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Axionlike particles (ALPs) can be produced in the Sun and are considered viable candidates for the
cosmological dark matter (DM). It can decay into two photons or interact with matter. We identify new
inelastic channels of inverse Primakoff processes due to atomic excitation and ionization. Their cross
sections are derived by incorporating full electromagnetic fields of atomic charge and current densities, and
computed by well-benchmarked atomic many-body methods. Complementing data from the underground
XENONNT and surface TEXONO experiments are analyzed. Event rates and sensitivity reaches are
evaluated with respect to solar- and DM-ALPs. New parameter space in ALP couplings with the photons
versus ALP masses in (1 eV-10 keV) not previously accessible to laboratory experiments are probed and
excluded with solar-ALPs. However, at regions where DM-ALPs have already decayed, there would be no
ALP-flux and hence, no interactions at the detectors in direct search experiments. No physics constraints
can be derived. Future projects would be able to evade the stability bound and open new observable

windows in (100 eV-1 MeV) for DM-ALPs.

DOI: 10.1103/PhysRevD.108.043029

I. INTRODUCTION

Axions are hypothetical particles first introduced to solve
the strong CP problem with the spontaneous breaking of
the Peccei-Quinn symmetry [1-4]. Theoretical and exper-
imental studies later evolved from the original “QCD
axions” to variants generically called “axionlike particles”
(ALPs, denoted as a), whose masses and coupling strengths
with matter are no longer related.

Sources of ALPs are diverse: they are well-motivated
dark matter (DM) candidates [5—7] and can be produced in
astrophysical environments and terrestrial laboratories.
Measurable signatures can be made under a wide variety
of experimental techniques [8—15], which include micro-
wave cavities, solar-ALP helioscopes, indirect searches of
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anomalous electromagnetic radiations in the Universe, as
well as production by colliders or strong lasers. Constraints
of ALP properties are also derived from cooling of
astrophysical objects.

Data from the DM direct search experiments can provide
constraints to the ALP-photon coupling g,,, and the ALP-
fermion coupling g,sr. Through the axioelectric effect,
competitive bounds on the ALP-electron coupling ¢,..
have been set in the range of ALP masses 40 eV < m, <
O(1 MeV) (natural units with # = ¢ = 1 are used through-
out this article unless otherwise stated) for DM-ALPs, and
in a smaller mass range with solar-ALPs (see Ref. [15]).
Laboratory constraints on g,,,, however, are comparatively
scarce. So far, they are primarily derived from Bragg
scattering of solar-ALPs on crystal targets and are only
applicable to m, < O(1 keV) [16-20].

The theme of this work is to expand and improve the
sensitivities of laboratory experiments in probing the
M, — Yy, parameter space using the inelastic inverse
Primakoff (IP) scatterings between ALPs and matter as
the detection channels.

This article is structured as follows: theoretical formu-
lation of ALP interactions with matter via g,,,-coupling, as
well as the evaluation of the corresponding cross sections

Published by the American Physical Society
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are discussed in Sec. II. The observable events on Earth
taking solar-ALPs and DM-ALPs as sources are given in
Sec. III. Physics results on g,, by the IP processes from
selected laboratory experiments are presented in Sec. IV
and are compared with other experimental, astrophysical,
and cosmological bounds. It will be shown that new limits
are achieved for solar-ALPs. However, the current sensi-
tivity parameter space for DM-ALPs is mostly forbidden
for direct detection by the cosmological stability bound,
though next generation of experiments would be able to
open a new window and study the unexplored param-
eter space.

II. FORMALISM

The interaction Lagrangian of an ALP field (a) with the
photon field (A*) and the Standard-Model fermion fields
(W with f specifying its flavor) is generally written as [14]

YGayy T Yafs \7
L =— FF””—E — (0,a)¥ y*ys¥s, (1
I 4 ar,, - 2mf( ”a) frYs Yy (1)

where F* = "AY — ?A* and F* = %e"”/’”F s are the
photon field tensor and its dual, with €”'% =1; m, is
the fermion mass; and g,,, (9,s) denotes the strength of the
ALP-photon (ALP-fermion) coupling. These interaction
terms provide the foundation for ALP detection and
production. In this work, we will focus only on the
processes resulting from a finite g,,, .

The coupling g,,, can manifest experimentally in many
ways as shown in Fig. 1. The most straightforward channel
is where an ALP can have two-photon decay (TPD) in
vacuum,

TPD :

ee e - =
a(ma, pa)

IP :

e - = —
a(ma, p)

a+A—A+y a+A— A+ a+A— AT +y+e
(\M;v’ymr; A+ atomic 7, A+ atomic 7,
1P IPex IPion
FIG. 1. Schematic diagrams of ALP two-photons decay in

vacuum (TPD) and the three IP scattering channels in matter,
where kinematics allows one of the photons to be virtual.

1
a—y +vr: nyy = @gﬁwmg, (2)

where FZM is the decay rate at rest per ALP. When one of
the photons becomes virtual in a medium and is absorbed
by the target atom A, it gives rise to IP scattering [21-28]
with four-momentum transfer g, = (T, g). There are three

IP reaction channels: a + A —

y+A IP,: elastic scattering
y + A* IP., : atomic excitation (3)
y+ A"t + e IP,,: atomic ionization.

