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Axionlike particles from primordial black hole evaporation
and their detection in neutrino experiments
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Primordial black holes (PBHs) play as a novel source to radiate light elementary particles of energies in
the region of a few hundred MeV. We explore the possibility that the light axionlike particles (ALPs) are
produced from PBH evaporation. The absorption of light ALPs in the underground detector targets then
induces energetic photoelectron signatures in current and future neutrino experiments. Utilizing the PBH
ALP event rate, we place general exclusion limits on the axion couplings at Super-K and Hyper-K. We also
translate these limits into the upper bound on the fraction of dark matter composed of PBHs fppy.
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I. INTRODUCTION

Dark matter (DM) is one of the most evidential facets of
possible new physics beyond the Standard Model. Despite
plenty of astrophysical evidence of DM existence in the
Universe, however, the constitution and the properties of
DM are still a mystery. Up to now, there is no conclusive
evidence of the weakly interacting massive particle
(WIMP) in DM direct detection experiments [1,2]. Much
more effort has recently been paid to theoretical hypotheses
beyond the WIMP and their detection methods in experi-
ments. The axion and primordial black hole (PBH) are two
of the most well-motivated alternative DM candidates.

Axions as a solution to the strong CP problem [3—10]
receive a wide interest in phenomenology and cosmology.
Both the QCD axion [11-14] (for a recent review, see
Ref. [15]) and axionlike particles (ALPs) [16,17] can play
as cold DM through the misalignment mechanism. The
general ALPs span a wide range of the mass and the
coupling constants in a variety of theories, from sub-eV
wavelike axion to MeV or even heavier point particle.

The PBHs formed from the collapse of local over-
densities in the early Universe can serve as hypothetical
macroscopic objects in DM halos [18-21] (see Ref. [22]
for a recent review). Hawking’s famous discovery tells
that PBHs with the mass ~10'3 g would thermally radiate
elementary particles [23], and, thus, they cannot provide all
the observed abundance of DM [24]. Emitted particles such
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as gamma rays, neutrinos, and eT in the evaporation
process suffer from a variety of cosmological constraints
[25-37]. The elementary DM particles emitted from the
present PBHs were also studied in very recent works
[38—40]. The emitted particles can acquire energies to a
few hundred MeV from the evaporation of PBHs with the
mass around 10'4-10' g. The light particles then gain
enough kinetic energies to travel through Earth and reach
terrestrial detectors.

An interesting scenario is that the PBHs play as a novel
source to produce light-boosted ALPs [41,42]. The ALPs
reach Earth and interact with targets in current and future
terrestrial facilities. The absorption of ALPs in the under-
ground detector targets then induces photoelectron sig-
natures in the time-projection chambers. We refer to the
light ALPs from PBH evaporation as “PBH ALP” below.
Unlike the solar axion residing mostly in the keV energy
region, PBH ALPs possess energies up to O(100) MeV
and are boosted to (semi)relativistic velocities. As a result,
neutrino scattering experiments are sensitive to the PBH
ALP in light of the energetic photoelectron signature.
Moreover, the solar axions are produced by the Primakoff
process, the “ABC” processes, and the nuclear transitions
governed by the axion-photon coupling, axion-electron
coupling, and axion-nucleon coupling, respectively. By
contrast, the calculation of PBH radiation into elementary
particles is based on quantum mechanics in curved
spacetime. The conversion between the vacuum quantum
states close to the black hole and far away from the
black hole leads to a net thermal flux of particles with an
emission rate (see Refs. [19,20,23] and recent reviews
[22,25,43]). Thus, the PBH ALP flux is independent of
the axion coupling constants. Only the scattering proc-
esses in terrestrial detectors rely on the couplings, and we,
thus, expect the relevant constraints would be stronger in
this sense.
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In this work, we explore the light ALPs from the PBH
evaporation in light of the neutrino experiments. Super-
Kamiokande (Super-K) with 161.9 kt - yr exposure [44]
provides a strong constraint on sub-GeV boosted DM [45].
The typical kinetic energy of the recoiled electron is above
100 MeV at Super-K. One of us studied the DM flux from
a PBH and the consequent DM-electron scattering at
Super-K [39]. Here, we will evaluate the ALP scattering
induced by the axioelectric (AE) effect and the inverse
Primakoff (IP) process. In addition, a hypothetical axion-
dependent nucleon electric dipole moment (nEDM) [46] is
introduced, and we also examine the relevant PBH ALP
event rate. Utilizing the PBH ALP event rates and the
Super-K IV data, we expect to construct a method to place
general exclusion limits on the axion couplings. The next-
generation water Cherenkov detector Hyper-Kamiokande
(Hyper-K) [47], currently under construction, has larger
fiducial volume of the detector and can improve the current
sensitivity of T2K. We will also obtain the prospects of
axion couplings for PBH ALP in a future Hyper-K experi-
ment. On the other hand, these limits can also be translated
into the upper bound on the fraction of DM composed of
PBHs fpgy. We expect the bound on fppy can be improved
from neutrino experiments, compared with the current
evaporation constraints from extragalactic gamma rays.

