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We explore the sensitivity of the short-baseline near detector (SBND) experiment to light dark matter
using MeV-scale electromagnetic activity. Inelastic scattering of dark matter with argon nuclei can excite
nuclear states that subsequently deexcite via the emission of MeV-scale photons, producing localized low-
energy “blip” signatures in a liquid argon time projection chamber. We perform state-of-the-art ab initio
nuclear calculations, including all relevant argon excited states with energies up to 18 MeV, to provide
reliable predictions for these signals. After accounting for relevant backgrounds, we find that SBND can
probe previously unexplored regions of parameter space for light dark matter.
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Introduction—Proton- and electron-beam-dump experi-
ments provide excellent opportunities to probe light-dark-
matter models through both appearance and disappearance
channels. Among existing results, ongoing proton-beam-
based neutrino experiments, such as COHERENT [1] and
CCM [2], as well as earlier experiments like LSND [3] and
MiniBooNE [4], have explored regions of sub-GeV dark-
matter (DM) parameter space by using neutrino detectors to
search for DM produced when high-intensity proton beams
strike a target. Meanwhile, the electron- and muon-beam-
based NA64 e/u [5-7] experiments have probed the
parameter space through disappearance channels associated
with light-mediator decays.

Recently, it has been shown that light DM can be
efficiently probed via DM-nucleus inelastic scattering chan-
nels by utilizing deexcitation photons in the context of the
ongoing CCM experiment [8,9]. Although the inelastic
scattering cross section is typically smaller than that of
elastic channels, the MeV-range final-state photons benefit
from significantly reduced neutrino-induced backgrounds in
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the relevant unconstrained parameter space. Additionally, the
discrete energy spectra of nuclear deexcitation photons allow
for further background suppression.

In this Letter, we investigate a complementary realization
of this inelastic channel in the short-baseline near detector
(SBND), a liquid argon time projection chamber (LArTPC)
detector at Fermilab [10,11]. We consider inelastic scattering
of dark matter from argon nuclei, which excites nuclear states
that subsequently deexcite via the emission of MeV-scale
photons. The relevant argon excited states have excitation
energies of several MeV and predominantly decay through
the isotropic emission of one or more gamma rays. In a
LArTPC, these photons produce short-range Compton-
scattered electrons that appear as spatially localized, isolated
energy depositions commonly referred to as “blips” [12—14].
Recent advances in LArTPC reconstruction have demon-
strated sensitivity to individual MeV-scale energy deposi-
tions, enabled by excellent spatial resolution and low-noise
detector performance. Building on these developments, we
show that SBND can achieve sensitivity to dark-matter-
induced nuclear deexcitation signals using isolated MeV-
scale electromagnetic activity. We consider both the ongoing
target-mode operation of SBND and a proposed beam-dump
configuration [11], establishing the ongoing SBND as a
powerful probe of inelastic dark-matter interactions at
accelerator-based experiments. Furthermore, this analysis,
utilizing the state-of-the-art nuclear calculations, demon-
strates the potential of MeV-scale nuclear deexcitation
signatures in liquid-argon detectors for dark-matter and
supernova neutrino detections at DUNE.

Dark-matter model—This analysis considers a fermionic
dark-matter particle y that interacts with a U(1) gauge

Published by the American Physical Society
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FIG. 1.

(©)

Feynman diagrams depicting (a) the production of A’ via neutral meson two-body decay, (b) the production of A’ through

proton bremsstrahlung, and (c) the two-body decay of A’ into a y and y pair.

boson A’ via a coupling g,. The gauge boson A’ sub-
sequently couples to standard model (SM) charged fermion
Jf with coupling g, in the vector-portal dark-photon [15-20]
scenario, or in the leptophobic model [21-26]. The relevant
Lagrangian is given by

Line D g7V %A, + > 9, Fr" fA,,. (1)
f
where
eeQ Iz Vector-portal dark-photon model,
I = 9404 Leptophobic model.

