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Primordial black holes are a possible component of dark matter and a most promising way of
investigating them is through the product of their Hawking evaporation. As a result of this process, any
species lighter than the Hawking temperature is emitted, including possible new particles beyond the
Standard Model. These can then be detected in laboratory-based experiments via their interaction with
the Standard Model particles. In a previous work, we have first proposed and studied this scenario in the
presence of an interaction between the light new species and nucleons. Here we extend this discussion to
include the case of interaction with electrons. We show that the simultaneous presence of primordial black
holes and species lighter than about 100 MeV can be constrained by the measurements of direct detection
experiments, such as XENON1T, and water Cherenkov neutrino detectors, such as Super-Kamiokande.
Our results provide a complementary and alternative way of investigation with respect to cosmological and
collider searches.

DOI: 10.1103/PhysRevD.105.103024

I. INTRODUCTION

Primordial black holes (PBHs) are hypothetical black
holes formed due to gravitational collapse of overdensity
fluctuations in the very early Universe [1,2]. Different from
astrophysical black holes, which must have sufficiently
large masses in order to encounter the instability leading
to their formation, PBHs can be produced with any mass
larger than about 0.1 g [3], because of the different equation
of state involved. From the cosmological point of view,
PBHs behave as a component of dark matter (DM).
The possibility of observing PBHs with masses between
5 × 1014 and 1018 g is mainly connected with the phenome-
non ofHawking evaporation [4–12], namely, the emission of
particles induced by the PBHs gravitational field. The
nonobservation of any production that could be connected
with Hawking evaporation has allowed us to severely
constrain the contribution of PBHs with masses MPBH ≲
1017 g to the dark matter content of the Universe [13–17].

In different mass ranges, the amount of PBHs can further be
constrained by different means, see Ref. [3] for a review.
Hawking evaporation produces any species that is

gravitationally interacting. This includes also any elemen-
tary particle beyond the Standard Model with a mass below
the Hawking temperature. In particular, if DM is dominated
by a sufficiently light particle χ (with mχ ≲ 100 MeV), it
can be emitted by PBHs. In Ref. [18], we proposed this
scenario as a possible source of experimental signatures
in direct detection experiments [19–38], due to the
DM-nucleon interaction. We showed that the DM emitted
by PBHs would provide a signal qualitatively similar to the
DM boosted by cosmic-ray interactions [39–44]. The
nonobservation of such a signal was used to constrain
the combined parameter space of PBHs and light DM.
Given our ignorance of the interactions of DM with the

Standard Model, a natural question is what are the
corresponding constraints if DM interacts only with elec-
trons [45–51]. Here we aim to answer this question.
Recently, the same subject has been discussed in
Ref. [52], where the authors apply our treatment discussed
in Ref. [18] to the DM-electron interaction and obtain
constraints from Super-Kamiokande [53] and XENON1T
[54] measurements. However, the authors do not correctly
account for the ionization of atoms that results from the
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DM-electron scattering. Rather, they assume electrons to be
free. While this may be a reasonable approximation for
Super-Kamiokande [41,42,53], it is not the correct treat-
ment for XENON1T [55]. For the same reason, the
discussion of energy loss in Earth is also not applicable
to the DM-electron interaction, since the DM particle does
not just lose energy, but rather performs a random walk
traversing Earth for sufficiently large cross sections [42].
Finally, the authors of Ref. [52] model the interaction
between χ and electrons with a differential cross section flat
in the electron recoil energy, which may not be easily
realized in a realistic particle model setting.
In the present work, which was developed independently

