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Fixed-target proton-beam experiments produce a multitude of charged pions that rescatter in the beam
dump. These charged pion scattering events can be an additional irreducible source of exotic particles which
couple to photons or hadrons.We analyze the sensitivity of the DUNE near detector complex tomillicharged
particles (MCPs) and heavy axionlike particles (ALPs) with low-energy couplings to gluons. Using the
framework of chiral perturbation theory, we demonstrate regimes of parameter spacewhere the charged pion
production channel dominates over previously considered productionmechanisms for bothMCPs andALPs,
thereby improving the sensitivity of DUNE to these new particles compared to previous studies.
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I. INTRODUCTION

In the search for light, weakly coupled extensions to the
Standard Model, fixed-target experiments have proved to
be an extremely useful approach (see Ref. [1] and refer-
ences therein). Trading energy for luminosity compared to
colliding-beam experiments, theseOð10–100Þ GeV proton
and electron beams can deliver Avogadro’s number of
beam particles on target, allowing us to search for a wide
variety of low-mass particles beyond the Standard Model
(BSM) with small production cross sections. In particular,
proton beams produce copious amounts of secondary
particles, including neutral mesons and muons, which
can generate BSM particles through rare decays, mixing,
or bremsstrahlung. Recent studies [2–5] have demonstrated
that, as part of the upcoming DUNE program [6–9], the
neutral meson channel yields excellent sensitivity to milli-
charged particles (MCPs) (denoted χ) or heavy axionlike
particles (ALPs) coupled to QCD (denoted a).
However, previous analyses have overlooked an addi-

tional production mechanism for these new particles,
namely, charged pion scattering. At DUNE, the 120 GeV
proton beam creates ∼6.5π� for every proton on target
(POT) compared to∼3.5π0 per POT [10]. As a charged pion
traverses the target, it can scatter off the target nuclei and
produce BSM particles through bremsstrahlung-like proc-
esses, which may be described in the framework of chiral
perturbation theory as long as the BSM particles have

masses well below 4πfπ ∼ 1.2 GeV, where fπ ¼ 93 MeV
is the pion decay constant. This production channel was first
considered for dark photon production at DarkQuest [11],
where it was shown that charged pion bremsstrahlung
generated comparable event rates to the Drell-Yan produc-
tion channel for GeV-scale dark photons.
In this paper, we follow the logic of Ref. [11] to search for

MCPs and heavyALPs atDUNE through secondary charged
pion scattering. TheMCP production channel is very similar
to the previously studied dark photon production, involving
an off-shell virtual photon generating a χχ̄ pair instead of an
on-shell dark photon decaying to visible states, and we will
show that charged pion scattering does indeed yield modest
gains in sensitivity for GeV-scale χ. For heavy axions, QCD-
coupled axion production from charged pions dominates the
meson mixing production channel except in narrow reso-
nance windows around the neutral meson masses, and is
comparable to the expected rate from kaon decays [5]. At
high axion masses, charged pion scattering provides addi-
tional sensitivity at large couplings all the way up to the
regime of validity of chiral perturbation theory.
This paper is organized as follows. In Sec. II, we briefly

describe the experimental design of the DUNE near
detector (ND) complex located at Fermilab, including
additional detector components proposed for detecting
MCPs. In Sec. III, we give an overview of our simulation
pipeline that we use to model the production and detection
of BSM particles from charged pion scattering. In Sec. IV,
we describe our MCP model and calculate the additional
sensitivity gained at DUNE ND at high MCP masses from
charged-pion scattering, compared to the production modes
previously considered in Refs. [2,3]. In Sec. V, we do the
same for the heavy axion model of Ref. [4]. We conclude
in Sec. VI.
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II. DUNE AS A BSM DETECTOR

DUNE is primarily designed to produce neutrinos, but its
120 GeV proton beam can also be used as a source for BSM
particles, which can be detected at the DUNE near detector
(ND) complex. The LBNF-DUNE beam is a 120 GeV
proton beam incident on a graphite target, with an expected
luminosity of 1.47 × 1021 protons on target (POT) each year,
and a total of 1.47 × 1022 POTover a ten-year run [6–9,12].
The ND complex is located 574 meters down the beamline
from the target, and will contain two argon detectors:
ArgonCube, a 50 ton liquid argon time projection chamber
(LArTPC), and the multipurpose detector (MPD), a gaseous
argon time projection chamber designed to detect muons
and other particles that are not stopped in ArgonCube.
ArgonCube is 7 m in width, 3 m in height, and 5 m in length
along the beamline. The MPD is situated directly down-
stream fromArgonCube and has a cylindrical volume that is
5 m in diameter and 5 m in height. Both ArgonCube and the
MPD are sensitive to diphoton and hadron signatures by
reconstructing the invariant mass and direction of the event,
and these will be the primary decay modes of the heavy
axions we consider.
To search for MCPs, one may also imagine adding

scintillator arrays in the near detector complex, as was
proposed in [2]. To make a direct comparison with Ref. [2],
we consider the same setup: three stacks of scintillator
arrays in a 1 m × 1 m detection area, coupled to photo-
multiplier tubes (PMTs) to detect charged particles. The
distinctive signature of a MCP would be soft ionizations
with yield below that expected from a minimum-ionizing
particle of charge jQj ¼ 1.
In Fig. 1, we show a schematic of the DUNE ND

complex and the detectors of interest. Relevant background
processes for each of our BSM signatures will be discussed
in Secs. IV and V.