Here, € and g, denote the couplings for the dark-photon and
leptophobic models, respectively. The parameter &y,
equals 1 when the fermions are quarks and O otherwise.

The simple dark-photon dark-matter anomaly-free
model, which utilizes photonlike couplings of the new
gauge boson [associated with the new U(1) symmetry],
was originally proposed in the US Cosmic Vision:
Community Report [27] as a conservative benchmark for
presenting constraints in the dark-matter parameter space.
The main motivation for expressing the parameter space in
terms of this minimal Lagrangian is that it enables a
straightforward reinterpretation of experimental constraints
within more complete or UV-complete models.

The U(1) gauge boson can acquire mass via Stueckelberg
mechanism (see Ref. [28] and references therein). However,
if the A’ mass arises from spontaneous symmetry breaking,
an associated Higgs-like scalar will also be present (e.g.,
[29]). This scalar can be produced through the proton
bremsstrahlung process, via photons and electrons, as well
as through three-body decays of pions (e.g., [30]).
Depending on how this scalar couples to dark matter, these
additional production channels can enhance the DM flux.

The leptophobic model is considered here to emphasize
that the process described above is purely a quark-
coupling-driven process, from production to detection, with
the signal rate depending on ggaD. Only COHERENT and
CCM, which utilize nuclear recoils, provide constraints
directly in this parameter space in Refs. [31,32]. In contrast,

the constraints from LSND and MiniBooNE arise from
processes proportional to g%,e%a b, since they rely on electron-
recoil signals, while NA64 e, 1) probes depend only on €2,
and therefore, do not provide competitive constraints in this
parameter space. There exist anomaly-free models in the
literature without direct electron/muon couplings but with
direct quark couplings [33], such as U(1) ; models involving
N and new vectorlike fermions under the SM gauge group
[34], the U(1) -1, class of models involving N [35], and
U(1)3x models that couple only to right-chiral first-gen-
eration quarks and third-generation leptons [29].

Dark-matter production at SBND—SBND is a 4 x 4 x
5 m? LATTPC detector located 110 m downstream of the 70-
cm-long “Be Booster Neutrino Beam (BNB) target, which
receives 8§ GeV protons [10,11]. Simulations using Geant4
[36-38] indicate that approximately 18% of the protons on
target (POT) pass through the target without interacting
and subsequently strike an iron dump with dimensions
4x4x421 m?, situated 50 m downstream along the
beamline. At both the target and the iron dump, these
protons generate a variety of secondary particles, including
7° and  mesons. The SM neutral meson (z° and ) fluxes are
simulated [39,40] in both the beryllium target and iron dump
using the Geant4 simulation package [36-38]. The U(1) gauge
boson A’ is produced through the decay of these neutral
mesons via 7°/n — y + A’ as illustrated in Fig. 1(a).
Additionally, protons can produce A’ directly through the
proton bremsstrahlung process: p + N - p + A’ + N, as
shown in Fig. 1(b). Dark matter (DM) is subsequently
produced via the two-body decay of A’, as depicted in
Fig. 1(c). For this analysis, ap = (¢3/47) =0.5 and
my = 3’"}( is considered, which ensures that any on-shell
A’ decays promptly to a y and y pair. Since g, > g, we can
safely assume a 100% branching ratio for this channel.
Under this assumption, all the production channels of A’ and,
henceforth, its subsequent decay to 7y depend only on €2,
and therefore the flux of DM reaching the detector is
independent of «aj. Figure 2 presents the DM flux from
the various sources and their respective production
locations.

