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Photoproduction of axion-like particles
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We explore the sensitivity of photon-beam experiments to axion-like particles (ALPs) with QCD-
scale masses whose dominant coupling to the Standard Model is either to photons or gluons. We
introduce a novel data-driven method that eliminates the need for knowledge of nuclear form factors
or the photon-beam flux when considering coherent Primakoff production off a nuclear target, and
show that data collected by the PRIMEX experiment could substantially improve the sensitivity
to ALPs with 0.03 < m, < 0.3GeV. Furthermore, we explore the potential sensitivity of running
the GLUEX experiment with a nuclear target and its planned PrRIMEX-like calorimeter. For the
case where the dominant coupling is to gluons, we study photoproduction for the first time, and
predict the future sensitivity of the GLUEX experiment using its nominal proton target. Finally, we
set world-leading limits for both the ALP-gluon coupling and the ALP-photon coupling based on

public mass plots.

Axion-like particles (ALPs) are hypothetical pseu-
doscalars found in many proposed extensions to the
Standard Model (SM), since they naturally address the
Strong CP [IH4] and Hierarchy problems [5]. Further-
more, ALPs may explain the muon magnetic moment
anomaly [6] [7], and could connect SM particles to dark
matter by providing a portal [8HI1]. The couplings of
ALPs to the SM are highly suppressed at low energies
by a large cut-off scale A; however, since ALPs, a, are
pseudo-Nambu-Goldstone bosons, their mass (m,) can
be much smaller than the scale that controls their dy-
namics, i.e. my, < A. Recently, ALPs with MeV-to-GeV
scale masses, henceforth QCD scale, have received con-
siderable interest [7], T2H23] (see, in addition, Refs.[24-28§]
for recent ALP reviews).

In this Letter, we explore the discovery potential
of photon-beam experiments for ALPs with QCD-scale
masses. Specifically, we consider two cases: ALPs whose
dominant coupling to SM particles is to photons or to glu-
ons. For the former, the best sensitivity involves coherent
Primakoff production off a nuclear target (see Fig. top).
While ALP production using the Primakoff process has
been studied before [7, [29], our work is novel in three
aspects: (i) we introduce a fully data-driven ALP nor-
malization method, which eliminates the need for knowl-
edge of nuclear form factors or the photon-beam flux;
(ii) we show that data collected by the PRIMEX ex-
periment at Jefferson Lab could substantially improve
the sensitivity to ALPs with 0.03 < m, < 0.3GeV,
in fact, we are able to set world-leading limits from a
diphoton mass plot published in Ref. [30] from a sin-
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FIG. 1:  (top) Primakoff production via t-channel photon
exchange, and (bottom) photoproduction via photon—vector-
meson mixing and ¢-channel vector-meson exchange.

gle angular bin; and (iii) we explore for the first time
the potential sensitivity of running the GLUEX exper-
iment at Jefferson Lab with a nuclear target and its
planned PRIMEX-like calorimeter. For the case where the
dominant SM coupling of ALPs is to gluons, we extend
our work in Ref. [31] and study photoproduction for the
first time. The dominant photoproduction mechanism is
photon—vector-meson mixing and ¢-channel vector-meson
exchange (see Fig. 1| bottom). We obtain the future sen-
sitivity of the GLUEX experiment using its nominal pro-
ton target, and set world-leading limits based on a public
mass plot.

The effective Lagrangian describing the interactions of
ALPs with photons and gluons is

drascy

Leg D %GFMUFMV — aijé;wv (1)
where F,,, (G.) is the photon (gluon) field strength ten-
sor with F,, = %ewagFo‘B (GW satisfies a similar ex-
pression). Our approach to studying ALP-hadron in-
teractions follows Refs. [32H34], and we take the ALP-
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pseudoscalar mixing, along with the ALP lifetime and
branching fractions, directly from Ref. [31]. The two sce-
narios considered in this Letter correspond to ¢, = 0,
¢y =1 and ¢4 =1, ¢y = 0; however, we stress that our
results can be generalized to any other set of ALP cou-
plings to the SM particles (see Ref. [31]).

First, we consider the case where the dominant ALP-
SM coupling is to photons. When a photon beam
is incident on a nuclear target, the production of
pseudoscalars—either the mesons P = 7%, or ALPs—at
forward angles is dominantly via the coherent Primakoff
process for my p < 1GeV. The differential cross section
for elastic coherent Primakoff production from a nucleus,
N, is given by

do.elastic

% =aZ{ Ry (O asH(my, ma, s, 1), (2)

where ¢t and s are the Mandelstam variables, Fy is the
nuclear form factor (see the Supplemental Material [35]
to this Letter and Refs. [36-38]), [y, = c2m} /(647A?)
is the partial decay width of the decay a — 77, and
ma
H(mp, mq, s, t) = 12877—];
ma
mat(my +s) — mymy — t((s — m%)* + st)
P2(s — m3)?(t — 4m3, )2

. (3)

For pseudoscalar mesons, the corresponding differential
cross section is obtained by the replacement a — P.

