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We analyze the unique capability of the existing SeaQuest experiment at Fermilab to discover well-
motivated dark sector physics by measuring displaced electron, photon, and hadron decay signals behind a
compact shield. A planned installation of a refurbished electromagnetic calorimeter could provide powerful
new sensitivity to GeV-scale vectors, dark Higgs bosons, scalars, axions, and inelastic and strongly
interacting dark matter models. This sensitivity is both comparable and complementary to NA62, SHiP, and
FASER. SeaQuest’s ability to collect data now and over the next few years provides an especially exciting
opportunity.
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I. INTRODUCTION

Dark matter (DM) provides compelling evidence that we
are overlooking new fundamental forms of matter and
forces. While tremendous progress has been made looking
for DM candidates that are charged under known Standard
Model (SM) forces [e.g., weakly interacting massive
particles (WIMPs)], searches to date have only provided
powerful exclusions. This fact, as well as independent
theoretical motivation, has triggered a great deal of effort to
search for DM candidates and associated interactions that
are SM neutral: dark sectors. Particular attention has been
given to exploring new particle interactions at GeV scales
and below, and a vibrant set of efforts to look for dark
photons, scalars, and a variety of DM models is now
underway. Because dark sectors are expected to interact
feebly with the SM, either through loop- or mass-
suppressed operators, many models have long-lived par-
ticles that decay back to SM states with a detectable
lifetime. In fact, many existing experiments aim to take
advantage of such signatures, such as the Heavy Photon
Search (HPS), various beam dump experiments, and
searches at the LHC [1–10].
An especially fruitful direction of recent investigation

has focused on the use of high-energy proton beams in
fixed-target setups to produce and detect long-lived

particles. Compared to electron beams, proton beams
offer several advantages. First, dark photon and dark
Higgs production rates on a thick target are typically
several orders of magnitude larger for proton beams than
comparable-intensity electron beams, due to their higher
penetrating power and enhancements from meson decay
reactions and/or strong interactions. Second, proton reac-
tions on a thick target also produce cascades of muons and
mesons whose scattering in the beam dump serves as an
additional signal production source for axions or lepto-
philic Higgs bosons. Third, there are several existing and
planned high-energy proton beams that provide a signifi-
cant boost to enhance the laboratory lifetime of new states.
To date, most work has focused on recasting results from
past proton beam dump experiments [1,2,11,12], followed
by a series of proposals for future experiments such as SHiP
[13] and FASER [14]. However, comparably little attention
has been given to existing proton fixed-target experiments
(aside from NA62 [15]), especially those with access to
meter-scale decay lengths.
In this paper, we show that the existing SeaQuest

experiment at the Fermi National Accelerator Laboratory
(Fermilab), with only modest changes, can be used to
search for particles with meter-scale lab-frame displace-
ment, with a reach comparable and complementary to
SHiP, FASER, and NA62. The SeaQuest setup is rather
unique for its compactness and its access to Fermilab’s
currently operational 120 GeV proton beam (see Sec. II). It
is currently capable of detecting displaced decays into
muons, and, in the near future, can be upgraded to detect
electrons and identify charged pions. We discuss how
ongoing and near-term upgrades to SeaQuest can provide
sensitivity to a wide variety of dark sectors, and we
illustrate this by calculating sensitivities to several impor-
tant benchmark models, including dark photons, dark
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Higgs bosons, inelastic DM, leptophilic scalars, and axion-
like particles.
The paper is organized as follows. In Sec. II, we

introduce the SeaQuest experiment and discuss the possible
upgrades of the present apparatus. In Sec. III, we discuss
general aspects of our analysis. Sections IV–VI focus on
dark-photon-initiated signals. In Sec. IV, we discuss the
physics of dark photon production in proton fixed-target
collisions and contrast with production in electron-target
collisions. In Sec. V, we analyze the prospects of detecting
a minimal dark photon at SeaQuest (which has also been
discussed in Ref. [16]). In Sec. VI, we study SeaQuest’s
sensitivity to dark photons decaying into inelastic DM. In
Secs. VII and VIII, we briefly discuss the prospects for
SeaQuest to detect models of leptophilic scalars, minimal
dark Higgs bosons, and axion-like particles. Conclusions of
this work are presented in Sec. IX.

II. THE SEAQUEST EXPERIMENT

The SeaQuest spectrometer is currently operating at
Fermilab with access to the 120 GeV main injector proton
beam [17]. It is designed to study the sea quark content of
the proton by measuring Drell-Yan dimuon production
from the collision of protons with various nuclear and
polarized targets. Recently, the experiment has seen the
installation of a displaced vertex trigger [18–20], allowing
the detection of muons originating from the decays of
exotic long-lived and low-mass particles.
A schematic layout of the SeaQuest detector is shown in

Fig. 1. The detector extends up to ∼25 m in length and is
comprised of a series of tracking/triggering and muon-
identification stations. A 5 m long magnetized iron block
(“FMAG”) is placed≲1 m downstream from a thin nuclear
target.1 This serves as a focusing magnet and a beam dump
for the relatively unattenuated proton beam. Its magnetic

field imparts a kick of ΔpT ≃ 2.9 GeV and effectively
sweeps away soft SM radiation, aside from, e.g., high-
energy neutrinos, muons, and neutral mesons. An addi-
tional 3 m long open-aperture magnet (“KMAG”) is placed
between the first two tracking stations and imparts a
transverse momentum kick of ΔpT ≃ 0.4 GeV in order
to facilitate accurate momentum reconstruction.
SeaQuest offers a unique combination of advantages

compared to previous and existing high-intensity experi-
ments. For instance, compared to electron beam dumps,
SeaQuest benefits from large particle production rates.
Compared to previous proton beam dumps, SeaQuest
operates at a higher energy than the Liquid Scintillator
Neutrino Detector (LSND) [21] (∼120 GeV vs ∼0.8 GeV)
and is sensitive to shorter decay lengths than CHARM [22]
(∼1 m vs ∼100 m). Other high-intensity proton beam
experiments are expected to acquire data in the near
and more distant future. For instance, NA62 [15] and the
proposed SHiP experiment at CERN [13] will have access to
the 400 GeV SPS beam. However, these instruments will
have a longer decay volume, thicker shielding, and a
complementary sensitivity to longer lifetimes (see Table I
below). Aswe explore in this work, SeaQuest can potentially
probe large regions of motivated and currently unexplored
model space in the near future with minor upgrades to the
existing spectrometer.
A parasitic run at SeaQuest using the displaced vertex

trigger recently acquired∼3 × 1016 protons on target (POT)

FIG. 1. Layout of the SeaQuest spectrometer in its current form (adapted from Ref. [16]).

TABLE I. A summary of relevant features of upcoming high-
intensity proton fixed-target experiments. Using Eqs. (17) and
(18), these parameters can be used to estimate the experimental
sensitivity to decays of long-lived particles, such as dark photons.

Ebeam pmin POT zmin zmax

SeaQuest 120 GeV 10 GeV 1018–1020 5 m 10 m
NA62 400 GeV � � � 1018 100 m 250 m
SHiP 400 GeV 100 GeV 1020 65 m 125 m
FASER 6500 GeV 1 TeV 1016–1017 390 m 400 m

1A 25 cm hole along the beam line is drilled into the front of
FMAG, in order to spatially separate events originating from the
nuclear target and the dump, without increasing single muon rates
from the decay of charged pions in flight.
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of data in the search for long-lived particles [23]. The signal
is a muon pair that is significantly displaced from the front
of FMAG. An additional run utilizing the displaced muon
trigger has been approved to begin at the end of 2018 and
will acquire ∼1.44 × 1018 POT in 2 years of parasitic data
taking, equivalent to ∼35 ab−1 of integrated luminosity
[24]. We will denote this luminosity phase as “Phase I.” As
another benchmark luminosity, we also outline the
SeaQuest reach with 1020 POT (“Phase II"), a data set
similar to that of MiniBooNE [25] and the proposed SHiP
experiment, which could be collected in the coming years
as a result of the Fermilab Proton Improvement Plan [26]
(after the long beam shutdown lasting from 2024–2026).
At SeaQuest, there are plans to install a refurbished

electromagnetic calorimeter (ECAL) from the PHENIX
detector at Brookhaven National Laboratory within the next
few years [18,19,23]. The collaboration plans to submit an
official proposal to the Fermilab physics advisory commit-
tee in 2019 to install the ECAL at the end of the next
polarization target run in 2021 and acquire ∼1018 (1020)
POT by 2024 (2030s). This upgrade would allow SeaQuest
to measure energetic electrons, enlarging the discovery
potential for long-lived particles below the dimuon thresh-
old. In this study, we discuss the physics goals that could be
achieved after the proposed ECAL upgrade. The optimal
location for the calorimeter within the spectrometer is
uncertain, as is the specific form of the displaced electron
trigger. For concreteness, we assume that the ECAL is
installed between tracking stations 3 and 4, i.e., in place of
the hadron absorber wall, as shown in Fig. 1. In this case,
tracking in station 4 can be utilized for additional particle
identification by functioning as a muon veto. As noted in
Ref. [16], it might be necessary to add an additional small
magnet after FMAG in order to properly separate electron
pairs. In the remainder of this work, we assume that the
electrons are adequately separated and that SeaQuest’s
vertexing capability is efficient in this setup.
An ECAL upgrade would also present an opportunity to

conduct a search with lower (or at least very different)
backgrounds than dimuon searches. A possible background
in the muon channel consists of energetic pairs of muons
that originate from prompt SM processes. These muons can
multiple-scatter within the iron dump and emerge from the
back end of FMAG as if they originated from a displaced
vertex. The magnetic focusing effect of FMAG signifi-
cantly reduces this background relative to naive expect-
ations, but it has not yet been measured or computed in the
low-mass phase space and may be limiting. In contrast,
prompt electrons are easily blocked in the thick iron dump
so that fake displaced vertices never arise in the dielectron
channel. Hereafter, we will adopt the standard assumption
taken by the SeaQuest Collaboration, namely that electron
pairs originating downstream of FMAG constitute a nearly
background-free signal. We will discuss the validity of this
assumption below.

III. GENERAL ANALYSIS

In this section, we discuss our assumptions regarding
SeaQuest’s sensitivity to displaced vertices and our mod-
eling of the experimental acceptance. In Sec. III A, we
describe three possible fiducial decay regions that may
allow for low-background dielectron searches at SeaQuest.
We discuss backgrounds from true displaced vertices (e.g.,
semileptonic K0

L decays), which are argued to be negligible
for the tightest decay region but may be a concern for
the looser fiducial regions. Nonetheless, we will assume
throughout this work that backgrounds can be reduced to the
Oð1Þ-event level. Therefore, our sensitivity projections for
SeaQuest correspond to regions of parameter space where at
least ten signal events are expected. In Sec. III B, we discuss
our treatment of the geometric detector acceptance and the
effects of KMAG on particle trajectories. We emphasize that
the geometric acceptance and decay length distributions
cannot be factorized because the acceptance favors highly
boosted tracks that are less strongly deflected by KMAG.

A. Fiducial decay regions
and background considerations

We will investigate three possible fiducial decay regions
(as measured from the upstream end of FMAG):

(1) 5–6 m: After FMAG and before station 1.
(2) 5–9 m: After FMAG and before KMAG.
(3) 5–12 m: After FMAG and before the end of KMAG.

In this case, KMAG only exerts a partial ΔpT kick,
corresponding to the fraction of the magnet traversed
by the electron pair.

Throughout this work, we will investigate the physics
implications for searches in each of these setups assuming
negligible background, though we stress that this might be
too optimistic for the larger decay regions.