This study presents results for two distinct scenarios.
(1) Target mode: in this configuration, the proton beam is
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FIG. 2. DM fluxes with masses of (a) 1 MeV and (b) 100 MeV are shown at the front face of the SBND. Red, blue, and green lines
correspond to DM production from z°, 5, and bremsstrahlung processes, respectively. Solid and dashed lines denote parent particles
produced at the target and the dump, respectively. Uniform binning is applied to the x axis in log space, representing total DM energy.
Thus, the y axis shows counts per bin rather than counts per bin width. The total number of DM particles is calculated by summing the
values for each bin, without multiplying by the bin widths. The red line (z° decay) is absent in (b) because A’ has a greater mass than z°,
which prevents z° from decaying to produce A’ on shell. For these plots we consider, ap, = (g3,/47) = 0.5, my = 3m,, and £ = 1.0.

directed onto the Be target, corresponding to a total of 102!
protons on target accumulated over three years of oper-
ation. Even in this target-mode configuration, approxi-

by a factor of 50 [41], resulting in a significantly cleaner
signal. Furthermore, it approximately doubles the produc-
tion of neutral mesons.

A summary of the two operational modes is provided in
Table 1.

Inelastic DM-nucleus scattering cross section: Ab initio—
The multipole expansion of inelastic DM-nucleus scatter-
ing cross section is [9]

mately 18% of the protons escape the target and
subsequently strike the dump. (2) Dump mode: in this
proposed scenario, the proton beam strikes the iron dump
directly, bypassing both the Be target and the magnetic
horn. This configuration reduces the neutrino background

doPM 2%’ g E, p), my 4rn I - - 2 4
inel _ my S 71.1*—11*(1-7““’% TP+ 1T, 2)
dE, ~ p,p,(2myE, + m2, — AE%)? 21 2J+1{J217Spm{2( SBINATEIOE + A1)
+ Z [lola|<']f||~/\>l]||]i>|2+l3l§|<‘]f||zl|Ji>|2_2l3l(§Re(<Jf||ZJ||Ji><Jf||MJ||Ji>*)}}7 (2)

J>0,spin

where E, is nuclear recoil energy, my and J denote the nuclear mass and spin, J;( ) is the initial (final) nuclear state, E}, and
p,, are the outgoing DM energy and momentum, and AE is the nuclear excitation energy. Both elastic and inelastic cross
sections expressions contain the same dependence on ap, ¢, and €.

The DM current in the scenarios considered here is purely vector: [, = yy*y. The dark-matter current terms ij L1 of

Eq. (2) are given in Ref. [42].
The electroweak multipole operators M TM> L TM> Tejlﬂ,, T are projections of the weak hadronic current, 7, such that
they can act on nuclear states with good angular momentum and parity. They are defined by

My = My + My = /d3x[jj(qx)YJM(Qx)]\A70(x)
i

Zow = Lo+ L =~ / PV (@)Y (@] - T ()

. R A 1 . 2
T = T+ T = / PV X i (gx) Y, ()] - T (x)
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TABLE L

Summary of the SBND operational modes considered in this analysis, including the corresponding
protons-on-target (POT) exposures and detector distances.

Configuration POT at target POT at dump Target distance (m) Dump distance (m)
Target mode (ongoing) 8.2 x 10%° 1.8 x 102 110 60
Dump mode (proposed) 6.0 x 102 60

e _ e | foes
- / Al (gY@ T, ()

where j;(gx) are Bessel functions, Y ;,(€,) are spherical
harmonics, and Y%, (Q,) are vector spherical harmonics.
The weak hadronic current has V-A structure J u= J ut J ,5,
allowing the operators to be split into components of
natural and unnatural parity. The normal parity operators,

My, Ly, TS, and 749 can only contribute to transitions
with Az = (—1). Similarly only M3,,, L3,,, T¢5, and T},F,
can contribute to unnatural parity transitions Az = (—1)7*!.
The V-A structure is needed for calculating the SM neutrino
background, while the V part is used for calculating the DM
scenarios.

The phenomenological large-scale shell model (LSSM)
has so far provided the most prominent calculations of the
inelastic DM cross section. In the LSSM, however, oper-
ators must typically be adjusted (or “quenched”) to account
for neglected many-body physics outside the chosen
valence space and to improve agreement with data.
While certain operators can be calibrated using standard
model data, such as magnetic dipole (M1) transitions, these
adjustments are insufficient to determine the full set of
operators involved in DM scattering.