All four channels involve full conversion of the ALPs so
that the experimental measurable is the total energy E,,.
There is no interference among them, since all have
experimentally distinguishable final states—two y’s for
TPD, a single y for IP,, a y plus atomic deexcitation
photons for IP,,, and a y plus an ionized electron with
atomic transition photons for IP;,,. At m, much lower than
the nucleus mass scales (GeV), the energy depositions at
detectors are electromagnetic without complications of
nuclear recoil.

A. Differential cross sections and rates

Evaluation of the double differential cross sections of the
ALP IP processes builds on our earlier work of incorpo-
rating the atomic many-body physics effects to low energy
neutrino [29-31] and DM [32,33] interactions with matter,

dop ag, (E,—T\[ V, Vr
- R Xy, 4
dTdQ~ 161 \ v,E, ) [(¢?)?  * i )27 @)

where o is the fine structure constant, v, is the ALP
velocity, ¢ and Q? = T?> — ¢* are the three- and four-
momentum transfer squared, respectively. The kinematic
factors V; and V; will be given in Egs. (7) and (8),
respectively. The full unpolarized atomic response consists
of the longitudinal and transverse components, %; and %7,
both being functions of 7" and ¢* given by

Brr = IFlp.ji|D5(E, ~Ep~T). (5)

which arise from the charge p and transverse current density

f |, respectively. Note that the longitudinal current density is
effectively included in the former by current conservation
and also manifested in the change of the photon propagator
from 1/Q? to 1/¢>. The initial state |I) corresponds to the
ground state of the target atom, while the choice of final state
|F) depends on the IP interaction channels: the ground,
excited and continuum states for IP,, IP., and IP,,,
respectively. In general, the transverse response is less than
the longitudinal response by a factor of ~a since the atomic
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current density is suppressed relative to the atomic charge
density by the electron velocity.

Experimentally, the observables are the energy of the IP
photon (E) and the energy transferred (7)) to the scattered
atom as atomic recoil, excitation, or ionization. The differ-
ential rate recorded by a detector is with respect to the total
observable energy E, of the ALP, which is the sum of E,
and 7. The double differential rate is with respect to £, and
T simultaneously, where more elaborated analyses are
necessary to correlate these two signals. We focus in this
work the simplest one: a single differential rate with
respect to E,,

=N,o
dE, ACTP

d¢o
dE,’

(Eq) (6)

where N, is the total number of target atoms, op(E,) and
d¢/dE, are the total IP cross section [a double integration
of Eq. (4)], and energy spectrum of ALPs with incident
energy E,, respectively.

B. Regularization of divergences

To fully exhibit the pole structure of the photon propa-
gator, which is crucial in cross section calculations, the
corresponding kinematic factors V; and Vi are cast in
powers of ¢* and Q2,

Vy =2[E; —mi+ (E,—T)*|¢* - (¢*)*
— (T? =2E,T + m%), (7)

2
Vi =mg +2—qz [(mg —4mZE,T)

+ (2m} +4E3 — 4E,T +217)0° — (Q*)].  (8)

The familiar Coulomb pole g*> =0 is realized in the
longitudinal component only at the forward angle § = 0
along with the condition 7' = E,(1 — v,). Since the last
term of Eq. (7) vanishes identically as g> — 0, only a single
pole in V; /(¢?)? is produced. This divergence is usually
regulated by Coulomb screening in media (see, for exam-
ple, Refs. [22,23,26,27,34]) via changing the longitudinal
propagator from 1/¢*> to 1/(q* + A?). The cutoff A,
which is medium dependent, modifies the infinite-range
Coulomb interaction to a Yukawa one with a range of order
1/A;, typically ~A. We note that this procedure only
applies to electrons that are not localized, for example,
valence electrons in semiconductors. For a single atom,
its neutrality automatically screens its Coulomb field. A
manifestation of this fact is the response %, starts at the
order of (¢*)?, as demonstrated in Eq. (10) and Table 1 of
Ref. [28]. [The % responses for IP,, and IP;,, also start at
the order of (g¢?)?, but they are due to wave function
orthogonality.] Furthermore, the inner shell electrons

1.0 —
0.8
) 0.6
5]
~
&~
04F — v, = 0.999
— 1, = 0.99
— 4, =09
02F = v, =05
— =01
— v, = 0.001
0’—01‘00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

cos 6

FIG. 2. Contours of Q> = 0 in the IP processes traced by the
ALP scattering angle cos 6 and fraction of energy transfer (7/E,)
for selected values of v,.

experience and contribute to screening at shorter length
scales than the size of an atom. As a result, applying a
universal screening length ~A tends to overestimate the
atomic Coulomb field. This is the main reason that previous

calculations using ~A screening lengths overpredicted IP,,
cross sections by solar-ALPs, as was first pointed out and
corrected through realistic atomic calculations in Ref. [28].

