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We report new constraints on axion-like particles (ALPs) using data from the NEON experiment, which fea-
tures a 16.7 kg of NaI(Tl) target located 23.7 meters from a 2.8 GW thermal power nuclear reactor. Analyzing
a total exposure of 3063 kg·days, with 1596 kg·days during reactor-on and 1467 kg·days during reactor-off pe-
riods, we compared energy spectra to search for ALP-induced signals. No significant signal was observed,
enabling us to set exclusion limits at the 95% confidence level. These limits explore previously inaccessible
regions of the ALP parameter space, particularly axion mass (ma) around 1MeV/c2. For ALP-photon coupling
(gaγ), limits reach as low as 6.24× 10−6 GeV−1 at ma = 3.0 MeV/c2, while for ALP-electron coupling (gae),
limits reach 4.95× 10−8 at ma = 1.02 MeV/c2. This work pioneers reactor-based exploration of the “cosmolog-
ical triangle” for ALP-photon coupling and demonstrates the potential for future reactor experiments to uncover
unexplored ALP parameter space.

I. INTRODUCTION

Axions are hypothetical particles first proposed in 1977 by
Peccei and Quinn [1] to address the strong CP problem in
quantum chromodynamics (QCD) [2, 3]. Due to their ex-
tremely light mass and weak interactions with ordinary matter,
axions are considered strong candidates for dark matter [4–8].
Despite numerous experimental searches, axions have not yet
been detected [9–12]. The concept has since been extended to
include axion-like particles (ALPs) in various models [13, 14].
While ALPs share many properties with axions, making them
viable dark matter candidates, they are not necessarily tied
to solving the strong CP problem. ALPs can span a wide
range of masses and coupling constants, leading to diverse
phenomenological implications in astrophysical and labora-
tory contexts [14].

ALPs interact with Standard Model leptons and the electro-
magnetic field, driving extensive experimental searches [12].
Light ALPs (masses below 100 keV/c2) are typically investi-
gated using solar helioscopes, haloscopes, or photon regener-
ation experiments [15]. In contrast, heavy ALPs (mass above
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100 keV/c2) are proved using colliders or beam dump experi-
ments [16]. Astrophysical observations provide complemen-
tary constraints on the ALP parameter space [17, 18]. No-
tably, a region with ALP masses (ma) around 0.3–8 MeV/c2

and axion-photon coupling constant (gaγ) of approximately
1.8×10−6 to 5×10−5 GeV−1 remains unexplored by direct
searches and astrophysical bounds. This region, known as the
“cosmological triangle” [19, 20], was previously accessible
only through model-dependent cosmological arguments [21,
22]. Growing interest in this region [20] has spurred studies
suggesting the potential for ALP searches using short-baseline
reactor experiments [23, 24], the accelerator-based CCM ex-
periment with a 10-ton liquid argon target [25], DUNE-like
future neutrino experiments with a 50-ton liquid or gaseous
argon target [19], and a 2-kton liquid scintillator with an in-
tense proton beam underground [26].

Nuclear reactors are the most intense sources of photons
with energies up to a few MeV. Since ALPs can be produced
via photon-induced scattering [14], reactors offer a promising
avenue for ALP searches in the MeV/c2 mass range. How-
ever, only a few reactor-based ALP searches have been con-
ducted [27, 28].

In reactor-based ALP searches, data collected during reac-
tor operation (reactor-on data) can be compared to data col-
lected when the reactor is inactive (reactor-off data) to con-
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strain potential ALP signals. Assuming no reactor-operation-
related backgrounds, reactor-on minus reactor-off data pro-
vides a clean method for identifying ALP signals without
dominant background interference. A thorough understand-
ing of time-dependent backgrounds is crucial, as such back-
grounds could easily mimic the signals of interest.

In this study, we present a direct search for ALPs us-
ing the NEON experiment [29], employing detailed time-
dependent background modeling for each NaI(Tl) target crys-
tal. Leveraging the intense ALP production from the reac-
tor core, the NEON experiment, with a modest target mass
of 16.7 kg of NaI(Tl) crystals, begins to probe the unex-
plored “cosmological triangle” in a laboratory-based exper-
iment. For axion-electron couplings, this study investigates
previously uncharted parameter space for axion masses be-
tween 300 keV/c2 and 1 MeV/c2.

II. NEON EXPERIMENT

The NEON (Neutrino Elastic scattering Observation with
NaI) experiment is designed to detect coherent elastic
neutrino-nucleus scattering (CEνNS) using reactor electron
antineutrinos [29]. The detector is located in the tendon
gallery of reactor unit-6 at the Hanbit nuclear power com-
plex in Yeonggwang, Korea. This reactor has a thermal power
of 2.8 GW, and the detector is positioned 23.7±0.3 m from
the center of the reactor core. This location and distance are
similar to those in the NEOS experiment [30], which was in-
stalled in reactor unit-5 within the same complex. As the
NEOS experiment reported no significant reactor-correlated
backgrounds for either γ-rays [31] or neutrons [32], the envi-
ronmental background at the NEON experimental site is ex-
pected to be similar.

After an engineering run in 2021 [29], the detector encapsu-
lation was upgraded to enhance long-term operational stabil-
ity [33]. Furthermore, two small-size detector modules were
replaced with larger modules, resulting in a total crystal mass
of 16.7 kg.

The six NaI(Tl) modules are housed within a four-layer
nested shielding system comprising a polyethylene castle,
a borated polyethylene board, a lead castle, and a linear
alkylbenzene-based liquid scintillator [29], as shown in Fig. 1.
The six NaI(Tl) crystal assemblies are immersed in 800 liters
of liquid scintillator.

Each NaI(Tl) crystal is directly coupled to two photomuti-
plier tubes (PMTs) without quartz windows to enhance light
collection efficiency [33, 34]. The crystal and PMT assem-
blies are encapsulated in a copper casing [33]. Events that
satisfy the trigger condition–coincident photoelectrons de-
tected by both of the crystal’s PMTs within a 200 ns window–
are recorded using 500 MHz flash analog-to-digital converters
(FADCs). These events are stored as 8µs waveforms, begin-
ning 2.4µs before the trigger [29, 35]. The system records two
readouts: a high-gain signal from the anode for the 0–60 keV
energy range and a low-gain signal from the fifth-stage dyn-
ode for the 60–3000 keV range, similar to the setup used in
the COSINE-100 experiment [35]. To mitigate the high trig-

ger rate caused by muon events, an event veto logic applies
a 300 ms dead time for energy deposits exceeding approxi-
mately 3 MeV in each crystal. This veto logic results in a
dead time of approximately 10% for 8-inch crystals and 5%
for 4-inch crystals [29]. The muon candidate event rate was
monitored, and the exact dead time was evaluated for each
hourly dataset.

The data analyzed in this study were collected between
April 11, 2022 and June 22, 2023, yielding a total live time
exposure of 5702 kg·days. Data collection was generally sta-
ble, although downtime occured due to unexpected power out-
ages. These outages caused failures in the high voltage supply
crate and malfunctions in a data acquistion (DAQ) module.
To ensure reactor security, the lack of an online connection
extended downtime during summer 2022. Despite these chal-
lenges, an average DAQ efficiency of approximately 70% was
maintained throughout the analyzed data period.

At the start of physics operations, we collected data while
the reactor was operating at full power (reactor-on data) for
120 days. However, an unexpected power outage caused the
NEON DAQ system to be offline for 38 days during this pe-
riod. The reactor was inactive from September 26, 2022,
to February 22, 2023, for regular maintenance and fuel re-
placement, during which reactor-off data were collected for
144 days. After maintenance, the reactor resumed operation
on February 22, 2023. To avoid complexities arising from
changes in photon and ALP fluxes, data from the 3-day ramp-
down period (September 23–26) and ramp-up period (Febru-
ary 22–25) were excluded. Once the reactor restarted, it op-
erated stably at full power. Data collected through June 22,
2023, added an additional 117 days of reactor-on exposure.

III. DATA PROCESS

The energy scales and resolutions were determined through
calibration using both internal β- and γ-ray peaks from
radioactive contaminants within the crystals and external
sources. For external γ-ray calibrations, 241Am and 22Na
sources, enclosed in stainless-steel cases suitable for the cal-
ibration tube, were prepared using standard isotope solutions
with activities of approximately 100 Bq. These sources were
installed in the calibration holes to provide γ-ray energies of
59.54 keV, 511 keV, and 1275 keV for calibrating both NaI(Tl)
crystals and liquid scintillator [29]. Internal radioactive con-
taminant peaks, including 49 keV (210Pb), 238 keV (212Pb),
295 and 352 keV (214Pb), 1173 keV (60Co), 1462 keV (40K),
1764 keV and 2204 keV (214Bi), and 2614 keV (208Tl), were
also used to calibrate the NaI(Tl) crystals, following meth-
ods similar to those used in the COSINE-100 experiment [36].
Nonlinear crystal responses, as characterized in Refs. [37, 38],
were also accounted for during the calibration process.

During offline analysis, events with energy deposits ex-
ceeding 5 MeV in the liquid scintillator were rejected as muon
candidate events. Additional criteria were applied to exclude
muon phosphorus events and electronic interference. These
include requiring waveforms from the crystal to exhibit more
than two single photoelectrons, ensuring the integral wave-
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Fig. 1. Schematic view of the NEON detector. The NEON detector is located 23.7 m from the reactor core of unit-6 at the Hanbit nuclear
power complex, which operates at a thermal power of 2.8 GW. The detector consists of six NaI(Tl) modules enclosed within 800 L of liquid
scintillator, surrounded by a 10 cm-thick lead layer, a 3 cm-thick borated polyethylene layer, and a 20 cm-thick high-density polyethylene
shield.

form area below the baseline does not exceed a set limit,
and rejecting events where trigger pulse leading edges oc-
cur earlier than 2.0µs after recording begins. Alpha-induced
events from uranium or thorium contamination were also ex-
cluded by requiring a charge-weighted average time greater
than 2.4µs.