By contrast, ab initio nuclear calculations start from
realistic nuclear forces and fundamental electroweak cur-
rents and solve the nuclear many-body problem without
introducing phenomenological parameters. This first-
principles approach yields nuclear form factors that are
more physically robust and predictive. Over the past decade,
ab initio nuclear theory has made rapid progress, signifi-
cantly extending its mass reach and physics scope [43—46].
Recently, ab initio methods have been applied to compute
nuclear form factors for elastic dark-matter-nucleus scatter-
ing in medium- and heavy-mass nuclei [47]. Extending these
computations to inelastic scattering presents challenges:
while elastic scattering requires only the ground-state wave
function, inelastic calculations require computing wave
functions for multiple excited states and the high-rank
transition matrix elements between them. This substantially
increases the computational cost. In this Letter, we extend a
state-of-the-art ab initio method, valence-space in-medium
similarity renormalization group (VS-IMSRG) [48-52], to
accurately compute the inelastic DM-nucleus scattering
Cross section.

Our nuclear ab initio calculations begin with
Hamiltonians expressed in the harmonic oscillator (HO)
basis with frequency A, which we transform, along with
the nuclear form factor operators, to the natural-orbital
(NAT) basis, constructed from the perturbatively improved
one-body density matrix [47,53-55]. We set e = 2n + [ <
(eNAT = 14), where n and [ denote the radial and orbital
angular momentum quantum numbers, respectively and
impose an additional truncation e, + e, + €3 < (E3pax =
22) for 3N matrix element storage [56]. Next, we employ
the Magnus formulation of the VS-IMSRG [48-52] within
a smaller subspace e, < eNAT to decouple a valence-
space Hamiltonian, using ensemble normal ordering to
approximately capture 3N forces between valence nucleons
[51]. The electroweak multipole operators are consistently
transformed to generate effective valence-space operators,
truncated at the two-body level, the IMSRG(2) approxi-
mation. The model space within eNAT = 14, ¢, = 8 and
hw = 16 MeV was demonstrated in Ref. [47] to be
sufficient for obtaining converged nuclear form factors
form light nuclei to heavy nuclei such as '>?Xe. We employ
{181/2,0ds3,,,0f7 5, 1p3 5} valence space with 28Si core. We
then perform exact diagonalizations with the KSHELL
code [57]. In this Letter, three commonly used chiral two-
and three-nucleon interactions are employed: 1.8/2.0(EM)
[58,59], ANNLOgG(394) [60], N*LOrey,s [61].

Sensitivity—For argon nuclei, we consider deexcitation
photons with energies up to 18 MeV, which includes
contributions from nuclear excited states ranging from
1" to 47 and 0~ to 47. Among all these states, the
dominant contributions emerge from the 17 states located
roughly between 4.5 and 10 MeV, as well as the first 2"
state at an excitation energy of approximately 1.5 MeV. The
excitation energy of the 2| state calculated by the ab initio
VS-IMSRG using three chiral interactions ranges from 1.32
to 1.98 MeV, in good agreement with the experimental
value of 1.46 MeV. The ab initio 17 excitation energies also
reproduce the experimental data within about 0.5 MeV.

The LSSM calculation is valid for the 17 states when the
operators are rescaled to reproduce experimental M1
transition strengths, while the ab initio calculations, with-
out such adjustments, successfully reproduce the available
experimental data [62]. Inelastic DM-nucleus scattering not
only produces MeV-scale deexcitation photons, but also
produces a small nuclear recoil of keV scale. The cascade
MeV-scale energy will diminish the keV-scale nuclear
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Dark-matter exclusion bounds at SBND obtained using ab initio nuclear calculations for the vector-portal dark-photon model

(left) and the leptophobic dark-matter model (right), where ap = ( g?l /4r). The assumed numbers of signal events are indicated in the
legend. The bands associated with the SBND lines represent the nuclear uncertainty quantified by different chiral interactions. For
“SBND Target” lines, we use 8.2 x 10?° POT on the Be target and the leaked 1.8 x 10?° POT on the iron dump, as shown in Table I. For
“SBND Dump” mode lines, we use only 6.0 x 10%° POT on the iron dump.

recoil energy, and therefore, the contribution of the latter
can be ignored.