at the same time as Ref. [52], we approach the determi-
nation of the constraints with a correct treatment of the
atom ionization for xenon nuclei. We adopt an effective
field theory for the DM-electron interaction, and we use it
to deduce the constraints from Super-Kamiokande and
XENON1T. Remarkably, the parameter space of the model
is also affected by additional constraints, such as cosmo-
logical [56–58] and collider [59] ones, which are com-
pletely absent in Ref. [52]. The constraints that we draw are
not necessarily connected with the assumption that the
species emitted by PBHs is dark matter. Indeed, any light
species is emitted by Hawking evaporation and can
subsequently be detected if it has a coupling with electrons.
We emphasize that, in order to reach Earth from very far
distances, such a species should be stable on cosmological
scales. Therefore, throughout the paper, we will refer to this
species as a generic light new particle χ and will derive the
constraints with no further assumptions.
We structure the discussion as follows. In Sec. II we

compute the flux of the new fermionic particles χ from the
evaporation of the primordial black holes. In Sec. III we
discuss the possible detection of χ particles in two different
categories of experiments: XENON1T and Super-
Kamiokande. Then, we report in Sec. IV the constraints
we obtain for the combined parameter space of primordial
black holes and light new species. Finally, we draw our
conclusions in Sec. V.

II. FLUX OF LIGHT PARTICLES FROM
PRIMORDIAL BLACK HOLES

In this section, we derive the flux of a fermionic species χ
emitted fromevaporating PBHs. PBHs are fully characterized
by mass, charge, and spin. However, evaporating, they lose
mass slower than they lose charge [8–10,60–62]. For this
reason, it is reasonable today to consider neutral PBHs that
formed in the very early Universe. Moreover, we consider
spinless PBHs since rotatingPBHs evaporate faster, causing a
higher flux onEarth and leading tomore stringent constraints.
The radiation emitted by a single PBH of a mass MPBH is
characterized by a thermal blackbodylike spectrum defined
by theHawking temperature T PBH. In the case of nonrotating
and neutral PBHs, it takes the following expression [4,5]:

kBT PBH ¼ ℏc3

8πGNMPBH
≈ 1.06

�
1016 g
MPBH

�
MeV; ð1Þ

where kB, GN , and ℏ are the Boltzmann, gravitational, and
Planck constants, respectively, and c is the speed of light. The
differential spectrumof a single species χ froman evaporating
PBH is given by [4,5]

dN
dtdT

¼ nχdofΓχðT; T PBHÞ
2πðeðTþmχÞ=T PBH þ 1Þ ; ð2Þ

whereT is kinetic energy of χ,mχ is themass, andnχdof ¼ 4 is
the number of degrees of freedom. The gray-body factor Γχ

takes into account the distortions in the blackbody spectrum
and it is provided by the BLACKHAWK code [63,64]. This
spectrum is peaked at an energy approximately corresponding
to ∼5 times the Hawking temperature and is kinematically
suppressed if its mass is greater than such a value.
For clarity of exposition, we assume the PBH mass

distribution to be monochromatic. However, the method
can be easily generalized to different mass distributions. We
are able then to compute the χ flux from the spectrum of
primordial black holes. Two components contribute to the
flux, one resulting from the total emission of extra-Galactic
PBHs (ΦEG) and the other from Galactic (ΦG) ones. The
extra-Galactic contribution can be written as

dΦEG
χ

dT
¼

Z
tmax

tmin

dt
dN
dtdT

����
Es

fPBHΩDMρcr
MPBH

½1þ zðtÞ�; ð3Þ

where zðtÞ is the redshift and Es ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

χ −m2
DMÞð1þ zðtÞÞ2 þm2

DM

q
is the redshifted energy

of χ particles. The quantity ΩDM is the cosmological dark
matter density and ρcr is the critical density. Indeed, since
PBHs are dark matter candidates, it is convenient to refer to
the PBHs abundance as the fraction of the dark matter
content of the Universe,

fPBH ¼ ρPBH
ρDM

¼ ΩPBH

ΩDM
; ð4Þ

where fPBH ≤ 1. The integral in Eq. (3) is performed from
the time of matter-radiation equality (tmin) and the age of
the Universe (tmax) assuming that PBHs are not fully
evaporated today. We emphasize that considering times
smaller than tmin would not affect the flux in an appreciable
way. The extra-Galactic component is assumed to be
isotropic.
Concerning the Galactic component, this can be

written as

dΦG
χ

dT
¼

Z
dΩ
4π

Z
lmax

0

dl
dN
dtdT

fPBHρNFWðrðl;ϕÞÞ
MPBH

; ð5Þ
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where ρNFWðrÞ is the standard Navarro-Frenk-White profile
defined as [65]