Electrons originating in the 5–6 m region bend in the
magnetic field of KMAG, which allows for accurate
momentum and pointing measurements after tracking in
stations 1–3. This is the most conservative fiducial region.
In the 5–9 m decay region, electrons need not pass

through station 1, and, hence, momentum reconstruction is
not possible with KMAG alone. In this case, energy
deposition in the ECAL provides the only estimate of
the electrons’ energies, degrading the ability to accurately
reconstruct the location of the primary vertex and momen-
tum of its progenitor. However, if backgrounds can none-
theless be kept to sufficiently low levels, the larger decay
volume is advantageous.
This is also the case for the 5–12 m decay region. In

addition, decay products emerging within KMAG receive a
smaller ΔpT kick. Therefore, in parts of this decay region
even very soft final-state particles can enter the detector
acceptance. For example, a forward-going electron must
have energy Ee ≳ 2 GeV to fall within the detector
acceptance if it is produced immediately upstream of
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KMAG; if it only experiences 1=4 of the KMAG field, this
energy threshold drops to ∼0.5 GeV. This has a minor
impact on the acceptance of visibly decaying dark photons
or dark Higgs bosons, but significantly enhances the
acceptance of lower-energy signals like the inelastic DM
models considered in Sec. VI. Of course, it also allows
for contributions from low-energy backgrounds that are not
relevant for the other two fiducial decay regions. Studies of
the 5–12 m region also give some indication of how the
yield-limited sensitivity of SeaQuest—even with a smaller
decay region—would change if the KMAG magnetic field
was reduced.
A potentially important background to the displaced

electron search emerges from semileptonic decays of
neutral long-lived kaons [27]. An energetic kaon can
penetrate FMAG before decaying (K0

L → π�e∓ν) in one
of the fiducial regions. Such events are signal-like if the
charged pion is misidentified as an electron in the ECAL.
A simple estimate shows that this process is not of concern
in a search for displaced electrons in the 5–6 m fiducial
region and illustrates the potential for greater backgrounds
in the looser decay regions. Approximately 1017 kaons are
produced from 1018 POT. The pion interaction length in
iron is ∼20 cm, and, hence, ∼106 kaons are expected to
traverse the entirety of FMAG. If 10% of these kaons decay
within 5–6 m and ∼1% of the decay products are
sufficiently energetic to remain in the geometric acceptance
of the spectrometer, a pion rejection factor of ≲1% is
needed to reduce this background to ≲10 events.
Fortunately, this level of sensitivity is feasible after the
planned ECAL upgrade [28]. Additional pointing cuts can
reduce this background to negligible levels.
For the larger decay region of 5–9 m, we expect that the

reduction in the pointing resolution and the increased
likelihood for the kaon to decay within the signal region
can potentially lead to enhanced background rates (as large
as a few events if pointing is completely ineffective).
Additionally, in the 5–12 m region, the increased geometric
acceptance of soft kaon decays could lead to substantially
larger backgrounds that can only be rejected by pointing
(limited by the ECAL energy resolution). Therefore,
assuming a sensitivity to 10 signal events for the 5–12 m
region is likely unrealistic. Nonetheless, it is useful as a
proxy for minor detector modifications that could be
possible in dedicated runs, which maintain low-energy
signal acceptance while mitigating the kaon-decay back-
ground. For example, adding ∼1 m of additional iron
upstream of FMAG would decrease the total kaon yield
by 2 orders of magnitude with little impact on the signal
acceptance. Alternately, using a smaller decay region
upstream of station 1 (to improve pointing resolution) while
reducing the KMAG field offers another approach to
rejecting soft kaon decays. Although it is beyond the scope
of this work, these considerations motivate a more dedi-
cated detector study in order to fully optimize the signal

decay region and magnetic field strength of KMAG, while
maintaining the ability to successfully discern signal from
background.

B. Modeling of the geometric acceptance
and its decay dependence

Wedemand that a long-lived particle decays to electrons in
one of the three fiducial regions outlined above and that
the displaced electrons traverse the entire remaining geom-
etry of the detector after bending through theKMAGmagnet.
Since the geometric acceptance depends on the particular
location of the decay, the total efficiency is given by

effi ¼ mΓ
Z

zmax

zmin

dz
X

events∈geom

e−zðm=pzÞΓ

NMCpz
; ð1Þ

where zmin − zmax defines the fiducial decay region along
the ẑ (beam) direction and z is the position of the decay.
zmin ¼ 5 m and zmax ¼ 6, 9, and 12 m for the three fiducial
regions outlined above.Γ,m, andpz are thewidth, mass, and
the ẑ component of the momentum of the long-lived
decaying particle.NMC denotes the total number of simulated
events in a Monte Carlo sample, and the sum is performed
over only the subset of those events that pass the z-dependent
geometric cut. We include events in which both electrons are
captured by tracking station 3, which is located ∼18.5 m
downstreamof the target side ofFMAGand approximatedby
a ∼2 m × 2 m square in the transverse plane. KMAG is
modeled as an instantaneous transverse kick, ΔpT ≃
0.4 GeV × ðΔzK=3 mÞ along the x̂ direction, where ΔzK
is the distance traversed by the electron pair through the
magnet. We have checked that these selection criteria are in
close agreement with those adopted by the SeaQuest
Collaboration in their preliminary simulations [23].
The expected number of signal events is given by

Nsignal ¼ N × BRðeþe−Þ × effic; ð2Þ

where N is the total number of long-lived particles
produced and BRðeþe−Þ is its branching ratio to electrons.
We will utilize Eqs. (1) and (2) throughout our analysis. In
the specific limit that the geometric criteria is independent
of the decay position and pz, Eq. (1) reduces to the
factorized form that is often quoted in the literature,

effic⟶
factorize

Ahe−zminðm=pzÞΓ − e−zmaxðm=pzÞΓi; ð3Þ

where A and the brackets denote the geometric acceptance
and an average over all simulated events, respectively.
However, if, e.g., the geometric cuts are significantly (anti)
correlated with the boost or decay position, Eq. (3) is not an
effective approximation of the more general form in Eq. (1).
At SeaQuest, demanding that the electrons successfully
punch through the magnetic field of KMAG results in a
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strong preference for highly boosted events. As a result, the
geometric efficiency and position of the decay are strongly
correlated, and the limiting form in Eq. (3) is not an
accurate approximation of Eq. (1). Indeed, calculations
utilizing Eq. (3) underestimate the projected reach of
SeaQuest for long-lived states whose lifetime is short
compared to the fiducial baseline. This will be discussed
in more detail in Sec. V.

IV. DARK PHOTON PRODUCTION AT SEAQUEST

A well-motivated new force carrier is the hypothetical
dark photon. In the minimal model, a new broken Uð1ÞD
symmetry is added to the SM. The corresponding gauge
boson, denoted as A0, couples to SM hypercharge through
the kinetic mixing term [29,30]

L ⊃
ϵ

2 cos θw
A0
μνBμν; ð4Þ

where θw is the Weinberg angle. We remain agnostic about
the mechanism that generates the dark photon mass, mA0 .
Although ϵ is a free parameter of the low-energy theory, it is
natural to expect loop-induced mixings (ϵ≲ 10−3) if there
exist any particles charged under both Uð1ÞY and Uð1ÞD
[30,31]. In the mA0 ≲ GeV mass range of interest for
SeaQuest [which can arise, e.g., from a quartic coupling
of a Uð1ÞD-charged scalar with the SM Higgs as in
supersymmetric embeddings [32]], mA0 ≪ mZ implies that
A0 dominantly mixes with the SM photon below the scale of
electroweak symmetry breaking. As a result, SM fermions
of electric charge eQf inherit a millicharge under Uð1ÞD,
ϵeQf. From a bottom-up perspective, this minimal model is
completely governed by the two free parameters mA0 and ϵ,
and constraints can be placed in the mA0-ϵ plane.
At SeaQuest, most dark photons are produced in primary

reactions resulting from the collision of the proton beam
with the iron beam dump. Within a single nuclear collision
length of iron (Xc ≃ 82 g=cm2), the effective luminosity for
proton-proton collisions is given by

L ≃
ZðXc=gÞNA

A
POT ≃ 35 ab−1

�
POT

1.44 × 1018

�
; ð5Þ

where AðZÞ ¼ 56ð26Þ is the atomic mass (number) of iron
and NA is Avogadro’s number.
Proton fixed-target experiments benefit from large rates

compared to electron beams. This is illustrated in Fig. 2,
which shows, as a function of dark photon mass, the
contributions of different meson decays, bremsstrahlung,
and Drell-Yan processes to dark photon yields (normalized
to SeaQuest’s Phase I luminosity and ϵ ¼ 10−6). For all
dark photon masses, the yield per (high-energy) proton
incident on a thick target is orders of magnitude larger than

the yield per electron. This enhancement is attributable to
several factors. 1) Protons are more penetrating than
electrons, and so interact with a larger number of target
nuclei. 2) In the GeV dark photon mass range, proton-
initiated bremsstrahlung is enhanced relative to electron-
initiated bremsstrahlung by the ratio of couplings αs=αem 3)
Finally, light mesons are produced in large numbers, and
their branching fractions to lower-mass dark photons are
suppressed only by ϵ2 and not also by αem [33].
Both the yields and the kinematics of these various

production modes will be important in the following
studies. We now discuss these production modes in detail.

A. Meson decays

Due to the substantial energy of the Fermilab beam, the
rate for meson production is large, even for relatively heavy
mesons, such as the η0. In the SM, several mesons have a
sizable branching fraction into at least one photon. This
gives rise to A0 production through kinetic mixing with the
SM photon. Examples of such decays involving SM
photons include

π0; η; η0 → γγ;

ω → π0γ;

η0 → ρ0γ: ð6Þ

Wemodel the production of SMmesons in PYTHIA 8.2 [34].
In order to validate this simulation, we compare our rates
and spectra from PYTHIA with the observed meson

10 2 10 1 1
1

101

102

103

104

105

106

107

FIG. 2. Number of dark photons (solid color) produced at Phase
I of SeaQuest (1.44 × 1018 POT) in various production channels
for ϵ ¼ 10−6. An estimate of the theory uncertainty for proton
bremsstrahlung is shown as the shaded blue region (see text for
details). For comparison, we also show the analogous production
rate for electron bremsstrahlung (dashed gray), assuming a
120 GeVelectron beam, 1.44 × 1018 EOT, and production within
the first radiation length of a tungsten target.
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production at high-energy proton beams, such as the
120 GeV beam of the Main Injector Particle Production
experiment at Fermilab [35] and the 400 GeV SPS proton
beam at CERN [36]. Our simulated rates for π0 and η
production are within ∼50% of the measured values. For
heavier mesons (ϕ and Ω), the agreement is less accurate
but still within a factor of ∼2. This ambiguity translates into
a small uncertainty for our projected dark photon sensi-
tivity. For a 120 GeV beam, we obtain production rates of
Nπ ∼ 3.5, Nη ∼ 0.4, Nη0 ∼ 0.04, and Nω ∼ 0.45 per proton-
proton collision. We have also checked that the kinematic
spectra of meson production are in relatively good agree-
ment with the measured distributions. The relative impor-
tance of each decay can be characterized by the product of
the number of mesons produced per proton and the
corresponding branching fraction into SM photons, e.g.,

Nπ × BRðπ0 → γγÞ ∼ 3.5;

Nη × BRðη → γγÞ ∼ 0.15;

Nω × BRðω → π0γÞ ∼ 5 × 10−2;

Nη0 × BRðη0 → ρ0γÞ ∼ 10−2;

Nη0 × BRðη0 → γγÞ ∼ 10−3: ð7Þ

Analogous processes involving dark photons are
obtained by the substitution γ → A0. From the meson
spectra generated in PYTHIA, we manually decay the
mesons to final states involving an A0. Processes involving
two dark photons in the final state are suppressed by
additional powers of ϵ. The relevant meson branching
fractions are rescaled from the SM values by ϵ2 and phase-
space factors [16,37]. The branching ratios are given by

BRðπ0; η; η0 → γA0Þ ≃ 2ϵ2
�
1 −

m2
A0

m2
π0;η;η0

�
3

× BRðπ0; η; η0 → γγÞ;

BRðη0 → ρ0A0Þ ≃ ϵ2ðm2
η0 −m2

ρÞ−3½ðm2
A0 − ðmη0 þmρÞ2Þðm2

A0 − ðmη0 −mρÞ2Þ�3=2 × BRðη0 → ρ0γÞ;
BRðω → π0A0Þ ≃ ϵ2ðm2

ω −m2
πÞ−3½ðm2

A0 − ðmπ þmωÞ2Þðm2
A0 − ðmπ −mωÞ2Þ�3=2 × BRðω → π0γÞ: ð8Þ

We have checked that other processes such as η0 → ωA0
and ϕ → ηA0 are subdominant to the ones considered above.
The number of dark photons produced for different values

of ϵ and the accumulated luminosity can be simply rescaled
from Fig. 2 as NA0 ∝ ϵ2 × POT. For mA0 ≲ 100 MeV,
A0 production is dominated by exotic π0 decays, with

NA0 ðpion decayÞ ∼ 107 ×

�
ϵ

10−6

�
2
�
POT
1018

�
: ð9Þ

The decay of η mesons has roughly 1=20 this yield, but
dominates for 100 MeV≲mA0 ≲ 500 MeV. The lower
yields and photon branching ratios of heavier mesons make
their contributions to dark photon production subdominant.
In addition, many of these processes for heavier mesons
involve final state mesons, so that the accessible dark
photon mass range is limited by mass differences. For
example, ϕ→ηA0 is only possible for mA0 < mϕ −mη and
is therefore relevant in a smaller region of phase space than
η → γA0 decays.

