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Searches for axionlike particles (ALPs) are motivated by the strong CP problem in particle physics
and by unexplained dark matter in astrophysics. In this paper, we discuss novel ALP searches using
monoenergetic nuclear deexcitation photons from a beam dump, using the isotope decay-at-rest (IsoDAR)
experiment as an example. We show that IsoDAR can set limits that close a gap in traditional QCD axion
searches using the ALP-photon coupling, as well as provide sensitivity to large regions of new parameter
space in models where ALPs couple to nucleons and electrons. We also show how isotope decay-at-rest
experiments may be designed to improve potential ALP production and optimize detection sensitivity.
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I. INTRODUCTION

Axions were originally motivated during the breaking of
Peccei-Quinn symmetry, which had been proposed to solve
the strong CP problem [1-9]; the parameter space for
such pseudoscalar axionlike particles (ALPs) has since
been expanded to include the pseudo-Nambu-Goldstone
bosons of other broken symmetries like Majorons and
familons [10], ALP dark matter [11], heavy ALPs in the
MeV-GeV mass scales [12—14], and so called “axiverse”
pseudoscalars which may number in the tens to hundreds
from string theory compactification scenarios (see, e.g.,
Refs. [15,16]). Designing an experiment for such a broad
parameter space requires high-intensity sources of ALP
flux and strong background rejection.

ALPs have been searched for using a variety of
methods both in laboratory and using astrophysical obser-
vations [17-71]. Most relevant for the isotope decay-at-rest
(IsoDAR) experiment [72—75] discussed here, ALP searches
have been proposed at several beam dumps and nuclear
reactors using neutrino detectors [14,76,77]. In GeV-scale
beam dump experiments, ALP production from mono-
energetic nuclear excitations may be washed out, as the
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GeV-scale proton beam will leave the majority of its energy
footprint in the continuum spectra of hadronic and electro-
magnetic particle cascades before reaching the characteristic
MeV scale of nuclear excitations. However, MeV-scale
beam dumps offer the capability to utilize such transitions
to study ALPs as the dominant production modes via
couplings to nucleons and inducing a sharply peaked
signal that may be distinguished from backgrounds. We
present the capability of using a MeV-scale proton beam to
probe new parameter space of ALPs sourced from electro-
magnetic secondaries as well as nuclear excited states in the
beam target environment.

The IsoDAR experiment will use a high power cyclotron
to produce 10 mA of protons at 60 MeV (7.9 x 10*
protons on target over five years, including downtime). The
protons impinge on a beryllium target surrounded by a
"Li/beryllium sleeve, which through nuclear processes
produce electron antineutrinos. The proton-target inter-
actions simultaneously produce photons, mainly from
the deexcitation of the nuclei. The entire photon distribu-
tion has been modeled in GEANT4 and shown to be
isotropic. This is due to the dominance of secondary
interactions producing photons. In this paper, we inves-
tigate how these photons and nuclear transitions can
produce ALPs and be detected with the liquid scintillator
counter (LSC; 2.26 kton, 15 m diameter, 15 m height)
detector at Yemilab [78], 17 m center-to-center from the
target [72,74]. This is shown in the cartoon in Fig. 1.

We demonstrate that the IsoDAR at Yemilab experiment
can explore new parameter space for ALPs. It can also
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FIG. 1. ALP production from the [soDAR at Yemilab target and
detection via electron, nucleon, and photon couplings leading to
7, vy, ve~, and e e final states in the LSC detector.

provide laboratory-based, model-independent constraints
over parameter space excluded only by astrophysical
considerations.

II. ALP PRODUCTION IN THE IsoDAR TARGET

To understand the ALP production channels we simulate
the nuclear interactions inside the IsoDAR target using
GEANT4 [79]. The photon flux is calculated using the
QGSP_BIC AI11HP physics list and based on a detailed
IsoDAR target and sleeve geometry [72]. In addition to
modeling the primary nuclear interactions from beam
collision, GEANT4 accounts for secondary photon produc-
tion from processes such as nuclear and atomic excitations.
This includes secondary neutron scattering and cascade
photons which are crucial processes in IsoDAR [72-74].

