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We investigate the feasibility of a high statistics experiment to search for invisible decay modes in
nuclear gamma cascades using 200 kg of Cs(Tl) scintillators that are presently available at Texas A&M.
The experiment aims to search for missing energy by robustly establishing the absence of a photon in a
well-identified gamma cascade. We report on the experimental demonstration of the energy resolution
necessary for this search. Prior explorations of this detector concept focused on baryonically coupled
physics that could be emitted in E2 transitions. We point out that this protocol can also search for particles
that are coupled to photons by searching for the conversion of a photon produced in a gamma cascade into a
hidden particle. Examples of these processes include the oscillation of a photon into a hidden photon and
the conversion of a photon into an axionlike particle either in the presence of a magnetic field or via the
Primakoff process. This proof of concept apparatus appears to have the ability to search for hitherto
unconstrained baryonically coupled scalars and pseudoscalars produced in E0 and M0 transitions. If
successfully implemented, this experiment serves as a pathfinder for a larger detector with greater
containment that can thoroughly probe the existence of new particles with mass below 4 MeV that lie in the
poorly constrained supernova “trapping window” that exists between 100 keV and 30 MeV.

DOI: 10.1103/PhysRevD.105.015030

I. INTRODUCTION

There are considerable theoretical motivations to search
for light, weakly coupled particles. These particles could
constitute the dark matter or act as mediators between the
standard model (SM) and the dark sector [1]. They also
arise in several frameworks of physics beyond the standard
model that address theoretical puzzles such as the strong
CP problem [2–4], the hierarchy problem [5], the cosmo-
logical constant problem [6,7], and the quantum nature of
gravity. A significant impediment in searching for such
particles in a controlled laboratory setting is statistics; the
more weakly coupled a particle is the harder it is to produce
it. As a result, probes of such particles have largely centered
around their effects on astrophysical bodies and cosmology.

This is clearly unsatisfactory. First, these probes are
limited to the parts of parameter space where astrophysics
and cosmology are well understood. Together, these place
significant constraints on light particles that interact with
electrons. However, particles that couple to baryons and are
heavier than ∼100 keV are not well constrained [1]. Such
particles are too heavy to be produced in objects such as
horizontal branch stars (HB stars). They can be produced in
supernovae and can be constrained if they interact more
weakly with the standard model than neutrinos, leading to
anomalous cooling. But, if their interactions with baryons
are stronger than neutrinos, these particles do not efficiently
cool the star and are thus unconstrained. Cosmological
limits on such particles are also weak since the baryon
abundance drops significantly as the Universe cools below
∼GeV energies. In concert with the heating of the standard
model that occurs during the QCD phase transition, the
relative abundance of baryonically interacting particles is
suppressed. Second, these astrophysical and cosmological
bounds are not robust against minor changes to the model
[8]. Additional interactions between the standard model
and these particles can cause significant density-dependent
effects. Given the enormous difference in densities in the
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early Universe, the interior of stars, and the laboratory, it is
not difficult to avoid these bounds when the underlying
model is changed in minor ways.
Given the need for laboratory methods to probe these

particles, how can we achieve the required statistics? One
way to accomplish this task using hot radioactive nuclear
sources was discussed in [9]. In this scheme, one searches
for missing energy in a well identified gamma cascade.
Consider, for example, the beta decay of 60Co to 60Ni. With
a branching fraction of 99.9% this decay populates the
4þ excited state of 60Ni which decays to the ground state by
first emitting a 1.17 MeV gamma to decay to the 2þ state
followed by a 1.33 MeV gamma to decay to the ground
state. The idea of [9] is to identify the initial 1.17 MeV
gamma and with great efficiency tag the second 1.33 MeV
gamma. If the second gamma was seen at a lower rate than
the expected efficiency of the detector it could imply the
existence of a decay into new particles. The key parameters
of this experiment are the containment efficiency of the
gammas (to avoid missing the second gamma), the energy
resolution of the setup (to separate out the gammas of
interest), and the detector response time (enabling back-
ground rejection by focusing only on events within a short
∼ns interval). Another central parameter is the nuclear
source itself. While 60Co is a readily available source, for
instance, the fact that the two gammas are close to each
other in energy limits the ultimate reach of an experiment
using this isotope. As discussed in [9], these limitations can
be overcome using 24Na. However, the short half-life
introduces experimental and logistical complications. In
this work we explore an expanded list of nuclei including
46Sc. This nucleus has a 83 day half-life, sufficient energy
separation between the two decay photons and importantly,
the first photon is more energetic (1.12 MeV) than the
second (889 keV). These features make this a promising
isotope for this experiment.
The purpose of this paper is to further develop the

