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ABSTRACT

In this thesis, I summarize my work on two projects that use Fermilab’s proton beam to search

for new physics. The first project was in response to the anomalous muon magnetic moment

announcement in 2021 [1]. This project proposed that we can use the SpinQuest experiment [2],

with no additional installations needed, to look for a muonphillic scalar particle S whose coupling

to muons could resolve the anomalous muon magnetic moment. In this setup, a ∼100 GeV proton

beam would travel through a thick target material to produce a muon beam through scattering off

of the target nuclei. This muon beam would then traverse the last length of the target, estimated to

be ∼ 100 cm of material, to radiatively produce hypothetical scalar particles that would promptly

decay into a muon pair. Hence, the signature would be an event with a pair of muons that has

an invariant mass equal to the mass of the scalar particle. We simulated events for a choice of

3 × 1014 muons on target (MOT) with typical energies of ∼ 20 GeV, and, with a 15% invariant

mass resolution, this strategy can probe the entire parameter space for which ∼ 200 MeV – GeV

scalar particles resolve the muon g−2 anomaly. Ultimately, we estimated that we would only need

about 6 years of beam time to achieve a 3σ discovery sensitivity.

For the second project, I collaborated with a group member named Rachel Nguyen to estimate

the sensitivity of Fermilab’s DUNE Near Detector site to detecting millicharged particles (MCPs)

as well as heavy axion-like particles (ALPs). The majority of my work for this project focused on

the MCP search. Regarding the MCP search, we utilized the setup of a proposed project named

FerMINI [3] to look for a MCP would be generated from charged pion scattering- a production

channel that has been so far overlooked. We would use the DUNE Near Detector complex at

Fermilab, with the additional installation of scintillator arrays and photomultiplier tubes (PMTs),

to detect MCPs through soft ionizations. Fermilab’s proton beam would pass through a graphite

target, producing charged pions that secondarily scatter in the target to produce a χχ̄ pair from

a virtual photon. The signature for detecting a MCP would be three soft ionizations through the

scintillator arrays that are collinear with the beam line and target, detectable through the collection

of photoelectrons by PMTs. Using the framework of chiral perturbation theory, we found a small

region of parameter space, around 1.5 < mχ < 2.8 GeV, where the charged pion production

channel dominates over previously-considered production mechanisms.

Regarding the ALP search, we proposed a search strategy that would use the DUNE Near
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Detector complex and charged pions to detect heavy axion-like particles (ALPs) with low-energy

couplings to gluons. Again, using the framework of chiral perturbation theory, we demonstrated

regimes of parameter space where the charged pion production channel dominates over previously-

considered production mechanisms for ALPs, thereby improving the sensitivity of DUNE to these

new particles compared to previous studies.
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CHAPTER 1: INTRODUCTION

The task of understanding how the world works and what it is made of is inspiring and ardu-

ous. Luckily, physicists around the world for generations have been working towards a coherent

summary that describes just this. Called the Standard Model (SM), they have devised a theory

that describes almost every type of particle interaction we can observe or imagine. The Standard

Model describes that particles fall into one of two categories: fermions or bosons, distinguished

by whether they have a spin of odd half integers (e.g. 1
2
, 3
2
, 5
2
, ...) or a spin of even half integers

(e.g. 2
2
, 4
2
, 6
2
, ...). We think of fermions as what matter is made of, and bosons are what govern their

motion. That is to say, all particles interact with each other or with themselves through the funda-

mental forces: electromagnetism, the weak force, the strong force, and the gravitational force. For

all of these forces besides gravity, we have discovered, observed, and cataloged information about

the bosons that mediate said force. Hence, the Standard Model includes photons that mediate elec-

tromagnetic interactions, W± and Z0 bosons that mediate the weak force, and 8 different gluons

that mediate the strong force [4].

Fermions can be thought of as belonging to two subcategories: quarks or leptons. There are 6

types of quarks and they join together under the strong force to make up larger composite particles

called baryons (made of 3 quarks) and mesons (made of a quark and anti-quark). Examples of

baryons include protons and neutrons, while an example of a meson is a pion. Leptons are fun-

damental particles that do not join together to make any larger structure object (excluding bound

states like molecules/atoms). There are 6 known leptons: the electron, muon, tau particle, electron

neutrino, muon neutrino, and the tau neutrino. According to the Standard Model, every particle

is predicted to have a corresponding anti-particle of the same mass but opposite charge. All anti-

particles have been observed such as anti-up, anti-down, anti-strange, anti-charge, anti-top, and

anti-bottom quarks, in addition to the positron (anti-electron) and more.

Diving deeper, we note that more complex descriptions of how particles and their corresponding

fields interact is described through quantum field theory; the foundational framework upon which

the Standard Model is built. This machinery was able to predict the existence of the Higgs particle

– a particle whose field allows matter to have mass – but it could not predict the Higgs particle’s

mass. A flurry of searches occurred between 1984 and 2010 to no avail. In 2011, experimentalists

saw some possible results that indicated there may be a Higgs particle within the mass range of

1



120 - 145 GeV [5]. In 2012, data from 2011 and 2012 was combined to reveal that we find a

statistically significant abundance of particles that the Higgs decays into, indicating that the Higgs

particle exists and has a mass of about 126.5 GeV.

Although the SM is robust, scientific observations point towards the fact that it is still incom-

plete. For example, astronomers have observed several phenomena that tell us that dark matter

(DM) – matter that does not emit light but causes gravitational effects –must exist. The earliest

evidence for DM came from the observation that various luminous objects like gas clouds, stars,

and galaxies, move faster than predicted by Newton’s law of gravity that said they should move

at speeds that drop with distance from the center of the galaxy r. Instead, astronomers measured

that the luminous objects were moving at about a constant speeds as distance from the center of

the galaxy increased for large r [6]. Hence, for this observation to make sense, galaxies with these

galactic rotation curves must have much more matter in them than what we can see. DM has been

observed many other ways including through gravitational lensing- a phenomenon where, accord-

ing to general relativity, matter interacts with space to bend it in such a way that the trajectory of

light gets bent. Observing the amount of gravitational lensing in galaxies has also provided strong

evidence for DM [7]. The nature of DM has been an open question, but the general consensus at

the moment is that no SM particle is a candidate for it. Searching for physics beyond the Standard

Model gives us a chance to explain unresolved phenomena and understand the universe better.

In this thesis, I will summarize my work on several projects that explore different Beyond

Standard Model (BSM) particles that could serve to solve outstanding problems with the Stan-

dard Model. All of these projects make use of a type of experiment called a beam dump, which

I describe in detail in Section 1.1. In Section 1.2, I will describe an outstanding Standard Model

issue related to the fact that the magnetic moment of the muon is different from Standard Model

predictions, and then in Chapter 2, I will discuss my contributions towards a project that could re-

solve this discrepancy. In Section 1.3, I will describe a BSM particle called a millicharged particle

(MCP), and then detail a search strategy for them that I worked on in Chapter 3. In Section Chapter

3, I also describe a search for one more BSM particle, an axion-like heavy particle (ALP), using a

nearly identical experimental setup as the one for the MCP search. All of the work that makes up

my thesis explores the shortcomings of our current models and offers alternative explanations that

give experimentalists a clear path forward to have a chance at finding new physics. Note that this

thesis will use natural units, i.e. c = ℏ = 1.
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Figure 1. Schematic of dark photon production via electron beam dump through bremsstrahlung.

1.1 Beam Dump Searches

Beam dump1 experiments are extremely useful in the search for new physics. These types of

experiments use a high-energy proton or electron (and sometimes muon) beam, focused on a dense

target to absorb hadronic cascades quickly, to potentially create new particles that can be detected

outside of the target. Note that the new physics states that could be created from beam dumps can

either decay “visibly” into other particles that are easily detected, or “invisibly” into particles that

cannot be easily directly detected like neutrinos or dark matter. In the case of invisible decays, the

signature for finding new physics would look like missing energy or momentum from the beam.

Since electrons do not feel the strong force, their interactions are primarily electromagnetic, while

proton beams have strong nuclear interactions and hence produce a wider variety of particles, in

particular copious numbers of pions.

One of the earliest electron beam dump experiments occurred at the Stanford Linear Accelerator

Center (SLAC) in 1982. This experiment, called E137, had a 20 GeV electron beam focused

on an aluminum target, with shielding following, and then culminated in a 200 m decay region

and calorimeter [9]. The team that proposed this experiment was hoping to have a chance at

detecting neutral metastable particles like axion-like particles or photinos- a hypothetical spin-1/2

superpartner of the photon, predicted by supersymmetry, described in further detail in Sec. 1.2.2.

Run 1 happened in January 1982, and the last run occured in November through December of that

same year. They defined their signal roughly as seeing a single or double shower in the direction

of the beam dump. Although they did not find any signal events, they were able to get some

constraints on photino parameters, as well as the mass and lifetime of light axion-like bosons.
1 Beam dump targets are longer than targets used for fixed target experiments, but I will use “beam dump” and “fixed

target” interchangeably in this paper.
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Figure 2. Here we see the 95% confidence level contours on the dark photon mass mγ′ and kinetic mixing
χ from early electron beam dump experiments, plotted in Ref. [8].

Other early electron beam dump experiments, mainly searching for light and neutral particles,

include a search at KEK in 1986, E141 at SLAC in 1987 [10], a search for a light Higgs boson at

the Laboratoire de l’Accélérateur Linéaire (LAL) in Orsay in 1989 [11], and an experiment called

E774 at Fermilab in 1991 [12]. The constraints from these early experiments are shown in Fig.

2, pulled from Ref. [8]. It was later realized that all of these experiments are also probes for dark

photons, a potential new particle that kinetically mix with SM photons and hence could mediate

interactions between the SM and the BSM particles. These are described in further detail in Sec.

1.2.2. Fig. 1 shows a basic schematic of a beam dump search for dark photons, most often denoted

by γ′ or A′. This thesis will focus on additional BSM particles which can be produced at various

beam dumps.

1.2 Muon g − 2

1.2.1 Overview

A discrepancy between what we would expect to observe, according to the Standard Model, and

what we find in experiments could point to a potential BSM particle to discover. In this section,
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Figure 3. Precession of a particle’s magnetic dipole moment (black) due to a magnetic field (green). Graphic
adapted from Wikipedia.

we describe what motivates a suspicion that there could be a new particle that couples to muons

enough to explain why experimentalists measure a slightly different magnetic moment µ⃗ for a

muon than theory predicts. A magnetic moment is a property of a particle that determines how that

particle precesses in the presence of a magnetic field, depicted in Fig. 3. Specifically, the torque is

given by

τ⃗ = µ⃗× B⃗ =
(
g
q

2m

)
S⃗ × B⃗, (1)

where g is the dimensionless gyromagnetic ratio (or “g-factor”), B⃗ is the experimentally imposed

magnetic field, and S⃗ is the particle’s spin vector.

According to the Dirac equation, we should expect a muon’s magnetic moment to be described

by setting g = 2. However, quantum fluctuations from muon interactions with Standard Model

particles, shown in Fig. 4, slightly increase this value by an amount captured by the anomalous

magnetic moment aµ = (g − 2)/2 [13]. The SM prediction of the anomalous magnetic moment is

determined from the sum of all Standard Model contributions:

aSMµ = aQED
µ + aEW

µ + aHV P
µ + aHLbL

µ , (2)

where aQED
µ is the contribution from quantum electrodynamics and aEW

µ is the contribution from

electroweak theory. The term aHV P
µ represents the contribution from hadronic vacuum polariza-

tions and the term aHLbL
µ represents the contribution from hadronic light-by-light scattering. These
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Figure 4. Here, we see the leading order contributions to the anomalous magnetic moment. The incoming
and outgoing muons are drawn with solid lines with arrows and the external magnetic field is represented by
a photon line coming in from the top. The diagrams shown from left to right are the one-loop QED diagram,
the one-loop EW process involving Z-boson exchange, the leading-order hadronic vacuum polarization
(HVP) diagram, and the hadronic light-by-light scattering (HLbL) contributions [13]. The grey region
labeled “H” in the HVP diagram is a hadronic loop that demonstrates how electromagnetic interactions can
interact with the vacuum to generate a quark-antiquark pair that can then annihilate to create photons. The
HLbL diagram shows how photons can interact with each other through the exchange of virtual hadrons.

two terms involve the strong force and they dominate the uncertainty2 in the overall aSMµ calcu-

lation. There are some competing methods for how to calculate the contributions from hadronic

vacuum polarization to leading order (LO), next-to-leading order (NLO), and next-to-next-to lead-

ing order (NNLO). Similarly, there are also various methods for finding the contribution from

hadronic light-by-light scattering. The various results from these methods are tabulated in Table 1,

as well as their references [18]. Hence, there is some disagreement between theorists, but the the-

oretically computed anomalous magnetic moment asm
µ can range between 116 590 018.1 × 10−11

and 116 590 019.8×10−11, as depicted in Fig. 6, which is between a 5.1σ and 1.6σ deviation from

experimental results, respectively [14].