The transverse component V;/(Q%)? does exhibit a
double pole structure at Q*> = 0 for nonzero ma.1 The
kinematics of the incoming ALP and outgoing photon
makes it possible to have

Q*=m2 -2E,(E,—T)(1 —v,cos0), 9)

vary from timelike to spacelike as the scattering angle (0)
increases. Figure 2 depicts the Q> = 0 contours traced by
cos @ and the fraction of energy transfer (7/E,) at selected
v,. For ultrarelativistic (UR) ALPs with v, =~ 1, such as
solar-ALPs, the divergence only happens at the forward
angle. As v, becomes less relativistic, the timelike to
spacelike transition happens at some intermediate scatter-
ing angle. For nonrelativistic (NR) DM-ALPs with
v, ~ 1073 (where E, ~ m,), the pole is realized at a tiny
range around 7 = m, /2. As the virtual photon is absorbed
by the target, the kinematics of the final state of the target
further limits the available Q” space. In general, Q° can be
both spacelike and timelike for IP,, and IP,,, while Q> < 0
for IP,;.

To regulate the transverse photon pole, at which the
virtual photon approaches the real limit, we follow the
approach of Ref. [35] and modify the photon propagator
according to the complex refractive index of the detector

'Note that the 1 /q* factor in V; does not yield a pole, as the
numerator that follows also vanishes identically with Q% = T?
when ¢> — 0.
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material: 71 = n, 4 in;, where the real part n, gives the
normal refractive index, and the imaginary part is related
to the attenuation coefficient Ay = 27Tn;. If the detector
consists of only one type of atom with a number density 7,
and photoabsorption cross section ¢,(7), we can further
relate A7 = n,0,(T). As aresult, the photon propagator in
vacuum should be modified to be

1 1 1
I N
Q2 T2 _ q2 T2’7l2 _ q2

S P IAF e =) A Y
For simplicity, we take n,, = 1 in this paper, which is a good
approximation for x-ray and y-ray photons, and leave
refined treatments for photons of lower or near-resonance
energies for future studies. The square of the propagator in
Eq. (4), which itself is an absolute value squared, becomes

1 1

(0% - (07— A2/4) (11)
Typical values are n, ~ 10**/cm?, and ¢,(T) < 10° barn
for T > 100 eV. As aresult, A7 is not larger than a few eV,
so the shift in the pole position is not significant, and TAy
is within the range 10>-~10* eV2. We note that the above
treatment requires the virtual photon to be absorbed inside
the detector, or equivalently the length dimension of the

detector has to be substantially bigger than the attenuation
length 1/A7.

+T?A3°

C. Equivalent photon approximation

To acquire further insight into the transverse
contribution, it is useful to perform an equivalent photon
approximation (EPA), similar to the method adopted in
Ref. [35], by (i) setting V; =0, (ii) keeping the sole
m@-term in V, and (iii) substituting the transverse response
%+ (T, q) by photoabsorption cross section—Z%y(T, q)~

To,(T)/(2n*a). The single differential cross section
(SDCS) for IP;,, can then be easily integrated to give
do|EPA ggy}, o, m4
dT|p 322> \Ar/) \v3E}
2 _ A2/47|Qhax
x tan~! Q" - Ar/4 (12)
- TAr 0

Several important features can be observed: First, the
1/A; dependence clearly traces the divergence resulting
from the double pole. Together with o, it leads to a single-
atom cross section suppressed by 1/n,, due to the fact that
the effective interaction range becomes shorter as the
medium gets denser. Second, the factor m/(vZE2) =
m?(1 — v2)/v2 indicates that this contribution favors NR
ALPs with a big mass.

Moreover, when both Q2,, and —Q2. are much larger
than T'A7, the arc-tangent value saturates to z. As a result,
the SDCS becomes a T-independent constant as long as the
kinematics allows Q2 to change sign when the scattering
angle increases. For highly NR cases with v, <1, this
requires 7 in the range of m,(1 +v,)/2, and, as an
approximation, the total cross section can be easily inte-

grated to be
SEPA gaw LY (m;
— ) {—)- 13
o g () (2 (13)

Considering a detector of volume V (the number of
atoms is thus n, V) and an ALP number density of n, (the
flux is thus n,v,), the event rate will be

9z
Fis:: NR ~ 3;” mi( V)=

2y, (n,V). (14)

Note that n,,V is the total number of ALP inside the detector
volume, so this result gives the total IP,,, event rate twice as
much as the two-photon decay (time dilation is negligible
because v, < 1). The factor of 2 can be understood in the
context of EPA that either of the decayed photons can play
the role of the intermediate state in the IP process. This
result might seem surprising as the predicted rate only
depends on a detector volume but not on the target
characteristics. However, one should be alert that this
approximation is only valid when all the underlying
assumptions hold true. For instance, if ALP is not
extremely NR, or when the transverse contribution is
subdominant, the cross sections and rates have to be
explicitly computed. We will discuss this in more detail
through concrete cases in the next section.

m,=0, g, =10"°Gev™"

10-%}

10-%}

& 10-%}

o (cm

10—52 L

— elastic

—— excited

10-54}
—— ionized
10—56 N N N N N N
10 50 100 500 1000 5000 104
E, (eV)

FIG. 3. Total cross sections for the three IP detection channels
for the case of a massless ALP scattering off a xenon atom with
Gayy = 10710 GV~
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D. Selected numerical results

In this subsection, we present numerical results using
xenon as the target and assuming g,,, = 1071 GeV~!, to
illustrate several key kinematic features when ALPs are
either UR or NR.

The scattering cross sections for a massless ALP as a
function of E, are displayed in Fig. 3, where the black, red,
and blue curves denote the IP,, IP., and IP;,, channels,
respectively. At high energy where E, 2 2 keV, 1Py
dominates the total cross section. On the other hand,
IP,,, provides the leading contribution at E, < 1 keV,
where 1P, is suppressed due to the large electronic screen-
ing in the charge form factor.