We begin by considering electromagnetically coupled
ALPs, described by

1 -
L, = _ZgayaFﬂuFW- (1)

We estimate the ALP flux by finding the probability of
ALP production per photon and sum over the flux and
each target layer to find the total ALP flux. The integrated
cross section for Primakoff scattering has been reported in
Refs. [80-83].

Similarly, electron ALP couplings of the Yukawa form

Lo D i@ 7Y, (2)

may be searched using several channels. In the IsoDAR
target, products produced in electromagnetic showers may
interact with the target material producing an ALP flux
through an ALP-electron coupling. Photons impinging on
target electrons at rest can undergo Compton-like scattering
(ye~ — ae™), while electrons and positrons may source

resonantly produced ALPs (eTe™ — a), or ALPs through
associated production (ete™ — ay), and bremsstrahlung
(e*N — eT™Na). These channels have been studied
recently in the context of proton beam targets in
Refs. [84-86]. For ALPs produced from Compton scatter-
ing, we convolve the scattering cross section with the
photon flux in the IsoDAR target. For ALPs produced from
bremsstrahlung, resonance, and associated production,
however, the energy loss of the electrons and positrons
in the IsoDAR target must also included. For eTe™ — a
resonant production from positrons impinging on IsoDAR
target electrons, the ALP rate is

/E‘““ /E+/ dd>6+
D, x
min dE+

where I(1, E;, Ef) = E(E(T% (InE;/E;)*/3=1 is the energy

loss smearing function for the electron/positron radiation
length ¢ and target radiation thickness 7" [87].

Similar fluxes are derived for associated production and
bremsstrahlung, except the differential energy cross section
is used, and the resulting ALP flux takes on a continuous
energy spectrum.

We consider models that predict the decay rate ratio I, /T,
for nuclear decay N* — N + a/y. A pseudoscalar ALP a is
associated with MJ transitions (magnetic multipole transi-
tions with angular momentum J). Magnetic multipole
transitions, e.g., magnetic dipole (M1) and quadrupole (M2),
have angular momentum change A/ = J and parity change
Ar = (—=1)’*!. The coupling is given by

I(t,E.,E)o(E')dtdE'dE, ,

(3)

Loy = iapyys(dony + 9onnT)Wn- (4)

where yy =
ALPs is [81]

<Fa> 11 J <|;3 |)2J+1
T, 7al+8J+1\|p,

9anNP + Gann >2 5
X((Mo—l/z)ﬁ‘ﬂll—ﬂ ' ®)

(7). The branching ratio for the transitions to

where f and 7 are nuclear structure factors. The GEANT4
simulation of IsoDAR provides several transition lines
including the energy and the flux, as shown in Fig. 2.
The nuclear structure factors f and # are then computed in
BIGSTICK [88], and we consult the Nuclear Data Service
(NDS) to find the transitions that match with the lines
GEANT4 generates. See Appendices for the selected lines.
Since typical values of =~ 1 for the isotopes that source
ALPs in the IsoDAR target, this makes the branching ratio in
Eq. (5) roughly proportional to g0y + gLyy. and we take a
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FIG. 2. Photon spectrum generated from the GEANT4 simulation
of IsoDAR. Photon sources include both continuum and discrete
channels, notably neutron capture and inelastic processes involv-
ing d, p, n, and a channels.

single effective coupling g,,, = g2y + ghyn to simplify
our view of the parameter space.

III. ALP DETECTION MECHANISMS

We express the probability of detection in several steps:

(1) The probability that the ALP survives to the detector

without decaying, Pg;.

(2) The probability that the ALP survives to the detector

without scattering, Pg,.