This paper is organized as follows. In Sec. II, we evaluate
the ALP emission rate and flux from PBH evaporation.
The detection event rate in the terrestrial facilities are then
calculated in Sec. III. We discuss the axioelectric effect and
the inverse Primakoff process as well as a hypothetical
axion-dependent nucleon dipole portal. The resultant con-
straints on axion couplings and fpgy from Super-K and the
future prospects in Hyper-K are displayed in Sec. IV. Our
conclusions are drawn in Sec. V.

II. ALP FLUX FROM PBH EVAPORATION

The famous discovery by Hawking shows that PBHs
have quantum properties and thermally radiate with a
temperature 7pgy given by [48-52]

kB TPBH =

where kg is the Boltzmann constant, G is the Newtonian
constant of gravitation, and Mpgy denotes the PBH mass.
New particles of a mass less than Tpgy can be emitted
during PBH evaporation. The PBHs with Mpgy < 10'¢ g
would produce elementary particles lighter than 1 MeV
which can have ultrarelativistic velocities. The general
emission rate can be written as [49,53,54]

&*N g T(E, Mpgy,a*)
dEdt o 2z eE/TPBH — (_1)2.? ’

(2)

where E is the energy of an emitted particle, a* is the spin
of the PBH, I' is the so-called “graybody” factor describing
the probability of elementary particles escaping the PBH
gravitational well, and ¢ and s are the degrees of freedom
and spin of the particle, respectively. Here, we consider the
ALP emitted from a PBH through Hawking radiation and,
thus, set g =1 and s = 0. In principle, spinning PBHs
evaporate faster than nonspinning PBHs and, thus, con-
tribute to the content of elementary particles nowadays
for Mpgy =7 x 103 g [30]. We use the public code
BlackHawk v2.0 [55,56] to calculate the above number of
ALP per units time and energy emitted by PBHs [42].!

The ALP flux emitted from the PBH can then be divided
into the contributions of both the PBHs in the galactic halo
and the extragalactic PBHs:

dzgo d2g0§a] dg(ngal
dEAQ ~ dEdQ " dEQ’

(3)

where @& and @& correspond to the ALP flux from

galactic (gal) PBHs and extragalactic (egal) PBHs, respec-
tively, and Q is the solid angle. The differential galactic
ALP flux is given by

d2fﬂ§al N JSpBH d*N dQd,
dEdQ  4nMpgy dEdt | 4n

/ dipyw[r(Ly)). (4)

where fpgy is the fraction of DM composed of PBHs,
pmw|[r(Lw)] denotes the DM density in the Milky Way
(MW) halo, and r(l,w) = \/rg + I> = 2lrg cosy is the
galactocentric distance with rg the solar distance from
the galactic center, [ the line-of-sight distance to the
PBH, and yw the angle between these two directions.
The maximum limit of distance [ is taken to be
(r2 — 13 sin? y)!'/2 + rg cosy with the halo radius r, =
200 kpc [31]. The angular integration is defined as
[dQy = [37d¢ [F dy siny with the azimuthal angle ¢.
We adopt the generalized Navarro-Frenk-White (NFW)
DM profile [57]

o) =ro () (F22) )

ro) \1+r/r,

where py = 0.4 GeV/cm® is the local DM density [58],
ro = 8.5 kpc is the distance between the Sun and the
Galactic center [59], ry =20 kpc is the radius of the
galactic diffusion disk, and the inner slope of the NFW
halo profile is fixed as y = 1. For the extragalactic con-
tribution, the differential ALP flux over the full sky is