B. Bremsstrahlung

As shown in Fig. 2, the majority of dark photons are pro-
duced through proton bremsstrahlung for mA0 ≳ 500 MeV.
In calculating bremsstrahlung production, we follow the
procedure outlined in Refs. [11,38,39], manually generat-
ing events that are weighted by the relevant differential
cross section, d2σ=ðdzdp2

TÞ, where pT and z are the
transverse momentum and the fraction of the beam

momentum carried by the outgoing dark photon, respec-
tively. As discussed in Refs. [11,38,39], this analysis is
valid as long as Ebeam; EA0 ; Ebeam − EA0 ≫ mp; jpT j, where
Ebeam and EA0 are the proton beam and dark photon
energy, respectively. These kinematic conditions lead to
a restricted range for z, as well as an upper bound on pT .
For a 120 GeV proton beam, these conditions are z ∈
ð∼0.1;∼0.9Þ and pT ≲ 1 GeV. We have checked that our
results do not depend significantly on the precise values of
these limits, aside from the minimum value of z. For this
reason, we choose a generous range for this lower bound
(z ≥ 0.2 and z ≥ 0.05), leading to the blue shaded band in
Fig. 2. This serves as an estimate for the theoretical
uncertainty in our bremsstrahlung calculation.
For mA0 ≲ GeV, the bremsstrahlung cross section is

parametrically of size

σ ∼ αemϵ
2 × σpp; ð10Þ

where σpp ∼ 50 mb is the inelastic proton-proton scattering
cross section [11,40]. We thus expect

NA0 ðp bremÞ ∼ 104 ×

�
ϵ

10−6

�
2
�
POT
1018

�
: ð11Þ

Even for values of ϵ as small as 10−6, at least Oð104Þ dark
photons are produced from proton bremsstrahlung in
the mass range 0.5 GeV≲mA0 ≲ 1.5 GeV. In Fig. 2, the
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enhancement at mA0 ∼ 800 MeV arises from resonant
mixing between the dark photon and SM ρ0 [38].
For comparison, at electron fixed-target experiments, the

cross section for A0 production via electron bremsstrahlung
takes the parametric form [41]

σ ∼
α3emϵ

2

m2
A0

Z2; ð12Þ

where we have ignored various logarithmic and Oð1Þ
factors that modify the expression above. For A0 production
within one radiation length of tungsten and a comparable
number of electrons on target (EOT), we find

NA0 ðe bremÞ ∼
�

ϵ

10−6

�
2
�
mA0

GeV

�
−2
�
EOT
1018

�
: ð13Þ

If mA0 ∼ 1–100 MeV, this rate is significantly smaller than
that of pion decay in Eq. (9). For mA0 ≳ 100 MeV, dark
photon production from pion decays is kinematically
suppressed. However, for these masses the rate for electron
bremsstrahlung is much less than that of proton brems-
strahlung in Eq. (11). Hence, one generically expects a
much larger dark photon production rate at proton beam
dumps than at electron fixed-target experiments.

C. Drell-Yan

Drell-Yan production of dark photons is potentially
significant for mA0 ≳ few × GeV. In modeling this process,
we have generated events with MADGRAPH 5 [42] using the
FEYNRULES [43] model of Ref. [44]. For mA0 ≲ ffiffiffi

s
p

≃
15 GeV, many dark photons could be produced at Phase I
and II of the SeaQuest experiment. Parametrizing qq̄→A0 as

σ ∼
αemϵ

2

m2
A0

; ð14Þ

we find

NA0 ðDrell-YanÞ ∼
�

ϵ

10−6

�
2
�
mA0

GeV

�
−2
�
POT
1018

�
: ð15Þ

D. Estimating minimal dark photon sensitivity

We conclude this section with a brief estimate of various
proton fixed-target experiments’ sensitivities to the decays
of long-lived dark photons into SM leptons, A0 → lþl−.
This will be discussed in more detail in Sec. V, and the rate
for this decay is shown below in Eq. (22). For production
of dark photons via pion decay [see Eq. (9)], the range
of couplings that an experiment is sensitive to (for
mA0 ≲ 100 MeV) is approximately given by

ϵmin ≲ ϵ≲ ϵmax; ð16Þ

where

ϵmin ∼
�

pmin

αemm2
A0zmaxPOT

�
1=4

; ð17Þ

and

ϵmax ∼

0
B@Ebeam log

h
EbeamPOT
αemm2

A0 zmin

i
αemm2

A0zmin

1
CA

1=2

: ð18Þ

Above, zmin − zmax defines the fiducial decay region of a
given experiment, Ebeam is the energy of its proton beam,
and pmin is the minimum momentum of the A0 that is
needed for its decay products to be efficiently detected.
Characteristic values of these inputs are shown in
Table I for SeaQuest as well as NA62 [45] and the proposed
SHiP [13] and FASER [14] experiments. For Phase I of
SeaQuest, this parametric estimate roughly gives

ϵSeaQuestmin ∼ 10−7 × ðmA0=10 MeVÞ−1=2;
ϵSeaQuestmax ∼ 10−4 × ðmA0=10 MeVÞ−1; ð19Þ

while for the high-luminosity runs of SHiP and FASER, we
find

ϵSHiPmin ∼ 10−8 × ðmA0=10 MeVÞ−1=2;
ϵSHiPmax ∼ 10−4 × ðmA0=10 MeVÞ−1; ð20Þ

and

ϵFASERmin ∼ 10−6 × ðmA0=10 MeVÞ−1=2;
ϵFASERmax ∼ 10−4 × ðmA0=10 MeVÞ−1; ð21Þ

respectively. We have refrained from making a similar
estimate for NA62 because this requires more detailed
knowledge of their detector efficiency. As we will show in
Figs. 5 and 6, these estimates are in rough agreement with
detailed numerical calculations.

V. MINIMAL DARK PHOTON

In the minimal dark photon model, the A0 is the lightest
state of the dark sector and can only decay to SM particles.
Such decays are controlled by kinetic mixing, as in Eq. (4).
For ml ≪ mA0 ≪ mZ, the partial width for decays to a pair
of SM leptons (l) is approximately

ΓðA0 → lþl−Þ ≃ αemϵ
2

3
mA0 : ð22Þ

For decays to hadronic final states, we take
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ΓðA0 → hadronsÞ
ΓðA0 → μþμ−Þ ≃ Rð ffiffiffi

s
p ¼ mA0 Þ; ð23Þ

where R≡ σðeþe− → hadronsÞ=σðeþe− → μþμ−Þ is the
data-driven parameter from Ref. [46]. For most values of
mA0 that we consider in this section, BRðA0 → eþe−Þ≳
10%. Furthermore, the A0 proper lifetime is macroscopic
(τA0 ∼ cm) for ϵ ∼ 10−6 × ðmA0=GeVÞ−1=2, and displaced
leptonic decays can be efficiently searched for at SeaQuest.
As discussed in Sec. III, we require that after traveling at

least 5 m from the target (upstream end of FMAG), the A0

decays to an electron pair that remains within the geometry
of the spectrometer. The efficiency and total number of

signal events are calculated using Eqs. (1) and (2). In Fig. 3,
the fraction of signal events that pass the geometric
selection is presented for the dominant production channels
as a function of mA0 . The position at which A0 decays to an
electron pair is fixed to the representative lengths: 5.5 m
(bottom line), 10.5 m (middle line), and 12 m (top line).
The geometric acceptance is enhanced for these latter two
decay positions for two reasons. The larger solid angle
subtended by the downstream tracking (in particular,
station 3) for late decays increases angular acceptance.
Moreover, particles produced in or downstream of KMAG
traverse a lower magnetic field integral, and their transverse
deflection is correspondingly reduced, increasing the spec-
trometer’s energy acceptance.
Dark photons produced from proton bremsstrahlung are

generally more boosted than those originating from meson
decays. This is seen in Fig. 4, which shows the energy and
angular distributions of electrons originating from dark
photon decays. Dark photons that are produced from
bremsstrahlung are much more energetic and strongly
peaked in the forward direction. As a result, the electrons
from their decays can more easily remain within the
geometric acceptance of the spectrometer after passing
through KMAG. This explains the overall hierarchy
between the various efficiency lines in Fig. 3. However,
for mA0 ≳ GeV, the acceptance for bremsstrahlung is
slightly reduced since these electrons often have sufficient
pT ≃ Eej sin θej to escape the instrument geometry. In
comparison, dark photons that are produced via meson
decays are peaked at much smaller energies and at larger
angles off of the beam axis. The magnetic field of KMAG
often sweeps these softer electrons out of the spectrometer.
In this case, the geometric acceptance is enhanced for
energetic electrons originating from the decays of more
massive dark photons, as seen in Fig. 3.

10 1 1
10 2

10 1

1

mA GeV

ge
om
.
ef
fic
. Π0 Γ A Η Γ A

Brem.

FIG. 3. In minimal dark photon models, the geometric effi-
ciency for dark photons produced from proton bremsstrahlung
(blue) and the decays of pions (red) or eta mesons (orange). For
each of these production channels, we assume that the A0 decays
to an electron pair after traveling 5.5 m (bottom line), 10.5 m
(middle line), or 12 m (top line). For these latter two decay points,
the electron pair only traverses a fraction of the KMAG magnet.

