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Beam dumps and fixed-target experiments have been very sensitive probes of such particles and other
physics beyond the StandardModel by considering the production of new states from the primary interaction
in the beam dump. In a proton beam dump, there are many secondary interactions taking place in
electromagnetic showers whichmay be additional production channels for pseudoscalar bosons or axionlike
particles (ALPs). The targetless configuration of the MiniBooNE experiment, which collected data from
1.86 × 1020 protons impinging directly on the steel beam dump, is an excellent test of sensitivity to these
production channels of ALPs in the MeV mass region. Using the null observation of the MiniBooNE dump
mode data, we set new constraints on ALPs coupling to electrons and photons produced through a multitude
of channels and detected via both scattering and decays in the MiniBooNE detector volume. We find that
the null result rules out parameter space that was previously unconstrained by laboratory probes in the
10–100MeVmass regime for both electron and photon couplings. Lastly, wemake the case for performing a
dedicated analysis with 1.25 × 1020 protons on target of data collected by the ArgoNeuTexperiment, which
we show to have complementary sensitivity and set the stage for future searches.

DOI: 10.1103/PhysRevD.108.075019

I. INTRODUCTION

Particle beam dumps have proven to be ultrasensitive
probes of new physics sectors beyond the Standard Model
(BSM), where the myriad electromagnetic and hadronic
cascades produce showers of electrons, positrons, gamma
rays, and mesons, each a potential channel for BSM
particle production. Studying the beam target environment
and the particle showers within is thus a crucial first
step to understanding what kind of physics is possible,
and at what energy scales. Already many searches have
been performed by electron beam dumps (E137, NA64,
E141, Orsay, E774, etc. [1–8]) and proton beam dumps
at the GeV energy scale (e.g., CHARM, NuCal, NA62,
SeaQuest/SpinQuest [3,9–11]) and sub-GeV sources

(e.g., CCM [12], IsoDAR [13], and COHERENT [14]),
and others [15].
The existence of pseudoscalar bosons with small cou-

plings to the SM are predicted in models of broken
symmetries in connection with explaining many puzzles
in nature. Axions and axionlike particles (ALPs) are central
features in the landscape of solutions, in particular, to
the strong CP problem [16–24] and to the dark matter
problem [23,25,26], and otherwise appear ubiquitously in
string theory [27,28], and the ultraviolet spectra of many
other puzzle-solving models with spontaneously broken
symmetries. In many of these scenarios, it is possible that
the ALP has couplings to SM leptons and the electromag-
netic field, making the particle showers inside the beam
target good laboratory probes of ALPs, reaching up to
GeV mass scales. ALPs at the MeV to GeV mass scales are
of particular interest to beam dump and fixed target
experiments and have been studied in the context of heavy
axions [29–32], whose parameter space extends beyond
that of traditional QCD axion models.
In 2018 the MiniBooNE Collaboration performed an

analysis of their targetless-mode run [33], in which they
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collected data associated with 1.86 × 1020 protons on target
(POT) bypassing the main beryllium target and impinging
on the steel beam dump. Expected neutrino rates for this
mode were very low, and no excess of events was observed,
in contrast to the results from the target-mode runs [34,35].
In this work, we show that the null result from this dataset is
sensitive enough to ALPs produced in electromagnetic
showers in the dump to set new limits on photon and
electron couplings.
Running in a targetless mode has the effect of sup-

pressing the fluxes of neutrinos coming from charged
meson decays. Searches for BSM particles that have
production channels orthogonal to the charged pion decay
gain a big advantage here; in the case of a thin target, the
charged mesons decay in flight after getting produced,
allowing them to be focused by the magnetic horn system.
In the thick beam dump case, however, the charged pions
are stopped in the material and decay isotropically, sup-
pressing the subsequent neutrino background that would lie
in the signal region for the BSM search.
This realization is especially important for future beam

dump experiments at higher energies, where the higher
intensity of electromagnetic cascades provides both the
coupling and mass reach necessary to significantly extend
the limits tested so far by laboratory searches in the MeV to
GeV mass range. We will show that data collected by the
ArgoNeuT detector [36,37] already have this capability,
and depending on the specific sensitivity of a dedicated
analysis, null observations in these data could already rule
out parameter space unconstrained by laboratory probes
to date.
In Sec. II we outline the production and detection

channels we consider for electromagnetically coupled
ALPs. In Sec. III we describe the statistical analysis
performed for the MiniBooNE dump-mode data and the
ArgoNeuT data given an ALP signal hypothesis, with the
resulting limits placed on the parameter space of photon
and electron couplings in Sec. IV. Finally we conclude
in Sec. V.