This analysis focused on events with energies between
3 keV and 3000 keV to avoid contamination from unexpected
noise. Noise events were effectively removed using a boosted
decision tree (BDT)-based event selection algorithm [39].
While this analysis was not significantly affected by low-
energy noise, the same data quality cuts developed for low-
energy analyses–such as CEνNS and low-mass dark matter
searches [40]–were applied. The quality of the data was mon-
itored by evaluating event rates in the 1–3 keV range after
applying BDT-based event selection criteria. Each one-hour
dataset was classified as ”good” if its event rate fell within 3σ
of the mean event rate distribution; otherwise, it was classified
as ”bad”.

Detector-3 exhibited large fluctuations in low-energy event
rates, leading to its exclusion from the ALP search analysis.
Table I summarizes the data exposure for each crystal that

passed all selection criteria, and Fig. 2 illustrates these expo-
sures over time for each detector module. In total, this analysis
utilized 1596 kg·days of reactor-on data and 1467 kg·days of
reactor-off data.

TABLE I. Summary of good quality data. The table provides an
overview of the data used for the ALP searches, categorized by de-
tector module and separated into reactor-on and reactor-off periods.
Data from detector-3 were excluded from the analysis due to con-
tamination from low-energy noise.

Detector Mass reactor-on data reactor-off data
detector-1 1.67 kg 165.4 kg·days 201.2 kg·days
detector-2 3.34 kg 413.4 kg·days 352.3 kg·days
detector-3 1.67 kg – –
detector-4 3.34 kg 527.9 kg·days 367.6 kg·days
detector-5 3.35 kg 160.2 kg·days 279.8 kg·days
detector-6 3.35 kg 329.4 kg·days 266.0 kg·days

Total 16.72 kg 1596.3 kg·days 1466.9 kg·days

Selected events were further categorized as single-hit or
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M a y 0 2, 2 0 2 2 J ul 0 2, 2 0 2 2 S e p 0 1, 2 0 2 2 N o v 0 1, 2 0 2 2 J a n 0 1, 2 0 2 3 M ar 0 3, 2 0 2 3 M a y 0 2, 2 0 2 3 

D et e ct or- 1

M a y 0 2, 2 0 2 2 J ul 0 2, 2 0 2 2 S e p 0 1, 2 0 2 2 N o v 0 1, 2 0 2 2 J a n 0 1, 2 0 2 3 M ar 0 3, 2 0 2 3 M a y 0 2, 2 0 2 3 

D et e ct or- 2

M a y 0 2, 2 0 2 2 J ul 0 2, 2 0 2 2 S e p 0 1, 2 0 2 2 N o v 0 1, 2 0 2 2 J a n 0 1, 2 0 2 3 M ar 0 3, 2 0 2 3 M a y 0 2, 2 0 2 3 

D et e ct or- 4

M a y 0 2, 2 0 2 2 J ul 0 2, 2 0 2 2 S e p 0 1, 2 0 2 2 N o v 0 1, 2 0 2 2 J a n 0 1, 2 0 2 3 M ar 0 3, 2 0 2 3 M a y 0 2, 2 0 2 3 

D et e ct or- 5

M a y 0 2, 2 0 2 2 J ul 0 2, 2 0 2 2 S e p 0 1, 2 0 2 2 N o v 0 1, 2 0 2 2 J a n 0 1, 2 0 2 3 M ar 0 3, 2 0 2 3 M a y 0 2, 2 0 2 3 

D et e ct or- 6

Fi g. 2. G o o d q u alit y d at a i n t h e ti m e d o m ai n. T h e fi g ur e s h o ws g o o d
q u alit y d at a as a f u n cti o n of ti m e f or e a c h d et e ct or m o d ul e. R e a ct or-
o n d at a is d e pi ct e d i n bl u e, r e a ct or- off d at a i n gr e e n, a n d p eri o ds of
D A Q d o w nti m e or p o or- q u alit y d at a ar e i n di c at e d i n gr a y.

m ulti pl e- hit e v e nts. A m ulti pl e- hit e v e nt w as d e fi n e d as h a v-
i n g a c c o m p a n yi n g cr yst al si g n als wit h m or e t h a n f o ur p h o-
t o el e ctr o ns or a li q ui d s ci ntill at or si g n al e x c e e di n g 8 0 k e V
wit hi n a 1 5 0 ns ti m e c oi n ci d e n c e wi n d o w. E v e nts t h at di d n ot
m e et t h es e crit eri a w er e cl assi fi e d as si n gl e- hit s a m pl es.

I V.  TI M E D E P E N D E N T B A C K G R O U N D C O M P O N E N T

T h e d o mi n a nt 2 1 0 P b c o nt a mi n ati o n, wit h a h alf-lif e of
2 2. 3 y e ars, e x hi bits n e gli gi bl e v ari ati o n o v er t h e o n e- y e ar d at a
p eri o d. T h er ef or e, w e d e fi n e eff e cti v el y ti m e-i n d e p e n d e nt
b a c k gr o u n d c o m p o n e nts as t h e “ C o nti n u u m b a c k gr o u n d ”,
w hi c h i n cl u d es i nt er n al c o nt a mi n a nts, s urf a c e c o nt a mi n ati o n,
a n d e xt er n al r a di ati o n, all wit h a h alf-li v es e q u al t o or gr e at er
t h a n t h at of 2 1 0 P b. I n a d diti o n t o t h e c o nti n u u m b a c k gr o u n d,
s e v er al ti m e- d e p e n d e nt b a c k gr o u n d c o m p o n e nts c o ntri b ut e
diff er e ntl y t o r e a ct or- o n a n d r e a ct or- off d at a.

T h e c os m o g e ni c c o ntri b uti o ns t o t h e N aI( Tl) cr yst al d et e c-
t ors w er e e xt e nsi v el y st u di e d i n t h e t h e A N AI S [ 4 1, 4 2] a n d
C O SI N E [ 4 3] e x p eri m e nts. T h es e c o ntri b uti o ns i n cl u d e is o-
t o p es s u c h as 1 2 5 I, 1 2 1 Te, 1 2 3 m Te, 1 2 5 m Te, 1 2 7 m Te, 1 1 3 S n, 2 2 N a
a n d 3 H, w hi c h pri m aril y aff e ct e n er g y r a n g es b el o w 1 0 0 k e V.
A m o n g t h es e, l o n g-li v e d is ot o p es s u c h as 2 2 N a ( 2. 6 y e ars) a n d
3 H ( 1 2. 3 y e ars) p ersist a cr oss all d et e ct ors. H o w e v er, s h ort-
li v e d is ot o p es wit h h alf-li v es s h ort er t h a n o n e y e ar d e c a y e d
f oll o wi n g t h e i niti al i nst all ati o n i n D e c e m b er 2 0 2 0. N ot a bl y,
t h e i niti al d at a fr o m d et e ct or- 5 a n d d et e ct or- 6 w er e si g ni fi-
c a ntl y aff e ct e d b y s h ort-li v e d c os m o g e ni c is ot o p es, as t h es e
cr yst als w er e r e pl a c e d s h ortl y b ef or e t h e st art of p h ysi cs o p-
er ati o ns. D et e ct or- 1 e x hi bit e d r el ati v el y hi g h c os m o g e ni c a c-
ti v ati o n d u e t o a p pr o xi m at el y o n e y e ar of a d diti o n al m u o n e x-
p os ur e d uri n g R & D o n d et e ct or e n c a ps ul ati o n. B as e d o n e x-
p os ur e ti m es s h o w n i n Fi g. 2 a n d t h e h alf-lif e of e a c h is ot o p e,
w e m o d el e d t h e c os m o g e ni c c o ntri b uti o ns f or e a c h d et e ct or
m o d ul e.

A n ot h er si g ni fi c a nt s o ur c e of ti m e- d e p e n d e nt b a c k gr o u n d
is t h e s e as o n al v ari ati o n of 2 2 2 R n, w hi c h h as b e e n r e p ort e d t o

b e hi g h er d uri n g t h e s u m m er a n d l o w er d uri n g t h e wi nt er [ 4 4,
4 5]. T h e N E O S e x p eri m e nt [ 3 0] m e as ur e d 2 2 2 R n l e v els i n
t h e t e n d o n g all er y usi n g a R a d o n e y e d e vi c e, c o n fir mi n g t his
s e as o n al v ari ati o n. I niti all y, t h e N E O N e x p eri m e nt di d n ot
i n cl u d e a 2 2 2 R n m o nit ori n g d e vi c e. H o w e v er, i n D e c e m b er
2 0 2 3, a R a d o n e y e w as i nst all e d t o m o nit or t h e 2 2 2 R n l e v els
i n t h e t e n d o n g all er y.

