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In this work, motivated by several beyond the Standard Model signal topologies, we perform detailed
background mitigation analyses for the DUNE near detector. Specifically, we investigate eþe−, e−γ, γ, and
γγ final states that may arise from long-lived particles, including light mediators, dark matter, heavy neutral
leptons, and axionlike particles (ALPs), decaying or scattering inside the liquid argon detector. To this end,
we employ both photophilic and leptophilic ALPs as phenomenological benchmarks. The aforementioned
final states leave a hard electromagnetic signature with no hadronic activity above the detector energy
thresholds. Nevertheless, such signatures are not immune to backgrounds from neutrino scattering in the
detector, which are in the focus of our study. In order to model realistic experimental analyses, we take into
account particle misidentification rates, cross-contamination effects, and detector responses. We calculate
confidence limit projections for DUNE, thereby presenting realistic capabilities for constraining or
discovering new physics manifested through electromagnetic showers.
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I. INTRODUCTION

While the DUNE [1] experiment is expected to primarily
address the present unknowns in neutrino oscillation phys-
ics, it will also offer great opportunities for constraining and
discovering various beyond-the-Standard-Model (BSM)
realizations [2]. Regarding near-detector (ND) opportuni-
ties, such BSM targets include, but are not limited to,
neutrino interactions through higher dimensional operators,
searches for light sterile neutrinos, heavy neutral leptons,

light dark matter, new mediators, anomalous tau neutrino
appearance, as well as searches for light fermions and bosons
(see, e.g., Ref. [3] and references therein). In connection to
the new mediator searches, one of the well-motivated new
physics scenarios are light pseudoscalars that may originate
as the pseudo-Nambu-Goldstone bosons of a spontaneously
broken global symmetry. A prominent example is the axion,
which was originally proposed to address the strong CP
problem [4–6], and which may also provide an explanation
for dark matter [7–12] or the observed matter-antimatter
asymmetry of the Universe [13–15]. Traditional quantum
chromodynamics (QCD) axion models [16–19] face strin-
gent bounds from astrophysics and terrestrial experiments,
especially for masses above the eV scale, strongly motivat-
ing searches for light axions as solutions to the dark matter
problem and matter-antimatter asymmetry. Axion solutions
to the smallness of strong CP violation are not without
complications from ultraviolet physics; it is conjectured that
gravity (or other new physics at lower scales) breaks exact
global symmetries, in this case through Planck-suppressed
operators that may spoil the axion potential’s ability to
minimize strongCP violation; the so-called quality problem.
Heavy QCD axions in less-minimal extensions have been
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put forth with this motivation in mind, exploring the role of
small instanton physics or enlarged color group extensions of
the SM [20–26], though enlarged axion masses raise addi-
tional theoretical questions [27]. New pseudoscalar axionlike
particles (ALPs) that do not necessarily solve the strong CP
problem can also be motivated within string theory frame-
works (e.g., Ref. [28]), and others can help explain the
smallness of the electroweak scale through relaxion imple-
mentations that have broad mass ranges including above the
keV scale [29,30]; in such a scenario, the baryon-antibaryon
asymmetry through heavy axiogenesis mechanism can be
achieved [31].
In many of these scenarios, dominant couplings to either

photons, electrons, or both can be realized. Simple examples
include variations of the traditional KSVZ and DFSZ axion,
generating dominant photon or electron couplings, respec-
tively, and broadly in other contexts [28,32]. Accelerator-
based searches at neutrino experiments for long-lived ALPs
decaying to electromagnetic final states can also be par-
ticularly challenging from the standpoint of background
discrimination, motivating a phenomenological study. In
this work, we will consider heavy, ≳keV-mass ALPs,
especially interacting with the SM photon and electron,
as a case study; such a particle has rather similar properties
to the QCD axion, with the exception that the particle’s mass
and decay constant are considered as independent param-
eters. Various experimental efforts have been proposed to
search for axions and ALPs using their couplings with the
SM particles, see, e.g., [33,34] and references therein.
Regarding the opportunities for ALP searches at DUNE,

let us point out that the sensitivity of the DUNE ND to
diphoton final states was pioneered in our earlier work [35];
it was shown that an ALP flux component could arise from
the Primakoff scattering process of secondary photons
produced by neutral meson decays and electromagnetic
showers in the DUNE target. Other ALP production
mechanisms inside the beam target are possible as well,
e.g., by utilizing electron couplings [36,37], couplings to the
electroweak bosons [38], kaon portals [39], and nuclear
couplings from gluon dominance [40]. In this work, which
builds upon [35,36,41], we will focus on background events
that could conceal a signal from the decays or scattering of a
long-lived ALP. Our background study is also directly
relevant to other BSM physics giving rise to the same final
states, including other bosonic mediators, heavy neutral
leptons, and light dark matter. This possibility is especially
interesting in the environments of liquid argon time pro-
jection chambers (LArTPCs), including the DUNE ND and
the ongoing short-baseline neutrino program at Fermilab
[42], namely SBND, MicroBooNE, and ICARUS detectors.
We will present our findings for the capability for particle
identification and momentum reconstruction of charged
particle tracks which would allow for powerful separation
of signal from background. Note that in the recent related
study, Ref. [38], the authors considered ALP searches with
μþμ−, eþe−, γγ, and π0πþπ− final states from the decays of

a hadronically produced ALP, and found that a number of
kinematic cuts could almost completely reduce the relevant
backgrounds in these final state topologies. In this work, we
show that ALPs produced from electromagnetic secondary
particles in the beam target and leaving eþe−, e−γ, γ, and γγ
from ALP decays (including collinear decays merged into
single-showers) and scattering signatures in the detector
have reducible backgrounds.
The paper is organized as follows. In Sec. II, we outline

the considered ALP model and enumerate its relevant
detection channels and final-state particle topologies. In
Sec. III, we present the simulation results for both the target
(ALP production) and detector. Section IV is dedicated to
the preselection cuts and selection cuts for each of the
considered signal topologies. In Sec. V we calculate
sensitivity projections for DUNE ND-LAr by leveraging
background mitigation strategies developed in the form of
selection cuts. We also compare results with and without
backgrounds in order to illustrate the importance of under-
standing neutrino-nucleus interactions (hence, neutrino-
induced backgrounds) in this type of new physics searches.
Finally, in Sec. VI we conclude our findings.

II. PHENOMENOLOGICAL MODEL
AND PRELIMINARIES

To benchmark the expectations for DUNE sensitivity
for BSM searches with the inclusion of backgrounds,
we consider a phenomenological model featuring an ALP
coupling to electrons and photons

L ⊃
1

2
ð∂μaÞð∂μaÞ −

1

2
m2

aa2 − igaeaēγ5e −
1

4
gaγaFμνF̃μν:

ð1Þ

Here, a is the pseudoscalar ALP field with mass ma, with
coupling gae to electrons and a dimension-5 coupling gaγ
to photons. The electromagnetic field strength and its dual
are denoted by Fμν and F̃μν, respectively and FμνF̃μν≡
FμνFαβϵ