III. SIMULATION DETAILS

In order to calculate the production and detection of new
particles at DUNE ND, we perform a Monte Carlo sim-
ulation. In this section, we outline the general simulation
setup that generates BSM events from charged pion-
nucleon scattering and estimates the detection efficiency

within the detectors described above. In Secs. IVand V, we
will specify to MCPs and heavy axions, respectively.

A. Charged pion production

When the 120 GeV DUNE proton beam collides with the
target, it produces a multitude of SM mesons, including
π; η; η0 as well as heavier mesons. While mesons are
produced during several nuclear interaction lengths, in order
to provide a conservative estimate of the reach and tomake a
direct comparison with previous studies [2–4,10,11], we
only consider the mesons produced within the first proton
interaction length of the target, which amounts to assuming
that every incident proton scatters once.
To estimate the SM meson spectrum, we adapt the

PYTHIA 8.2 simulation of a 120 GeV proton incident on
a proton target from [10], rescaled to match the nucleon
composition of the DUNE graphite target. The number of
mesons produced per 120 GeV proton is Nπ0 ∼ 3.5,
Nπ� ∼ 6.5, Nη ∼ 0.40, and Nη0 ∼ 0.04.1 The total number
of charged pions can be written as an integral over the
energy spectrum of charged pions produced,

Nπ ¼
Z

dEπ
dNπ

dEπ
: ð1Þ

For simplicity, we assume Nπþ ¼ Nπ− ¼ Nπ�=2. The
energy distribution of the charged pions is shown in
Fig. 2. The majority of charged pions are produced with
low energy, Eπ ∼ 1–10 GeV. However, the high-energy tail
of the distribution, combined with the large quantity of

FIG. 1. A simple schematic of the experimental setup for MCP (left) and ALP (right) searches. Note that the DUNE ND complex
contains ArgonCube and the multipurpose detector, which are the detectors used for our ALP search. Additionally, for the sake of our
MCP search, one could imagine installing scintillator arrays and PMTs inside the DUNE ND complex inspired by the FerMINI proposal
[2], described in more detail in Sec. IV B.

1Treating the target as free protons is clearly a very rough
approximation, however it allows us to make a direct comparison
with previous studies in the literature [2,10]. Reference [2] (also
Ref. [4]) found Nπ0 ∼ 4.5ð2.9Þ, Nη ∼ 0.5ð0.33Þ for the DUNE
target, which only differ by ∼20% from our values. In the
approximation where all meson production takes place in the first
nuclear interaction length of the target, the target composition
likely affects the production rates only weakly. Including addi-
tional secondary proton interactions after the first interaction
length is difficult to model because the incident proton will
fragment after a hard scattering event, but in general we expect
that the true meson flux will contain additional low-energy pions
from these secondary interactions.
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charged pions produced in the target (of order 1023 over the
lifetime of DUNE) can produce a detectable number of
BSM particles that are boosted enough to reach the
DUNE ND.

B. BSM particle flux

Exotic particles may be created from pion-nucleon
scattering, π�N → π�N0X, where we will later consider
X ¼ a or χχ̄.2 For sufficiently small momentum transfers,
we can describe the scattering process using chiral pertur-
bation theory. In this approximation, the pions would
scatter incoherently off the nucleons contained within
the target’s nuclei. Typically, staying within the regime
of validity of chiral perturbation theory limits the mass of
the BSM particles to ≲1 GeV, though for MCPs in
particular, the production rate remains significant up to
about 5 GeV. A full treatment of this process would require
matching onto the perturbative QCD regime, which is
beyond the scope of this work but has significant synergy
with the DUNE neutrino cross section program [13].
The total cross section for the scattering process in the

lab frame is

σ¼ 1

4EπMn

Z
dΠ

�
ZhjMðpÞj2iþðA−ZÞhjMðnÞj2i�; ð2Þ

where Eπ is the energy of the incoming pion, Mn is the
nucleon mass, dΠ is the three- or four-body phase space

measure, Z ¼ 6 is the atomic number of the graphite
target, A ¼ 12 is the mass number, and hjMðp;nÞj2i are the
spin-averaged matrix elements for π� scattering off
protons or neutrons, respectively.3 For both axion and
MCP production, we perform a Monte Carlo integral of
the cross section using MadGraph5 [15] to generate events.
For both models, we compute the relevant matrix ele-
ments using chiral perturbation theory, where the
Lagrangian for the MCP model is given by Eqs. (11)
and (12), and for the axion model by Eq. (17); further
details of the calculations for each model are given in
Secs. IV and V below. To remain within the regime of
validity of leading-order chiral perturbation theory, we
implement momentum cutoffs,

tn ≡ −ðp0
n − pnÞ2 ≤ ð4πfπÞ2 ð3Þ

tπ ≡ −ðp0
π − pπÞ2 ≤ ð4πfπÞ2; ð4Þ

as phase space cuts, where pnðpπÞ and p0
nðp0

πÞ are the
initial and final nucleon (pion) four-vectors, respectively.
Because MCP production proceeds through a virtual
photon, low-mass MCPs will be dominantly produced
in the region of small photon virtuality, where the soft
singularity of QED makes the Monte Carlo sampling
unreliable. Consequently, we will focus only on MCPs
above about 400 MeV, and we will use the closely related
study of dark photon production in [11] to argue that there
are limited sensitivity gains for lighter MCPs.
The cross section depends on the mass mX of the BSM