T h e N E O N d et e ct or i n cl u d es t w o c ali br ati o n h ol es e xt e n d-
i n g fr o m t h e t o p of t h e s hi el d t o t h e vi ci nit y of t h e cr yst al m o d-
ul es, as ill ustr at e d i n Fi g. 1. T h es e c ali br ati o n h ol es w er e e x-
p os e d t o t h e s a m e l e v els of 2 2 2 R n as t h e e x p eri m e nt al t u n n el.
As o bs er v e d i n t h e N E O S e x p eri m e nt, t h es e s e as o n al 2 2 2 R n
v ari ati o ns li k el y i n fl u e n c e d t h e b a c k gr o u n d l e v els r e c or d e d i n
t h e N E O N e x p eri m e nt. Si m ul at e d s p e ctr a f or 2 2 2 R n i n t h e
c ali br ati o n h ol es r e v e al e d t h at t h e l ar g est c o ntri b uti o ns o c-
c ur wit hi n t h e 1 0 0 – 5 0 0 k e V r a n g e f or m ulti pl e- hit e v e nts (s e e
Fi g. 3( A)). S u m m er d at a s h o w e d si g ni fi c a ntl y el e v at e d r at es
c o m p ar e d t o wi nt er d at a, pr e d o mi n a ntl y d u e t o s e as o n al v ari a-
ti o ns i n 2 2 2 R n. Si n c e m ost r e a ct or- off d at a w er e c oll e ct e d d ur-
i n g wi nt er ( as s h o w n i n Fi g. 2), t h e s e as o n al v ari ati o n i n 2 2 2 R n
r es ult e d i n hi g h er b a c k gr o u n d l e v els f or r e a ct or- o n d at a.

A n ot h er ti m e- d e p e n d e nt b a c k gr o u n d c o m p o n e nt aris es
fr o m d ust c o nt a mi n ati o n i n t h e li q ui d s ci ntill at or. T h e e n vi-
r o n m e nt al c o n diti o ns i n t h e t e n d o n g all er y c o nt ai n a si g nif-
i c a nt a m o u nt of d ust. T h e o nl y w a y t o mi ni mi z e d ust c o n-
t a mi n ati o n w as t o c o m pl et e all i nst all ati o ns q ui c kl y a n d s e al
t h e d et e ct or s yst e m. H o w e v er, d u e t o u nst a bl e d et e ct or c o n-
diti o ns o bs er v e d d uri n g e n gi n e eri n g r u n [ 3 3], a p pr o xi m at el y
o n e y e ar w as s p e nt u p gr a di n g t h e d et e ct or e n c a ps ul ati o n a n d
c o n d u cti n g v ari o us t ests wit h t h e d et e ct or- 1 m o d ul e. D uri n g
t his p eri o d, t h e li q ui d s ci ntill at or w as dr ai n e d a n d r e fill e d m ul-
ti pl e ti m es, l e a di n g t o d ust c o nt a mi n ati o n. At t h e b e gi n ni n g
of t h e e x p eri m e nt, t h e li q ui d s ci ntill at or w as r e fill e d, a n d d ust
p arti cl es m a y h a v e b e e n s us p e n d e d t hr o u g h o ut t h e s ci ntill a-
t or. O v er ti m e, t h es e p arti cl es li k el y s ettl e d t o t h e b ott o m of
t h e s ci ntill at or, r es ulti n g i n a gr a d u al d e cr e as e i n b a c k gr o u n d
r at es.

T o m o d el ti m e- d e p e n d e nt b a c k gr o u n d c o ntri b uti o ns, t h e
d at a w er e di vi d e d i nt o s e v e n ti m e p eri o ds, e a c h s p a n ni n g t w o
m o nt hs. E a c h d at as et w as m o d el e d usi n g k n o w n N aI( Tl)
b a c k gr o u n d c o m p o n e nts st u di e d i n t h e C O SI N E- 1 0 0 e x p er-
i m e nt [ 3 6, 4 6, 4 7] as s h o w n i n Fi g. 3. I n t his pr o c ess, c o ntri-
b uti o ns fr o m 2 2 2 R n a n d d ust w er e e xtr a ct e d as s u m m ari z e d i n
Fi g. 4. T h e e xtr a ct e d 2 2 2 R n c o nt a mi n ati o n l e v els fr o m t h e
N E O N d at a s h o w e d e x c ell e nt a gr e e m e nt wit h N E O S m e a-
s ur e m e nts usi n g t h e R a d o n e y e d e vi c e.

B as e d o n t h e ti m e- d e p e n d e nt b a c k gr o u n d a n al ysis f or e a c h
cr yst al, b a c k gr o u n d c o ntri b uti o ns f or r e a ct or- o n ( A) a n d
r e a ct or- off ( B) d at as et w er e m o d el e d, as s h o w n i n Fi gs. 5
a n d 6 f or si n gl e- hit a n d m ulti pl e- hit d at a, r es p e cti v el y. B a c k-
gr o u n d c o m p o n e nts w er e c at e g ori z e d i nt o c o nti n u u m, c os m o-
g e ni c, 2 2 2 R n, a n d d ust c o ntri b uti o ns. T h e r e m ai ni n g b a c k-
gr o u n ds i n t h e r e a ct or- o n- mi n us- off d at as et w er e m o d el e d us-
i n g t h e ti m e- d e p e n d e nt b a c k gr o u n ds of t h e c os m o g e ni c is o-
t o p es, 2 2 2 R n, a n d d ust, as s h o w n i n Fi gs. 5( C) a n d 6( C). T h e
m e as ur e d d at a ali g n w ell wit h t h e e x p e ct e d b a c k gr o u n d m o d-
els.
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Fi g. 3.  Ti m e- d e p e n d e nt b a c k gr o u n d m o d els f or m ulti pl e- hit e v e nts i n d et e ct or- 6. P a n el ( A) s h o ws a n oti c e a bl e diff er e n c e i n e v e nt r at es
b et w e e n t h e s u m m er ( 1 5 J u n e 2 0 2 2 – 1 5 A u g ust 2 0 2 2) a n d wi nt er ( 1 J a n u ar y 2 0 2 3 – 2 8 F e br u ar y 2 0 2 3) s e as o ns, attri b ut e d t o t h e s e as o n al
v ari ati o n of 2 2 2 R n. P a n els ( B) a n d ( C) ill ustr at e d at a fr o m s u m m er a n d wi nt er, r es p e cti v el y, m o d el e d wit h t h e ti m e-i n d e p e n d e nt c o nti n u u m
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2 2- 0 7- 0 2 2 3- 0 1- 0 1 2 3- 0 7- 0 2 
Ti m e

N E O S R a d o n e y e m e a s ur e m e nt

R n i n t h e c ali br ati o n h ol e s2 2 2Fitt e d 

Fitt e d c o ntri b uti o n s fr o m t h e d u st i n L S

0

0. 8

Av
er

ag
e
d 

Ra
te

 [
Co

u
nt

s/
da

y/
kg

/
ke

V]

0

1 0 0

2 0 0

]
-3

R
n 

Ac
ti

vi
ty

 [
B
q/

m
22

2

Fi g. 4. Ti m e- d e p e n d e nt b a c k gr o u n d c o ntri b uti o ns fr o m 2 2 2 R n a n d
li q ui d s ci ntill at or d ust c o nt a mi n ati o n. T h e fitt e d r at es f or m ulti pl e-
hit e v e nts i n d et e ct or- 6, a v er a g e d o v er e n er gi es b et w e e n 1 0 0 k e V a n d
5 0 0 k e V, ar e pr es e nt e d (l eft a xis). C o ntri b uti o ns i n cl u d e 2 2 2 R n i n t h e
c ali br ati o n h ol es ( d ar k bl u e fill e d cir cl es) a n d li q ui d s ci ntill at or d ust
( bl a c k fill e d s q u ar es). M e as ur e d 2 2 2 R n a cti viti es (ri g ht a xis) fr o m
t h e N E O S t u n n el usi n g a R a d o n E y e d e vi c e ( bl u e o p e n cir cl es) ar e
als o s h o w n, c orr es p o n di n g t o t h e s a m e s e as o ns, alt h o u g h t h es e m e a-
s ur e m e nts w er e c o n d u ct e d i n diff er e nt y e ars a n d i n t h e t e n d o n g all er y
of r e a ct or u nit- 5 ( w hil e N E O N is l o c at e d at r e a ct or u nit- 6). D es pit e
diff er e n c es i n l o c ati o n a n d y e ar, t h e s e as o n al v ari ati o ns of 2 2 2 R n
s h o w e x c ell e nt a gr e e m e nt b et w e e n t h e N E O S R a d o n E y e m e as ur e-
m e nts a n d t h e N E O N d at a.

V.  A L P S E A R C H D A T A WI T H S Y S T E M A TI C
U N C E R T AI N TI E S

Wit h a w ell- c o nstr u ct e d m o d el of t h e e x p e ct e d b a c k gr o u n d
a n d t h e r e a ct or- o n- mi n us- off s p e ctr a, as s h o w n i n Fi gs. 5( C)
a n d 6( C), t h e d at a s p e ctr a f or A L P s e ar c h es w er e pr e p ar e d. T o
a c c o m m o d at e v ari ati o ns i n e v e nt r at es a cr oss diff er e nt e n er g y
r a n g es, d y n a mi c e n er g y bi ns w er e e m pl o y e d, s p a n ni n g fr o m
5 7 k e V ( 3 – 6 0 k e V) t o 6 0 0 k e V ( 2 4 0 0 – 3 0 0 0 k e V), as s h o w n i n
Fi gs. 9 a n d 1 0.

M ulti pl e s o ur c es of s yst e m ati c u n c ert ai nti es w er e a c-

c o u nt e d f or, i n cl u di n g t h os e ass o ci at e d wit h e n er g y r es o-
l uti o n, e n er g y s c al e, a n d b a c k gr o u n d m o d eli n g t e c h ni q u es.
T h es e u n c ert ai nti es w er e tr a nsl at e d i nt o v ari ati o ns i n t h e
s h a p e or r at e of t h e r e a ct or- o n- mi n us- off s p e ctr a. M a xi m u m
v ari ati o ns w er e ass u m e d b y c o nsi d eri n g o p p osit e-si d e fl u ct u a-
ti o ns b et w e e n t h e r e a ct or- o n a n d r e a ct or- off d at a, as ill ustr at e d
f or t h e e n er g y r es ol uti o n s yst e m ati c s h o w n i n Fi g. 7. T h es e
u n c ert ai nti es w er e i n c or p or at e d i nt o t h e A L P si g n al fit as n ui-
s a n c e p ar a m et ers, c o nstr ai n e d wit hi n t h eir r es p e cti v e u n c er-
t ai nt y r a n g es.