0 5 10 15 20 25 30 35
102
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104
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0 0.5
102
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104

105

FIG. 4. Signal kinematics of A0 → eþe− for dark photons produced from exotic eta meson decays (orange) and proton bremsstrahlung
(blue). The left (right) panel displays energy (angular) distributions for electrons originating from dark photon decays before traveling
through KMAG. The solid (dashed) line corresponds to mA0 ¼ 0.01 GeV ð0.5 GeVÞ. The vertical gray dotted line in the right panel
denotes the angular scale of the SeaQuest spectrometer.
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In the left panel of Fig. 5, we present the projected
sensitivity of a Phase I displaced electron search to long-
lived dark photons for the fiducial decay region of 5–6 m.
We show separate contours corresponding to ten signal
events for the different production channels described in
Sec. IV. Decays of heavier mesons, such as the η, contribute
significantly to the dark photon reach for intermediate
masses, mA0 ∼ 0.1–0.5 GeV, while the contribution from
Drell-Yan is negligible. In the right panel of Fig. 5, we
illustrate the projected SeaQuest reach both at Phase I
(solid) and Phase II (dashed) after summing over the
various production modes. For Phase I, we present results
only for the minimal 5–6 m fiducial decay region. For
Phase II, moving from the darker to lighter dashed contours
corresponds to decay regions of 5–6, 5–9, and 5–12 m,
respectively. We also compare the sensitivity of SeaQuest
to existing constraints (gray) (see, e.g., Refs. [1,2] for a
comprehensive review).
In Fig. 6, we highlight the ultimate reach of SeaQuest

and compare it to other upcoming and proposed searches
and experiments. The HPS experiment [1,48] is sensitive to
displaced leptonic decays of dark photons produced from
electron-tungsten collisions. The green region in Fig. 6 will
be probed by HPS after accumulating a 50–500 nA current
in the 1–6 GeVenergy range (this is expected by the end of
2018). The projected reach of LHCb is shown in brown,
after accumulating ∼15 fb−1 of luminosity in Run 3 [49]:
the region above the dimuon threshold could be explored
by an inclusive dark photon search and the region below by
a search for D�0 → D0A0ð→ eþe−Þ. Also shown in cyan,
blue, and red are the projected sensitivities of a beam dump
run of NA62 after having accumulated 2 × 1018 POT [45],

and the proposed FASER [14] and SHiP experiments at
CERN [13], respectively.
SeaQuest is capable of probing currently unexplored

regions of parameter space. With Phase I luminosity and
the ECAL upgrade, SeaQuest will explore dark photons up
to ∼1.5 GeV in mass, exceeding the mass reach of past

10 2 10 1 1
10 8

10 7

10 6
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10 4

10 3

10 2

10 2 10 1 1
10 8

10 7

10 6

10 5

10 4
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FIG. 5. Left panel: The projected Phase I SeaQuest sensitivity to the dark photon parameter space using the 5–6 m fiducial decay
region. The various contours correspond to ten dielectron signal events for dark photons produced from meson (π0, η; η0;ω) decays and
proton bremsstrahlung. The blue shaded region represents the theoretical uncertainty in computing the bremsstrahlung rate (see text for
details). Right panel: SeaQuest sensitivity to displaced dark photons at Phase I (solid purple) and Phase II (dashed purple),
corresponding to ten signal events. For Phase I, we conservatively fix the fiducial decay region to 5–6 m. For Phase II, moving from
darker to lighter contours corresponds to the fiducial decay regions of 5–6, 5–9, and 5–12 m, respectively. The gray region denotes
parameter space that is already excluded by past experiments [1,2,47].

FIG. 6. As in the right panel of Fig. 5, this figure shows the
projected sensitivity of SeaQuest to displaced decays of dark
photons at Phase I (solid purple) and Phase II (dashed purple) for
the fiducial decay regions of 5–6 and 5–12 m, respectively,
compared to existing constraints (solid gray) [1,2]. Also shown
are the projected reach of the HPS (green) and Mu3e, MMAPS,
and Belle-II experiments (pink) [1,2,48], a beam dump run of
NA62 (cyan) [45], and futuristic searches at LHCb (brown)
[49,50] and the proposed experiments FASER (blue) [14] and
SHiP (red) [13].
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proton fixed-target experiments, such as CHARM
and Nu-Cal, and of the FASER proposal. Due to the
relatively compact setup of the instrument, SeaQuest will
also test larger values of kinetic mixing (ϵ ∼ 10−5 for
mA0 ∼ 100 MeV) that are challenging for longer-baseline
experiments like SHiP or NA62. SeaQuest’s ability to
acquire data in the next few years with an already existing
spectrometer highlights an obvious advantage compared to
futuristic runs of much larger and costlier experiments in
the coming decade. We also note that compared to previous
projections (see, e.g., Ref. [16]), we find that SeaQuest will
be sensitive to slightly larger values of ϵ and significantly
larger values of mA0 , which is closer to the projections
shown in, e.g., Ref. [19].

VI. INELASTIC DARK MATTER

Additional A0 decay channels, beyond those of the
minimal scenario discussed in Sec. V, arise if the dark
photon is not the lightest particle in the hidden sector. For
instance, if there are new states that are directly charged
under Uð1ÞD and lighter than mA0=2, then dark photon
decays to the hidden sector naturally dominate over those to
SM species provided that αD ≫ αemϵ

2, where αD ≡ e2D=4π
and eD is theUð1ÞD gauge coupling. In this case, a plethora
of different signatures is accessible at SeaQuest and other
fixed-target experiments. For example, if the lighter species
is stable on collider time scales, invisible A0 decays can be
searched for at low-energy missing energy and momentum
experiments [1,2]. Less minimal models involving addi-
tional particles in the dark sector often predict longer decay
chains, and A0 production leads to several visible and
invisible particles in the final state [51]. Such a study of
SeaQuest within the context of strongly interacting DM has
recently appeared in Ref. [52]. In this section, we inves-
tigate similar types of experimental signatures in models of
inelastic DM (see Refs. [53,54] for recent studies of similar
phenomenology).

A. Model

Models of inelastic DM (iDM) were first proposed as a
viable explanation to the longstanding DAMA anomaly
[55] and have continued relevance in a broader parameter
space independent of this anomaly. The essential physics of
iDM is that in some models (such as DM interacting
through a massive vector mediator) it is generic for DM to
1) have two nearly (but not exactly) degenerate mass states,
and 2) interact primarily through mass-off-diagonal cou-
plings. In this section, we discuss not the DAMA-motivated
parameter space of iDM but the generic physics described
above, which is an attractive framework for GeV-scale
thermal DM. It is well known that thermal DM lighter than
∼10 GeV must have suppressed annihilations at late times
in order to alleviate strong bounds from measurements of
the cosmic microwave background (CMB) [56]. This is

accomplished within models of iDM since freeze-out
dominantly occurs through coannihilations of the DM with
its slightly heavier counterpart, whose population is suffi-
ciently depleted at the time of recombination. As a result,
late-time annihilations are suppressed below detectable
levels. Furthermore, since iDM naturally has suppressed
scattering rates in underground direct detection experi-
ments,2 dedicated searches at low-energy accelerators
constitute a prime avenue towards the detection of light
DM in this class of models.
We focus on the particular implementation of iDM

involving a single Dirac pair of two-component Weyl
spinors, η and ξ, oppositely charged under the broken
Uð1ÞD symmetry. Similar to Sec. IV, we assume that the
dark photon associated with Uð1ÞD, A0, kinetically mixes
with SM hypercharge [see Eq. (4)]. In addition to the Dirac
mass,mD, allowed by all symmetries of the model, it is also
natural to include Uð1ÞD-breaking Majorana mass terms,
δη;ξ, for each Weyl component. These are naturally gen-
erated by the same Uð1ÞD-breaking spurion that is respon-
sible for generating the A0 mass (such as a dark Higgs
[58,59]). We therefore take as our simplified Lagrangian

−L ⊃ mDηξþ
1

2
δηη

2 þ 1

2
δξξ

2 þ H:c: ð24Þ

Since δη;ξ explicitly breaks Uð1ÞD, it is technically natural
to take δη;ξ ≪ mD. Hereafter, we will adopt this limit, in
which case the spectrum consists of a pseudo-Dirac pair of
nearly degenerate Majorana fermions that couple off-
diagonally (inelastically) to the A0.
In the physical mass basis, the eigenvectors, denoted by

χ1 and χ2, have a mass given by

m1;2 ≃mD ∓ 1

2
ðδη þ δξÞ; ð25Þ

where

χ1 ≃ iðη − ξÞ=
ffiffiffi
2

p
;

χ2 ≃ ðηþ ξÞ=
ffiffiffi
2

p
: ð26Þ

The lightest state, χ1, is cosmologically stable and can
constitute a DM candidate. The hierarchy δη;ξ ≪ mD

translates into a small fractional mass splitting,

Δ≡m2 −m1

m1

≃
δη þ δξ
mD

≪ 1: ð27Þ

Hereafter, we will focus on mass splittings of size Δ ∼ 0.1,
where Δ is not large enough to dramatically affect the
cosmological DM relic abundance, but decays of χ2 into χ1

2See, however, Ref. [57] for novel venues to test iDM at direct
detection experiments.
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lead to detectable signals, as we will describe below. In
four-component notation, the two Majorana fermions, χ1;2,
interact with A0 dominantly through the inelastic interaction

L ⊃ ieDA0
μχ̄1γ

μχ2: ð28Þ

In general, there is also an elastic coupling of the form

L ⊃
eDðδη − δξÞ

4mD
A0
μðχ̄1γμγ5χ1 − χ̄2γ

μγ5χ2Þ: ð29Þ

Note that this term vanishes for δη ¼ δξ, since these
interactions violate the enhanced charge-conjugation sym-
metry, A0 ↔ −A0 and η ↔ ξ (equivalently, χ1;2 ↔∓χ1;2).
In the more general case where δη ≠ δξ, the elastic coupling
is nonzero but naturally suppressed (compared to the
inelastic piece) by the small ratio of Majorana and Dirac
masses. Throughout this work, we assume that contribu-
tions from elastic interactions are negligible.
In this framework, decays of the A0 to SM fermions are

suppressed by ϵ2 ≪ 1 [see Eqs. (22) and (23)]. On the other
hand, χ1;2 couplings to the A0 are proportional to eD with no
ϵ suppression. Hence, if αD ≫ αemϵ

2 and mA0 > m1 þm2,
then the dark photon decays almost exclusively to a χ1χ2
pair. The corresponding partial width is given by

ΓðA0 → χ1χ2Þ ≃
αDmA0

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
1

m2
A0

s �
1þ 2m2

1

m2
A0

�
; ð30Þ

where we have takenΔ ≪ 1 (m1 ≃m2). We will henceforth
assume the theoretically motivated hierarchies αD≫ αemϵ

2,
Δ ≪ 1, as well as m1 < mA0 , which is cosmologically
motivated for light DM as explained below.
In the standard WIMP paradigm, DM is assumed to be

in equilibrium with the SM bath at large temperatures,
T ≫ m1;2; mA0 . The dominant equilibrating processes
are often decays and inverse decays of the dark
photon, A0 ↔ ff̄, where f is an electrically charged
SM fermion. Thermal equilibrium between the SM and
hidden sector baths is guaranteed if the rate for such
processes, Γ ∼ αemϵ

2ðm2
A0=TÞ, exceeds the Hubble param-

eter, H ∼ T2=mpl. Hence, demanding that kinetic equili-
bration occurs before T ≲m1 sets a lower bound on ϵ that
approximately scales as

ϵ≳Oð10−8Þ ×
�

m1

GeV

�
1=2

; ð31Þ

where we have takenm1 ∼mA0 . For values of ϵ that exceed
this lower bound, a large thermal population of χ1;2 is
necessarily generated in the early Universe, which must be
sufficiently depleted at late times.
For m1 > mA0, DM freeze-out dominantly proceeds

through direct annihilations into pairs of dark photons,

χ1χ1 → A0A0, followed by A0 → ff̄ [60]. Form1 ≲ 10 GeV,
such processes are in conflict with measurements of
the CMB since the corresponding annihilation rate is
unsuppressed at low velocities [56]. If, on the other hand,
m1 < mA0 , DM freeze-out is dictated through coannihila-
tions involving an intermediate A0, i.e., χ1χ2 → A0� → ff̄.
This process is exponentially suppressed by the relative
mass splitting between χ2 and χ1, i.e., ∼ exp ½−Δm1=T�
[61]. A simple parametric estimate shows that the abun-
dance of χ1 is in agreement with the observed DM energy
density for

m1 ∼
ϵðαDαemTeqmplÞ1=2

ðmA0=m1Þ2
e−xfΔ=2; ð32Þ

where Teq ≃ 0.8 eV is the temperature at matter-radiation
equality, and xf ≡m1=T ∼Oð10Þ at freeze-out. Hence, for
sufficiently small mass splittings (Δ≲ 0.1) freeze-out
proceeds as in the standard WIMP-like manner, but is
exponentially suppressed at the time of recombination,
significantly relaxing the strong CMB constraints. Larger
values of the fractional mass splitting, Δ, are also viable
but require larger values of ϵ or αD for fixed χ1 and A0
masses [62].
In our analysis, we numerically calculate the relic

abundance of the χ1 population, following the procedure
outlined in Refs. [61,63] and including hadronic final states
as discussed inRef. [53]. Along the solid blue (cyan) contour
of Fig. 7, the relic abundance of χ1 agrees with the measured
DM energy density for mA0 ¼ 3m1, Δ ¼ 0.1ð0.05Þ, and
αD ¼ 0.1ð0.5Þ. For specific values of m1, annihilations at
freeze-out are significantly enhanced through resonant mix-
ing of the intermediateA0with SMvector mesons, analogous
to γ − ρ0mixing in the SM.We incorporate the effect of these
spin-1 resonances through the data-driven parameter Rð ffiffiffi

s
p Þ

[see Eq. (23)]. In addition to the ρ0, ω, ϕ, and ρ0 mesons, we
have manually included the contributions from the narrow
J=ψ , ψð2SÞ, and ϒ resonances. We find that thermal
averaging of the DM annihilation rate significantly sup-
presses these latter contributions.3