(@)
Elastic: =107"" Gev™'
- gayy =
— my=0eV
1047} - mp=1eV
- my=10eV 7
— my=30eV
m, =100 eV
50 — m,=300eV
o« 107 m, =1keV
€ m, =3 keV
o — m,=10keV
N 10-53}
1056}
10 50 100 500 1000 5000 10*
E, (eV)
(b)
lonized: =10"" Gev!
42 : gayy —
10~ T T T T T
10-45}+
—~ 10748
N
£
3 m,=0eV
B, -5 - me=1eV
10 v mg=10eV
— my=30eV
; mg =100 eV
10754} : — m,=300eV {
— my=1keV
m, = 3 keV
— m, =10 keV
10-57 L L L L L L
0 10 50 100 500 1000 5000 104
E, (eV)

FIG. 4. Total cross sections for massive ALPs scattering off a
xenon atom in the (a) elastic IP,; and (b) ionization IP;,, channels,
at g,,, = 1071° Gev~".

Several special cases of massive ALPs are shown in
Figs. 4(a) and 4(b) for IP, and IP;,,, respectively. In 1P,
Q? can only be spacelike. As illustrated in Fig. 4(a), the
total cross section is mostly due to the longitudinal
response and approaches the massless limit whenever the
ALPs become relativistic. Conversely, the cross section
drops quickly to zero near energy thresholds due to the NR
suppression of V; o« ¢* and the vanishing of phase space.
On the other hand, Fig. 4(b) indicates that the contributions
from IP;,, are complicated by the enhancement of the
double pole in Q2, which is associated with the transverse
response and is proportional to m2(1—22)%/v2. The
departures from the massless case are more dramatic near
the energy thresholds, and also grow with the mass.

()
» m,=1keV, v,=10"c
10~
— Full
— EPA
S 105
©
o
=
s
~
T
B i
. 10 54
10-%7
0 200 400 600 800 1000
T (eV)
(b)
N m,=100eV, g,, =10"° Gev'
10~ T . . .

0.010 _ 0.100 1

vylc

105 104 0.001

FIG. 5. Comparison between the full calculation and EPA for
the IP;,, process in xenon: (a) the differential cross section with
m, = 1 keV and (b) total cross section with m, = 100 eV, with
Gayy = 10719 GeV~! in both cases.
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The IP,,, SDCS for an NR ALP with v, = 0.1 and
m, = 1 keV is presented in Fig. 5(a). The full calculation
(in black), which is based on the atomic wave functions
obtained by the frozen core approximation (FCA) and
numerical integration of Eq. (4), is compared with the EPA
(in red) as prescribed by Eq. (13). In the energy range where
the double pole can be accessed (450-550 keV), the EPA is
indeed an excellent approximation. Outside this region,
where there are contributions from the longitudinal and
other transverse responses, the corrections to the total cross
section are at the ~1% level. Figure 5(b) shows the total
IP;,, cross section for ALP at m, = 100 eV as a function of
v,. The EPA works well in the NR regime of v, < 0.05. As
v, approaches the relativistic limit, contributions from the
longitudinal responses gradually take over and become
dominant.

III. SOURCE-SPECIFIC EVENT RATES

Two ALP sources are considered in this work: one from
the Sun, and the other under the assumption that all the
galactic dark matter are ALPs.

A. Solar-ALPs

The Sun can produce ALPs through both g,,, and g,
processes. Since only detection channels involving g,,, are
considered in this work, we take only the solar-ALP flux
generated through the Primakoff process [36]. The result-
ing detectable event rate is consequently proportional
t0 Gayy-

With the Primakoff process, thermal photons in the solar
interior are converted into ALPs in the Coulomb fields of
nuclei and electrons in the solar plasma. The recoil effect is
ignored, and the axion energy E, is identical to the photon
energy. The conversion rate is given by [37]

_ ggWTPK2 (m2 — k?)* + 4E2k?
rma 32n 4E,p K>

2 2
Xll‘l (E(/l+p(/l) +K
(Ea - pa)2 +K2

m; ln((Ea+pa>2>_1:|’ (15)

4EapaK2 (Ea - pa)z

where p, is the ALP momentum. In the UR case where
P = E,, the formula can be simplified to a more popular
form [38],

2 2 2 2
Gy, LK K 4E;
F}Jﬁa :% Kl +4E2> In (1 + i > - 1} (16)

where T, is the plasma temperature, and « is the Debye
screening scale given by [39]

4 X
K2 = % <ngff + Zzﬁn;?“), (17)
J

and nS'" are, respectively, the effective number
density of electrons and ions with nuclear charge Z;. The
approximate effective electron number density can be

expressed as

with neff

pet o XD <i>, (18)

2 nmy,

where X is the hydrogen mass fraction, p is the mass
density, and m,, is the atomic mass unit (approximately the
proton mass).

The differential flux of solar-ALPs on Earth can be
written as

dp, 1 [Re PE?
_ a2 | (19
dE,  22d} A el LEa/Tp - J (19)

where R, is the solar radius, dg = 1.5 x 103 cm is the
distance to the Sun, and the integration is with respect to the
radial distance from the solar center (7). In order to perform
the integration, we adopted the BS05-AGSOP solar model
[40] for the radial profiles of 7', and x. The solar-ALP
spectra thus derived are depicted in Fig. 6.