II. BSM PRODUCTION AND DETECTION
IN A BEAM DUMP

We consider primarily ALPs produced in electromag-
netic cascades inside the beam dump or beam target
environment, e.g., those that get produced from couplings
to photons and to electrons:

LALP ⊃ igaeaψ̄eγ
5ψe −

1

4
gaγaFμνF̃μν: ð1Þ

This Lagrangian, which for simplicity we will assume only
one tree-level coupling active or dominant at a time, opens
up a slew of production and detection channels available to
beam target and beam dump experiments. These have

recently been investigated in Refs. [12,38–42], and we
summarize them in Table I.
For ALPs coupled to electrons, the dominant final state

will be eþe− pairs appearing in the detector as single
Cherenkov rings, either from the pair being highly collinear
with a separating angle less than the typical angular
resolution of the detector or if one of the electrons/positrons
is too soft. This final state appears mainly through decays
for ma > 2me and otherwise through the Bethe-Heitler
lepton pair production process (aZ → eþe−Z) for sub-
MeV ALPs, considered before to set limits on light
(pseudo)scalars appearing in a proton beam target
[43,44]. The cross section for this process was computed
in Refs. [45,46] using the formalism and atomic form
factors presented in Ref. [47], and it is larger than inverse-
Compton scattering (ae− → γe−) by up to an order of
magnitude for ALP energies in the 100 MeV–1 GeV range,
which is the energy region of interest for this study.
The resonant cross section in the electron rest frame is

σ ¼ 2πmeg2aes

m2
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

eÞ
p δ

�
Eþ −

�
m2

a

2me
−me

��
ð2Þ

≃
2πmeg2ae

m2
a

δ

�
Eþ −

�
m2

a

2me
−me

��
: ð3Þ

To simulate the production fluxes, we first generate the
SM particle fluxes inside the MiniBooNE dump with
GEANT4 using the QGSP_BERT_AllHP physics list, then
pass a high-statistics sample of each particle flux (e�; γ; π�)
into the ALPLIB event generator [48].The positron and
electron fluxes are shown in Fig. 1, while the photon flux
is shown in Fig. 2. We show a large phase space of the e�
and γ fluxes to illustrate the many low-energy features that
come about from processes like nuclear de-excitation and
beta decay. However, in principle, only the high energy tail
(> 75 MeV) in the forward-going region (θ ≲ 10−2 rad) is
responsible for the bulk of BSM particle production that is
captured within the signal region and pointing within the
solid angle of the MiniBooNE detector. This is illustrated in
Fig. 3 where we show the energy spectra before and after an

TABLE I. ALP production and detection mechanisms that are
available through couplings to electrons and photons considered
in this analysis.

Coupling Production Detection

gaγ γZ → aZ aZ → γZ
a → γγ

gae γe− → ae−

eþe− → aγ
e�Z → e�Za ae− → γe−

eþe− → a a → eþe−

π� → e�νa aZ → eþe−Z
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angular cut of 10 mrad. Further details of the event
selection and signal window are discussed in the following
section.
For ALPs produced from electrons or positrons in

resonant production (eþe− → a), associated production
(eþe− → aγ), or bremsstrahlung (e�Z → e�Za), the
energy loss of the electrons and positrons in the material
during particle transport must also be folded into the event
rate calculation. This modifies the number flux leaving the
beam dump as

dNa

dEa
¼ NAX0

A
ðℏcÞ2

Z
d2Φeþ

dEedΩe
Iðt; Eþ; E0Þ

× Θdet
d2σðE0Þ
dE0dΩ0 dΩedΩ0dEþdtdE0; ð4Þ

where NA is Avogadro’s number, X0 is the radiation length
of the electrons/positrons in the dump material, and A is the