Experimentalists have been measuring the anomalous magnetic moment of the muon since

1960, as shown is Table 2. Largely adapted from Ref. [19], we see the earliest experimental results

for aµ. Note that the precision over time was able to get better with improving technology, and

Brookhaven National Laboratory (BNL), with its super–ferric storage ring magnet [38], was able

to achieve a precision down to 0.72 ppm in 2001.

Fig. 5 shows the experimental setup at the 2001 BNL experiment. The Alternating Gradient

Synchrotron (AGS) delivers protons to a target to produce pions that then decay into µ+ particles.

Through this process, the muons have their spins aligned with the direction of their flight axis. The

muons are then injected into a storage ring with uniform magnetic field B throughout it. The muons
2 Note that the uncertainty of aµ is dominated by the hadronic contributions because at low energies, the strong force

becomes non-perturbative, which complicates calculations. See references [14–18] for a summary.
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Contribution Value ×1011 Reference(s)

HVP LO (e+e−) 6931(40) [19] [1]
HVP NLO (e+e−) -98.3(7) [20]

HVP NNLO (e+e−) 12.4(1) [21]
HVP LO (lattice, udsc) 7116(184) [22] [23] [24] [25]

HLbL (phenomenology) 92(19) [26]
HLbL NLO (phenomenology) 2(1) [27]

HLbL (lattice, uds) 79(35) [28]
HLbL (phenomenology + lattice) 90(17) [26]

QED 116 584 718.931(104) [15] [16]
Electroweak 153.6(1.0) [17]

HVP (e+e−, LO+NLO+NNLO) 6845(40) [29]
HLbL (phenomenology + lattice + NLO) 92(18) [26]

Total SM value 116 591 810(43) [15]

Table 1. Contributions to asm
µ as calculated by different methods.

Experiment Years aµ × 1010 Precision Reference

CERN I 1961 11450000(220000) 4300 [30]
CERN II 1962-68 11661600(3100) 270 [31]
CERN III 1974-76 11659100(110) 10 [32]

BNL 1997 11659251(150) 13 [33]
BNL 1998 11659191(59) 5 [34]
BNL 1999 11659202(15) 1.3 [35]
BNL 2000 11659204(9) 0.73 [36]
BNL 2001 11659214(9) 0.72 [37]

Average 11659208.0(6.3) 0.54 [37]

Table 2. Experimentally determined value for aµ through the years, alongside the precision of the measure-
ment.

are sent around the ring at a frequency of wc = eB
mµγ

, and their spin axis precesses with angular

frequency ws = eB
mµγ

+ e
mµ
aµB for γ = 1√

1−v2
. The difference between these two frequencies is

captured by a quantity wa which is related to the anomalous magnetic moment by wa = e
mµ
aµB.

Note that the precision of the measurement of aµ is constrained most by the monitoring of the

exact value of B, determined by nuclear magnetic resonance (NMR) techniques [39]. Therefore,

tracking the direction of the muon’s spin vectors as they travel around the storage ring allows us to
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Figure 5. The experimental setup for the BNL 2001 determination of aµ, pulled from Ref. [39].

calculate a precession frequency and hence a value for aµ.

NS = σaccepted,sig
(
gS

2
)
l × MOT (3)

NB = σaccepted,bg l × MOT (4)

BNL was able to take enough data between 2001 and 2006 that physicists could combine all

the runs to conclude that the measured aµ differed from the theoretically predicted value by about

a 4.3σ deviation3, which is a potential indicator of new physics but doesn’t quite reach the 5σ

benchmark to claim existence of a new particle [39]. In 2018, Fermilab was also able to take data in

a similar experiment, but with various improvements such that they could have more precision with

their measurements. Among the improvements was extensive use of 3 particle tracking simulation

programs: the Geant4 simulation toolkit [40], and accelerator simulation toolkits BMAD [41] and

COSY [42]. These tools helped them to get better estimates of various systematic uncertainties

[13]. Analysis of the data took several years, and in 2021, the Muon G-2 Collaboration released

an announcement that Fermilab’s results confirmed the findings of the BNL measurements. The

3 The claimed discrepancy is relative to choice of how asmµ is calculated. This specific value corresponds to a choice
of asmµ ≈ 116 591 783× 10−11.
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Figure 6. Here we see various Standard Model predictions of the anomalous muon magnetic moment aµ
plotted against the current experimentally determined world average, pulled from a Fermilab presentation
[43]. Note that depending on the method to theoretically calculate aµ, the discrepancy could be as large as
∼ 5σ or as small as ∼ 1.6σ [13].

measured anomalous muon magnetic moment is substantially different from the value that modern

theory calculations predicts. In 2021 after run-1, the discrepancy was placed at about 4.2σ4 [14].

Since that announcement, Fermilab has generated and analyzed additional data from several more

runs, putting the current experimental average at aexpµ = (116 592 059 ± 22) × 10−11 [14]. Due

to the disagreement of the calculated value of asmµ , the community is hesitant to quote the exact

discrepancy ∆aµ between experiment and theoretical prediction. The most recent experimental

results alongside various theory predictions of aµ are plotted in Fig. 6.

If ∆aµ can be explained by BSM states, we would use the following effective operator, in

two-component fermion notation:

Leff = Ceff
v

Λ2
(µLσ

νρµc)Fνρ + h.c. (5)

4 This discrepancy uses asm
µ = 116 591 810× 10−11 obtained from the 2020 Whitepaper that a substantial portion of

the community agrees with [18].
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where Ceff is a dimensionless coefficient, v = 246 GeV is the Higgs vacuum expectation value

(VEV), Λ is the BSM mass scale, µL and µc are the muon Weyl spinors, and Fνρ is the SM photon

field strength [44]. Note that the BSM field, assumed to have a mass much larger than the muon

mass, is integrated out. There are two cases where this contribution resolves (g − 2)µ: one where

the BSM states are singlets under the SM gauge group and one where the BSM states are charged

under the electroweak (EW) gauge group [44, 45]. For the means of this summary and discussion,

I focus on one-loop contributions to ∆aµ instead of more suppressed additional loop contributions.

1.2.2 Singlet Scenarios

Contributions to (g − 2)µ from singlet scenarios are suppressed by the SM muon Yukawa cou-

pling yµ ∼ 10−3:

∆aµ ∝ mµyµv

(MBSM)
2 (6)

where, as before, v is the Higgs vev and MBSM is the mass of the BSM state. These singlet states

can therefore be light, on the scale of ≲ GeV, and hence are amenable to beam dump searches

[46, 47].

If ∆aµ is resolved by singlet BSM states, then Eq. 5 may be generated by new scalars or vectors.

A vector interaction must come from a new U(1) gauge extension to the SM:

LV ⊃ gV Vα

(
µ†
Lσ̄

αµL + µL†σ̄αµc
)
+
m2

V

2
VαV

α. (7)

One proposed vector solution to g−2 was to consider a simple extension of the SM to include a new

vector singlet the corresponds to a hidden U(1) gauge group, called a massive dark photon. This

particle would kinetically mix with SM photons and hence could mediate interactions between the

SM and BSM particles. We would describe this model by the following Lagrangian:

L′
SM+U(1) ⊃ LSM − 1

4
V 2
µν +

1

2
κVµνF

Y
µν (8)

where Vµν is the field strength of U(1)′, F Y
µν is the field strength of U(1)SM , and κ is the mixing

angle [49]. Note that under this model, the dark photon couples to all charged fermions with equal

strength due to the kinetic mixing between dark and visible photons. This model has since been

ruled out due to data obtained from beam dump experiments (described in further detail in Sec.
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Figure 7. Here we see, from Ref. [48], constraints from past and current experiments on the dark photon
mass MA′ and kinetic mixing parameter ϵ.

1.1), B-factory searches, and rare meson decay searches, summarized in Fig. 7 [47, 48, 50].

Additional vector solutions have been exhaustively ruled out or have planned current or future

experimental searches that will systematically test the remaining viable parameter space [47]. The

only anomaly-free vector models where the BSM vector couples directly to muons are U(1)B−L,

U(1)Li−Lj
, and U(1)B−3Li

for baryon number B, lepton number L, and lepton flavors Li for i =

e, µ, τ . Since these models all include the BSM vector coupling to electrons as well as muons, they

have been ruled out by the same experiments that also ruled out the kinetically mixed dark photon

solution [47, 48, 50]. The only remaining viable minimal vector explanation of g− 2 is the gauged

U(1)Lµ−Lτ model which will be fully tested soon by planned experiments [51–54].

For example, in 2020, a group at Fermilab suggested that NA62 look at kaon decaysK → µνX

whereX is a gauged Lµ−Lτ vector or a muonphilic scalar [55]. X could either decay into a pair of

muons or it could decay invisibly. NA62 has not yet run this experiment. Similarly, another group

in 2018 proposed a search called “M3”. This experiment would use Fermilab’s 15 GeV muon

beam, set on a fixed target, to generate a scalar S or vector V particle through bremsstrahlung that

11



Figure 8. Here we see the projected sensitivity of two phases of the proposed M3 experiment from Ref.
[45]. Note that M3 Phase 1 would use a flux of about 1010 MOT to probe the (g − 2)µ parameter space for
vectors with mV ≲ 500 MeV and scalars with mS ≲ 100 MeV. M3 Phase 2 would use a higher beam flux
to probe additional parameter space that isn’t relevant to (g − 2)µ.

could invisibly decay into undetectable things like neutrinos [45]. For a process of µ−N → µ−NS

or µ−N → µ−NV , where S and V are the BSM states and N is the target nucleus, this proposed

experiment would consider a signal event to be an event whose outgoing µ− has a greater than 50%

reduction in its incident energy. M3 is important because a null result would exclude any BSM

explanation of (g−2)µ from invisibly-decaying muonphilic particles with masses below 100 MeV.

M3 has also not run yet. Finally, NA64µ, a missing-energy experiment at CERN, was run in 2023.

This experiment used a 160 GeV muon beam from the M2 beamline at the CERN Super Proton

Synchrotron, and it achieved a flux of 2 × 1010 muons on target [56]. They found no signal and

were able to place a 90% exclusion limit on the gauged Lµ −Lτ vector model parameter space, as

seen in Fig. 9 alongside constraints from data and projected constraints from M3.