As shown in Fig. 7, for sizable values of αD and DM
masses not much heavier than a few GeV, the measured
relic abundance is reproduced for ϵ2 ≪ αD, favoring an
Oð1Þ branching ratio for A0 → χ1χ2. Such decays constitute
the dominant production mechanism for DM, χ1, and its
excited state, χ2, if light dark photons are produced at
accelerators, as in Sec. IV. Once produced, χ2 subsequently

3Compared to the relic abundance calculation in Ref. [53], we
have implemented the physical widths of the spin-1 hadronic
resonances in the numerical form of Rð ffiffiffi

s
p Þ. In the case of the

heavier narrow resonances, we find that this significantly reduces
the effect of A0-meson mixing on the calculation of the χ1 relic
abundance.
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decays back to SM fermions through an off-shell dark
photon, i.e., χ2 → χ1A0� → χ1ff̄. In the limit that
mA0 ≫ m1, Δ ≪ 1, and ml ≃ 0, the partial width into χ1
and a single pair of SM leptons is given by

Γðχ2 → χ1lþl−Þ ≃ 4ϵ2αemαDΔ5m5
1

15πm4
A0

: ð33Þ

In most of the parameter space of interest for SeaQuest with
Δ≲ 0.1, decays to electrons dominate. However, we have
included decays to muons and hadrons when kinematically
allowed [with the latter contributing at most Oð10Þ%].
The decay rate in Eq. (33) implies that χ2 is long-lived
on collider length scales for GeV-scale masses and
Oð0.01Þ–Oð0.1Þ mass splittings. This is demonstrated in
Fig. 7, where we additionally show the proper lifetime of χ2
as dashed contours formA0 ¼ 3m1 and for various values of
Δ and αD, as a function of m1 and ϵ. The blue (cyan)
contours correspond to Δ ¼ 0.1 (Δ ¼ 0.05) and αD ¼ 0.1
(αD ¼ 0.5). In the cosmologically motivated regions of
parameter space, the χ2 lifetime is typically much greater
than ∼1 m. These considerations open up the possibility of
experimental searches for visible displaced decays of χ2.

B. Review of existing constraints

There is currently an extensive program involving beam
dump, fixed-target, and collider experiments in the search
for new physics below the GeV scale [1,2]. In fact, existing
searches are already sensitive to the DM models discussed
above. In this section, we review the multitude of con-
straints on various signals inherent to models of light iDM.
Figures 8 and 9 illustrate the viable iDM parameter space,
fixing mA0=m1 ¼ 3. In Fig. 8, we show existing exclusions
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FIG. 7. The proper lifetime of the excited state, χ2, for Δ ¼ 0.1,
αD ¼ 0.1 (dashed blue) and Δ ¼ 0.05, αD ¼ 0.5 (dashed cyan)
fixing mA0 ¼ 3m1. Also shown for these two benchmarks (solid
blue and solid cyan, respectively) are contours corresponding to
regions of parameter space where the abundance of χ1 agrees with
the measured DM energy density. Below the corresponding lines,
χ1 is overabundant.
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FIG. 8. Existing constraints (shaded gray) and projected sensitivities (color) to models of fermionic inelastic dark matter in them1 − ϵ
plane. In each panel, we have fixed mA0=m1 ¼ 3, while in the left (right) panel we take Δ ¼ 0.1 (0.05) and αD ¼ 0.1 (0.5). Along the
black contour, the abundance of χ1 matches the observed dark matter energy density. The shaded regions are excluded by LEP [64,65],
BABAR [66,67], dark matter scattering at LSND [37,68], E137 [69,70], and MiniBooNE [25], and visible signals of decays at E137 [70]
and LSND [21]. For visible decay signals at E137, the dotted (dashed) gray contours correspond to an energy deposition threshold of
1 GeV (2 GeV). The colored lines correspond to the projected reach of Belle-II (orange) [1,2,71], LDMX (green) [72], and SeaQuest
(purple), as described in the text. In the left panel, we also display the future sensitivity of a search for visible decays at MiniBooNE
(blue) and the proposed BDX experiment (brown) [54,73]. The projected reach of SeaQuest is shown as in Fig. 5. For Phase I (solid
purple), we conservatively fix the fiducial decay region to 5–6 m. For Phase II (dashed purple), moving from darker to lighter contours
corresponds to the fiducial decay regions 5–6, 5–9, and 5–12 m, respectively. We also show the Phase II reach for the 5–6 m decay
region, assuming that the electrons do not have to travel through the magnetic field of KMAG (dotted purple).
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(shaded gray) and projected sensitivities (color) of exper-
imental searches in them1-ϵ plane for two benchmark values
of Δ and αD. Along the black contour, the abundance of χ1
matches the observed DM energy density. In Fig. 9, we
examine the restricted thermal iDM parameter space in the
m1-αD plane. For each point, we fix ϵ to thevalue required for
χ1 to freeze out with an adequate cosmological abundance.
αD is assumed to be the value defined at the scale μ ∼m1.We
demand that αD is perturbative after renormalization-group
evolving up to theweak scale.Above thegraydashed line,αD
is nonperturbative at the scale μ ∼ 1 TeV [αDðTeVÞ≳ 4π].

1. High-energy colliders

Experiments that rely solely on the dark photon’s
coupling to the SM, independent of its decay modes and
any other interactions in the hidden sector, constitute highly
model-independent probes of these theories. Kinetic mix-
ing between the dark photon and the SM hypercharge
gauge boson generically leads to a shift in several electro-
weak precision observables as measured by LEP. A recent
fit to a set of relevant observables leads to the constraint
ϵ≲ 3 × 10−2 [64,65]. This is approximately independent of
the mass of the dark photon, as long as mA0 ≪ mZ.

2. B factories

At accelerators, searches for dark photon decays are
sensitive to additional couplings in the hidden sector. For
instance, the BABAR Collaboration has performed a direct
search for invisibly decaying dark photons, i.e., eþe− →
γ þ A0ð→ invisibleÞ [66,67]. The reach does not strongly
depend on the exact value of αD provided that αD ≫ αemϵ

2,
since in this case the dark photon decays almost exclusively
to χ1χ2 pairs. Such events are signal-like if the decay χ2 →
χ1lþl− occurs outside of the detector or the soft lepton pair
falls below the detector thresholds. In recasting the limits of

Ref. [66], we demand that χ2 travels a radial length of 1.5 m
before decaying or that χ2 decays inside the detector to
leptons that are too soft to be detected, pl�

T ≲ 60 MeV [74].
In the more recent BABAR study of Ref. [67], a larger data
set was acquired. In recasting this analysis, incorporating a
similar lepton veto is not as straightforward, as signal
events are selected by a multivariate boosted decision tree
discriminant. Therefore, in rescaling these limits, we
simply demand that χ2 decays outside of the detector. For
each point in parameter space, we take the stronger con-
straint from either of these two recasted searches [67,74].
Belle-II is expected to acquire ∼50 ab−1 of data by the year
2023 and could perform a similar monophoton search,
enhancing the sensitivity to ϵ by roughly a factor of 5–6
[1,2,71]. The orange contour in Fig. 8 shows the estimated
bound. We note that this search is expected to become
limited for mA0 ≲ GeV, as it relies on the careful rejection
and measurement of SM background. Hence, we do not
explicitly show the Belle-II reach for these small masses.

3. Beam dumps (scattering)

As discussed in Sec. IV, dark photons can be directly
produced at proton beam dump experiments. Similar
processes can lead to a sizable flux of dark photons at
electron beam experiments as well. If the A0 decays to long-
lived DM states, a collimated DM beam can be produced at
existing low-energy beam dumps. This energetic beam of
DM particles can then be observed if it relativistically
scatters (through A0 exchange) with electrons or nucleons in
a detector placed downstream of the target. Strong con-
straints on light DM have been obtained from measure-
ments performed at LSND [37,68], E137 [69,70], and
MiniBooNE [25]. In recasting these searches, we have
simply rescaled the published bounds by the appropriate
choice of αD.

FIG. 9. As in Fig. 8, this figure shows the existing constraints (shaded gray) and projected sensitivities (color) to models of thermal
inelastic dark matter in them1-αD plane. For each point in parameter space, the kinetic mixing parameter, ϵ, is fixed such that χ1 freezes
out with an abundance that is in agreement with the observed dark matter energy density. Above the gray dashed line, αD becomes
nonperturbative at ∼1 TeV. An artificial cutoff is added to the panels at αD ≃ 0.8 as a visual aid.
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4. Beam dumps (decay)

Beam dumps are also sensitive to the visible decays of the
excited state. If χ2 is sufficiently long-lived (see Fig. 7), dark
photon production followed by A0 → χ1χ2 → χ1χ1lþl−

leads to displaced leptons that can deposit observable energy
into detectors at existing experiments.
The 800 MeV proton beam at the LSND at Los Alamos

produced ∼Oð1022Þ neutral pions after running from 1993–
1998 [21]. From this large collection of pions, a huge
number of dark photons may have been produced via π0 →
γA0 for mA0 ≲ 100 MeV. An off-axis scintillator detector
was placed ∼30 m downstream of the water-copper target,
with sensitivity to energy depositions below ∼100 MeV,
which could arise from the visible products of χ2 decays. In
estimating the rate of these events and extracting a con-
straint, we closely follow the analysis in Refs. [54,75],
utilizing the GEANT pion simulation from Ref. [76] and
manually decaying these pions to on-shell A0 final states as
described in Sec. IV. In recasting these limits, we find good
agreement with the results of Ref. [54].
The E137 experiment at SLAC [70] was designed to look

for displaced visible decays of light axions, produced from
a 20 GeV electron beam impinging on a water-aluminum
target. The experiment acquired an impressive amount of
data, corresponding to roughly 30 C of current, equivalent
to ∼1020 EOT and an effective integrated luminosity of
∼100 ab−1. A ∼ 1 m3 ECAL was placed ∼400 m down-
stream of the aluminum target with 179 and 204m composed
of natural shielding (in the form of a dirt hill) and an open-air
decay region, respectively. Timing and geometric cuts
effectively suppressed contributions from cosmic rays and
sky shine, resulting in a background-free search.
At this experiment, dark photons may have been pro-

duced through electron bremsstrahlung. If the χ2 from the
dark photon decay is sufficiently long-lived, it can traverse
the dirt hill before decaying to electrons in the open decay
region. We have simulated this process through a modified
version of MADGRAPH 5 [42] after implementing the iDM
model in FEYNRULES [43]. In recasting the E137 sensi-
tivity, we demand that an energetic electron from A0 →
χ1χ2 → χ1χ1eþe− passes directly through the ECAL and
points back to the target within an angular resolution of
∼Oð10Þ mrad. We additionally model energy loss as the
electrons traverse the open air, corresponding to a radiation
length of ∼304 m [40,77].
In the original data analysis of Ref. [70], different

