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37Universidad Católica del Norte, Antofagasta, Chile

38Institute of Particle and Nuclear Physics of the Faculty of Mathematics
and Physics of the Charles University, 180 00 Prague 8, Czech Republic

39University of Chicago, Chicago, IL 60637, USA

40Chung-Ang University, Seoul 06974, South Korea

41University of Cincinnati, Cincinnati, OH 45221, USA

42Centro de Investigación y de Estudios Avanzados del Instituto Politécnico Nacional (Cinvestav), Mexico City, Mexico
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161Université de Paris, CNRS, Astroparticule et Cosmologie, F-75006, Paris, France

162University of Parma, 43121 Parma PR, Italy
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EXECUTIVE SUMMARY

This document presents the concept and physics case for a magnetized gaseous argon-based detector sys-
tem (ND-GAr) for the Deep Underground Neutrino Experiment (DUNE) Near Detector. This detector system
is required in order for DUNE to reach its full physics potential in the measurement of CP violation and in
delivering precision measurements of oscillation parameters.

The ND-GAr concept is based on a central high-pressure gaseous argon time projection chamber (HPgTPC);
the HPgTPC is surrounded by a calorimeter, with both situated in a 0.5 T magnetic field generated by su-
perconducting coils. A muon system is integrated with the magnet return yoke. The baseline concept of the
HPgTPC at the heart of ND-GAr is based closely on the design of the ALICE TPC [1]. An opportunity exists
to reconsider this design, given the timeline to construct the full DUNE. This paper focuses on the baseline
design in order to present physics motivations and performance. Future R&D lines aimed at optimizing this
design are discussed as well.

The DUNE CP violation measurement requires complementary detectors at the near site: an upstream
modular non-magnetized liquid argon TPC (ND-LAr), a magnetized tracker containing a pressurized gaseous
argon TPC (ND-GAr), and a large magnetized beam monitor (SAND). In the early years of DUNE running, a
smaller and simpler detector than ND-GAr can be placed downstream of ND-LAr to measure the momentum
and charge sign of forward-going muons exiting ND-LAr. However, after approximately 200 kt-MW-yrs of
exposure, the full ND-GAr detector is critical for DUNE to reach 5σ sensitivity to CP violation over most of
the possible values of δCP , the Standard Model parameter that controls CP violation in neutrinos.

In addition to its critical role in the long-baseline oscillation program, ND-GAr will extend the overall
physics program of DUNE. This detector will collect a significant number of neutrino interactions (∼1.6
M/yr) on its one-ton gaseous argon target, enabling a variety of neutrino interaction cross section measure-
ments capable of detecting the resulting charged particles with lower energies than achievable in the far
or near liquid argon TPCs, and with enhanced particle identification performance relative to the LArTPCs.
These capabilities enable better constraints of systematic uncertainties for both oscillation and cross section
analyses. Another unique advantage of ND-GAr is its flexibility to use various gas mixtures as interaction
targets, such as potentially using a hydrogen-rich gas mixture to probe more fundamental neutrino-hydrogen
interactions, which can also better constrain understanding of neutrino-argon interactions.

The LBNF high-intensity proton beam will provide a large flux of neutrinos that is sampled by ND-GAr,
enabling DUNE to discover new particles and search for new interactions and symmetries beyond those
predicted in the Standard Model. In particular, ND-GAr can search for neutrino tridents, heavy neutral
leptons, light dark matter, heavy axions, and anomalous tau neutrinos from short-baseline mixing with sterile
neutrinos.

The baseline design of ND-GAr takes advantage of much work done on the ALICE TPC and by the
CALICE calorimeter collaboration, but it is necessary to adapt these to the DUNE near detector environment.
A focused R&D program is presented, aimed at optimization of the detector design along with exploration of
timely new technological developments that offer a window of opportunity for extending the capabilities of
DUNE.
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I. INTRODUCTION

The Deep Underground Neutrino Experiment (DUNE) is a next-generation international particle physics
experiment seeking to answer fundamental questions about the neutrino. It will use a new high-intensity neu-
trino beam that will be generated at the U.S. Department of Energy’s Fermi National Accelerator Laboratory
(Fermilab). The experiment will consist of a far detector (FD) located approximately 1.5 km underground at
the Sanford Underground Research Facility (SURF) in Lead, South Dakota, at a distance of 1285 km from
Fermilab, and a near detector (ND) that will be located on the Fermilab site in Illinois. The FD will consist of
a large, modular liquid-argon time projection chamber (LArTPC) with a fiducial mass of roughly 40 kt (total
mass of 68 kton).

The reference ND will be located approximately 574 m from DUNE’s neutrino target, which is the starting
point for the Long-Baseline Neutrino Facility (LBNF) beam. The conceptual design for the DUNE ND is
described in detail in Ref. [2]. The reference ND design consists of several different components shown in
Fig. 1: an upstream modular non-magnetized LArTPC (ND-LAr), a magnetized tracker containing a pres-
surized gaseous-argon time projection chamber (ND-GAr), and a large, magnetized tracking spectrometer
(SAND). SAND will remain fixed on the beam axis, while ND-LAr and ND-GAr will move transverse to the
beam to collect data at various off-axis positions, providing different neutrino energy spectra by the PRISM
concept [3]. In a conventional neutrino beam, the peak energy of the neutrino spectrum decreases and the
size of the high energy tail is reduced when the detection angle relative to the beam axis is increased. For this
reason the DUNE-PRISM measurement program consists of moving ND-LAr and ND-GAr laterally, trans-
verse to the beam’s direction through the underground ND hall, over an off-axis angle range of 0◦ to 3.2◦

(a distance of ∼31 m). These measurements will allow for a data-driven determination of the relationship
between true and reconstructed energy and will provide data samples that can be combined to produce a flux
at the ND that is very similar to the expected oscillated flux at the FD.

While ND-GAr has a long history in DUNE and is part of the reference design, the near detector complex
has been organized into a phased program, in which Phase I contains a minimal tracking detector downstream
of ND-LAr, and Phase II includes the upgrade to ND-GAr that is necessary to achieve the DUNE physics
goals. This white paper presents the arguments for why ND-GAr is needed in the long term and also includes
the R&D program needed to get there.

