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We report on the results of the first search for the production of axion-like particles (ALP) via
Primakoff production on nuclear targets using the GlueX detector. This search uses an integrated
luminosity of 100 pb−1·nucleon on a 12C target, and explores the mass region of 200 < ma < 450
MeV via the decay X → γγ. This mass range is between the π0 and η masses, which enables the use
of the measured η production rate to obtain absolute bounds on the ALP production with reduced
sensitivity to experimental luminosity and detection efficiency. We find no evidence for an ALP,
consistent with previous searches in the quoted mass range, and present limits on the coupling on
the scale of O(1 TeV). We further find that the ALP production limit we obtain is hindered by the
peaking structure of the non-target-related dominant background in GlueX, which we treat by using
data on 4He to estimate and subtract these backgrounds. We comment on how this search can be
improved in a future higher-statistics dedicated measurement.

I. INTRODUCTION

Axion-like particles (ALPs) are a compelling extension
of the standard model (SM) of particle physics. They
naturally arise as potential solutions to the strong CP [1–
3] and Hierarchy [4] problems, and they serve as portal
to dark sectors [5–8]. See Refs. [9–13] for comprehensive
reviews.

Since ALPs are pseudo-Nambu-Goldstone bosons,
their mass (ma) can be much smaller than the scale Λ
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that controls their interaction with SM particles. ALPs
at the MeV-to-GeV mass scales have received recent at-
tention [14–18]. Such ALPs could predominantly cou-
ple to photons, with an effective ALP-photon interaction
given by

Leff ⊃ 1

4Λ
aFµν F̃µν , (1)

where a is the axion scalar field and Fµν is the pho-
ton field strength tensor with F̃µν = 1

2ϵ
µναβFβα. (This

assumes a CP-odd pseudoscalar ALP, but the following
analysis applies also for a CP-even scalar ALP.) This
interaction with photons serves as a possible portal to
probe beyond-SM physics using SM probes and decays.
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FIG. 1. Diagram of the Primakoff production of an ALP,
with subsequent decay into 2γ. The incoming beam photon
interacts with nucleus A coherently and produces two final-
state photons through the mediation of an intermediate spin-0
particle a.

It has been proposed [19] to search for sub-GeV ALPs
with dominant coupling to photons via Primakoff pro-
duction from nuclei [20]. Such a search requires a high-
luminosity beam of photons incident on a nuclear target,
as well as a large-acceptance detector capable of detect-
ing two final-state photons with a wide range of invariant
masses.

The axion and neutral meson (π0 and η) Primakoff dif-
ferential cross sections are well-known and are similar up
to known kinematic function [19]. Therefore, the ALP
search can be done in a data-driven manner by normaliz-
ing the ALP signal yield to the neutral meson production
rate and decay in the diphoton channel. As a result the
dependence on the nuclear form factor and the incident
photon beam luminosity cancels, leading to reduced sys-
tematic uncertainties. A previous analysis in GlueX [21]
has used data on a hydrogen target to search for photo-
produced ALP with dominant gluon couplings.

In this work, we report the results of the first ex-
ploratory search for ALPs with photon coupling and sub-
GeV mass using nuclear targets with the GlueX detec-
tor, which recently performed measurements using nu-
clear targets [22]. These data, primarily dedicated to the
study of short-range correlations (SRC) in nuclei [23] and
color-transparency (CT) [24], studied a number of nuclei,
the heaviest of which is 12C. We use these data to realize
the ALP search and study the reach of a dedicated future
measurement with GlueX.

II. EXPERIMENT

The data used in this search were measured using the
GlueX spectrometer located in Hall D of the Thomas
Jefferson National Accelerator Facility. A 10.8GeV
high-energy electron beam from the Continuous Elec-
tron Beam Accelerator Facility [25] was used to create
a tagged linearly-polarized photon beam via coherent
bremsstrahlung from a diamond radiator. The energy
of the bremsstrahlung photon is deduced from the mo-
mentum of the scattered electron measured in the tagging