atomic weight. Iðt; Ei; EfÞ ¼ θðEi−EfÞ
EiΓð4t=3Þ ðlnEi=EfÞ4t=3−1 is

the energy loss smearing function for the electron/positron
radiation length t integrated up to target radiation thickness
T [49]. We integrate over the solid angle of the positron
with respect to the beamline, Ωe, and outgoing ALP solid
angle with respect to the positron direction, Ω0, taking care
to integrate only those ALPs pointed in the direction of
the detector solid angle through the Heaviside function
Θdet [39].

III. DATA ANALYSIS

A. MiniBooNE dump mode

The final states of concern in our search for ALPs in the
MiniBooNE detector are photonlike events and electronlike

FIG. 2. Photon fluxes in the BNB steel beam dump generated
with GEANT4 using 104 POT with the QGSP_BERT_AllHP
physics list, here shown as a function of the γ angle with respect
to the beam axis and energy Eγ.

FIG. 1. Electron and positron fluxes in the BNB steel beam
dump generated with GEANT4 using 104 POT with the
QGSP_BERT_AllHP physics list, here shown as a function of
the e� angle with respect to the beam axis and kinetic energy T.

FIG. 3. Electron, positron, and photon fluxes before and after
angular cuts in the MiniBooNE beam dump.
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events, listed in Table I. We have adopted the same
selection cuts made in the ν − e analysis of the
MiniBooNE dump mode data for these states. Here we
study the detector response with true simulated informa-
tion to analyze the efficiency of the electronlike event
selection from reconstructed events inside the detector.
For the analysis of the Monte Carlo generated data, after
the preliminary cuts have been applied, the first round of
the reconstructed events is fit under the one-track electron
and muon hypothesis. Each fit returns the likelihood
of the corresponding hypothesis: Le and Lμ. Those
events satisfying the logðLe=LμÞ > −0.05 continue the
next round of reconstruction. In the second round,
reconstructed events are fit under the general two-
photon hypothesis. Similarly, the events should satisfy
logðLπ0=LeÞ < 0. The efficiencies of these two cuts using
simulated data as functions of electron visible energy and
electron scattering angle are shown in Fig. 4. The selection
efficiencies as a function of the visible energy, Evis

e , are
fitted as an arctangent function (p0 arctanðp1xÞ þ p2). The
selection efficiencies as a function of the cosine of the
angle with respect to the beam axis, cos θe, are fitted as a
straight line (p0 þ p1x) except for the forward region of
logðLe=LμÞ which has a second-order polynomial fit
(p0þp1xþp2x2). Uncertainties from the goodness-of-
fit on the efficiency curve as a function of Evis

e and
cos θe are constrained to be less than 20%, so their impact
on the exclusions over the model parameter space shown in
the following section will not be qualitatively different.
In addition to these log-likelihood efficiencies, we also

take into account the cut on the reconstructed vertex radius
of 500 cm, which effectively reduces the MiniBooNE
volume to a sphere of 10 m in diameter. Other cuts, such
as the number of tank and veto hits, and the Scintillation/
Cherenkov ratios we assume to have perfect signal effi-
ciency for the detection channels in Table I. However, we
do check that the γγ, eþe−, and γe− final states from axion
interactions and decays are collinear enough to be identi-
fied as a single electronlike Cherenkov ring in the detector.
This also ensures that the cut on the digamma invariant
mass mγγ ≤ 80 MeV is passed by selection for our ALP
signals.
Lastly, we bin the ALP signal Monte Carlo events into

visible energy and cosine bins between 75 ≤ Eγ ≤
850 MeV and cos θ ≥ 0.9 (taking Eγ ¼ Evis

e for the elec-
tronlike visible energy measurement). Since inverse
Primakoff scattering is characterized by a forward outgoing
photon, while inverse Compton scattering is characterized
by a forward outgoing electron and a soft off-forward
photon (typically below the lower energy cut), these
scattering channels are well within the selection region
for most choices of the couplings and the ALP mass.
Example spectra for photon and electron coupling channels
are shown in Fig. 5, where we have convolved the predicted
event rates with the efficiency functions described above.