experimental implementation of the theoretical concepts
proposed in [9] in a concrete experimental apparatus at
Texas A&M university. This apparatus uses CsI(Tl) crystals
that act as a reasonably fast scintillating detector for the
produced gammas. We discuss the properties of these
crystals, the trigger logic, and the optimal geometries
necessary for maximum containment. We also report on
an experimental demonstration of the energy resolution
needed for this experiment. These inputs are used to
estimate the sensitivity of the apparatus. All of these are
discussed in Sec. II. Following this, in Sec. III we consider
a broader class of transitions than discussed in [9]. This
includes M1 (magnetic dipole) and M0 (magnetic monop-
ole) transitions that are particularly useful in searching for
pseudoscalars such as axions and axionlike particles
(ALPS), which have been searched for from processes
sourcing them in the Sun’s core utilizing CsI(Tl) detectors
[10], and E0 (electric monopole) transitions where the

standard model produces eþ=e− pairs that can be tagged far
more effectively than gammas. In Sec. IV we estimate the
reach of this setup for a variety of models, well beyond the
ones considered in [9]. We also discuss a new process
in [9]; the new physics that was being searched for involved
particles that directly coupled to nuclei and were thus
directly produced in the decay. Here, we discuss another
possibility in which we suppose the decay yields the usual
gamma cascade. But, it is possible that the gamma
oscillates into a dark particle before interacting with the
standard model resulting in missing energy. This phenome-
non is possible for axionlike particles in the presence of a
background magnetic field or through the Primakoff
process. We discuss this new process as well in Sec. IV.

II. EXPERIMENTAL SETUP

The proposed experimental setup will utilize 2–5 tons of
5 kg, 200 × 200 × 1200 in dimension CsI(Tl) crystals. CsI(Tl)
has been chosen due to its high light-yield, high-density,
and less hygroscopic nature (which makes it suitable to be
used under normal atmospheric conditions). The initial
prototype will be an approximately 200 kg experiment with
36 crystals organized as a cube as shown in Fig. 1(a) to
provide uniform containment in a 4π geometry. In our
setup, each CsI(Tl) crystal is wrapped with a Teflon tape for
improved internal reflection of the scintillating photons and
then a layer of thin aluminized mylar film is wrapped which
reflects external light. One end of these crystals will be
coupled to conventional EMI photomultiplier tubes (PMT)
for light collection. We have found that there is no
significant position dependence on the output signal but
if needed, PMTs can be put on the two ends of the crystal in
the future.
The preliminary characterization of the available CsI(Tl)

crystals was performed using various radioactive sources
primarily 22Na, 60Co, and 137Cs. We found that the two
gammas from 60Co (at 1.17 MeVand 1.33 MeV) could not
be resolved using the 1200 long crystals due to the length of
the crystals. The crystal length results in a smaller light
collection efficiency which would increase the relative
contribution of electronic noise and hence results in poor
energy resolution [11]. We used a half size crystal (about 600

in length) to have an acceptable resolution at MeV scale to
resolve the two gammas from 60Co, as shown in Fig. 1(b).
For future upgrades we plan to use SiPMs as photodetectors
instead of PMTs, as they have smaller profiles than the
large PMTs. These facts also simplify the complexity of the
geometry. The ability to search for missing gammas
depends critically on how hermetic the setup is, thus any
larger scale up will utilize SiPMs. Other benefits of SiPMs
include reduced crosstalk, lower dark count, low afterpulse,
outstanding photon detection efficiency, low-voltage oper-
ation, high gain, and good signal to noise ratio. SiPMs are
also insensitive to magnetic fields, enabling their use in
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setups where magnetic fields may be necessary. The cost of
SiPMs was prohibitive for this 200 kg prototype that was
entirely built using internal funds. The end of the CsI(Tl)
crystal that will be attached to the PMT will be well
polished and examined for any possible defects and
contamination. After selecting the crystals to be used for
the prototype assembly, each crystal is connected to a PMT
and it is then characterized for energy response, primarily
using 511 keV gammas from a 22Na radioactive source.
Besides calibration, 22Na is also used for the estimation of

detector efficiency for detecting gammas from the radioactive
sources. 22Na decays by emitting a positron mostly into a
1275 keV level of 22Ne. These positrons annihilate with the
surrounding electrons, producing two 511 keV photons. If we
tag one of these two gammas and look for the other gamma in
the same event, we can perform an in situmeasurement of the
γ detection efficiency of the setup. The new physics that is
being searched for in this experiment will in general couple
very differently to nucleons and electrons. In particular, the
electron couplings are muchmore constrained. Thus if we see
missing gammas in the nuclear decay channel without any
loss in the positron annihilation channel, it will be convincing
evidence of a genuine signal. We also propose to use this
setup to probe axionlike particles by searching for the
disappearance of photons via the Primakoff process or in
the presence of an applied magnetic field. The verification of
detector efficiency for this channel requires a different
strategy. In the case where the conversion happens due to
an external magnetic field, the signal can be turned off by
reducing the magnetic field and this can be used to prove the
existence of new physics. The Primakoff case is more
challenging—the verification of the signal could potentially
be performed by utilizing the fact that the conversion
efficiency is independent of the photon energy whereas a
loss channel in the detector is likely to be energy dependent.