Microscope and Hodoscope detectors [26]. This enables
a photon-beam energy measurement to an accuracy of
about 0.1%. The photon beam is collimated upon exit-
ing the tagger hall, after which it is incident on the tar-
get within the GlueX spectrometer. In this experiment
a solid multifoil 12C target (8 equidistant foils with a to-
tal thickness of 1.9 cm, extended over a 30-cm region)
was used, with a total integrated luminosity of ∼100
pb−1·nucleon.
The GlueX spectrometer [27] is a large-acceptance de-

tector and includes a number of subdetectors. Immedi-
ately surrounding the target is a scintillator-based start
counter (SC) [28], a straw-tube central drift chamber
(CDC) [29], a lead and scintillating-fiber barrel calorime-
ter (BCAL) [30], and a superconducting solenoid magnet.
Further downstream in the direction of the beamline are
a set of planar wire forward drift chambers (FDC) [31],
a time-of-flight scintillator detector (TOF), and a lead-
glass forward calorimeter (FCAL) [32]. Physics events in
the detector are recorded if sufficient energy is deposited
in the calorimeters; a second trigger recorded events with
a lower energy threshold in the case of a detected hit in
the SC, but was not used in this analysis. As the mea-
sured final-state consisted solely of two high-energy pho-
tons, the calorimeters, specifically the FCAL, provided
the majority of the necessary measurements to recon-
struct the event, but the other subdetectors were used in
the rejection of background processes.

III. EVENT SELECTION

This search is based on the Primakoff production of
pseudoscalar resonances decaying into 2 photons, γA →
AX → Aγγ. In Primakoff production, the 4-momentum
transfer |t| to the nucleus is very small, and the mass of
the 12C nucleus means that recoil nuclei cannot be de-
tected. As such, the signal events of interest consist of
a 2-photon final-state, with no other measured charged
or neutral particles. The photons were measured by ob-
serving showers in the FCAL, which reported the en-
ergy and the location of the showers. Full information
of the 4-momentum of the photons pγi was determined
by assuming a reaction vertex in the center of the tar-
get, neglecting the small target width and allowing us
to infer the angle of the photon momentum. The total
4-momentum of the 2-photon system pX = pγ1 + pγ2
is further inferred by adding the momentum of the 2-
photons, allowing us to calculate the invariant mass and
the angle of the “diphoton” system.
The event selection criteria, which are enumerated in

Table I, were first tuned in a blinded analysis of the com-
plete data set. Blinding was achieved by analyzing a 10%
subset of the data. The specific values used in the back-
ground vetoes and the physics cuts were tuned by com-
paring data to Monte-Carlo simulation of signals in order
to optimize the statistical significance of any detection.
Events were required to have exactly two neutral
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TABLE I. Summary of the event selection criteria. Photon
selection criteria were used to select valid decay photon can-
didates for an event. Vetoes were used to reject background
events, and physics cuts were used to select possible Primakoff
production events.

Photon

Selection

|tshower − tRF| < 3 ns

Eshower > 100 MeV

Rshower < 105.5 cm

Outside Inner FCAL Layer

Vetoes

TOF Hit with |ttof − tshower| < 6.5 ns

and |r⃗tof − r⃗shower| < 6 cm

Extra FCAL shower with |tshower − tRF| < 4 ns

Extra BCAL shower with |tshower − tRF| < 6 ns

Physics

Cuts

0.95 < EX/Eγ < 1.05

θX < 0.5◦

shower candidates satisfying four criteria. First, the
showers needed to originate from within 3 ns of the
electron-beam RF time for the event, accounting for the
expected time-of-flight. Second, the showers were re-
quired to have a measured energy greater than 100MeV.
Third, the showers were required to be located outside
the innermost layer of the FCAL closest to the beamline.
Finally, the showers were required to be within 105.5 cm
of the center of the FCAL. The events were also required
to have at least one tagged beam photon candidate within
2 ns of the RF time, after accounting for time-of-flight to
the target.

Several veto conditions were checked to remove possi-
ble background events. Events with a hit in the TOF
scintillator in proximity to the calorimeter shower were
rejected to remove charged-particle backgrounds. Events
with additional showers in either the FCAL or BCAL
were rejected in order to suppress non-Primakoff events
with additional particles.