Detector Concept

In order to constrain neutrino interaction model uncertainties, it is essential that the near detector contain
an active argon medium to measure neutrino interactions on the same target nucleus as the far detector. The
non-magnetized ND-LAr can measure neutrino interactions on argon with a similar detection principle as
the far detector, but only muons below 1 GeV/c will be fully contained in the detector. The FD has better
acceptance due to its larger size, so the ND needs access to uncontained muons to match the types of events
that will be seen in the FD. Thus an additional magnetized detector is required in addition to ND-LAr to
measure the momentum and charge-sign of the exiting muons.

A gaseous argon-based time projection chamber (gaseous-argon TPC, or GArTPC) can reconstruct pions
and protons with lower detection thresholds than a liquid-argon TPC (LArTPC). For comparison, a proton
must have a kinetic energy of 46 MeV in order to make a 2-cm track in liquid argon, but only it only needs
4 MeV to make the same length track in 10 atm of gaseous argon. Proton tracks have been successfully
reconstructed in the MicroBooNE LArTPC down to kinetic energies of approximately 46 MeV (momentum
of 300 MeV/c) [6]. The GArTPC is also less susceptible to confusion of primary and secondary interactions,
since secondary interactions occur infrequently in the lower density gas detector (λ ∼90 m). If the TPC
is inside a magnet, it can better distinguish neutrinos and anti-neutrinos and can determine the momenta of
particles that range out of the detector. It can also measure neutrino interactions over all directions, unlike
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FIG. 1: Profile view of the DUNE ND hall and the reference DUNE ND detectors foreseen to operate in
Phase II. The neutrino beam enters from the right.

the ND-LAr, which loses acceptance at high angles with respect to the beam direction. Therefore, a gaseous-
argon TPC provides a valuable and complementary sample of argon interactions to better understand neutrino-
argon interactions. An example of a simulated and track-reconstructed neutrino event in a gaseous-argon TPC
is shown in Fig. 3. To ensure adequate statistics of more than 1 million events per year in a reasonably sized
detector, this gaseous-argon TPC will need to operate at approximately 10 atm. Using a gaseous TPC as the
primary tracking element in the spectrometer allows for excellent particle momentum resolution and particle
identification (PID). An example of the dE/dx-based PID capabilities achieved in the high-pressure TPC in
the PEP-4 detector facility [5] at SLAC is shown in Fig. 4. ND-GAr, at a similar or slightly higher pressure
and larger sampling volume, is expected to achieve similar or better identification capabilities.

To detect neutrons and photons (mainly from neutral pions), the TPC must be surrounded by a calorimeter,
though this might be thinner on the upstream side to keep acceptance high for tracks entering from ND-LAr.
A muon system outside the magnet is needed to help separate muons and charged pions. Putting all of these
general requirements together leads to the complete ND-GAr concept, with a central high-pressure gaseous-
argon TPC (HPgTPC) surrounded by a calorimeter (ECAL) and a 0.5 T magnetic field, and a muon tagger
system. More details of the current detector concept can be found in Section IV.

II. PHYSICS MOTIVATION

The full physics program of DUNE is described in Refs. [7–9]. The near detector for DUNE Phase I
is planned to consist of ND-LAr, a Temporary Muon Spectrometer (TMS), which measures the charge and
momentum of muons that exit ND-LAr but is not designed to perform additional precision physics mea-
surements, and SAND. This configuration is shown to be sufficient for the early DUNE physics milestones,
including determination of the neutrino mass ordering and sensitivity to maximal CP violation. To reach the
precision physics goals, including sensitivity to CP violation over a broad range of values of δCP , systematic
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DUNE ND-GAr

DUNE ND-GAr
Run:   1/0
Event: 28
UTC Sun Feb 7, 1982
01:13:53.384629312
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FIG. 2: A charged current νµ event with seven low energy protons (kinetic energies ranging from 7 to
51 MeV) in a 10 atm argon-based TPC, simulated and reconstructed with the GArSoft software suite. The

detector has a radius of approximately 2.5 m and a width of 5 m. Charged particle trajectories for both
simulated (thin lines) and reconstructed (thick lines) tracks are shown. The µ− (green reconstructed track)
enters the ECAL, while the protons are contained within the TPC. The reconstruction algorithm finds all

eight tracks, although only six are visible by eye in this view.

uncertainties must be constrained to a level well beyond what is achieved by current experiments, and this
requires a more capable near detector. Even if CP violation is found to be large and near maximal, precise
measurements will require ND-GAr.

In addition to measuring the momentum and sign of charged particles exiting ND-LAr, ND-GAr provides
a magnetized gaseous argon target within ND-GAr, which will extend charged-particle measurement capa-
bilities. It will also greatly extend the particle ID (PID) performance, particularly for proton-pion separation.
These capabilities enable precision measurements of neutrino interaction cross sections to further constrain
systematic uncertainties for the long-baseline oscillation analysis. Since the target nucleus in ND-GAr is
the same as in the near and far LArTPCs, this information helps constrain interaction models by minimizing
contributions from nuclear physics effects. The ND-GAr detector, with its full solid-angle acceptance, will
be used to measure ratios of inclusive, semi-exclusive, and exclusive cross sections as functions of neutrino
energy, where the flux cancels in the ratio. Cross sections for different particle species multiplicities (pions,
protons, kaons, etc.) will help constrain interaction models used in the near and far liquid argon detectors.
ND-GAr will also replace the TMS in its capacity as a muon spectrometer for events originating in ND-LAr.

In addition to its critical role in the DUNE long-baseline oscillation program, ND-GAr will collect a signif-
icant number of neutrino interactions (∼1.6 M/yr) on its gaseous argon target, enabling a broad stand-alone
physics program of neutrino interaction cross section measurements including the study of exotic physics
channels, as well as Beyond Standard Model searches.
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DUNE ND-GAr

DUNE ND-GAr
Run:   1/0
Event: 22
UTC Sun Feb 7, 1982
01:13:55.461805536
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FIG. 3: A charged current νµ event with two pions in a 10 atm argon-based TPC, simulated and
reconstructed with the GArSoft software suite. The detector has a radius of approximately 2.5 m and a width

of 5 m. The annotations are from Monte Carlo truth. Charged particle trajectories for both simulated (thin
lines) and reconstructed (thick lines) tracks are shown, as well as reconstructed clusters in the ECAL (shown

as green polyhedra). The π+ decays in flight, and the resulting muon enters the ECAL. Also seen in the
ECAL are reconstructed clusters from the decay of a final state π0 created in the neutrino interaction (the
two γ’s from the π0 decay do not produce ionization tracks in the TPC, and so are only detected by the

ECAL), and a cluster from the outgoing µ− in the interaction.