αβμν. These two couplings give rise to a rich
assortment of scattering and decay channels, including the
decays to electron-positron pairs a → eþe− and photon
pairs a → γγ. The variety of production and detection
channels that arise from Eq. (1) are presented in Table I
and shown in Fig. 1. In our analysis, we will consider two
scenarios where either the coupling to electrons (gae) or
photons (gaγ) is turned on while the other is taken to be
zero. See Ref. [43] for a discussion on the concurrent effects
of both couplings. For this work we take the effects of these
couplings at tree-level for the purposes of phenomenological
simplicity and ease of comparison with other laboratory and
astrophysical constraints in the literature. In principle, one
may equivalently study derivative couplings to electrons
instead, of the form ð∂μaÞēγμγ5e, which can be approx-
imately related to the Yukawa type operator −iaēγ5e via the
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Dirac equation in the weakly interacting limit. These two
operators do exhibit different phenomenology, though, e.g.,
for multi-ALP interaction diagrams [44] and in long-range
force effects [45–47]. For the physics we consider in this
work, discussed below, the Yukawa type and derivative type
are approximately equivalent in their phenomenology.
We simulate the generated flux of ALPs from all

available channels by convolving the electron, positron,
and photon fluxes simulated by GEANT4 [48–50] in the
DUNE graphite target (see Sec. III) with the respective
cross sections for each production channel in Table I. The
simulation of the ALP flux from parent electron, positron,

or photon GEANT4 fluxes, and the subsequent transport and
scattering/decay in the LAr detector, is performed with
tools adapted from the alplib library [51].
Once the ALPs have been produced, they should

propagate 574 meters downstream of the target, where
we account for their angular distribution such that only
those that fall within the solid angle of the DUNE ND-LAr
are able to scatter or decay within the detector fiducial
volume. A schematic of the transport is shown in Fig. 2,
where the angle of the ALP in the laboratory frame (θa) can
be expressed in terms of the angle of the beam-induced
photon/electron/positron parent (θγ in the figure), and the
angles of the ALP production θ0a, ϕ0

a in the parent frame, as

θa ¼ arccosðcos θ0a cos θγ þ cos ϕ0
a sin θ0a sin θγÞ: ð2Þ

For this solid angle, we take the DUNE ND-LAr as a
rectangular prism with dimensions 3 m× 7 m in cross-
sectional area and 5 m long, leading to an approximate solid
angle acceptance of θa ≲ θdet ≃ 5 mrad. This solid angle
acceptance can be expressed with a Heaviside theta
function in the flux integration that we discuss in what
follows.

FIG. 1. Top row: the gaγ-driven (a) ALP production from Primakoff scattering and detection (b,c) due to inverse Primakoff and
diphoton decays. Middle row: gae-driven ALP production from Compton scattering, associated production from electron-positron
annihilation, bremsstrahlung, and resonant annihilation. Bottom row: gae-driven detection through decays to an electron-positron pair,
inverse Compton scattering, and electron-positron pair production through atomic scattering. (a) Primakoff. (b) Inverse Primakoff.
(c) γγ decay. (d) Compton. (e) Associated production. (f) Bremsstrahlung. (g) Resonant production. (h) eþe− decay. (i) Inverse
Compton. (j) External pair conversion.

TABLE I. Considered ALP production and detection mecha-
nisms through couplings to electrons and photons.

Coupling Production Detection

gaγ γA → aA aA → γA
a → γγ

gae γe− → ae− ae− → γe−

eþe− → aγ a → eþe−

e�A → e�Aa aA → eþe−A
eþe− → a
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ALP-photon coupling: In this case, the ALP production
arises from Primakoff scattering of cascade photons inside
the graphite target, γA → aA, where A ¼ 12C and the
scattering takes place coherently with the combined atomic
and nuclear electric fields. For the analytic form of the
production cross section, σP, and the atomic form factor see
Refs. [52–54] and analyses in, e.g., Refs. [35,36,41,55–57].
For a parent photon rate in the target [in counts per unit
energy per solid angle per protons-on-target (POT)],
d2Nγ=ðdEγdΩγÞ, the event rate of ALPs produced at the
target through the Primakoff scattering is given as

dNP
a

dEa
¼

Z
1

σγðEγÞ
d2Nγ

dEγdΩγ
Θðθdet − θaÞ

×
d2σP

dEadΩa
dΩa dΩγ dEγ; ð3Þ

where σγ is the total photon absorption cross section in the
carbon target, dΩa ¼ d cos θ0adϕ0

a, and d2σP=ðdEadΩaÞ is
the Primakoff differential scattering cross section, which in
the forward limit yields Ea ≃ Eγ .
Detection for ALPs with coupling to photons then takes

place either through:
(1) ALP decays a → γγ.

For this process, the decay rate reads

Γða → γγÞ ¼ g2aγm3
a

64π
: ð4Þ

The probability that ALP decays into two photons
inside the detector is given by Pdecay, which is
calculated by integrating over the probability den-
sity between the front and the back of the detector,
ðl;lþ ΔlÞ

Pdecay ¼ e−l=ðτvaÞ½1 − e−Δl=ðτvaÞ�: ð5Þ

Here, τ is the ALP lifetime in the laboratory frame,
va ¼ pa=Ea is the ALP velocity, Δl is the length
of the DUNE ND-LAr over which the decay must
happen (for which we take Δl ¼ 5 m), and
l ¼ 574 m is the baseline distance from the source

to the detector. For the total exposure in number of
POT, E, the total ALP decay rate at the detector is
given by a convolution of the decay probability
with the ALP flux from Eq. (3)

NP
decay ¼ E

Z
dNP

a

dEa
PdecaydEa: ð6Þ

This yields a 2γ signature in the detector, provided
the two photons can be resolved through angular
separation ΔθðγγÞ≳ 1° [58].

(2) Inverse Primakoff scattering aA → γA, producing a
single photon final state from coherent scattering off
liquid 40Ar.
This process has a cross section σIP and is

calculated in a similar manner to the production cross
section, but larger by a factor of 2 to account for the
sum over polarization states. In this case, for a given
exposure time E, the number of ALPs scattering at the
detector is given by

NIP
scatter ¼ E

Z
nTlσIPðEaÞ

dNP
a

dEa
PsurvdEa; ð7Þ

where nT is the number density of argon targets, l is
the detector length, and Psurv is the probability that an
ALP survives to the detector without decaying, given
by Psurv ¼ e−l=ðτvaÞ.

ALP-electron coupling: In this case, we have a richer set
of production and detection channels at our disposal. ALPs
can be sourced from the scattering of cascade electrons/
positrons off 12C via bremsstrahlung, e�A → e�Aa, or
positrons that annihilate atomic electrons via associated
(eþe− → γa) and resonant (eþe− → a) production. Cascade
photons may also scatter off atomic electrons via the
Compton-like process γe− → e−a. One should also consider
charged meson decays π� → e�νea (K� → e�νea), where
the ALP a is radiated off the electron current in a three-body
decay, in the focusing-horn and decay volume complex
[59,60]. Starting instead with the ALP-electron couplings in
the presence of the electroweak theory, running to the low-
scale effective theory after electroweak symmetry breaking

FIG. 2. Schematic for the treatment of ALP flux, shown for a photon-produced ALP. ALP propagation to the detector is shown; the
acceptance to the detector is decided by integrating the angular spectrum over the detector solid angle. Here, the angles θ0a;ϕ0

a are with
respect to the parent photon direction, which can be translated to the laboratory coordinates via Eq. (2).
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endows the ALP with additional couplings that can enhance
the charged meson decays through contact interactions [61].
In the minimal phenomenological setup adopted in this
work, we estimate that the contribution from charged meson
decays is largely subdominant, but a future dedicated
analysis with a simulation of the meson focusing and the
aforementioned electroweak vertices included is highly
motivating.
For Compton scattering production of ALPs, the event

rate of ALPs produced at the target pointing within the solid
angle of the detector is

dNC
a

dEa
¼

Z
1

σγðEγÞ
d2Nγ

dEγdΩγ
Θðθdet − θaÞ

×
d2σCðEγÞ
dEadΩa

dEγ dΩγ dΩa; ð8Þ

where d2σCðEγÞ=dEadΩa is the differential Compton cross
section with respect to the ALP energy and solid angle. The
analytical formula for σC can be found in Refs. [54,62,63].
For electron-induced or positron-induced ALP fluxes,

additionally, we must account for the energy loss of the
parent electron/positron in material by convolution with the
track length distribution function for e� radiative transport,
Iðt; Ee; E0

eÞ, for an electron/positron initial (Ee) and final
(E0

e) state energy and distance traveled t, the dimensionless
number of radiation lengths. For the carbon-based target,
we take one radiation length as 42.7 g=cm2. The flux
prediction for ALPs whose momenta point within the
detector solid angle can then be written as

dNr
a

dEa
¼ NAX0

A

Z
d2Ne

dEedΩe
Iðt; Ee; E0

eÞΘðθdet − θaÞ

×
d2σrðE0

eÞ
dEadΩa

dΩe dΩa dEe dt dE0
e; ð9Þ

where NA is Avogadro’s number, X0 is the radiation length
in g=cm2, A is the molar mass of carbon in g=mol,
d2σr=dEadΩa is the differential cross section with respect
to the ALP energy and solid angle, for r being either the
resonance production, the associated production or brems-
strahlung. The analytical formulas for each relevant cross
section can be found in, for example, Refs. [37,63–66]. In
the above integral, we integrate over the electron/positron
flux d2Ne=dEedΩe (number per unit energy per solid angle
per POT).
Energy loss from transport in carbon leads to a final

energy E0
e after t radiation lengths, where ALP creation

takes place via the differential cross section (bremsstrah-
lung, associated production, or resonant production). In this
way, ALP with energy Ea and solid angle Ω ≔ ðθa;ϕaÞ is
produced. Here, the analytical approximation for the energy
loss function is [65]