Several physics cuts were applied to the events to iso-
late Primakoff contributions. An “elasticity” cut was
applied, requiring that the total energy of the two de-
tected photons be within 5% of the beam photon energy
(0.95 < EX/Eγ < 1.05), in order to reduce inelastic con-
tributions and limit accidental photon contribution. An
additional cut was placed on the angle θX of the dipho-
ton relative to the beamline; the 2-photon system was
required to have a small angular deflection θX < 0.5◦,
restricting the data to a region where Primakoff contribu-
tions dominate. These latter two cuts had the combined
impact of limiting the missing mass of the reaction to be
close to the mass of an intact carbon nucleus, though the
resolution of the detector did not allow precise enough
reconstruction to cut on the missing mass.

Fig. 2 shows the effect of selection vetoes and cuts
on the invariant 2-photon mass spectrum. We note
that the η meson peak at the 2-photon invariant mass
mγγ = 548MeV is clearly seen after all selection criteria
have been applied, allowing the search to be normalized
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FIG. 2. The invariant 2-photon mass spectrum in the blinded
subset of data at each level of cut and veto, applied sequen-
tially.

relative to this channel. However, the π0 → γγ events are
ultimately removed upon application of the angular de-
flection cut. This is an acceptance effect; the mass of the
diphoton correlates with the opening angle of the pho-
tons, and requiring the diphoton system to have a small
deflection angle means that photons originating from low-
mass diphotons do not impact sufficiently far from the
beamline to fall within the FCAL. This results in a sharp
loss of signal below an invariant mass of mγγ ≈ 180MeV.
We also observe a peak above the η meson in mass,

which corresponds to the decay ω → γπ0 → γ(γγ). In
a sizeable fraction of events, at least one photon from
this decay is undetected, creating the appearance of a 2-
photon final-state. This large background limits searches
for resonances in the region mγγ > mη.

IV. STATISTICAL ANALYSIS

We performed a bump-hunt on the 2-photon mass
spectrum in the diphoton invariant mass range of 200 to
450 MeV. This lower bound is near the limit of detector
acceptance for Primakoff events, and the upper bound is
proximate to the η peak.
The distribution of 2-photon resonance signal is seen in

simulation to follow a Gaussian shape, and the resolution
of this Gaussian σm(ma) was taken from simulation for
a given ma hypothesis; in general, the mass resolution in
the search range was found to be 3−4% and to be roughly
constant with ma. The simulated mass resolution was
found to agree with that measured for the decay η → γγ.
The background 2-photon combinations was modelled by
a polynomial of 4th order
For a given mass hypothesis ma, the measured 2-

photon mass spectrum was considered in a window of
width ∆m = 20σm, where σm is the 2-photon mass res-
olution at the test mass. This window was centered on
ma when possible, but was not allowed to extend above
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FIG. 3. The invariant 2-photon mass spectrum used in the
bump hunt after all selection cuts have been applied, including
the full set of carbon data. The search region between 200
and 450 MeV is shaded in blue, and the η → γγ signal used
for normalization is shaded in orange.

a value of 500MeV to avoid the η peak, the modeling
of which would otherwise dominate the goodness-of-fit.
A similar lower bound on the fit region was placed at
180MeV due to lack of acceptance below that. The data
within the search region was filled into 400 bins, giving
a bin width of σm/20. For each ma, the Gaussian signal
and polynomial background were fit to data using a max-
imum likelihood fit. The total yield µ of the signal was
allowed to vary, with the mass and width from simula-
tion remaining fixed. The polynomial coefficients of the
background were also fit, giving a total of six free param-
eters. This model was used to calculate the limits on the
signal yield following the procedures of Ref. [33]. The
background-only hypothesis, with µ = 0 enforced, was
also used to predict the expected limits from the data
and their level of fluctuation.

V. NORMALIZATION

The yield µa may be related to the ALP-photon 1/Λ
coupling by normalizing relative to the η → γγ yield.
We note that the signal yield µ for either process can be
expressed as

µX = L × σX × ϵ× B(X → γγ) . (2)

Here L is the total integrated luminosity, σX is the to-
tal Primakoff production cross section for X = π0, η, a.
ϵ = Ndetected/Ntotal is the total detection and selection
efficiency, which depends on mass of the produced pseu-
doscalar, and B(X → γγ) is the branching ratio of decay
into 2-photons, assumed to be 100% for the ALP and
measured to be 39.36± 0.18% for the η [34].