For BSM scalar states coupling to the muon, they would be described by the Lagrangian

LS ⊃ − (gsSµLµ
c + h.c.)− 1

2
m2

sS
2 (9)

where µL is the left-handed muon field and µc is the right-handed muon field. Note that the term

that couples the S with muons is not gauge invariant under SU(2)L×U(1)Y , so it must arise from

12



Figure 9. Here we see the 90% CL exclusion limits from NA64µ on the coupling gZ′ as a function of the
Z’ mass, mZ′ , for the vanilla Lµ-Lτ model where the Z ′ → ν̄ν dominates [56]. Note that LS3 stands
for the CERN Long Shutdown 3- a period from 2026-2029 during which enhancements would be made to
the Large Hadron Collider (LHC) to improve its performance. Similarly, LS4 stands for a shutdown that
is planned for 2034-2036 during which more upgrades to the LHC would be installed [57]. According to
Ref. [58], the expected MOT for each of these periods is 3 × 1011 for the pre-LS3 period, 2 × 1013 for the
pre-LS4 period, and 1014 for the post-LS4 period.

a higher dimension operator involving the SM Higgs doublet H:

L ⊃ − 1

Λ
SH†Lµc + h.c. (10)

where Λ is an energy scale up to which this operator is valid. After electroweak symmetry breaking,

this operator becomes LS ⊃ − (gsSµLµ
c + h.c.) for gs = v

Λ
after electroweak symmetry breaking

[59]. For mS < 2mµ, the primary decay mode is S → γγ which can be investigated by missing

energy searches at colliders or visible decays at beam dump experiments [59]. For mS > 2mµ, the

primary decay mode is S → µ+µ−, for which there have been many proposed searches [45, 60, 61].

Note that experimental data, for example data from the BABAR Collaboration [62], has ruled
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Figure 10. Pulled from Ref. [59], we see limits and projections on muonphilic singlets, assuming
BR(S → µ+µ−) = 1 and the scalar mass is greater than 2mµ. We see existing experimental limits
shaded in gray. We also see projected sensitivities from experiments M3 [45], NA64µ [60], and ATLAS
fixed-target experiments [61]. The Belle II 4µ and HL-LHC projected constraints are further discussed in
Ref. [59].

out some parameter space for the muonphilic scalar model in addition to the gauged Lµ − Lτ

vector model. Various constraints from experimental data and projected limits for the muonphilic

scalar model are shown in Fig. 10. For the majority of my thesis work that focused on the g − 2

anomaly, I showed how to parasitically use a Fermilab-based existing experiment with minimal

modifications to search for muonphilic scalars in the mass range mS > 2mµ. This search would

be complementary to the existing proposed searches to date. I describe my work on this further in

Chapter 2.

1.2.3 Electroweak (EW) Scenarios

Contributions to (g − 2)µ from electroweak scenarios are not suppressed by the SM muon
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Yukawa coupling:

∆aµ ∝ mµgBSMv

(MBSM)
2 . (11)

Hence, EW scenario states are on a heavier mass scale than singlet states, and they are harder

to search for in experiments [46, 47]. The models where the BSM states are charged under the

EW gauge group have a mass scale for the BSM states that span a range of 100 GeV - 100 TeV

[44, 46, 63–69]. Regarding explanations of new physics with large BSM masses, one explanation

is a theory of minimal supersymmetry. The Minimal Supersymmetric Standard Model (MSSM)

doubles the particle content of the SM by introducing a mapping between fermions and bosons

such that each SM state X has a (yet undiscovered) supersymmetric state X̃ whose spin differs

by half of a unit, which means that bosons have fermion superpartners, and fermions have boson

superpartners. Superpartners of fermions get the prefix “s” and those of bosons get the suffix “-

ino” [70]. For example, the neutrino, which is a fermion, has a corresponding superpartner called

a “sneutrino” that is a boson. A Higgs boson has a superpartner called a Higgsino. This model

also has two scalar Higgs doublets hu and hd, along with their superpartners h̃u and h̃d. According

to a MSSM model, the leading order contributions to aµ would come from muon interactions with

superpartners as shown in Fig. 11. For MSSM to resolve ∆aµ, the new physics particles must

have a mass in the range of 100 < MSUSY < 500 GeV [71]. In addition to having the ability

to explain the muon magnetic moment anomaly, MSSM is also attractive because it solves the

Higgs hierarchy problem of the SM (i.e. SUSY would introduce a symmetry between fermions

and bosons that can cancel large contributions to the Higgs mass, thus explaining why the Higgs

mass is so much smaller than the Planck scale), and if superparticles are found, they would not only

be candidates for dark matter, but their very existence could provide evidence for grand unification

theories [71]. To date, no particles predicted by SUSY have been detected despite many efforts,

and physicists have since moved away from SUSY as a viable minimal explanation of (g − 2)µ.

See Ref. [47] for a comprehensive summary of all electroweak (EW) scenario solutions.

1.3 Millicharged particles

Millicharged particles (MCPs), are a fascinating candidate for BSM physics. The U(1) Standard

Model gauge group allows particles to carry arbitrary small charges, i.e. Q = ϵe. MCPs are hence

theoretical particles that could carry electric charges smaller than the smallest quark charges. They

would interact weakly with Standard Model particles, but they would not couple to the strong or
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Figure 11. This sneutrino-chargino loop [left] and smuon-neutralino loop [right] contribute to the calculation
of aµ.

Figure 12. Pulled from Ref. [72], for a model where 1% of dark matter is made of MCP, we see the con-
straints on fermionic millicharged DM from Supernova 1987A (grey) [73]. This supernova was discovered
in 1987 and data from it gives us information about MCP since the existence of weakly-coupled particles
could change the neutrino emission from SN1987A by providing new channels to cool the star. We also
see constraints from the search for millicharged particles at SLAC (blue), alongside other astrophysical con-
straints [74–77]. The solid black region represents the parameter space in which the fermionic millicharged
DM could explain the anomalous additional signal that the EDGES Collaboration found.
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Figure 13. Combined existing limits on MCP parameter space combined with the existing limits from
SENSEI at Fermilab’s MINOS site [74, 82–84]. Note that the constraints from “proto-MilliQan” were
obtained using the MilliQan demonstrator detector during LHC’s Run 2.

weak force. These particles could potentially constitute a portion of the relic abundance of dark

matter [72, 78]. Specifically, in 2018, the Experiment to Detect the Global Epoch of reionization

Signature (EDGES) Collaboration found a signal in the absorption profile of the sky-averaged

radio spectrum whose amplitude was larger than expected, at a confidence level of 3.8σ. One

explanation for such a finding is that primordial gas in the early universe, around redshift z ≈ 17,

underwent additional cooling due to scattering from light DM [78–81]. Combining experimental

and astrophysical constraints, it has been determined [72] that millicharged dark matter could only

make up about 0.3 − 2% of the total amount of dark matter in the universe. The parameter space

has also been constrained to reveal that if this millicharged dark matter does exist, its mass must

be in the range of 10 − 80 MeV, and its charge ϵ must be between 10−6 and 10−4, as depicted in

Fig. 12.

The most sensitive laboratory-based probes of MCP are collider searches, electron fixed-target

experiments, proton fixed-target experiments, and neutrino experiments [3]. The LHC performed

its first MCP search during the LHC Run 2 between 2015 and 2018, using a center of mass energy
√
s = 13 TeV and an array of scintillators. This experiment used a detector called the “MilliQan

Demonstrator”, which served as the protoype of a larger detector called the “MilliQan Detector”
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Figure 14. A schematic of MCP pair production from the decay of neutral mesons generated from proton-
nucleon scattering [82].

[85]. This experiment excluded MCPs of masses 20 ≤ mχ ≤ 4700 MeV with charges 0.006 ≤
ϵ ≤ 0.3 at a 95% confidence level. Plans to upgrade the MilliQan detector and collect data were

planned to occur during the LHC Run 3, between 2022 and 2026. The upgrades are currently

complete but data is still being taken. Note that the MilliQan detector inspired a proposal for

an experiment named “FerMINI”. Proposed in 2019, this experiment would search for MCPs at

Fermilab’s DUNE near detector hall using a scintillator array as well [3].

The overall leading MCP constraints are shown in Fig. 13. Note that the 2020 Fermilab-based

experiment named SENSEI offers the best constraints for MCPs in the range 30 ≤ mχ ≤ 380

MeV [82]. This experiment used a dark matter detector and neutrino beam to search for MCPs.

Production channels of MCPs that have been considered thus far in the literature are neutral

meson decays, Drell-Yan production, and bremsstrahlung production. A schematic for neutral

meson decay, adapted from Ref. [82], is shown in Fig. 14, where a virtual photon from meson

decay generates two MCPs. Commonly investigated neutral meson decays include π0 → γχχ̄,

η → γχχ̄, J/ψ → χχ̄, and Υ → χχ̄ [3]. Drell-Yan production involves the annihilation of

quarks through a virtual photon to produce MCPs: qq̄ → χχ̄. Finally, the last MCP production

channel explored in literature is through bremsstrahlung: The primary beam particle scatters off of

a heavy nucleus and emits a virtual photon which results in a MCP pair. However, the literature

thus far has overlooked the production of MCPs through charged pion scattering, which motivated

my second project described in Chapter 3. In this project, I adapted FerMINI’s experimental setup

[3] to investigate how much additional sensitivity to MCP detection we can obtain by considering

additional signal from charged pions scattering off of target nuclei in beam dumps.
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CHAPTER 2: NEW SCALAR FIELD TO RESOLVE (g − 2)µ

The work in this section is based on “New Searches for Muonphilic Particles at Proton Beam

Dump Spectrometers”, published as an article in Physical Review D Volume 107, Article 116026

on 30 June 2023. The work was authored by myself, Christian Herwig, Yonatan Kahn, Gordan

Krnjaic, Cristina Mantilla Suarez, Nhan Tran, and Andrew Whitbeck. Yonatan Kahn and I were

affiliated with Department of Physics, University of Illinois at Urbana-Champaign. Christian

Herwig, Cristina Mantilla Suarez, and Nhan Tran were affiliated with Fermi National Accelerator

Laboratory. Gordan Krnjaic was affilliated with Fermi National Accelerator Laboratory, the Kavli

Institute for Cosmological Physics at the University of Chicago, and Department of Astronomy

and Astrophysics at the University of Chicago. Andrew Whitbeck was affiliated with Texas Tech

University. The bulk of my work on this project involved simulating events with MadGraph [86],

implementing the elastic and inelastic form factors (and finding a typo in the reference we were

using), finding and implementing cuts that maximized our sensitivity, and collaborating with the

group to generate the final reach plot.

In recent years, searches for muonphilic particles – new particles beyond the Standard Model

that couple primarily to muons – have attracted considerable interest, inspiring novel strategies

involving beam dumps [87], B-factories [88], missing energy and momentum experiments [45,

89], the Large Hadron Collider [90], and even future muon colliders [46] (see Ref. [59] and

references therein for a survey of such techniques). In part, this popularity is related to the possible

evidence for new physics from the Fermilab Muon g−2 collaboration, which has recently measured

the anomalous magnetic moment of the muon [1, 91–93]. This new result is consistent with the

earlier Brookhaven measurement [19] and the world average for aµ ≡ 1
2
(g − 2)µ now deviates

from the Standard Model (SM) prediction [18] by

∆aµ = aexpµ − atheoryµ = (251± 59)× 10−11 , (12)

which constitutes a statistically significant 4.2σ discrepancy.5

If this discrepancy is due to new physics, there are necessarily new particles in nature that
5 Previous lattice QCD extractions of the hadronic light-by-light [28, 94, 95] and hadronic vacuum polarization [96]

contributions to aµ are consistent with both the measured value and semi-analytical calculations based on R-ratio
data. However, the BMW collaboration [97] has extracted a SM prediction of aµ that is consistent with the measured
value. This result is in tension with aµ as determined by R-ratio methods and might be in tension with the SM
electroweak fit [98–100], so future lattice calculations and improved R-ratio data will be necessary to conclude
whether Eq. (12) is evidence of new physics. 19



couple to muons. These particles can be classified according to whether they are heavy with order-

unity couplings to the muon (e.g. new weak-scale states charged under SM gauge interactions)

or light and feebly coupled. If the former possibility is realized in nature, such states could be

discovered with future high-energy collider searches [46, 47]. If instead, the particles in question

are light and feebly coupled, the possibilities for new physics are much narrower: the particles

must be muonphilic scalars or vectors, which are singlets under the SM gauge group [59]. It has

been shown that, for most available decay channels, existing and planned intensity frontier exper-

iments have sufficient sensitivity to discover these light new states if their couplings to the muon

resolve ∆aµ [45, 59, 87, 89, 101–103]. However, there is a notable exception to this otherwise

comprehensive coverage: scalars S with sub-GeV masses and prompt dimuon decays.