T h e d o mi n a nt s yst e m ati c u n c ert ai nti es ar os e fr o m t h e ti m e-
d e p e n d e nt b a c k gr o u n d m o d eli n g of 2 2 2 R n a n d li q ui d s ci n-
till at or d ust c o ntri b uti o ns. A p pr o xi m at el y 3 0 % u n c ert ai nti es
w er e e xtr a ct e d fr o m t h e ti m e- d e p e n d e nt b a c k gr o u n d r at es, as
s h o w n i n Fi g. 3. I n a d diti o n t o r at e v ari ati o ns, p ot e nti al s h a p e
c h a n g es d u e t o diff er e nt l o c ati o ns of 2 2 2 R n c o nt a mi n ati o n
w er e als o c o nsi d er e d. W hil e t h e b a c k gr o u n d c o ntri b uti o n of
2 2 2 R n w as pri m aril y attri b ut e d t o t h e c ali br ati o n h ol es, it w as
a c k n o wl e d g e d t h at 2 2 2 R n c o ul d diff us e i nt o t h e li q ui d s ci ntil-
l at or [ 4 8]. Vari ati o ns i n t h e p ositi o ns of 2 2 2 R n c o nt a mi n ati o n
r el ati v e t o t h e N aI( Tl) d et e ct or m o d ul es c o ul d r es ult i n dis-
ti n ct b a c k gr o u n d s p e ctr a, as o bs er v e d i n Fi g. 8. T h es e s h a p e
v ari ati o ns w er e i n c or p or at e d i nt o t h e s yst e m ati c u n c ert ai nt y
esti m ati o ns.

T h e c o ntri b uti o ns of li q ui d s ci ntill at or d ust w er e m o d el e d
usi n g b a c k gr o u n d s p e ctr a g e n er at e d h o m o g e n e o usl y wit hi n
t h e li q ui d s ci ntill at or, wit h r at e c h a n g es m o d el e d b as e d o n
t w o- m o nt h d at a p eri o ds. I n a d diti o n t o t h e 3 0 % r at e v ari a-
ti o ns, s h a p e c h a n g es arisi n g fr o m diff er e nt c o nt a mi n a nt l o c a-
ti o ns w er e c o nsi d er e d. T h e li q ui d s ci ntill at or w as di vi d e d i nt o
si x disti n ct r e gi o ns, fr o m t o p t o b ott o m, t o a c c o u nt f or p osi-
ti o n al v ari ati o ns. T h e m a xi m u m s h a p e diff er e n c es b et w e e n
t h es e r e gi o ns w er e i n cl u d e d i n t h e s yst e m ati c u n c ert ai nti es.

Fi g ur es 9 a n d 1 0 c o m p ar e t h e r e a ct or- o n- mi n us- off d at a
s p e ctr a wit h t h e e x p e ct e d b a c k gr o u n d c o ntri b uti o ns, i n cl u d-
i n g t h eir ass o ci at e d s yst e m ati c u n c ert ai nt y b a n ds, f or all a n a-
l y z e d cr yst als. As d e m o nstr at e d, t h e d at a s p e ctr a ar e g e n er all y
w ell- d es cri b e d b y t h e e x p e ct e d ti m e- d e p e n d e nt b a c k gr o u n ds
wit hi n t h eir s yst e m ati c u n c ert ai nti es, pr o vi di n g a r eli a bl e b a-
sis f or t h e A L P si g n al s e ar c h.
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Fi g. 5. Si n gl e- hit e n er g y s p e ctr a of t h e d et e ct or- 6 m o d ul e. T h e fi g ur e s h o ws t h e n or m ali z e d e n er g y s p e ctr a of si n gl e- hit e v e nts ( bl a c k
p oi nts) i n t h e d et e ct or- 6 m o d ul e, c o m p ar e d wit h t h e e x p e ct e d b a c k gr o u n d c o ntri b uti o ns ( bl u e s oli d li n es) f or r e a ct or- o n d at a ( A), r e a ct or- off
d at a ( B), a n d t h e r e a ct or- o n- mi n us- off s p e ctr u m ( C). T h e e x p e ct e d b a c k gr o u n d i n cl u d es ti m e-i n d e p e n d e nt c o nti n u u m c o m p o n e nts a n d ti m e-
d e p e n d e nt c o ntri b uti o ns s u c h as c os m o g e ni c a cti v ati o n, 2 2 2 R n i n t h e c ali br ati o n h ol es, a n d 2 3 8 U a n d 2 3 2 T h fr o m d ust c o nt a mi n ati o n i n t h e
li q ui d s ci ntill at or. F or t h e r e a ct or- o n- mi n us- off s p e ctr u m ( C), o nl y ti m e- d e p e n d e nt c o m p o n e nts c o ntri b ut e t o t h e b a c k gr o u n d.

VI.  A L P SI G N A L G E N E R A TI O N

N u cl e ar r e a ct or c or es pr o d u c e a v ast n u m b er of p h ot o ns,
w hi c h c a n s c att er off f u el m at eri als wit hi n t h e r e a ct or t a n k t o
g e n er at e A L Ps [ 4 9]. T h e p h ot o n fl u x is a p pr o xi m at e d usi n g
t h e F RJ- 1 r es e ar c h r e a ct or m o d el [ 5 0], e x pr ess e d as:

d Φ γ

d E γ
=

5 .8 × 1 0 1 7

[ M e V] · [ s e c]

P

[ M W]
e − 1 .1 E γ / [ M e V], ( 1)

w h er e P is t h e t h er m al p o w er a n d E γ is t h e p h ot o n e n er g y.
A s yst e m ati c u n c ert ai nt y of u p t o 1 0 % i n t h e p h ot o n fl u x w as
c o nsi d er e d; h o w e v er, its i m p a ct o n t h e d eri v e d c o u pli n g c o n-
st a nts is n e gli gi bl e [ 2 4].

We c o nsi d er a g e n eri c m o d el w h er e A L Ps c o u pl e t o p h o-
t o ns (g a γ ) or el e ctr o ns (g a e ) [ 5 1, 5 2]. A L P pr o d u cti o n t hr o u g h
n u cl e ar d e- e x cit ati o n, as st u di e d b y t h e T E X O N O e x p eri-
m e nt [ 2 7], is n ot c o nsi d er e d i n t his a n al ysis. A L Ps c a n b e

pr o d u c e d vi a t h e Pri m a k off pr o c ess ( γ + A → a + A ) [ 5 3]
a n d t h e C o m pt o n-li k e pr o c ess ( γ + e − → a + e − ) [ 2 4]. Af-
t er pr o d u cti o n i n t h e r e a ct or c or e, A L Ps pr o p a g at e t hr o u g h
s hi el di n g m at eri als, eit h er d e c a yi n g i n fli g ht or r e a c hi n g t h e
d et e ct or. T h e A L P fl u x at t h e d et e ct or is d es cri b e d as:

d Φ P
a

d E a
= P s u r v

E γ , m a x

E γ , m i n

1

σ S M + σ P
P ( C )

d σ p
P ( C )

d E a
(E γ , Ea )

×
d Φ γ

d E γ
d E γ , ( 2)

w h er e σ S M is t h e t ot al p h ot o n s c att eri n g cr oss-s e cti o n a g ai nst
c or e m at eri al, r ef er e n c e d fr o m t h e P h ot o n Cr oss S e cti o ns
D at a b as e [ 5 4], E a is t h e e n er g y of t h e A L P, a n d σ P

P ( C ) is t h e

pr o d u cti o n cr oss-s e cti o n f or t h e Pri m a k off pr o c ess ( C o m pt o n-
li k e pr o c ess) [ 2 4].

T h e A L P s ur vi v al pr o b a bilit y P s u r v t o t h e d et e ct or is gi v e n
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Fi g. 6.  M ulti pl e- hit e n er g y s p e ctr a of t h e d et e ct or- 6 m o d ul e. T h e fi g ur e s h o ws t h e n or m ali z e d e n er g y s p e ctr a of si n gl e- hit e v e nts ( bl a c k
p oi nts) i n t h e d et e ct or- 6 m o d ul e, c o m p ar e d wit h t h e e x p e ct e d b a c k gr o u n d c o ntri b uti o ns ( bl u e s oli d li n es) f or r e a ct or- o n d at a ( A), r e a ct or- off
d at a ( B), a n d t h e r e a ct or- o n- mi n us- off s p e ctr u m ( C). T h e e x p e ct e d b a c k gr o u n d i n cl u d es ti m e-i n d e p e n d e nt c o nti n u u m c o m p o n e nts a n d ti m e-
d e p e n d e nt c o ntri b uti o ns s u c h as c os m o g e ni c a cti v ati o n, 2 2 2 R n i n t h e c ali br ati o n h ol es, a n d 2 3 8 U a n d 2 3 2 T h fr o m d ust c o nt a mi n ati o n i n t h e
li q ui d s ci ntill at or. F or t h e r e a ct or- o n- mi n us- off s p e ctr u m ( C), o nl y ti m e- d e p e n d e nt c o m p o n e nts c o ntri b ut e t o t h e b a c k gr o u n d.

b y [ 2 3],

P s u r v = e − L E a / p a τ , ( 3)

w h er e L is t h e dist a n c e fr o m t h e r e a ct or c or e t o t h e d et e ct or,
p a is t h e A L P m o m e nt u m, a n d τ is t h e A L P lif eti m e. T h e
lif eti m e is d et er mi n e d b y t h e d e c a y wi dt hs:

Γ( a → γ γ ) =
g 2

a γ m 3
a

6 4 π
( 4)

Γ( a → e + e − ) =
g 2

a e m a

8 π
1 − 4

m 2
e

m 2
a

, ( 5)

w h er e m a a n d m e ar e t h e A L P a n d el e ctr o n m ass es, r es p e c-
ti v el y.