Once the solar-ALP spectra (d¢,/dE,) are derived, the
event rates of the three IP channels can be evaluated
directly by Eq. (6). However, in the derivation of the
TPD rate, it is important to take the time dilation factor into
account since most solar-ALPs are relativistic, so that the
TPD rate,

dRTPD _ 17V 14 d¢a
dEa —(}’ Fay}/) Uu dEa’ (20)

carries an additional correction factor of y~' = m,/E, to
the decay rate at rest.

1. Solar-ALPs at sub-keV mass (ultrarelativistic)

As displayed in Fig. 6, the typical energy of solar-ALP is
in the range of a few to tens of keV. Therefore, ALPs
produced in the Sun with sub-keV mass are mostly
relativistic and, as explained in Sec. IID, the atomic
longitudinal response dominates the IP processes. The
differential rates expected at a liquid xenon detector with
a ton-year exposure for the four observation channels at
Gayy = 10710 GeV™! and m, = 0.1 keV are displayed in
Fig. 7(a). The gross feature of the three IP channels is
consistent with Figs. 3 and 4—in the entire keV range, the
1P, has the largest count rates except when E, < 2 keV,
where IP;,, starts to play an important role. On the contrary,
IP., does not contribute significantly, and TPD is also
suppressed by the time dilation factor.
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Solar ALP Flux

10" St s
—— m, = OkeV
10" M,
—— m, = 1keV
10° —— m, = 5 keV
- —— m, = 10 keV
% 108 — m, = 15 keV
= 7
< 10
s 10°
=,
© 5
o 10
S
& 10t
g
10°
10?
0 5 10 15 20 25 30 35 40 45 50

FIG. 6. The differential spectrum for solar-ALPs, following
Ref. [37] and taking g,, = 107" GeV~' and several m, as
illustration.
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FIG. 7. Differential event rates per ton-year of exposure for
solar-ALPs with the four detection channels in liquid xenon, at
Gayy = 1071% GeV~! with (a) m, = 100 eV and (b) m, = 5 keV.

TABLE I. Event rates of the four detection channels in liquid
xenon for solar- and DM-ALPs, at g,,,, = 107! GeV~'. For IP,,,
only the dominant final states by electric dipole excitations are
included.

Event rates (ton~! year™")
Detection channels

m, TPD IP,, IP,, P,
Solar-ALP

IlmeV — O(107%7) 6.6x1072 29x10™% 7.8x1073

eV 0(10™%) 66x102 29x10* 7.8x1073

1 keV 28x1073  64x1072 26x10* 13x1072

5keV  1.8x107" 24x1072 94x10° 51x107!

10keV 89x1072 19x103 78x10 3.8x107!
DM-ALP

1 eV 25%x 1074 O(1071) 0 0

1 keV 250 1.7%x107  1.6x1073 500

I MeV  25x10% 99x10° 22x107'% 50x108

The total event rates of the four channels at different m,,
are presented in Table I. At sub-keV energy (that is, 1 meV,
1 eV, and 1 keV), the IP,-rates dominate and show little
mass dependence as v, — 1 in the E, ~ keV energy range.
The subleading contribution is from IP;,,—still substantial
at 10%—20% level. In addition, the m?/E2 « m2 factor in
the transverse response leads to the NR enhancement in
Eq. (13) and provides bigger correction at higher m,,.
Unlike IP., which is relatively small and almost mass-
independent, the TPD sensitively depends on m?, following
Eq. (20). This explains the 12 orders of magnitude increase
in the TPD rate when m,, increases from 1 meV to 1 eV and
from 1 eV to 1 keV.

2. Solar-ALPs at keV mass (nonrelativistic)

Typical helioscope experiments [41] can place strong
bounds on UR solar-ALPs, in particular for m, < 1072 eV.
The constraints become increasingly weaker in the NR
regime as m, increases, when the coherence wavelength
becomes comparable to the detector dimensions. However,
ALPs of m, ~keV can still be produced in the Sun. Data
from experiments on direct DM searches, as we will show
in this work, can provide competitive limits from solar-
ALPs and complement the ones from helioscopes.

Analytical studies of solar-ALPs cover the entire kin-
ematic regime from NR to relativistic. As a result, the
derivations of cross sections and rates are involved and
require the incorporation of both atomic longitudinal and
transverse responses. The case of g,, = 107" GeV~!
and m, =5 keV is considered in Fig. 7(b). The most
interesting feature is that IP,,, dominates over 1P, in the
entire energy range, due to the NR enhancement from the
transverse response. In addition, since the time dilation
effect is not as severe as for the case of sub-keV m,, the
TPD rate is higher than that of IP,;. The IP,, rate remains

043029-7



C.-P. WU et al.

PHYS. REV. D 108, 043029 (2023)

the least significant. The edge structure of IP,, at E, =
6.13 keV is due to the photon double pole when a 2 p-shell
electron is excited to a 5d or 6s orbital, with excitation
energy ~4.8 keV. The atomic discrete excitations other
than the electric-dipole transitions are highly suppressed.