We plan to put the source at the center of this 200 kg
detector assembly and perform the efficiency measure-
ments after each detector has been calibrated for γ energy.
Table I lists the properties of CsI(Tl) crystals which will be
used in this experiment. The slow component of the decay
time of CsI(Tl) crystals is around 3 μs. To avoid pileups, we
can select the activity of the source to have an average time
between decays of ∼5 μs, allowing a trigger rate around
200 kHz. Pileups can still be handled offline during data
analysis as long as the two events do not occur within a μs.
With this trigger rate, we expect to take data for a year and
analyze around 1013 decays/year. This will be phase 1 of
this experiment. For a more ambitious experiment which
will use around 1016 decays/year, we plan to use faster

(a)

 Energy(KeV)
0 500 1000 1500 2000 2500 3000 3500

 C
o

u
n

ts

0

50

100

150

200

250

300

350

400

450

 Co60 Spectrum

(b)

FIG. 1. (a) Conceptual drawing of a 200-kg prototype experiment with each CsI(Tl) scintillating crystal coupled to SiPM array at one
end. (b) 60Co peak observed in a half size crystal with a PMT coupled to one end.

TABLE I. Properties of CsI(Tl) along with other scintillating
materials [11].

Quantity CsI(Tl)
NaI
(Tl) BGO

BC-408
(Plastic)

Emission spectrum
max (nm)

550 415 480 425

Density (g=cm3) 4.51 3.67 7.13 1.023
Hygroscopic Slightly Yes No No
Refractive index
(at maximum
emission)

1.79 1.85 2.15 1.58

Radiation length
(cm)

1.85 2.59 1.12 43

Interaction length
(g=cm2)

167 152 156 not
applicable

Light yield
(photons=keVγ)

54 38 10 not
applicable

Decay time (μs) 0.679 (fast),
3.34 (slow)

0.250 0.300 0.0021
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plastic scintillators (for example BC-408) whose properties
are given in Table I. Other experiments searching for rare
decays using various scintillator detectors and bolometers
are given in references [12–16]. For data acquisition, the
signals from the PMTs are fed into a spectroscopic
amplifier (CAEN model N568E) which also performs
pulse shaping and has a web interface to control the gain
and shaping time. The signal is then fed into a leading edge
discriminator with multiplicity option for the trigger
(CAEN model N841). VME-based 50 MHz analog to
digital converter with 64-channels (CAEN VX2740) is
used for signal digitization and recording. This also offers
multichannel analysis for nuclear spectroscopy and it is
thus well suited for our purpose. The data will be analyzed
with an optimum filter-based analysis package and the
ROOTanalysis package [17]. Additionally, the detector and
laboratory geometry will be modeled, and backgrounds
will be calibrated and validated using the GEANT4 simu-
lation toolkit using the Shielding Physics List [18]. Work
along this direction has already been initiated for a smaller
50 kg CsI(Tl) prototype geometry.

III. MULTIPOLE TRANSITIONS

The transitions considered in this work can be broadly
classified into two types. In the first type, the standard
model process is a beta/electron capture (EC) decay
followed by a γ cascade of two or more photons all the
way to the daughter nucleus’ ground state. We use all but
one of the photons as the trigger and an event corresponds
to exactly one photon in the cascade being absent. The
transition instead proceeds through the small but nonzero
branching fraction to a dark particle. The E2 (electric
quadrupole) transitions considered in [9] as well as the M1

(magnetic dipole) transition in 65Ni which are well suited
for axion searches are of this type. For dipole and higher
transitions, the sensitivity to the rare dark decay is limited
by the containment of a single photon, i.e., the smallest
branching fractions that can be probed is given by

Brlimdark≈ exp

�
−
Rdet

λabs

�
; ðfor dipole and higher transitionsÞ

ð1Þ

where λabs is the mean free path of the photon in the
scintillator and Rdet is the radius of a spherical detector.
After this branching fraction is reached, subsequent sta-
tistics only improve the reach after background subtraction,
and limits therefore scale as the square root of statistics.
This limitation is relaxed for particles produced in E0 or

M0 transitions. These are rare monopole transitions which
cause the decay of a 0þ or 0− to a ground state 0þ. Due to
angular momentum conservation, this can never proceed
through a single photon. In the standard model, the E0

transition proceeds through internal pair production (eþe−),

internal conversion (single e−) or through two photons with
a very small probability. M0 transitions have never been
observed but are expected to proceed through emission of
two internal electrons or through a photon pair. The
interaction of electrons with the scintillator is classical, thus
the probability of missing the transition entirely is negligible.
The limit on this transition is instead determined by the
probability of entirely missing these rare photon pairs.