By equating the luminosity for the cases of X = a, η,
we derive the relationship between the ALP exclusion
and measurement of Primakoff η:

σa =
ϵηµa

ϵaµη
B(η → γγ)× ση . (3)

The Primakoff cross section can be factorized into a nu-
clear form factor, the photon coupling 1/Λ and a purely
kinematic component which depends on the resonance
mass (see Ref. [19]), i.e. σX = 1

Λ2
X
σ0(mX). By encom-

passing the mass-dependent cross section and efficiency
effects into a single factor, we may relate the excluded
ALP-photon coupling to the η-photon coupling, which
can be calculated from the measured η → γγ partial
width Γη→γγ = m3

η/(64πΛ
2
η) = 520± 20 eV [34]:

1

Λ95
= 8B(η → γγ)

√
σ0(mη)

σ0(ma)

ϵ(mη)

ϵ(ma)

µa,95

µη

πΓη

m3
η

, (4)

where µa,95 and 1/Λ95 are the 95% upper bounds on the
ALP yield and on the ALP photon coupling, respectively,
and Γη is the total η decay width.
One must also consider that normalization to the η me-

son yield must be performed specifically relative to the
number of Primakoff η → γγ events. In contrast, the
measurement of η → γγ also includes contributions from
incoherent nuclear production, coherent nuclear produc-
tion, and interference between coherent and Primakoff
production. The restriction to a diphoton scattering an-
gle of θX < 0.5◦ serves to reduce contributions from these
other production mechanisms, which are more dominant
at larger scattering angles, but does not entirely elim-
inate them. An overestimate of the Primakoff η meson
yield, as one can see from Eq. 4, would result in an overly
aggressive claim of the upper limit set by the data.
To estimate the yield of η → γγ events resulting from

Primakoff production, we examine the angular distribu-
tion of these events, shown in Fig. 4. These event yields
are obtained by fitting the mass spectrum for each angu-
lar bin in the region 450 < mγγ < 650 MeV using a Gaus-
sian signal with a linear background, which is found to
perform well at larger deflection angles, and relaxing only
the angular cut on the data. We observe a sharp peak
in the η → γγ yield at θX < 0.5◦, which corresponds to
Primakoff production, but we also see substantial con-
tributions of events at larger angles. In particular, a
significant contribution of events come from a wider dis-
tribution centered at θX ∼ 3◦, corresponding to nuclear
incoherent production of η mesons.

The fraction of η resulting from Primakoff production
was estimated by fitting this angular distribution with
the contributions of the four production mechanisms.
These include Primakoff production, nuclear coherent
production (modeled using the calculations of Ref. [35]),
the interference between the two, and incoherent photo-
production. The contribution from incoherent photopro-
duction was modelled using a 5th-order polynomial fit,
with the value and slope at θX = 0 both constrained to
be zero.
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TABLE II. Summary of the normalization uncertainties im-
pacting the excluded ALP cross section. These uncertainties
are dominated by those relating to the extraction of the Pri-
makoff η → γγ yield as described in the text. Also included
are uncertainties on the η total width and branching ratio to
γγ, taken from Ref. [34].

Source Uncertainty

Primakoff η yield (statistical) 8%

Primakoff η yield (systematic) 14%

Γη 4%

B(η → γγ) 0.7%

Total 17%

0 1 2 3 4
Production Angle [degrees]

0

1000

2000

3000

4000

5000

 M
es

on
 Y

ie
ld

 / 
0.

1 
de

gr
ee

s Total
Primakoff
Nuclear Coherent
Interference
Incoherent

FIG. 4. The extracted yield of η → γγ events in different
bins of the angular deflection of the η. We observe a distinct
Primakoff peak at θX < 0.5◦ as well as a substantial contribu-
tion of incoherent events dominating at θX ∼ 3◦. The angular
distribution is fit to a sum of the different contributions to η
photoproduction, including Primakoff, nuclear coherent, in-
terference between the two, and nuclear incoherent.

This fit results in an estimate of 72 ± 6stat ± 10sys %
contribution from Primakoff production in the region of
interest θX < 0.5◦. We assign the 10% systematic un-
certainty to account for model uncertainties, particularly
in the description of the incoherent production; this was
assessed by testing different models and constraints for
the description of the incoherent component. These un-
certainties are listed in Table II, along with systematic
uncertainties relating to the decay of the η. The total
normalization uncertainty on the excluded ALP cross sec-
tion is found to be 17%. Systematic uncertainties from
the efficiency of detecting the diphoton are assumed to
be considerably smaller than the dominant uncertainties
from η production [21], and are further reduced by tak-
ing ratio between two similar final-states as in Eq. 3; as
such, this uncertainty is neglected in the calculation of
the limits.