particle X, its couplings to the SM generically denoted by κ,
and the energy of the incoming pion Eπ . We bin the charged
pion energies into i ¼ 1;…; N0 bins, denoted Eπ;i, and
denote the number of charged pions in each energy bin as
Nπ;i. We then generate the cross section, σðEπ;i; m; κÞ, in
MadGraph5 for each energy bin, mass, and coupling value we
consider. With the discretized charged pion energy distri-
bution and cross section, we can calculate the number
of BSM particles that can be produced at DUNE.
Conservatively, we will restrict production to take place
within the first interaction length of the pion, which is
lπ ¼ 53.30 cm for a graphite target. Since charged pions
typically travel several interaction lengths before decaying
and/or capturing on nuclei, additional production is pos-
sible deeper in the target, and is likely significant for lower-
mass BSM particles; we intend to return to this point in a
future in-depth study. For a given mass and coupling, the

FIG. 2. The energy distribution of charged pions from a PYTHIA

8.2 simulation of a 120 GeV proton hitting a proton target. The
pions were created within the first thin slice of the target. We
rescale this distribution to match the nucleon content of the
DUNE graphite target. This distribution was adapted from the
analysis of [10].

2Axions can also be produced through pion conversion,
πN → aN, though we will discuss in Sec. V that this process
is (surprisingly) subdominant to the three-body process.

3There is a subtlety in treating the target mass in the cross
section calculation. Here, we have treated the pions as scattering
off individual nucleons, but the full center-of-mass energy (and
hence the kinematic threshold) of the scattering process involves
the nucleus mass. To treat the target mass properly, we should
apply a target mass correction [14], but in this work we have
chosen to take the conservative approach (with the lowest
possible kinematic threshold) and use the nucleon mass only.
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number of BSM particles produced within one interaction
length of the dump is

NXðmX; κÞ ¼ L ×
XN0

i¼1

Nπ;iσπðEπ;i; mX; κÞ: ð5Þ

Here the luminosity is defined as

L ¼ lπnTPOT; ð6Þ

where nT ≈ 1.0 × 1023=cm−3 is the target number density.
To determine the flux of these particles at DUNE ND, we

only consider the particles that are within the angular
resolution of the detector of interest at the DUNE ND Hall.
We estimate this by generating NMC ¼ 10000Monte Carlo
events for each BSM process and keeping only events that
enter the detector geometry. The number of accepted BSM
particles is then

NXðm;κÞacc ¼
L

NMC

X
events∈ geom

XN0

i¼1

Nπ;iσπðEπ;i;m;κÞ: ð7Þ

C. BSM particle detection

Lastly, we must determine if the BSM particle produces a
signal event in the detectors. If the BSM particle does not
need to decay in order to be detected, as is the case for
MCPs, the detection efficiency is simply a function of the
detector properties, and we will explore this scenario in
Sec. IV below.
For heavy axions, detection relies on observing the decay

products. We will only consider the long-lived case, where
the BSM particle decays within the detectors at the DUNE
ND Hall. The decay region consists of the length of
LArTPC and MPD, which is 10 m long. We assume that
if scintillators to detect MCPs are installed, these will not
greatly alter this geometry. To calculate the number of
signal events, we must determine the probability that the
particle decays within the DUNE ND decay region,

Pdecay ¼ e−Ldet=ðγcτÞ × ð1 − e−Ldec=ðγcτÞÞ; ð8Þ

where Ldet is the distance to the detectors, Ldec is the decay
region of the detectors, γ is the boost factor of the BSM
particle, and τ is its lifetime. The number of signal events is
then

NS ¼ Pdecay × BRðX → YÞ × NX;acc; ð9Þ

where NX;acc. is given in Eq. (7) and BRðX → YÞ is the
branching ratio of the BSM particle X decaying to the SM
particles Y which can be detected.

IV. MILLICHARGED PARTICLES

To make contact with previous studies of MCPs [2,3], we
consider a model where a fermionic MCP χ with mass mχ

has electric chargeQ ¼ eϵ, with e ¼ ffiffiffiffiffiffiffiffi
4πα

p
the QED gauge

coupling and ϵ ≪ 1. The MCP therefore couples to the SM
photon Aμ through the Lagrangian

Lχχ̄ ⊃ χ̄ðiγμ∂μ −mχÞχ þQχ̄γμχAμ þ LπN þ LπNA; ð10Þ

where LπN and LπNA are pion-nucleon and pion-nucleon-
photon Lagrangians described by chiral perturbation
theory. Following Refs. [11,16–20], pion-nucleon inter-
actions can be described by