Brlimdark ≈ Brγγ exp

�
−
Rdet

λabs

�
: ðfor monopole transitionsÞ

ð2Þ

We next discuss each transition in turn.

A. E2 transitions

The E2 transitions were treated in depth in [9]. We
expand on the number of candidate nuclei studied in this
work. Candidate nuclei which exhibit E2 transitions are
tabulated in Table II. Nuclei in which the second photon in
the cascade has lower energy than the first trigger photon,
i.e., Eγ2 < Eγ1 , are preferred because the probability of
mistagging the second photon as the trigger photon due to
Compton scattering is negligible. Branching fractions to
various models of dark particles are presented in Sec. IV
and model-dependent limit projections for E2 transitions
are made in Sec. V.

B. M1 transitions

M1 transitions have been considered in [19] in the
specific context of axion searches. The decay chain of
the 65Ni isotope with a half-life of 2.5 h exhibits such a
transition. The parity odd-nature of these transitions makes
them especially suited for searches of ALPs coupled to
nuclei. Branching fractions to ALPs are presented in
Sec. IV and model-dependent limit projections for M1

transitions are made in Sec. V.

C. E0 transitions

In the standard model, a single photon transition from
0þ → 0þ is strictly forbidden. This instead proceeds
through eþe− emission [also called internal pair production
(IPP)], internal conversion followed by x rays (IC) or

TABLE II. Candidate E2 transitions.

Candidate τ1
2

Eγ2 < Eγ1? Eprobe (MeV) Etrigger (MeV)
207Bi 31 year Yes 0.57 1.06
60Co 30 years No 1.33 1.17
46Sc 83 day Yes 0.89 1.12
48V 16 day Yes 0.98 1.31
48Sc 43.6 h Yes 0.98 1.04 or 1.31
24Na 15 h Yes 1.37 2.75
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through two photons (2γ). The IPP and IC are the main
decay branches. The electron loses energy classically
(unlike the photon), which makes containment much more
efficient. Moreover, branching fractions to invisibles
such as scalars and millicharged particles are enhanced.
90Nb, whose decay has been studied in detail in [20,21],
has a 15 h lifetime and βþ decays predominantly to the
3.58 MeV, 8þ state of 90Zr. This then cascades down, and
with small branching fraction populates the 1.76 MeV 0þ
state. The subsequent E0 transition to the ground state has
been studied in detail in the context of 90Y β− decays [22].
The standard model branching fraction to two photons
which forms the dominant background due to containment
is estimated to be only 1.8 × 10−4 of the dominant eþe−
decay [23]. The branching fractions to various models in E0

transitions is presented in Sec. IVand projections in Sec. V.

D. M0 transitions

Magnetic monopole transitions in decays of 0− → 0þ,
have been studied in a theoretical context in [24].
Experimentally, they have been studied in light nuclei
[25,26]. The heavy nucleus 170Lu is the candidate nucleus
we consider for M0 transitions. In 6% of its decay via
electron capture, it populates the 2.82 MeV 0− state of
170Yb. The possibility of a standard model transition
directly from this state to the ground state was studied
in [27] and no events were detected. Instead, the decay
proceeds through other intermediate states with higher
multipolarity. Unlike the other multipolar transitions con-
sidered in this text, the study ofM0 transitions could also be
novel due to the prospect of observing the M0 in the
standard model as well. These transitions will have favor-
able branching fractions to ALPs, the relevant branching
fractions are discussed in Sec. IV and projections for these
transitions are discussed in Sec. V. Candidate nuclei which
exhibit transitions other than E2 transitions are tabulated in
Table III.

IV. MODELS AND BRANCHING FRACTIONS

In this section we describe the models considered and
compute the relevant branching fractions. Here we will
restrict ourselves to a handful of popular models and their
associated effective operators, keeping the list short, yet
illustrating the breadth of models accessible to an experi-
ment looking for missing energy in nuclear transitions.

A. Dark scalars coupling to nucleons

We first consider a dark scalar with an effective Yukawa
coupling to nucleons (specifically the proton for easy
matrix element computation).