In this paper, we propose muon spectrometers at proton beam dumps as promising experiments

to search for S → µ+µ− and potentially discover the new physics responsible for ∆aµ. While the

parameter space of interest in this paper is framed around scalar particles that resolve g − 2, the

search strategy we present is general and can be adapted to search for any new particles that decay

appreciably to dimuons. Proton beam dumps feature enormous luminosity and copious secondary

production of muons through pion decay, evading some of the event rate limitations that cap the

sensitivity of muon beam experiments such as M3 [45] and NA64-µ [89]. The production of S from

bremsstrahlung during nuclear scattering in the dump, µ±N → µ±NS, is only weakly dependent

on the muon energy, and thus a mono-energetic muon beam is not necessary. As we will show, for

S couplings that resolve ∆aµ, the S decay is prompt and the signal is an invariant mass peak in

opposite-sign muons emerging from a single vertex in the dump. The sensitivity is therefore driven

by the invariant mass resolution, and we will argue that selecting events in the final portion of the

dump, combined with a high-momentum-resolution spectrometer magnet, suffices to achieve the

invariant mass resolution needed to observe a signal above the SM background from continuum

QED production. We emphasize that our proposed search strategy involves no new hardware and

can be parasitically implemented at any proton beam spectrometer experiment.

This paper is organized as follows. We introduce the scalar singlet model in Section 2.1 as a

solution to ∆aµ, which can also be seen as a representative example of a muonphilic model. In

Section 2.2, we introduce the basic experimental concept and discuss the generic requirements on

the detector configuration. Then, in Section 2.3, we calculate the scalar singlet production rate as

well as that of the leading irreducible background processes, and propose cuts which maximally
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exploit the different kinematics of signal and background. In Sec. 2.4, we take the specific case of

the SpinQuest experiment at Fermilab and detail key characteristics of the experiment, expected

backgrounds, and the potential sensitivity to muonphilic scalars. Finally, we conclude and provide

an outlook on the near-term experimental prospects in Section 2.5.

2.1 Scalar Singlet Model

We extend the SM by a scalar S which is a singlet under the SM gauge group, and which

couples exclusively to muons through the Yukawa interaction

L ⊃ gSS µµ , (13)

where gS is a dimensionless coupling constant. This coupling induces a shift in ∆aµ at one-loop

level which yields

∆aSµ =
g2S
8π2

∫ 1

0

dz
(1 + z)(1− z)2

(1− z)2 + z(mS/mµ)2
≈ 2× 10−9

( gS
10−3

)2
(
700MeV

mS

)2

, (14)

where mS is the mass of S. The approximate equality holds in the limit mS ≫ mµ, and gives a

sense for the typical size of couplings required. In the absence of other interactions, formS > 2mµ

the only tree-level decay channel is S → µ+µ−, with a corresponding width of

Γ(S → µ+µ−) =
g2SmS

8π

(
1− 4m2

µ

m2
S

)3/2

. (15)

At one-loop level, there are also S → γγ and S → ν̄ν decay channels, but these are further

suppressed by α2 and G2
F , respectively, so the dimuon channel has a branching fraction near unity.

As noted in Ref. [104, 105], the interaction in Eq. (13) is not gauge-invariant under the elec-

troweak symmetry of the SM, but it may be generated from the dimension-5 operator

LUV =
1

Λ
SH†Lµµ

c + h.c. , (16)

where, in two-component Weyl fermion notation, Lµ is the second generation lepton doublet, µc

is the right handed muon field, H is the SM Higgs doublet, and Λ is the mass scale at which new
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particles have been integrated out. Matching Wilson coefficients yields gS = v/Λ, so for gS =

10−3, the cutoff scale of the effective field theory defined by Eq. (13) is valid up to Λ ≈ 250 TeV.

Consequently, for the parameter space we consider in this paper (mS ≲ 5 GeV and muon beam

energies below 50 GeV), the effective theory description is perfectly valid.

Previous work to constrain this model has focused on search strategies to probe the invisible de-

cay channel if S couples to neutrinos or dark matter [45, 52, 106], as well as other loop-suppressed

modes for mS < 2mµ which lead to long-lived S and displaced diphoton decays through one-loop

processes [87]. By contrast, here we focus on the visible decay mode S → µ+µ−, which we as-

sume has a 100% branching fraction for mS > 2mµ. Allowing for alternate invisible decay modes

(which may imply the presence of new dark states) reproduces the phenomenology of previous

invisible decay studies such as M3 [45] and NA64-µ [106] and we will not consider these in this

paper.

Finally, we note that the phenomenological search strategy introduced below may also be ap-

plied to new spin-1 vector particles whose couplings to the muon resolve ∆aµ. However, nearly all

theoretically consistent models for visibly-decaying vectors in this mass range have been ruled out

by laboratory searches [59, 107]. The only remaining anomaly-free U(1) extension to the SM that

can still resolve ∆aµ is gauged Lµ − Lτ [107] for vector masses between ∼ 10-200 MeV, where

the lower bound is set by cosmology [51] and the upper bound is set by the BABAR e+e− → 4µ

search [88]. Thus, for nearly all of the remaining viable parameter space in this model, the vector

particle decays invisibly to neutrinos and is, therefore, testable with NA64-µ [108] and M3 [45],

which are optimized for missing momentum signatures. By contrast, scalar particles that resolve

∆aµ can still visibly decay to dimuons [59], so we focus on this scenario throughout our analysis.

2.2 Proton Beam Dump Spectrometer Concept

To search for muonphilic scalars as a possible explanation for ∆aµ, we require a large flux of

muons on a target which will produce the scalars via bremsstrahlung, as shown in Fig. 15 (red

boxed inset). From the decay width of the S to muons in Eq. (15), the lab-frame decay length is:

L ≈ 8× 10−8m

(
ES/mS

10

)(
700MeV

mS

)(
10−3

gS

)2

, (17)

where we have taken the mS ≫ mµ limit. Except for a very small region of phase space just

22



6

FIG. 1: YK: label `T ? Harmonize notation with Feynman diagrams, N instead of Z? Proton beam dump
spectrometer signature of prompt muon-philic scalars produced in the back of the beam dump, labeled as the “Target”,
and reconstructed by the downstream tracking stations. The spectrometer setup is inspired by the existing SpinQuest
experiment but we argue that the search strategy presented in this paper can work for other proton beam spectrometer
configurations with a large flux of muons (see text).

both signal and background rates scale with `T , the sensitivity S/
p

B improves with `T ), as shown in
the green region in Fig. 1. These requirements are in some tension because a larger `T leads to more
multiple scattering, which degrades the mass resolution, as well as a larger combinatorial background.
Optimizing the sensitivity with respect to `T requires a concrete experimental design and is beyond the
scope of this study, but as an example, we will take `T = 100 cm and a 15% invariant mass resolution,
which represents the combined effects of an intrinsic 5% experimental resolution and multiple scattering
and is further justified with simulations in Sec. V B.

IV. SIGNAL AND BACKGROUND RATES, KINEMATICS, AND CUTS

A. Signal and irreducible background

FIG. 2: Feynman diagrams representing the dominant signal processes for S production in muon-nucleus scattering.

Our signal process is on-shell S production from muons scattering off a fixed target of nuclei N , µ±N !
µ±NS, followed by the prompt S ! µ+µ� decay (Fig. 2). Our experimental signature is at least two

Figure 15. Proton beam dump spectrometer signature of prompt muonphilic scalars produced in the back
of the beam dump, labeled as the “Target”, and reconstructed by the downstream tracking stations. The
spectrometer setup is inspired by the existing SpinQuest experiment, but we argue that the search strategy
presented in this paper can work for other proton beam spectrometer configurations with a large flux of
muons (see main text for details).

above the dimuon threshold, the couplings required to explain ∆aµ imply that the S must decay

promptly. This remains true even if there are additional invisible decay modes, since those will

only increase the total width and hence decrease the decay length.

Therefore, the target itself cannot be very dense or else the momentum resolution will be de-

graded by multiple scattering, so a large muon flux is important to compensate for this lower

density. In this paper, we consider the SpinQuest spectrometer as an example of an experimental

setup to search for such muonphilic scalars. A schematic inspired by SpinQuest is shown in Fig-

ure 15. The proton beam travels through some magnetized material producing a large fraction of

µ± with O(20 GeV) energies, most of which originate from pion decays. These secondary muons

are produced along the beam dump and those muons traversing the target region, which in Fig. 15

is denoted by “Target” in green, can produce the S during a nuclear scattering event and the out-

going daughter muons have enough momentum to exit the dump and be detected. The path of the

beam muon is deflected by the magnetized dump, while the analysis magnet alters the trajectories

of the three outgoing muons to measure their curvature and hence momenta. The signal is thus

two or three muons originating from the same vertex in the dump (depending on whether the third

muon has a high enough momentum to emerge from the tracking stations), with the invariant mass

of an opposite-sign muon pair reconstructing the mass of the S. We note that Ref. [101] previ-

ously considered S production from secondary muons at SpinQuest but focused on the e+e− decay
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mode, whereas we focus on the irreducible decay to µ+µ−.

This search strategy can be employed at any proton beam dump spectrometer with the following

key features:

• a high-intensity proton beam with high repetition rate, from which a large flux of muons

is produced. A high repetition rate, near-continuous wave beam is more valuable than a

beam of similar current but lower duty factor (pulsed) in order to reduce combinatorial back-

grounds;

• a beam dump that is many nuclear interaction lengths thick, to allow predominantly muons

to exit through through the dump and greatly reduce hadronic backgrounds, with the last

portion of the dump serving as the target;

• a beam of sufficient energy to produce secondary muons capable of traversing the entire

dump, retaining sufficient momenta to both produce the S and to boost its decay products

into the spectrometer’s acceptance;

• a magnetized beam dump to spatially spread out positive and negatively charged beam

muons to reduce the combinatorial backgrounds;

• a detector that can trigger on dimuon coincidences in the presence of a high muon flux, has

good momentum and angular resolution such that the invariant mass resolution is mostly

influenced by multiple scattering, and is granular enough to reject backgrounds.

As we will see below, the dominant irreducible background is muon pair production from QED,

while an important reducible background is the combinatorial background from independent pro-

duction of muons in the dump. Because the search strategy is a bump hunt in invariant mass, the

relative size of the QED background will be driven both by the invariant mass resolution and the

effective target length ℓT (the green region in Fig. 15). These requirements are in some tension

because a larger ℓT improves the sensitivity (which scales as
√
ℓT assuming Poisson fluctuations

on the background), but also leads to increased multiple scattering and a degraded mass resolution,

as well as a larger combinatorial background. A full optimization of the sensitivity with respect

to ℓT requires a concrete experimental design and is beyond the scope of this study, but as an ex-

ample, we will take ℓT = 100 cm and a 15% invariant mass resolution. This figure represents the
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Figure 16. Feynman diagrams representing the dominant signal processes for S production in muon-nucleus
scattering.

combined effects of an intrinsic 5% experimental resolution and multiple scattering and is further

justified with simulations in Sec. 2.4.2.

2.3 Signal and Background Rates, Kinematics, and Cuts

2.3.1 Signal and Irreducible Background

Our signal process is on-shell S production from muons scattering off a fixed target of nucleiN ,

µ±N → µ±NS, followed by the prompt S → µ+µ− decay (Fig. 16). The experimental signature

includes at least two opposite-sign muons in the final state originating from a single vertex which

reconstruct the invariant mass of the S. The SM background is dominantly continuum muon pair

production µ±N → µ±Nµ+µ− through electromagnetic processes, including both the radiative

(Fig. 17, left) and Bethe-Heitler trident (Fig. 17, right) diagrams [109, 110]. The background from

off-shell Z production is negligible at the beam energies we consider. Photon-initiated background

processes resulting from a hard photon bremsstrahlung, µN → µNγ followed by γN → hadrons,

are negligible since they can be mitigated with a mild di-muon selection and are further suppressed

by (me/mµ)
2 for muon beams compared to the case of electron beams.