True Vertex
Assumed Vertex

mtrue = mη

mmeas < mη

θmeas θtrue

FIG. 5. Example of a background event resulting from down-
stream in-beamline material. An η meson is produced in the
FDC package material and decays into two photons, which
impact the FCAL at a given opening angle θtrue correlating
to their invariant mass. The energy and location of each pho-
ton shower is measured in the FCAL, but the assumed vertex
within the target results in an underestimated opening angle
θmeas < θtrue. The reconstructed 2-photon mass is thus be-
low that of the true η mass. Similar background events can
occur from other FDC packages or the air downstream of the
target. ω → π0γ production is also possible.

VI. BACKGROUNDS

It is important to explore the primary source of back-
ground for this measurement, which is the photoproduc-
tion of η → γγ and ω → π0γ outside of the target.
Fig. 5 shows an example of such a background event.
In this event, the η meson is photoproduced in mate-
rial downstream of the target from the beam photon,
and decays into two photons. These photons impact
the FCAL, with their energy deposition and shower loca-
tions being measured. The interaction vertex, however,
cannot be isolated due to the lack of charged tracks in
the event, and must be assumed to take place in the
center of the target. This misplaced vertex results in
an underestimated opening angle between the photons,
and therefore in an underestimation of the invariant 2-
photon mass as well. Events of this type, including both
η → γγ and misreconstructed ω → π0γ events, can result
in reconstructed invariant masses in the search region of
200MeV < mX < 450MeV.

In the event that downstream material within the
beamline is completely evenly distributed, such as in
the case of air within the experimental hall, these pro-
cesses would result in substantial but smoothly varying
backgrounds, reducing the sensitivity of the search but
not requiring detailed background modeling. However,
not all excess material in the experimental hall is evenly
distributed, and the most concerning backgrounds come
from the FDC. Each of the 4 FDC packages has about
0.22% radiation lengths of material directly within the
photon beamline. This material is less than the total
amount of air in the chamber, which is on the order of
1.8% radiation lengths in the region between the target
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and the FCAL, but is of far greater concern due to its con-
centration at a specific point in the spectrometer. Back-
ground processes from the FDC result not in smoothly
distributed background, but sharp features in the mass
spectrum corresponding to the locations of the FDC in
the hall.

These sharp features could result in large deviations in
the coupling limit set by the assumption of polynomial
background. Any complex background structure could
result in both false discovery of apparent resonances and
in overestimates of the coupling limits. While with it is
possible to address the background by theoretical mod-
eling, such models require detailed understanding of the
different η and ω production mechanisms at these ener-
gies as well as understanding the distribution of material
in the beamline, and would involve a large number of pa-
rameters to be fit to data. This would introduce consider-
able model-dependency in the extraction, and is further
complicated by the peaking nature of this background,
which causes significant degeneracy between background
and signal shapes for a large fraction of the mass range.
For the purposes of this analysis, such modeling was not
performed, and the background was fit using the previ-
ously described polynomial function.

In order to treat the effects of beamline-material back-
ground, data without the carbon target present can be
used to subtract the mass spectrum and remove contri-
butions in common. While little empty-target data was
measured for this experiment, substantial data was taken
with other nuclear targets. In particular, a comparable
fraction of data, roughly 67 pb−1·nucleon, was taken on
a 4He target. As the per-nucleon Primakoff cross sec-
tion for helium differs from that for carbon by a calcu-

lated factor of σHe/4
σC/12 = 0.38, the 2-photon mass spectrum

for this data can be subtracted from the spectrum for
carbon to account for common non-target-related back-
grounds without substantially reducing the sensitivity to
Primakoff production of ALP. The helium data is scaled
by the ratio of the total number f of photons on each
target, measured by the Pair Spectrometer [36] to be
fC/fHe = 1.65; as experimental effects are common be-
tween each set of data, this ratio is understood to much
higher precision than the individual photon flux per tar-
get.