thresholds were imposed on the energy deposited in the
ECAL, ranging from 1–3 GeV. As distinct analyses in
Ref. [70] utilized different thresholds, it is unclear which
choice should be adopted in recasting these limits. The
precise value of this threshold is not important for minimal
models of visibly decaying axions or dark photons since the
energy of the electrons from such decays is comparable to
Ebeam ¼ 20 GeV. However, in models of iDM, the longer
decay chain and the small χ2 − χ1 mass splitting result in

comparatively softer electrons from χ2 → χ1eþe− decays.
The corresponding bound for iDM is therefore particularly
sensitive to the uncertainty in the energy threshold. We
therefore recast these limits for various energy threshold
choices. Compared to Ref. [54], which only considered
decays of χ2 inside the ECAL, we include decays through-
out the entire open region leading up to the detector. The
relevant regions of parameter space, shown as the outlined
gray regions in Fig. 8, correspond to model parameters
where at least three signal events are expected during the
run of this experiment. The dotted (dashed) gray contours
correspond to recasted E137 bounds assuming an energy
deposition threshold of 1 GeV (2 GeV); for a threshold of
3 GeV, E137 does not exclude any of the parameter space
shown. We therefore conclude that χ2 decays in E137 do
not robustly exclude any relevant parameter space for the
models considered in Fig. 8, and we do not show E137
decay exclusions in Fig. 9.
In Fig. 9, we fix ϵ in them1-αD plane such that χ1 freezes

out with an adequate relic abundance. This figure therefore
highlights the remaining viable iDM parameter space,
assuming that χ1 constitutes the DM of the Universe.
Larger αD facilitates DM freeze-out for smaller values of ϵ
[see Eq. (32)], suppressing the dark photon production
rate at terrestrial experiments and alleviating existing
constraints. The majority of such constraints are shown
as gray shaded regions. However, in Fig. 9, we have
refrained from displaying the reach from searches for
visible χ2 decays at the E137 experiment. As discussed
above, these limits are sensitive to the particular choice of
the ECAL energy deposition threshold, and, hence, do not
robustly exclude any of the parameter space shown. The
currently viable parameter space for thermal iDM involves
values of the Uð1ÞD coupling, αD, larger than Oð10−2Þ.
This is also arguably the most theoretically motivated
parameter space, where αD is comparable in strength to
SM gauge couplings.

C. Inelastic dark matter at SeaQuest

In this section, we analyze the prospects for detecting
signals of iDM through measurements of displaced electron
pairs with the SeaQuest spectrometer. If mA0 > m1 þm2,
then dark photons that are produced from the collision of
the proton beam with the iron beam dump promptly decay
to DM, χ1, and its excited state, χ2, i.e., A0 → χ1χ2. χ2 is
naturally long-lived and visibly decays to SM electrons
after traversing the iron shield, χ2 → χ1eþe−. Although the
displaced electrons in this scenario do not reconstruct a
resonance (as considered in Sec. V) and do not point back
to the primary interaction point, such decays still constitute
an interesting avenue for detection at SeaQuest. In the
discussion below, we assume that the displaced vertex is
sufficient to reject SM background processes even without
mass reconstruction of the electron pair or a pointing
requirement.
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As discussed in Sec. IV, we model the flux of dark
photons produced from exotic meson decays, bremsstrah-
lung, and Drell-Yan. The efficiency and total number of
signal events are calculated using Eqs. (1) and (2). We
demand that χ2 decays inside one of the three fiducial
regions discussed above: 5–6, 5–9, or 5–12 m. The
electron pair is required to satisfy the same kinematic
requirements as explained below Eq. (1). The signal is
therefore similar to that considered in Sec. V. However, for
Δ ≪ 1, χ1 carries away a large fraction of the χ2 energy,
implying that the electrons from the three-body decay are
significantly softer than those from visibly decaying dark
photons. This is seen in Fig. 10, which shows the energy

and angular distributions of electrons originating from χ2
decays. As a result, the total efficiency is comparatively
suppressed.
In Fig. 11, we show the fraction of signal events that pass

the geometric selection for the dominant production chan-
nels as a function of m1. As in Fig. 3, we fix the position at
which χ2 decays to an electron pair to the representative
lengths: 5.5 m (bottom line), 10.5 m (middle line), and
12 m (top line). The overall behavior of these acceptances
as a function of m1 follows from the same discussion that
was previously given for Fig. 3. However, compared to the
minimal dark photon scenario (A0 → eþe−), the geometric
efficiency in models of iDM is extremely sensitive to the

FIG. 10. Signal kinematics of A0 → χ1χ2 → χ1χ1eþe− for dark photons produced from exotic eta meson decays (orange) and proton
bremsstrahlung (blue). The left (right) panel displays energy (angular) distributions for electrons originating from χ2 decays before
traveling through KMAG for mA0 ¼ 3m1. In the left panel, we fix m1 ¼ 0.1 GeV and the solid (dashed) line corresponds to Δ ¼ 0.05
(0.1). In the right panel, we fix Δ ¼ 0.1 and the solid (dashed) line corresponds to m1 ¼ 0.03 GeV (0.1 GeV). The vertical gray dotted
line in the right panel denotes the angular scale of the SeaQuest spectrometer.

FIG. 11. This figure shows the geometric efficiency in models of inelastic dark matter for dark photons produced from proton
bremsstrahlung (blue), the decays of pions (red) or eta mesons (orange), and Drell-Yan (purple). For each of these production channels,
we assume that χ2 decays to an electron pair after traveling 5.5 m (bottom line), 10.5 m (middle line), or 12 m (top line). For these latter
two decay points, the electron pair only traverses a fraction of the KMAG magnet.

DARK SECTORS AT THE FERMILAB SEAQUEST EXPERIMENT PHYS. REV. D 98, 035011 (2018)

035011-15



fraction of KMAG that the soft electron pairs must travel
through. In Fig. 11, this is most noticeable for dark photons
produced via meson decays, as the electrons are peaked
towards smaller energies. Indeed, for the mass splitting
Δ ¼ 0.05, the energies of the decay products are signifi-
cantly suppressed, and we find no electron pairs originating
from pion or eta decays that are able to penetrate the full
length of KMAG (for zdecay ¼ 5.5 m).
In Figs. 8 and 9, the solid (dashed or dotted) purple

contours enclose regions of parameter space in which more
than ten displaced signal events are expected at Phase I
(Phase II) of SeaQuest. We adopt the minimal fiducial
decay region of 5–6 m for Phase I, while for Phase II,
moving from the darker to lighter dashed purple contours
corresponds to the three fiducial decay regions: 5–6, 5–9,
and 5–12 m. We note that for Δ ¼ 0.05 in the right panel of
Fig. 9, our simulation suffers from limited statistics, which
results in reduced geometric efficiencies and nonphysical
jagged features in the projected SeaQuest sensitivities.
In dotted purple, we also show the Phase II reach for
the 5–6 m decay region, assuming that the electrons do not
have to travel through the magnetic field of KMAG. Such a
setup is feasible assuming that triggering on the displaced
vertex is sufficient to reject background. Furthermore, the
geometric efficiency of events originating from meson
decays is greatly enhanced without the strong magnetic
field of KMAG. This is illustrated in Fig. 12, which shows
the various contributions from the dominant A0 production
mechanisms for a Phase I setup with or without the
magnetic field of KMAG. As in Sec. V, we have assumed

that such a search for energetic displaced electrons would
be nearly background-free. Detecting such visible signals
is potentially feasible for sufficiently large mass splitting,
Δ≳Oð10−2Þ.
The sensitivity of SeaQuest is complementary to other

future and proposed experiments. Two of these, Belle-II
(discussed above) and the proposed Light Dark Matter
eXperiment (LDMX) at SLAC are also shown in Figs. 8
and 9. LDMX aims to detect DM particle production by
measuring the incident momenta of individual electrons
impinging on a thin tungsten target and the full final state of
these interactions. DM production events are characterized
by dramatic energy loss and significant transverse momen-
tum transfer in the target, with no other visible particles
carrying away this energy. This signature is relevant to iDM
models so long as χ2 decays downstream of the calorimeter.
The expected sensitivity of LDMX, assuming ten-event
sensitivity withOð1016Þ EOTusing the 4 or 8 GeV LCLS-2
electron beam [72], is shown in green in Figs. 8 and 9.
Visible signals of χ2 → χ1eþe− with decays deep inside the
LDMX calorimeter may also be detectable, but we leave a
detailed investigation of this scenario to future work.
We also note that the same displaced visible signals

discussed here can be observed at low-energy eþe− colliders
such as BABAR and Belle-II, as well as at the LHC [53].
Although not explicitly shown in Figs. 8 and 9, these
experiments are expected to have complementary sensitivity
and probe viable parameter space for m1≳ several GeVand
Δ≳ 0.1. Future searches at MiniBooNE and the proposed
BDX experiment may also be sensitive to viable regions of
parameter space for m1 ≲ GeV [54,73]. The projected
sensitivities are shown as the blue and brown contours,
respectively, in the left panel of Fig. 8.
Several parameters were held fixed in Figs. 8 and 9, e.g.,

mA0 ¼ 3m1. The signals we have considered are suppressed
if mA0 < m1 þm2, although the production of χ1 and χ2 is
still possible through an off-shell dark photon. Additional
probes relevant to this scenario include searches for
direct decays to the SM, A0 →lþl−, as in Sec. V. For
mA0=m1 ≫ 1, A0 production is suppressed or kinematically
inaccessible at low-energy accelerators and the viability of
the signals discussed throughout this work is significantly
weakened. Higher-energy searches, such as the proposed
FASER experiment [14], offer an obvious advantage for
such models. Furthermore, the cosmology and phenom-
enology of iDM are both sensitive to the χ2 − χ1 mass
splitting, Δ (in Figs. 8 and 9 we fix Δ ¼ 0.1 and 0.05). As
discussed in Sec. VI A, the cosmologically favored DM
mass is exponentially sensitive to Δ [see Eq. (32)]. In
particular, for Δ > 0.1, larger values of ϵ are required for
fixed hidden sector masses, and less experimentally viable
parameter space is currently accessible.
For Δ≲Oð10−2Þ, the electrons from visible χ2 decays

are easily swept outside of the spectrometer by the KMAG
magnet, decreasing the projected sensitivity of SeaQuest to

FIG. 12. The projected Phase I SeaQuest sensitivity to the
inelastic dark matter parameter space using the 5–6 m fiducial
decay region for mA0=m1 ¼ 3, Δ ¼ 0.1, and αD ¼ 0.1. The
various contours correspond to ten dielectron signal events, for
dark photons produced from meson (π0, η) decays, proton
bremsstrahlung, and Drell-Yan. The solid (dotted) contours
correspond to a setup with (without) the magnetic field of
KMAG. Along the black contour, the abundance of χ1 agrees
with the observed dark matter energy density.
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negligible levels. Decay searches such as the SeaQuest one
discussed here become ineffective for such small splittings,
while [for Δ≳Oð10−6Þ] direct detection of χ1X → χ2X
(where X is an electron or nucleon) remains kinematically
suppressed. In contrast, high-intensity experiments search-
ing for invisible signals (as in LDMX or Belle-II) or DM
scattering play a crucial role in testing this possibility.
Furthermore, if Δ≲ ðm1=MeVÞ−1, χ2 → χ1eþe− is kine-
matically forbidden. This qualitatively alters the cosmo-
logical phenomenology: although scattering processes still
deplete the cosmological population of χ2 at late times,
several experiments can constrain even this small residual
abundance. In particular, parts of the parameter space
are constrained by considerations of CMB energy injec-
tion from χ1 − χ2 coannihilation and/or χ2 decay, while
other regions are constrained by χ2 downscattering in
low-threshold direct detection experiments such as
CRESST II [78].