We simulated both signal and background processes with CalcHEP [111]. Although Mad-

Graph [112] has become a standard tool for fixed-target experiments as well as collider experi-

ments, it has known issues with collinear emission processes [87] which give large fluctuations

in the computed cross section, while CalcHEP reliably gives sub-percent level Monte Carlo er-

rors [113]. We implemented a custom form factor in CalcHEP for the nuclear target by scaling all
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Figure 17. Feynman diagrams representing the dominant Standard Model background processes for dimuon
pair production in muon-nucleus scattering. The radiative diagram (left) also has a contribution from final-
state radiation, but radiation off the nucleus is suppressed since mN ≫ mµ.

the cross sections by a dipole form factor [114]:

G2(t) = Gel
2 (t) +Ginel

2 (t) , (18)

where the elastic contribution is

Gel
2 (t) = Z2

(
a2t

1 + a2t

)2(
1

1 + t/d

)2

, (19)

and the inelastic contribution can be written as 6

Ginel
2 (t) = Z

(
a′2t

1 + a′2t

)2

W2(t) , W2(t) =

[
1 + τ(µ2

p − 1)

(1 + t/t0)
4

]
. (20)

The parameters of this form factor model are

a =
113Z−1/3

me

, a′ =
773Z−2/3

me

, d = 0.164 GeV2A−2/3, t0 = 0.71 GeV2 , (21)

where µp = 2.79, τ = t/(4m2
p), Z and A are the atomic number and mass number of N , mp

and me are the proton and electron masses, and t = −(p′N − pN)
2 is the squared 4-momentum

transfer to the nucleus (initial 4-momentum pN , final momentum p′N ). For the signal events, in

order to avoid any issues arising from the narrow width of the S, we generated on-shell S events

µ±N → µ±NS, decayed the S isotropically in its rest frame, and boosted back to the lab frame.
6 Note that a typo in the literature has been propagated to various references from Ref. [114], now corrected here: the
W2(t) function should not be squared.
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Figure 18. Cross sections as a function of beam energy for background and signal for various S masses,
with gS set to the minimum value consistent with the measured ∆aµ to within 2σ.

In order to confirm that the form factor was correctly implemented in CalcHEP, we reproduced the

results of Fig. 8 of Ref. [113] for the process µN → µNS with N an aluminum nucleus. The

number of signal events or background events NS,B is given by

NS,B = σ
(acc)
S,B nT ℓT ×MOT, (22)

where σ(acc) is the accepted cross section given any cuts applied (described further below), nT and

ℓT are the number density of nuclei in the target and the effective target length, respectively, and

MOT is the number of muons on target.

2.3.2 Kinematics and Cuts

As a starting point, based on the setup envisioned in Section 2.4 below, we will consider the

example of a µ− beam on an iron target with Z = 26 and A = 56, nT = 8.5 × 1022/cm3, and

ℓT = 100 cm. Figure 18 shows, as a function of the beam energy, the cross section for µ−µ−µ+

events from the QED background process and signal process for different scalar masses, fixing the

coupling gS for each mass to be the minimum coupling required to resolve ∆aµ to within 2σ. The

cross section is largely insensitive to the beam energy, but for all energies and masses, the QED

background is several orders of magnitude larger, requiring additional cuts to render the signal

visible. The most obvious such cut is an invariant mass cut; this turns out to be most efficient when
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Figure 19. Kinematic distributions for µ−µ−µ+ events produced by SM QED background (shaded gray,
labeled “BG”) and signals of various scalar masses with a 20 GeV µ− beam. Relative distributions (nor-
malized to unity for illustration) are shown for the fraction of the beam momentum carried by the hardest
final-state µ−, labeled µ−

1 (top left), µ+ (top right), and softer µ−, labeled µ−
2 (bottom left). The momen-

tum of the leading µ− transverse to the beam is also shown (bottom left). For heavy S, the pT and angular
separation of the hardest muons peak at larger values than the background.

performed on the opposite-sign muon pair with the hardest µ−, which we can justify by comparing

the signal and background kinematics.

Figure 19 shows the kinematic distributions of both signal and background events for a 20 GeV

µ− beam, without applying any cuts. The principal difference between the signal and background

processes is that the cross section for S production is peaked when S takes nearly all the beam

energy [45, 115], at least for mS > mµ which is the case whenever S can decay visibly. As a

result, the S is highly boosted, and thus the harder µ− dominantly originates from S decay, with

the momenta of the µ+ and harder µ− both peaked at |p⃗beam|/2. By contrast, the soft singularity

of the massless photon in QED means that the µ+ momentum distribution is peaked at zero, while
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Figure 20. The µ+µ− invariant mass distribution is shown for background and signal for several scalar
masses (in MeV units), in events produced from a 20 GeV µ− beam. A 5×1013 MoT sample (corresponding
to approximately 1 year of running at SpinQuest, see Sec. 2.4 is shown with gS set to the minimum values
which resolve ∆aµ for each mS value, as in Fig. 18. Here, the invariant mass is formed from the harder
µ− (labeled µ−

1 ) in the event and 3-momenta are smeared to produce a 15% mass resolution. Each muon is
required to satisfy pz > 5GeV.

the harder µ− is typically the beam muon which still carries a large fraction of the original beam

momentum.7 Both of these features are apparent in the top panel of Fig. 19. Combined with the

fact that the high boost afforded by fixed-target experiments makes almost all events purely in the

forward direction, a cut on pz for both the µ+ and hardest µ− allows an efficient separation of

signal and background. We also note that for both signal and background, the recoil µ− is very

soft and often carries less than 25% of the beam momentum (bottom left). In practice, the soft

µ− may not even be observable if it curves away from the tracking stations, so absent any issues

from combinatorial background due to the fact that the beam contains both µ+ and µ−, we can

define the signal as two muons of opposite sign originating from the same vertex. We argue in

Sec. 2.4 below that the combinatorial background is likely negligible compared to the irreducible

background for mS ≲ 1 GeV. Finally, the bottom-right panel of Fig. 19 shows the transverse

momentum distributions of the µ+. The collinear singularity of QED (regulated by the muon

mass) implies that the background peaks at small pT , while for heavy S, the pT is peaked at larger

7 We note that the same distinctions between the QED and muonphilic particle kinematics hold for massive vectors,
pseudoscalars, and axial vectors [116], and thus the same search strategies we propose should apply to those models
too.
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Fig. 20 shows the invariant mass spectrum of the µ+ paired with the hardest µ−, for both signal

and background, after applying the pz cut. As in Fig. 18, we have normalized the signal to the

values of gS consistent with ∆aµ. Keeping in mind the possible degradation of the mass resolution

with multiple scattering in the target, we take as an example a 15% invariant mass cut, which means

we require that the harder muon pair has an invariant mass within mS ± r, where 2r/mS = 0.15.

In Fig. 20 we have applied a uniform Gaussian smearing to each of the 3-momentum components

to qualitatively simulate a 15% mass resolution. For example, taking mS = 500 MeV and imple-

menting this invariant mass cut, the background is further reduced by a factor of ∼8 and we keep

∼90% of the signal (the remaining 10% are events where the softer µ− originates from S decay).

The requirements on achieving such an invariant mass resolution are discussed at length in Section

2.4.

Figure 21 (left) shows the effect on the sensitivity NS/
√
NB from applying one or both cuts for

a 20 GeV beam and 1015 MOT, using the same signal normalization that resolves ∆aµ. We show

the effect of an invariant mass cut alone (green curve) to emphasize the fact that a standard “bump

hunt” strategy is much less efficient for our particular signal process without applying the pz cut.

After applying both the invariant mass cut and the pz cut, the signal efficiency is ∼ 83% for low S

masses near 220 MeV and ∼ 50% for higher S masses near 1 GeV. Due to the clear separation of

signal and background kinematics, the combined effect of both cuts can improve the sensitivity by

an order of magnitude for mS ≲ 1 GeV, and even render the experiment free of irreducible QED

background for larger masses. To illustrate the experimental requirements necessary to achieve

full coverage of the g − 2 parameter space for a given mS , in Figure 21 (right) we plot the muon

flux required to achieve approximate 3σ discovery sensitivity, NS/
√
NB = 3, as a function of

mS . With 15% invariant mass resolution and a 100 cm iron target region, we can probe the full

parameter space that resolves the anomaly up to 1 GeV with ≃ 3 × 1014 MOT. For larger mS at

this luminosity, the QED background becomes subdominant to the combinatorial background in a

realistic experimental implementation, as we will describe in Sec. 2.4.3 below.

2.4 Potential Reach at the SpinQuest Experiment

To make the discussion in Sec. 2.3 concrete, and to illustrate the experimental considerations
8 A cut on pT would only efficiently separate signal from background at masses mS ≳ 1 GeV, where (as we illustrate

below) the irreducible QED background is already subdominant to the expected combinatorial background after the
invariant mass and pz cuts.
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Figure 21. Left: Sensitivity as a function of scalar mass mS for various cuts, setting gS to the minimum
value which resolves ∆aµ at each mS and assuming 1015 MOT and ℓT = 100 cm. Right: MOT required
to reach NS/

√
NB = 3 as a function of mS , for gS as in the left panel. Both panels assume a muon beam

energy of 20 GeV.

relevant for a practical implementation of our proposal, we imagine a setup similar to the Spin-

Quest experiment at Fermilab [117], where a 120 GeV proton beam impinges on a magnetized

steel beam dump (Z = 26) many radiation lengths thick. Target interactions produce a spectrum

of lower-energy secondary muons, which continue through the target and can produce S through

bremsstrahlung during any scattering process, as described above. To identify the vertex corre-

sponding to S decay, we consider only signal events which occur in the last portion of the 5 m

beam dump, of length ℓT ≃ 100 cm. As the simulated muon spectrum at proton beam dump exper-

iments is still to be fully validated [103], we leave a detailed sensitivity calculation for future work

and consider a monochromatic 20 GeV muon beam. We note, however, that both signal and back-

ground cross sections are largely independent of the beam energy as shown in Fig. 18, so treating

the muons as monochromatic is a decent approximation up to experimental acceptance effects.

2.4.1 Muon Beam Properties

The signal sensitivity and estimated rate of backgrounds depend on the expected secondary

muon momentum spectrum, following their traversal of the bulk of the beam dump. To facilitate

these studies, we perform a toy simulation of muons passing through the dump, based on their

initial spectra obtained from a full Geant4 simulation of the SpinQuest experimental setup [117].

Muons are randomly assigned to a position at the beginning of the dump based on the expected
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Figure 22. Secondary muon momentum spectrum from a primary 120 GeV proton beam. The part of the
spectrum consisting of muons which exit the dump with pz > 20 GeV, which we treat as our muon beam,
is shaded in red.

beam profile and propagated to the end of the dump, accounting for (a) initial muon momenta

transverse to the beam, (b) small and wide-angle scattering within the dump, and (c) the effect of

a 1.9 T magnetic field. The momenta of muons before and after the dump are shown in Figure 22.

The relative composition of muons is approximately 55% (45%) for positively (negatively) charged

muons.

To estimate the time required to achieve a given number of MOT at SpinQuest, we can use the

finding of Ref. [117] that 1.9 muons per RF bucket reach the first tracking station. Combining this

with our simulation model, we find that 0.8 such muons have pz > 20 GeV. Each 4 sec spill of

53 MHz buckets thus yields 2×108 MoT with energy above 20 GeV, or 3×1011 MoT in 24 hours

of running. Assuming that the accelerator complex can deliver beam with an average duty factor

of 50% over the full year, this amounts to 5 × 1013 MOT accumulated per year of operation in

the nominal configuration, such that our target luminosity for mS up to 1 GeV can be in principle

achieved in 6 years of running.