I n c as e of n o n- z er o g a γ , t h e A L Ps c o ul d b e d et e ct e d
t hr o u g h t h e i n v ers e Pri m a k off pr o c ess (a + A → γ + A ) or

t w o p h ot o n p air d e c a y (a → γ γ ) i n t h e d et e ct or m at eri al. T h e
e x p e ct e d si g n al r at e f or t his pr o c ess is gi v e n b y:

d N a γ

d E a
=

N t a r g e t

4 π L 2
σ P

D

d Φ P
a

d E a
+

A

4 π L 2

d Φ P
a

d E a
P d e c a y , ( 6)

w h er e N t a r g e t is t h e n u m b er of t ar g et n u cl ei a n d σ P
D is t h e

t ot al i n v ers e- Pri m a k off s c att eri n g cr oss s e cti o n. A is t h e d e-
t e ct or tr a ns v ers e ar e a, a n d P d e c a y is t h e pr o b a bilit y of d e c a y
wit hi n t h e d et e ct or:

P d e c a y = 1 − e − L d e t E a / |p a |τ , ( 7)

w h er e L d e t is t h e d et e ct or l e n gt h i n A L P fli g ht dir e cti o n.
I n c as e of n o n- z er o g a e , t h e A L Ps c o ul d b e d et e ct e d t hr o u g h

t h e i n v ers e- C o m pt o n-li k e pr o c ess (a + e − → γ + e − ), A xi o-
el e ctri c a bs or pti o n ( a + e − + N → e − + N ) [ 5 5], or el e ctr o n-
p ositr o n p air d e c a y ( a → e + e − ). T h e e x p e ct e d si g n al r at e f or
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Fi g. 7. S yst e m ati c u n c ert ai nt y d u e t o e n er g y r es ol uti o n. U n c er-
t ai nt y i n e n er g y r es ol uti o n, d eri v e d fr o m i nt er n al or e xt er n al γ li n es,
is pr o p a g at e d i nt o t h e b est- fit m o d el (s oli d li n e) of si n gl e- hit e v e nts
f or d et e ct or- 6 a cr oss t h e e n er g y r a n g e of 6 0 – 3 0 0 0 k e V, as i n di c at e d
b y d as h e d li n es. Vari ati o ns i n t h e r e a ct or- o n d at a ( A) a n d r e a ct or-
off d at a ( B) ar e c arri e d o v er i nt o r e a ct or- o n- mi n us- off d at a s p e ctr u m
( C), wit h m a xi m u m d e vi ati o ns r e pr es e nt e d b y gr e e n ( 1σ ) a n d y ell o w
( 2σ ) u n c ert ai nt y b a n ds.
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Fi g. 8. S yst e m ati c u n c ert ai nt y of 2 2 2 R n s h a p e. N or m ali z e d b a c k-
gr o u n d s p e ctr a f or t h e d et e ct or- 6 m o d ul e, ori gi n ati n g fr o m 2 2 2 R n, ar e
s h o w n s e p ar at el y f or si n gl e- hit a n d m ulti pl e- hit e v e nts. T h e s p e ctr a
c o m p ar e t w o diff er e nt l o c ati o ns: t h e c ali br ati o n h ol es a n d t h e li q ui d
s ci ntill at or. T h e o bs er v e d s h a p e diff er e n c es ar e tr e at e d as s yst e m ati c
u n c ert ai nti es f or 2 2 2 R n, i n a d diti o n t o a 3 0 % r at e v ari ati o n.

t his is gi v e n b y:

d N C
C

d E a
=

N t a r g e t

4 π L 2
σ C

D

d Φ C
a

d E a
+

N t a r g e t

4 π L 2
σ A

D

d Φ C
a

d E a

+
A

4 π L 2

d Φ P
a

d E a
P d e c a y , ( 8)

w h er e σ C
D a n d σ A

D ar e t h e i n v ers e- C o m pt o n-li k e pr o c ess cr oss
s e cti o n a n d t h e A xi o- el e ctr o n cr oss s e cti o n, r es p e cti v el y [ 2 4,
5 6].
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Fi g. 9. Si n gl e- hit A L P s e ar c h d at a. T h e fi g ur e pr es e nts t h e si n gl e- hit
e n er g y s p e ctr a of t h e r e a ct or- o n- mi n us- off d at a us e d f or A L P si g-
n al s e ar c h es i n t h e N E O N e x p eri m e nt. D at a p oi nts ( bl a c k cir cl es)
a n d e x p e ct e d b a c k gr o u n d s p e ctr a ( bl u e s oli d li n es) ar e d eri v e d fr o m
t h e m o d els dis c uss e d e arli er, as s h o w n f or t h e d et e ct or- 6 m o d ul e i n
Fi g. 5, b ut wit h diff er e nt bi n si z es a p pli e d f or t his a n al ysis. T h e gr e e n
a n d y ell o w b a n ds r e pr es e nt 6 8 % a n d 9 5 % c o n fi d e n c e l e v el i nt er v als
f or t h e b a c k gr o u n d m o d el, r es p e cti v el y. T h e i ns et z o o ms i n o n t h e
hi g h- e n er g y r e gi o n f or i m pr o v e d visi bilit y.

Fi g ur e 1 1 s h o ws t h e e x p e ct e d e v e nt r at es i n t h e N aI( Tl)
cr yst als f or v ari o us d et e cti o n pr o c ess es. T h es e e n er g y s p e ctr a
a c c o u nt f or t h e t ot al e n er g y of pr o d u c e d st a n d ar d m o d el p ar-
ti cl es s u c h as el e ctr o ns, p ositr o ns, a n d p h ot o ns i n t h e N aI( Tl)
cr yst als d uri n g A L P i nt er a cti o ns.

A L P si g n als f or e a c h d et e cti o n pr o c ess i n t h e m ass r a n g e
fr o m 1 e V/ c2 t o 1 0 M e V/ c2 w er e si m ul at e d. C al c ul at e d A L P
fl u x es i n t h e r e a ct or w er e g e n er at e d is otr o pi c all y wit hi n t h e
r e a ct or c or e v ol u m e, utili zi n g t h e g e o m etr y s h o w n i n Fi g. 1
t o a c c o u nt f or t h e dir e cti o n a n d m o m e nt u m of A L P e v e nts.
U p o n r e a c hi n g t h e d et e ct or v ol u m e, w hi c h i n cl u d es t h e li q ui d
s ci ntill at or a n d N aI( Tl) cr yst als, A L P i nt er a cti o ns w er e si m u-
l at e d, c o nsi d eri n g b ot h s c att eri n g a n d d e c a y pr o c ess es f or d e-
t e ct or r es p o ns es usi n g G e a nt 4- b as e d si m ul ati o ns. Fi g ur e 1 2
ill ustr at es t h e e x p e ct e d A L P si g n als f or a f e w b e n c h m ar k s c e-
n ari os i n si n gl e- hit ( A) a n d t h e m ulti pl e- hit ( B) e v e nts.

T y pi c all y, t h e a → e + e − a n d a xi o- el e ctri c pr o c ess es pr o-
d u c e el e ctr o ns a n d p ositr o ns i n t h e d et e ct or wit h e n er gi es b e-
l o w a f e w M e V. I n s u c h c as es, m ost of t h e e n er g y is a bs or b e d
b y a si n gl e d et e ct or, r es ulti n g i n si n gl e- hit e v e nts. Ot h er pr o-
c ess es, s u c h as t h os e i n v ol vi n g M e V- e n er g y p h ot o ns, c a n d e-



9

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0

E n er g y [ k e V]

0

0. 2

0. 4

0. 6

0. 8

1

1. 2

C
o
u
nt

s/
k
e

V/
k
g/

d
ay

D at a
T ot al e x p e ct e d

 ( s y st e m ati c)σ 1±
 ( s y st e m ati c)σ 2±

D et e ct or- 1, M ulti pl e- hit

1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0 2 6 0 0 2 8 0 0 3 0 0 00. 0 1−

0. 0 1 5

0. 0 4

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0

E n er g y [ k e V]

0

0. 5

1

1. 5

2

C
o
u
nt

s/
k
e

V/
k
g/

d
ay

D et e ct or- 2, M ulti pl e- hit

1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0 2 6 0 0 2 8 0 0 3 0 0 0
0

0. 0 5

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0

E n er g y [ k e V]

0

0. 2

0. 4

0. 6

0. 8

1

1. 2

1. 4

C
o
u
nt

s/
k
e

V/
k
g/

d
ay

D et e ct or- 4, M ulti pl e- hit

1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0 2 6 0 0 2 8 0 0 3 0 0 0
0

0. 0 5

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0

E n er g y [ k e V]

0. 1−

0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

C
o
u
nt

s/
k
e

V/
k
g/

d
ay

D et e ct or- 5, M ulti pl e- hit

1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0 2 6 0 0 2 8 0 0 3 0 0 0
0. 0 1−

0. 0 1 5

0. 0 4

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0

E n er g y [ k e V]