L ⊃ gNϕN̄N: ð3Þ

In the UV-complete model, this effective interaction
may come about through a Yukawa coupling to heavy
or light quarks or through couplings to gluons [28,29].
The effective coupling to protons can be looked for in
E-type transitions considered in this work, i.e., E2 and E0

transitions. The branching fraction to a scalar, Brmiss ≡ Γϕ

ΓSM

is given by [9,30]

Brmissðϕ; E2Þ ¼
g2p
2e2

�
1 −

m2
ϕ

ω2

�5
2

;

Brmissðϕ; E0Þ ¼
8πω5

ακðω; meÞ
g2p
e2

�
1 −

m2
ϕ

ω2

�5
2

: ð4Þ

Here

κðω;mÞ¼b

�
ω−2m
ωþ2m

�
ðω−2meÞ3ðωþ2meÞ2;

bðSÞ¼3π

8
ð1−S=4−S2=8þS3=16−S4=64þ5S5=512Þ:

ð5Þ

The larger branching fraction in the E0 case is due to
favorable selection rules.

B. Dark photons

We next consider a dark photon, A0, coupled to the
standard model photon via kinetic mixing,

L ⊃ ϵFμνF0
μν þm2

A0A02: ð6Þ

The branching ratio to the A0 is straightforward to compute
for E2 transitions. It is just ϵ2 with a kinematic factor that
captures the effect of a nonzero mA0

Brmissðγ0; E2Þ ¼ ϵ2
�
1 −

m2
A0

ω2

�5
2

: ð7Þ

Note that the above expression is only valid in the limit
where mA0 ≫ 1

λabs
, the inverse mean-free path. In this

regime, the transverse mode that couples to the SM can
maximally oscillate into the sterile transverse mode. In the
opposite limit, i.e., for very small dark photon masses, the
dark photon decouples.
For E0 transitions, the transverse mode is forbidden by

selection rules. The longitudinal mode behaves just like the

TABLE III. Candidates for other transitions.

Candidate τ1
2

Multipole Eprobe (MeV)
65Ni 2.5 h M1 1.11
90Nb 14.6 h E0 1.80
170Lu 2 day M0 2.82
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scalar in Eq. (5). However, it decouples for small mA0 and
hence the branching fraction scales as ðmA0

ω Þ2. Thus, we have

Brmissðγ0; E0Þ ¼
8πω5

ακðω; meÞ
ϵ2

m2
A0

ω2

�
1 −

m2
A0

ω2

�5
2

: ð8Þ

C. Millicharged particles

We next consider particles carrying fractional charge
under the SM photon also known as millicharge particles.
This charge could arise either due to direct charge under
the SM Uð1Þ, or through charge under a dark photon that
kinetically mixes with the SM photon. The branching
fractions for both cases are identical. For both E2 and
E0 transitions, we use the calculation of matrix elements in
internal pair production in the SM [31] and adapt it to
millicharge particles of mass mQ and charge Q in units of
the electric charge. We find

Brmissðmilli; E2Þ ¼ Q2
25α

9

κðω; mQÞ
ω5

;

Brmissðmilli; E0Þ ¼ Q2
κðω; mQÞ
κðω; meÞ

: ð9Þ

D. ALP-nucleon coupling

Axionlike particles should generically couple to nucle-
ons through the “wind coupling.” The Lagrangian for the
nucleon coupling can be written as

L ⊃
1

faN
∂μaN̄γμγ5N; ð10Þ

with faN the relevant decay constant. Due to parity
considerations, magnetic-type transitions are best suited
to produce ALPs according to the following branching
fraction [32]

Brmissða;M1Þ ∼ 0.13

�
GeV
faN

�
2
�
1 −

m2
a

ω2

�3
2

; ð11Þ

Finally, we also consider the M0 transition in the decay of
170Lu in this work. The 2.82 MeV, 0− state of 170Yb is
populated in 6% of all the ϵ decay of 170Lu. This 0− state
could decay via an ALP to the 0þ ground state. In the SM, it
instead decays via E2=M1 transitions to intermediate states.
In order to make an order of magnitude estimate of the
branching fraction to ALPs, we approximate the M0 width
to ALPs to the E0 width to scalars

Brmissða;M0Þ ¼
ΓM0

ð2.82 MeVÞ
ΓE2

ð1.4 MeVÞ

≈
50

9α

GeV
faN

ðð2.82 MeVÞ2 −m2
aÞ52

ð1.4 MeVÞ5 : ð12Þ

E. ALP coupling to photons

ALPs coupled to photons can be produced in transitions
via an internal pair production like process, with an
off-shell photon producing an ALP and an on-shell
photon. However, we identify a more efficient production
mechanism: the decaying photon converting into an ALP in
the detector. We start with the Lagrangian,