'BlackHawk v2.0 provides the additional emission of a massive
particle, and we directly apply it to our massive ALP case.
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e i d*N
dgdg = ZPBAI}/)DM / difl + 20l gl - (6)
TMpBH J ity g,

where the average DM density of the Universe at the
present epoch is ppy = 2.35 x 1073 g/cm?® determined
by Planck [60] and E, = \/(E? — m2)(1 + z(1))* + m2
denotes the energy at the source which is related to
the energy FE in the observer’s frame by the redshift z(¢)
for a massive ALP. In the massless limit, it simplifies
to E; = E(1 4 z(¢)). The ALPs emitted from the PBHs
in the very early Universe are sufficiently redshifted.
As a result, their energies are very low today and
cannot be detected. Thus, for the integral limits, we fix
tmin = 10'" s being close to the era of matter-radiation
equality [31] and t,,, as the age of the Universe. In
fact, it turns out that changing the lower limit has no
impact on the results [33].

In the left panel in Fig. 1, we show the differential
ALP flux from PBHs d%p,/dEdQ for m, =1 keV,
Mpgy = 105 g, and fpgy = 3.9 x 1077 allowed by extra-
galactic gamma-ray constraints [25]. The galactic and
extragalactic contributions are denoted by solid and
dashed lines, respectively. One can see that the ALP
produced from PBH gains energies peaked at the order
of O(10)-O(100) MeV. The light ALPs would thus
receive ultrarelativistic velocities and are highly boosted.
As seen in Egs. (4) and (6), smaller PBHs would exhibit
harder spectra of the emitted ALP. We also demonstrate that

mg = 1keV, Mpgy = 1015 gram
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FIG. 1.

spinning PBHs make the ALPs gain higher energies along
with increasing PBH spin, because the black hole with
nonzero angular moment can accelerate the Hawking
evaporation. In the following study, as is customary in
the literature [31,32,38], we focus on Mpgy < 1 x 10'° g
and consider only nonspinning PBHs. To compare with the
ALP, we also display the neutrino flux from PBH evapo-
ration. There are two contributions to the neutrino emission
rate generated by the Hawking radiation [30-37]. One of
them is the primary contribution consisting of neutrinos
directly emitted in the evaporation. The other one is the
secondary contribution which origins from the hadroniza-
tion and the subsequent decay of the primary particles. It
turns out that the inclusion of secondary production injects
more neutrinos at low energies.

To further demonstrate the properties of ALPs from PBH
evaporation, we need to compare with the conventional
source of axions produced in the Sun. The components
of solar axion mainly originate from the following two
mechanisms: (i) the Primakoff production process [i.e.,
yZ — aZ with Z denoting the atomic system Z =
(e7,N)], which depends on the axion-photon coupling
Jay> and (ii) the so-called ABC process [61]. The ABC
production consists of three processes: the atomic deexci-
tation and recombination, bremsstrahlung, and Compton
scattering process. These production channels are all
relevant with axion-electron coupling g,, via the axion-
lepton interaction term. Thus, the relevant interaction terms
of the solar axion are
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Left: the ALP flux from PBH evaporation, for different PBH spins (spinless, black line; a* = 0.5, red line; and a* = 0.9, blue

line) with fixed ALP mass m, = 1 keV, PBH mass Mpgy = 10" g, and fpgy = 3.9 x 1077, The galactic and extragalactic
contributions are denoted by solid and dashed lines, respectively. The neutrino flux is also shown for comparison (suppose a spinless
PBH with the same mass and fppy). Right: the flux of solar axion, which consists of the Primakoff process (dashed) and ABC
production (solid) with the coupling constants g,, = 107" GeV~! and g,, = 10~'3. We set three finite values of axion mass: m, = 1