0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

C
o
u
nt

s/
k
e

V/
k
g/

d
ay

D et e ct or- 6, M ulti pl e- hit

1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0 2 2 0 0 2 4 0 0 2 6 0 0 2 8 0 0 3 0 0 00. 0 1−

0. 0 1 5

0. 0 4

Fi g. 1 0. M ulti pl e- hit A L P s e ar c h d at a. T h e fi g ur e pr es e nts t h e si n gl e-
hit e n er g y s p e ctr a of t h e r e a ct or- o n- mi n us- off d at a us e d f or A L P si g-
n al s e ar c h es i n t h e N E O N e x p eri m e nt. D at a p oi nts ( bl a c k cir cl es)
a n d e x p e ct e d b a c k gr o u n d s p e ctr a ( bl u e s oli d li n es) ar e d eri v e d fr o m
t h e m o d els dis c uss e d e arli er, as s h o w n f or t h e d et e ct or- 6 m o d ul e i n
Fi g. 6, b ut wit h diff er e nt bi n si z es a p pli e d f or t his a n al ysis. T h e gr e e n
a n d y ell o w b a n ds r e pr es e nt 6 8 % a n d 9 5 % c o n fi d e n c e l e v el i nt er v als
f or t h e b a c k gr o u n d m o d el, r es p e cti v el y. T h e i ns et z o o ms i n o n t h e
hi g h- e n er g y r e gi o n f or i m pr o v e d visi bilit y.

p osit e n er g y a cr oss m ulti pl e d et e ct ors t hr o u g h C o m pt o n s c at-
t eri n g, l e a di n g t o m ulti pl e- hit e v e nts, as s h o w n i n Fi g. 1 2.
C o ns e q u e ntl y, b ot h si n gl e- hit a n d m ulti pl e- hit e v e nts ar e i n-
cl u d e d i n t h e A L P s e ar c h a n al ysis.

VII.  A L P SI G N A L S E A R C H E S

T h e N E O N d at a pr es e nt e d i n Fi gs. 9 a n d 1 0 w er e fitt e d f or
e a c h A L P m ass a n d i nt er a cti o n t y p e. Si m ul at e d A L P si g n als
w er e us e d t o e v al u at e t h eir p ot e nti al c o ntri b uti o ns t o t h e m e a-
s ur e d e n er g y s p e ctr a. A χ 2 fit w as a p pli e d t o t h e m e as ur e d
s p e ctr a f or b ot h si n gl e- hit a n d m ulti pl e- hit c h a n n els i n t h e e n-
er g y r a n g e of 3 t o 3, 0 0 0 k e V f or e a c h A L P si g n al a n d m ass.
E a c h cr yst al a n d c h a n n el w er e fitt e d wit h a cr yst al- c h a n n el-
s p e ci fi c b a c k gr o u n d m o d el a n d a cr yst al- c h a n n el- c orr el at e d
A L P si g n al. T h e c o m bi n e d fit w as a c hi e v e d b y s u m mi n g t h e
χ 2 v al u es fr o m t h e fi v e cr yst als a n d t w o c h a n n els.
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Fi g. 1 1. E x p e ct e d A L P e v e nts r at es f or e a c h d et e cti o n pr o c ess. T h e
s c att er a n d d e c a y r at es fr o m a xi o n- p h ot o n c o u pli n g ( A) a n d a xi o n-
el e ctr o n c o u pli n g ( B) i n t h e N aI( Tl) cr yst al ar e s h o w n f or s el e ct e d
v al u es of g a γ a n d g a e , c orr es p o n di n g t o A L P m ass es of 1 0 k e V/ c2 ,
1 M e V/ c 2 , a n d 1. 2 M e V/ c2 . T h e t ot al e n er g y of t h e pr o d u c e d st a n-
d ar d m o d el p arti cl es is pr es e nt e d.

T h e χ 2 fit w as p erf or m e d usi n g t h e f oll o wi n g f u n cti o n:

χ 2 =
1 0

i j

M i j (τ
o n
i , τ o f f

i ) − B i j (α , β ) − S i j (α , ma )
2

σ i j (τ o n
i , τ o f f

i )
,( 9)

w h er e t h e i n d e x i r e pr es e nts t h e cr yst al a n d c h a n n el (si n gl e-
hit a n d m ulti pl e- hit) n u m b ers, a n d j d e n ot es t h e e n er g y bi n.

M i j (τ
o n
i , τ o f f

i ) is t h e n or m ali z e d r at e of r e a ct or- o n d at a s u b-
tr a ct e d b y r e a ct or- off d at a f or cr yst al ( a n d c h a n n el) i i n t h e j t h

e n er g y bi n, s c al e d b y t h e r e a ct or- o n p eri o d τ o n
i a n d r e a ct or-

off p eri o d τ o f f
i . B i j (α , β ) r e pr es e nts t h e b a c k gr o u n d, a n d

S i j (α , ma ) c orr es p o n ds t o A L P si g n al. T h e ass o ci at e d u n c er-

t ai nt y σ i j (τ
o n
i , τ o f f

i ) w as pr o p a g at e d fr o m t h e d at a c oll e ct e d
d uri n g t h e r e a ct or- o n a n d r e a ct or- off p eri o ds.

S yst e m ati c u n c ert ai nti es aff e cti n g t h e b a c k gr o u n d m o d el
w er e i n cl u d e d as n uis a n c e p ar a m et ers α a n d β . T h e b a c k-
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M ulti pl e- hit

Fi g. 1 2. E x p e ct e d A L P si g n als i n t h e N E O N d et e ct or. T h e e x p e ct e d
e v e nt r at es fr o m A L P i nt er a cti o ns i n t h e N E O N d et e ct or, i n c or p o-
r ati n g d et e ct or r es p o ns es, ar e pr es e nt e d f or si n gl e- hit e v e nts ( A) a n d
m ulti pl e- hit e v e nts ( B). S el e ct e d v al u es of g a γ a n d g a e ar e s h o w n f or
A L P m ass es of 1 0 k e V/ c 2 , 1 M e V/ c2 , a n d 1. 2 M e V/ c2 .

gr o u n d m o d el is d e fi n e d as:

B i j (α , β ) =
k

( 1 + α i k · δ b i j k )
l

( 1 + β il )B
M C
i j l , ( 1 0)

w h er e t h e i n d e x k r e pr es e nts s yst e m ati c u n c ert ai nt y c o m p o-
n e nts, a n d l d e n ot es t h e b a c k gr o u n d c o m p o n e nts. B M C

i j l is
t h e n u m b er of b a c k gr o u n d e v e nts o bt ai n e d fr o m m o d eli n g f or
t h e lt h b a c k gr o u n d c o m p o n e nt. T h e n uis a n c e p ar a m et er α i k

c o ntr ols t h e e n er g y- d e p e n d e nt u n c ert ai nt y ( δ b i j k ), w hil e β il

a dj usts t h e a cti vit y of t h e lt h b a c k gr o u n d c o m p o n e nt.
T h e A L P si g n al m o d el is e x pr ess e d as:

S i j (α , ma ) =
k

( 1 + α i k · δ b i j k )S i j (m a ), ( 1 1)

w h er e t h e S i j (m a ) is t h e e x p e ct e d r at e of A L P- p h ot o n or
A L P- el e ctr o n i nt er a cti o ns i n t h e j t h e n er g y bi n f or t h e it h

cr yst al ( a n d c h a n n el), as d et er mi n e d fr o m d et e ct or si m ul a-
ti o ns. E a c h n uis a n c e p ar a m et er w as c o nstr ai n e d wit hi n its
e v al u at e d u n c ert ai nt y usi n g a G a ussi a n pri or.

F or e a c h A L P i nt er a cti o n si g n al, t h e pr o b a bilit y d e nsit y
f u n cti o n ( P D F) w as esti m at e d usi n g a r ast er s c a n [ 5 7] d e fi n e d
as:

P D F = N e − ( χ 2 − χ 2
m i n ) / 2 , ( 1 2)

w h er e N is a n or m ali z ati o n c o nst a nt e ns uri n g t h e P D F i nt e-
gr at es t o u nit y, a n d χ 2

m i n is t h e mi ni m u m χ 2 . If t h e m ost
pr o b a bl e v al u e is c o nsist e nt wit h a n ull si g n al, a 9 5 % c o n-
fi d e n c e l e v el e x cl usi o n li mit w as o bt ai n e d b y i nt e gr ati n g t h e
P D F t o 0. 9 5. Fi g ur e 1 3 ill ustr at es a n e x a m pl e e x cl usi o n li mit
f or m a = 1 M e V/ c 2 of a xi o n- p h ot o n c o u pli n g.
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U p p er li mit at 9 5 % c o nfi d e n c e l e v el

Fi g. 1 3. A n e x a m pl e of t h e pr o b a bilit y d e nsit y f u n cti o n ( P D F) a n d
c u m ul ati v e d e nsit y f u n cti o n ( C D F) f or t h e A L P si g n al fit wit h a xi o n-
p h ot o n c o u pli n g at m a = 1 M e V/ c 2 . T h e m ost pr o b a bl e v al u e c or-
r es p o n ds t o a n ull si g n al, a n d t h e 9 5 % c o n fi d e n c e l e v el u p p er li mit,
d et er mi n e d b y t h e C D F v al u e at 0. 9 5, is 1 .0 3 × 1 0 − 5 G e V − 1 .