A. Oscillation Physics

The ND-GAr detector provides lower threshold measurements than ND-LAr can provide, making it possi-
ble to pin down the interaction model and associated systematic uncertainties needed for the oscillation pro-
gram. In particular, ND-GAr measures hadron species, multiplicity, and momenta both to very low threshold
and also at energies where hadrons would interact in the ND-LAr or exit the detector volume, thus prevent-
ing particle identification in ND-LAr. This complementary advantage allows the oscillation analysis strategy
to constrain interaction processes by outgoing particle content, which correlates strongly with momentum
transfer, intranuclear reinteraction processes, and missing energy from neutrons that affect the neutrino en-
ergy estimate. Since these interaction processes are not strongly correlated with flux, ND-GAr will be able
to disentangle these uncertainties.

Figure 5 shows the early running (left) and ultimate (right) impact of the ND-GAr detector on the long-
baseline oscillation sensitivity to CP violation. The Phase I sensitivity is evaluated from a case study where
data based on the NuWro generator [10, 11] are fit with the nominal GENIE model, resulting in a bias to
oscillation parameters that can be mitigated by adding data from ND-GAr. As seen in the left panel, if
CP violation is maximal, there is not much difference between the exposure required to achieve sensitivity
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FIG. 4: dE/dx-based particle identification in the TPC of the PEP-4 detector at SLAC [4]. This TPC used a
gas mixture of 80:20 Ar-CH4, operated at 8.5 atm [5].

FIG. 5: Impact of the Phase I and reference near detector configurations on CP violation sensitivity, shown
for maximal CP violation (left) and for 50% coverage of δCP space.

with 3σ significance using TMS (Phase I Near Detector) and ND-GAr (Reference Near Detector [2, 12]).
Maximal CP violation is the most favorable case for DUNE’s sensitivity, but a more realistic assessment of
sensitivity is given by looking at the full range of possible values of δCP (or some fraction of that range of
values). The right panel shows DUNE’s expected sensitivity to 50% of all δCP values, for the same detector
configurations. In this case, the experiment with TMS may possibly never reach the 5σ significance level
even with very long exposures. The full ND-GAr detector is ultimately needed to achieve DUNE’s scientific
goal for CP violation. This need becomes more critical after DUNE reaches an exposure of approximately
200 kt-MW-yrs.



19

B. Cross Section Physics

Precision measurements of neutrino interaction cross sections are critical to the oscillation program, but
are also interesting in and of themselves. In liquid argon detectors, secondary interactions are a significant
effect [13], since the hadronic interaction length of pions is λ ∼1 m in LAr. By contrast, in 10 atm of gaseous
argon, λ ∼90 m. The relative lack of secondary interactions for particles formed in neutrino interactions in
the gaseous argon fiducial volume will provide event samples that are less dependent on understanding of
detector response and models of secondary interactions. Since the target nucleus in ND-GAr is the same as
that in the ND-LAr and far detectors, this information feeds directly into the interaction model constraints for
the oscillation analysis, but without complicating nuclear physics concerns. These measurements will also be
useful inputs for tuning the interaction models to better reflect what is seen in data, as the agreement among
models and existing world data is not great.

ND-GAr, with its full solid-angle acceptance and MeV-level proton tracking threshold, is ideal for per-
forming exclusive final-state measurements. In the exclusive channels, ν+A→ `+ hadrons+A′, where the
final-state hadrons are measured, the details of the intranuclear dynamics of the interactions can be precisely
extracted by exploring momentum conservation in the transverse plane to the neutrino direction, regardless
of the unknown neutrino energy. This technique of measuring Transverse Kinematic Imbalance (TKI) in
neutrino interactions [14–17] has been successfully applied in MINERvA [18–20] and T2K [21, 22]. With
the state-of-the-art tracking resolution, ND-GAr will use TKI to further explore neutrino-argon interactions
with unprecedented precision [2].

The predicted event yields for one year of neutrino running are shown in Table I, assuming the DUNE
flux [9], cross-sections from GENIE [23, 24] 2.12.2, and a fiducial mass of 1 t (' 55% of the active mass).
The lower portion of the table highlights the expected yields for some of the exclusive final states for which
ND-GAr will be able to make precise measurements. The baseline gas in ND-GAr is assumed to be 10 atm
of an argon gas admixture of 90% Ar and 10% CH4, which results in ' 97% of interactions occurring on Ar
nuclei.

TABLE I: Number of events in the ND-GAr HPgTPC with 1 t fiducial mass for 1 year of running in ν-mode,
where the horn current direction generates a beam that is primarily neutrinos. The upper portion of the table
shows overall numbers of events in broad categories of charged and neutral current interactions, while the

lower portion shows event yields for exclusive final states.

Event class Number of events per ton-year

νµ CC 1.6× 106

νµ CC 7.1× 104

νe + νe CC 2.9× 104

NC total 5.5× 105

νµ CC0π 5.9× 105

νµ CC1π± 4.1× 105

νµ CC1π0 1.6× 105

νµ CC2π 2.1× 105

νµ CC3π 9.2× 104

νµ CC other 1.8× 105



20

C. Potential to Employ Different Targets

One unique advantage of ND-GAr, compared to the other DUNE ND components, is its flexibility to use
various gas mixtures as interaction targets. A safe and hydrogen-rich gas mixture (such as 92% Ar and
8% CH4), with the help of the superb tracking, would enable measurements of event-by-event neutrino-
hydrogen interactions [14, 25], providing direct access to the more fundamental physics parameters, such as
the axial form factor and proton radius, for the first time in 40 years, with better detector technology and
better understood fluxes. These measurements would also provide an anchor to enable comparison of Ar/H
and C/H cross section ratios. Filling ND-GAr with these other targets could be considered after sufficient
data to perform the oscillation analysis constraints are collected with the baseline argon gas mixture.

D. Physics Beyond the Standard Model

LBNF’s high-intensity proton beam will provide a large neutrino flux that will be sampled by ND-GAr.
This will enable DUNE to discover new particles and unveil new interactions and symmetries beyond those
predicted in the Standard Model (beyond the standard model, or BSM). In particular, ND-GAr can search for
neutrino tridents, heavy neutral leptons (HNL), light dark matter, heavy axions, and anomalous tau neutrinos
that come from short-baseline mixing with sterile neutrinos [26].