(red), 5 (orange), and 10 keV (brown).
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LD _ZgayaFvaﬂD + igaeal/_/eYSl//e' (7)
In previous studies of solar axion flux, people usually
utilized the property of axion being a nearly massless
pseudoscalar boson whose mass is far less than O(1) eV.
Thus, the calculations of solar axion flux can be simplified
under the ultrarelativistic approximation. Nevertheless,
computing the flux of an ALP with finite mass requires
one to generally extend the method. In more detail, we
should recompute the matrix element and phase space
integral without the approximation of a massless axion. In
fact, some computations of solar axion flux depending on
arbitrary m, have been done in previous works [62—-65]. We
follow them to explicitly calculate the Primakoff, brems-
strahlung, and Compton scattering process. For the flux
produced in axiodeexcitation and axiorecombination
(i.e., free-bound and bound-bound electron transitions),
we simply use the data in Ref. [61] and interpolate them
to energies above 10 keV. We also multiply every flux
component (even though it is not rigorous for “A” flux) by a
rescaling factor (1 —m2/E?2) to compensate the variation
from phase space integrals of energy-loss rate for the
nonzero m, case.

The solar ALP flux is shown in the right panel in Fig. 1
for different choices of m, =1, 5, 10 keV. It turns out
that the PBH ALP flux is nearly 16 orders of magnitude
smaller than the solar axion with the coupling constants
9y = 107" GeV~! and g,, = 107" favored by the stellar
cooling [66]. However, the spectrum of the solar axion
drops rapidly after the peak right above the axion mass
threshold for m, ~ O(1) keV. Thus, the solar axion is
usually used to account for the measurements from DM
direct detection experiments with low recoil energy, such as
the former XENON1T excess in the range of 1-5 keV [67].
By contrast, the ALP flux from a PBH gets enhanced along
with increasing energies and peaks well above the threshold
around O(10)-O(100) MeV. In spite of much low flux, the
PBHs emit more energetic ALPs. The neutrino experiments
such as Super-K and Hyper-K are sensitive to the MeV-
scale energy regime and can provide compelling bounds for
an ALP from PBH evaporation. We will discuss the event
rate in these neutrino experiments and the bounds on axion
couplings and PBHs in the following sections.

III. EVENT RATES AT TERRESTRIAL
DETECTORS

After being captured by detector, there are two main
types of scattering between the target atom and the ALP:
(1) axioelectric effect, referring to the process that the ALP
is absorbed by a bound-state electron of the target atom and
leads to an ionization signal, which depends on the axion-
electron coupling g,., and (ii) inverse Primakoff process
a+Z — y—+ Z. In the latter case (ii), one ALP can be
converted into two photons through the axion-photon

coupling g,,. Then, one virtual photon makes the atom
gain energy (or be excited) while the other is emitted in the
form of a real photon. In addition, we will also consider the
detection channel @ + p = p +y on a water Cherenkov
detector through the nucleon dipole portal [46], which also
produces a visible photon signal. Next, we individually
discuss the scattering cross sections and event rates
corresponding to these types of process.

A. The axioelectric effect

For the AE effect, the total cross section is given

by [68,69]
3ga. Ed 1

UAE(Ea) = UPE(Ea) #}:fl%m—g (1 - §v3/3)’ (8)
where agy; is the fine-structure constant, v, is the axion
velocity, and opg is the photoabsorption cross section of
atoms measured by low-energy x-ray experiment [70]. The
cross section gives a narrow jagged peak which helps to
separate signal from background as mentioned in Ref. [69].
In Fig. 2, we show o, for '3'Xe with the axion-electric
coupling g,, = 10713. The ALP absorption cross section
op 18 limited within the energy range of 0.01-30 keV,
because opf is suppressed by high photon energies. Here,
we assume that the incoming velocity of the axion should
be relativistic, as the axion radiated from a PBH has a
velocity near the speed of light, i.e., v, ~ ¢. Taking into
account the ALP flux dg,/dE, as well as the cross section
o.g, We can further obtain the differential event rate of the
scattering process:

1 O_44 3 AE effect for xenon
— Inverse Primakoff for xenon
10—46 | — Inverse Primakoff for oxygen
S nEDM for free proton
5
. 1 0—48 | //——
S m, =1 keV
10—50 | /
1 0—52 . / . .
0.001 0.100 10 1000 108
E, [keV]

FIG. 2. Cross sections for different detection processes includ-
ing AE effect for 13'Xe (red), inverse Primakoff for xenon (blue),
inverse Primakoff for oxygen (green), and nucleon EDM for free
proton (purple). The axion mass is assumed to be 1 keV for the
inverse Primakoff process (only inverse Primakoff process
dependent on axion mass). The axion coupling constants are
set as g,, = 107! GeV~', g,, = 107"% favored by the stellar

cooling [66,74], and g, = 10~!" GeV~2, respectively.
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Left: event rates of a PBH ALP from AE absorption for '3'Xe (red), inverse Primakoff for '3'Xe (blue), inverse Primakoff for