LπN ⊃
gA
2fπ

�
p̄γμγ5p∂μπ0 − n̄γμγ5n∂μπ0

þ
ffiffiffi
2

p
p̄γμγ5n∂μπþ þ

ffiffiffi
2

p
n̄γμγ5p∂μπ−

�
þ i
4f2π

�
p̄γμpðπþ∂μπ− − π−∂μπ

þÞ

þ n̄γμnðπ−∂μπþ − πþ∂μπ−Þ
þ

ffiffiffi
2

p
n̄γμpðπ−∂μπ0 − π0∂μπ

−Þ
þ

ffiffiffi
2

p
p̄γμnðπ0∂μπþ − πþ∂μπ0Þ

�
; ð11Þ

where p and n are the proton and neutron spinors, π0 and
π� are the pion fields, fπ ¼ 93 MeV is the pion decay
constant, and gA ¼ 1.27 is the axial coupling determined
from neutron beta decay [21]. Similarly, the pion-nucleon-
photon interactions are described by

LπNA ⊃ ieAμ

�
π−∂μπþ − πþ∂μπ−

�
þ e2AμAμπþπ− þ eϵAμp̄γμp

þ iegAffiffiffi
2

p
fπ

Aμ

�
n̄γμγ5pπ− − p̄γμγ5nπþ

�

þ e
2f2π

Aμ

�
n̄γμnπþπ− − p̄γμpπþπ−

þ 1ffiffiffi
2

p n̄γμpπ0π− þ 1ffiffiffi
2

p p̄γμnπ0πþ
�
: ð12Þ

Our signal process is the scattering process
π�N → π�Nχχ̄, where the χχ̄ pair is produced from a
virtual photon radiated by the charged pion or the proton.
The leading-order Feynman diagrams for MCP production
from π−p scattering are shown in Fig. 3. Note that, in order
to preserve the Ward identity, we must sum over all
diagrams and cannot claim that a subset is parametrically
suppressed compared to the rest; the usual intuition that
bremsstrahlung is suppressed for radiation by heavy
particles does not hold in the nonrenormalizable chiral
Lagrangian [11]. A similar set of diagrams related by
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crossing and isospin symmetry exist for π−n, πþp, and πþn
scattering. To obtain the full cross section, we must sum
incoherently over all four channels.

A. MCP flux

Given the large multiplicity of Feynman diagrams
contributing to πN → πNχχ̄ and the four-body final state,
we use MadGraph to calculate the cross section with
momentum cutoffs given by Eqs. (3) and (4) that ensures
our cross sections are reliable within the regime of validity
of chiral perturbation theory. As shown in Fig. 4, the cross
section is only weakly dependent on incident pion energy
above the kinematic threshold for χχ̄ production.
The flux of MCP at the DUNE ND is given by

Nχ ¼ LNπ�ðσπþ þ σπ−Þ: ð13Þ

To model how many MCPs can reach the detector, we
implemented an angular cut on MCP trajectories as
depicted in Fig. 1. For an expected detector area of
1 m2 at a distance of 574 m from the target, the angular
acceptance is θacc ¼ 8.71 × 10−4 rad. The expected flux of
MCPs as a function of MCP mass is shown in Fig. 5. For
mχ ≳ 1 GeV, we see that the MCP flux from charged pion
production exceeds that of Drell-Yan production all
the way up to the kinematic threshold of the 120 GeV
beam. Interestingly, this is true even for the conservative
assumption of the target mass equal to the bare nucleon
mass, while for dark photon production in Ref. [11], the
relative benefit of charged pion scattering is somewhat
smaller. As alluded to earlier, MadGraph becomes unreliable
for small MCP masses as the virtuality of the photon
becomes small (this can be seen in the spurious increase of
the cross section for mχ ¼ 400 MeV as Eπ → 0 in Fig. 4),
so we do not show the flux for mχ < 400 MeV. That said,

FIG. 3. Leading-order Feynman diagrams for MCP production through π−-proton scattering. A similar set of t-channel diagrams
exists for πþ-proton scattering. Similarly, corresponding s- and t-channel diagrams also exist for π−-neutron scattering.

FIG. 4. The total inclusive cross section for the scattering
process πN → πNχχ̄, summed over all charged pion and nucleon
channels as in Eq. (2), as a function of incoming pion energy Eπ

for various MCP masses mχ . The apparent increase in the cross
section at low Eπ for mχ ¼ 400 MeV is an artifact of the soft
singularity of QED in MadGraph, which is why we restrict our
analysis to mχ > 400 MeV.

FIG. 5. Number of MCP Nχ incident at the DUNE ND, for 1021

POT and ϵ ¼ 10−3. Charged pion scattering exceeds Drell-Yan
scattering for mχ ≳ 1 GeV up to highest masses (∼5 GeV)
allowed by the chiral cutoff, and is the dominant production
mode between 2–3 GeV.
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based on the results of Ref. [11] for similar kinematics, we
strongly expect that the flux will be subdominant to meson
decays in this mass range and will not yield any additional
gains in sensitivity.

B. MCP detector signatures and backgrounds

The proposed MCP detector design is based on that of
MilliQan [22,23]. The signature for detecting a MCP is
three soft ionizations through the scintillator arrays that are
collinear with the beamline and target, detectable through
the collection of photoelectrons by PMTs. Following
Ref. [2], we also require that all three soft ionizations
occur within a small 15 nanosecond window to further
reduce background.
There are two types of background that would look like

additional soft ionizations throughout the scintillators:
detector-related background and beam-related background.
To make a direct comparison with Ref. [2], we make
identical assumptions about the backgrounds, yielding an
estimate of about 600 events per year; we refer the reader to
Ref. [2] for more details about the background processes.

