optical response of the CCM detector for the
physics analysis. The veto region is instrumented with 23
1-in. and five 8-in. PMTs that reject interactions occurring
outside the detector. The signals from the PMTs are read
out by CAEN VX1730 500-MHz digitizer boards in a
16-us window for each beam trigger, random trigger, and
light-emitting-diode trigger (calibration). Ten of the 16 us
are used to measure the beam-out-of-time background.
Further experimental details can be found in Ref. [11]. The
upgraded follow-up experiment CCM200 [11] will include
many improvements learned from CCM120, and will
run for three years to significantly improve dark sector
searches.

Leptophobic DM signal.—The leptophobic dark sector
model considered in this analysis consists of a scalar DM
candidate y and a vector portal communicating with the SM
quarks via gauged baryon number [1-5]. The interactions
of the vector mediator V are given by

Ly D =Vi(gpts + g, 7% + epeli™M), (1)

where JZ is the SM baryonic current J& =137, ,7,4;, and
Jy, is the scalar DM current J§ = i(y*d,x — x0,x*). The
small coupling of V5 to the SM electromagnetic current
JEM is naturally induced by loop effects, which generate a
kinetic mixing e between V and the SM photon with the
typical size of e ~ egp/(4x)?. This suppressed coupling
has a negligible effect on DM production and detection at
CCM; however, its presence is crucial to allow DM to
annihilate in the early Universe efficiently, and it controls
the DM relic abundance.

The other relevant parameters of this model are the DM
mass m, and the vector mediator mass my . For concrete-
ness, our data analysis will set limits on a slice of parameter
space where we fix the following parameters: (i) the
mediator-to-DM mass ratio my,/m, = 2.1, (ii) the DM
coupling strength to the vector portal a, = g2/(4x) = 0.5,
and (iii) the Vz —y kinetic mixing ez = egy/(4x)? to
define the thermal relic density target.

The benchmark ratio of my, /m, = 2.1, in particular,
captures a region of parameter space of baryonic vector
portal models that remains viable. The dark matter
annihilation rate in the early Universe that sets the
relic abundance yy* — Vi — e*e™ scales as aga,/
[(m3,, = (2m,)*]?, where ap = g3/(4r). When my, >
2m,, the product of couplings needs to be sufficiently
large apa, ~ 1.5 x 107" (my, /MeV)* in order to avoid a
dark matter overabundance. Unfortunately, this range of
couplings is excluded by a combination of beam dump and
fixed target experiments, including MiniBooNE and NA62.
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On the other hand, when my, is close to 2m,, the
annihilation process is resonantly enhanced, and the cou-
plings aa, need to be proportionally suppressed to avoid a
dark matter underabundance. Indeed, for our benchmark
choices of my, /m, = 2.1 and a, = 0.5, the values of ag
yielding the correct dark matter relic density are sufficiently
small and remain compatible with present experimental
constraints in the range 2m, <m, < 13 MeV.

The dominant process for DM production at the
LANSCE Lujan source is given by z° production from
the 800-MeV proton beam impinging on the W target,
followed by rare decays of 7° — y(Vz — yx*). Assuming
my, < m,o, the branching ratio for this rare decay is given

by [1]

where a = ¢?/(4x) is the fine-structure constant.

The DM signal, including production through
7% = y(Vg = yx*), propagation to the CCM detector,
and Vg-mediated coherent nuclear scattering off of “°Ar,
is simulated using the BANMC event generator [14].

Data analysis and fits.—The details of the data analysis
are given in Ref. [11]. It will suffice to say that individual
pulses are found for each PMT waveform, and these pulses
are combined to generate an accumulated waveform from
which events are extracted. The length of the event is
measured according to the activity within the detector
and acts as a proxy for particle identification. A length
cut of 48 ns keeps 80% of the simulated nuclear recoil
events while rejecting 60% of 3°Ar events, a naturally
occurring contaminant to “°Ar with a decay rate of
~1 decay/ sec /kg. The integrated charge for each event
is measured over the length of the event. Measurements of
the proton-on-target y-ray flash using an EJ-301 detector in
a neighboring flight path provides a measurement for beam
T, the time when the first speed-of-light particle (neutrino
or assumed LDM) is expected to arrive at CCM. The time
difference between T, and when CCM starts seeing the
slower beam-related neutron interactions is 210 ns, of
which the first 190 ns is used as the signal region of
interest (ROI) in the analysis to measure the signal rate. The
energy of the event is calibrated using a >’Na (2.2-MeV)
gamma-ray source located in the center of the detector. The
detector response is 15.1 £ 4.0 PEs/MeVee (electromagn-
tic equivalent), and assumed to be linear to > 200 keV and
is consistent with simulations using the optical model.