H,O (green), and the nucleon EDM for free proton (purple). Note that the event rates from nEDM have been scaled by a factor 1073 to
make them visible. The coupling constants are set as g,, = 107! GeV™', g,, = 1073, and g, = 107" GeV~2, respectively. We take
Mpgy = 105 g, fpgn = 3.9 x 1077, and m, = 1 keV. Right: event rates of solar axion from AE absorption (red) and inverse Primakoff
(blue) for 13'Xe, in which the solar axion flux is obtained by summing over ABC flux and Primakoff flux. Three different axion masses

are assumed as m, = 1 (solid), 5 (dashed), and 10 keV (dotted).

dR - NA d(pa
dER - mpy dEa

oar(Eq), ©)

where N, is the Avogadro constant and m, is the molar
mass of the atom or molecule. Since the axion mass is much
smaller than that of the electron or nucleus, the recoil
energy delivered by the axion is approximately equal to
the incoming axion energy E, Thus, we can directly
rewrite the right-handed side of the above formula
which depends on E, into the form relying on the recoil
energy Ep. Furthermore, to compare with the results in
Refs. [67,71-73], the above event rate dR/dEy is smeared
by a Gaussian distribution with the variance of energy
as o [keV]=0.3171 [keV!/2]\/Ex 4+ 0.0015E [keV] [73],
which depends on the detector energy and energy
resolution.

Combining Egs. (8) and (9), we can get the event rate
of AE effect as shown in Fig. 3. The left (right) panel is
for the PBH ALP (solar axion). For the PBH, we take
Mopgy = 101 g and fpgy = 3.9 x 1077 for illustration. As
a common detection channel for solar axions, due to the
sensitive recoil energy below O(10) keV, the AE effect is
usually considered to account for the results from DM
direct detection. But, for the PBH ALP that we focus in this
paper, the ALP flux is much smaller in the working range of
AE effect and its contribution is negligible when fitting to
the results from XENONI1T/XENONNT [2,67]. In addition,
the AE effect loses viability at high energies above several
tens of keV. To explore the PBH ALP in the energy range

above 100 MeV, we quest for some other detection
channels viable at higher energy below.

B. The inverse Primakoff process

In this subsection, we consider the inverse Primakoff
process a + Z — y + Z. The outgoing photon would
mimic an electronic signal, as the current detectors are
not able to distinguish the signal caused by scattered
photons from the electron recoil. Its contribution was taken
into account to accommodate the electron recoil events in
XENONIT/MT [2,71,72].

Since the typical mass of the incoming ALP we consider
is less than ~MeV, the energy transfer is not enough
to excite an atom. Thus, we assume that the atom target
does not change its state after being scattered; i.e., only
the elastic inverse Primakoff process is considered. The
differential elastic cross section per solid angle for
m, < E,~ E, is given by [75]

d apmgs, sin @
O] ~ EMgay . |Z _ F(q)|2,

~—— 10
dQ  16z(1 —cos6) (10)

where Z is the atomic number and @ is the angle between
the momentum of axion and outgoing photon. The atomic
form factor F(q) contains the information about the
screened effect from electric charge of the nucleus.
In the previous studies, one usually used the cross section
induced by the screened Coulomb potential: F(q,rq) =
Z/(1 4 ¢*r3) [75], where ry is the screening length.
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It gives the cross section of inverse Primakoff as
follows [72,76]:

. apmZ’ga, [2r3E2 + 1
" 2 4r3E2

In (1 +4r3E2) - 1], (11)

[qz - (Ea B pa)z]KEa + pa)z B qz]

where E, & p, in the massless limit of the axion. However,
the above formula is valid only for an ideal atom. In fact,
the most commonly used method in numerical calculation
is relativistic-Hartree-Fock (RHF) approximation. Here, we
take the total cross section from Ref. [75]:

|1Z - F(q)P. (12)

