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In this Letter we demonstrate that a future accelerator-based neutrino experiment such as DUNE
can greatly increase its sensitivity to a variety of new physics scenarios by operating in a mode where
the proton beam impinges on a beam dump. We consider two new physics scenarios, namely light
dark matter (LDM) and axion-like particles (ALPs) and show that by utilizing a dump mode at a
DUNE-like experiment, unexplored new regions of parameter space can be probed with an exposure
of only 3 months with half of its expected initial beam power. Specifically, target-less configuration
of future high intensity neutrino experiments will probe the parameter space for thermal relic DM
as well as the QCD axion (DFSZ and KSVZ). The strength of such configuration in the context of
new physics searches stems from the fact that the neutrino flux is significantly reduced compared
to that of the target, resulting in much smaller backgrounds from neutrino interactions. We have
verified this in detail by explicitly computing neutrino fluxes which we make publicly available in
order to facilitate further studies with a target-less configuration.

Introduction. The remaining unknowns in the stan-
dard three flavor oscillation paradigm are expected to be
measured by the next generation neutrino experiments
among which DUNE [1–4], Hyper-Kamiokande [5] and
JUNO [6] stand out. While determination of the mass
ordering, the octant of the atmospheric mixing angle
and the level of CP violation in the lepton sector are
indeed the main priority, it should be stressed that such
experiments can also be utilized in the context of var-
ious new physics searches. Specifically, in addition to
new physics realizations (e.g. light eV-scale sterile neu-
trinos [7], non-standard interactions [8] and ultra-light
dark matter (DM) [9, 10]) that could make a direct im-
pact to the measured oscillations, it was shown particu-
larly that such experiments will also be very competitive
in complementary beyond the Standard Model (BSM)
tests (see for instance section 7 in [11, 12] and references
therein). Focusing on a liquid Argon near detector, let
us stress searches for LDM [13–15], axion-like particles
(ALPs) [16, 17], new vector bosons [18–22], heavy neutral
leptons [19, 23–27] and model-independent BSM searches
in the context of the Standard Model Effective Field The-
ory [28].

One of the main challenges in performing such BSM
searches at neutrino experiments is that the correspond-
ing signals often appear in the detector with a very simi-
lar signature as neutrino interactions, and hence the neu-
trinos act as the main source of background. One of the
proposals to reduce the effect of such background is to
place the detector off-axis, the case in which the ratio
between the BSM signal and the neutrino background

increases [13, 29]. The challenge is that by going off-
axis, the signal statistics also decreases significantly, and
therefore, several years of data taking is necessary to ob-
tain competitive constraints in the BSM parameter space.

In this letter, we propose a complementary configura-
tion for a future DUNE-like experiment, inspired by the
method performed at the MiniBooNE beam-dump exper-
iment [30]. The idea is that if the proton beam can be di-
rected away from the target (and hence directly impinge
on the beam dump), the neutrino flux will be greatly
reduced, as charged mesons get absorbed in the dump
before they decay. Further, this configuration provides
additional materials for photon flux to increase; hence
the effective distance between the production source at
the dump and the detector decreases, which increases the
solid angle coverage and the number of BSM particles en-
tering the detector (for the case of DUNE the BSM flux
will be roughly increased by a factor of 4). While the long
term usage of the target-less configuration would clearly
not allow for precise measurement of neutrino parame-
ters, in this work we will demonstrate that for several
new physics scenarios large and hitherto unconstrained
regions of parameter space can be probed with only three
months of data taking at half the expected initial beam
intensity of DUNE. The relatively short duration needed
here will therefore not dramatically influence neutrino
program at DUNE-like experiments where the remaining
unknowns in the standard three-neutrino paradigm are
expected to be obtained.

Target-less Configuration. In a typical accelerator
neutrino experiment, neutrinos are produced from the
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decays of the secondary charged mesons generated by the
proton interactions in the target. The surviving hadrons
are captured in the hadron absorber or a beam dump.
In this work, however, we consider a target-less config-
uration for which the proton beam directly makes colli-
sions with the beam dump. To estimate the sensitivity
of this configuration for different physics cases, we first
model the fluxes of neutrinos, which is the main source of
background to BSM physics signals, and the progenitor
particles (π0, η0, e±, p), which is the source of the LDM
and/or ALP signals. We have simulated the fluxes using
GEANT4 [31] with the QGSP BIC AllHP physics list for
the hadronic reactions and G4EmStandardPhysics for the
electromagnetic interactions. For the case of DUNE we
have used a cube-shaped aluminum core of 4× 4× 4 m3

for the dump and we have assumed a 120-GeV proton
beam impinging on it.