For small values of ¢ (forward angles), where elastic
coherent Primakoff production is dominant, the nuclear
form factor dependence can be canceled by forming the
ratio of the ALP and P differential cross sections as fol-
lows:

do’s}\%ii;ﬁN _ Fa%'y'y H(mN,ma, S, t) dUA‘f}\(}:ﬁ%N (4)
dt Fp_yy H(mpn,mp, s, t) dt '

Therefore, the ALP yield—up to a factor of the model pa-
rameters (c,/A)?*—can be determined from the observed
7% and/or n Primakoff yields, making this a completely
data-driven search. The nuclear form factor does not
need to be known, and the photon flux also cancels us-
ing our approach. A correction must be applied to ac-
count for any mass dependence in the detector efficiency
at fixed ¢ and s, though this should be easy to obtain
from simulation given that the a — ~y decay distribution
is known (it must be uniform in the a rest frame). Fi-
nally, we note that quasi-elastic ALP Primakoff produc-
tion can be estimated using a similar approach; however,
this production mechanism is negligible in the m, range
considered here (see the Supplemental Material [35]).
The first run of the PRIMEX experiment was in Hall B
at Jefferson Lab in 2004 [30]. Data were collected on both
C and Pb targets using a 4.9-5.5 GeV photon beam and a
high-resolution multichannel calorimeter, which allowed
PRIMEX to make the most precise measurement to date
of the 7% — v~ decay width. The integrated luminosities
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FIG. 2: The PRIMEX (blue) and GLUEX (red) projections

for the ALP-photon coupling (¢, = 1, ¢¢ = 0) compared
to the current bounds [I5, [39H41] and projections of NAG2,
SeaQuest, Belle 2, SHiP and FASER [13] [42H44]. In addition,
a new limit is set (dark blue shaded regions) using the pub-
lished m.~ spectrum from one angular bin of carbon-target
PrRIMEX data from Fig. 2 of Ref. [30].

were 0.3/pb for C and 0.002/pb for Pb. A follow-up
run of PRIMEX was performed in 2010, which collected
0.4/pb on C and 0.3/pb on Si, though only preliminary
results have been produced thus far from this data set.

Reference [30] published the diphoton mass spectrum
near the 7 peak for one forward angular bin from the
C data obtained in the first PRIMEX run (see Fig. 2 of
Ref. [30]). The diphoton efficiency is roughly constant
within such a small angular and mass window; there-
fore, using the observed 7° yield in the published peak
(=~ 5100) and the background yield at each m.., we can
use Eq. to place constraints on A for ¢, = 1 and
cg = 0. For example, at m, = 0.11 GeV the background
in a +20 window is &~ 300 giving a rough estimate of the
sensitivity to the ALP yield of ~ 21/300. Using Eq.
we estimate this corresponds to A = 0.6 TeV, which is
comparable to the world-leading constraint from LEP at
this mass [15] B9]. In the Supplemental Material [35], we
perform a more rigorous study of this spectrum, the re-
sults of which are shown in Fig. 2| and confirm that this
small fraction of the PRIMEX data sample provides com-
petitive sensitivity to LEP—and even gives world-leading
constraints at a few masses.

To estimate the sensitivity of each PRIMEX data sam-
ple, i.e. not just the one bin shown in Fig. 2 of Ref. [30],
we need to determine the mass dependence of the effi-
ciency and to estimate the background versus m., in
each sample. A detailed description of this part of the



analysis is provided in the Supplemental Material [35],
and briefly summarized here. We assume that the same
selection criteria applied in Ref. [30] are used for the ALP
search and take the PRIMEX calorimeter acceptance and
resolution from Refs. [45] 46]. Furthermore, we assume
that the ALP bump hunt will only use candidates with
6, < 0.5°, where 7 production is dominated by the
Primakoff process for all targets.

Using the known nuclear form factors and Primakoff
differential cross section [A7H49], we generate Primakoff
79 Monte Carlo events for the PRIMEX photon-beam en-
ergy. We require that both photons from the 70 — 7
decay are in the PRIMEX calorimeter fiducial acceptance
region [30] and apply the required smearing to account
for resolution. The width of our Monte Carlo 7% peak
is consistent with the data in Ref. [30]. We then apply
the full selection of Ref. [30] and find that our predicted
79 Primakoff yields are consistent with those observed
in Refs. [50, [5I]. We assume that the reconstruction ef-
ficiency is independent of the ALP mass in the search
region (excluding geometrical acceptance effects). In ad-
dition, we discard the low-m, region where the photon
clusters begin to overlap and the acceptance has strong
mass dependence. Lower masses can likely be explored
in an analysis of the actual PRIMEX data with access to
a full detector simulation.

As in any bump hunt, obtaining a data-driven back-
ground estimate is straightforward using the m., side-
bands at each m, (see, e.g., Refs. [52, [(3]). However,
estimating the background without the data is consid-
erably more difficult, so we adopt a conservative ap-
proach. We considered many possible backgrounds, e.g.
YN — Nw(7°[yy]y) where one photon is not recon-
structed or the 7° photons are merged into a single clus-
ter, though we found that no hadronic reactions are ca-
pable of contributing background at a rate comparable
to that observed in Fig. 2 of Ref. [30] in the mass range
probed by PRIMEX. Thus, we conclude that the PRIMEX
background is dominantly due to electromagnetic inter-
actions of the photon beam with the target that pro-
duce either additional photons or eTe™ pairs. Figure 2 of
Ref. [30] shows the forward-most angular region. Given
that the beam backgrounds should decrease moving away
from the beam line, using this angular bin—and assum-
ing a uniformly distributed background—provides a con-
servative background estimate. We also conservatively
assume that the background density above (below) the
my region shown in Fig. 2 of Ref. [30] takes on the
value at the upper-most (lower-most) bin of the pub-
lished m spectrum. Finally, we scale the beam-induced
background, which is shown for the first C run, by the
product of the target radiation length and the number of
photons on target for other PRIMEX runs.

Our projected sensitivity for the entire PRIMEX data
sample is shown in Fig. i.e. our estimate combines
all of the PRIMEX runs. The PRIMEX sensitivity would
be substantially better than LEP for 0.03 < m, <
0.3GeV and provide world-leading sensitivity up to

about 0.4 GeV. We stress again that the PRIMEX data
are already on tape, and are well calibrated and under-
stood. All that is needed is to perform a bump hunt
on the forward-angle data in the region dominated by
Primakoff production. Following the approach we pro-
posed above, the normalization can be done in a purely
data-driven way using the observed 7° Primakoff yield
differentially versus t.