Iðt; Ee; E0
eÞ ¼

ΘðEe − E0
eÞ

EeΓð4t=3Þ
ðln Ee=E0

eÞ4t=3−1: ð10Þ

Note that integration over the dimensionless track length t
runs from 0 to T, where T ¼ ρL=X0. Here, L is a path
length through the target (cm) and ρ (g=cm3) is the mass
density. This integration over dt in Eq. (9) can be done
explicitly by numerical integration, as

R
T
0 Iðt; Ee; E0

eÞdt
does not have a known closed form expression.
Note that modeling electron/positron energy loss for

bremsstrahlung and resonant production using the track-
length distribution function does not include any depend-
ence on the angular distribution of the electron/positron
after traversing T track lengths. In other words, the random
walk behavior of the electromagnetic shower particles is not
captured. In Ref. [67], the PETITE package demonstrated that
explicitly modeling the shower production of weakly
interacting vector particles can lead to significantly different
flux estimates due to the aforementioned angular spreading
of the parent electron/positron flux. A similar result should
hold for pseudoscalar production, as in our case. To account
for the broadening of the ALP flux, we limit the track length
integral up to T ¼ 5 radiation lengths in the ALP flux
integral given in Eq. (9). We find that our results agree with
the PETITE-derived fluxes within a 20% margin.
The detection of ALPs with couplings to electrons can

then take place via several channels:
(1) ALP decays to eþe− pairs.

For this process, the decay width reads

Γða → eþe−Þ ¼ g2aema

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
a

s
; ð11Þ

similarly to ALP decay to two photons. For the total
exposure in POT, E, the total ALP decay rate at the
detector is given by

NC
decay ¼ E

Z X
i

dNi
a

dEa
PdecaydEa; ð12Þ

where dNi
a=dEa are the ALP fluxes of type

i ¼ Compton, bremsstrahlung, associated, and res-
onant production outlined in the above discussion,
and the decay probability is the same as in Eq. (5).

(2) Scattering via eþe− pair production.
This is a process similar to Bethe-Heitler pair

production by photons (aA → eþe−A), with cross
section σe

þe− . The calculational details for this cross
section are described in Appendix. A. This results in
a total event rate at the detector given by

Neþe−
scatter ¼ E

Z X
i

neT lσ
eþe−ðEaÞ

dNi
a

dEa
Psurv dEa;

ð13Þ
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where neT is the number density of electron targets in
the detector and l is the detector length. This process
leaves a signature of a very forward eþe− pair with
small angular separation between the two leptons
after scattering coherently via photon exchange with
the atomic target.

(3) Inverse Compton scattering (ae− → γe−).
The total number of scattering events at the

detector is given by

NIC
scatter ¼ E

Z X
i

neT l σ
ICðEaÞ

dNi
a

dEa
Psurv dEa;

ð14Þ
where σIC is the cross section for inverse Compton
scattering [66].

In addition, if one takes this phenomenological model
beyond leading order, electron loop diagrams induce an
effective coupling to electroweak bosons including pho-
tons. In principle, this would also induce a → γγ through
this induced coupling, importantly opening a secondary
decay channel below ma < 2me. This possibility has been
considered, for example, in Ref. [68] and exhibits new
bounds from beam dump experiments that account for
γγ decays [69]. Again, for this work we shall omit the
contributions of this channel below ma ¼ 2me for the
purposes of easier comparison with laboratory and astro-
physical constraints such as NA62 and stellar cooling
bounds that appear below this mass limit.

III. GEANT4 AND GENIE SIMULATION

In the DUNE experiment, a 120 GeV proton beam hits a
carbon target, producing particles of interest such as

electrons and photons. High-energy photons are primarily
generated through intranuclear interactions during proton-
carbon collisions where various mesons, especially neutral
mesons (like pions and eta), decay and emit pairs of photons.
Electrons are produced through processes such as brems-
strahlung and pair production, which are relevant to devel-
oping electromagnetic showers, and such processes can be
effectively simulated by the GEANT4 [48–50] toolkit. In order
to model the fluxes of eþ, e−, and γ inside the target, we
simulate cylindrical carbon targets with the same configu-
ration as it was described in DUNE Technical Design Report
[58] and we have used QGSP_BERT physics list for the
hadronic processes and G4EmStandardPhysics for the
electromagnetic reactions. To record kinematic information
of particles produced in the target, we implemented user-
defined class of G4UserSteppingAction derived from
an abstract class G4SteppingAction.

A. Signal fluxes from the target

In Fig. 3, the fluxes of selected electrons, positrons,
and photons produced in the DUNE target, relevant for
the production channels listed in Table I, are shown as
1-dimensional histograms over their kinetic energies and
angles with respect to the beam axis. The shallow “knee”
observed in the electron angular distribution around θ in
0.1–0.2 rad is best explained by high-energy electrons
produced via Compton scattering of cascade electrons and
photons produced inside the target material. In Fig. 4 we
show fluxes of electrons, positrons and photons in the
form of 2-dimensional histograms. These fluxes are then
convolved with the respective cross sections for the ALP
production mechanisms in Table I as we have explained in
the previous section. Since the output from GEANT4 is a

FIG. 3. One-dimensional flux histograms: Photon, positron, and electron fluxes in the DUNE graphite target from GEANT4 simulation
based on a 105 POT sample, binned in steps of 20 MeVover the e�=γ energies (left) and their angles with respect to the beam axis binned
in steps of 1 mrad (right) at production. In the left panel, we also show the energy distributions of the forward component of the fluxes
after a 5 mrad angular cut (dotted histograms). The shallow “knee” over 0.1–0.2 rad region in the electron angular spectrum in the right
panel can be interpreted as a result of Compton scattering by high-energy cascade electrons and γ-rays.
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Monte Carlo sample of discrete electrons, positrons, and
photons, in ALP flux calculations we perform a sum
instead of the integration; for example, the integration over
electron energies and angles is replaced by

Z
dEe dΩe →

X
Ee;i;θe;i

Ni;

where Ni is a histogram weight carrying the number of
electrons per POT with energy Ee;i and θe;i is an angle
with respect to the beam axis. We integrate uniformly over
dϕe due to the azimuthal symmetry of the target.

B. The escaped proton fraction: Signal fluxes
from the beam dump

In addition to the fluxes of secondary particles produced
from protons impinging on the DUNE graphite target, there
is a non-negligible chance that some protons will escape the
target without getting absorbed. These protons are then free
to traverse the decay pipe until impinging again on the
dump in the absorber hall, roughly 270 meters downstream
of the target. The dump itself can be described roughly as a
4 × 4 × 4 m3 aluminum cube whose center is 306 m from
the center of the DUNE near detector.
From GEANT4 simulation of the proton transport through

the graphite target, we find that approximately 4.25% of
protons escape the target and propagate through the decay
pipe (through air with modest attenuation) to reach the
dump. At the face of the dump, the cross-sectional ðx; yÞ
profile of the proton bunch is broader compared to its
prompt on-target profile, but we find that the resulting ðx; yÞ
distributions of secondary particles (e�, γ) are still tightly
localized in ðx; yÞ to a radius of around 10 cm from the
center of the beamline. Overall, the kinematic distributions
of the secondary photons, electrons, and positrons in the

LBNF beam dump are very similar to those of the target
shown in Fig. 3, only reduced in normalization per POT.