The resulting flux of neutrinos in the target-less mode
as a function of the neutrino energy is shown in the top
panel of Fig. 1 (solid curves), where the νµ and ν̄µ fluxes
are shown in red and blue, respectively. To demonstrate
the potential of the target-less mode in suppressing the
neutrino fluxes, we have also shown the expected neu-
trino fluxes for the target case in dashed curves, taken
from Ref. [2]. The bottom panel shows the ratios of the
fluxes in the target-less compared to the target mode.
The peaks for both νµ and ν̄µ in the first bin for the
target-less configuration is due to the charged meson
decay-at-rest, and the dip around 3 GeV in the ratio can
be understood as the effect of the focusing horns which is
not present in the target-less configuration. One can see
that an overall flux suppression of 10−3− 10−4 is achiev-
able for the dump case, which demonstrates the potential
of the DUNE target-less configurations to significantly
suppress the neutrino background. In order to verify
these results, we have performed a separate simulation
based on the MiniBooNE beam dump assumptions and
have found general agreement with the neutrino fluxes in
Ref. [32].

As a final remark here let us emphasize that the DUNE
dump is designed to survive two consecutive accidental
deposition of 2.4 MW proton beams, effectively. To esti-
mate the sensitivity of the target-less mode to different
BSM cases, we consider two scenarios: (i) a realistic case
assuming the beam power is 0.6 MW with a run time of
3 months, and (ii) an optimistic case with a beam power
of 1.2 MW and a run time of 1 year. We show the results
of these two cases throughout the paper.

Benchmark Physics Cases. In what follows we
demonstrate the potential of a target-less configuration
at DUNE-like experiments in BSM searches by focusing
on two new physics scenarios: Light Dark Matter (LDM)
and Axion-Like Particles (ALPs).

Light Dark Matter. In recent years, significant atten-
tion has been paid to studying light MeV-GeV scale dark
matter at neutrino experiments [13–15, 33]. These stud-
ies are done by utilizing the intense proton beam at these
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FIG. 1. The target-less configuration fluxes (solid) ob-
tained in this work and neutrino fluxes for the target (dashed),
adopted from Ref. [2]. Here, the fluxes of νµ and ν̄µ in the tar-
get mode are the results obtained in the forward horn current
mode and the reverse horn current mode, respectively. The
red and cyan curves show the fluxes of νµ and ν̄µ, respec-
tively. Absolute fluxes for target and dump case are shown in
the upper panel while their ratio is shown in the lower panel.

facilities which strike the target, producing charged and
neutral mesons; latter may then produce DM particles
and this typically goes via meson decay into a final state
containing dark photon which couples to DM particles.
The DM can then travel to the detector and produce a
signal by elastic scattering on electrons. In this work
we consider the following dark-sector model by augment-
ing the SM with a complex scalar DM φ, charged un-
der U(1)D symmetry, which communicates with the SM
through a dark photon A′ (the U(1)D gauge boson), de-
scribed by the Lagrangian [34–37]

LDM ⊃ −
1

2
εFµνF

′µν +
1

2
m2
A′A′µA

′µ + |Dµφ|2 −m2
φ|φ|2 ,

(1)
where ε is the kinetic mixing, Fµν and F ′µν are the elec-
tromagnetic and dark photon field strength tensors, re-
spectively, mA′ and mφ are the dark photon and DM
masses, and Dµ is the covariant derivative corresponding
to U(1)D with the coupling gD and dark-sector fine struc-
ture constant αD ≡ g2D/4π. Given this Lagrangian, dark
photons can be produced through various mechanisms.
Among them, dominant production channels include the
following ones: (i) neutral mesons (e.g., π0, η) can de-
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FIG. 2. LDM sensitivity for target-less run of 3 months-0.6
MW beam (1year-1.2 MW beam) shown in solid (dashed) red
curve, compared to the DUNE target configurations discussed
in the literature, namely the shape analysis (blue dashed
curve) of Ref. [15] and the PRISM analysis of Refs. [13, 15]
(cyan dot-dashed curve). The “target” symbol in the legend
denotes the target mode measurements. The thermal relic
density for scalar DM reproducing the observed DM abun-
dance is shown in orange. The existing constraints from var-
ious experiments are shown in gray shaded regions. See text
for more details.

cay into a SM photon and a dark photon A′ through
the kinetic mixing, i.e., π0/η → γ A′, (ii) the incoming
proton beam can scatter off a nucleus, emitting a dark
photon, i.e., pN → pN A′, and (iii) positrons arising in
the secondary electromagnetic showering process of the
charged particles created by the beam collision can pro-
duce dark photons resonantly, together with electrons in
target atoms, i.e., e+ e− → A′. We use GEANT4 with
the QGSP BIC ALLHP physics list to simulate sample fluxes
of the progenitor particles (π0, η0, e±, p), which can then
source the DM flux, FDM .