An updated version of the PRIMEX experiment re-
cently ran in Hall D at Jefferson Lab using the GLUEX
detector with an additional small-angle calorimeter [54].
This new experiment has the potential to explore higher
masses than PRIMEX due to the higher photon-beam en-
ergy of 11 GeV and the larger acceptance of the GLUEX
forward calorimeter; however, the use of a helium tar-
get in this new run makes it less sensitive than PRIMEX
for ALPs. There are several proposals for future GLUEX
running with heavy nuclear targets [55], so it is interest-
ing to explore the potential sensitivity to ALPs of such
runs. Specifically, we consider a Pb target here. We
take the GLUEX acceptance, efficiency, and resolution
from Refs. [56] 57], and the corresponding values for the
small-angle calorimeter from Ref. [54]. For m, < m,,, we
rescale the expected beam background from the PRIMEX
Pb run. There are three additional backgrounds that
contribute to the GLUEX run at higher masses: Pri-
makoff production of n and 1’ mesons, and coherent nu-
clear production of YN — Nw(n°[y7]y) (as described
above). The cross sections for these processes are well
known, making it straightforward to estimate their yields
using Monte Carlo.

An additional complication arises when projecting the
sensitivity of GLUEX. The GLUEX experiment could ex-
plore regions of ALP parameter space where the ALP
flight distance becomes nonnegligible. Using Monte
Carlo, we estimate that the impact on the ALP mass
resolution and acceptance is small provided that its lab-
frame flight distance is < 30cm (the length of the nomi-
nal liquid hydrogen target cell). For simplicity, we apply
a fiducial cut on the flight distance at 30 cm, which is con-
servative since ALPs that decay after this distance could
still be detected and a detailed study could determine
the appropriate signal shape for each value of A. Our
estimate of the projected reach for GLUEX including the
PRIMEX-like calorimeter is shown in Fig.[2] The larger
data set assumes that as much data is collected as is ex-
pected in the full GLUEX proton-target run. The smaller
data set corresponds to collecting 1/pb of Pb-target data.

Figure [2| shows that Primakoff production using pho-
ton beams can provide unique sensitivity to ALPs. The
data from PRIMEX, which has been on tape for a decade,
could provide substantially better sensitivity than LEP
for 0.03 < m, < 0.3GeV. Running the GLUEX experi-
ment for a few years with a Pb target and its PRIMEX-
like small-angle calorimeter could explore the remaining
parameter space down to where future beam-dump ex-
periments will have sensitivity. Much of this parameter
space is not accessible at any other current or proposed



future experiment.

We now move on to considering the case where the
dominant ALP-SM coupling is to gluons. In this scenario,
nuclear targets do not provide a large advantage since
both the signal and background scale similarly with the
number of nucleons, so we consider the nominal liquid-
hydrogen target and default experimental GLUEX setup,
which has been running for the past few years. When
a photon beam is incident on a proton target, exclu-
sive pseudoscalar production is dominantly via photon—
vector-meson mixing as shown in Fig. |1| bottom. In the
Supplemental Material [35], we show that—once both ¥
and 7 photoproduction are well understood—it is pos-
sible to derive a fully data-driven normalization strat-
egy similar to the one we proposed above for Primakoff
production. As discussed in Ref. [58], n production at
GLUEX energies, while clearly dominantly ¢-channel, is
not yet fully understood. Therefore, we will adopt a sim-
plified approach below, though we do provide a complete
description of how to implement the fully data-driven
strategy for future searches in the Supplemental Mate-
rial [35].

In principle, ALP searches at GLUEX could look for
hadronic final states like a — 37 and a — n7wmw; how-
ever, we studied these and found that the mass resolu-
tion at GLUEX makes ALP peaks comparable in width
to w,n',¢ — 37 and 7/, fo — nww making it likely that
large mass regions need to be vetoed in such searches.
Furthermore, the sensitivity at higher masses would not
be competitive with b-hadron decays [31]. Therefore, we
choose to focus on the a — ~v decay in the region be-
tween the 7 and 7 mesons, where its branching fraction
is close to unity and diphoton backgrounds are small.
Since a — 7w and a — 7% are forbidden by C'P and C,
respectively, the a — 7+ decay is dominant in all ALP
models in most of this mass region.

For myo < mg < m,, the ALP-gluon coupling
can be replaced by ALP—pseudoscalar-meson mixing by
performing a chiral transformation of the light-quark
fields [32H34] . Following Ref. [31], we denote the mix-
ing of the ALP with the 7° and n as (anw®) and (an),
respectively, and we take these m,-dependent mixings
directly from Ref. [31]. For |t| < 1GeV? in this m, re-
gion, at fixed s and ¢ the following approximation is valid
to O(1), which is roughly the same fidelity with which the
ALP-pseudoscalar mixing terms are known:

doiypaap% ﬁ 2 (5)
a ~\I
doy,,_y 0 do:
| am®) e PO

where fr and f, = A/(327%¢c,) are the pion and ALP
decay constants. This approximation works well in this
mass range due to the dominance of the contributions
from 7Y or  mixing to the ALP U (3) representation. We
adopt the relevant numerical values from Refs. [59H61],
see Supplemental Material for details.
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Ref. [58] published the m.. spectrum, along with the
yields and efficiencies versus t of both the 7° and 7
mesons. In the Supplemental Material, we perform a
bump hunt of the m,, spectrum to obtain upper limits
on the ALP yield at each m,. The expected ALP yield
in a small bin of [s, #] is related to A (or f,) using Eq.
according to