A n e x a m pl e χ 2 fit f or a xi o n- p h ot o n c o u pli n g wit h a n A L P
m ass of m a = 1 M e V/ c 2 is s h o w n i n Fi g. 1 4 f or si n gl e- hit ( A)
a n d m ulti pl e- hit ( B) e v e nts. T h e a v er a g e d e n er g y s p e ctr a f or
t h e fi v e cr yst als ar e dis pl a y e d al o n g wit h t h e b est- fit r es ults.
F or c o m p aris o n, e x p e ct e d si g n als f or m a = 1 M e V/ c 2 , g a γ =
1. 5 3 × 1 0 − 5 G e V − 1 a n d m a = 1 0 k e V/ c 2 , g a e = 5. 3 5 × 1 0 − 6 ,
w hi c h c orr es p o n ds t o a p pr o xi m at el y 5 ti m es t h e si g n al r at es
of t h e 9 5 % c o n fi d e n c e l e v el u p p er li mits ar e i n cl u d e d. N o
st atisti c all y si g ni fi c a nt e x c ess of e v e nts w as o bs er v e d f or a n y
of t h e c o nsi d er e d A L P si g n als. P ost eri or pr o b a biliti es f or all
si g n als w er e c o nsist e nt wit h z er o, a n d 9 5 % c o n fi d e n c e l e v el
li mits w er e d et er mi n e d.

VIII.  R E S U L T S A N D DI S C U S SI O N

Fi g ur e 1 5 pr es e nts t h e 9 5 % c o n fi d e n c e l e v el e x cl usi o n li mit
d eri v e d fr o m N E O N d at a f or A L Ps c o u pl e d s ol el y t o p h o-
t o ns. T his li mit is s h o w n i n t h e t w o- di m e nsi o n al p ar a m et er
s p a c e of A L P m ass ( m a ) a n d A L P- p h ot o n c o u pli n g c o nst a nt
(g a γ ). F or A L P m ass es b el o w 2 0 k e V/ c2 , t h e d o mi n a nt c o n-
tri b uti o n aris es fr o m t h e s c att eri n g pr o c ess vi a t h e i n v ers e Pri-
m a k off pr o c ess. At hi g h er A L P m ass es, t h e li mit is s et b y t h e
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Fi g. 1 4. χ 2 fit r es ults f or a xi o n- p h ot o n c o u pli n g of m a = 1 M e V/ c 2 .
T h e d at a p oi nts ( bl a c k cir cl es wit h err or b ars) r e pr es e nt t h e s u m m e d
e n er g y s p e ctr a fr o m t h e fi v e cr yst als f or t h e n or m ali z e d r e a ct or- o n-
mi n us- off d at a. T h e bl u e s oli d li n es i n di c at e t h e b est- fit r es ults f or
t h e 1 M e V/ c2 A L P m ass, ass u mi n g a xi o n- p h ot o n c o u pli n g. P a n el
( A) c orr es p o n ds t o si n gl e- hit e v e nts, a n d p a n el ( B) c orr es p o n ds t o
m ulti pl e- hit e v e nts. T h e e x p e ct e d si g n al r at es f or m a = 1 M e V/ c 2

a n d g a γ = 1. 5 3 × 1 0 − 5 G e V − 1 a n d a m a = 1 0 k e V/ c 2 m ass a n d g a e =
5. 3 5 × 1 0 − 6 , w hi c h ar e 5 ti m es hi g h er t h a n t h e 9 5 % c o n fi d e n c e l e v el
u p p er li mits of g a γ = 1. 0 3 × 1 0 − 5 G e V − 1 a n d g a e = 3. 5 8 × 1 0 − 6 , ar e
s h o w n as r e d s oli d a n d r e d d as h e d li n es, r es p e cti v el y. T h e gr e e n a n d
y ell o w b a n ds r e pr es e nt t h e 6 8 % a n d 9 5 % c o n fi d e n c e l e v el i nt er v als
f or t h e b a c k gr o u n d m o d el fits, r es p e cti v el y. T h e l o w er p a n els dis pl a y
t h e d at a mi n us b est- fit r esi d u als.

a → γ γ d e c a y pr o c ess. Si n c e t his d e c a y c a n o c c ur d uri n g t h e
2 3. 7 m et ers fli g ht p at h, li mit is c o nsi d er e d f or b ot h l o w er a n d
hi g h er g a γ v al u es. T h e s e nsiti vit y of t h e s e ar c h d e cr e as es f or

A L P m ass es e x c e e di n g a p pr o xi m at el y 3 M e V/ c 2 , pri m aril y
d u e t o t h e li mit e d e n er g y r a n g e ( u p t o 3 M e V) of o ur a n al ysis,
w hi c h is c o nstr ai n e d b y d et e ct or s at ur ati o n f or hi g h- e n er g y
e v e nts a n d r e d u c e d p h ot o n fl u x at hi g h er e n er gi es. H o w e v er,
si g n at ur es of C o m pt o n s c att eri n g c o ul d still all o w s e ar c h es
f or hi g h er- m ass A L Ps. I n t his pr o c ess, a hi g h- e n er g y p h o-
t o n i nt er a cts wit h t h e A L P, d e p ositi n g a l o w er- e n er g y el e ctr o n
or p h ot o n wit hi n t h e d et e ct a bl e r a n g e. F ut ur e i m pr o v e m e nts,
s u c h as r e c o nstr u cti n g s at ur at e d e v e nts –si mil ar t o t e c h ni q u es
e m pl o y e d i n t h e C O SI N E- 1 0 0 e x p eri m e nt f or b o ost e d d ar k
m att er s e ar c h es [ 5 8] – c o ul d e n h a n c e s e nsiti vit y t o hi g h er- m ass
A L Ps.

T h e e x cl usi o n li mits s h o w n i n Fi g. 1 5 e xt e n d b e y o n d pr e-
vi o usl y u n e x pl or e d r e gi o ns of A L P p ar a m et er s p a c e, s ur-
p assi n g e xisti n g c o nstr ai nts fr o m b e a m d u m p e x p eri m e nts
a n d astr o p h ysi c al a n d c os m ol o gi c al li mits as a d a pt e d fr o m
R efs. [ 5 9, 6 0]. N ot a bl y, t his st u d y st arts t o pr o b e t h e “ c os-
m ol o gi c al tri a n gl e ”, a pr e vi o usl y u n c o nstr ai n e d r e gi o n b e-
t w e e n b e a m d u m p e x p eri m e nts a n d astr o p h ysi c al b o u n ds. A
s m all r e m ai n e d r e gi o n of t h e K S V Z Q C D a xi o n m o d el p a-
r a m et er s p a c e [ 6 1], c orr es p o n di n g t o a xi o n m ass es of a f e w
1 0 0 k e V/ c 2 , is p arti all y r ul e d o ut. T h e e x cl usi o n li mit r e a c h
l o w er g a γ v al u es, d o w n t o 6. 2 4 × 1 0 − 6 f or ma = 3. 0 M e V/ c 2 .
C o m p ar e d wit h a r e c e nt r e a ct or- b as e d A L P s e ar c h usi n g
CsI( Tl) cr yst als [ 2 8], t h e N E O N e x p eri m e nt a c hi e v e d a si g-
ni fi c a ntl y i m pr o v e d l o w er b o u n d f or g a γ , o wi n g t o t h e l ar g er
e x p os ur e a n d l o w er b a c k gr o u n d l e v els of t h e N aI( Tl) cr ys-
t als. H o w e v er, t h e gr e at er dist a n c e fr o m t h e r e a ct or c or e t o
t h e N E O N d et e ct or r es ults i n a r e d u c e d u p p er b o u n d.

Fi g ur e 1 6 dis pl a ys t h e 9 5 % c o n fi d e n c e l e v el e x cl usi o n li mit
f or A L Ps c o u pl e d p ur el y t o el e ctr o ns, pr es e nt e d i n t h e m a –
g a e p ar a m et er s p a c e. F or A L P m ass es b el o w 1. 0 2 M e V/ c 2 ,
t h e li mit is pri m aril y s et b y s c att eri n g pr o c ess es vi a t h e i n-
v ers e C o m pt o n-li k e pr o c ess a n d a xi o- el e ctri c a bs or pti o n. F or
hi g h er A L P m ass es ( m a > 1. 0 M e V/ c 2 ), t h e li mit is d o mi-
n at e d b y t h e a → e + e − d e c a y pr o c ess, w hi c h h as a ki n e m ati c
t hr es h ol d of ma > 2 m e = 1. 0 2 M e V/ c 2 ( w h er e me is t h e el e c-
tr o n m ass). Si mil ar t o t h e A L P- p h ot o n c as e, li mits ar e c o n-
si d er e d f or b ot h u p p er a n d l o w er b o u n ds d u e t o p ot e nti al A L P
d e c a y d uri n g fli g ht.