In general, the background contributions in searches for rare events tend to scale directly with the detector
mass (which is larger for ND-LAr), while signal events often scale with detector volume (which is similar for
ND-LAr and ND-GAr). As a result, the ND-LAr suffers more significantly from backgrounds than ND-GAr.
ND-GAr’s relatively large volume will be beneficial in the search for the rare decay events. Independent ND-
GAr analyses that complement those in ND-LAr will serve to constrain backgrounds and achieve a stronger
BSM physics reach with the near detector complex than could be achieved with either detector alone [27].

1. Neutrino Tridents

Neutrino trident production—the production of a pair of oppositely-charged leptons through the scattering
of a neutrino on a heavy nucleus—is a powerful probe of new physics in the leptonic sector. The Standard
Model expectation is that the DUNE near detector will collect around a dozen of these rare events per ton
of argon per year, enough to measure with precision the cross sections of such processes [28]. The main
challenge is to distinguish the trident events from the copious backgrounds, mainly consisting of charged-
current single-pion production events, as muon and pion tracks can be easily confused. ND-GAr will will
tackle this search by improving muon-pion separation through dE/dx measurements in the HPgTPC and the
calorimeter system, and ND-GAr’s magntic field will significantly improve signal background separation by
tagging the opposite charges of the two leptons in the final state.

Measurement of neutrino trident interactions may reveal new evidence for or constrain BSM physics mod-
els. For instance, a class of models that modify the trident cross section are those that contain an additional
neutral gauge boson, Z ′0, that couples to neutrinos and charged leptons. This Z ′0 boson can be introduced by
gauging an anomaly-free global symmetry of the Standard Model, with a particular interesting case realized
by gauging Lµ−Lτ . Such a Z ′0 is not very tightly constrained and could address the observed discrepancy
between the Standard Model prediction and measurements of the anomalous magnetic moment of the muon,
(g−2)µ. Its presence would be apparent through a large increase (a factor of 2-3) of the measured trident
cross section over the SM prediction, whereas a measurement consistent with the SM would provide new Z ′0
constraints in the region of parameter space relevant to (g−2)µ.
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2. Heavy Neutral Leptons

Searches for several possible HNL decay channels, including those with νe+e−, νe+/−µ−/+, νµ+µ−,
νπ0, e+/−π−/+, and µ+/−π−/+ final states, can be undertaken in the near detector complex [29]. Neutrino
interactions such as neutral-current neutral pion (NC π0) interactions can act as backgrounds to some of
these HNL decay channels. In ND-GAr, we will be able to reject many of these backgrounds, since the
pressurized gaseous argon medium of ND-GAr can track charged particles with kinetic energies as low as
5 MeV, providing hadronic information right at the interaction vertex and enabling rejection of a significant
fraction of the NC π0 background events. The ND-GAr calorimeter surrounding the argon medium can be
used to efficiently reconstruct photons that do not convert in the gas volume, aiding in background rejection
for HNL searches. Another example of a dominant background (particularly for HNL channels with νµ+µ−,
and µ+/−π− final states) consists of charged-current muon neutrino interactions with charged pions in the
final state, where the muons are misidentified as pions. The pressurized gaseous argon medium in ND-GAr
will enable us to more extensively sample ionization per unit track length providing improved muon-pion
separation through dE/dx measurements, as can be seen in Fig. 4. For even better muon-pion separation, we
can further use the calorimeter system in ND-GAr. In addition to PID in the pressurized gas argon component
of ND-GAr, the calorimeter and the muon tagger system will help to further reduce muon-pion confusion,
especially at high energies [2].

FIG. 6: The background-rejection capability of the ND-GAr detector results in improved coverage of
parameter space in HNL searches, as shown by the comparison of the “no background” sensitivity with the

“on-axis only” and “DUNE-PRISM” sensitivities [27].

As an example, the DUNE sensitivity to the search for HNL is shown as a function of HNL mass in
Figure 6, which is taken from Ref. [27]. This sensitivity was obtained by taking into account the individual
capabilities of ND-LAr and ND-GAr. In particular, the analysis benefits from the better signal-to-background
ratio achieved in ND-GAr, which is due to the fact that HNL signal scales with volume while backgrounds
scale with mass. Allowing the detectors to move to positions off the beam axis with the DUNE-PRISM
technique only results in a small change to the sensitivity (comparing the “on-axis” and “DUNE-PRISM”
lines in the plot) because effective background suppression can be achieved with ND-GAr even in the on-
axis position. Furthermore, since going off-axis also does not harm the sensitivity, despite the lower fluxes
in off-axis positions, the search for HNLs can be carried out for any positioning of the detectors [27]. The
“DUNE-PRISM” line is the expected achievable sensitivity with ND-LAr and ND-GAr, assuming running
time equally split between the on-axis position and six different off-axis locations, while the “no background”
line represents the sensitivity for a hypothetical background-free analysis, showing that the expected achiev-
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able sensitivity at the DUNE near detector complex is not far from what could be achieved with an “ideal”
experiment.

3. Light Dark Matter

ND-GAr can also search for light dark matter that is produced in the neutrino beam target and subsequently
interacts or decays inside the detector. In particular, a light dark matter signal with a single-electron final state
(DM e→ DM e) can be captured with the near detector complex. The neutrino-electron scattering (ν e→
and ν e) and electron neutrino charged current quasi-elastic scattering interactions (νe n → e p) can look
very similar to these signals and can act as backgrounds. According to a study done in Ref. [30], the νe n
→ e p is easily reducible using energy and angular information of the single-electron final state in ND-LAr.
In ND-GAr, we can take advantage of the low detection threshold and use the vertex information to reduce
this background even further. From the same reference [30], however, the electron scattering interactions are
irreducible in ND-LAr, while in ND-GAr, the number of electron scattering events is very small to start with
(135 per kton per year, as shown in Table I), enabling a nearly background-free light dark matter selection in
ND-GAr.

4. Heavy Axions

There are also opportunities to search for heavy axions in the near detector complex [31]. Two main
signatures of an axion-like particle have γγ and hadrons in final states. The NC π0 events act as backgrounds
to these axion-like particle signals, but as mentioned above, we can easily reject most of these backgrounds
by focusing on the rich hadronic information at the vertex that only ND-GAr can provide.