The ability to reconstruct such MeV-scale electromag-
netic activity in LArTPC detectors has been demonstrated
by the ArgoNeuT experiment through the observation
of nuclear deexcitation y rays [12], and more recently by
the MicroBooNE experiment using ambient radiogenic
and cosmogenic activity to validate MeV-scale blip
reconstruction, energy calibration, and background char-
acterization [14]. We investigate the DM parameter space
fixing the mass ratio my/m, =3 and ap=(gj,/4r)=
0.5. The resulting exclusion bounds for the experiments
are shown in Fig. 3. We show 2.3 events line for the
SBND dump mode proposal, while 10 and 30 events lines
for the target mode run. These target events are obtained
from 90% CL assuming no SM background (dump mode)
and estimated neutrino background (target mode). The
shaded region shows the existing limits from various
elastic scattering searches [1,2,63—-67].

For these representative dark-photon dark-matter mod-
els, the relic abundance line, along with the MiniBooNE
and LSND constraints and the SBND signal line, shifts
identically upward or downward in terms of the Y values,
which « €?aj,. In contrast, the NA64 constraint, which is
based on missing-energy searches rather than dark-matter
appearance type measurements, is independent of ap, as
discussed in Ref. [68]. The choice of this «j value was
proposed in the US cosmic vision: community study [27] to
obtain a conservative constraint in the parameter space.
Although the couplings between the dark photon and
dark matter are assumed to be large, the couplings to the
visible sector particles remain much smaller. The large
couplings, or the associated higher-order corrections, do

not significantly modify any of the constraint lines shown
in the plots, since the value of ap can be rescaled to
accommodate such higher-order corrections.

The thermal relic line corresponds to the standard freeze-
out scenario, where dark matter was once in thermal
equilibrium with the standard model plasma and reprodu-
ces the observed dark-matter abundance [69]. If dark matter
is thermal in origin, only parameters near this line are
favored. However, nonthermal production mechanisms,
such as freeze-in, particle decays, or asymmetric dark
matter, can also generate the observed abundance [70],
allowing viable parameter space both above and below the
thermal relic line. Therefore, a signal in these experiments
could provide important information about the cosmologi-
cal origin of dark matter.

The SN1987A constraint for this dark-photon dark-
matter model with ap = 0.5 has been calculated in
Ref. [71]. The resulting constraint corresponding to values
of ¥ < 107¢ represents the excluded part of the parameter
space. The BBN constraint for this class of models can also
be relevant for dark-matter masses below ~10,MeV, as
shown in Ref. [72].

The relic abundance for U(1) z-type leptophobic models
has been computed in the literature (e.g., Ref. [32]),
showing that thermal dark matter in this scenario is largely
ruled out. In contrast, the U(1);3x model involves an
additional scalar [29], which makes the relic abundance
constraint less restrictive.

Backgrounds—The signal considered here, MeV-scale
nuclear deexcitation photons from inelastic dark-matter
scattering on argon, overlaps with several sources of low-
energy electromagnetic activity in SBND. The dominant
irreducible physics background arises from neutral-current
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neutrino-argon inelastic scattering that excites the nucleus
and produces deexcitation photons in the same MeV
energy range as y signal. Using the expected BNB
exposure in target mode, we estimate a total of ~235
neutrino-induced inelastic events in SBND [10]. In addi-
tion, neutrino interactions produce final-state neutrons that
can scatter inelastically on surrounding argon nuclei,
generating secondary deexcitation photons. Compared to
prompt nuclear deexcitation at the primary interaction
vertex, such neutron-induced photons are typically spa-
tially displaced and delayed, providing handles based on
topology, multiplicity, and spatial distributions [12].
Nonelectromagnetic deexcitation (e.g., neutron, proton,
a emissions) is not considered in this study as they have
distinct spectra from photons.