For the case of ALPs undergoing inverse Primakoff
scattering in the detector, aZ → γZ, we integrate over
the visible energy and outgoing angle of the final state
photon,

d2R
dEγdΩγ

¼ NT

Z
dNa

dEa

d2σðEaÞ
dEγdΩγ

ϵðEγÞϵðΩγÞdEa; ð5Þ

where ϵðEγÞ and ϵðΩγÞ ¼ ϵðcos θγÞ are equivalent to the
visible energy and cosine efficiencies, respectively, of
the electronlike signals shown in Fig. 4. Here, recall the
differential event rate dNa=dEa passing into the detector
from Eq. (4).
Integrating Eq. (5) over energy bin edges [75, 100, 150,

200, 250, 300, 500, 850] (in MeV) and cosine bin edges
[0.9, 0.95, 0.99, 1.0] yields the ALP signal si in each bin i
as a function of the mass and couplings. In the case of
decays, instead of the differential cross section in Eq. (5)
we use the probability of decays occurring inside the
detector

FIG. 4. Selection efficiency of the electronlike events from
reconstructed events inside the MiniBooNE detector.
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Pdecay ¼ e−l=ðτvaÞ½1 − e−Δl=ðτvaÞ�; ð6Þ

where τva is the ALP decay length in the lab frame, l is the
baseline distance between the ALP production in the dump,
and Δl is the fiducial path length in the detector during
which the decay must take place.
For the other detection channel final states (2γ, 1γ1e−, or

eþe−), both final state particles leave visible energy in the
detector, so we need to ensure that they are collinear
enough to be reconstructed as a single Cherenkov ring in
the detector. We check the angular distribution of the final
state and cut events if two final state particles are separated
by more than 5°.
We use a binned log-Poisson likelihood to obtain the

confidence limits

lnLðθ⃗Þ ¼
X7
i¼1

di ln½siðθ⃗Þþbi�− ½siðθ⃗Þþbi�− ln½Γðdiþ 1Þ�

ð7Þ

for data di, backgrounds bi, and signal siðθ⃗Þ, where
θ⃗ ¼ ðma; gaγÞ in the case of dominant ALP-photon cou-

pling and θ⃗ ¼ ðma; gaeÞ. The CLs are then given by finding
regions of constant delta-log likelihood,

−2Δ lnL≡ 2ðlnLðθÞ − lnLðθÞminÞ; ð8Þ

in the relevant model parameter space θ⃗.

B. ArgoNeuT

ArgoNeuT [36] collected data from 1.25 × 1020 POT
impinging on the NuMI target, with its LArTPC detector
situated 1.04 km downstream of the target while the
beamline was in antineutrino mode [50]. With a fiducial
volume of 0.40 × 0.47 × 0.90 cm3, the angular acceptance
of the detector coverage corresponds to roughly 0.325 mrad
in solid angle. We perform a similar simulation with
GEANT4 using the QGSP_BERT_AllHP physics list to

model the particle cascades inside the NuMI beam target
environment (120 GeV protons on graphite). The ALP flux
is calculated in the same way explained in the case of the
MiniBooNE dump. From the GEANT4 flux distributions of
e� and γ in the solid angle of ArgoNeuT, shown in Fig. 6,
we estimate the ALP flux produced from 1.25 × 1020 POT
during data collection.
A dedicated search for heavy ALPs decaying to dimuon

pairs was performed by the ArgoNeuT Collaboration [37],
exhibiting an event topology with very low background
expectations. However, here we are interested in different
types of event topologies: eþe−, e−γ, 2γ and 1γ (see
Table I), for which a dedicated analysis is missing.
Therefore, we will not perform a likelihood analysis. We
will just provide the contours in the parameter space for
which the following number of signal ALP events would be
observed in ArgoNeuT: 3, 20, and 100. These numbers are
equal to the Poisson error of ∼10, 400, and 104 background
events, respectively.