L ⊃
1

4faγ
aFμνF̃μν: ð13Þ

This operator gives rise to the well-known Primakoff
scattering process, in which a photon may coherently
scatter with the atomic and nuclear electric fields of an
atom and convert into an ALP (Fig. 2, left). The differential
production cross section is given by

dσP
dθ

¼ 1

4f2aγ
αZ2F2ðtÞ jp⃗aj4sin3θ

t2
; ð14Þ

where θ is the angle of ALP with respect to the momentum
direction of the incoming photon. The total cross section in
the elastic limit is [33]

σP ¼ α

4πf2aγ

�
Z2 lnð184Z−1=3Þ þ Z lnð1194Z−2=3Þ

þ Z2

�
ln

�
403A−1=3 MeV

me

�
− 2

��
: ð15Þ

Decay photons that stream into the detector volume
may then undergo Primakoff conversion which gives to a
probability of disappearance. This probability is given by
product of an absorption probability and an effective
branching fraction of photons that Primakoff-convert ver-
sus undergoing ordinary absorption,

Pðγ→ aÞ ¼ σP
σPþ σSM

ð1− e−σSMnlÞ ¼ σP
σPþ σSM

ð1− e−l=λÞ:

ð16Þ

FIG. 2. Primakoff (left) and Compton-like (right) processes for
photon-axion conversion.
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Here, σP is the total Primakoff scattering cross section, σSM
is the total γ absorption cross section as a function of the
photon energy Eγ, n is the atomic number density and l is
the γ path length. Alternatively, we can also express the
exponent in terms of the mean-free path λ ¼ 1=ðnσSMÞ.
The reach for faγ as a function of detector mass is plotted in
Fig. 3 for different total nuclear decays and two choices of
the mean-free-path in detector material.
For ALPs lighter than a few keV, it is favorable to have

an external magnetic field to do this conversion. There are
two ways to situate this magnetic field—one could con-
struct a geometry where the source is surrounded by a
vacuum region (∼1 m3) with a large magnetic field (Bext)
that is in turn hermetically covered by scintillators, or the
magnetic field and the scintillator material can be colo-
cated. The former, while more expensive, has better science
reach since the photon can oscillate into an ALP over the
entire volume of the vacuum region as opposed to the latter
case where the conversion region is restricted to the mean
free path of the photon in the scintillator. In the case of a
vacuum surrounding the source, the probability for photons
to convert into ALPs over a distance L is given by

Pðγ → aÞ ¼ 4
B2
extω

2

m4
af2aγ

sin2
�
m2

aL
4ω

�
: ð17Þ

We will assume a magnetic field Bext ¼ 10 Tesla with an
extent of L ¼ 1 meter, for ma < 1 eV,

Pðγ → aÞ ¼
�
BextL
2faγ

�
2

≈ 25

�
GeV
faγ

�
2

½Full Containment�: ð18Þ

When the scintillator material and the external magnetic
field are colocated, the probability to convert to an ALP in
the small mass limit is given by

Pðγ → aÞ ¼ 4
B2
extω

2

m4
af2aγ

Z
dle−

l
λ
m4

al
8ω2

≈
�

Bextλffiffiffi
2

p
faγ

�
2

½Prototype�: ð19Þ

Finally, we summarize the model operators discussed
above and the relevant photon-disappearance branching
ratios (BRmiss) in Table IV. In the next section, we will
discuss the search potential and projected reach for
each case.

V. PROJECTED REACH

In this section we estimate the potential reach of the
proof of concept apparatus at Texas A&M for the models
considered in the previous section. We also estimate the
sensitivity of a full-scale experiment. All of these models
are subject to constraints from existing laboratory results
and astrophysical/cosmological considerations. The astro-
physical limits, primarily arising from the cooling of HB
stars and SN1987a [34] are highly model dependent.
For example, these limits are completely evaded in models
where the particles either have a mass or coupling that
depends upon the environment (see, for example,
Refs. [8,35–41]). Similar caveats also apply to cosmology,
i.e., the Neff constraints from big bang nucleosynthesis
(BBN) and cosmic microwave background (CMB) [8,42].
While this experiment can search for particles that are not
subject to astrophysical and cosmological constraints, this
model dependence encourages the production of robust

FIG. 3. Sensitivity on the ALP-photon coupling, derived from
Primakoff disappearance, as a function of detector mass (bottom
axis) and the equivalent detector radius (top axis) assuming
spherical geometry. The effect of full containment is manifest
when the sensitivity flattens out at the limit of a sufficiently large
detector.