C. MCP sensitivity at DUNE ND

In the FerMINI design [2,24], a minimum-ionizing
particle with charge jQj ¼ 1 would produce approximately
106 photoelectrons (PE) in a 1 m plastic scintillator with
a density of ρscint: ¼ 1 g=cm3. Thus, MCPs with charge
Q ¼ eϵ would produce PEs that scale as ϵ2. We can then
quantify the probability of a MCP producing at least one PE
in all three scintillator stacks as

PðϵÞ ¼ �
1 − e−N̄PEðϵÞ�3; ð14Þ

where N̄PE denotes the average number of photoelectrons
produced from soft ionization. We use the approximation of
N̄PEðϵÞ ¼ ðϵζÞ2, where ζ ¼ 2 × 10−3. This value of ζ corre-
sponds to a Saint-Gobain BC-408 plastic scintillator [2,23].
Given these choices, such an experiment could be sensitive
to ϵ of order 10−4.
With the probability of detecting a PE in the scintillators,

we can now calculate the number of MCP signal events
using Eqs. (13) and (14),

NS ¼ PðϵÞNχðmχ ; ϵÞ: ð15Þ

Assuming that the scintillators can detect values as low as
ϵ ¼ 10−4, we compute the projected 95% CL limit, i.e.,
NS=

ffiffiffiffiffiffiffi
NB

p ¼ 2, where NB is the number of background
events, for the DUNE ND setup to MCP from charged pion
scattering. The results are shown in Fig. 6 along with
constraints and projections from other beam-dump, col-
lider, and direct detection experiments. We also show the
projected limit from neutral meson decay and Drell-Yan
scattering at DUNE, following Fig. 1 of Ref. [2] for the

total number of MCPs that reach the target, and then
applying Eq. (14) in order to model the scintillator
response. We find that we reproduce the sensitivity in
Ref. [2] to within about a factor of 2, with any differences
likely due to slightly different treatments of the angular
acceptance [25], which lets us directly assess the increase in
sensitivity from charged pion scattering. Overall, the
charged pion production channel (which is irreducible in
this model) can offer additional sensitivity to detecting
MCPs for masses 1.5 GeV≲mχ ≲ 3 GeV.

V. HEAVY AXIONLIKE PARTICLES

The DUNE ND is an excellent experiment to look for
long-lived exotic particles at MeV-GeV mass scales. One
such particle that we can search for at DUNE ND is a heavy
axion coupled to gluons at low energies. This particle may
be a generic ALP, but in some models with additional
gauge groups, such a heavy axion may in fact be the QCD
axion which solves the strong CP problem [34]. In this
section, we will be agnostic as to the UV interpretation of
such a particle, and simply use this model as a benchmark
to make a direct comparison with the model of Ref. [4]. As
we have done with MCPs in Sec. IV, we will demonstrate
the additional sensitivity gained from charged pion pro-
duction, which is an irreducible production channel in
this model.

FIG. 6. 95% CL sensitivity to MCP detection at DUNE ND
with 1021 POT (about one year of beam time). The charged pion
production channel is shown in purple, and the red-orange curve
labeled “Neutral Mesonþ Drell Yan” is our reproduction of the
projected sensitivity from Ref. [2]. The milliQan HL-LHC
projected sensitivity [22,23] is plotted in teal, and the
LANSCE-mQ at ER1 [26] projected sensitivity, using 5.9 ×
1022 POT (about three years of beam time), is plotted in blue.
Shaded regions are existing limits from SLAC ([27], peach),
SENSEI ([28], yellow), BEBC ([29], light pink), Charm II ([30],
light green), LSND ([31], olive green), MiniBooNE ([31], gray),
ArgoNeuT ([32], light blue), and colliders ([33], burgundy).
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As in Ref. [4], we consider a low-energy ALP model
where at scales μ ¼ Oð1Þ GeV the ALP is only coupled
to gluons,

La ¼
αs

8πfa
aGa

μνG̃
aμν: ð16Þ

Here, fa is the axion decay constant, αs is the strong
fine structure constant, and Ga

μν is the gluon field
strength tensor. Following [35–37], the axion couplings
to nucleons and pions in the chiral Lagrangian can
be derived by performing a chiral rotation to shift the
axion field into the quark mass matrix. This rotation is
arbitrary, but in the conventional parametrization which
eliminates mass mixing between the axion and the π0,
we obtain

LaπN ¼ gA
2fπ

�
∂μπ

0ðp̄γμγ5p− n̄γμγ5nÞ

þ
ffiffiffi
2

p
∂μπ

þp̄γμγ5nþ
ffiffiffi
2

p
∂μπ

−n̄γμγ5p
�

þ ∂μa

2fa

�
Capp̄γμγ5pþCann̄γμγ5n

þCaπN

fπ
ðiπþp̄γμn− in̄γμpÞ

�

þ ∂μa

2fa

Caπ

fπ
ðπ0πþ∂μπ−þπ0π−∂μπþ−2πþπ−∂μπ0Þ;

ð17Þ

where the various axion couplings are given as

Cap − Can ¼ gA

�
mu −md

mu þmd

�
;