2.4.2 Reconstruction efficiencies and mass resolution

The capability to efficiently trigger and accurately reconstruct di-muons will drive the sensi-

tivity of muon spectrometer experiment to scalar decays. The forward region of SpinQuest is

instrumented with an emphasis on detecting muons from the decay of a high mass virtual pho-

ton or meson produced through target interactions. Consequently, we consider only muons with
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Figure 23. Left: Reconstructed di-muon mass is shown for events with mS = 1GeV produced in the last
portion of the dump, taking into account both multiple scattering effects and a 5% experimental resolution.
Mass distributions are shown for several target thicknesses in units of X0, with larger decay volumes in-
creasing yields but degrading the mass resolution. Note that our fiducial value of ℓT = 100 cm corresponds
to about 57X0 in steel. Right: The corresponding signal sensitivities (NS/

√
NB) as a function of the mass

window for each of the same thicknesses. The optimal window size is indicated with a black dot. A flat
background in the neighborhood of the scalar mass is assumed.

momenta above 5 GeV in the following analysis, assuming the trajectories of particles with lower

momenta cannot be accurately measured. While imperfect acceptance can lead to a small addi-

tional inefficiency, the effect has a complex dependence on the exact geometry of the detector and

details of the reconstruction algorithms, which we do not attempt to reproduce in this work. We

note that despite the small loss in acceptance, a minimum requirement on the muon momentum

removes background processes far more efficiently than signal, due to the soft sub-leading muon

expected from radiative processes, as seen in Figures 19 and 21.

Another key driver of the search sensitivity is the achievable di-muon mass resolution, which

should be small to reduce the level of backgrounds, particularly for small scalar masses. We assume

a 5% mass intrinsic experimental resolution, in accordance with the studies of Ref. [117] based on

decays between the dump and tracking stations. However, because the scalar decays promptly

after being produced within the last fraction of the dump, this mass resolution will generally be

further degraded by multiple scattering. Using the simulation described above, we propagated this

effect to the mass resolution of S → µ+µ− pairs as a function of the target length traversed. This

leads to a trade-off, illustrated in Figure 23, where scalars produced earlier in the dump can be

selected to enhance the overall signal rate, at the price of poorer mass resolution. In this study,
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we take an effective target thickness of ℓT = 100 cm as a representative choice, corresponding

to an approximate 15% total mass resolution including multiple-scattering effects. Finally, we

need to be able to determine if the candidate dimuon mass pair originated from the target region.

The displaced vertex resolution in the z axis determined from simulation studies in Ref. [117] is

approximately 10 cm. This would be degraded by multiple scattering effects in the last ∼1m of

the dump but would still be sufficient to determine if the dimuon pair is in the target region with

reasonable efficiency.

2.4.3 Combinatorial Background

In addition to the irreducible QED background discussed in Sec. 2.3, an additional experimental

background can arise through combinations of independently-produced muons in the dump that

conspire to produce an apparent di-muon vertex. This effect, unlike the irreducible radiative and

trident backgrounds, is sensitive to details of the experimental setup such as vertex resolution,

which we take as σx,y = 1 cm in line with SpinQuest’s projected capabilities [117].

The chance of finding a µ−µ+ vertex from uncorrelated muons is generally low because the

magnetic field separates the oppositely-charged particles produced early in the dump. Here the

“wrong-sign” muon can only form a potential µ−µ+ vertex if the combined effects of initial beam

momenta and scattering in the dump are enough to compensate for the strong magnetic field bend-

ing its path in the opposing direction. Figure 24 (left) shows the distribution of µ+ and µ− positions

in the bending plane at the end of the dump. As µ+S → µ+µ−µ+ signal events would result from

the production of an S off of a µ+ late in the dump, signal vertices will generally be concentrated

at large x (signal efficiency is ϵsig = 95% for xdump > 10 cm), and vice-versa for µ−S events. Our

simulation predicts a contamination rate of wrong-sign muons of 3 × 10−4 after selecting events

displaced by 10 cm in the bending plane.

The rate of combinatorial µ+µ− pairs can be computed from the rate of wrong-sign scatters into

the signal-enriched region together with the expected position spread and vertex resolution. The

experimental resolution motivates a requirement that the reconstructed coordinates transverse to

the beams agree to within 2 cm, which occurs randomly in only 0.6% of background events. All

together, this toy simulation predicts a rate of 5 × 10−6 candidate pairs of 5 GeV muons per each

time sample. The distribution of masses from these background events are shown in Figure 24

(right) for a sample of 5 × 1013 MoT. Considering a 15% window in di-muon mass, we expect
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Figure 24. Left: The position of positively and negatively charged muons in the bending plane, after
traversing the beam dump. Right: The mµ−µ+ mass distribution for µ−µ+ pairs passing a common vertex
requirement.

this sample to contain about 100 combinatorial background events at 1 GeV. This background

grows rapidly with mass (a power law fit yields a dependence ∼ m15
µ+µ−), with 7 × 106 events for

mS = 2GeV, illustrating the need for novel experimental strategies to probe the high-mass region.

Less than one combinatorial background event is predicted below 800 MeV for this luminosity.

2.4.4 Estimated Sensitivity at SpinQuest

Fig. 25 shows our estimated sensitivity to the g − 2 parameter space at a SpinQuest-like exper-

iment, including the invariant mass resolution, target length, and combinatorial effects discussed

above. Our limit on gS is defined9 by solving NS/
√
NB = 3 for gS at each mass value mS .

As anticipated, with 3 × 1014 MOT, we can cover the full ∆aµ parameter space up to 2σ for

mS < 1 GeV. We estimated the combinatorial background by scaling the results of Fig. 24, but

the extremely steep scaling with mass results in a sharp degradation of the sensitivity of our pro-

posed experiment at around 1 GeV. We have verified that the sensitivity is largely unchanged for

different beam energies; the same muon flux with 30 GeV or 40 GeV muons can probe the same

parameter space, which suggests that our estimates are likely robust to the precise secondary muon

spectrum at proton beam dump experiments.

9 While systematic uncertainties are neglected in this analysis, they are expected to have negligible impact due to the
robust background estimate from mµ+µ− side-band fits. Background sculpting due to kinematic thresholds near
mS ∼ 2mµ may require careful treatment, which we will leave for future work.
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Figure 25. Sensitivity to the (g − 2)µ parameter space for a SpinQuest-like spectrometer at a proton beam
dump experiments. We assume the same fiducial parameters as discussed in Sec. 2.3, namely 20 GeV
beam energy, ℓT = 100 cm, 15% invariant mass resolution, and pT > 5 GeV on the hardest µ+µ− pair.
We include both irreducible QED background and reducible combinatorial background. A muon flux of
3 × 1014 MOT, corresponding to approximately 6 years of running at nominal SpinQuest luminosity, can
fully cover the preferred region for ∆aµ to 2σ for mS < 1 GeV.

2.5 Conclusions and Outlook

In this paper, we have introduced a new search strategy for muonphilic particles using proton

beam dump spectrometers. As primary protons impinge on a fixed target, they produce a beam of

secondary muons whose interactions with the target material can produce new muonphilic parti-

cles. If these new states decay visibly to dimuons, the daughter particles emerge from the target

region and their combined invariant mass can be reconstructed using a downstream tracking sta-

tion. This search strategy can be parasitically executed at the Fermilab SpinQuest experiment and

can achieve unprecedented sensitivity to new muonphilic particles with 3 × 1014 muons on target

and appropriate analysis cuts. Note that this experiment has been built and has started collecting

data as of Summer 2024.

While the search strategy we outlines here is general for any muonphilic particles, our discus-
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sion has been framed around particles that resolve the longstanding muon g − 2 anomaly, which

is arguably the longest-standing disagreement between SM predictions and experimental mea-

surements. Assuming the theoretical prediction of g − 2 remains unchanged with the inclusion

of recent lattice QCD results, all possible beyond-the-SM solutions should be tested comprehen-

sively. Here we have found that a proton beam dump spectrometer can cover parameter space in

a highly complementary region to missing-momentum experiments such as M3 [45], which can

probe mS < 2mµ, and NA64-µ [89], which can fully probe the parameter space for an Lµ − Lτ

gauge boson. Future B-factories such as Belle-II can also cover the visible scalar decay parameter

space [59], but the full luminosity may be a decade away. In the intervening years, our analysis

shows that proton beam dump experiments such as SpinQuest can potentially discover the new

physics responsible for ∆aµ at masses below 1 GeV in a reasonable ∼6 years of running, and

likewise has sensitivity to other muonphilic particles in this mass range.

More detailed analyses by experimental collaborations are required to produced a more refined

sensitivity projection, including in-situ measurements of the SpinQuest muon spectrum and several

detector effects such as detector reconstruction efficiency and trigger efficiency. Additional and

more sophisticated analysis techniques include multivariate kinematic selections and an optimiza-

tion of the beam dump target region. Nonetheless, even with such considerations, the sensitivity of

the SpinQuest experiment can benefit even more significantly from beamline considerations and

detector improvements. Increasing the duty factor of the SpinQuest experiment, which currently

takes data for 4 s out of 1 minute, could increase the expected MOT in a year by approximately an

order of magnitude – of course at the expense of other experiments. Furthermore, the RF bucket-

to-bucket intensity is limited by the efficiency of the slow extraction of the beam from the main

injector and the occupancy of the detector. By improving the proton beam intensity and using

more modern highly-granular tracking detectors, especially at the front of the spectrometer, the

sensitivity of the experiment could also be drastically improved.
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CHAPTER 3: SEARCHES FOR EXOTIC PARTICLES AT THE DUNE NEAR DETECTOR

The work in this section is based on “Exotic Particles at the DUNE Near Detector from Charged

Pion Scattering”, published as an article in Physical Review D Volume 110, Article 095029 on 26

November 2024. The work was authored by myself, Yonatan Kahn, and Rachel Nguyen. During the

writing and publication of this paper, the three of us were affiliated with the Department of Physics

at the University of Illinois at Urbana-Champaign, as well as the Illinois Center for Advanced

Studies of the Universe here at UIUC. In this paper, we analyzed the sensitivity of the DUNE Near

Detector complex to millicharged particles (MCPs) and heavy axion-like particles (ALPs) with

low-energy couplings to gluons. Using the framework of chiral perturbation theory, we demon-

strated regimes of parameter space where the charged pion production channel dominates over

previously-considered production mechanisms for both MCPs and ALPs, thereby improving the

sensitivity of DUNE to these new particles compared to previous studies. The bulk of my work that

contributed to this paper was focused on the MCP search. I simulated the events with MadGraph, I

talked to the authors of a reference we followed closely to ensure we understood the search strategy

and definition of the signal well, I implemented various cuts by hand, and I calculated and plotted

the MCP search sensitivity.]

In the search for light, weakly-coupled extensions to the Standard Model, fixed-target exper-

iments have proved to be an extremely useful approach (see Ref. [118] and references therein).

Trading energy for luminosity compared to colliding-beam experiments, these O(10 − 100) 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 [3, 119–121] have demonstrated that as part of

the upcoming DUNE program [122–125], the neutral meson channel yields excellent sensitivity to

millicharged particles (MCPs) (denoted χ) or heavy axion-like particles (ALPs) coupled to QCD

(denoted a).

However, previous analyses have overlooked an additional 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 [101]. As a charged pion traverses
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the target, it can scatter off the target nuclei and produce BSM particles through bremsstrahlung-

like processes, 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 = 93MeV is the pion decay

constant. This production channel was first considered for dark photon production at DarkQuest

[126], where it was shown that charged pion bremsstrahlung generated comparable event rates to

the Drell-Yan production channel for GeV-scale dark photons.

In this paper, we follow the logic of Ref. [126] to search for MCPs and heavy ALPs at DUNE

through secondary charged pion scattering. The MCP 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 chan-

nel except in narrow resonance windows around the neutral meson masses, and is comparable to

the expected rate from kaon decays [121]. At high axion masses, charged pion scattering pro-

vides additional 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. 3.1, 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. 3.1.1, 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. 3.2, 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. [3, 119]. In Sec. 3.3, we do the same for the heavy axion

model of Ref. [120]. We conclude in Sec. 3.4.