FIG. 5. Left: visible energy spectrum from ALP production and scattering in photon coupling channels, where a mass of
ma ¼ 0.5 MeV at couplings of gaγ ∼Oð10−5Þ GeV−1 mainly contribute to the decay channel a → γγ. Right: visible energy spectra
from electron coupling channels, with the solid red histogram showing the predicted spectra below the decay thresholdma ¼ 2me, while
the dashed red histogram shows the spectrum for a larger mass which is resonantly produced and dominantly produces a a → eþe−
decay signature.

FIG. 6. Electron, positron, and photon fluxes at the NuMI target
whose directions point within the solid angle of the ArgoNeuT
detector.
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IV. RESULTS

The constraints on the ALP-photon coupling gaγ as a
function of the ALP mass ma derived from MiniBooNE
beam dump mode data are shown in Fig. 7. The 1σ and 2σ
confidence limits (C.L.) are shown individually using
the delta-log-likelihood method, and we find that the
MiniBooNE data set new laboratory limits on the ALP
coupling for masses below 100 keVor so, where previously
astrophysics (HB star cooling and SN1987a [51,52]; see
also Refs. [53–60]) had placed the only constraints ahead of
beam dump constraints [61,62]. The measurement of the
explosion energy of SN1987A is also shown (hatched
area), which lies in tension with the cosmological triangle
region unless the star cooling process is significantly
different from the standard picture [52]. Recently, con-
straints were set by the CCM120 engineering run [12].
Limits set by the ArgoNeuT null result from 1.25 × 1020

POT of collected data are shown in blue, benchmarking the
signal event rate at 3, 20, and 100 events in the absence of a
dedicated analysis with backgrounds and proper event
selection. Comparing the shape of the exclusion contours
between MiniBooNE and ArgoNeuT, one can see the
impact of the longer baseline between beam target and
detector at ArgoNeuT (∼1 km) versus MiniBooNE (489 m)
shifting the sensitivity contour to larger masses reflecting
longer ALP lifetimes for a → γγ decay.
In this space, we also show the parameter space

associated with QCD axion model benchmarks spanned
between the dashed black lines. Here the range of couplings
and masses are shown for Kim-Shifman-Vainshtein-
Zakharov (KSVZ) benchmark models [63,64], where the
range is defined by taking the anomaly number ratios of
E=N ¼ 44=3 to E=N ¼ 2 in the model. The correlations
between the QCD axion mass and its effective couplings

are taken from Ref. [65] (see also the Appendix). While the
constraints shown here are purely on the photon-ALP
couplings, independent constraints on the ALP-gluon
couplings in these model variants are stringent and would
indirectly rule out much of the parameter space [66]. These
bands are of course only representative of these traditional
QCD models shown for a sense of scale. QCD axions that
are invoked to solve the strong CP problem which have
parametrically heavier or lighter masses in other nontradi-
tional models are also possible [30–32,67].
We set limits in the same way on the electron-ALP

coupling gae as a function of the ALP mass in Fig. 8. In
this parameter space, we also show the region of couplings
and masses associated with traditional QCD Axion mod-
els, which is spanned between the dashed black lines
[21,68–70]. Again, we show this span of model parameter
space for reference although the constraints shown here
from pure gae-driven channels are conservative, and
indirect constraints on the DFSZ gluon couplings would
be more stringent. In the electron coupling, we find that
the MiniBooNE dump mode tests parameter space
already ruled out by existing laboratory searches, e.g.,
NA64, E137, and other beam dumps. Although, in the
mass range ∼10 MeV the resonant channel eþe− → a
produces a highly peaked signal which becomes visible
inside the energy region of interest, 75 < Evis < 850 MeV
(see Fig. 5). This is because the resonant energy tracks the
square of the ALP mass, as Ea ¼ m2

a=ð2meÞ, producing
the first visible peak within this energy range for
ma ≃ 10 MeV. The MiniBooNE dump mode becomes
highly sensitive to ALP signals here for those masses but
is consistent with the existing E137 constraints in this
region. The subtle undulating features in the C.L. contours
from ma ¼ 10–30 MeV then reflect the signal rising and

FIG. 7. Constraints on gaγ set by the MiniBooNE dump-mode
run at 2σ C.L. are shown, while the expected limits set by
ArgoNeuT are shown for several benchmark signal rates.