Once produced, A′ immediately decays to a DM pair,
and the DM can manifest itself as scattering on e.g., elec-
trons, φ + e− → φ + e−. The differential cross section
with respect to the electron recoil energy, Er, is given by
[35]

dσφe
dEr

= 4πε2
αDαEM

p2φ

2Eφme(Eφ − Er)−m2
φEr

(2meEr +m′2A)2
, (2)

where me is the electron mass, αEM ' 1/137 is the QED
fine structure constant and Eφ (pφ) is the DM energy
(momentum). The expected number of DM signal NDM

at the detector is given by

NDM = Ne

∫
dEφ

dFDM

dEφ
σφe(Eφ) , (3)

where Ne is the number of electron targets inside the
detector fiducial volume, for which we have assumed 50-t
of liquid argon (LAr). We have set the threshold energy
to 30 MeV [2].

In Fig. 2 we have shown the target-less configuration’s
sensitivity to LDM using the dimensionless parameter
Y ≡ ε2αD(mφ/mA′)4, for dark sector coupling we chose
αD = 0.1, and assumed that the DM mass, mφ, is three
times smaller than the dark photon mass mA′ . For the
realistic case of 0.6 MW beam power and a run time
of 3 months (optimistic case of 1.2-MW in 1 year), we
require NDM = 3.1 (8.0) to obtain 90% CL sensitivity
projections. Note that neutrino fluxes in the target-less
configuration, shown in Fig. 1, yield 0.5 (4) neutrino-
electron scattering background events and that informa-
tion has been included in setting sensitivity projections.
The red curves in Fig. 2 represent the sensitivity projec-
tions for the two aforementioned study cases. One can
see that for mφ & 10 MeV a run of only 3 months yields
stronger sensitivity projections than other DUNE config-
urations with a run time of 5 years, e.g. a careful bin
by bin analysis using the on-axis detector [15] (dashed
blue curve), or using the PRISM concept to suppress the
background [13, 15] (dot-dashed cyan curve).

One can infer that the reach in the target-less real-
ization also “exceeds” the orange line corresponding to
the DM abundance in accord with present observations.
Hence, a run of only 3 months will have the ability
to probe thermal relic LDM up to mφ ' 200 MeV
(mA′ ' 600 MeV). Given the reach of the target-less
projection relative to the DM abundance line, scenarios
in which thermal relic is a subdominant DM component
are also testable. Further, note that asymmetric DM
models generically require larger than thermal relic
cross sections [38], and hence these models are more
testable at a DUNE-like experiment compared to
(symmetric) thermal relic DM. We have also shown the
existing constraints in shaded grey regions from the
MiniBooNE [30], BaBar [39] and NA64 [40] experiments.
Current direct detection experiments, for example
XENON1T, XENON10 and SENSEI (shown in gray
dashed curve) also cover the same parameter space, and
are marginally better than NA64 only for masses larger
than mφ & 100 MeV, while for masses around a few
MeV the sensitivity is only an order of magnitude better
than BaBar [41].

Axion-Like Particles. Axions and axion-like particles
(ALPs) span a wide range of well-motivated models,
namely those that solve the strong CP problem (QCD
axions) and those that feature the ALP as a viable DM
candidate (see Refs. [42, 43] for a review), but otherwise
arise more generally from the zero modes of string theory
models [44]. A vast effort is being made into searching
for ALPs using their couplings with the SM particles at
the current and future experiments: [27, 45–76].

To investigate the ALP parameter space, we will focus
on a generic model where ALP couples to an electron-
positron pair and photons as described by interaction
terms in the Lagrangian of the form

Lint ⊃ − i gae a ψ̄e γ5 ψe −
gaγ
4
aFµν F̃

µν , (4)
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where a denotes the ALP field and ψe is the electron field.
Fµν (F̃µν) is the electromagnetic (dual) field strength.
The couplings gae and gaγ are assumed to be indepen-
dent for this analysis. These operators capture, for exam-
ple [77, 78], phenomenology of Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) type models [79–82] of QCD axions
which feature couplings to SM fermions generated by the
dynamics of an extended Higgs sector and PQ field af-
ter spontaneous symmetry breaking. Alternatively, Kim-
Shifman-Vainshtein-Zakharov (KSVZ) [83, 84] variants

can lead to operators like aF F̃ through loop diagrams
of heavy color-charged fermions. We do not, however,
restrict ourselves to the parameter space of traditional
QCD axion models, permitting any phenomenologically
accessible parts of the parameter space of Eq. (4).