VII. LEPTOPHILIC HIGGS BOSONS

It has long been appreciated that new light physics that is
feebly coupled to the SM can potentially resolve the ∼3.5σ
discrepancy between the observed and predicted value of
the anomalous magnetic moment of the muon, ðg − 2Þμ
[79–82]. One such example is the minimal dark photon, as
discussed in Sec. V, which has recently been excluded as a
viable explanation [83]. However, there are possible alter-
natives that can alleviate the tension between theory and
experiment, such as models of Lμ − Lτ gauge bosons or
light scalars that couple predominantly to leptons [84–88].
In this section, we briefly discuss SeaQuest’s capability to
probe this latter scenario.
We investigate a simplified low-energy model in which a

light scalar, denoted by S, couples universally to SM
leptons proportional to their mass, i.e.,

−L ⊃
X

l¼e;μ;τ

ml

Λ
Sl̄l; ð34Þ

where Λ is the scale associated with the new physics that
generates these couplings. Since we are interested in this
model’s ability to resolve the ðg − 2Þμ discrepancy, we
normalize the interactions to the muon coupling, gμ,

−L ⊃ gμ
X

l¼e;μ;τ

ml

mμ
Sl̄l: ð35Þ

For mS ∼ 10 MeV−1 GeV, couplings of size gμ ∼
10−4–10−3 resolve the disparity in ðg − 2Þμ [87,88]. Such
interactions can be introduced in a gauge-invariant manner
through a dimension-five operator, involving the SM Higgs
doublet, H,

OS ∼
S
Λ
ĒLHeR; ð36Þ

which can be UV completed, e.g., in two-Higgs-doublet
models involving additional singlet scalars or vector-like
quarks [87,88]. Hereafter, we adopt the simplified model
of Eq. (35) in order to describe the relevant low-energy
phenomenology.
The authors of Refs. [75,88,89] have proposed the

construction of muon beam fixed-target experiments to
explore the low-mass parameter space of lepton-coupled
scalars. As discussed in Ref. [88], proton beam dumps may
also offer sensitivity to these models. Proton-nucleus
collisions at SeaQuest lead to a large multiplicity of
final-state SM particles, including pions as well as muons
from π → μν. What is often thought of as unwanted QCD
“baggage” is actually a new source of light exotic states if
these muons radiate the scalar, S, in coherent muon-iron
nucleus collisions. For mS ≲ 2mμ, S dominantly decays to
eþe− with a proper lifetime that is macroscopic for values
of gμ that are motivated by ðg − 2Þμ,

τS ∼Oð10Þ cm ×

�
gμ
10−4

�
−2
�

mS

100 MeV

�
−1
: ð37Þ

For mS ∼ 100 MeV, loop-induced decays to pairs of
photons are also relevant, but are typically subdominant,
i.e., BRðS → γγÞ≲ 10% [88,89].
As in Sec. IV, we model pion production at SeaQuest

using PYTHIA 8.2 [34], incorporating decays to muons. For
simplicity, we demand that these decays occur within the
first pion collision length of iron (13.59 cm) [40], in which
case energy loss prior to decay can be ignored. We simulate
muon bremsstrahlung production of S with MADGRAPH 5

[42], as described for electron bremsstrahlung of dark
photons in Sec. VI. As in the previous sections, we demand
that S decays to an electron pair that remains within the
geometric acceptance of the spectrometer, incorporating the
fiducial decay regions of 5–6, 5–9, and 5–12 m.
The efficiency and signal rate are calculated similar to

Eqs. (1) and (2). However, these expressions must be
generalized since the high-energy muons from pion decays
are not monochromatic or uniform in direction and can
traverse a significant portion of FMAG before radiating the
scalar, S. For Eμ ∼ 1–100 GeV, muon energy loss domi-
nantly occurs through ionization [40] as it traverses FMAG,
which is described by the stopping power, dEμ=dzμ, where
zμ is the muon penetration length. We also model the
bending of the muons from the magnetic field of FMAG as
they travel through the iron dump. Analogous to Eq. (1), the
number of signal events from the production and decay of S
is given by [89]
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Nsignal ≃ BRðS → eþe−ÞnatommSΓS

Z
dE0

μ
dNμ

dE0
μ

Z
E0
μ

Emin
μ

dEμ
σbremðEμÞ
jdEμ=dzμj

Z
zmax−zμ

zmin−zμ
dz

XEμ

events∈geom

e−zðmS=pS
z ÞΓS

NMCpS
z

: ð38Þ

As in Eq. (1), zmin − zmax defines the fiducial decay
region as measured from the front of FMAG, NMC is the
total number of simulated events (of fixed muon energy),
and the sum is performed over only those events that
remain within the geometry of the SeaQuest spectrometer.
In Eq. (38), we also integrate over E0

μ and Eμ, where E0
μ is

the initial energy of the muon from the decay of the pion,
and Eμ is the muon energy after traversing some finite
distance (zμ) in FMAG before radiating the scalar, S.
dNμ=dE0

μ is the total number of muons produced per
initial energy bin within the first pion interaction length,
natom ≃ 8.5 × 1022 cm−3 is the number density of target
iron nuclei, and σbrem. is the muon bremsstrahlung cross
section. Finally, zmin

μ ≃ 0 m and zmax
μ ¼ 5 m denote the

FMAG region of the beam line, which allows us to relate zμ
and Eμ as well as define Emin

μ through

zμðEμ; E0
μÞ ¼ zmin

μ þ
Z

E0
μ

Eμ

dE0
μ

jdE0
μ=dzμj

; ð39Þ

and

zμðEmin
μ ; E0

μÞ ¼ zmax
μ : ð40Þ

In practice, soft muons are easily deflected by the magnetic
field of FMAG, which sets the lower bound on Eμ in the
integral of Eq. (38).
The projected sensitivity of SeaQuest to the simplified

model of Eq. (35) is shown in Fig. 13, both at Phase I (solid
purple) and Phase II (dashed purple) in the mS-gμ plane,
demanding ten dielectron signal events and assuming
negligible SM background. For each point in parameter
space, the coupling to electrons is given by gμ × ðme=mμÞ
[see Eq. (35)]. As in the previous sections, we adopt the
minimal 5–6 m fiducial decay region for Phase I, while for
Phase II, moving from the darker to lighter dashed contours
corresponds to decay regions of 5–6, 5–9, and 5–12 m,
respectively. The reach is strongly diminished for mS ≳
2mμ since the S is shorter-lived and the branching fraction
to electrons is suppressed by a factor of Oð104Þ.
Also shown are existing constraints and the projected

reach of other proposed experiments. Electron beam dump
experiments such as E137 [70] (see Sec. VI B) and Orsay
[90] are sensitive to energy deposition from S → eþe−,
provided that S is sufficiently long-lived [88,89]. These
exclusions are shown as shaded gray regions in Fig. 13.
Dedicated muon fixed-target NA64-like [93,94] and
Fermilab experiments were recently proposed in Ref. [89]

and the corresponding reach is shown as the pink and yellow
contours in Fig. 13, respectively, assuming 100% signal
efficiency. Searches at theB factoriesBABAR andBelle-II for
τþτ−-associated production of S → lþl− have also been
proposed in Ref. [88]. These searches are sensitive to the
parameter space above the blue and orange lines, respec-
tively.We also take fromRef. [88] the projected sensitivity of
the HPS experiment [49,50] to the displaced decay,
S → eþe−, which is shown in cyan. The region of couplings
and masses that alleviate the tension between the observed
and predicted values of the anomalous magnetic moment of
the muon are highlighted in green, while values of gμ that are
in conflict with suchmeasurements are shown as shaded gray
regions. The emission of S in rare B-meson decays, e.g.,
B → KS → Kμþμ−, can lead to deviations in the muon
spectra as measured at LHCb [9,88]. Although such mea-
surements are potentially sensitive to large regions of
parameter space, the corresponding bounds are not explicitly
shown in Fig. 13 since they depend on the specific UV

FIG. 13. Existing constraints (shaded gray) and projected
sensitivities (color) to models of leptophilic Higgs bosons, S.
The shaded regions are excluded by E137 [70], Orsay [90], and
measurements of the anomalous magnetic moment of the muon
[91,92]. The colored lines correspond to the projected reach of
HPS (cyan) [49,50], the proposed muon fixed-target NA64-like
(pink) and Fermilab (yellow) [89] experiments, and proposed
searches at BABAR (blue), Belle-II (orange) [88], and SeaQuest
(purple), as described in the text. The projected reach of SeaQuest
is shown as in Fig. 5. For Phase I (solid purple), we conserva-
tively fix the fiducial decay region to 5–6 m. For Phase II (dashed
purple), moving from darker to lighter contours corresponds to
the fiducial decay regions 5–6, 5–9, and 5–12 m, respectively.
Also shown is the region of couplings and masses that alleviate
the tension between the observed and predicted values of the
anomalous magnetic moment of the muon (green).
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completion of the toymodel in Eq. (35), i.e., on the couplings
of S with quarks.
Figure 13 illustrates that an ECAL upgrade to SeaQuest

would allow for significant discovery potential for new
light scalars motivated by the ðg − 2Þμ anomaly. The
Fermilab muon fixed-target experiment proposed in
Ref. [89] consists of utilizing the 3 GeV muon beam for
the ongoing ðg − 2Þμ experiment [95]. In comparison, a
significant number of muons produced at SeaQuest are of
much larger energy, and the enhanced boost of S allows a
displaced electron search to be sensitive to larger values of
gμ (smaller proper lifetimes) that are capable of explaining
the enduring ðg − 2Þμ discrepancy.

VIII. BEYOND THE ELECTRON CHANNEL

In this section, we briefly discuss the prospects for
SeaQuest to detect other long-lived particles, such as
minimal dark Higgs bosons and axion-like particles
(ALPs). Contrary to the previous sections, we consider
searches for final states other than electron pairs, such as
SM photons and pions. Such final states potentially
introduce complications from additional SM background
processes compared to searches for displaced electrons. A
detailed investigation of the viability of these other chan-
nels is beyond the scope of this work. When relevant, we
will instead discuss minor modifications to the existing
spectrometer in order to properly suppress SM back-
grounds. Hence, in evaluating the projected reach of such
SeaQuest-like setups, we optimistically assume that back-
ground processes are negligible. It would be very interest-
ing to have dedicated feasibility studies performed by the
SeaQuest Collaboration.