na(s,t) ~ <f7r> [<a7r0>|28n”0(s’t)6(ma’S»t) (6)

fa (0 = yy)e(ma, 5,t)
nn(s,t)e(ma,S,t)
(n = yy)e(my, st

+l(an)l5 ) Bla — ),

where € denotes the product of the detector acceptance
and efficiency. We linearly interpolate the efficiencies
given in Ref. [58] at m o and m, for m,, and confirm
this approach is valid to O(10%) using toy Monte Carlo
as described in the Supplemental Material [35] (addition-
ally, the same ALP lifetime correction is applied here,
though this is a small correction). The total expected
ALP yield is simply the sum of n,(s,t) over all bins. By
comparing the expected ALP yields to the upper limits
obtained from the bump hunt of the m,, spectrum, we
place constraints on ¢y/A (see Fig. [3). These limits are
the best over some of the 0.15 < m, < 0.46 GeV region.
Finally, we also provide the expected sensitivity from a
1/fb GLUEX data set, which is substantially better than
any existing limits over most of this mass region.

In summary, we explored the sensitivity of photon-
beam experiments to ALPs with QCD-scale masses
whose dominant coupling is to either photons or glu-
ons. For the photon-dominant coupling scenario, we in-
troduced a novel data-driven method that eliminates the
need for knowledge of nuclear form factors or the photon-
beam flux when considering coherent Primakoff produc-
tion off of a nuclear target, and showed that data col-
lected by PRIMEX could substantially improve the sen-
sitivity to ALPs with 0.03 < m, < 0.3GeV. We also
explored the potential sensitivity of running the GLUEX
experiment with a nuclear target. For the case where
the dominant coupling is to gluons, we studied photo-
production for the first time, and predicted the future
sensitivity of the GLUEX experiment using its nominal
proton target. For both scenarios, we set world-leading
limits based on public mass plots.
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Photoproduction of axion-like particles
Supplemental Material
Daniel Aloni, Cristiano Fanelli, Yotam Soreq, and Mike Williams

I. ALP PRIMAKOFF PRODUCTION

This section considers the ALP Primakoff production process shown in Fig. [1| (top)

V(ky) + N(kn) = alpa) + X(px) , (S1)

where N is a nucleus at rest and X is a generic final state with invariant mass mx. We begin by defining the
kinematical variables, and then explore the quasi-elastic (QE) production on a heavy nuclear target, and the limiting
cases of elastic production on both a heavy nuclear target and on a proton target.

A. Kinematics

The momenta in the lab frame are

ky = (k,0,0,k),
kN: (mNaOaO,O)v

Pa = (n sinf\/p? —m2,0, cos 0/p* — mi) 7

pX:kN""k'y_pav

where 6 is the scattering angle. The transferred momentum is

q:k'y*pa:(wv(j)- (86)
We use the standard Mandelstam variables
s = (ky+kn)® = (pa +px)* = m¥ + 2myk, (S7)
t = (ky —pa)® = (kny —px)?, (S8)
u=(ky—px)* = (pa — kn)*, (59)

with u +t + s = m2 + m% + m% . By using the above definitions we get that
m% = (ky +¢)* = mi + 2myw +t > m3 . (S10)

The elastic limit is m3% = m%.

B. Quasi-elastic double differential cross section

We start from the most general case of Primakoff quasi-elastic production on a heavy nucleus. The generic structure
of the amplitude can be written as

1
iM= eI (S11)
where J} | (Jy—q,) is the hadronic (y—ALP) current. The spin averaged squared amplitude is given by

2
Mo

|M|"=e 1z 7z LW (S12)



Above, we adopt the standard parameterization of the hadronic tensor (see, for example, Ref. [47]),

— JTpeg —
WH = Z JlllL;dJ}l;a(i = _Wl (g;w - qtq> + W2Viﬂviy ’ (SIS)
had,avg
where the response functions Wl (Wz) are only functions of ¢t and x = S TTy ,tkN , the Bjorken parameter (or, alternatively,
m%), and
1 q . kN ]_ qH
i mN|:N tQ} mN[N+2x (S14)

The ALP production tensor can be calculated perturbatively using the effective interaction of Eq. , which gives!

v 1 2 v t— mg v v m?L v
= L m) g - (4 ) (it + 2pl) — "Rkt (515)
Finally, the double differential cross section is given by
d*c _ —t d’c _ 1 |ﬂ’2 (S16)
dm? dt — 2(t+m% —m%)2dxdt (s —m%)? 167
The integration boundaries are
2 2 2 my —mj —miy ’ 2
mx € [mN, (\/g— ma) ] s to (tl) = B) - (kcm $pcm) ) (317)
NG
with
kmy s+m2 —m2\>
kem = —— 5 em — —e X —m2. S18
oL \/ (s m? (515)

We estimate the nuclear response functions WLQ in terms of the single nucleon response functions Wj o using the
relativistic Fermi gas model as in Ref. [48] and the normalization of Ref. [47]:

Wr =myRy = — (gij + T;g) W9,  Wp=myRy =W, (S19)
The transverse and longitudinal response functions are related to those of Eq. (S13)) via
— — t — t\°

By using the above definition of p and inverting these relations we find
W 1 w. 2 P
Wy = §WT, Wy = P Wi, + §WT. (821)
The above equation should be understood to be the sum of the neutron and proton response functions,
W, = WG+ W (522

The explicit forms of the longitudinal and transverse response functions are

(a) _3mNN(a)

Wi

o (a) (a) (a)
iaL(HT)WQ (1) =W (@)] + Wi (A} for L 23)

(GF — F)Q(EF — F) X { i (7') n Wg(a)(T)A for T .