5. Tau Neutrinos

ND-GAr also presents the opportunity to carry out a physics program geared towards probing anomalous
ντ interactions. The τ lepton is not directly observable in the DUNE detectors due to its short 2.9×−13 s
lifetime, and it is only produced for interactions where the incoming ντ has an energy of ∼ 3.5GeV due to
the relatively large τ mass of 1776.82 MeV. However, the final state of τ decays,∼ 65% into hadrons,∼ 18%
into ντ +e−+νe, and∼ 17% into ντ +µ−+νµ, is readily identifiable in the DUNE ND, given the excellent
spatial and energy resolution of ND-GAr and the other ND instruments. While within a three-flavor scenario,
the DUNE ND baseline is far too short for νµ → ντ oscillations to occur, there exists the exciting possibility
that ντ originating in sterile-neutrino driven fast oscillations could be detected with ND-GAr. In particular,
ND-GAr would provide excellent sensitivity to the τ → µ detection channel, with high energy muons in the
final state, inaccessible with ND-LAr due to its lack of magnetic field and limited muon energy containment.
Furthermore, the TMS detector option is limited to measuring muons up to ∼6 GeV/c before they range out,
while ND-GAr’s use of curvature in the magnetic field to reconstruct muon momentum extends that range to
15 GeV/c and beyond. This extension will become even more valuable when operating LBNF in the high-
energy tune, aimed at enriching the available sample of ντ at the far detector, while enhancing sensitivity
to anomalous ντ appearance at the near detector [32]. Preliminary studies using LBNF’s nominal flux and
including ND-GAr, estimate that DUNE’s sensitivities to anomalous ντ appearance may extend beyond those
of previous searches, such as those carried out by NOMAD and CHORUS.
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III. DETECTOR PERFORMANCE REQUIREMENTS

The overall DUNE requirements for the near detectors include transferring measurements to far detector,
constraining the cross section model, measuring the neutrino flux, and obtaining measurements with different
fluxes. The ND must have reconstruction capabilities that are comparable to or exceed those of the FD in
order to effectively transfer measurements. The ND must measure outgoing recoil particles in neutrino-Ar
interactions to ensure that sensitive phase space is properly modeled. It must also measure the wrong sign
contamination and measure the intrinsic beam νe component.

ND-GAr is able to meet these requirements with its argon target, magnetization, uniform angular accep-
tance, excellent particle identification, low energy tracking thresholds, and wider range for muon momenta
measurements. It will also have the ability to probe different off-axis fluxes with spectra spanning region
of interest as part of the PRISM concept. Fulfilling the DUNE ND requirements leads to a set of derived
detector capabilities for the ND-GAr. These are extensively detailed in Ref. [2], and the key performance
capabilities are summarized below.

Derived ND-GAr detector capabilities

• The DUNE near detector must classify interactions and measure outgoing particles in a LArTPC with
performance comparable to or exceeding that of the FD. It must measure particles in neutrino-argon
interactions with uniform acceptance, lower thresholds than LArTPC, and minimal secondary interac-
tion effects. To achieve these goals, the ND-GAr must be able to constrain the muon energy scale
with an uncertainty of 1% or better to achieve the oscillation sensitivity described in Vol. II of the
DUNE FD TDR [9]. The strongest constraint comes from the calibrated magnetic field of the HPgTPC
coupled with in-situ measurements of strange decays.

• The DUNE ND must be able to measure muons with a momentum resolution of less than 4%, with
non-Gaussian tails corresponding to an RMS< 10%. Simulations indicate that a high-pressure gaseous
argon TPC should achieve or exceed this resolution. [2]

• The near detector must be able to detect, identify, and measure the momentum of protons emitted
from neutrino-argon interactions. To fulfill this, the ND must have a tracking threshold low enough
to measure the energy spectrum of protons emitted due to final state interactions (FSI) in CC
interactions. Theoretical studies, such as those reported in Refs. [33–35], suggest that FSI cause
a dramatic increase in final state nucleons with kinetic energies in the range of a few tens of MeV.
ND-GAr is suitable for measuring such low-energy protons. The threshold in ND-GAr is an interplay
between the argon gas density, readout pixel size, and ionization electron dispersion. Performance
studies indicate that a tracking threshold of 5 MeV (or a momentum of 97 MeV/c) is achievable and
satisfies this requirement.

• The ND must be able to characterize the charged pion energy spectrum in νµ and νµ CC interac-
tions from a few GeV down to the low energy region where FSI are expected to have their largest
effect.

– Theoretical studies, such as those reported in Ref. [36], predict that FSI are expected to cause a
large increase in the number of pions with kinetic energies between 20-150 MeV and a decrease
in the range 150-400 MeV. A kinetic energy of 20 MeV corresponds to a momentum of 77 MeV/c.
ND-GAr must be able to measure 70 MeV/c charged pions with an efficiency of at least 50% so
as to keep the overall efficiency for measuring events with three pions at the 70 MeV/c threshold
above 10%.

– ND-GAr must also have the ability to measure the pion multiplicity and charge in final states
with up to 3 pions, so as to inform the pion mass correction in the ND and FD LArTPC. This
capability is most important for pions with an energy above a few 100 MeV since those pions
predominantly shower in LAr.
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• ND-GAr must be able to detect and measure π0’s, using their decay photons, over the same momen-
tum range as for charged pions.

• ND-GAr must be able to identify electrons, muons, charged pions, charged kaons, and protons.
ND-GAr addresses this requirement using a combination of dE/dx in the HPgTPC, E/p using the
energy measured in the calorimeter, and the momentum measured by magnetic spectroscopy in the
HPgTPC, and by penetration through the calorimeter and muon system.

ND-GAr, because of the calorimeter surrounding its HPgTPC, is also able to characterize the energy carried
by neutrons with kinetic energies in the range 50-700 MeV. This capability, while not a requirement, is
desirable for constraining uncertainties related to the multiplicity and energies of nucleons ejected from the
nucleus during neutrino interactions.

IV. ND-GAR DETECTOR OVERVIEW

The ND-GAr concept is based on a central high-pressure gaseous argon TPC; the HPgTPC is surrounded
by a calorimeter, with both situated in a 0.5 T magnetic field generated by superconducting coils. A muon
system is integrated with the magnet return yoke. A cutaway view of the full ND-GAr system is shown in
Fig. 7.

FIG. 7: Cutaway view of the full ND-GAr detector system showing the HPgTPC, the calorimeter, the
magnet, and the iron yoke. The detectors for the muon-tagging system are not shown.