T h e N E O N d at a als o e x pl or e pr e vi o usl y e x a mi n e d r e-
gi o ns c o nstr ai n e d b y st ell ar c o oli n g ar g u m e nts [ 1 7] f or a x-
i o n m ass es b el o w 3 0 0 k e V/ c2 , w h er e e n vir o n m e nt al eff e cts
c o ul d all o w cir c u m v e nti o n of t h es e li mits [ 2 4]. I n t h e m ass
r a n g e of 3 0 0 k e V/ c2 a n d 1. 0 2 M e V/ c 2 , s c att eri n g pr o c ess es
pr o b e c o u pli n g v al u es d o w n t o g a e a b o ut 3 × 1 0 − 6 , w hi c h
w er e pr e vi o usl y u n e x pl or e d b y dir e ct s e ar c h es or astr o p h ys-
i c al a n d c os m ol o gi c al c o nsi d er ati o ns. T his li mit e xt e n ds i nt o
r e gi o ns pr e di ct e d b y t h e D F S Z-I Q C D a xi o n m o d el [ 6 1].
F or A L P m ass es a b o v e t h e ki n e m ati c li mit f or a → e + e −

( ma > 1. 0 2 M e V/ c 2 ), t h e N E O N d at a c o m p et e wit h li m-
its fr o m b e a m d u m p e x p eri m e nts [ 6 8 – 7 0]. T h e e x cl usi o n
li mit r e a c h l o w er g a e v al u es, d o w n t o 4. 9 5 × 1 0 − 8 f or ma
= 1. 0 2 M e V/ c 2 . T h e s e ar c h f or a xi o n- el e ctr o n c o u pli n g us-
i n g N E O N d at a is c urr e ntl y li mit e d t o A L P m ass es b el o w
1. 6 M e V/ c 2 d u e t o t h e 3 M e V d y n a mi c r a n g e of t h e a n al-
ysis. Si mil ar t o t h e A L P- p h ot o n c as e, r e c o nstr u cti n g s at u-
r at e d e v e nts a b o v e 3 M e V e n er gi es c o ul d e xt e n d t h e s e ar c h
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Fi g. 1 5. E x cl usi o n li mit o n t h e a xi o n- p h ot o n c o u pli n g. T h e o bs er v e d 9 5 % c o n fi d e n c e l e v el e x cl usi o n li mit (r e d s oli d li n e) d eri v e d fr o m
N E O N d at a f or t h e a xi o n- p h ot o n is c o m p ar e d wit h li mits fr o m b e a m d u m p e x p eri m e nts [ 6 2, 6 3], S N 1 9 8 7 A [ 6 4, 6 5], e + e − → γ + i n visi bl e
st at es [ 6 6], H B st ars c o oli n g ar g u m e nts [ 6 7], a n d CsI( Tl) e x p os ur e i n a n u cl e ar r e a ct or [ 2 8]. T h e Q C D a xi o n m o d el p ar a m et er s p a c e f or t h e
K S V Z b e n c h m ar k s c e n ari o is i n di c at e d b y t h e gr a y d as h e d li n es [ 6 1]. T his li mit p arti all y c o v ers t h e r e m ai n e d Q C D a xi o n p ar a m et er s p a c e a n d
t h e pr e vi o usl y u n c o nstr ai n e d “ c os m ol o gi c al tri a n gl e ”.

t o hi g h er A L P m ass es, as d e m o nstr at e d i n R efs. [ 2 4, 2 8].

I X.  C O N C L U SI O N

T his st u d y r e p orts a dir e ct s e ar c h f or a xi o n-li k e p arti cl es
( A L Ps) usi n g t h e N E O N e x p eri m e nt, m ar ki n g a si g ni fi c a nt
st e p i n r e a ct or- b as e d p arti cl e p h ysi cs r es e ar c h. L e v er a gi n g
1 6. 7 k g of N aI( Tl) cr yst als l o c at e d 2 3. 7 m et ers fr o m a 2. 8 G W
t h er m al p o w er r e a ct or c or e, N E O N h as s et n e w e x cl usi o n li m-
its f or A L Ps c o u pli n g t o p h ot o ns a n d el e ctr o ns. T h es e r e-
s ults pr o b e pr e vi o usl y i n a c c essi bl e r e gi o ns of A L P p ar a m e-
t er s p a c e, p arti c ul arl y a xi n m ass ar o u n d 1 M e V/ c2 , a n d pr o-
vi d e t h e first c o nstr ai nts wit hi n t h e “ c os m ol o gi c al tri a n gl e ” f or
A L P- p h ot o n c o u pli n gs, a r e gi o n t h at r e m ai n e d u n c o nstr ai n e d
u ntil n o w.

T h e s u c c ess of t his w or k st e ms fr o m t h e i nt e ns e p h ot o n
fl u x g e n er at e d b y t h e r e a ct or, pr e cis e m o d eli n g of b a c k gr o u n d
c o m p o n e nts, a n d t h e e x p eri m e nt’s s e nsiti vit y t o l o w e v e nt
r at es i n si g n al r e gi o ns. T h es e fi n di n gs n ot o nl y e xt e n d t h e
b o u n d ari es of A L P r es e ar c h b ut als o d e m o nstr at e t h e c a p a bil-
it y of r e a ct or- b as e d e x p eri m e nts t o pr o b e f u n d a m e nt al p arti cl e
i nt er a cti o ns.

F ut ur e a d v a n c e m e nts, i n cl u di n g c o nti n u e d d at a c oll e cti o n,
l o w eri n g t h e e n er g y t hr es h ol d f or c o h er e nt el asti c n e utri n o-
n u cl e us s c att eri n g ( C E ν N S) s e ar c h es, a n d r e c o nstr u cti n g
e v e nts a b o v e 3 M e V, pr o mis e t o f urt h er e n h a n c e t h e s e nsiti v-
it y of N E O N t o A L P si g n als. S u c h d e v el o p m e nts c o ul d pr o-
vi d e e v e n ti g ht er c o nstr ai nts o n A L P pr o p erti es a n d o p e n n e w
a v e n u es f or u n d erst a n di n g b e y o n d-st a n d ar d- m o d el p h ysi cs.

A C K N O W L E D G M E N T S

We t h a n k t h e K or e a H y dr o a n d N u cl e ar P o w er ( K H N P)
c o m p a n y f or t h e h el p a n d s u p p ort pr o vi d e d b y t h e st aff
m e m b ers of t h e S af et y a n d E n gi n e eri n g S u p p ort Te a m of
H a n bit N u cl e ar P o w er Pl a nt 3 a n d t h e I B S R es e ar c h S ol uti o n
C e nt er ( R S C) f or pr o vi di n g hi g h p erf or m a n c e c o m p uti n g
r es o ur c es. T his w or k is s u p p ort e d b y t h e I nstit ut e f or B asi c
S ci e n c e (I B S) u n d er Pr oj e ct C o d e I B S- R 0 1 6- A 1 a n d t h e
N ati o n al R es e ar c h F o u n d ati o n ( N R F) gr a nt f u n d e d b y t h e
K or e a n g o v er n m e nt ( M SI T) ( N R F- 2 0 2 1 R 1 A 2 C 1 0 1 3 7 6 1 a n d
N R F- 2 0 2 1 R 1 A 2 C 3 0 1 0 9 8 9), R e p u bli c of K or e a. G K a n d J N
ar e s u p p ort e d b y F er mi R es e ar c h Alli a n c e, L L C u n d er
C o ntr a ct D E A C 0 2- 0 7 C H 1 1 3 5 9 wit h t h e U. S. D e p art m e nt of
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Fi g. 1 6. E x cl usi o n li mit o n t h e a xi o n- el e ctr o n c o u pli n g. T h e o bs er v e d 9 5 % c o n fi d e n c e l e v el e x cl usi o n li mit (r e d s oli d li n e) o n t h e a xi o n-
el e ctr o n c o u pli n g d eri v e d fr o m N E O N d at a is c o m p ar e d wit h li mits fr o m b e a m d u m p e x p eri m e nts [ 6 8 – 7 0], S N 1 9 8 7 A [ 7 1], st ell ar c o oli n g
c o nstr ai nts [ 7 2], a n d t h e N A 6 4 missi n g e n er g y s e ar c h [ 7 3]. T h e Q C D a xi o n m o d el p ar a m et er s p a c e f or t h e D F S Z(I) b e n c h m ar k s c e n ari o is
i n di c at e d b y t h e gr a y d as h e d li n es [ 6 1]. T his li mit p arti all y c o v ers pr e vi o usl y u n c o nstr ai n e d r e gi o ns of t h e Q C D a xi o n p ar a m et er s p a c e f or
a xi o n m ass es ar o u n d a f e w 1 0 0 k e V/ c 2 .

E n er g y a n d t h e K a vli I nstit ut e f or C os m ol o gi c al P h ysi cs at t h e U ni v ersit y of C hi c a g o t hr o u g h a n e n d o w m e nt fr o m t h e
K a vli F o u n d ati o n a n d its f o u n d er Fr e d K a vli.
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G. Lucente, and A. Mirizzi, Constraints on the coupling with
photons of heavy axion-like-particles from Globular Clusters,
Phys. Lett. B 809, 135709 (2020).

[68] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian,
C. Church, B. Lu, L. W. Mo, T. A. Nunamaker, and
P. Rassmann, Search for Neutral Metastable Penetrating
Particles Produced in the SLAC Beam Dump, Phys. Rev. D 38,
3375 (1988).

[69] D. J. Bechis, T. W. Dombeck, R. W. Ellsworth, E. V. Sager,
P. H. Steinberg, L. J. Teig, J. K. Yoh, and R. L. Weitz, Search
for Axion Production in Low-energy Electron Bremsstrahlung,
Phys. Rev. Lett. 42, 1511 (1979). [Erratum: Phys.Rev.Lett. 43,
90 (1979)].

[70] E. M. Riordan et al., A Search for Short Lived Axions in an
Electron Beam Dump Experiment, Phys. Rev. Lett. 59, 755
(1987).

[71] G. Lucente and P. Carenza, Supernova bound on axionlike
particles coupled with electrons, Phys. Rev. D 104, 103007
(2021).

[72] E. Hardy and R. Lasenby, Stellar cooling bounds on new light
particles: plasma mixing effects, JHEP 02, 033 (2017).

[73] S. N. Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, and
N. V. Krasnikov, The exact tree-level calculation of the dark
photon production in high-energy electron scattering at the
CERN SPS, Phys. Lett. B 782, 406–411 (2018).

http://arxiv.org/abs/1404.7395
http://arxiv.org/abs/1404.7395
http://arxiv.org/abs/2207.06898
http://arxiv.org/abs/2207.06898