TABLE IV. Summary of the operators and branching ratios for
each model considered. For definitions see text in Sec. IV.

Model Lint Transition BRmiss

Scalar (nucleon
coupling)

gpϕN̄N
E2

g2p
2e2 ð1 −

m2
ϕ

ω2Þ
5
2

E0
8πω5

ακðω;meÞ
g2p
e2 ð1 −

m2
ϕ

ω2Þ
5
2

Dark Photon ϵFμνF0
μν

E2 ϵ2ð1 − m2
ϕ

ω2Þ
5
2

E0
8πω5

ακðω;meÞ ϵ
2
m2

A0
ω2 ð1 − m2

A0
ω2 Þ52

Millicharged
Particle

−Qχ̄γμAμχ
E2 Q2 25α

9

κðω;mQÞ
ω5

E0 Q2 κðω;mQÞ
κðω;meÞ

ALP (nucleon
coupling)

f−1aN∂μaN̄γμγ5N
M1 0.13ðGeVfaN

Þ2ð1 − m2
a

ω2Þ
3
2

M0
50
9α

GeV
faN

ðω2−m2
aÞ

5
2

ω5

ALP (photon
coupling)

1
4faγ

aFμνF̃μν E2=M1
σP

σPþσSM
ð1 − e−l=λÞ
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laboratory limits on particles that are naively constrained by
astrophysics and cosmology.
In Fig. 4 we show the projected reach over the parameter

space for the scalar coupling to nucleons. The top row
illustrates projections from using 46Sc decays, a candidate
for E2 transitions, and the bottom row illustrates projections
for 90Nb, a candidate for E0 transitions. Whereas the
left column shows projections for 36 crystals, the right
column exhibits projections if full containment of the
signal photon is achieved. For large couplings in the range
gN ∼ 10−3–10−1 and for mϕ > 0.4 MeV, the main con-
straint comes from binding energies in nuclear matter
(NM) [43]. We also show astrophysical constraints from
supernovae [29] in addition to those from HB stars [34]. In
dotted lines we also show the limits on invisible kaon
decays from E949 [44] arising from model-dependent
couplings to the light quarks.
We see that the projected reach for an exposure to 109

total decays, either in the case of 46Sc or 90Nb sources, can
already probe beyond the existing NM limits. Comparing
the top and bottom rows, we see that there is superior reach
for the E0 transition in 90Nb (bottom row) compared to the
E2 transition. This is entirely due to the projections being
containment limited in the E2 transition in contrast to
containment issues arising only for the severely suppressed
two-photon decay in E0 transitions. This is the reason why

gN scales asN
−1
4

d (whereNd is the total number of decays) in

the prototype setup for the E2 transition and scales as N
−1
2

d
for the other setups where containment is not an issue.
We also see this by comparing the left plots to those on
the right, i.e., the effect of going from a 36-crystal
prototype to an apparatus that offers full containment; this
exponentially reduces the background of escaped gammas,
thereby pushing the sensitivity curve. With 1016 decays and
full containment, the entire supernova trapping window is
accessible.
In Fig. 5 we show the limits on the kinetic mixing

parameter, ϵ, for the dark photon model with mass mA0 .
The dominant laboratory bounds come from the NA64
experiment [45]. We show the dominant astrophysical
limits [46,47] and have not plotted the subdominant
BBN/CMB constraints (since we regard both of these as
model dependent). The sensitivity reach here, shown again
for 46Sc and 90Nb sources, suggests a strong science case for
a full scale experiment with 1016 decays of 90Nb.
The projected reach for millicharge particles with charge

Q and mass mQ is shown in Fig. 6. Existing laboratory
limits arise from the SLAC millicharge experiment [48],
while astrophysical and cosmological limits are obtained
from [42,49,50]. A 90Nb source with full containment
performs excellently here as well. In Fig. 7, we show

FIG. 4. Reach for scalar coupled to nuclei in E2 (top) and E0 (bottom) transitions for current (left panel) and future (right panel)
scintillator configurations.
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FIG. 5. Reach for dark photons in E2 (top) and E0 (bottom) transitions for current (left panel) and future (right panel) scintillator
configurations.