C. Neutrino detector background simulation

Electrons, positrons, and gamma rays produced from
neutrino interactions in the detector act as backgrounds for
our BSM study, and their production processes can be
estimated through simulations. Using GENIE-MC [70], we
input the DUNE neutrino flux profile [58] into the simu-
lation. In this simulation, we have used the default tuning
configuration of GENIE-MC 3.02.00. The stable final state
particles generated by neutrino interactions within the liquid
argon volume are recorded for analysis. In the process of
data analysis, we made preselection against collected final-
state particles, and we also performed detailed selection
criteria; both are discussed in Sec. IV.
Finally, for both the signal and background modeling of

final state photons, electrons, and positrons, we account for
the smearing of true energies into reconstructed energies
through the use of an energy resolution function. In
principle, the calorimetry of photons and electrons/positrons
may differ, but for simplicity, we adopt a singular resolution
function for all electromagnetic showers. Given a true
energy Etruth of the final state photon, electron, or positron
generated by Monte Carlo for either the background or the
signal, we adopt a normal distribution centered at Etruth
whose width is given by

σðEtruthÞ
Etruth

¼ aþ bffiffiffiffiffiffiffiffiffiffi
Etruth

p þ c
Etruth

; ð15Þ

where the coefficients a, b, and c are adopted from
Ref. [71]; fa; b; cg ¼ f0.027; 0.024; 0.007g. This energy
scaling leads to energy resolutions in the 15%–5% range at
energies below and above 1 GeV, respectively; see also
Ref. [72] for electron-specific considerations. For other

FIG. 4. Two-dimensional flux histograms: Photon, positron, and electron fluxes in the DUNE graphite target from GEANT4 simulation
based on a 105 POT sample, binned over the e�=γ energies and their angles at production with respect to the beam axis.
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work on DUNE’s potential calorimetry capabilities, see
Refs. [73–76].

IV. PRESELECTION CUTS AND FINAL STATE
TOPOLOGIES

The ALP signal hypothesis has several possible final
states from scattering or decays in the detector: eþe−
(decays and pair production), 2γ (decays), 1γ (inverse
Primakoff), and 1γ1e− (inverse Compton scattering).
Each of these final states should have no other electro-
magnetic or hadronic activity, so the particle identification
and rejection of extraneous particles will be necessary.
In Table II we list the kinetic energy thresholds and

angular resolutions of identifiable particles produced in the
LArTPC. As a postprocessing step after neutrino-induced
background simulation with GENIE, we check each event
against these cuts and place it into one of the four
topologies we have considered for this analysis. Events
containing particles not contributing to the final states of
interest, with their kinetic energies exceeding the respective
threshold values listed in Table II, are discarded. Therefore,
at the truth level, an accepted event may have, for example,
soft hadronic or electromagnetic activity that lies below
threshold, while only the hard activity in the event satisfies
the topology criterion. We henceforth call these kinematic
cuts on additional activity in the event preselection cuts.
Additionally, we pay special care to events with two-

particle final states for 2γ and eþe−; if their angular
separation is less than 1°, they would instead be recon-
structed as a single electromagnetic shower, most likely
appearing as a single photon or a single e� in the LArTPC.
This applies to the signal hypothesis as well. We treat these
cases as misidentification (mis-ID) events that contaminate
the single-photon/electron/positron final state. For tagging
and finding the mis-ID rates, we have used the dE=dx study
in ArgoNeuT [77], the MicroBooNE study of using
convolutional neural networks in Ref. [78], the 1γ0p
and 2γ0p studies1 of Ref. [79], and finally the information
from Fig. 1.4 of the DUNE TDR [58]. Given all that, we
obtained the conservative estimate for e� ↔ γ mis-ID rate
of 18%. We also do not assume any charge identification
capability in the LAr module, treating eþ and e− final states
as identical in this analysis; therefore, the eþe− and 1γ1e−

ALP signals are effectively treated as e�e� and 1γ1e� final
states, respectively.
The mis-ID probability may affect cross-contamination

of eþe−, 1γ1e�, 1γ, and 2γ final states; for example, if a
true e�e� final state (post preselection) has one of its
electrons/positrons misidentified as a photon, thereby being
reconstructed as a 1γ1e� final state. This chance goes
according to the binomial probability of having one

“success” (mis-ID) for two “trials” (particles) at a 18% rate;

Pðe�e� → 1γ1e�Þ ¼ fbinomð1; 2; 0.18Þ ¼ 29.52%: ð16Þ

Likewise, the 2γ final state may get mis-ID’d into the 1γ1e�

final state with the same probability. The 1γ1e� final state
can be mis-ID’d into either e�e� or 2γ at the same binomial
rate, contributing half (14.76%) to each channel. The
reduction of these two-particle final states by 29.52%
and their growth from cross-contaminating mis-ID’d chan-
nels is reflected in the total rates.
Finally, we also account for the contribution to back-

grounds due to the loss of containment of photons that
shower outside of the fiducial volume of the detector. This
is performed as a postprocessing step after the GENIE
simulation. We find that around 1% of 2γ events will result
in one of the photons pair-converting outside the detector
fiducial volume, consistent with Ref. [38]. However, the
remaining photon in the fiducial volume further tends to
pair-convert to a very collinear eþe− pair via Bethe-Heitler
scattering with less than 1° in the opening angle; therefore,
we treat these events as contributions to the single shower,
1γ final state background, rather than the eþe− background
rate in the labeling scheme of Ref. [38].
We show the number of neutrino-induced background

events for each topology in Table III, assuming 3.5 years of
running in the forward horn current (FHC) neutrino mode.
The numbers are based on the GENIE output of our
background simulation and broken down by source neu-
trino flavor (νμ, νe, ν̄μ, and ν̄e). Each block row separates
the background events by final state, and the subrows
distinguish the event rates due to a γ ↔ e� misidentifica-
tion rate of 18%. Since the GENIE simulation was
computed for 107 neutrino interactions, we report the event
rates in Table III by counting the events in each final state
per parent neutrino flavor (after our preselection criteria
discussed above), then multiply by the total number of
expected neutrino events in 3.5 years (5.145 × 1021 POT)
for that flavor, and finally divide by 107.
As a consistency check, we compare these background

event rates to those reported in Ref. [38] for the eþe− and
2γ final states. First, a true eþe− rate originates from
GENIE simulation of the somewhat rare “Dalitz” decay

TABLE II. Energy threshold and angular resolution for differ-
ent particle types. Taken from the DUNE TDR [58].

Particle type Kinetic energy threshold Angular resolution

μ� 30 MeV 1°
π� 100 MeV 1°
e�=γ 30 MeV 1°
Protons 50 MeV 5°
Neutrons 50 MeV 5°
Other 50 MeV 5°

1The notation here signifies one or two photons with zero
hadronic activity in the final state.
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π0 → γeþe− (branching ratio of around 1.2% [81]), in which
the final state photon’s energy is below the reconstruction
threshold, resulting in a sole eþe− pair after preselection.
The rate of eþe− reconstructed this way in our simulation is
relatively small, amounting to less than 100 events per
3.5 years of exposure. On the other hand, Ref. [38]
considered contributions to eþe− from π0 → γγ decays after
one of the photons pair converts outside the fiducial volume,
leaving only one photon to pair convert to eþe− inside the
detector via Bethe-Heitler scattering. As mentioned above,
our simulations of the loss due to containment result in a
similar rate of single photons left within the fiducial volume
(around 1% of the total 2γ events, or 7663 single photons per
3.5 years after a mis-ID loss of 1 − 0.18 ¼ 0.82 is applied).
However, these photon pairs convert to very collinear eþe−
pairs (≪ 1° separated) and we therefore instead treat them
like single-shower, “1γ” events.
Comparing with Ref. [38] in the 2γ channel backgrounds,

we find a few times larger number of events. This difference
partially stems from the assumed reconstruction efficiency,
which was inspired by MicroBooNE analysis of electro-
magnetic reconstruction in LAr [82], adopted for DUNE in
Ref. [38]; our analysis explicitly includes preselection and
topological cuts that account for this efficiency (but not
efficiencies of more bespoke selection cuts such as boosted
decision trees as in Ref. [82]). Our analysis is also performed
explicitly at the DUNE energy scale, to which efficiencies in
the context of the 8 GeV Booster proton beam may not scale

appropriately. The present work and Ref. [38] do agree on
the rate for neutral current π0 production from GENIE
output, a major contributor to the 2γ backgrounds, while the
GENIE output in this work also accounts for charged current
π0 production, around 10 times larger than the neutral
current rate.