Amyp g AL

! This formalism is well known for the case of electron scattering, with the trivial replacements cy/A — e, and LMY =
2 (k*p” + k¥pH — gtV (k-p — m2)) , see Ref. [47] for further details.



Above, the superscript a = p(n) stands for protons (neutrons) in the gas, m, ~ m,, is the proton (neutron) mass,
N® = 7Z and N = A — Z. We also define the dimensionless parameters

1
i _ 1T s
2m,  2m, p
w t
A= = — 525
2m,, dxmymy (525)
t
_ 2 \2
T (526)
e =22 (S27)
mp

er =/14+1n%, (S28)

where pp ~ m,/4 ~ 235 MeV is the Fermi momentum [48] and

I‘max[epQ)\,mllJrl)\] , (S29)
T

T |1
A:HQ{3(52F+5Fr+r2)+A(EF+F)+A2]—(1+T). (S30)
Finally, the single nucleon response functions are related to the Sachs form factors Eqgs. (S32))—(S33)) by [48]

wom=r[6m] . wPn = {[e] e o] ] (531)

where the Sachs form factors are given by [36] [37]

Gp(t) = (1t1/qg)2 ; (S32)
Gu(t) = dﬁ%)z7 (S33)
Ge(t) = 477;;2, (1 i;qg)rz 1 5.16t/mg =0, (S34)
Gu(t) = (1_/1#%)2, (S35)

with g, = 2.793 (11, = —1.913) [38] the magnetic moment of the proton (neutron) and g3 = 0.71 GeV?. The resulting
QE cross section is given by

E — —
dQUSN—mX _ agy, wi Wy + waWo (S36)
dt dx 3202 mita?(m3, — s)2’
where

wy =2mA (m?2 —t)?, (S37)

t
wy =m{m; (2t —m2) —t[(s — m%)* +tmi] — E(S —m3)(t —m?2). (S38)

C. Elastic scattering limit

Elastic scattering corresponds to the following limit (see discussion in Ref. [47]):
t

mik=mik = w=-—— = x=1. (S39)

2mN



The nuclear response function is obtained by integrating Eq. (S13|), which gives

Fhad = 16mm3 (—Ff (g w4 tq ) + F V“V”) (S40)
and
F2
FP=L, F= g (F2 +2pF?) . (S41)

The transverse and longitudinal response functions are approximately

Fi(t) ~0, F7(t) ~ Fo( ) (542)
where
Ralt) = 5 [ @0y plodn = reaEE (543)

Above, |q] = \/t(t/4m3, — 1), a and R are determined from data using the two parameter Fermi model (see Ref. [49]).
Finally, pg is defined by the normalization condition f d®xp(x)oo = Z . Therefore, the amplitude squared is

___9 862912C 3 q" 72
M —n g (i + 5 ) (ke + 5 ) S R@), (544)

and the elastic cross section is
-2
M|
P S45
dt  64msk?,’ (845)

where the integration boundaries are given in Eq. (S17)) for myxy = my and k., is defined in Eq. (S18]). The resulting
elastic cross section is

AP un _ gt ™ (i + ?) i ¢ (03— )" +51))
a4 F3(q). (846)

D. Proton target

A simple case is a proton target, where we consider elastic scattering. The proton effective vertex is

- 10, u
Caty = ey (L0 + SR ) 0, (s47
P
where
4m2GE (t) — tGR (1) 4m? (G (t) — GE(1))
P+ — p—E M D _ p \'M E 4

and Gp, y; are given in Eqgs. (S32) and (S33). The cross section is

dospsap Oy HFD () + fraFP(OFS (1) + 23 (1)

i 32A2 m2 12 (m2 — 52 ’ (549)

with
fr=2m2 {2mt(m? + s +t) — my(2m2 +t) — t [2(m) — 5)* + 2st + 7] } (S50)
fo= t{t[mf, — me)(s +t)+ s(s+t) |+tm] (3m —5) — mimi} , (S51)

f12 = 4m127 t (mz — t)2 . (852)



E. Quasi-Elastic data-driven signal estimation

The ALP Primakoff signal is proportional to the Primakoff production yield of 7°, i or . Therefore, by measuring
these yields for different s, t, and = one can preform data-driven signal estimation and normalize the ALP search to
the data without relying on theory inputs for the form factors. In addition, the experimental photon flux does not
need to be know, and only the response of the detector at m, relative to mp is required. Here, we discuss the general
case of quasi-elastic scattering on a heavy nucleus. The elastic case is discussed in the Letter. In principle, this method
can also be used to preform a measurement of the I', o), /T z0_,~ ratio with reduced hadronic uncertainties.

For a given target, IV, the ratio between ALP and P = 7%, n,n’ Primakoff production is
Ao N—ax doyN—Px
Ra >t7 ) as = == / =
P(s:t,@,ma, mp) < dtdz dtdz
B g(%/A2 (m2 — )% 14 wa1 (s, t, 2, ma)Wai (t, x)
6470 p_yry /M (M2 — )2 1 4+ wor (s, t, 2, mp)Wor (t,x)

(S53)

with
Wor(t, ) = Wa(t,z)/Wilt,z),  wa(s,t,z,ma) = wo/ws . (S54)

From Eq. (S53) we see that in order to normalize ALP production to pseudoscalar production one needs to know
Ws1 . This can be achieved by measuring the differential cross section at two different s values:

d d
oot =(52) | (C52)
S$=81 s=so

L4 war(s1,t,z,mp)Wai (t, ) (miy — s2)?
1+ way(s2, t,x,mp)Wa (t, ) (m3 — s1)2’

(S55)

which allows us to determine Wai (¢, z) and estimate the ALP Primakoff production cross section. We note that this
should be done on the data around the Primakoff peak where strong pseudoscalar-meson production can be neglected.