The total event rates for the four detection channels due
to NP solar-ALPs at m, =5 and 10 keV are given in
Table I. The IP,,, channel dominates the event rates for
keV-scale solar-ALPs. The rates would be dramatically
suppressed at m, > 10 keV due to the sharp decrease of the
solar-ALP fluxes.

B. DM-ALPs

Under the scenario of DM-ALP [5-7], experimental
searches for galactic DM can place constraints on the ALP
parameter space [10-14]. IP interactions contribute in
probing g,,, in direct DM search experiments.

We first derive the event rates and sensitivity regions
under the assumption of DM-ALPs and independent of
other constraints. We would then study the implications and
results in the presence of the DM-ALP cosmological
stability bound in Sec. IV C, and conclude what physics
information can be obtained from current and future
experiments.

The conventional Maxwellian velocity distribution is
adopted for the DM-ALP spectrum,

- 1 B, + Vgl L
1) = gowo |- o -7, + 7). 1)
Vo

where ¥, is the ALP velocity with respect to Earth and the
velocity parameters are vy = 220 km/s, vp = 232 km/s,
and vo,. = 544 km/s, and K is the normalization factor.
The galactic DM density is taken to be p, = 0.3 GeV/ cm?’.
After averaging out the seasonal effect, the isotropic
differential number density distribution with respect to
v, is

dna(va) . p)( 2 =
d—Ua_ m—ava/dgaf(va)? (22)

which leads to the DM differential energy spectra,

d¢py _ 1 dn(v,)
dE, m, dv,

(23)

Evaluation of the differential event rates for the three IP
and TPD processes follow Eqs. (6) and (20), respectively.
DM-ALPs are NR or, equivalently, y ~ 1. The TPD rate is
therefore not suppressed by time dilation. Since the DM-
ALP number density is inversely proportional to m,, the
TPD rate scales only as m2—different from m? for solar-
ALPs. In addition, the flux has no dependence on g,,,,. The

event rates therefore scale as g,zm.

m,=100¢v, g, =10"° Gev"'

A 1% . T S SR -
0.1% E
T T
>
P
< 4
Ti-
< —
S 4oL [D™-aLP Vo
- TPD
= 10"F |--1P emm-a -
S 1P, [EPA] ‘_,—"’ \
% ) = 1P [Full] e k
107 | -7 E
& -
g .-
10-7 - 1 1
10° 10" 10°

FIG. 8. Differential event rates per ton-year of exposure for
DM-ALPs with the four detection channels in liquid xenon, at
Gayy = 10719 GeV~" and m, = 100 eV as illustration. The x axis
isin v, ~+/2(E, — m,)/m,, which is suitable for NR kinemat-
ics. The fractional deviation A between the Full and EPA
calculations of IP,,, is shown at the upper panel.

Since DM-ALPs are NR, it can be expected that trans-
verse responses in the IP processes are important due to the
double pole of the photon propagator. The differential event
rates for the four channels expected at a liquid xenon
detector with a ton-year exposure at g,,, = 107! GeV~!
and m, = 0.1 keV (this set of values for m, and g,,
satisfies the stability requirement) are depicted in Fig. 8.
For clarity, the x axis is converted to the DM velocity v, ~

2(E, — m,)/m, with a cutoff at the maximum v, + v.
Among the three IP channels, IP;,, dominates the event
rates, while IP., is subleading. Both are much larger than
IP, in which there is no enhancement since the elastic
scattering is purely spacelike. In the NR velocity range, the
validity of EPA is justified against the full calculations of
selected points. The percentage deviations, shown in the
upper panel, are less than 3%—consistent with the dis-
cussion in Sec. II D and Fig. 5.

We argue in Sec. II C that, as long as the EPA is a valid
approximation, the IP;,, event rate for NR ALPs in a
detector will be twice that of TPD. This is verified in Fig. 8,
which implies TPD is as important as IP;,, to look for DM-
ALPs with a nonzero g,,, coupling. The efficiency aspects
of experimentally tagging two photons for the former and
one photon plus one electron for the latter will be discussed
in Sec. IV.

The total event rates for DM-ALPs at m, = 1 eV, 1 keV,
and 1 MeV are given in Table I. At m, = 1 eV, the DM-
ALP cannot induce any atomic transitions. Therefore, only
1P, is possible. However, the rate is very small compared to
that due to a solar-ALP of the same mass because of the
limited phase space. On the other hand, the TPD rate is
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much bigger than its solar-ALP counterpart because it does
not have the extra 103 time dilation suppression factor, and
the DM-ALP flux is larger than the solar-ALP flux by 8
orders of magnitude. This explains the 11-order difference
in their TPD rates.

With m, at 1 keV and 1 MeV, both IP,, and IP,,, are
possible and IP, becomes insignificant. As discussed
above, IP;,, and TPD are the most promising channels
for direct detectors, and their rates only differ by a factor of
2. The m2 dependence of IP,,, and TPD rates is clearly
observed. The rates of IP,, for these two masses suggest
some irregularity. This is mostly due to the atomic structure
where most discrete excitation energies are in the 10 eV to
10 keV range. At m, = 1 MeV, there is no atomic discrete
excitation at ~500 keV (= m,/2) to match the double pole
kinematics, so there is no enhancement for the transverse
response. As a result, its rate is even smaller than 1P, in
which the longitudinal response is larger.