A. γγ final state

ALPs which couple to photons via gaγ may decay into
diphoton pairs (γγ). If the photon pair is not too collinear or
soft (Δθγγ > 1° and Eγ > 30 MeV as per Table II), then
each photon is treated as separately resolved. For ALP
masses below ∼500 keV, nearly 100% of all photon pairs
from decays cannot be resolved due to the large relativistic
boost the ALP would receive simply by virtue of the large
separation between the typical momentum scale of the
progenitor photons and the ALP mass. Above this mass,
smaller couplings gaγ will require less boost in order for the
ALP to live long enough to decay in the detector, so nearly
all of the decaying ALPs above ma ∼ 500 keV will be
resolved as diphoton pairs.
In Fig. 5, we show the diphoton distributions as a

function of the total true energy (top right), the opening
angle Δθðγ; γÞ (bottom left), and the invariant mass mðγ; γÞ
(bottom right), which is defined as

m2ðγ; γÞ ¼ ðpγ1 þ pγ2Þμðpγ1 þ pγ2Þμ: ð17Þ

TABLE III. The numbers of neutrino-induced background events (rounded up to the nearest integer) after
preselection cuts in each signal topology, separated by each incoming neutrino flavor. The rates are based on
3.5 years of running in FHC mode and a simulation sample of 107 neutrino interactions per flavor flux. The starred
(*) particles involve a misidentification (mis-ID) of γ ↔ e� that would fake the primary topologies (bold font) in
each row group. Parentheses with “c” subscript indicate contributions from topologies in which the parenthesized
particle is lost due to containment outside the fiducial detector volume. For comparison, the CC neutrino events
shown in the first line are in good agreement with the rates presented at Table 6.2 of the DUNE ND CDR [80].

Signal topology νμ νe ν̄μ ν̄e Total counts

CCþ NC ν events 3.49 × 108 4.78 × 106 1.72 × 107 6.59 × 105 3.71 × 108

eþe− 49 1 8 0 58
e−ðγÞ� 123 76 9 0 208
eþðγÞ� 139 2 10 11 162

2γ 372,508 5,450 38,236 1,433 417,628
1ðe−Þ�1γ 123 76 9 0 208
1ðeþÞ�1γ 139 2 10 11 162

1e−1γ 590 363 41 2 996
1eþγ 663 7 47 51 768
1e�1ðe�Þ� 21 0 4 0 25
γðγÞ� 156,022 2,283 16,015 600 174,920

1γ 34,469 441 3,094 101 38,104
1ðe−Þ� 3,839 6,516 417 46 10,818
1ðeþÞ� 0 0 0 1,451 1,451
1γð1γÞc 7,030 78 537 17 7,663
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For comparison, we also show the signal for ALPs of
masses ma ¼ 1, 10, and 500 MeV. For each of these
benchmark points, we take different values of gaγ indicated
in the legend. The smaller couplings, which will lie on the
lower edge of the sensitivity limit for DUNE ND-LAr
(shown later in Sec. V), give rise to characteristically long-
lived ALPs that require less boost from their progenitor
photons in the target in order to reach the ND without
prematurely decaying. Hence, they have softer energy
spectra. Compare, for example, the ma ¼ 500 MeV mass
point at gaγ ¼ 2 × 10−7 GeV−1 (light blue) to that of gaγ ¼
6 × 10−7 GeV−1 (pink) in the histogram in Fig. 5; for the
larger coupling, the lifetime is shorter and therefore only
the ALPs with large boost factor will decay in the detector.
The ALP energy spectrum can either be very soft or very
hard depending on the coupling due to the required boost
factor, while the opening angle between the two photons
remains relatively small compared to the neutrino back-
grounds. Additionally, even after energy resolution effects,
the invariant mass of the ALP remains relatively well-
resolved in the background-dominated region. The findings
shown in the lower panels of Fig. 5 motivate an opening
angle cut of Δθðγ; γÞ < 20° and an invariant mass cut of

jmðγ; γÞ −maj < 0.05 ×ma which can be checked to
ensure more than 90% signal efficiency in the majority
of the ALP parameter space.

B. Single photon final state

In Fig. 6, we show the signal and background spectra for
the 1γ topology. This signal primarily comes from ALP
decays to γγ final states that are too collinear to be resolved
as separate photons. This occurs most often for lighter ALP
masses. For example, at ma ¼ 1 MeV and couplings gaγ ∼
Oð10−5Þ GeV−1 (the red curves), 73% of the signal flux is
forward enough to produce an unresolved single-photon
shower; at 10 MeV (dark blue curves), ∼10%, and at
100 MeV (cyan curves) only ∼4%. We find that the main
kinematic discriminator in this final state is the angle of the
single photonlike shower with respect to the beam direction
(θγ); from the bottom left panel of Fig. 6, we can motivate a
θγ < 1° cut. The signal efficiency of this cut is ≥ 99%, and
does reduce the total background rate from Oð106Þ to
Oð103Þ. The energy spectrum of the ALP signal after this
cut is shown in Fig. 6, bottom right, for the same bench-
mark ALP mass and coupling combinations.

FIG. 5. Diphoton final state: we show the total energy spectrum (upper right), opening angle (bottom left), and invariant mass (bottom
right) distributions for the neutrino-induced backgrounds and the ALP signal. The ALP mass and coupling benchmark values are chosen
to yield statistically significant event rates in the limit of smaller gaγ couplings (cyan and pink histograms) or larger coupling (dark blue
and red histograms). The neutrino-induced backgrounds include the rates from eþ and e− mis-ID that contaminate the 2γ signal as
ð1eþÞ�γ or ð1e−Þ�γ.
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C. e+ e− final state

ALPs interacting with electrons via the gae coupling may
decay into electron-positron pairs if their masses are
ma > 2me, or they may scatter off atomic targets in the
detector in the Bethe-Heitler pair production process,
aA → eþe−A, to produce a collinear electron-positron pair.
Final states with eþe− pairs that can be individually
resolved are identified by requiring separation angles of
> 1° in simulation and individual energies greater than
30 MeVas per Table II. Since both particles are resolved, a
number of kinematic variables become relevant handles to
separate the signal from the background. Like in the case of
the 2γ final state, these include the total energy of the eþe−
system, the opening angle between the pair, and the
invariant mass of eþe− pair, mðeþ; e−Þ, constructed by
summing and squaring their reconstructed four-vectors

m2ðeþ; e−Þ ¼ ðpeþ þ pe−Þμðpeþ þ pe−Þμ: ð18Þ

The distributions of reconstructed total energy, opening
angle between the electron-positron pair, and reconstructed
invariant mass mðeþ; e−Þ are shown in Fig. 7. Like the
2γ final state, the background energy spectrum is falling,

while the ALP signal is dominating mostly at low energies.
Since the ALP signal from decays is dominated by resonant
production (eþe− → a), the energy spectrum is very nearly
mono-energetic, peaking at Ea ¼ m2

a=ð2meÞ. The opening
angle of the ALP signal (Fig. 7, bottom left) is, of course,
larger than 1°, but does not get larger than∼20° for the mass
range and couplings (and therefore, boost factors) that we
are interested in. These features, like in the 2γ case, allow
for a good separation between signal and background by
placing a cut Δθðeþe−Þ < 20° and an invariant mass cut
for jmðeþ; e−Þ −maj < 0.05ma.