2
OEMYa E,+p,
oRHF — 14 dg
E

P
8 a—Pa

where F(q) is the atomic form factor approximated in a
simple analytic form, which agrees well with the RHF
approximation and improves the efficiency of calculation.
Apparently, this cross section is quadratically dependent on
Jay- We display the cross sections for xenon and oxygen
atoms in Fig. 2 with the coupling g,, = 107" GeV~'. It
turns out that the inverse Primakoff cross sections get
enhanced for large energies of the axion. Replacing 6, in
Eq. (9) by o54F, one can obtain the event rate of inverse
Primakoff process as shown in the left panel in Fig. 3. We
can see that the event rate of inverse Primakoff from a PBH
ALP (blue and green lines) extends to energies as large as
100 MeV and is 1-2 orders of magnitude greater than that
of AE absorption due to the energy distribution of ALP flux
from PBH evaporation.

For a solar axion, we show the event rate of both AE
effect and inverse Primakoff process for xenon in the right
panel in Fig. 3. The energy range of event rate is limited
within 1-20 keV due to the profile of solar axion flux. The
event rate for these two detection channels decreases as the
axion mass increases. However, for the PBH ALP in the left
panel in Fig. 3, we find that there is obvious separation
between these two kinds of processes. As we mentioned
before, the AE effect mainly occurs in the low-energy
region, while at high energies the inverse Primakoff process
dominates and starts to drop around O(10%) keV. There is a
small overlap for the two processes only at the energy
of O(10) keV. It is, thus, not difficult to distinguish the
signals caused by these two types of scatterings. Moreover,
it should be emphasized that the signal of the PBH ALP is
less sensitive to the given coupling constants of the axion,
because its flux is independent of the couplings. By
contrast, both flux and cross section of the solar axion
are proportional to the coupling squared.

C. The nucleon dipole portal

Finally, we consider a dynamic interaction for axion
inducing an analogous signal. The so-called axion-
dependent nucleon electric dipole moment (EDM) is given
by the following Lagrangian [46]:

EZEDM = _%gd.NaNySG;wNFﬂy’ (13)

piq’

I

where N denotes proton or neutron. There is a model-
independent feature for coupling g, similar to a QCD
axion, i.€., gs = ggn = —9gap- Consequently, we have a
new detection channel, that is, a + p — p +y, which
implies that an axion can be absorbed by a free proton
and then emits a free photon. This reaction produces a
visible flux of photons within the detector. This hypothesis
was used to predict the signal of axions emitted from a
supernova in a free-proton-rich water Cherenkov detector
such as Hyper-K [46]. After integrating the phase space,
the total cross section of scattering process is given by the
neat formula

OhEDM — g§E§/2ﬂ (14)

under the limit of a small axion mass, which does not
depend on the axion mass as shown in Fig. 2. Considering a
PBH as the source of the incoming axion, the total event
rate will be only proportional to gfi. In the left panel in
Fig. 3 (green line), we show the event rate of nEDM-
induced scattering for a free proton. The scattered target in
this case is the hydrogen atom in a water molecule in which
we take into account two free protons. One can see that the
energy range sensitive to nEDM overlaps that of inverse
Primakoff for £, > 1 MeV and peaks around several tens
of MeV. Thus, this detection channel can also probe the
PBH ALPs with energies around 100 MeV.

D. Relevant constraints

1. The ALP lifetime

Given the decay of the ALP to a diphoton, the lifetime of
the ALP becomes

64
g = —. (15)

mu9ay

We require the ALP lifetime to be longer than the era
of matter-radiation equality, i.e., 10" s — 1 kpc, to give a
conservative constraint on g,,. Note that taking into
account the relativistic Lorentz factor y ~ E,/m, would
make the constraint much weaker when m, < E,. Given
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E,~10 MeV and m, = 1 keV for illustration, the limit on
Jay Will be weakened by 2 orders of magnitude.