II. ALP STRONG PHOTOPRODUCTION

In the Letter, we used an approximation to obtain the data-driven normalization for strong ALP photoproduction.
This was because, as discussed in Ref. [58], n production at GLUEX energies, while clearly dominantly ¢-channel, is not
yet fully understood. Here, we show that—once both 7° and 7 photoproduction are well understood—it is possible
to derive a fully data-driven normalization strategy similar to the one we proposed above for Primakoff production.

We estimate this contribution using the vector-meson-dominance (VMD) model. The process begins with an
insertion of y-p (y-w) mixing, an interaction of the form PVV(") where P = m, n, 1 or P = a for the ALP and
V = p, w (see Ref. [59] and the Supplemental Material of Ref. [31] for further details). The ALP-gluon coupling can
be replaced by an ALP U(3) representation by performing a chiral transformation of the light-quark fields [32-34] .
Following Ref. [31], we denote this as a and take this m,-dependent representation directly from Ref. [31].

For the photon-meson mixing we define

Vo =3 =e/g~= 4.9 x 1072, (S56)
where g ~ /127 is the VMD coupling [59]. As this factor is already at the percent level, we do not consider more

than a single insertion. For the p and w couplings to the proton, we follow Ref. [60]. Comparing to our notations of
the Fy o form-factors in Eq. (S47) we have

eF{ — g,nn =~ 3.25, (S57)
eFY) = gonnkoNN &~ 20.7, (S58)
eFy — gonny = 15.9, (S59)
eFY = guNNEwNN = 0. (S60)

The vp — ap cross section from v—V; mixing and ¢-channel exchange of V5, including the interference with ~—V7
mixing and t-channel exchange of Vo, is given by

J1+ f12 (Fvy NN + BN /24 fakva NN BV, NN
mz(m2 — s)?

do Z WAV, GaViVaGaVy, Vi JVa NN GV NN

dt Vico w 128~

*
PV2 7DVQ/
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FIG. S1: Schematic of the PRIMEX experiment (not to scale) including the high-resolution multichannel calorimeter (HYCAL)
which is vital to the search proposed here.

PRIMEX run target thickness [Xo] integrated luminosity [1/pb] beam energy [GeV]
I 2@ 5% 0.3 4.9-5.5
I 208pt, 5% 0.002 4.9-5.5
II 2¢ 8% 0.4 4.4-5.3
11 28gi 10% 0.3 4.4-5.3

TABLE S1: PrRIMEX data-taking conditions in both experimental runs.

where f1212 are given in Eqgs. (S50)—(S52)). The Regge propagator, Py (t), replacing the vector meson Breit-Wigner
propagator is

T 1— 677;770‘@) ( S )(X(t)—l

Pu(t) = T(a(t)) 2sin(ra(t)) \GeV?

(S62)

with ay () = o, + aft, with o, = 0.5, of, = 0.9 GeV~2 [61]. Finally, the ALP-vector-meson coupling in Eq. (S61))
is given by

2

3
Gavivs = —ﬁmvlvzm (S63)
a

where (aV;Va) is the ALP-vector-vector effective interaction, see Ref. [31] (for a pseudoscalar meson, a is replaced
by the appropriate U(3) representation, and f, — fr). Under the assumption that this model adequately describes
both 7¥ and 7 production, it is straightforward to obtain the ratio of the ALP and P = 7°, n) differential cross sections
from the equations above and perform a fully data-driven normalization similar to what we proposed for Primakoff
production. Similarly, this same procedure can be followed for any other pseudoscalar-meson photoproduction model.

To estimate the accuracy of the approximation made in the Letter, we assume that the model described above is
valid for both 7 and 7 photoproduction. To be conservative, we allow for an arbitrary phase between the p and w
exchange amplitudes, and choose its value to maximize the discrepancy induced by the approximation used in the
Letter. We find that the largest error is less than a factor of 2, and as expected, occurs near 0.4 GeV where (an®)
and (an) are roughly equal in size.

III. PRIMEX DETAILS

This section describes the PRIMEX experiment and data-taking conditions, along with the details of our toy PRIMEX
Monte Carlo simulation and our bump hunt of the published m., spectrum from one angular bin of carbon-target
data in Ref. [30].

A. PriMEX Description

The first run of the PRIMEX experiment was in Hall B at Jefferson Lab in 2004 [30]. Data were collected on both
C and Pb targets using a 4.9-5.5 GeV photon beam and a high-resolution multichannel calorimeter. The integrated
luminosities were 0.3 /pb for C and 0.002/pb for Pb. A follow-up run of PRIMEX was performed in 2010, which collected
0.4/pb on C and 0.3/pb on Si. The target and beam properties for each run are given in Table The PRIMEX
calorimeter was located 7.5 m downstream of the targets with an acceptance covering ~ 1 m?. A 4.1 cmx4.1 cm square
hole was left at the center to allow the beam to pass through. This calorimeter geometry provides good acceptance
for 0.03 < m, < 0.3GeV. We developed a simple toy Monte Carlo of this set up, including the acceptance, efficiency,
and resolution of the calorimeter taken from Refs. [45] [46].



Ref. [30] used the following selection to measure I'zo_,.. (we adopt this selection for the ALP search): the incident
photon energy had to be in the range 4.9-5.5 GeV; the sum of the two decay photon energies was required to be larger
than 2.5 GeV; and the elasticity, defined as the sum of the two decay photon energies divided by the photon beam
energy, had to be within 3 times the resolution of unity. The product of the acceptance and efficiency is 2 30% in
the region 0.03 < m, < 0.3GeV, but drops quickly outside of this region due to the acceptance. We find that the
resolution should be & 0.02 x m, in this region, which agrees with the value of 0.017 x mo found in Ref. [30].