Fig. 6 shows the 2-photon mass spectrum for the full
carbon data after subtracting the scaled helium data. We
observe that mass spectrum is considerably smoother in
the search region following the subtraction, with the com-
plex background structures no longer present. This ob-
servation supports the hypothesis that the primary back-
grounds are beamline-related and therefore common be-
tween the targets. This subtracted spectrum may also be
used to perform a bump-hunt following the procedures of
Refs. [37, 38] where the level of background in each bin
is considered a separate nuisance parameter.

We note that, as Primakoff ALP production is sup-
pressed in helium relative to carbon but not negligible,
the sensitivity of the subtracted spectrum to ALP signal
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FIG. 6. The invariant 2-photon mass spectrum for all carbon
data after subtraction of helium data. Helium data was scaled
by the ratio of the total photon flux for the data on each
target. Subtracted data in the search region 200 < mX < 450
MeV is found to be very flat and smooth, supporting the
hypothesis that primary background are the result of in-beam
material which is common between the targets.

is reduced by a factor

1− fC
fHe

LHeσHe

LCσC
= 0.59± 0.02 (5)

where LA is the luminosity and σA the Primakoff ALP
cross section for nucleus A. Any extracted yields or lim-
its for the ALP signal from the subtracted spectrum are
divided by this factor to account for the loss in sensitivity.

VII. RESULTS

The upper limits on the ALP-photon coupling are ex-
tracted from the full dataset using the statistical method
and normalization to the η → γγ previously described.
Fig. 7 (top) compares this nominal extracted upper limit
with that projected from the background-only fit to the
full carbon data, as well as the predicted level of fluctu-
ation in this limit. We observe that the extracted limits
using this procedure agree with the scale predicted by
the background-only hypothesis, but can fluctuate be-
yond the level expected from purely statistical variation.
We see that the most stringent apparent limit is set

at an ALP mass of ∼360MeV, representing a downward
fluctuation as compared with the expected limits. This
indicates that the full data may resolve features of the
background which cannot be well-described by a simple
polynomial fit. In the particular case of the 360MeV
hypothesis, we note that the mass spectrum has a signif-
icant dip at this location, which results in a strict appar-
ent limit. This could otherwise indicate that the model
used for describing the background requires greater com-
plexity to set accurate limits.
Fig. 7 (bottom) shows the same comparison between

the extracted and predicted coupling limits using the
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FIG. 7. Top: The limits calculated by the bump-hunting pro-
cedure on the full mass spectrum are compared with those pre-
dicted from the background-only hypothesis. The observed
limits (solid red line) are shown to be at the scale of those
predicted by the background-only hypothesis (dashed line and
shaded regions), but fluctuate more strongly than expected,
perhaps due to more complex resolved background structure.
The most stringent apparent limit is at 360 MeV, resulting
from a corresponding dip in the mass spectrum. Bottom:
Same as top, but instead using the background-subtracted
mass spectrum. These observed limits agree well with expec-
tations, fluctuating at a level consistent with predictions.

background-subtracted mass spectrum. We find that
both the scale and the level of fluctuation in the observed
limit agree with the background-only predictions, indi-
cating that the background-subtraction leaves a smooth
and well-behaved mass spectrum. We note that the scale
of the limits set by the subtracted spectrum are above
those for the unsubtracted spectrum, as the background-
subtraction introduces greater uncertainty on the spec-
trum and also reduces the ALP sensitivity by subtracting
any contributions from the helium data.

Fig. 8 shows these extracted limits from the full (solid
black) and background-subtracted (dashed red) data
compared with current world-leading limits on the pa-
rameter space (shaded grey), as well as the expected lim-
its for other experiments. We find that the limits set on
the coupling by these data are on the scale of O(1 TeV),
competitive with recent results. However, these limits are
surpassed by the most recent world-leading limits from
BESIII [39], which cover a similar range of ALP masses
and reach to weaker couplings.

A dedicated Primakoff ALP search at GlueX would
require a means of accounting for the off-vertex back-
ground.