FIG. 8. Constraints on gae set by the MiniBooNE dump-mode
run at 2σ C.L. are shown, while the expected limits set by
ArgoNeuT are shown for several benchmark signal rates.
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falling to accommodate the two data points in the third and
sixth energy bins in Fig. 5.
ArgoNeuT sensitivity to this coupling is fairly powerful

in the ma > 2me mass range and would exclude new
parameter space ahead of the limits set by the CCM120
engineering run between ma ¼ 1 MeV and ma ¼ 5 MeV.
This is owed in part to the energy scale and long distance
from the detector to the target being ideal to probe long
ALP lifetimes, and also the relatively larger e� fluxes
produced in the NuMI target (Fig. 6). This exclusion would
be possible even for a benchmark signal rate of 100 events,
corresponding roughly to a Poisson background of 104

events without taking into account signal efficiency. This
sensitivity is lost in the scattering limit forma < 2me where
NA64 missing energy and CCM120 set the leading
constraints.

V. OUTLOOK

The analysis of the MiniBooNE dump mode data shows
significant sensitivity to dark sector states produced by the
secondary electromagnetic cascades from the booster
neutrino beam (BNB) impinging on the dump environment.
By utilizing the off-target configuration and examining the
interactions of 1.86 × 1020 protons with the steel beam
dump, we have expanded the existing constraints on ALPs
in the 10–100 MeV mass regime that couple to photons.
Simultaneously, despite a small exposure and fiducial
detector mass, the null observations of ArgoNeuT could
potentially rule out parameter space for ALPs in the same
mass range coupling to electrons, due to the higher beam
energy.
Stopped-pion experiments at ∼GeV scale proton beam

dumps also have the capability to probe new physics in the
secondary electromagnetic showers, expanding in comple-
mentary regions of model parameter space to the higher
energy, longer baseline beam dump experiments situated at
the NuMI, BNB, or LBNF beams. Future beam dump
searches may be possible to fully probe QCD axion
parameter space for MeV masses, such as a proposed
dump mode or targetless running mode for DUNE [42]. A
dedicated targetless mode was shown to test electron-ALP
couplings down to gae ∼ 10−6 for ma < 2me and down to
gae ∼ 10−9 from ALP decays to eþe− pairs with a limited
three month to one-year exposure.

The supporting data for this Paper are openly available
from [48].
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APPENDIX: QCD AXION MODELS

The correlations between the QCD axion mass and its
effective couplings are given below, taken from Ref. [65].
We simply reiterate those correlations here for the conven-
ience of the reader. The relation between the Peccei-Quinn
breaking scale fa and the axion mass is

fa ¼
�
5.691 × 106 eV

ma

�
GeV: ðA1Þ

To find the correlations between the axion mass and its
effective couplings to photons in the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) benchmark model [63,64]
is then given by Eq. (A2):

gaγ ¼
ma

GeV

�
0.203

E
N
− 0.39

�
: ðA2Þ

We then consider a range of model parameter space by
considering anomaly number ratios of E=N ¼ 44=3 to
E=N ¼ 2. This defines a band in ðma; gaγÞ parameter space
in which the QCD axion’s couplings and mass may reside.
For the DFSZ benchmark model [21,68–70], for which

couplings to electrons would be dominant relative to the
photon couplings, we take

gae ¼
meCaeðma; tan βÞ

fa
; ðA3Þ

where the coefficient Cae is dependent on the rotation angle
β for the vacuum expectation values of the extended Higgs
sector in DFSZI and DFSZII models:

DFSZðIÞ∶ Cae ¼ −
1

3
sin2β þ loop factors ðA4Þ

DFSZðIIÞ∶ Cae ¼
1

3
sin2β þ loop factors ðA5Þ

Here we take tan β values between 0.25 and 120,
which equates to sin β ¼ 0.242536 and sin β ¼
0.999965, respectively [71].
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