The baseline concept of the ND-GAr HPgTPC is based closely on the design of the ALICE TPC [37].
However, an opportunity exists to reconsider this design This paper focuses on the baseline design in order
to present physics motivations and performance. Future R&D lines aimed at optimizing this design will be
discussed later in the document.
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A. High-Pressure Gaseous Argon Time Projection Chamber and Calorimeter

At the heart of the ND-GAr detector, the HPgTPC contains an argon-based gas mixture held at a pressure
of approximately 10 atm to increase the rate of neutrino interactions. The drift region of the HPgTPC has
a diameter of roughly 5 m and a length of roughly 5 m, corresponding to a fiducial mass of nearly 1 ton of
argon. With this fiducial mass, a one-year exposure (defined as 1.1× 1021 protons on target) would result in
approximately 1 million neutrino interactions on argon in the on-axis position.

The calorimeter is inspired by the CALICE analog hadron calorimeter (AHCAL) [38]. The scintillating
layers will consist of a mix of tiles and strips. More details of the HPgTPC and calorimeter for the ND-GAr
are described in Ref. [2].

B. Magnet and Pressure Vessel

The design of the magnet system has evolved over the past few years and no longer uses a separate pres-
sure vessel as was described in Ref. [2]. The superconducting magnet uses a semi-continuous thin solenoid
approach with 6 separate windings. The design is based on the decades-long evolution of internally wound,
aluminum stabilized superconducting magnets. The required field in the warm bore is relatively low, 0.5T,
therefore a single-layer coil is sufficient to provide the needed current density even with a diameter of' 7 m.
The design parameters are conservative when compared to previously built magnets. The iron yoke must
be asymmetric to reduce the material budget between ND-LAr and ND-GAr. The magnet system design, a
solenoid with a partial return yoke (SPY), makes its design rather unique.

A key feature of SPY is that the pressure containment for the 10 bar of argon gas for the HPgTPC is now
provided by the solenoid’s vacuum vessel and “stayed” flat heads are supported by the magnet system yoke.
Figure 8 shows the exterior of the complete detector system. The iron return yoke for the magnet wraps
around the sides, top, and bottom of the magnet and has a window on its upstream beam face to minimize
the amount of material between the ND-LAr and ND-GAr tracking regions, as shown in Figure 8. The end
flanges of the pressure vessel are “stayed” by the iron yoke end plates.

Many of the features of the solenoid are based on the design of the solenoid for the MPD for the Nuclotron-
based Ion Collider FAcility (NICA) at JINR [39].

C. Muon Tagger

ND-GAr will need an active layer, the Muon Tagger, outside the iron yoke that will detect particles that
penetrate the iron. These data will be used in conjunction with the calorimeter and HPgTPC to provide
µ/π separation. The current design consists of a single active layer outside the iron. The iron itself is not
segmented in depth to allow for multiple measurements. Current technologies under consideration include
scintillator extrusions, Resistive Plate Chambers (RPCs), or MicroMegas.

V. FUTURE R&D NEEDS

While much of the DUNE ND-GAr baseline design is based on the ALICE TPC and CALICE calorimeter
designs, there are several important differences and requirements. The major areas of R&D needed for ND-
GAr are outlined below.
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FIG. 8: The left image shows the full system, with the magnet return yoke shown in red. The right image
shows a cutaway view of one of the end plates, where some of the “stays” that support the load of the flat

heads are visible.

1. Gas mixture studies
The ALICE TPC baseline gas mixture is Ne/CO2/N2 at near atmospheric pressure. Neon offers a higher
response to ionization than argon (higher avalanche gain) while the combination of a high ion mobility
(stemming from the fact that neon is a light gas) and small ageing effects (through the use of CO2 as
the quenching gas) are crucial choices at the reaction rates typical of LHC operation. When aiming
at high gain operation of argon gas in a low-rate environment, however, an Ar/hydrocarbon-based
mixture is a priori preferred, as was done in PEP-4 (Ar/CH4, 80/20). For ND-GAr, establishing the
optimum quencher concentration will require a balance between the present safety limits of the mixture
(e.g. 8% for CH4), minimizing the number of non-Ar interactions, maintaining good drift-diffusion
characteristics, and allowing sufficient charge gain [25]. A promising R&D line is the addition of
wavelength-shifting species in the gas phase, which would allow time-tagging of that fraction of events
for which the charged-particle content is not energetic enough to be time-tagged in the calorimeter.

2. Light Collection
Primary light production in pure argon in the vacuum ultraviolet (wavelengths <200 nm) is well un-
derstood [40]. In pure argon at a pressure of 10 atm, we estimate that a minimum ionizing particle
will produce approximately 400 photons/cm [41], but in typical gas TPC operation, a quenching gas or
gases are added that either quench or absorb most of the VUV emission. Recent studies have indicated
that with the addition of Xe [42] or CF4 [43] (among possibly other wavelength-shifting species), it is
possible to quench the hard VUV component of argon (thus improving avalanche gain) while produc-
ing light in the visible or near-IR bands. In Ref. [43] in particular, the possibility of producing up to 700
photons/MeV in Ar/CF4 mixtures at 1% molar fraction is shown. With suitable instrumentation (e.g.,
a SiPM plane at the cathode and a teflon reflector in the field cage) about 350 photoelectrons/5MeV
track are anticipated. Utilizing this light would be a novel development for a gaseous argon TPC.
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However, R&D is needed in order to understand the impact of impurities on the yields, maximum
avalanche gain achievable in different charge amplification structures, mitigation of secondary scintil-
lation backgrounds, and finally the design of a photon detection system. In close coordination with
groups investigating the gas mixture, field cage, HV, and DAQ, a conceptual design will be developed
for the collection and readout of light in the gas volume, once a suitable gas mixture is identified.

3. Readout Chambers
Figure 9 indicates the locations of Inner Readout Chambers (IROCs) and Outer Readout Chambers
(OROCs) in ALICE. These chambers have been removed from ALICE as part of the upgrade for
LHC Run 3, and can be used for DUNE. At a minimum, even in the baseline scenario, new readout
chambers will need to be designed to cover the central area of the endcaps, which was not part of the
TPC in ALICE.

However, it is possible to consider a totally new design for the full circular readout plane. This could
employ a different technology, such as GEM or MicroMegas charge readout. Such charge amplification
structures allow staging, thereby being more flexible in principle at achieving high and stable gains.
In the case of using a scintillating mixture like Ar/CF4 for reconstructing the primary scintillation
(t0) signal, readouts based on Gas Electron Multipliers (GEMs) can be optimized for screening of the
secondary scintillation signal into the photosensor plane.