(3) The probability the ALP decays inside the detector

to visible energy, Pecay-

(4) The probability the ALP scatters inside the volume

of the detector, P.yer-

The probability of ALP decay can be calculated by
integrating the probability density over the distance the
ALP travels. In the case of the probabilities for which the
ALP is producing photons in the detector, the integrated
distances are the boundaries of the detector, or [. For
survival probabilities, we will call this distance d.
Therefore, the probability of the ALP not decaying before
the detector, or decaying inside the detector, are

Pg = e—d/(wa)’ Pdecay =1- e—l/(wa)’ (6)
where 7 =y/I" is the lab frame lifetime of the ALP
v, = po/E. For couplings to photons, for example, the
decay width of the ALP is related to its mass and g,, by
I' = (g2,m})/(64x) and y is the Lorentz factor.

Similarly, to find Py, and Py, We can alter Eq. (6) by
replacing 1/(zv,) with no(E). Here n is the number density
of the material the ALP is traveling through and o is the
cross section of the coupling being investigated.

The total probability is found by integrating over the
solid angle of the detector. This integration is uniform due
to the isotropic processes of production,

80 1

60 4

40 1
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201 ;I

Eyis [MeV]

FIG. 3. ALP production and detection in various coupling
combinations. Nuclear transitions and emission lines in the
photon flux showing up for g,,- and g,,,-dependent signals
(red, green) while resonantly produced ALPs through ete™ to
sharp peaks positioned at o< m2 (blue), provided that m, > 2m,.
The Yemilab background is shown in black for comparison. A
detector energy resolution of 3% is applied.

Sz Sz
6 6
Pioal = /5” /5” P Pg, [Pscatter + Pdecay
6 Y76
- (Pscatter * Pdecay)]d9d¢' (7)

For ALPs with masses m, > 2m, the decay channel
to ete” becomes available, with width ['(a —» eTe™) =

2
gaerna
87 (1

inside the detector fiducial volume can be calculated
using the same probabilities from the previous section.
Alternatively, ALPs with couplings to electrons can be
detected via inverse Compton scattering (ae~ — ye™). The
resulting detected energy spectra from electron coupling
production and detection channels is shown in Fig. 3.
The total number of ALP events requires a convolution
of this probability density with the associated spectrum. We
take 57/6 as the angle that the LSC detector covers from
the IsoDAR target based on the geometry in Ref. [72],

2 . —
- 4’%{)‘/ 2. Detection rates from a — e*e™ decays
a

Nevents = / S(E)Ptotal(E>dE’ (8)
3 MeV

where S(E) is the photon or electron spectrum weighted by
the probability of ALP production in the target. A lower
limit of 3 MeV was taken for the LSC detector, as below
this energy threshold additional backgrounds become
insurmountable due to radiogenic-induced gammas. The
signals in this paper are identical to electronlike events seen
in the detector and have a 32% detection efficiency. In the
LSC photon and electronlike signals are indistinguishable,
and no angular reconstruction has been used in this case.
These are explored more in [89].
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IV. BACKGROUND ANALYSIS

The IsoDAR backgrounds have been well studied. The
LSC cannot distinguish electron-antineutrino-like events
from ALP-like events, we thus use the background analyses
from Refs. [72,73], included in Fig. 3, while adding the
neutrino events as a background to the ALP signal. These
backgrounds include solar neutrinos, cosmogenic isotopes,
and radiogenics within the detector and from rock sur-
rounding the detector.

Artificial noise was added in a Poisson distribution to
each 0.1 MeV bin of the background spectrum to simulate
random fluctuations in the data. 10,000 pseudoexperiments
were thrown with and without ALPs injected into the data
and the signal events were counted. A Ay? test was then
used to compare the signal with and without ALPs for each
set of ALP parameters. We then compared the signal at this
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>
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point in parameter space to background to see if it could be
differentiated from background at 90% confidence level.
This process was repeated over the relevant ALP parameter
space in order to draw the projected sensitivity.