Cap þ Can ¼ −g0;

CaπN ¼ Cap − Canffiffiffi
2

p
gA

;

Caπ ¼
2ðCap − CanÞ

3gA
: ð18Þ

As in Sec. IV, fπ ¼ 93 MeV is the pion decay constant, gA ¼
1.27 is the nucleon axial coupling, and g0 ¼ 0.52 is another
axial coupling extracted from lattice QCD simulations and
evaluated at an MS scale μ ¼ 2 GeV [38]. Note that the
chiral rotation which generates these couplings will also
generate an axion-photoncoupling; in the spirit of this “gluon
dominance” model, we will ignore production from this
operator and only use it to permit decays a → γγ for
ma < 3mπ (see Sec. V B below). Furthermore, we note that
axion-neutral meson kinetic mixing will also be present in
the chiral Lagrangian. In order to compare the parametric
dependence of scattering processes to previously considered
mixing processes, we are neglecting diagrams which involve
kinetic mixing insertions, and we leave to future work a full
analysiswhich simultaneously treatsmixing and scattering in
order to capture any potential interference effects.

A. ALP flux

Axions may be emitted from pion-nucleus scattering
through π�N → π�N0a. Below squared four-momentum
transfers of ð4πfπÞ2, we can describe the scattering using
chiral perturbation theory, using the Lagrangian in (17).
The pions would incoherently scatter off the nucleons
contained within the target nuclei. The leading-order
amplitudes Feynman diagrams for πþn scattering are
shown in Fig. 7, with similar diagrams for the other charge

FIG. 7. Leading-order diagrams for axion production from πþ-neutron scattering. A similar set of t-channel diagrams exists for πþ-
proton scattering, and corresponding s- and t-channel diagrams also exist for π− scattering.
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and isospin channels. We implement this model in
MadGraph according to the methods in Sec. III B, and
show the cross section as a function of incident pion
energy in Fig. 8. The derivative couplings in Eq. (17)
yield a cross section growing faster with Eπ than the
MCP cross section studied in Sec. IV. In addition, we note
that our cross section has very weak ma dependence until
the kinematic threshold imposed by the chiral momentum
cutoff.
Since the axion has the same quantum numbers as the

π0, axions may also be produced through conversion by
replacing the π0 in any isospin-exchange process, e.g.,
πþn → ap. However, it turns out that the production
cross section for 2 → 3 scattering is an order of magni-
tude larger than 2 → 2 scattering over all masses and
couplings we consider. This is perhaps surprising given
that one would naively expect the 2 → 3 process to be
phase-space suppressed. However, charge conservation
only allows a πþ to scatter off a neutron and the π− to
scatter off a proton in 2 → 2 scattering. In contrast, in the
2 → 3 process, a πþ could scatter off both protons and
neutrons, taking advantage of the full incoherent nuclear
scattering. In addition, the 2 → 3 process contains six
Feynman diagrams compared to three diagrams for
2 → 2, and the combinatoric addition of these diagrams
seems to overcome the phase space suppression from
additional final-state particles. Furthermore, while the
axion could also be produced from scattering initiated
by neutral pions as well as charged pions, the neutral
pion cross section is suppressed due to the particular
values of the coupling constants Cap, Can, and CaπN in

the SM.4 We explore this somewhat counterintuitive
feature of the axion cross section in the Appendix.
We can now calculate the flux of axions at the DUNE

ND, using

Φa ¼
L
A
× ðNπþσπþ þ Nπ−σπ−Þ; ð19Þ

where A is the cross-sectional area of the detector. As with
MCPs, we will just compute the number of axions
produced within the first pion interaction length in the
target and, as such, we will not consider the effect of
subsequent target layers on the pion energy distribution.
Figure 9 shows the flux of axions produced that reach

ArgonCube and MPD at the DUNE ND Hall. We compare
the flux from charged pion bremsstrahlung to the flux from
neutral meson decay and gluon-gluon fusion. With the
exception of the resonance peaks, the flux from charged
pion bremsstrahlung is approximately Oð10–106Þ larger
than the flux from neutral meson decay and gluon-gluon
fusion depending on the axion mass. This increase in flux
will increase the sensitivity of the DUNE ND to axion
detection for ma away from the neutral meson masses.
We can understand this enhancement through a dimen-

sional analysis estimate. The number of axions produced
through neutral pion mixing is [4]

FIG. 8. The cross section for the scattering process πN → πNa
as a function of incoming pion energy Eπ for range of axion
masses and fa ¼ 104 GeV. The cross section scales with
increasing pion energy due to the derivative couplings in the
chiral Lagrangian. The cross section also has a weak dependence
on ma, which is only significant at low pion energies.

FIG. 9. The expected flux of axions at ArgonCube and MPD,
located at the DUNE ND Hall. We compare the axion production
from charged pion bremsstrahlung (blue) to the production
from π0 decay (orange), η decay (green), η0 decay (pink), and
gluon-gluon fusion (purple), all assuming fa ¼ 104 GeV. For
ma ≲ 4πfπ , axion production from charged pion scattering
dominates the flux, with the exception of where ma resonates
with the neutral meson masses.