Given the interaction Lagrangian in Eq. (4), we con-
sider multiple ALP production channels that arise from
this operator. To compute production of ALPs via gae
we employ the photons, electrons, and positrons pro-
duced from secondary interactions of protons incident
on the dump volume, again using GEANT4 with the
QGSP BIC ALLHP physics list. The explicit production
channels are Compton scattering (γ e− → e− a) from
γ incident on electrons at rest, associated production
(e+ e− → γ a) and resonant production (e+ e− → a) both
arising from positron annihilation on electrons at rest,
and finally, ALP-Bremsstrahlung (e±N → e±N a) pro-
ducing ALPs from braking radiation of e± through the
atomic targets N in the dump material; see refs. [21, 85–
87] for other uses of these channels and the analytical
techniques therein. ALPs coupling to photons (gaγ cou-
pling) are produced via the coherent Primakoff process
(γ N → aN) due to γ incident on atomic targets in the
dump material.

From the detection side, we consider several signatures
of ALPs in the DUNE-like detector. ALPs coupling to
electrons through gae could decay to an electron-positron
pair with the well-known decay width, which in conjunc-
tion with the ALP energy, fixes the decay length. Also,
an e+ e− final state can be produced from ALPs under-
going external pair production (similar to SM photon
pair production) aN → e+ e−N via interaction with the
strong electric field of the nucleus. Lastly, ALPs could
also yield the signal by scattering in the detector via
a e− → γ e−, which produces a soft, slightly off-forward
photon as well as a hard and forward-going electron. For
ALPs coupling to photons through gaγ , we consider the
ALP decays to two photons a → γγ in the LAr volume
as well as inverse-Primakoff scattering, aN → γ N . At
the target case the main source of background for ALP
decay is the production of NC-π0 which can decay into a
pair of photons. Using a gaseous argon detector (GAr)
at a DUNE-like experiment one can veto most of this
background by the hadronic activity as well as employ-
ing kinematic variables [16]. The situation at the LAr
detector is vastly different, and such backgrounds have
never been studied before. Here we stress again that
for target-less configuration at a DUNE-like experiments

FIG. 3. The target-less configuration sensitivity to the ALP-
electron and ALP-photon coupling using 3 months-0.6 MW
power (1 year-1.2 MW power) shown in red solid (dashed)
curves. Top panel : For gae, Compton scattering, associated
production, resonant production, and bremsstrahlung pro-
duction of ALPs are considered via γ and e± scattering in the
dump environment. Detection channels include ALP decay to
e+e− for ma > 2me as well as external pair conversion and
inverse Compton scattering in the detector (see text for de-
tails). Also displayed are the DFSZ model preferred regions,
where DFSZ-I and DFSZ-II are sub-models differentiated by
the relationship between the axion-lepton and axion-quark
couplings. Bottom panel : For gae, the production occurs via
Primakoff scattering process. The detection channels involve
the inverse-Primakoff scattering process and two photon fi-
nal states from the decay. KSVZ model preferred regions are
shown as well. The blue dashed curve is the 1 year target re-
sult using the gas detector in Ref. [16]. The “target” symbol
in the legend denotes this target mode measurement.

all such backgrounds are practically negligible, since the
original neutrino flux is suppressed, as shown in Fig. 1.

In Fig. 3, we show sensitivity of a target-less DUNE-
like experiment run to the gae − ma parameter space
(top) and gaγ − ma parameter space (bottom) for our
two benchmark scenarios (3 months-0.6 MW power case
is shown in solid and 1 year-1.2 MW realization is shown
in dashed red). Existing laboratory limits on gae −
ma [40, 88–94] and gaγ −ma [95–97] are shown in gray
while the astrophysical probes from supernovae [98, 99]
and stellar cooling [100–102] are also shown (shades of
orange). Regarding supernovae, we also point out [103]
featuring more developments in the calculations of the
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supernova limit as well as Refs. [104, 105] where the au-
thors discuss ruling out the so-called “cosmological tri-
angle” [16].

As one can see from the figure, a 3 month exposure in
the target-less realization can result in significantly im-
proved sensitivity to ALPs, and test viable QCD axion
models of both the DFSZ and KSVZ benchmark scenar-
ios. For the gaγ coupling this can even improve over the 1
year study at the GAr detector for most of the parameter
space. We also notice the overlap of the sensitivity with
supernova limits, and given the aforementioned super-
novae uncertainties, the target-less realization of DUNE
will clearly be able to make statements about the validity
of such astrophysical considerations.

Conclusions. In this work we have considered a sce-
nario in which proton beam from a DUNE-like exper-
iment impinges directly on the beam dump. We have
shown, via explicit calculation, that neutrino fluxes in
such configuration are rather small, guaranteeing effec-
tively background-free BSM searches. We have investi-
gated a simplified light dark matter (LDM) model as well
as photophilic and photophobic ALPs in this context and
have shown that by running in the dump mode for only 3
months with a beam power of 0.6 MW, presently uncon-
strained portions in the parameter space can be probed.
It should be stressed that this target-less configuration
can probe high-priority new physics targets including DM
interactions consistent with the thermal relic hypothesis

for the observed DM density, as well as DFSZ and KSVZ
models of the QCD axion.
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