Alternatively, and given the present technological landscape, it seems timely to consider a fully-optical
readout, as a scintillating gas mixture is already under investigation for the t0 light collection system.
For this readout concept, a camera is mounted on the outside of the active gas volume and images,
through a transparent anode, the scintillation light produced during the gas amplification of tracks. This
produces 2D images of the interactions inside of the TPC. Optical readout could offer an unprecedented
pixel size in the readout plane equivalent to ≤ 1× mm2 over an area as large as 1 m2, where all pixels
are read out by one integrated device, the camera. It would also offer the attractive feature of passing
signals from millions of readout channels through the pressure vessel wall at just the cost of a window.
The third coordinate perpendicular to the anode plane can be reconstructed by using fast cameras or
tailored ones such as the TimePix3 camera, which have already demonstrated effective pixel sizes down
to 3× 3 mm2 [44, 45].

ALICE also had a central cathode with two-drift regions for the electrons, with the readout chambers
placed on both ends of the detector. The main advantages of this design are the simplicity of HV
insulation, about a factor two reduction in purity requirements and collection times, a reduction of
space-charge effects, and a factor

√
2 reduction in ionization spread. Alternatively, DUNE could con-

sider a single-drift region, with the readout on one side, which would reduce the number of electronics
channels needed, and would provide a space for a light-collection system near the cathode. The opti-
mization of the chamber readout must be developed in close connection with performance figures such
as tracking and energy threshold, dE/dx, energy and momentum resolution, and physics impact of a
t0 signal.

4. Electronics and DAQ development
The electronic readout of the detector is under development with an aim to maximize synergies with
existing electronics. The system’s design is driven by the high magnetic field and pressure that the
electronics must be situated in. The primary limitation of the pressure is that data and power cables
must pass through the pressure vessel, so some in-vessel aggregation is necessary to limit the total
number of penetrations. The planned system is comprised of front end cards (FECs) hosting digitizer
ASICs; these FECs are read out by a smaller number of in-vessel aggregation cards (AGGs), which
then send data to out-of-vessel timing, interface and power cards (TIPs). We aim to digitize the signal to
the level of tens of MHz, and this is driven by z-axis resolution. For the FEC, two approaches are under
investigation. The first uses similar electronics to the liquid argon near detector, based on the LArPix
ASIC [46] chip. This chip would achieve very low cost per channel, but some modifications are needed
to adapt it for use in the HPgTPC, since the HPgTPC signal is faster and inverted compared to the liquid
argon near detector (multi-wire-proportional-chamber-based gaseous argon readout chambers mainly
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FIG. 9: Diagram of a possible arrangement of readout chambers of the ND-GAr HPgTPC, based on a
drawing of Ref. [1]. The Central Readout Chambers would need to be designed and added to the HPgTPC.

detect induced charge from ions moving in relation to the pickup electrodes, rather than electrons
moving to collection plane wires), and the gain in the gas results in a widened dynamic range. The
other approach is based on the SAMPA ASIC [47] in use by ALICE. This system has a higher cost
per channel but does not require modification. The AGGs and TIPs are being designed to both use
the same PCB design to minimize costs, and will both be based around the same Xilinx Kintex FPGA.
Both power and data will be passed down the same cables, with the current plan to use standard ethernet
cables and RJ45 feedthroughs.

Readout electronics will also need to be developed for a light collection system.

5. Field Cage and High Voltage
A new field cage and mechanical endcap structures will need to be constructed for the ND-GAr
HPgTPC. Since the ND-GAr detector will be movable, a robust mechanical design for the field cage
will be needed. A buffer region with an insulating gas is planned for the region in between the field
cage and pressure vessel. As the HPgTPC will be operated at higher pressure and cathode potential, the
insulating gas and vessel-field cage spacing requires optimization [48]. Differential-pressure regulation
between the different gas volumes will be needed.

6. Calibration
To precisely monitor any variations of the drift velocity and inhomogeneities in the drift field, a laser
calibration system that can illuminate the entire drift volume is desirable. Its design will need to be
developed in close collaboration with the high voltage field cage design, and R&D will need to be
performed to ensure that an adequate signal amplitude can be obtained in the high-pressure gas mix.

7. Calorimeter
The calorimeter must fulfill several roles, ranging from photon energy and direction measurements to
muon/pion separation and neutron detection, which impose different constraints on the capabilities of
the system. While the general technology of plastic scintillator tiles and strips read out with silicon
photomultipliers is already well-established, most notably in the framework of CALICE[38], several
areas of R&D specific to ND-GAr remain. On the system level, this includes the design and optimiza-
tion of the absorber geometry, readout granularity and of the overall mechanical structure. Specific
front-end electronics that are suitable for the high envisioned channel count, provide a time resolution
on the few 100 picosecond level, and possibly the capability for pulse-shape discrimination while meet-
ing the low-power requirements, will need to be developed. In the area of scintillators, strip concepts
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that provide a sufficient time resolution for the measurement of neutron energies via time of flight, are
needed. Specific scintillator materials that enhance the neutron detection capability, and their matching
to silicon-based photon sensors, will need to be studied.

8. Muon system

The ND-GAr muon system is in a very preliminary stage of design, and it crucially depends on the
particulars of both the calorimeter and magnet systems. The current design consists of a single layer
outside the iron. The iron itself is not segmented in depth to allow for multiple measurements. Cur-
rent technologies under consideration include scintillator extrusions, resistive plate chambers, or Mi-
croMegas.

VI. SUMMARY

The complete ND-GAr detector is required in order for DUNE to reach its full physics potential. A magne-
tized tracker will allow for excellent momentum resolution and sign-selection for the long-baseline oscillation
physics. Its wide acceptance and low tracking threshold for neutrino interactions on argon will provide crucial
contributions to the oscillation physics. ND-GAr will also provide a rich physics program of cross-section
measurements and will extend the capabilities of the DUNE ND for physics beyond the standard model.
While the current design benefits from work done on the ALICE TPC and by the CALICE calorimeter col-
laboration, it is desirable both to adapt it to the DUNE ND environment, and to explore new technological
developments that offer a window of opportunity. A focused R&D program will need to be implemented,
aimed at completion of the detector baseline as well as exploration of these timely new technologies and
extended physics reach.
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and UKRI/STFC, United Kingdom; DOE and NSF, United States of America.

[1] J. Alme et al., The ALICE TPC, a large 3-dimensional tracking device with fast readout for ultra-high multiplicity
events, Nucl. Instrum. Meth. A 622 (2010) 316 [1001.1950].