IV. EXPERIMENTAL CONSTRAINTS
A. Selected data

The following datasets are adopted for analysis to derive
constraints on the (m,, g,,,) plane:

(1) TEXONO data with (a) point-contact germanium
detector at 300 eV, — 12 keV,, [42], and (b) high-
purity germanium detector at 12 keV,, to 3000 keV,,
[43], selected for having both low threshold and high
energy (MeV,.) reach with detectors of excellent
energy resolution (1.98 keV,. at 1 MeV,,) for spec-
tral peak detection.

(2) XENONNT data with liquid xenon at 1-140 keV,,
[44,45] selected for its large exposure while having
low threshold and background. The background is
well-modeled and understood, and is subtracted for
ALP searches.

The energy dependence of signal efficiencies in both the
TPD and IP;,, channels are depicted in Fig. 9. For solar-
ALPs which are relativistic, IP,; with a one-photon final
state is the dominant channel. Signatures are continuous
distributions with the ALP spectra convoluted with IP
cross sections. Signal efficiency for single-hit data selection
is close to unity at this low (<20 keV,.) energy. The DM-
ALPs are NR and interact predominantly via the TPD and
IP;,, channels, the signatures of which are Gaussian peaks
at m, on the total energy depositions over the continuum
background spectra. Current DM data focuses on “‘single-
hit” events uncorrelated to veto signals from other detector
components. Signal efficiencies of having final-state emis-
sions with full absorption (FA) in the detectors and tagged
as single-hit (SH) events have to be evaluated. These differ
among the two channels with their different final-states:
TPD is with both y’s each having an energy of E,/2; while
IP;,, has an electron and a photon each at E,,/2. In the case
of liquid xenon detector, this requirement implies that the

T T T T T T T T T T T T T T T T

C XENONnT N\
B —— 1P, FA 3
B === TPD:FA
§ —— IP,,;FA+SH
I TPD ; FA + SH
S ; : -
3 E TEXONO
%) 107! [ —1p,,;FA

a

=
L
T

T T T
Efficiency
'
i
-
o]
=]
<]
>

T
-
=

-2
107" 1 10 10° 10°

MR M MR M |
= 3
107! 1 10 10? 10

FIG. 9. Signal detection efficiency for DM-ALPs for the
leading TPD and IP;,, channels as function of £, in XENONnT
[44,45] and TEXONO [42,43] (inset) experiments. Efficiencies
due to full absorption (FA) are applicable to both experiments,
while single-hit (SH) selection applies in addition to XENONnT.
Signatures for solar-ALPs are below 20 keV.., and the efficiency
is close to unity.

final states are fully absorbed within a distance correspond-
ing to the spatial resolution (6., =0.8 cm and o, =
0.3 cm at 1 MeV,, [45]) away from the vertices.

B. Solar-ALPs

The exclusion regions at 90% confidence level (CL)
from the TEXONO and XENONNT data on solar-ALP g,,,,
are derived. The signal detection efficiencies are 100%
as noted. The standalone sensitivity regions are presented
in Fig. 10(a). The relevant mass range for solar-ALPs is
m, < 10* eV, where the blue and red lines represent the
constraints from TEXONO and XENONNT, respectively.
Also displayed are the upper reaches of the exclusion
sensitivity, which are constrained by the solar-ALPs being
able to: (a) leave the solar surface, limited by IP,; in the Sun
(green dotted line), and (b) arrive on Earth, limited by TPD
in space (black dotted line).

The leading sensitivities are from the IP, and IP;,,
channels at the relativistic (m, <1 keV) and NR
(m, > 1 keV) ranges, respectively. Limits derived from
XENONNT far exceed that of TEXONO over the entire
solar-ALP m,-range, due to its large exposure and lower
background.

The solar-ALP constraints in the global context are
illustrated in Fig. 10(b), together with astrophysical and
cosmological bounds [11,46-48] as well as predictions
from QCD-axion models [49]. The 1P, and IP;,, channels
with solar-ALPs significantly improves on g, over the
Bragg-scattering constraints from CDMS [19] and
EDELWEISS [20]. It also extends the detectable window
in m, from 1 eV to O(10 keV) beyond the reach of the
CAST helioscope experiment [41].
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FIG. 10. (a) Standalone sensitivity regions at 90% CL in FIG. 11. (a) Standalone sensitivity regions at 90% CL in

(M4, Gayy) from the TEXONO [42,43] and XENONNT [44,45]
experiments with solar-ALPs. Contributions from the leading
channels of 1P, and IP;,, are displayed. Upper reaches of the
sensitivity regions due to survival from the Sun is shown.
(b) Exclusion plot in (m,, g,,,) at 90% CL, showing the solar-
ALP limits from TEXONO and XENONnT experiments. The
astrophysical and cosmological bounds [11,46—48] are the light
shaded regions. The predicted band for QCD axions [49] is in
yellow. Superimposed are the current constraints from solar-
ALPs with Bragg scattering [19,20] and helioscope [41] experi-
ments, as well as the sensitivity reaches of the DARWIN project
[50] at standard SH-selection and zero-background scenarios.