V. RESULTS AND CONCLUSIONS

Figure 4 shows IsoDAR’s projected sensitivity to ALP
parameter space over nucleon, photon, and electron cou-
plings using an estimated 7.88 x 10?4 protons on target
over five years. We have presented the existing limits
in a model-independent way, but if the reader wishes to
compare this parameter space to traditional QCD axion
models [such as the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ)-type  models [6,90,91] or Kim-Shifman-
Vainshtein-Zakharov (KSVZ) [92,93] models], one can
refer to Refs. [42,85,86] where the relevant QCD model
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FIG. 4. Sensitivity contours at 90% CL, for 5 and 10 yr exposures, using (a) couplings to photons, (b) couplings to electrons,
(c) couplings to nucleons and photons, and (d) couplings to nucleons and electrons. (c),(d) ALPs are produced via nuclear transitions and
propagate to the detector to subsequently scatter or decay via electron coupling (inverse Compton, a — ¢ e~ decay) or photon coupling

(inverse Primakoff, a — yy decay) channels.
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space is highlighted (although the effect of a multipara-
meter analysis of a full QCD axion model on the single-
parameter constraints has not been considered).

We first present the case where the production and
detection mechanisms are solely via the photon coupling.
The sensitivity is shown in Fig. 4(a). We find a slight
increase in the sensitivity over generic ALP parameter
space, extending the existing beam dump constraints down
in the coupling until the SN1987a and horizontal branch
(HB) stars constraints [94,95].l

The IsoDAR experiment tests astrophysical limits, which
are known to be model dependent (see, e.g., Ref. [97]) and
are often being revised with new data and theoretical
guidance. They can also be lifted in several specific models
[98—-104], and in this sense IsoDAR probes valuable
parameter space in a model-independent way.

The projected sensitivity to ALPs coupling to electrons is
shownin Fig. 4(b), where we have considered ALP production
in the IsoDAR target via Compton scattering, associated and
resonant production, and ALP-bremsstrahlung. We project
sensitivity over new values of g,, beyond the missing-energy
constraint from NA64 [105-107] and even extend the existing
decay limits beyond the beam dump bounds [108—112] and
test the space only excluded by the SN1987a neutrino
measurement [113].

Next we show a sensitivity projection in the combined
parameter space of nucleon, photon, and electron cou-
plings. For simplicity we assume ALPs are produced
primarily in nuclear transitions and then propagate to the
detector to either decay or scatter through either g,, or g,,
mediated channels. We perform the parameter space scan in
a similar way to Ref. [42] by iterating over combinations of
(Gann» 9ae) OF (Jann> 9ay) and mapping CL contours in the
product space |Guun * Gae| OF |Gann - 9ay|- Note there is a
sharp cutoff at ~10 MeV from where the photon spectrum
terminates as seen in Fig. 2. The flat regions at lower
masses describe the regime in which detection is scattering
dominated, while at higher masses the detection becomes
decay dominated. The “wiggles” at higher masses in
Fig. 4(a) are due to the ALP masses exceeding the photon
peaks seen in Fig. 2, causing sudden drops in production.
The sensitivity for ALPs produced via nuclear transitions
and detected by inverse Primakoff scattering and decays to
¥Y (Gae = 0, Gay # 0, gunn # 0) can be seen in Fig. 4(c),
which projects a new exclusion over almost a full order of
magnitude in the coupling product |g,, - g4u,|. While also
testing astrophysical constraints. The sensitivity reach
using the same production modes but with detection
through inverse Compton scattering and decays to ee”
Gay = 0, gue # 0, Gann # 0) is shown in Fig. 4(d) and also
shows good reach over new parameter space for m, > 2m,,

'See also Ref. [96] for a discussion on potential constraints
from supernovae explosion energy which may apply in this
region of parameter space.

where the eTe™ decays become kinematically accessible.
Existing bounds from Borexino [114,115], Texono [116],
and Bi;Ge;O, (BGO) bolometers [117,118] are shown
along with the astrophysical bounds from HB stars and
SN1987a in both scenarios in Figs. 4(c) and 4(d). In
addition, the null observations of CHARM [119] and
NUCAL [120] may be used to set constraints by consid-
ering ALP production from proton bremsstrahlung in their
beam targets through the nuclear couplings ¢° .y, 9.y and
decays to yy and e"e”. We have computed the exclusions
from CHARM and NUCAL independently in this work and
show them in Figs. 4(c) and 4(d).