Beyond neutrino-induced activity, beam-related neutrons
constitute an important background class for MeV-scale
searches near the BNB. These include neutrons produced at
the target or dump that enter the detector volume, as well as
two delayed, beam-correlated components identified in the
ANNIE hall: “sky-shine” neutrons produced in the dump
that scatter in air and enter the detector predominantly from
above, and “dirt” neutrons produced by neutrino inter-
actions in upstream material that enter from the beam
direction [73]. Measurements indicate that these neutron
backgrounds are delayed relative to the prompt neutrino
component and strongly dependent on detector position,
with the highest rates near the top of the detector volume
and a rapid reduction with depth [73]. In SBND, such
backgrounds can, in principle, be mitigated through fidu-
cialization, spatial selections that suppress activity near the
upstream and top regions, and timing selections relative to
the beam spill. The narrow BNB spill structure further
enables strong suppression of steady-state backgrounds,
with residual beam-uncorrelated contributions constrained
using beam-off data.

Additional nonbeam backgrounds include cosmogenic
activity, ambient y-ray radiation from detector materials
and the surrounding environment, internal radioactivity
(notably *Ar), and electronics noise. These sources pop-
ulate the MeV-scale regime and can produce isolated low-
energy depositions that resemble photon-induced “blips.”
Recent measurements by the MicroBooNE collaboration
demonstrate that large liquid-argon time projection cham-
bers can robustly reconstruct isolated MeV-scale electro-
magnetic activity with controlled energy calibration,
resolution, and efficiency using ambient radiogenic and
cosmogenic sources [14]. These studies establish that data-
driven background templates, beam-off samples, and top-
ology-based selections can effectively characterize and
constrain such low-energy backgrounds, providing a vali-
dated experimental framework for MeV-scale blip analyses
in SBND-like detectors.

A dedicated timing- and topology-based background
analysis incorporating the expected dark-matter time-of-flight

relative to prompt neutrino interactions, as well as spatial
and multiplicity information, lies beyond the scope of this
work; we therefore present sensitivities in terms of the
expected number of signal events. For target-mode running,
the 30-event contour corresponds approximately to 3o
sensitivity when the estimated neutrino background is
included, while we expect that a dedicated background
analysis could plausibly extend sensitivity toward the
10-event level. For the proposed beam-dump configuration,
the neutrino flux is suppressed by more than an order of
magnitude relative to the target mode, substantially reduc-
ing neutrino-induced nuclear excitation backgrounds. We
therefore present dump-mode sensitivities under the sim-
plifying assumption of a background-free search, noting
that residual contributions from beam-related neutrons and
detector backgrounds can be constrained using timing,
fiducialization, and beam-off data.

Conclusion—In conclusion, we have investigated blip
events at SBND as a novel probe of light dark matter
produced via the decays of light vector mediators and
subsequently scattering inelastically from argon nuclei
within the detector. We considered both dark-photon-type
and leptophobic models. For each scenario, we employed
state-of-the-art ab initio nuclear calculations to accurately
determine dark-matter nucleus-inelastic scattering rates.
For the first time, we systematically included all relevant
nuclear excited states with energies up to 18 MeV and
found that the 1% states and the first 2 state provide the
dominant contributions to the signal. This approach
enables robust signal predictions and improved back-
ground discrimination. Accounting for both neutrino-
and neutron-induced background processes, we demon-
strate that previously unexplored regions of parameter
space in both models can be probed at SBND. These
results highlight the potential of MeV-scale nuclear
deexcitation signatures in liquid-argon detectors as a
powerful avenue for dark-matter and supernova neutrino
detection at DUNE.

Note added—The work and conclusions presented in this
publication are not to be considered as results from the
SBN Collaboration.
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