The calibration data from the sources and laser runs are
used to quantify the detector response model [11]. Ten
variables are identified and tuned in the process. Using all

N Measured Bkg.
50000—
20000|— —|— Beam ROI (stat. error)
M N
o L
; I
# 30000— —  ------ Norm. DM Dists.
[ B
>
a »
20000\ —
10000f—
C L
Y P R B O '
E 2005 Background Subtracted
~ E
@ 100F | mmpoammooeeees vesniziez,
] o—=—o—+t—-1+—4—— fﬂ%——i—-}—;—gﬂgu-gg
Q _100F- |
B _200F
4 6 8 10 12 14

Energy (PE)

FIG. 2. The top frame shows the reconstructed energy distri-
bution after all cuts are applied. The background prediction based
on the beam-out-of-time window is the shaded region, and
measured data in the beam signal region of interest are the solid
lines. The bottom frame shows the background subtracted
distribution along with a blue line that is arbitrarily normalized
to show the shape of the expected DM distribution. The thickness
of the blue line shows the variation due to 383 different my, m,
mass combinations.

the data, the absorption length for scintillation light in
contaminated LAr is ~50 cm compared to 180 cm in pure
LAr [15]. This drastically reduces the light output and is
due to O, and H,O contamination. The planned upgraded
CCM200 detector will have a recirculation or filtration
system for the LAr, which will reduce these sources of
contamination [11]. Nuclear recoil events are simulated
from 10 keV to 5 MeV to map out the detector’s response.
Using the shorter absorption length, the detection efficiency
for a 100-keV (1-MeV) nuclear recoil event is 2% (20%).
The nuclear recoil efficiencies have not been validated with
data; however, we plan to deploy a neutron source to better
constrain the nuclear recoil efficiencies in the CCM200
detector simulation.

The CCM120 2019 engineering run accumulated 17.9 x
10%° POT, or 56 860 679 triggers, in a 1.5-month period.
The signal event distribution and predicted background are
shown in Fig. 2. The background is measured using the
4.180-u sec beam-out-of-time window, which is 22 times
bigger than the 190-ns beam ROI. The beam-out-of-time
window is split into 190-ns time bins, and no variations
above statistical fluctuations are observed. Since the back-
ground is measured directly from the data, the only
systematic errors considered are on the prediction of the
DM signal. A total fractional systematic error of 22.6% is
determined for reconstructed DM events, this includes the
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FIG. 3. Median sensitivity (dotted black curve) and observed

90% C.L. exclusions (solid black curve) set by CCM120 on the
baryonic coupling strength of the vector portal mediator ap as a
function of the DM mass m,,. The green line denotes the m, — ay
relation that predicts the observed DM thermal relic abundance,
under the assumption of a small effective V — y kinetic mixing
of eg = e\/ag/ (47)*2. The shaded gray regions have been
constrained by previous experiments [3,12,13,17,18]. The shaded
blue region highlights the new parameter space covered by
CCM120. Sensitivity projections for the upgraded CCM200
three-year run are shown as colored dotted lines under different
assumptions. Blue, current shielding and filtered LAr; orange,
improved shielding and filtered LAr; pink, improved shielding
and underground LAr. See Ref. [11] for details.

uncertainty in the amount of POT which is measured to an
accuracy of 0.7%, the uncertainty coming from the quench-
ing factor of nuclear recoil events in LAr, and the
uncertainty due to propagating the covariance matrix from
the optical model parameters [11]. The background pre-
diction is consistent with what is observed in the beam ROI.
The observed data include 115005 events, and after
background subtraction there remain 16.5 4= 338.4 events,
which is consistent with no observed excess.

The my, —m, parameter space is scanned within the
intervals my, = [0.3-134] MeV and m, = [0.1-67] MeV
to generate 90% C.L. exclusion limits on ap. These are
calculated using the same frequentist method used for the
MiniBooNE DM and oscillation analyses [12,13,16].

The results of this analysis are displayed in Fig. 3, where
CCM120’s 90% C.L. median sensitivity and observed
limits are shown as dotted black and solid black lines,
respectively. Previous bounds are shown as shaded gray
regions [12,13,17,18], where constraints from UV com-
pletions of models with gauged baryon number [3] are

shown only for the most conservative and least model-
dependent anomalon limit.

Notably, with only 1.5 months of data and contaminated
LAr, which reduced the attenuation length of the near UV
scintillation light to about 50 cm, CCM120 is still able to
extend the excluded parameter space of this benchmark
model beyond the leading constraints previously set by
MiniBooNE [12,13] and NA62 [17] within the range
2 MeV <m, <29 MeV (as shown by the shaded blue
region). Furthermore, CCM120’s new limit extends the
excluded relic density target region from m, 2 13 MeV
down to m, 2 9 MeV. CCM120’s bounds are even stronger
for other slices of parameter space for which my, /m, > 2.1.

Conclusions.—CCM120 successfully carried out a
search for leptophobic DM using its nuclear scattering
data. CCM120’s greatest success is its ability to use an
engineering run with 1.5 months of analyzable data to
exclude new parameter space of leptophobic DM models,
as illustrated by the shaded blue region in Fig. 3 for a
benchmark model with scalar DM and a baryonic vector
portal. With the improvements already implemented in
CCM200 (filtered LAr, more shielding, etc.), a three-year
run collecting 22.5 x 10>' POT will significantly extend
CCM200’s reach to unexplored parameter space of lep-
tophobic DM models with the possibility of completely
ruling out the low mass relic density target of the bench-
mark model considered in this analysis.
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