In conclusion, we have presented a strategy to study
ALPs utilizing nuclear transitions in a fixed target neutrino
facility. These monoenergetic peaks provide specific signal
above background leading to probing of parameter space
which would otherwise require higher flux. These peaks
provide new ways to probe axion-nucleon couplings. We
used the IsoDAR neutrino experiment as an example.
Using GEANT4 we showed the IsoDAR target provides
monoenergetic peaks from nuclear excitations, as well as a
high flux of electrons that can be used to study electron-
ALP couplings. Using this technique we were able to
demonstrate that this experiment will be able to duplicate
lab-based and astrophysical constraints, as well as probe
entirely new parameter spaces that span several models.
This study has focused on use of the LSC detector, as this is
planned for other IsoDAR physics goals; however, in the
future, one could consider pairing the source with a detector
optimized for ALP searches, such as a detector who has
thresholds below 3 MeV, or substitute the IsoDAR neutrino
target with one that has been optimized to produce ALPs
through nuclear excitations, rather than beta decay. The
backgrounds of an ALP experiment would be reduced with
the neutrino flux, further improving the sensitivities pre-
sented here.
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APPENDIX A: QCD AXION BENCHMARK
MODELS AND THEIR PARAMETER SPACE

The correlations between the QCD axion mass and its
effective couplings are given below, taken from Ref. [121].
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We simply reiterate those correlations here for convenience
of the reader. The relation between the Peccei-Quinn
breaking scale f, and the axion mass is

5.691 x 10° eV
. (L) GeV.

Al
- (A1)
To find the correlations between the axion mass and its
effective couplings to photons in the KSVZ benchmark
model is then given by Eq. (A2),

m, E
Yay <0.203 N 0.39) . (A2)

- GeV

We then consider a range of model parameter space by
considering anomaly number ratios of E/N = 44/3 to
E/N = 2. This defines a band in (m,,, g,,) parameter space
in which the QCD axion’s couplings and mass may reside.

For the DFSZ benchmark model, for which couplings to
electrons would be dominant relative to the photon cou-
plings, we take

mecae(ma’ tanﬁ)
fa
where the coefficient C,, is dependent on the rotation angle

p for the vacuum expectation values of the extended Higgs
sector in DFSZI and DFSZII models,

Jae = (A3)

2

1 E
DFSZ(I) : Cae == §Sin2ﬂ + 43‘% |:N log(fa/ma>

—1.9210g(1/m6)], %:8/3, (A4)

E tog(fufma)

DFSZ(I): C,, = lsin2/} + sa”
T3 4 |N

—1.9210g(1/m8)}, %:z/s. (AS)

Here we take tanf values between 0.25 and 120,
which equates to sinf =0.242536 and sinf =
0.999965, respectively [122].

APPENDIX B: NUCLEAR EXCITED STATES
IN THE IsoDAR TARGET AND ALP
EVENT RATES

The nuclear excited states induced through proton
collision and particle shower cascades in the IsoDAR
target are listed for the M1 and M2 transitions relevant
for pseudoscalar ALP production in Table I. The best
matches of nuclear transitions between GEANT4 and
NDS are presented for select isotopes. Recall the ALP
production branching ratio given by Ref. [81] for a
transition is

<Fa) 11y (IF%I)”“
T, yw mal+&J+1\|p,
% < ggNNﬁ+g¢11NN >2. (Bl)
(Mo = 1/2)p 4+ —n

Nuclear structure factors f and # are computed by
BIGSTICK [88] if possible, otherwise f and # are set to
the default values (1 and 0.5, respectively).

TABLE I. M1 and M2 nuclear transitions, their energies, and
nuclear parameter inputs to the ALP production branching ratio.

Nucleus Energy in MeV Type s n
Fe57 7.606 M1 0.7071 —0.3111
Li8 1.009 Ml 1 —0.0260
Li8 2.053 M1 1 —-0.1034
0o15 5.281 M2 1 0.5
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