[2] DUNE collaboration, Deep Underground Neutrino Experiment (DUNE) Near Detector Conceptual Design
Report, Instruments 5 (2021) 31 [2103.13910].

[3] S. Bhadra, A. Blondel, S. Bordoni, A. Bravar, C. Bronner, J. Caravaca-Rodriguez et al., Letter of intent to construct
a nuprism detector in the j-parc neutrino beamline, arXiv preprint arXiv:1412.3086 (2014) .

[4] C. Grupen, Physics of particle detection, AIP Conf. Proc. 536 (2000) 3 [physics/9906063].
[5] TPC/TWO GAMMA collaboration, SPATIAL RESOLUTION OF THE PEP-4 TIME PROJECTION CHAMBER,

IEEE Trans. Nucl. Sci. 30 (1983) 76.

https://doi.org/10.1016/j.nima.2010.04.042
https://arxiv.org/abs/1001.1950
https://doi.org/10.3390/instruments5040031
https://arxiv.org/abs/2103.13910
https://doi.org/10.1063/1.1361756
https://arxiv.org/abs/physics/9906063
https://doi.org/10.1109/TNS.1983.4332223


30

[6] MICROBOONE collaboration, Measurement of differential cross sections for νµ -Ar charged-current interactions
with protons and no pions in the final state with the MicroBooNE detector, Phys. Rev. D 102 (2020) 112013
[2010.02390].

[7] DUNE collaboration, Long-Baseline Neutrino Facility (LBNF) and Deep Underground Neutrino Experiment
(DUNE): Conceptual Design Report, Volume 2: The Physics Program for DUNE at LBNF, 1512.06148.

[8] DUNE collaboration, The DUNE Far Detector Interim Design Report Volume 1: Physics, Technology and
Strategies, 1807.10334.

[9] DUNE collaboration, Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report,
Volume II: DUNE Physics, 2002.03005.

[10] T. Golan, C. Juszczak and J.T. Sobczyk, Final State Interactions Effects in Neutrino-Nucleus Interactions, Phys.
Rev. C 86 (2012) 015505.

[11] T. Golan, J. Sobczyk and J. Z̊muda, Nuwro: the wrocław monte carlo generator of neutrino interactions, Nuclear
Physics B Proceedings Supplements 229-232 (2012) 499.

[12] DUNE collaboration, Long-baseline neutrino oscillation physics potential of the DUNE experiment, Eur. Phys. J.
C 80 (2020) 978 [2006.16043].

[13] A. Friedland and S.W. Li, Understanding the energy resolution of liquid argon neutrino detectors, Phys. Rev. D 99
(2019) 036009 [1811.06159].

[14] X.G. Lu, D. Coplowe, R. Shah, G. Barr, D. Wark and A. Weber, Reconstruction of Energy Spectra of Neutrino
Beams Independent of Nuclear Effects, Phys. Rev. D 92 (2015) 051302 [1507.00967].

[15] X.G. Lu, L. Pickering, S. Dolan, G. Barr, D. Coplowe, Y. Uchida et al., Measurement of nuclear effects in neutrino
interactions with minimal dependence on neutrino energy, Phys. Rev. C 94 (2016) 015503 [1512.05748].

[16] A.P. Furmanski and J.T. Sobczyk, Neutrino energy reconstruction from one muon and one proton events, Phys. Rev.
C 95 (2017) 065501 [1609.03530].

[17] X. Lu and J.T. Sobczyk, Identification of nuclear effects in neutrino and antineutrino interactions on nuclei using
generalized final-state correlations, Phys. Rev. C 99 (2019) 055504 [1901.06411].

[18] MINERVA collaboration, Measurement of final-state correlations in neutrino muon-proton mesonless production
on hydrocarbon at 〈Eν〉 = 3 GeV, Phys. Rev. Lett. 121 (2018) 022504 [1805.05486].

[19] MINERVA collaboration, Nucleon binding energy and transverse momentum imbalance in neutrino-nucleus
reactions, Phys. Rev. D 101 (2020) 092001 [1910.08658].

[20] MINERVA collaboration, Probing nuclear effects with neutrino-induced charged-current neutral pion production,
Phys. Rev. D 102 (2020) 072007 [2002.05812].

[21] T2K collaboration, Characterization of nuclear effects in muon-neutrino scattering on hydrocarbon with a
measurement of final-state kinematics and correlations in charged-current pionless interactions at T2K, Phys. Rev.
D 98 (2018) 032003 [1802.05078].

[22] T2K collaboration, First T2K measurement of transverse kinematic imbalance in the muon-neutrino
charged-current single-π+ production channel containing at least one proton, Phys. Rev. D 103 (2021) 112009
[2102.03346].

[23] S. Dytman, GENIE event generator, AIP Conf. Proc. 1680 (2015) 030002.
[24] C. Andreopoulos et al., The GENIE Neutrino Monte Carlo Generator, Nucl. Instrum. Meth. A 614 (2010) 87

[0905.2517].
[25] P. Hamacher-Baumann, X. Lu and J. Martı́n-Albo, Neutrino-hydrogen interactions with a high-pressure time

projection chamber, Phys. Rev. D 102 (2020) 033005 [2005.05252].
[26] DUNE collaboration, Prospects for beyond the Standard Model physics searches at the Deep Underground

Neutrino Experiment, Eur. Phys. J. C 81 (2021) 322 [2008.12769].
[27] M. Breitbach, L. Buonocore, C. Frugiuele, J. Kopp and L. Mittnacht, Searching for physics beyond the standard

model in an off-axis dune near detector, 2102.03383.
[28] W. Altmannshofer, S. Gori, J. Martı́n-Albo, A. Sousa and M. Wallbank, Neutrino Tridents at DUNE, Phys. Rev. D

100 (2019) 115029 [1902.06765].
[29] M. Breitbach, L. Buonocore, C. Frugiuele, J. Kopp and L. Mittnacht, Searching for Physics Beyond the Standard

Model in an Off-Axis DUNE Near Detector, 2102.03383.
[30] V. De Romeri, K.J. Kelly and P.A.N. Machado, Dune-prism sensitivity to light dark matter, Phys. Rev. D 100

(2019) 095010.
[31] K.J. Kelly, S. Kumar and Z. Liu, Heavy axion opportunities at the dune near detector, Phys. Rev. D 103 (2021)

095002.
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