A. Minimal dark Higgs

Models of extended Higgs sectors often involve new
scalar singlets that directly mix with the SM Higgs, which
is controlled by the mixing angle, sin θ. In this case, the
scalar singlet (φ) possesses feeble couplings with SM
fermions (f) proportional to sin θ. We parametrize the
relevant interactions of the low-energy theory as

−L ⊃ sin θ
mf

v
φf̄f; ð41Þ

where v ¼ 246 GeV is the SM Higgs VEV. For
mφ ≲ 200 MeV, the dominant decay mode is to pairs of
SM electrons. In the limit thatme ≪ mφ, the corresponding
partial width is approximately

Γðφ → eþe−Þ ≃m2
e sin2 θ
8πv2

mφ: ð42Þ

For mφ ≳ 200 MeV, φ dominantly decays to muons and
hadrons. For decays to hadrons, there is large disagreement
in the literature among various computations of the scalar

width that differ by up to several orders of magnitude
for certain values of mφ [96–101]. This is shown explicitly,
e.g., in Fig. 1 of Ref. [102]. In computing SeaQuest’s
sensitivity to dark Higgs bosons, we will vary the width of
φ, Γφ, within the total range as computed in Refs. [96–101].
At proton beam dumps, the majority of dark Higgs

bosons are produced from the decays of heavy mesons,
such as K → πφ and B → Kφ. For a more detailed
discussion of dark Higgs production at proton fixed-target
experiments, see, e.g., Refs. [13,103–107]. Previous beam
dump experiments strongly constrain dark Higgs bosons
for mφ ≲ few Oð100Þ MeV. Hence, we will not compute
contributions to φ production from K → πφ since this is
kinematically suppressed for mφ ≳mK −mπ ∼ 350 MeV.
As in the previous sections, we model the production of B
mesons using PYTHIA 8.2 [34] and manually decay these
mesons to dark Higgs final states.
We utilize Eqs. (1) and (2) in computing the projected

reach of SeaQuest for the model of Eq. (41). However, since
φ decays predominantly to hadrons for mφ ≳ 100 MeV, we
will focus on an inclusive search for displaced decays of φ,
optimistically assuming negligible background for final
states including SM pions and kaons. Our results are shown
in Fig. 14 for an inclusive search for displaced vertices
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FIG. 14. Sensitivity of a SeaQuest-like experiment (see text) at
Phase II (corresponding to ten signal events) to displaced decays
of minimal dark Higgs bosons into pairs of SM leptons and
hadrons. We fix the fiducial decay region to 7–12 m, assuming
that a few meters of additional iron is added to FMAG. The dark
purple contour corresponds to the projected SeaQuest reach when
the φ width, Γφ, is fixed to the calculations of Refs. [96,100].
Instead, in the light shaded purple region, we vary Γφ within the
full range as calculated in Refs. [96–101]. The gray region
denotes the parameter space that is already excluded by past
experiments [105] (CHARM [108] and LHCb measurements of
B → Kð�Þμþμ− [8]). Also shown are the projected reach of a
beam dump run of NA62 (cyan) [45], a 300 fb−1 run at LHCb
(brown) [8,104], and the proposed SHiP (red) [13], FASER (blue)
[103], CODEX-b (yellow) [104], and MATHUSLA (green)
[105,109] experiments.
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including decays to charged hadrons. To mitigate back-
grounds from K0

L → 2π; 3π, we assume that an additional
few meters of iron is placed upstream of FMAG, which
could suppress such processes to negligible levels. In
estimating the reach of this modified SeaQuest-like experi-
ment, we demand that φ decays within the fiducial region
of 7–12 m. In Fig. 14, the projected Phase II reach of
SeaQuest corresponds to regions of parameter space in
which ten signal events are expected.
As mentioned above, the predicted φ width, Γφ, varies

within several orders of magnitude for mφ ∼ GeV. Most
existing studies adopted a single estimate for Γφ in
calculating the reach of proposed experiments and then
compared to other experimental projections that typically
utilized different calculations of Γφ. As a result, various
choices for Γφ among different studies can misleadingly
overestimate or underestimate the projected sensitivity of
one experiment compared to another. In order to illustrate
the effect of this uncertainty, we show SeaQuest’s projected
sensitivity in Fig. 14, fixing Γφ to the calculations of
Refs. [96,100] for smaller and larger masses, respectively
(solid purple), and also vary Γφ within the region defined
by the minimum and maximum prediction for each value of
mφ from Refs. [96–101] (shaded purple). We then compare
the sensitivity of SeaQuest to existing constraints and other
upcoming and proposed searches. There exist similar
uncertainties in the exclusions and projections of past
and proposed experiments, but they are not explicitly
shown in Fig. 14.
SeaQuest’s ability to produce B mesons is significantly

stifled by its smaller center-of-mass energy compared to
higher-energy proton beam experiments such as NA62 [45],
SHiP [13], FASER [103], CODEX-b [104], LHCb [8], and
MATHUSLA [105,109]. As a result, SeaQuest’s reach is
correspondingly reduced. Regardless, formφ ∼ 0.5 GeV, an
inclusive search for displaced φ decays at Phase II would be
sensitive to currently viable parameter space and larger
coupling than longer-baseline experiments such as SHiP
and MATHUSLA. We note that for mφ ≲ 1.5 GeV, our
adopted central estimate for Γφ is similar to those utilized in
Refs. [8,13,103,105], from which we have taken the projec-
tions for SHiP, MATHUSLA, and CODEX-b.

B. Axion-like particle

We conclude this section with a brief discussion of
SeaQuest’s prospects for detecting electromagnetically
coupled ALPs. In particular, we consider a minimal
interaction, which couples a pseudoscalar (a) to the SM
photon field strength,

L ⊃ gaaFμνF̃μν; ð43Þ

where ga has dimensions of inverse mass. Such couplings
often arise within the context of the QCD axion, where a is

identified as the pseudo-Goldstone boson associated with
the spontaneous breaking of an additional global symmetry.
In this case, the axion-photon coupling is naturally of size
ga ∼ αem=fa, where fa ≫ GeV is the scale associated with
the broken global symmetry. In our discussion, we treat ga
as a free parameter of the low-energy theory.
This interaction allows a to decay to pairs of SM

photons. The corresponding partial width is given by

Γða → γγÞ ¼ g2am3
a

4π
: ð44Þ

For ga ∼ 10−7 GeV−1 × ðma=GeVÞ−3=2, the proper lifetime
of a is macroscopic (τa ∼ cm) and beam dump searches
for displaced electromagnetic decays exclude large
regions of parameter space for ma ≲ 100 MeV (see, e.g.,
Refs. [110–112] and references therein). As discussed
below, proton-nucleus collisions at SeaQuest can lead to
the production of light ALPs, and searches for their decays
can be conducted at SeaQuest after the proposed ECAL
upgrade.
Compared to the lepton signals of the previous sections,

pointing and energy estimates from a → γγ decays would
only be possible through energy deposition in the ECAL.
This decrease in pointing and energy resolution could
potentially lead to significant background processes result-
ing from displaced decays of long-lived kaons, e.g., K0

L →
γγ and K0

L → 3π0 → 6γ, similar to the discussion in
Sec. III. We estimate that an additional few meters of iron
placed behind FMAG could suppress such processes to
negligible levels, which might be viable without the need
for tracking station 1. In estimating the reach of this modified
SeaQuest-like experiment, we demand that the ALP decays
to a photon pair, a → γγ, within the fiducial region of 7–8m,
assuming that background processes are suppressed by the
placement of additional iron behind FMAG.
Various mechanisms contribute to the production of

electromagnetically coupled ALPs at proton fixed-target
experiments. Primary Primakoff production from the fusion
of two photons (one from the proton beam and the other
from the target nucleus) is often considered as the leading
process [111]. However, similar to the discussion in
Sec. VII, we note that primary collisions of the proton
beam with the iron dump lead to a plethora of high-energy
secondary photons from the prompt decays of SM pions. A
high-energy photon can then collide with an iron nucleus
near the front of FMAG and transfer a significant portion of
its energy to an ALP, i.e., γA → aA, where A is an iron
nucleus. Although direct production from the primary
proton beam is enhanced by the ratio of the nuclear
collision and radiation lengths in iron (∼10), we expect
that production from secondary photons is a comparable or
even dominant source of electromagnetically coupled
ALPs since it is suppressed by one less power of αem.
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A full Monte Carlo analysis of π0 → γγ followed by γA → aA is beyond the scope of this work. Instead, we estimate the
signal yield as in Eq. (17) of Ref. [89],

Nsignal ≃ natomX0

Z
dEγ

dNγ

dEγ

Z
geom

d cos θa
dσ

d cos θa
ðe−zminðma=pa

z ÞΓa − e−zmaxðma=pa
z ÞΓaÞΘðpa − γðminÞ

a maÞ: ð45Þ

In the above expression, most variables are defined as
explained below Eq. (38). X0 ≃ 1.76 cm is the radiation
length of iron, dNγ=dEγ is the total number of secondary
photons (simulated in PYTHIA) per energy bin within the
first radiation length, and dσ=d cos θa is the differential
cross section for γA → aA in the fixed-target (lab) frame,
where θa measures the angle of the emitted ALP with
respect to the beam axis. In integrating over cos θa, we
only include regions in which the a is forward and
within the geometric acceptance of the SeaQuest spec-

trometer. Furthermore, the minimum ALP boost, γðminÞ
a , in

the Heaviside step function of Eq. (45) guarantees that the
photons from the decay a → γγ also remain within the
instrument. Note that in the fixed-target frame, the ALP
momentum, pa, is a nontrivial function of cos θa.
In Fig. 15, we show the projected SeaQuest reach both at

Phase I (solid) and Phase II (dashed) for the 7–8 m fiducial
decay region. We also compare the sensitivity of SeaQuest

to existing constraints (gray) (see, e.g., Refs. [110–112] for
a review) and other upcoming and proposed searches such
as Belle-II (green) [110], a beam dump run at NA62 (cyan)
[45], and the proposed SHiP experiment (red) [111]. As in
the previous sections, SeaQuest is sensitive to larger cou-
plings compared to longer-baseline experiments. Assuming
negligible background, Phase II of a SeaQuest-like setup is
capable of exploring currently viable parameter space for
ALP masses of 10 MeV≲ma ≲ GeV.

IX. CONCLUSION

The SeaQuest spectrometer is currently operating at
Fermilab with access to the 120 GeV main injector proton
beam. It is a nuclear physics experiment designed tomeasure
Drell-Yan production of muons that originate from the
collisions of the proton beam with various nuclear and
polarized targets. Most of the proton beam remains unatte-
nuated by the thin nuclear target and is dumped downstream
onto a thick iron magnet, from which a large flux of exotic
light and feebly interacting particles might be produced. If
such particles are sufficiently long-lived and decay back to
StandardModel species, the existing SeaQuest spectrometer
can be leveraged to search for energetic leptons, hadrons, or
photons reconstructing displaced vertices.
A displaced vertex trigger has recently been installed in

order to search for muons originating from the decays
of long-lived and low-mass particles and is expected to
acquire∼1018 protons on target parasitically during the next
two years. In this study, we have focused on a planned
upgrade to install a recycled electromagnetic calorimeter,
which would allow for a nearly background-free search for
displaced electrons. There are improvements planned for the
Fermilab accelerator complex in the coming years, which
aim at providing a proton beam power capability of at least 1
megawatt for the DUNE program [113]. The Phase II
luminosity and resulting gains in new physics sensitivity
discussed in this work could be achieved by diverting a few
percent of this beamdirectly to SeaQuest on a year time scale.
In this study, we have discussed signals arising from

various benchmark scenarios such as minimal models of
dark photons and dark Higgs bosons, inelastic dark matter,
leptophilic scalars, and axion-like particles. A similar
investigation within the context of strongly interacting
dark matter was also presented in Ref. [52]. The projected
sensitivity of SeaQuest is comparable and complementary
to future runs at NA62 as well as other proposed futuristic
experiments such as FASER and SHiP. The fact that this
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FIG. 15. Sensitivity to axion-like particles in the displaced
diphoton channel of a SeaQuest-like experiment (see text) at
Phase I (solid purple) and Phase II (dashed purple), correspond-
ing to ten signal events. We conservatively fix the fiducial decay
region to 7–8 m, assuming that a few meters of additional iron has
been added behind FMAG. The gray region denotes the param-
eter space that is already excluded by past experiments [110].
Also shown are the projected reach of Belle-II (green) [110], a
beam dump run of NA62 (cyan) [45], and the proposed SHiP
experiment (red) [13]. Our estimated SeaQuest reach cannot be
directly compared to the sensitivities of NA62 and SHiP, since the
latter were calculated in Ref. [111] for axion-like particles
produced from Primakoff reactions of the primary proton beam,
whereas we focus on production from the high-energy secondary
photons from pion decays.
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discovery potential is possible with minimal modifications
to the existing instrument provides an exciting opportunity.
This warrants more dedicated detector simulations in order
to fully optimize the instrumental layout. In future work, it
would also be interesting to pursue more detailed calcu-
lations of signal yield for leptophilic scalars, dark Higgs
bosons, axion-like particles, and other models not consid-
ered in this paper, such as GeV-scale sterile neutrinos. The
SeaQuest experiment has the potential to discover a wide
variety of dark sector models, which motivates a broad
physics program at Fermilab in the search for new physics.
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