4Because of the arbitrariness of the chiral rotation which
generates the axion-pion couplings, and given that our choice
eliminates axion-pion mass mixing, it is possible that the relative
size of the π0 cross section is basis dependent, but the physical
inclusive cross section is basis independent.
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Nπ0→a ∼ NPOTNπ0

�
1

6

fπ
fa

m2
a

m2
a −m2

π

�
2

: ð20Þ

For the production of axions through charged pion scatter-
ing, each diagram in Fig. 7 has two pion lines contributing a
factor of 1=fπ each, an axion contributing 1=fa, and
derivative couplings which contribute factors of the overall
energy scale Eπ . The 2 → 3 cross section therefore scales as

σðπN → πNaÞ ∼ 1

16π

E4
π

f2af4π
; ð21Þ

where we have included a three-body phase space factor
1

16π and neglected the order-1 factors g0 and gA as well
as any combinatorial factors from the multiplicity of
Feynman diagrams. The total number of axions will scale
as σ × lπnTNπ�POT, so the ratio of production channels
assuming ma ≪ mπ and Nπ� ≈ 2Nπ0 is

NπN→πNa

Nπ0→a
∼

9

2π

E4
π

m4
a

lπnTm4
π

f6π

∼ 1.5 × 108
�

Eπ

1 GeV

�
4
�
10 MeV

ma

�
4

: ð22Þ

This is reasonably close to the ∼106 enhancement seen in
Fig. 9, which accounts for all of the order-1 coupling
factors, the true pion energy distribution, and the detector’s
geometric acceptance.

B. ALP detector signatures and backgrounds

The axions that are created within the angular acceptance
of ArgonCube and MPD at DUNE ND can be detected by
their decay into SM particles. For the axion masses we are
interested in, the axion can decay into photons or hadrons.
Even in the gluon-dominated model, axions are able to
decay to photons through mixing with neutral mesons
(indeed, this was the primary production mechanism of
Ref. [4]). For ma < 3mπ, the axion will primarily decay
into two photons, a → γγ. The decay width is given by [39]

Γa→γγ ¼
αEM
256π3

m3
a

f2a
c2γ ; ð23Þ

where

cγ ¼ −1.92þ 1

3

m2
a

m2
a −m2

π
þ 8

9

m2
a − 4

9
m2

π

m2
a −m2

η

þ 7

9

m2
a − 16

9
m2

π

m2
a −m2

η0
: ð24Þ

For 3mπ < ma ≲ 1 GeV, the axion decays to primarily to
hadrons through a → 3π and a → ππγ [4,39].
We consider the case where the axion decays within the

liquid and gaseous argon detectors at DUNE ND, between

574 and 584m from the target, with an angular acceptance of
∼3 mrad (see Fig. 1). Approximately 1%of the total number
of axions produced are detected due to the small angular
acceptance. These axions must also be highly boosted in
order to travel 574 m and bewithin the angular resolution of
the detectors. As a result, the decay products are also highly
boosted compared to background events [4]. Much of the
background in both detectors comes from neutrino-related
scattering processes in the argon tanks [4,12]. Both the
diphoton and hadronic backgrounds would have low ener-
gies and would result in a roughly isotropic signature. Since
our axion signal is highly boosted, we can easily distinguish
signal from background events [4].

C. ALP sensitivity at DUNE ND

Combining the expected signal from a → γγ and
a → hadrons, we can determine the axion parameter space
to which DUNE ND is sensitive. We calculate the number
of signal events according to the methods described
in Sec. III C, using the axion decay length cτa from
Refs. [4,40]. The number of axion signal events is then

NS ¼ Pdecay × BRða → XÞ × Na; ð25Þ

where Na ¼ AΦa with Φa in (19), and BRða → XÞ is the

FIG. 10. The sensitivity of DUNE ND to three or more heavy
ALP signal events over ten years of data collection from charged
pion scattering (purple) along with other projections and con-
straints. We show projections for DUNE ND (solid) along with
FASER [41] (green dot-dashed). The projection for an axion signal
from neutral meson and gluon-gluon fusion production are shown
in blue [4]. The pink curve, adapted from Ref. [5] and rescaled to
the same event rate as the other curves, shows diphoton signal
events from K� → π�a. In shaded gray we show constraints from
NA62 [42] for invisible kaon decays, SN1987A [43,44], and
cosmology [45]. In the shaded region labeled “Existing Con-
straints” we include bounds from invisible kaon decays from E787
and E949 [43], electron beam dump [46–48], CHARM [49], visible
kaondecays [50],Bmesondecays [39], andLHCdijet searches [51].
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branching ratio of the axion decaying to either photons or
hadrons [39,40].
In Fig. 10, we show the sensitivity of DUNE ND to three

or more signal events in ten years of data collection. The
increased production rate from charged pion scattering
away from meson resonances improves the projected
sensitivity of DUNE in both the long-lifetime (small
1=fa) and short-lifetime (large 1=fa) regimes. Because
we only calculated Na up to the chiral cutoff tn; tπ <
ð4πfπÞ2, we do not find additional sensitivity beyond the
largest ma considered in Ref. [4]. For axions below the
kaon mass, the sensitivity from charged pion scattering
alone is within an order-1 factor of axions produced from
kaon decay, recently argued in Ref. [5] to be the dominant
production channel in this mass range. Including charged
pion scattering beyond the first interaction length of the
dump could yield additional sensitivity, possibly making
these two production modes comparable.