FIG. 6. Reach for millicharge particles in E2 (E0) top (bottom) transitions for current (left panel) and future (right panel) scintillator
configurations.
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projections for the ALP-nucleon coupling, with M1 tran-
sitions in the decay chain of 65Ni in the top row and M0

transitions in the decay chain of 170Lu in the bottom row.
Existing limits arise from SN1987a [49] and beam dumps
[51]. New parameter space can be probed with 109 decays
even in the current setup with 170Lu nuclei. With full
containment, parameter space below the supernova cooling
constraints can be reached with 170Lu owing to the

favorable selection rules which enhance the ALP decay
branching fraction.
We finally discuss sensitivity of ALP coupling to

photons. The projected sensitivity via Primakoff conversion
in the detector material is shown in Fig. 8 for both 207Bi
and 60Co sources. We show both sources to illustrate that
while 60Co has a wider range of ma sensitivity (Eprobe ¼
1.33 MeV), a 207Bi source has deeper reach due to the

FIG. 7. Reach for ALP coupled to protons for M1 (top) and M0 (bottom) transitions for current (left panel) and future (right panel)
scintillator configurations.

FIG. 8. Reach for ALPs coupled to photons for E2 photons converting to axions via Primakoff scattering in the detector for current
(left panel) and future (right panel) scintillator configurations.
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higher absorption of the 207Bi probe gamma (Eprobe ¼
0.57 MeV). However, existing constraints from beam
dump experiments [52] limit the reach over new parameter
space to a full-containment scenario (∼400 crystals) with a
larger activity exposure (≳1016 decays). With full contain-
ment, the reach can cover the “cosmological triangle”
[53,54], which is still allowed by the astrophysical and
beam dump data. In Fig. 9, we also show the effect of using
a magnetic field to induce the coherent conversion of
photons over the entire spatial extent of the field instead of
using atomic conversion in material. Due to the coherence
condition in Eq. (18), however, this does limit the reach to
lighter ALP masses. Although existing constraints cover
the sensitive area of parameter space, a large part of this
comes from stellar cooling (HB stars) which are model
dependent as discussed above.
Lastly, new parameter space for direct ALP-electron

couplings can be probed. Like in the gaγ case, this
sensitivity is driven by photon-ALP conversion in material,
but this time through the Compton-like conversion
γe− → ae−. The reach with full containment in such a
scenario can be gae ∼ 10−4 for ma < 0.75 MeV. Since this
may not be competitive with existing laboratory limits, we
omit the projections for this work. However, a future
experimental setup with a more active source may be able
to expand the sensitivity in this parameter space.

VI. CONCLUSIONS

The investigations performed in this paper using the 36
Cs(Tl) scintillators available at Texas A&M show that a
proof of concept experimental apparatus using these
scintillators can yield science results in nuclei with E0

andM0 transitions, probing presently unconstrained param-
eter space for scalars and pseudoscalars coupled to nucle-
ons. The key limitation of this apparatus for other multipole
transitions is containment—with 36 crystals—unlike the E0

and M0 transitions that produce difficult to miss electrons
and positrons, the gammas produced in other transitions

can be missed if the detector is not sufficiently big. A
successful demonstration of this proof of concept setup
would sharpen the case for the construction of a larger
detector that is able to probe this broader class of
transitions. These investigations also support the case for
modular development of this experiment with an inner
module that is made of crystal scintillators and an outer
module that could be constructed from liquid or plastic
scintillators. This is because of the fact that the required
energy resolution requires shorter scintillating modules to
avoid loss of photons from absorption. The inner modules
of the detector, where the vast majority of the produced
gammas will be absorbed, thus need to be well instru-
mented. The outer modules, which constitute the bulk of
the volume of the detector, exist to observe rare gammas
that exit the inner module without interactions. Due to the
low probability associated with this possibility, the require-
ments on energy resolution in the outer modules is more
relaxed, enlarging the range of detector material. This
modular approach is thus likely to be cost effective without
sacrificing the science potential of the experiment.
The strong science case for laboratory probes of light,

weakly coupled particles warrants investigation of other
technologies that could be used to search for these particles
using this protocol. For example, investments in dark
matter detection has resulted in the development of sensors
that can detect eV scale nuclear recoils with low back-
ground and excellent rejection between nuclear and elec-
tron recoils. It would be interesting to incorporate this
technology into this experiment—with eV scale detection,
the nuclear recoil produced from a decay can be directly
detected without the need for a γ cascade, enlarging the
range of nuclei that could be used for this kind of detection
concept. In fact, this technology could be used to poten-
tially probe missing energy in decays involving electron
capture—the nuclear recoil from the electron capture can
be observed and the experiment can search for the missing
Auger electrons/photons, both of which are difficult to
miss. This kind of experiment would be uniquely sensitive

FIG. 9. Reach for ALPs coupled to photons for E2 photons converting to axions in the presence of an external magnetic field
Bext ¼ 1 T for current (left panel) and future (right panel) scintillator configurations.
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to new physics coupled to electrons, complementing the
probes of particles that couple to nucleons and photons
presented here.
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