2. The attenuation of ALPs

PBH ALPs can travel a distance in the atmosphere
and underground before reaching terrestrial detectors and
would be stopped due to the process a+p — p+vy
therein. Their path ¢ is, thus, required to satisfy [46]

= (nyouepm) ' > d®  or 4™, (16)
where ny is the nucleon density, d® ~ 1 km is the depth of
the detector from the surface of Earth, and d*™ = 86 km is
the altitude of atmosphere in the U.S. Standard Atmosphere
model [77]. Taking a constant mass density of Earth crust
p® = 2.7 gcm™ [77] and running over the most abundant
elements in Earth, we obtain n¥ = 1.6 x 10>* cm™3. The
atmosphere was modeled as four layers of falling mass
density as a function of the altitude. We take a constant
density p*™ = 1.1 kgm™3 in the first layer [77] and the
most abundant elements in the atmosphere (nitrogen and
oxygen) to obtain the number density of nucleons as
nim = 6.5 x 10 cm=3. Taking E, > 100 MeV as a rea-
sonable spectrum limit, we find the upper limit of g, as
3(17) GeV~2 from the attenuation underground (in the
atmosphere), and, thus, the constraint due to the attenuation
is very weak.

3. The supernova bounds and others

The supernova is also a novel source of ALPs, and the
relevant observations of supernova (SN) permit one to
place constraints on the ALP couplings. There exists a
study of supernova population with low explosion energies
placing the constraint on a — yy and the coupling g,, [78].
The observation of the SN 1987A neutrino burst also
allows one to constrain the axion coupling g, by evaluating
the axion luminosity [46]. There are also other constraints
on g,, from visible decays of ALPs produced in SN 1987A
and beam dump experiments. We place the relevant bounds
in the figures below.

IV. DETECTION AND CONSTRAINTS IN
NEUTRINO EXPERIMENTS

Next, we examine the detection of PBH ALP events and
the relevant constraints in neutrino experiments. The event
number per recoil energy is given by

dN dR

— =My t—, 17

d ER det d ER ( )
where M 4, is the fiducial mass of the detector and ¢ is the
exposure time. As the neutrino experiments are sensitive
only to visible energy above 100 MeV, we ignore the
negligible AE absorption in dR/dEy and consider only the

inverse Primakoff process for ALP coupling g, with a
water molecule or for nEDM hypothesis with free protons.

The Super-K detector performed 2628.1 days of running
in a single tank consisting of 22.5 kiloton (kt) fiducial
volume pure water. This corresponds to an exposure of
162 kt - yr. In the Super-K analysis, there are three energy
bins with 100 MeV < E < 1.33GeV, 1.33 GeV < E <
20GeV, and E > 20 GeV for the “electron elastic scatter-
like” events [44]. The numbers of measured event and the
estimated background for each energy bin are listed in
Table I in Ref. [44]. To set bounds on the PBH ALP
parameter space from Super-K, we define the y? with
regard to the three energy bins:

3 . . . : Nib a;\?
XZ:ZHKIXI.H |:2<N:h_NéJbs+Né)bsln]\]0is>+<;l.> :|’
th i

i=1 !

(18)

where Nj, = Nf)kg(l +a;) + Niig. Here, N{)kg (NiyY) [Néig]
is the number of background (observed) [signal] events in
each bin, a; is the background normalization factor that is
minimized over, and o; is the uncertainty for each bin.
Following Ref. [44], we take a conservative value of 19%
for the uncertainties in the two bins with lower energies and
23% for the uncertainty in the third energy bin. When
calculating our signal event number, we also convolute the
signal efficiency taken from Fig. 1 in Ref. [44]. As the event
rate of inverse Primakoff decreases rapidly for energies
above ~100 MeV due to the ALP flux from the PBH,
only the signal event for the first energy bin in fact
matters for our analysis. The background-only hypothesis
yields a y3 = 2.7, and the 26 exclusion bound is set with
Ay? = y* — y2 = 4.0 for one degree of freedom [39].

For the Hyper-K with an underground water Cherenkov
detector, the fiducial mass is 374 kt, and we refer to the
exposure as 1870 kt-yr [47] with an ideal detection
efficiency of signal as ¢ = 1. Following Ref. [46], we
place a conservative bound on PBH ALP from Hyper-K as

€ X Ny < Nyx, (19)
where N is the signal event number for £ > 100 MeV and
Nyk = 2 is the assumed number of observations.