To estimate the sensitivity of each PRIMEX data sample, we need to determine the mass dependence of the efficiency
and to estimate the background versus m.,, in each sample. Using the known nuclear form factors and Primakoff
differential cross section [47H49], we generate Primakoff 7% Monte Carlo events for the PRIMEX photon-beam energy.
We require that both photons from the 7% — v decay are in the PRIMEX calorimeter fiducial acceptance region and
apply the required smearing to account for resolution. We then apply the full selection of Ref. [30] and find that our
predicted 7% Primakoff yields are consistent with those observed in Refs. [50, 51]. We assume that the reconstruction
efficiency is independent of the ALP mass in the search region (excluding geometrical acceptance effects). In addition,
we assume that the ALP bump hunt will only use candidates with 6., < 0.5°, where 79 production is dominated by
the Primakoff process for all targets. We determine the efficiency at each m, using our toy Monte Carlo and these
selection criteria.

Obtaining a data-driven background estimate will be straightforward for the PRIMEX collaboration using the m..,
sidebands at each m, (see, e.g., Refs. [52] [63]). However, estimating the background for this study—without access
to the data—is considerably more difficult. We considered many possible backgrounds, e.g. YN — Nw(7%[y7]y)
where one photon is not reconstructed or the 7° photons are merged into a single cluster, though we found that no
hadronic reactions are capable of contributing background at a rate comparable to that observed in Fig. 2 of Ref. [30].
Therefore, we conclude that the PRIMEX background is dominantly due to electromagnetic interactions of the photon
beam with the target that produce either additional photons or eTe™ pairs. Figure 2 of Ref. [30] shows the forward-
most angular region. Given that the beam backgrounds should decrease moving away from the beam line, using
this angular bin—and assuming a uniform 6., distribution—provides a conservative background estimate. We also
conservatively assume that the backgrounds above (below) the m., region shown in Fig. 2 take on the values at the
upper (lower) edge of the plot, even though they appear to be decreasing in both directions (which is expected). The
resulting predicted background—excluding the 7° peak region—is between 40 and 300 candidates per 20 window for
the first PRIMEX carbon-target run. We scale the beam-induced background, which is shown for the first C run, by
the product of the target radiation length and the number of photons on target for each PRIMEX run (see Table .

B. Bump Hunt of Fig. 2 of Ref. [30]

Ref. [30] published the diphoton mass spectrum near the 7° peak for one forward angular bin from the C data
obtained in the first PRIMEX run (see Fig. 2 of Ref. [30]). We have digitized this plot (see Fig. [S2). We scan the
M.~ spectrum in steps of roughly half the resolution (1 MeV steps). At each mass, a binned maximum likelihood
fit is performed to the data in Fig. The profile likelihood is used to determine the confidence interval of the
number of a — ~v decays observed, from which an upper limit at 95% confidence level is obtained. The confidence
intervals are defined using the bounded likelihood approach, which involves taking the change in the likelihood relative
to zero signal, rather than the best-fit value, if the best-fit signal value is negative. This enforces that only physical
(nonnegative) upper limits are placed on the ALP yield, and prevents defining exclusion regions that are much better
than the experimental sensitivity in cases where a large deficit in the background yield is observed.

The fit model contains contributions from 7% — v, combinatorial diphoton combinations, a broad peak-like

structure below the 7° mass, and an a — 7y signal component. The 7° contribution is described by a double
Gaussian function, where both Gaussians share the same mean. The combinatorial background is modeled by the
ad hoc function (co + c1myy) X (1 — exp{ca(my, — c3)}) (the ¢; are free parameters in the fit), which is observed to
describe the data well. There is a broad peak-like structure in the background below the 7° mass. We model this
contribution using a single wide Gaussian. Finally, the signal is modeled using the same PDF as that of the 7° except,
of course, for the value of the mean mass which is fixed for each test mass value. Figure |52 shows the m.~ spectrum
fit to the background-only model, which describes the data well. The observed 7° yield is ~ 5100. The constraints
on ¢y /A are obtained from the upper limit on the number of a — v decays observed at each m, as described above.
These are shown in Fig. [S2] compared to their expected values. Near 115 and 160 MeV, these are the best limits set
to date on the ALP-photon coupling. The sensitivity using the full PRIMEX data set—rather than just one angular
region of the C data—is expected to be substantially better, and will cover a much larger mass region.
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FIG. S2: (left) Reproduction of Fig. 2 of Ref. [30] fit to the background-only model described in the text. (right) Limits
obtained from (solid blue) our bump hunt of this m,~ distribution compared with the (dashed) expected, (dark shaded) +1o,
and (light shaded) +20 regions.

IV. GLUEX DETAILS

This section describes the GLUEX experiment and data-taking conditions, along with the details of our toy GLUEX
Monte Carlo simulation and our bump hunt of the published m., spectrum from ~ 1/pb of proton-target data in

Ref. [58].

A. GLUEX Description

The GLUEX experiment began taking data in Hall D at Jefferson Lab in 2016. In the spring 2016, ~ 1/pb of
data on a liquid-hydrogen target were collected with a linearly polarized 8.2-9.2 GeV photon beam. These data were
used to measure the beam asymmetry X for both 7% and 5 photoproduction [58]. The experiment has collected
~ 50/pb thus far, and plans to collect O(1/fb) of data using its nominal liquid-hydrogen target [65]. GLUEX has
both forward and central calorimeters. We take the GLUEX acceptance, efficiency, and resolution from Refs. [56, [57].
The most important component of the GLUEX detector to our studies is the forward calorimeter, which is located
about 5.6 m downstream of the target and covers roughly from 2 to 11° in the lab frame. Its resolution is roughly
3.5% +5.7%/\/E,/GeV.