3.1 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) Com-

plex. 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
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Figure 26. A simple schematic of the experimental setup for MCP (left) and ALP (right) searches. Note that
the DUNE ND Complex contains ArgonCube and the Multi-Purpose 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 [3], described in more
detail in Sec. 3.2.2.

POT over a 10-year run [122–125, 127]. The ND Complex is located 574 meters down the beam

line from the target, and will contain two argon detectors: ArgonCube, a 50 ton liquid argon time

projection chamber (LArTPC), and the Multi-Purpose Detector (MPD), a gaseous argon time pro-

jection 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 downstream from ArgonCube 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 Com-

plex, as was proposed in [3]. To make a direct comparison with Ref. [3], we consider the same

setup: three stacks of scintillator arrays in a 1 m × 1 m detection area, coupled to photomulti-

plier 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 |Q| = 1.

In Fig. 26, we show a schematic of the DUNE ND complex and the detectors of interest. Rel-

evant background processes for each of our BSM signatures will be discussed in Secs. 3.2 and

3.3.

3.1.1 Simulation Details

In order to calculate the production and detection of new particles at DUNE ND, we perform

a Monte Carlo simulation. In this section, we outline the general simulation setup that generates

BSM events from charged pion-nucleon scattering and estimates the detection efficiency within
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the detectors described above. In Secs. 3.2 and 3.3, we will specify to MCPs and heavy axions,

respectively.

3.1.2 Charged Pion Production

When the 120 GeV DUNE proton beam collides with the target, it produces a multitude of SM

mesons, including π, η, η′ 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 to make

a direct comparison with previous studies [3, 101, 119, 120, 126], 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 [101], 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 Nη′ ∼ 0.04.10 The total number of charged pions can be written as an

integral over the energy spectrum of charged pions produced,

Nπ =

∫
dEπ

dNπ

dEπ

. (23)

For simplicity, we assume Nπ+ = Nπ− = Nπ±/2. The energy distribution of the charged pions is

shown in Figure 27. 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 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.

3.1.3 BSM Particle Flux

Exotic particles may be created from pion-nucleon scattering, π±N → π±N ′X , where we will

later consider X = a or χχ̄.11 For sufficiently small momentum transfers, we can describe the

scattering process using chiral perturbation 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,
10 Treating 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 [3, 101]. Ref. [3] (also Ref. [120]) found Nπ0 ∼ 4.5 (2.9),
Nη ∼ 0.5 (0.33) for the DUNE target, which only differ by ∼ 20% from our values.

11 Axions can also be produced through the subdominant pion conversion πN → aN .
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Figure 27. 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 [101].

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 [128].

The total cross section for the scattering process in the lab frame is

σ =
1

4EπMn

∫
dΠ

(
Z⟨|M (p)|2⟩+ (A− Z)⟨|M (n)|2⟩

)
, (24)

where Eπ is the energy of the incoming pion, Mn is the nucleon mass, dΠ is the 3- or 4-body

phase space measure, Z = 6 is the atomic number of the graphite target, A = 12 is the mass

number, and ⟨|M (p,n)|2⟩ are the spin-averaged matrix elements for π± scattering off protons or

neutrons, respectively.12 For both axion and MCP production, we perform a Monte Carlo integral

of the cross section using MadGraph5 [130] to generate events.For both models, we compute the

relevant matrix elements using chiral perturbation theory, where the Lagrangian for the MCP model

is given by Eqs. (33)–(34), and for the axion model by Eq. (39); further details of the calculations

for each model are given in Sec. 3.2 and Sec. 3.3 below. To remain within the regime of validity
12 There 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 [129], 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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of leading-order chiral perturbation theory, we implement momentum cutoffs,

tn ≡ −(p′n − pn)
2 ≤ (4πfπ)

2 (25)

tπ ≡ −(p′π − pπ)
2 ≤ (4πfπ)

2 (26)

as phase space cuts, where pn (pπ) and p′n (p′π) are the initial and final nucleon (pion) 4-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 [126] 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 ener-

gies into i = 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, σ(Eπ,i,m, κ), in MadGraph5 for each energy

bin, mass, and coupling value we consider. With the discretized charged pion energy distribution

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 = 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 possible

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 number of BSM particles

produced within one interaction length of the dump is

NX(mX , κ) = L×
N0∑
i=1

Nπ,i σπ(Eπ,i,mX , κ). (27)

Here the luminosity is defined as

L = lπnTPOT, (28)

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
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generating NMC = 10000 Monte Carlo events for each BSM process and keeping only events that

enter the detector geometry. The number of accepted BSM particles is then

NX(m,κ)acc. =
L

NMC

∑
events∈geom.

N0∑
i=1

Nπ,i σπ(Eπ,i,m, κ). (29)

3.1.4 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.

3.2 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 = e−Ldet/(γcτ) × (1− e−Ldec/(γcτ)), (30)

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 = Pdecay × BR(X → Y )×NX,acc., (31)

where NX,acc. is given in Eq. (29) and BR(X → Y ) is the branching ratio of the BSM particle X

decaying to the SM particles Y which can be detected.

3.2 Millicharged Particles

To make contact with previous studies of MCPs [3, 119], we consider a model where a fermionic

MCP χ with mass mχ has electric charge Q = eϵ, with e =
√
4πα the QED gauge coupling and
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ϵ≪ 1. The MCP therefore couples to the SM photon Aµ through the Lagrangian

Lχχ̄ ⊃ χ̄ (iγµ∂µ −mχ)χ+Qχ̄γµχAµ + LπN + LπNA, (32)

where LπN and LπNA are pion-nucleon and pion-nucleon-photon Lagrangians described by chiral

perturbation theory. Following Refs. [126, 131–135], pion-nucleon interactions can be described

by

LπN ⊃ gA
2fπ

(
p̄γµγ5p∂µπ

0 − n̄γµγ5n∂µπ
0

+
√
2p̄γµγ5n∂µπ

+ +
√
2n̄γµγ5p∂µπ

−
)

+
i

4f 2
π

(
p̄γµp(π+∂µπ

− − π−∂µπ
+)

+ n̄γµn(π−∂µπ
+ − π+∂µπ

−)

+
√
2n̄γµp(π−∂µπ

0 − π0∂µπ
−)

+
√
2p̄γµn(π0∂µπ

+ − π+∂µπ
0)

)

(33)

where p and n are the proton and neutron spinors, π0 and π± are the pion fields, fπ = 93 MeV is

the pion decay constant, and gA = 1.27 is the axial coupling determined from neutron beta decay

[136]. Similarly, the pion-nucleon-photon interactions are described by

LπNA ⊃ ieAµ

(
π−∂µπ+ − π+∂µπ−

)
+ e2AµA

µπ+π− + eϵAµp̄γ
µp

+
iegA√
2fπ

Aµ

(
n̄γµγ5pπ− − p̄γµγ5nπ+

)
+

e

2f 2
π

Aµ

(
n̄γµnπ+π− − p̄γµpπ+π−

+
1√
2
n̄γµpπ0π− +

1√
2
p̄γµnπ0π+

)
.

(34)

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 dia-

grams for MCP production from π−p scattering are shown in Fig. 28. Note that in order to preserve

the Ward identity, we must sum over all diagrams and cannot claim that a subset are parametrically
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Figure 28. Leading-order Feynman diagrams for MCP production through π−-proton scattering. A similar
set of t-channel diagrams exists for π+-proton scattering. Similarly, corresponding s- and t-channel dia-
grams also exist for π−-neutron scattering.

suppressed compared to the rest; the usual intuition that bremsstrahlung is suppressed for radiation

by heavy particles does not hold in the non-renormalizable chiral Lagrangian [126]. A similar set

of diagrams related by crossing and isospin symmetry exist for π−n, π+p, and π+n scattering. To

obtain the full cross section, we must sum incoherently over all four channels.

3.2.1 MCP Flux

Given the large multiplicity of Feynman diagrams contributing to πN → πNχχ̄ and the 4-

body final state, we use MadGraph to calculate the cross section with momentum cutoffs given

by Eqs. (25)–(26) that ensures our cross sections are reliable within the regime of validity of chiral

perturbation theory. As shown in Fig. 29, 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 = LNπ± (σπ+ + σπ−) . (35)

To model how many MCPs can reach the detector, we implemented an angular cut on MCP trajec-

tories as depicted in Fig. 26. For an expected detector area of 1 m2 at a distance of 574 m from the

target, the angular acceptance is θacc. = 8.71× 10−4 rad. The expected flux of MCPs as a function

of MCP mass is shown in Fig. 30. 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. [126], the relative
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Figure 29. The total inclusive cross section for the scattering process πN → πNχχ̄, summed over all
charged pion and nucleon channels as in Eq. (24), 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 = 400 MeV is an artifact of
the soft singularity of QED in MadGraph, which is why we restrict our analysis to mχ > 400 MeV.
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Figure 30. Number of MCP Nχ incident at the DUNE ND, for 1021 POT and ϵ = 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.

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 = 400 MeV as Eπ → 0 in Fig. 29), so we do

not show the flux for mχ < 400 MeV. That said, based on the results of Ref. [126] for similar

kinematics, we strongly expect that the flux will be subdominant to meson decays in this mass
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range and will not yield any additional gains in sensitivity.

3.2.2 MCP Detector Signatures and Backgrounds

The proposed MCP detector design is based on that of MilliQan [137, 138]. The signature

for detecting a MCP is three soft ionizations through the scintillator arrays that are collinear with

the beam line and target, detectable through the collection of photoelectrons by PMTs. Following

Ref. [3], 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. [3], we make identical assumptions about the backgrounds, yielding an

estimate of about 600 events per year; we refer the reader to Ref. [3] for more details about the

background processes.

3.2.3 MCP Sensitivity at DUNE ND

In the FerMINI design [3, 139], a minimum-ionizing particle with charge |Q| = 1 would pro-

duce approximately 106 photoelectrons (PE) in a 1 m plastic scintillator with a density of ρscint. = 1

g/cm3. Thus MCPs with charge Q = 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

P (ϵ) =
(
1− e−NPE(ϵ)

)3

, (36)

where NPE denotes the average number of photoelectrons produced from soft ionization. We use

the approximation of NPE(ϵ) =
(

ϵ
ζ

)2

where ζ = 2 × 10−3. This value of ζ corresponds to a

Saint-Gobain BC-408 plastic scintillator [3, 138]. 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. (35) and (36),

NS = P (ϵ)Nχ(mχ, ϵ). (37)

Assuming that the scintillators can detect values as low as ϵ = 10−4, we compute the projected 95%
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Figure 31. 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
Meson + Drell Yan” is our reproduction of the projected sensitivity from Ref. [3]. The milliQan HL-LHC
projected sensitivity [137, 138] is plotted in teal, and the LANSCE-mQ at ER1 [141] projected sensitivity,
using 5.9 × 1022 POT (about 3 years of beam time), is plotted in blue. Shaded regions are existing limits
from SLAC ([74], peach), SENSEI ([142], yellow), BEBC ([143], light pink), Charm II ([144], light green),
LSND ([83], olive green), MiniBooNE ([83], gray), ArgoNeuT ([84], light blue), and colliders ([145],
burgundy).

CL limit, i.e. NS/
√
NB = 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. 31 along with constraints

and projections from other beam-dump, collider, 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. [3] for the total number of MCPs that reach the target, and then applying Eq. (36) in

order to model the scintillator response. We find that we reproduce the sensitivity in Ref. [3] to

within about a factor of 2, with any differences likely due to slightly different treatments of the

angular acceptance [140], 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.

3.3 Heavy Axion-like 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

49



problem [146]. 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. [120].

As we have done with MCPs in Sec. 3.2, we will demonstrate the additional sensitivity gained

from charged pion production, which is an irreducible production channel in this model.