We first show the bounds on the ALP couplings versus
m, from Super-K (solid line) and Hyper-K (dashed line) in
Fig. 4 (left panel for g,, and right panel for g,) for different
choices of PBH masses with corresponding maximum fppy
allowed by the extragalactic gamma-ray constraints. It turns
out that Super-K (Hyper-K) can confine the axion-photon
coupling g,, down to 8x10™* (8 x107°), 3 x107?
(3x107), and 6 x 107 GeV~! (6 x 1078 GeV~') for
Mpgy = 1.0 x 10'5,0.5 x 10'3,0.1 x 10'3 g, respectively.
We also display the constraints from ALP lifetime,
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The bounds from Super-K (solid) and projected sensitivity at Hyper-K (dashed) on g,, (left) and g, (right) as a function of m,,.

The PBH masses are assumed as Mpgy = 1.0 x 105 (black), 0.5 x 10" (red), and 0.1 x 10'° g (blue) with corresponding maximum
feeu allowed by the extragalactic gamma-ray constraints. We also present other constraints on g,, from low-energy supernovae
radiation [78] (pink), beam dump experiments [79] (purple), SN 1987A gamma rays [80,81] (sky blue), Large Electron Positron collider
(yellow green), horizontal branch stars [81] (orange), SN 1987A neutrinos [78,80] (teal), and ALP lifetime (green). The upper limit of
gq = 6.7 x 107° GeV~2 [46] obtained by a neutrino from SN1987A absorbed by a proton is also shown in gray.

supernova 1987A, the cooling of horizontal branch stars
as well as beam dump experiments. It turns out that the
above sensitive region of g, from the PBH ALP has
already been excluded by these constraints. For axion-
nEDM coupling g, the corresponding limits become
2x 1078 2x 10719, 5x107% (5% 10719, and 6 x
10711 GeV~2 (6 x 10713 GeV~2) from Super-K (Hyper-K).

These bounds can be translated into the upper limit on
fpBH giy( 4 82 function of Mpgy, as shown in Fig. 5 for

fpeu - g5 and m, = 1 keV for illustration. The combined

excluded region of fppy - gfl from extragalactic gamma rays
for fpgy [25] and SN 1987A for g, [46] is shown in gray.

10716

& 10720t

10—24 L

10—28 L

fopuxgs’ [GeV™

10—32 L

5x10™ 10"° 2x1018

Mppy [ g ]

1014 2)(1014

FIG. 5. The bounds on fppy - gfl as a function of Mpgy from
Super-K (solid) and Hyper-K (dashed) for m, =1 keV as an
illustration. The current evaporation constraint on fpgy from
extragalactic gamma rays [25] and the SN 1987A bound on g,
[46] are combined, and the excluded region is shown in gray for
comparison.

One can see that neutrino experiments can provide a viable
search for the axion-nEDM coupling of the PBH ALP and
are more sensitive to low PBH masses due to the visible
energy range. As shown above, g,, is highly constrained,

and we do not show the limit on fppy - g2, here.

V. CONCLUSION

We explore the possibility that light axionlike particles are
produced from PBH evaporation. The ALPs receive energies
in the region of a few hundred MeV. The absorption of light
ALPs induces energetic photoelectron signatures in the
underground detector targets of neutrino experiments.
Given the galactic and extragalactic PBH ALP flux, we
calculate the PBH ALP event rate produced by the inverse
Primakoff process with axion-photon coupling g,, and with
axion-nucleon coupling g, for the hypothesis of axion-
dependent nucleon electric dipole moment. We then place
general exclusion limits on the axion couplings utilizing
the Super-K data and predict the prospects for the future
Hyper-K. We also translate these limits into the upper bound
on the fraction of DM composed of PBHs fpgy.

We find the following conclusions.

(i) Super-K can constrain the axion-photon coupling g,
as small as 8 x 1074, 3 x 1073, and 6 x 107° GeV~!
for Mpgy =1.0x 10", 0.5 x 103, and 0.1 x 10% g,
respectively. The above sensitive region of g,, from
PBH ALPs has already been excluded by other
observations and constraints. For axion-nEDM cou-
pling g,, the corresponding limits become 2 x 1078,
5% 1078, and 6 x 10~!" GeV~2 from Super-K.
Hyper-K can improve the limits of axion coupling
constants by 2 orders of magnitude.

(i)
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(iii) Neutrino experiments provide improved bounds on
fpRH gfl for small PBH masses, compared with the
constraints on fppy from extragalactic gamma rays
and g, from SN 1987A.

Note that these bounds on axion couplings and fpgy are
obtained simultaneously and are fully correlated.
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