D. e − γ final state

In a similar fashion to the eþe− topology, we can
construct a set of relevant kinematic variables for the
e−γ final state which is used to search for ALPs undergoing
inverse Compton scattering via an electron coupling. The
electron and photon should be angularly separated to be
resolved; we again require Δθe−γ > 1°. To motivate kin-
ematic cuts, we again consider the energies E− and Eγ , the
angles with respect to the beam axis, θ− and θγ , and their
opening angle Δθe−γ . However, instead of reconstructing
the invariant mass mðe−; γÞ, we alternatively consider the

FIG. 6. Single photon final state: Top right: the ALP energy spectrum from collinear a → γγ decays are shown against the 1γ final state
backgrounds as well as 1e− and 1eþ final states with an 18% mis-ID rate applied. Background labels denoted with ð1γÞc stem
from photons from true 2γ events in which one of the photons escaped containment in the fiducial detector volume. Bottom left: the
ALP signal and background angular spectra for the single shower angle θγ taken with respect to the beam axis. Bottom right: the same as
top right but after the θγ < 1° angular cut. Note that the 1eþ contributions from the ν̄μ, νμ, and νe fluxes (purple shades) are zero.
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energy fraction x≡ Eγ=Ee− . This energy fraction is found to
be a better discriminator against the backgrounds given that
for pseudoscalar Compton-like scattering, the final state
photon tends to carry a small fraction of the energy, while the
neutrino-induced backgrounds have a broad energy fraction
distribution for the final state photon and electron.
In Fig. 8, we compare backgrounds with a typical signal

distribution from ALPs produced via the electron coupling
gae and undergoing inverse Compton scattering ae− → γe−

in LAr detector. We show this for the total energy (top right),
the opening angle between the photon and electron (bottom
left), and the energy fraction x (bottom right). As for other
final states, an opening angle cut of Δθðe−; γÞ < 20° is
clearly motivated. The energy fraction of the final state
photon is also well-bounded for the ALP signal, so we will
impose a strict cut, keeping only signal and background
with 0.1 ≤ x ≤ 5.

E. Summary of kinematic cuts

Finally, we summarize the kinematic cuts we apply to all
relevant final states before analyzing the energy spectra.

(i) γγ: The relevant cuts are Δθðγ; γÞ < 20° and
jmðγ; γÞ −maj < 0.05 ×ma;

(ii) 1γ: The only relevant kinematic cut is θγ < 1°;

(iii) eþ; e−: We have Δθðeþ; e−Þ < 20° and
jmðeþ; e−Þ −maj < 0.05 ×ma as the final cuts; and

(iv) e−γ: The cuts are Δθðe−; γÞ < 20° and 0.1 ≤ x ≤ 5.

V. SENSITIVITY PROJECTIONS
FOR DUNE ND-LAR

In this section, the forecasted sensitivity for DUNE ND-
LAr to ALPs coupling to photons or to electrons via the gaγ
and gae couplings, respectively, is presented. These pro-
jections are performed assuming a 7 year exposure amount-
ing to 1.029 × 1022 POT; 3.5 years in FHC or neutrino
mode and 3.5 years in reverse horn current (RHC) or
antineutrino mode. For each sensitivity analysis, we con-
struct the following binned Poissonian log-likelihood as
our test statistic over N energy bins

ln Lðθ⃗Þ ¼
XN
i¼1

di ln½siðθ⃗Þ þ bi� − ½siðθ⃗Þ þ bi�

− ln½Γðdi þ 1Þ�; ð19Þ

for data di, backgrounds bi, and signal si in each energy bin
i. We take the Gamma function Γðdi þ 1Þ to analytically
continue the usual di! for our pseudodata based on the null

FIG. 7. Electron-positron final state: energy spectrum (upper right), opening angle (bottom left), and invariant mass (bottom right)
distributions are shown for the neutrino-induced background and the ALP signal. Contamination from 1eþ1γ and 1e−1γ backgrounds
with one photon misidentified as an electron or positron are included and indicated with ðγÞ�. The ALP mass and coupling benchmark
values are chosen to yield close to a statistically significant number of events at the lower limit of the coupling gae.
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expectation of neutrino-induced background events, which,
after scaling to exposure, are taken as di ¼ bi ∈R. To
estimate the sensitivity of DUNE ND-LAr, we test the
signal hypothesis against the null hypothesis and take the
data at its central value from the background-only event
rate di ¼ bi. The parameter vector θ⃗ is taken to be
θ⃗ ¼ ðma; gaγÞ or θ⃗ ¼ ðma; gaeÞ depending on which cou-
pling is turned on. This test statistic is also evaluated
separately before and after cuts have been made to
kinematic variables so that we can compare the sensitivity
with and without the cuts. The visible energy is defined as
before, taken to be the summed energy of the final state
particles after a smearing has been applied (in MC) to
model the energy resolution of the detector.
First, we show the sensitivity to ALPs coupled to

photons. The sensitivity to ALPs with nonzero gaγ coupling
and a vanishing gae coupling is shown in Fig. 9. This
sensitivity combines the 1γ and 2γ final states and their
backgrounds listed in Table III, and is constructed by
combining the log-Poisson likelihoods as

ln Ltotalðma; gaγÞ ¼ ln L2γðma; gaγÞ þ ln L1γðma; gaγÞ:
ð20Þ

We then construct the 95% confidence level (CL) limits by
establishing contours of constant delta log-likelihood
where

Δ ln Lðma; gaγÞ≡ 2½maxfln Ltotalðma; gaγÞg
− ln Ltotalðma; gaγÞ�; ð21Þ

is equal to 6.18 for a two-parameter scan.
In the left panel of Fig. 9, sensitivity for the DUNE ND-

Lar after the cuts is shown in red. The sensitivity curve
follows two primary contributions; one from Primakoff
scattering aþ 40Ar → 40Ar þ γ which dominates at low
masses and larger couplings, where the ALP does not decay
before reaching the detector, and another one from decays,
which become dominant beyond ma ≳ 0.1 MeV, defining
the wedge-shaped region in the ma − gaγ plane.
In the right panel of Fig. 9, the effect of the kinematic

cuts on the parameter space is visualized. First, focusing on
the blue CL contours that isolate the resolved 2γ final states
(Δθðγ; γÞ > 1°), we see that the DUNE ND-LAr sensitivity
after a 7-year exposure without cuts (solid lines) tests
parameter space mostly within regions ruled out by the
existing constraints from beam dump experiments (includ-
ing E137, CHARM, nuCal, and BABAR [83,84], FASER
[85], and the MiniBooNE beam dump mode [36]) except

FIG. 8. Electron-photon final state: ALP signal distributions plotted against the 1e−1γ neutrino-induced backgrounds for the total
combined Ee− þ Eγ energy (upper right), the opening angle between e− and γ (bottom left), and the energy fraction Eγ=Ee− (bottom right).
Contamination from 1eþ1γ is included, as well as eþe− final states with one electron or positron misidentified as a photon (indicated with
ðe�Þ� in the legend).
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for larger masses ma ≳ 200 MeV, where we do find new
parameter space sensitivity even without any kinematic cuts.
Complementary probes from collider searches test regions of
parameter space at higher masses and couplings than the ones
shown, e.g., Refs. [83,86–90]. The sensitivity contour with-
out any background cuts exhibits some noisy behavior in the
ma ∼ 10 MeV regime due to low-statistics regions in the
background distribution. The effect of the angular cuts and
invariant mass cut improves the sensitivity (dashed lines) by a
factor of up to 100% in thema ¼ 20–100 MeV range, where
the ALP energy spectrum shifts into a background-dominated
region (see Fig. 5) and the invariant mass cut plays a bigger
role in background removal. The effect of the cuts allows for
more sensitivity at lower couplings, beyond the existing
laboratory constraints from the beam dump experiments.
However, the invariant mass cut loses background rejection
power when ma ≃mπ; mη, where neutrino-induced coherent
pion and eta meson production dominates the invariant mass
spectrum, as seen in Fig. 5. The astrophysical constraints are
comprised of limits from supernovae [91] and HB star
cooling [92], as well as the measurement of the explosion
energy of SN1987A (gray dotted line, shown for 1051 erg
energy deposition), which lies in tension with the so-called
“cosmological triangle region” unless the star cooling process
is significantly different from the standard picture [93,94],
see also Refs. [95–102]. For unresolved ALP decays
(Δθðγ; γÞ < 1°) and inverse Primakoff scattering (green
CL contours), both of which are reconstructed as single
showers, the angular cut of the single photon with respect to
the beam direction is highly efficient such that the projected
sensitivity after kinematic cuts is nearly background-free.
When comparing the background-free sensitivity in LAr