Given the challenges in accurately modeling this back-

ground, it would be ideal to address it using experimental
solutions. One possible solution is to measure a substan-
tial amount of data without a target present, allowing
for precise measurement of the non-target-related back-
grounds. By measuring these to a high precision it would
be possible to subtract out the impact of downstream ma-
terial. Such “empty-target” data would require a com-
parable luminosity to the measurement itself to avoid
dominating the statistical uncertainties, but the reduced
material could allow running at higher photon flux.
A more complete solution would be the removal of the

FDC packages from the spectrometer for the duration of
the run, and the placement of a helium balloon between
the target and the FCAL. The helium would present
fewer radiation lengths than air by a factor of 40, and
the removal of the FDC material would result in a much
smoother background profile. This solution would allow
for much greater sensitivity, as the statistical fluctuations
in the background would have considerably reduced im-
pact on the sensitivity.
The ALP mass range would naturally be extended to

include much lower mases in future experiments due to
an upgrade of the FCAL currently in progress [40]. The
central part of the FCAL is being replaced with an in-
sert, constructed from lead tungstate, which will provide
increased energy and position resolution and lower the
minimum detection angle to ∼ 0.45◦, considerably lower
than photon detection possible in this analysis. A fu-
ture experiment, using this calorimeter, would have im-
proved sensitivity due to improved resolution and the
search could be extended down to ALP masses as low as
100 MeV.
We also use our measured data to perform an estimate

for a high-luminosity (1 fb−1·nucleon) measurement of
a lead target, which would be the optimal possibility
for performing this measurement in GlueX. Using the
background-only projections for the limits and scaling
the limits appropriately by the ratio of the per-nucleon

Primakoff cross section for the two nuclei, σPb/208
σC/12 ≈ 7.25

(calculated using the known Primakoff cross section and
integrating over the tagged photon flux), luminosity, and
level of background, we calculate the projected limits also
shown in Figure 8, including both the case where empty-
target data has been collected at comparable statistics
to the target data, and the case where the FDC have
been removed and replaced with a helium bag. In both
cases we have extended the mass range to include the
acceptance of the FCAL insert for 2-photon events, as-
suming a level of background similar to that measured
in these data. We find that a measurement using empty-
target subtraction would provide limits comparable to
the current BESIII [39] limits in the same mass region,
and would extend to include the mass region 100 < ma <
150MeV, which is otherwise difficult to measure outside
the use of beam dumps. Performing the same measure-
ment after removing the FDC and implementing a he-
lium bag would result in considerably improved sensitiv-
ity across the mass range, and would allow exploring cer-
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FIG. 8. The limits set by this study using the full (solid
black) and background-subtracted (dashed red) data are
shown alongside the projections for 1 fb−1·nucleon of lumi-
nosity using a lead target for both the cases of using empty-
target subtraction (dashed) and helium balloon placement
downstream (dotted). For the latter a region around the
π0 mass is excluded as proximity to this resonance would
complicate a bump hunt. These are compared with existing
limits on ALP coupling as a function of mass (grey shaded
region) [19, 39, 41–45] and predicted limits for NA62 (cyan),
SHip (dark yellow) [46], FASER (magenta) [47], SeaQuest (or-
ange) [48], Belle-II (green) [49], and LUXE (pink) [50, 51]).
The results of this study are surpassed by current world-
leading limits, while the projections for a lead target and
improved acceptance are found to surpass current limits and
reach untested regions of parameter space.

tain regions of parameter space covered by neither the
Belle-II nor beam dump measurements. We note that
these projected limits are less optimistic than those pre-
sented in Ref. [19]. This comes about from a combination
of more detailed handling of the potential backgrounds as
well as more precise estimates of the feasible luminosity

for such a measurement.

VIII. CONCLUSIONS

In summary, we present a proof-of-principle analysis
of the proposed ALP search of Ref. [19], using high-
energy photon-nucleus data to examine ALP hypotheses
within the mass range between 200 and 450 MeV. We
successfully extract limits using current data from a 12C
target, and find that the obtained limits are less strin-
gent than recent world-leading extractions in the studied
mass range. We identify a number of experimental chal-
lenges that currently limit the ability of the GlueX detec-
tor to perform such a search, particularly related to the
substantial material in the detector which intersects the
beamline. We demonstrate how the use of multiple tar-
gets or empty-target data can be used to mitigate these
background and provide more stable exclusion limits. We
provide estimates of the limits that could be set using a
longer run with a lead target and an improved experi-
mental setup, which could provide world-leading limits
over a range of possible ALP masses.
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