ρNFWðrÞ ¼ ρ⊙

�
r⊙
r

��
1þ r⊙=rs
1þ r=rs

�
2

; ð6Þ

where ρ⊙ ¼ 0.4 GeV cm−3 is the local DM density,
r⊙ ¼ 8.5 kpc is the distance between the Sun and the
Milky Way center, and rs ¼ 20 kpc is the scale radius. The
galactocentric distance r is

rðl;ϕÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2⊙ − 2lr⊙ cosϕþ l2

q
;

lmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2h − r2⊙sin2ϕ

q
þ r⊙ cosϕ; ð7Þ

where rh ¼ 200 kpc is the halo radius. We mention that
since our analysis takes into account the χ flux from the
whole sky (with a sizable contribution from extra-Galactic
PBHs), the exact choice of the Galactic profile is not so
relevant.
According to the previous Eqs. (3) and (5), the total flux

of χ particles is proportional to fPBH=MPBH. Therefore, the
lower the PBH mass, the higher the χ flux. However, at
lower masses, the fraction fPBH is typically constrained to a
very small value (≪ 1) as given in Ref. [3], thus sup-
pressing the χ flux.

III. DETECTION OF LIGHT PARTICLES

The possibility of detecting the light particle χ is
crucially dependent on its interactions with the Standard
Model. In Ref. [18] we assumed that χ interacts with
nucleons, whereas here we focus on its interaction with
electrons. For the sake of definiteness, we consider the
coupling Lagrangian

Lχ ¼
1

Λ2
χ̄χl̄l: ð8Þ

This is a nonrenormalizable effective field theory coupling
characterized by the energy scale Λ, and l refers to the
Standard Model lepton fields. Such an interaction arises at
the effective level from a scalar mediator with mass higher
than the energies involved in the process, which in our case
is at most ∼10 MeV. With this condition, the scalar
mediator can be integrated out, leaving the effective
four-fermions interaction of Eq. (8).
With this coupling, the χ particles emitted by PBHs can

be looked for in mainly two classes of experiments:
(i) double-phase dark matter direct detection experi-

ments based on noble liquid technology [19–28], and
(ii) neutrino experiments based on water Cherenkov

[66–70].
In this paper, we consider XENON1T and Super-
Kamiokande as representatives of the two classes,

respectively. For both of them, we use the measured data
to constrain the scenario of χ particles emitted from
evaporating PBHs. In this section, we first present the
general framework for χ interacting with the electrons
bound to the atoms in the detector, and then specialize our
discussion to each of the two experiments separately.
The particles χ hit detector’s atoms interacting with

electrons through the effective interaction of Eq. (8). The
χ-e scatterings would give rise to atom ionization with an
outgoing nonrelativistic free electron as

χ þ A → χ þ A� þ e−; ð9Þ
where A denotes the atom, and A� is the ionized atom. The
key quantity characterizing the detection of the signal is the
differential event rate dRχ=dEr per unit recoil energy Er,
which corresponds to the free electron kinetic energy. It can
be computed as

dRχ

dEr
¼ntηðErÞFðErÞ

Z
dT

dΦχ

dT

X
n;l

dσn;l
□

dEr
ðEr;mχ ;TÞ: ð10Þ

Here, the quantity nt is the number of detector’s targets per
ton, and η is the detector’s efficiency. The quantity FðErÞ is
the Fermi factor that takes into account the distortion of the
scattered electron wave function by the presence of the
atom. In the nonrelativistic limit, we have