As in Ref. [120], we consider a low-energy ALP model where at scales µ = O(1) GeV the ALP

is only coupled to gluons,

La =
αs

8πfa
aGa

µνG̃
aµν . (38)

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

field strength tensor. Following [147–149], 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 parameterization which eliminates

mass mixing between the axion and the π0, we obtain

LaπN =
gA
2fπ

(
∂µπ

0(p̄γµγ5p− n̄γµγ5n)

+
√
2∂µπ

+p̄γµγ5n+
√
2∂µπ

−n̄γµγ5p

)
+
∂µa

2fa

(
Capp̄γ

µγ5p+ Cann̄γ
µγ5n

+
CaπN

fπ
(iπ+p̄γµn− in̄γµp)

)
+
∂µa

2fa

Caπ

fπ
(π0π+∂µπ− + π0π−∂µπ+ − 2π+π−∂µπ0),

(39)

where the various axion couplings are given as

Cap − Can = gA

(
mu −md

mu +md

)
,

Cap + Can = −g0,

CaπN =
Cap − Can√

2gA
,

Caπ =
2(Cap − Can)

3gA
.

(40)
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Figure 32. Leading-order diagrams for axion production from π+-neutron scattering. A similar set of t-
channel diagrams exists for π+-proton scattering, and corresponding s- and t-channel diagrams also exist
for π− scattering.

As in Sec. 3.2, fπ = 93 MeV is the pion decay constant, gA = 1.27 is the nucleon axial coupling,

and g0 = 0.52 is another axial coupling extracted from lattice QCD simulations and evaluated at

an MS scale µ = 2 GeV [150]. Note that the chiral rotation which generates these couplings will

also generate an axion-photon coupling; 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. 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 analysis which simultaneously treats mixing and

scattering in order to capture any potential interference effects.

3.3.1 ALP Flux

Axions may be emitted from pion-nucleus scattering through π±N → π±N ′a. Below squared

4-momentum transfers of (4πfπ)2, we can describe the scattering using chiral perturbation theory,

using the Lagrangian in (39). The pions would incoherently scatter off the nucleons contained

within the target nuclei. The leading-order amplitudes Feynman diagrams for π+n scattering are

shown in Fig. 32, with similar diagrams for the other charge and isospin channels. We implement

this model in Madgraph according to the methods in Sec 3.1.2, and show the cross section as

a function of incident pion energy in Fig. 33. The derivative couplings in Eq. (39) yield a cross

section growing faster with Eπ than the MCP cross section studied in Sec. 3.2. In addition, we
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Figure 33. The cross section for the scattering process πN → πNa as a function of incoming pion energy
Eπ for range of axion masses and fa = 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.

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. π+n → ap. However, it

turns out that the production cross section for 2 → 3 scattering is an order of magnitude 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 π+ 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 π+ 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 an 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.13 We explore this

somewhat counterintuitive feature of the axion cross section in Appendix .

13 Due to 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. We thank Joshua Berger for discussions on this point.
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Figure 34. 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
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For ma ≲ 4πfπ, axion production from charged pion scattering dominates the flux, with the exception of
where ma resonates with the neutral meson masses.

We can now calculate the flux of axions at the DUNE ND, using

Φa =
L

A
× (Nπ+σπ+ +Nπ−σπ−), (41)

whereA 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.

Fig. 34 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 O(10 − 106) 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 dimensional analysis estimate. The number of

axions produced through neutral pion mixing is [120]

Nπ0→a ∼ NPOTNπ0

(
1

6

fπ
fa

m2
a

m2
a −m2

π

)2

. (42)

For the production of axions through charged pion scattering, each diagram in Fig. 32 has two
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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

σ(πN → πNa) ∼ 1

16π

E4
π

f 2
af

4
π

, (43)

where we have included a 3-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

lπnTm
4
π

f 6
π

∼ 1.5× 108
(

Eπ

1 GeV

)4(
10 MeV

ma

)4

. (44)

This is reasonably close to the ∼ 106 enhancement seen in Fig. 34, which accounts for all of the

order-1 coupling factors, the true pion energy distribution, and the detector’s geometric acceptance.

3.3.2 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. [120]). For ma < 3mπ, the axion will primarily decay into two photons,

a→ γγ. The decay width is given by [151]

Γa→γγ =
αEM

256π3

m3
a

f 2
a

c2γ, (45)

where

cγ =− 1.92 +
1

3

m2
a

m2
a −m2

π

+
8

9

m2
a − 4

9
m2

π

m2
a −m2

η

+
7

9

m2
a − 16

9
m2

π

m2
a −m′2

η

.

(46)
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For 3mπ < ma ≲ 1 GeV, the axion decays to primarily to hadrons through a → 3π and a → ππγ

[120, 151].

We consider the case where the axion decays within the liquid and gaseous argon detectors at

DUNE ND, between 574 and 584 m from the target, with an angular acceptance of ∼ 3 mrad

(see Fig. 26). 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

be within the angular resolution of the detectors. As a result, the decay products are also highly

boosted compared to background events [120]. Much of the background in both detectors comes

from neutrino-related scattering processes in the argon tanks [120, 127]. Both the diphoton and

hadronic backgrounds would have low energies and would result in a roughly isotropic signa-

ture. Since our axion signal is highly boosted, we can easily distinguish signal from background

events [120].

3.3.3 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 accord-

ing to the methods described in Sec. 3.1.4, using the axion decay length cτa from Refs. [120, 152].

The number of axion signal events is then

NS = Pdecay × BR(a→ X)×Na, (47)

where Na = AΦa with Φa in (41), and BR(a→ X) is the branching ratio of the axion decaying to

either photons or hadrons [151, 152].

In Figure 35, we show the sensitivity of DUNE ND to 3 or more signal events in 10 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 cut-

off tn, tπ < (4πfπ)
2, we do not find additional sensitivity beyond the largest ma considered in

Ref. [120]. 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. [121] 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
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Figure 35. The sensitivity of DUNE ND to 3 or more heavy ALP signal events over 10 years of data
collection from charged pion scattering (purple) along with other projections and constraints. We show
projections for DUNE ND (solid) along with FASER [153] (green dot-dashed). The projection for an axion
signal from neutral meson and gluon-gluon fusion production are shown in blue [120]. The pink curve,
adapted from Ref. [121] 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 [154] for invisible kaon decays,
SN1987A [155, 156], and cosmology [157]. In the shaded region labeled “Existing Constraints” we include
bounds from invisible kaon decays from E787 and E949 [155], electron beam dump [158–160], CHARM
[161], visible kaon decays [162], B meson decays [151], and LHC di-jet searches [163].

production modes comparable.

3.4 Conclusion

In this chapter, I discussed our exploration of the sensitivity of the 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 scattering 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. [121], can likely fully probe remaining parameter space forma ≲ 250MeV between

the recent NA62 limits and the SN1987A constraint.

For both sensitivity calculations, we only considered the BSM particle production from a scat-

tering event within the first pion interaction length. However, the energy of the pion is not com-

pletely depleted after this event but is only reduced by a factor of 1/e on average. The sensitivity to
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Figure 36. The cross sections σ(π−p → an) (solid) and σ(π0p → ap) (dashed) as a function of Can values.
We used the parameters ma = 0.5 GeV, fa = 104 PeV, and Cap = −0.49. The vertical gray line indicates
our model value Can = −0.03. We have plotted the cross section for three incoming pion energies Eπ = 5

GeV (orange), Eπ = 10 GeV (pink), and Eπ = 50 GeV (purple). We see that σ(π−p → an) approaches
2×σ(π0p → ap) as Can approaches Cap. For all other values of Can, σ(π−p → an) exceeds σ(π0p → ap)

by at least a factor of 2.

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 tar-

get 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 com-

plete treatment of the high-momentum-transfer regime which interpolates between the chiral La-

grangian and perturbative QCD. Such a treatment would involve, for example, quasi-elastic scatter-

ing processes and target mass corrections, and for ALPs would consider the scattering and mixing

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 understand-

ing neutrino-nucleus cross sections [128]. 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,
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BSM phenomenology, and neutrino physics to maximize the science potential of DUNE.
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CHAPTER 4: CONCLUSION

This thesis has focused on searching for new physics by proposing new beam dump searches

or modifications to existing beam dump searches. In section , we proposed a search strategy for

a scalar particle S whose coupling to the muon could resolve the (g − 2)µ anomaly. The search

strategy would take advantage of the S particle’s prompt decay into a pair of muons in order to

find it. Specifically, we suggested hitting a low density target with a high-flux muon beam to

produce the S particle through bremsstrahlung, which would then decay into a pair of muons.

Hence, the signal would be an outgoing µ− and µ+ whose invariant mass is equal to the mass

of the scalar particle. We suggested accepting only events that passed a 15% invariant mass cut,

described in section 2.3.2, as well as a cut requiring that the momentum of the higher energy µ−

and corresponding µ+, measured in the forward direction along the beam line, were both greater

than 5 GeV. These cuts would allow the experiment to be sensitive to the relevant parameter space

that would resolve the (g−2)µ anomaly. With a flux of 3×1014 muons on target, the search would

take about 6 years of running at SpinQuest at Fermilab. The SpinQuest collaborators at Fermilab

began taking data during the summer of 2024 and we will know within the next 5 years whether

they found any signal that would indicate BSM physics. If such evidence is found, physicists

would not only have discovered a new type of particle, but as a community, we would be one step

closer to resolving existing problems with the Standard Model.

In section 3.1, we described the equipment at Fermilab that we would use for a MCP search.

Following the setup of an experiment called FerMINI, we would use DUNE’s 120 GeV proton

beam and graphite target, alongside installation of PMTs and scintillator arrays, to detect MCPs.

We noticed that no existing literature discussed what additional reach you would get if you con-

sidered the additional MCPs generated from charged pion scattering, so this was the focus of our

work on this project. The protons would scatter off of nuclei through the graphite target to gener-

ate charged pions that would then secondarily scatter to produce a χχ̄ pair from a virtual photon.

After carefully implementing an angular resolution cut to take the detector geometry into consider-

ation, as well as throwing out events that did not satisfy the chiral cutoff described in section 3.1.3,

we found that charged pion scattering offers additional sensitivity to detecting MCPs for masses

1.5 GeV ≲ mχ ≲ 3 GeV. Lastly, we proposed a search for heavy axion-like particles (ALPs) us-

ing charged pion scattering at DUNE’s Near Detector Complex. We would use their proton beam
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to generate charged pions that would then scatter to generate ALPs, detectable through their decays

into SM particles. Using chiral perturbation theory, we found that the increased production rate

from charged pion scattering improves the projected sensitivity of DUNE in both the long-lifetime

(small 1/fa) and short-lifetime (large 1/fa) regimes. Our proposed MCP and ALP searches pave

the way for experimentalists to use existing detectors with minimal modifications to have a chance

to discover new physics. As technology improves, detectors will have increasing sensitivity to

smaller couplings which could open the door for further discovery.
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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. In our calcula-

tion of σ(π0N → π0Na) in Madgraph, we found that the flux of axions was approximately an

order of magnitude less than that of π±N -scattering in Fig. 34. 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, π+n→ ap, π+p→ an.

In the gluon dominance model, Cap = −0.49 and Can = −0.03. To isolate the dependence

on the proton and neutron couplings, we compare σ(π0p → ap), which only depends on Cap, to

σ(π−p → an), which depends on both Cap and Can. These two processes have similar Feynman

diagrams, apart from an additional contact diagram for the π−p scattering. Since CaπN = 0 when

Cap = Can, we expect σ(π−p→ an) = 2× σ(π0p→ ap) 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 Figure 36, we plot the cross sections σ(π−p → an) and σ(π0p → ap) for a fixed Cap =

−0.49 while varying Can ∈ [−1, 1]. We chose to vary Can values because the neutral pion scat-

tering does not depend on Can. We see the expected behavior as we approach Cap = Can, but

away from this limit, σ(π−p → an) can be orders of magnitude larger than σ(π0p → ap). At the

physical value Can = −0.03, the ratio of cross sections is:

σ(π−p→ an)

σ(π0p→ ap)
= 2. (48)

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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