VI. CONCLUSION

In this work, we explored the sensitivity of DUNE ND to
heavy axions and millicharged particles produced through
charged pion scattering. We found that the expected flux of
both ALPs and MCP produced from charged pion scatter-
ing was greater than previously considered production
modes meson for some masses in the MeV–GeV range.
With this increased flux, we were able to claim a
conservative increase in sensitivity of DUNE ND to both
ALPs and MCPs. The increase in sensitivity to MCP was
modest, but combined with the additional production
mechanisms can modestly increase the sensitivity at masses
above 2 GeV. The increase in sensitivity to ALPs is similar,
and combined with the strong projected constraints from
kaon decays in Ref. [5], can likely fully probe remaining
parameter space for ma ≲ 250 MeV between the recent
NA62 limits and the SN1987A constraint.
For both sensitivity calculations, we only considered the

BSM particle production from a scattering event within
the first pion interaction length. However, the energy of the
pion is not completely depleted after this event but is only
reduced by a factor of 1=e on average. The sensitivity to
ALPs and MCPs could very likely be improved by
incorporating multiple pion scatterings through the target.
In addition, there is a substantial flux of pions that survive
the ∼200 m decay region after being focused toward the
DUNE detectors, which could rescatter in the rock between
the target and ND complex. Axions produced from these
charged pion scattering events would only need to travel
half the distance to the DUNE ND, thereby increasing the
flux of short-lifetime ALPS at large 1=fa which would not
have otherwise survived to the detectors. We leave this
extension to future work.
Finally, it is reassuring that our chiral perturbation theory

calculation closely matches the parton-level Drell-Yan or
gluon fusion calculations for BSM particle masses around
the chiral cutoff, but there are likely additional gains in

sensitivity to both MCPs and axions from a complete
treatment of the high-momentum-transfer regime which
interpolates between the chiral Lagrangian and perturbative
QCD. Such a treatment would involve, for example, qua-
sielastic scattering processes and targetmass corrections, and
forALPswould consider the scattering andmixing processes
in the same theoretical framework. This study would be
highly synergistic with the DUNE neutrino physics program
where the intermediate-energy regime is crucial for under-
standing neutrino-nucleus cross sections [13]. Further
improvements in the theoretical framework for GeV-scale
neutrino cross sections at DUNE would therefore translate
directly into improved new physics sensitivity at DUNE, and
we look forward to such collaborations involving lattice
QCD, BSM phenomenology, and neutrino physics to maxi-
mize the science potential of DUNE.
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APPENDIX: AXION CROSS SECTION
PECULIARITIES

In this appendix, we investigate some unusual features of
the pion-nucleon-axion cross section. First, we consider the
relative sizes of the charged and neutral pion cross sections.

FIG. 11. The cross sections σðπ−p → anÞ (solid) and σðπ0p →
apÞ (dashed) as a function of Can values. We used the parameters
ma ¼ 0.5 GeV, fa ¼ 104 PeV, and Cap ¼ −0.49. The vertical
gray line indicates our model value Can ¼ −0.03. We have
plotted the cross section for three incoming pion energies
Eπ ¼ 5GeV (orange), Eπ ¼ 10 GeV (pink), and Eπ ¼ 50 GeV
(purple). We see that σðπ−p → anÞ approaches 2 × σðπ0p →
apÞ as Can approaches Cap. For all other values of Can, σðπ−p →
anÞ exceeds σðπ0p → apÞ by at least a factor of 2.
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In our calculation of σðπ0N → π0NaÞ in MadGraph, we
found that the flux of axions was approximately an order
of magnitude less than that of π�N scattering in Fig. 9. It
appears that this is due to the hierarchy of the low-energy
coupling constants Cap and Can; we can see this feature in
the simpler 2 → 2 cross sections π0n → an, π0p → ap,
πþn → ap, and πþp → an.
In the gluon dominance model, Cap ¼ −0.49 and

Can ¼ −0.03. To isolate the dependence on the proton
and neutron couplings, we compare σðπ0p → apÞ, which
only depends on Cap, to σðπ−p → anÞ, which depends on
both Cap and Can. These two processes have similar
Feynman diagrams, apart from an additional contact dia-
gram for the π−p scattering. Since CaπN ¼ 0 when
Cap ¼ Can, we expect σðπ−p → anÞ ¼ 2 × σðπ0p → apÞ

when the couplings are the same. Away from this
limit, any large variation between the charged and
neutral pion cross sections must be due to interference
effects.
In Fig. 11, we plot the cross sections σðπ−p → anÞ and

σðπ0p → apÞ for a fixed Cap ¼ −0.49 while varying
Can ∈ ½−1; 1�. We chose to vary Can values because the
neutral pion scattering does not depend on Can. We see
the expected behavior as we approach Cap ¼ Can but,
away from this limit, σðπ−p → anÞ can be orders of
magnitude larger than σðπ0p → apÞ. At the physical
value Can ¼ −0.03, the ratio of cross sections is
σðπ−p → anÞ=σðπ0p → apÞ ¼ 2. We therefore conclude
that the large hierarchy which we also observe in 2 → 3
scattering is likely due to interference effects.
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