to the background-free sensitivity calculated for the gaseous
argon (GAr) detector running in target-mode (see Ref. [35]),

we find that the sensitivity in LAr is worse by a factor of 5 in
the coupling gaγ . This was found to be due in part to an
overestimation of the target photon flux from a normalization
error in Ref. [35]. Nevertheless, the sensitivity toward the
upper-right region (called “beam-dump ceiling” [56]), where
ALPs decay rather promptly, is insignificantly affected by
this overestimation due to the fact that the coupling depend-
ence here is effectively exponential [57]. The GAr setup
assumed in Ref. [35] was also larger in effective volume and
would enjoy a suppressed neutrino-induced background rate
due to the lower density, see also Ref. [38]. The relatively
weaker sensitivity found in the current study, with a more
sophisticated treatment of the signal flux and background
rates, is mainly impacted in the “cosmological triangle”
region, but this region is now known to be likely ruled out by
supernova limits [93] (and potentially and partially reactors,
as claimed recently [103]). In the high-mass limit, however,
we still find a good advance in sensitivity to ALPs beyond
the existing beam dump limits up to nearly 1 GeV in ALP
mass. Since the ND-LAr detector would likely be present in
both phases of DUNE [104], while ND-GAr may only be
present in the second phase, our emphasis remains on the
LAr configuration to achieve the best sensitivity to new
physics parameter space in the near term.
Next, we present the sensitivity of the DUNE ND-LAr to

ALPs with electron couplings, keeping gaγ ¼ 0. For this
sensitivity, we combine three topologies of the final state.
We consider eþe− final state, which includes ALP decays,
a → eþe−, and pair production scattering aA → eþe−A.
We also consider 1ðγÞ� final state, effectively created from
collinear eþe− pairs that are misidentified as a single γ
when their opening angle is less than 1°. Finally, we
consider the 1γ1e− final state due to Compton-like scatter-
ing ae− → γe− off atomic electrons in the liquid argon.

FIG. 9. Left: sensitivity reach of the DUNE ND-LAr detector for the ALP-photon coupling gaγ . Contours of constantΔ ln L are drawn
at 95% CL for the DUNE ND-LAr sensitivity to combined 1γ and 2γ final states with kinematic cuts to reduce backgrounds (red solid).
We compare this with the sensitivity to the DUNE ND-GAr with no assumed backgrounds (gray dashed). Right: contours of constant
Δ ln L for ND-LAr sensitivity are drawn at 95% CL separately for the 1γ final state (blue) and the 2γ final state (red) with and without
background rejection cuts (dashed and solid, respectively). The 1γ final state comprises both events from inverse Primakoff scattering
aA → γA and collinear decays a → γγ such that the diphoton pairs are unresolved with Δθðγ1; γ2Þ < 1°.
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The sensitivity curves for the gae coupling are shown in
the left panel of Fig. 10, while the right panel shows the
sensitivity channel-by-channel. In the sub-MeV mass range,
where ALP decays to eþe− are kinematically forbidden, we
find that the most sensitive channels for ALP detection stem
from electron-positron pair conversion aA → eþe−A, shown
in purple (unless one considers electron loop-induced γγ
decays, in which case beam dump constraints would be
modified [68], and the γγ channel would shift the sensitivity
contour down in couplings between 2me andma ≃ 0.1 MeV
where the lifetime is long enough such that scattering into
eþe− pair conversion dominates again [37,69]). In the
ma > 2me mass range, decays to resolved eþe− pairs (blue)
dominate the sensitivity. In the case of pair conversion, the
final state eþe− pair is highly collinear and merged into a
single shower, so the most effective kinematic cut to reduce
background is on the angle of the eþe− pair with respect to
the beam axis (discussed in Sec. IV B). This accounts for a
nearly five-fold increase in the sensitivity to the coupling gae
and results in an almost background-free analysis after the
kinematic cuts. For the resolved case, the sensitivity to eþe−
from ALP decays is best enhanced from the combination of
opening angle and invariant mass cuts discussed in
Sec. IV C. Note from the right panel of Fig. 10 the sudden
increase in sensitivity at ma ≃ 7 MeV due to the resonant
production channel energy, Ea ∼m2

a=ð2meÞ, which can only
give rise to electron-positron pairs above the detector energy
thresholds of 30 MeV, or when m2

a ≳ 2 × 30 MeV2.
With these cuts, DUNE ND-LAr sensitivity reaches

gae ≃ 10−9 level, testing parameter space beyond the
existing beam dump bounds (combined from E137
[105,106], Orsay [107], E141 [108], E774 [109], NA64
[110–112], and the CCM120 engineering run [37]) and
entering regions so far excluded only by astrophysics
(limits from SN1987A [113], which may also be further

constrained from explosion energy deposition [114], and
stellar cooling [115]). Complementary probes from collider
searches at higher masses and couplings than the ones
shown here can be found in Refs. [44,116,117].

VI. CONCLUSIONS

In this work, we have investigated the neutrino-induced
backgrounds relevant to new physics signals with eþe−, 2γ,
1e�1γ, and 1γ final states. We have modeled these back-
grounds by simulating the interaction of neutrinos from the
DUNE beam with liquid argon using GENIE, accounting
for reconstruction effects on the event selection, particle
misidentification, and detector smearing effects. Long-
lived ALPs that couple to electrons or photons give rise
to the above final states, and by examining the kinematics
of the final state, we motivated a set of kinematic cuts to
reduce the background rates.
We expect that our comprehensive background analysis

for various signal topologies from ALPs at the DUNE near
detector can serve as a litmus test for the DUNE BSM
program. We have shown that the electromagnetic signa-
tures considered in this work can be separated from their
neutrino-induced backgrounds, using information on the
opening angle, angle with respect to the beam axis, energy
ratios, and invariant mass. We expect DUNE to test new
parameter space beyond the existing laboratory bounds
with a 7-year exposure. Namely, for ALPs coupled to
photons, from unresolved a → γγ decays and inverse
Primakoff scattering producing single showers in the
detector, the entirety of the ma ∼ 1 MeV parameter space,
the so-called “cosmological triangle,” can be probed. For
larger masses ma ¼ 0.1–1 GeV, resolved a → γγ decays
can probe couplings below the gaγ ¼ 10−7 GeV−1 level,
beyond the existing beam dump constraints. For ALPs

FIG. 10. Left: sensitivity reach of the DUNE ND-LAr detector after kinematic cuts (red solid) and the background-free ND-GAr
detector (gray dashed) to the ALP-electron coupling gae. Contours of constant Δ ln L are drawn at 95% CL. Right: sensitivity reach
of the DUNE ND-LAr detector to the ALP-electron coupling gae separated channel-by-channel. Contours of constant Δ ln L are
drawn at 95% CL, before and after kinematic cuts, separately for the 1γ1e− final state, the 1eþ1e− final state, and the collinear
eþe− or 1ðγÞ� final state.
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coupled to electrons, we forecast sensitivity in the ma ¼
20–100 MeV mass range from a → eþe− decays, expand-
ing upon the existing beam dump constraints and testing
the SN1987A bound. In the ma < 2me mass range, an
improvement of half an order-of-magnitude in the electron
coupling gae can be achieved. In both of these cases, while
the eþe− background is already quite manageable, almost
100% background reduction can be achieved with angular
kinematic cuts.
Since many other scenarios in which BSM physics can

show up in beam target facilities also have electromagnetic
signatures, e.g., dark photons [118], extended Higgs sector
scalars [118], heavy neutral leptons [119,120], dark matter
scattering involving mutilepton final states [121,122] or
multiparticle dark matter with upscattering [123–127], our
results for the ALP case with electromagnetic couplings
should translate easily to other scenarios and provide a
good sense of how background-impacted they may be.
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APPENDIX A: PAIR PRODUCTION CROSS
SECTION INTEGRATION