C. DM-ALPs

With the detection efficiencies of Fig. 9 taken into
account, the standalone sensitivity regions for DM-ALPs
analysis independent of other processes are derived. The
probed parameter space at 90% CL of the leading channels
TPD and IP,, for DM-ALPs by the TEXONO and
XENONNT data are presented by the blue and red regions,
respectively, in Fig. 11(a). The relevant mass range for

(Mg, Gayy) from the TEXONO [42,43] and XENONNT [44,45]
experiments with DM-ALPs. Contributions from the leading
channels of IP;,, and TPD are displayed. Upper reaches of the
sensitivity regions due to survival of terrestrial attenuation effects
are shown. The cosmological stability bound [46,51,52] is
denoted by the bold black line. (b) Exclusion plot in
(M4, Gayy) at 90% CL, which results from the scenario of DM-
ALPs. The stability bound (black) dictates that only a small
region (red) is excluded by XENONNT [44,45]. The astrophysical
and cosmological constraints [11,52], which are consequences of
DM-ALPs, are included. The predictions from QCD axions [49]
are displayed as the yellow band. Superimposed are the sensi-
tivity reaches of the DARWIN project [50] at standard SH-
selection and zero-background scenarios, indicating that a new
detection window is opened and substantial region can be probed.

DM-ALPs is 10* eV < m, < 107 eV, corresponding to the
measurement dynamic range of the experiments. The upper
reaches of the sensitivity regions are bounded by terrestrial
attenuation by the Earth and its atmosphere before the
DM-ALPs can reach the detectors. XENONnT provides
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FIG. 12.  Summary plot of existing constraints on g,,, versus n1,
in ALPs. Those in dotted lines only apply under the assumption
that ALPs are the cosmological DM [52]. The yellow band are
predictions from QCD axion models [49].

better sensitivities, at m, ~ 1-100 keV. TEXONO, being a
surface experiment with larger dynamic range, is sensitive
to higher g,,, and can explore an extended mass range
of m, ~300 eV-3 MeV.

However, it is necessary to place this projected stand-
alone sensitivity in relation to other astrophysical and
cosmological constraints. The decay of ALPs with m, <
1 MeV to ete™ via g,,, is not allowed by kinematics, but
ALPs of any mass can have TPD via g,,,. This places
severe requirement on ALP stability—the TPD lifetime
(1/T%,,) has to be longer than the age of the Universe
[46,51,52] in order for the DM-ALP to reach and be
observable in terrestrial experiments. This implies part of
the (m,.g,,) parameter space is not accessible by the
direct experimental searches of DM-ALPs. As an illustra-
tion, the case of m, = 1 keV, g,,, 22 x 107" GeV~! is
not viable. The DM-ALPs would not reach the detectors
and no physics information can be extracted.’

A summary of experimental constraints on g,,, from
DM-ALPs together with predictions from QCD-axion
models [49] are presented in Fig. 11(b). The TPD stability
bound is marked as the bold black line. The IP;,, channel
opens a large unexplored detection window for DM-ALPs.
The current sensitivities, however, do not yet match those
required by the stability bound, and no physics constraints
can be placed. A notable crack is at a small corner at
m, ~ 10> eV, where the sensitivity from XENONnT data
[44,45] exceeds that of stability bound, so that the parameter
space in red is probed and excluded. Other astrophysical and

*The relatively-long-lived ALPs can be studied by other means
such as in colliders and from probes of the early Universe.

cosmological bounds under the DM-ALP scenario [11,52]
are also included in Fig. 11(b). The constraints are valid
only at regions where g,,, is weak enough to survive the
cosmological stability bound.

V. SUMMARY AND PROSPECTS

In this work, we explored new detection channels to
probe g,,, with terrestrial experiments, opening up a large
parameter space in (m,, g,,,) for laboratory-based exper-
imental searches of solar-ALPs and DM-ALPs. Both
results are combined into the summary plot of Fig. 12.
The constraints in dotted lines represent those which only
apply under the assumption that ALPs are the cosmological
DM and are stable relative to the age of the Universe.
Though the astrophysical and cosmological constraints are
in general more stringent than the laboratory limits, they
usually have strong model and parameter dependence. For
instance, the “DM-ALP (thermally produced)” constraint
assumes thermal production of DM-ALP in the early
Universe such that its density cannot exceed that implied
by the DM relic abundance [46]. This bound would be
completely evaded under DM-ALP production scenarios
with nonthermal processes [52].

Experimentally, the IP;,, channel with NR ALPs offers a
very distinct signature: an electron and a photon with equal
energy originated from a common vertex. This feature can
be used for further background suppression while retaining
good signal efficiency. The projected sensitivities of the
next generation liquid xenon project DARWIN [50] at
200 ton-year exposure and 50 eV, threshold are super-
imposed in Figs. 10(b) and 11(b), showing one with typical
single-hit selection with the projected background sub-
tracted, and another with an idealized zero-background
all-multiplicity full-efficiency measurement. In particular,
Fig. 11(b) indicates that the IP;,, sensitivities of future
projects would exceed the cosmological stability bound for
DM-ALPs. A new detection window would be opened by
the IP processes, and an unexplored parameter space can be
studied.

Recent works [53,54] identify that g,,. coupling at the
quantum one-loop level can produce experimental signa-
tures that resemble those from g,, interactions.
Accordingly, experimental constraints such as those from
IP effects of this work can be translated to bounds on g,,,.
This will be one of the themes for our future research
efforts.
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