An updated version of the PRIMEX experiment recently ran using the GLUEX detector with an additional small-
angle calorimeter [b4]. This new experiment used a helium target, which makes it less sensitive than PRIMEX
for ALPs; however, several proposals have been made for future GLUEX running with heavy nuclear targets [55].
Specifically, we consider a Pb target here, though other targets are possible and it is simple to rescale our results for
other nuclei. We take the acceptance, efficiency, and resolution for the small-angle calorimeter from Ref. [54]. The
small-angle calorimeter is located about 4 m downstream of the nominal GLUEX forward calorimeter, and fully covers
the acceptance hole in the nominal GLUEX forward calorimeter. As was done for PRIMEX, a 4.1 cmx4.1 cm square
hole was left at the center to allow the beam to pass through.

CompCAL

photon _target

beam

Spectrometer
(tracking stations, etc)

FIG. S3: Schematic of the GLUEX experiment (not to scale) including the forward (FCAL) and an additional small-angle
(CompCAL) calorimeters, which are vital to the search proposed here.



For m, < m,, we rescale the expected beam background from the PRIMEX Pb run. There are three additional
backgrounds that contribute to the GLUEX run at higher masses: Primakoff production of n and 7’ mesons, and
coherent nuclear production of YN — Nw(7%[yy]v). The cross sections for these processes are well known, making it
straightforward to estimate their yields using Monte Carlo. That said, these backgrounds are peaking, so we exclude
the 1 and 7’ regions, and apply a relative 1% systematic uncertainty on the background yield between the 1 and n’
masses. This systematic is the dominant effect in our prediction of the sensitivity in this mass region (this can likely
be reduced in an actual search, improving the sensitivity greatly). The GLUEX experiment could explore regions of
ALP parameter space where the ALP flight distance becomes nonnegligible. Using Monte Carlo, we estimate that
the impact on the ALP mass resolution and acceptance is small provided that its lab-frame flight distance is < 30 cm
(the length of the nominal liquid hydrogen target cell). For simplicity, we apply a fiducial cut on the flight distance at
30 cm, which is conservative since ALPs that decay after this distance could still be detected and a detailed study could
determine the appropriate signal shape for each value of A. We show projections for 2 luminosity values, though again
it is easy to rescale these projections for other values. The smaller data set corresponds to collecting 1/pb of Pb-target
data. The larger data set assumes that as much data is collected on a Pb target as is expected in the full GLUEX
proton-target run. A more likely scenario would involve collecting a total nuclear-target data sample of roughly this
size that consists of several smaller samples using different nuclei. If this is the case, combining these samples using
our data-driven approach is simple and the total sensitivity would be an O(1) factor worse than collecting only Pb
data.

B. Bump Hunt of Fig. 3 of Ref. [58]

Ref. [68] published the m.~ spectrum (see Fig. 3 of Ref. [58]), along with the yields and efficiencies versus ¢ of
both the 7° and 1 mesons (see Fig. 4 of Ref. [58]). We have digitized Fig. 3 (see Fig. . We use this data to place
constraints on ¢4/A using Eq. (@ The ALP decay branching fraction is taken from Ref. [31], though it is close to
unity throughout this mass range. Ref. [58] provides the efficiencies versus ¢ at m o and m,. We discard the region
|t| < 0.1 GeV? because the efficiency is small and sharply varying with t. We discard the region |t| > 1 GeV? because
our approximation in Eq. @ begins to break down here. Note that, by necessity, we keep the background from these
regions, since we have no way of removing it from the m., spectrum of Fig. 3 in Ref. [58]. We linearly interpolate
the efficiencies given at each ¢ for m o and m,, to each mg, and confirm this approach is valid to O(10%) using toy
Monte Carlo. In this toy Monte Carlo, we generate the ALPs using the Regge model discussed above and the GLUEX
fiducial region described in the previous subsection; however, since the [s, ] bins are small, the production model has
negligible impact on obtaining the efficiencies. Additionally, the same ALP lifetime correction is applied here as is
applied for the Primakoff scenario, though this is a small correction in this case.

The approach used here is the same as for our PRIMEX bump hunt. We scan the m.,, spectrum in steps of 10 MeV,
which is the bin width of Fig. 3 of Ref. [58]. At each mass, a binned maximum likelihood fit is performed to the data
in Fig. [S4 The profile likelihood is used to determine the upper limit on the number of a — 77 decays observed
using the bounded likelihood approach. The fit model contains contributions from 7% — ~yv, 7 — ~v, combinatorial
diphoton combinations, and an a — 7y signal component. The 7° and 7 contributions are described by double
Gaussian functions. The combinatorial background is modeled by a linear function. The signal is modeled using a
Gaussian PDF with a relative resolution fixed to the value observed for the i peak of &~ 3.5% X m, (this constant
relative resolution is confirmed by our toy Monte Carlo).

Figure[S4]shows the m.. spectrum fit to the background-only model, which describes the data well. The constraints
on cg/A are obtained from the upper limit on the number of ¢ — v decays observed at each m, as described above.
These are shown in Fig. [S4) compared to their expected values. Over some of this mass range, these are the best limits
set to date on the ALP-gluon coupling. The sensitivity using the full GLUEX data set—roughly 1000 times more
luminosity—is expected to be about 10007 ~ 5 times better.
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(left) Reproduction of Fig. 3 of Ref. [58] fit to the background-only model described in the text. (right) Limits
obtained from (solid red) our bump hunt of this my, distribution compared with the (dashed) expected, (dark shaded) +1o,
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