To compute the rate of eþe− pair production from ALP
scattering, we calculate the matrix element (shown in
Fig. 11) for the process aA → eþe−A, where A is the
combined particle wave function of the electron cloud and
nuclear electric charge of an atom (40Ar in this case). See
also Ref. [128] for another presentation of this cross section
and its relevance for solar and supernovae axion searches.
We calculate the matrix element for this process scattering

on a single fermion at a time, with momenta assigned as
aðkÞ þ NðlÞ → eþðpþÞ þ e−ðp−Þ þ Nðl0Þ, analogous to
the pair conversion process in which the SM photon converts
to an electron-positron pair in the presence of the strong
electromagnetic field of a nucleus. This is the dominant
mechanism for photon absorption for Eγ ≳ 10 MeV, and
one can expect a similarly large cross section for ALP
scattering at MeVenergies. The 4-momenta in the laboratory
frame are defined as follows

kμ∶ ðEa; 0; 0; paÞ
pμ
þ∶ ðEþ; pþ cos ϕþ sin θþ; pþ sin ϕþ sin θþ; pþ cos θþÞ

pμ
−∶ ðE−; p− cos ϕ− sin θ−; p− sin ϕ− sin θ−; p− cos θ−Þ
lμ∶ ðmN; 0; 0; 0Þ
l0μ∶ ðmN; q⃗Þ:

This process will be considered at both nonrelativistic and
fully relativistic regimes; however, we have made the
approximation l00 ¼ mN , i.e., that the energy transfer to
the nucleus is negligible since T ¼ q2=ð2mNÞ is expected to
be small with mN ≳ 104 MeV. The matrix element can then
be written using the Feynman rules

M1 ¼ ūðp−ÞðieγμÞ
�
ið=k − =pþ þmÞ
ðk − pþÞ2 −m2

e

�
ðigaeγ5ÞvðpþÞ

�
−i
q2

�
ūðl0ÞðieγμÞuðlÞ

¼ −igaee2

q2ððk − pþÞ2 −m2
eÞ
½ūðp−Þγμð=k − =pþ þmÞγ5vðpþÞ�½ūðl0ÞγμuðlÞ�; ðA1Þ

M2 ¼ ūðp−Þðigaeγ5Þ
�
ið=k − =p− þmÞ
ðk − p−Þ2 −m2

e

�
ðieγμÞvðpþÞ

�
−i
q2

�
ūðl0ÞðieγμÞuðlÞ

¼ −igaee2

q2ððk − p−Þ2 −m2
eÞ
½ūðp−Þγ5ð=k − =p− þmÞγμvðpþÞ�½ūðl0ÞγμuðlÞ�: ðA2Þ
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The total squared amplitude is given by jMj2 ¼
M†

1M1 þM†
2M2 þ 2M†

1M2. Squaring and summing
(averaging) over final (initial) state spins then gives us
the total matrix element. Again, the expression for the
differential cross section is inspired by a similar setup for
computing SM photon conversion to an electron-positron
pair [129,130]

dσe
þe− ¼ 1

4EamNva
hjMj2i d3pþ

ð2πÞ32Eþ

d3p−

ð2πÞ32E−

d3q
ð2πÞ32mN

× ð2πÞ4δ4ðl0 þ pþ þ p− − ka − lÞ: ðA3Þ

The total cross section is shown in Fig. 12 for several
benchmark ALPmasses (green lines). We compare this cross
section with the rates of other ALP scattering channels; the
cross section for axioelectric ionization and excitation [131]
is shown in blue, while the cross section for inverse Compton
scattering is shown in red. Because of the asymptotic 1=s
behavior of inverse Compton scattering, pair production is
left as the dominant scattering channel for high-energy ALPs
like those that could be produced by the DUNE beam.

APPENDIX B: FORM FACTORS

In coherent scattering processes which involve the
photon in the t-channel mediator to an atomic scattering
target, like those in ALP Primakoff scattering or pair
production, the low momentum transfer (q) limit is faced
with a screening of the atomic nucleus which is realized as
a suppression in the form factor. One can use the atomic
form factor with a pointlike nucleus [132]

G2
elðtÞ ¼ Z2

�
a2t

1þ a2t

�
2

; ðB1Þ

for a≡ 111Z−1=3=me and we take t≡ q2. However, in the
limit of large momentum transfer, the resolution of the
nucleus will eventually suppress the coherence. One can use
the form factor, which includes the nuclear dipole, e.g., from
Refs. [128,132,133]. We takeG2

elðtÞ→G2
elðtÞ×1=ð1þ t=dÞ2

where d ¼ 0.164A−2=3 GeV2, me is the electron mass, and
A ¼ N þ Z is the number of neutrons plus protons.
Alternatively, one could approximately capture the

resolution of the nucleus by combining the atomic form
factor above with the Helm parametrization of the nuclear
charge density (see, e.g., Refs. [134,135]) in an ad hoc way

by subtracting off the pointlike contribution and adding
back in the Helm form factor

F2
AðtÞ ¼ jGelðqÞ − Z þ FHelmj2; ðB2Þ

where FHelm ¼ 3Zj1ðq; rNÞ expð−q2s2=2Þ=ðqrNÞ, j1 is the
Bessel function of the first kind, and rN is the neutron skin
radius.2 The difference between Eq. (B2) and the nuclear
dipole at large momentum transfer can be seen in Fig. 13. In
the present work, we conservatively prefer to use Eq. (B2)
to describe the form factor for Primakoff (γA ↔ aA) and
pair production (aA → eþe−A).

APPENDIX C: TIMING SPECTRA

The timing distribution of long-lived particles as they
arrive at the near detector offers another potential handle to
distinguish signal from background. For ALPs at DUNE,
the masses of interest can be as large as 1 GeV, with a
variety of decay lifetimes that can make the ALP more or
less boosted in the laboratory frame. This means that the
time of flight from the source of ALP production to the
detector can vary depending on the ALP mass and its
lifetime, sometimes manifesting in an arrival time distri-
bution that is significantly different from the neutrino
background.
In addition, contributions to the ALP production at the

LBNL beam dump will leave an additional imprint on the
timing signature; the total time of flight difference will now
be comprised of the proton travel time from the target to the
dump in addition to the ALP time of flight from the dump
to the detector, relative to the neutrino total time of flight
(≈1.9 × 10−6 μs). These effects and others have been

FIG. 11. Tree-level diagrams for axion pair production.

FIG. 12. Pair production ðaA → eþe−AÞ scattering cross sec-
tion, integrated with VEGAS, compared to axioelectric and
inverse Compton scattering channel cross sections (in the figure,
we show cross sections divided by the ALP energy Ea).

2We utilize the Helm parametrization as an approximation
of the nuclear charge form factor. We take rN ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1.23A1=3 − 0.6Þ2 − 5s2 þ ð7=3Þπ2b2
p

fm with s ¼ 0.9 fm
and b ¼ 0.52 fm.
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investigated in Ref. [136] in the context of heavy neutral
leptons at the SBND, MicroBooNE, and ICARUS experi-
ments; similar qualities in the timing spectra should be
present in the ALP case we consider in this work.
In Fig. 14, we show some example timing spectra of the

ALP flux arriving at the near detector. These are computed
using a Gaussian-distributed beam spill approximation as a

toy model for the distribution of production times,
tg ∼Gð0; σÞ where we take σ ¼ 1 nanosecond. The true
distribution of the neutrino timing signal may be further
smeared by meson lifetimes and neutrino production
distributed between the target, focusing horns, and decay
pipe. The 1 ns timing structure is motivated by
Refs. [137,138] with ND-LAr timing capabilities motivated
in Refs. [139,140]. As we do not yet know the exact
description of the timing spectra, we did not include it in
the analysis to establish sensitivities to the ALP signal;
however, Fig. 14 does motivate the possibility of including
the arrival time distribution to distinguish ALP or other
long-lived particle signals from the neutrino signal. We
leave a more sophisticated treatment of timing distributions
as a background rejection handle to future work.
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