FðErÞ ¼
2πν

1 − e−2πν
; ð11Þ

where ν ¼ Zeffðαme=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEr

p Þ, and Zeff is the effective
charge that is felt by the scattered electron. In our analysis,
we conservatively set Zeff ¼ 1.1 Finally, dΦχ=dT is the
differential χ flux introduced in Sec. II, and dσn;l=dEr is the
differential cross section for scattering of a χ particle on a
bound electron with principal quantum number n, orbital
quantum number l, and recoil energy Er. Denoting by En;l

b
the electron binding energy of the atomic orbital ðn; lÞ,
from energy conservation we have

Eχ − jEn;l
b j ¼ E0

χ þ Er; ð12Þ
where Eχ ¼ T þmχ and E0

χ are the initial and final energy
of χ particle, respectively.
The strength of the χ-e interaction can be parametrized in

terms of the coupling at the Lagrangian level. However, it is
more common to express it in terms of the cross section on
a free electron at a fixed momentum transfer αme,

1In general, Zeff is greater than 1 since the shielding of the
escaping electron by the remaining bounded electrons is imperfect.
In Ref. [71], it was pointed out that Zeff ¼ 1 is a good approxi-
mation for outer-shell electrons. Moreover, assuming Zeff greater
than unity would enhance the event rate. Therefore, our choice is
good for outer-shell electrons and conservative for the others.
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σ̄χe ¼
μ2χe
πΛ4

�
1þ α2m2

e

4m2
χ

�
; ð13Þ

with α being the fine-structure constant. This is the quantity
that we aim to constrain. Before discussing how the
analysis proceeds for the two experiments separately, it
is worth noticing that the same χ-e interaction would
cause an attenuation effect of the χ flux due to the
propagation in the atmosphere and Earth [72–75].
However, as shown by Refs. [41,42], the attenuation is
negligible for σ̄χe ≲ 10−31 cm2. For this reason, we restrict
our analysis to smaller cross sections only.

A. XENON1T event rate

XENON1T utilizes a dual-phase liquid Xe time projec-
tion chamber, used in most of the experiments based on
noble liquid, with a 2.0-ton active target. Each interaction
inside the detector produces a prompt scintillation signal
(signal 1) and a delayed electroluminescence signal (signal
2). The technology of this kind of detector allows one to
study both the elastic scattering between χ particles and
nuclei, as well as the ionization of electrons bound to atoms
due to χ-e interactions. Here, we use the measurements
from XENON1T [54] of the event rate for recoil energies
Er in the range (1–30) keV to constrain the χ-e cross
section in Eq. (13). For this experiment, the target density is
nt ¼ 4.59 × 1027 ton−1 corresponding to the number of the
detector’s Xe nuclei, and we use the detector efficiency
ηðErÞ reported in Ref. [54].

Assuming the outgoing electron to be nonrelativistic, it is
possible to show that the differential cross section takes the
following expression2:

dσn;l

dEr
ðEr;mχ ; TÞ ¼

1

8πΛ4p̃2me

Z
q̃þ

q̃−

dq̃ q̃
1

2k̃02

× jfn;lionðk̃0; q̃Þj2½ðp · ðp − qÞ
þm2

χÞðk0 · ðk0 − qÞ þm2
eÞ�; ð14Þ

where p is the four-momentum of incoming χ particles, k0
is one of the outgoing free electrons, and q is the
momentum transfer. The integration extremes q̃� are the
minimum and maximum momentum transfer kinematically
allowed,

q̃�¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTþmχÞ2−m2

χ

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTþmχ−εn;lÞ2−m2

χ

q
; ð15Þ

where εn;l ¼ Er þ jEn;l
b j. Moreover, the quantities fn;lion are

the ionization functions, which can be written as [55,76,77]

jfn;lionðk̃0; q̃Þj2 ¼
ð2lþ 1Þk̃02

4π3q̃

Z
k̃0þq̃

k̃0−q̃
dk̃ k̃ jR̃n;lðk̃Þj2; ð16Þ

where the integral is performed for all the allowed values
for the module of the electron initial momentum k̃,
and R̃n;lðk̃Þ is the Fourier transform of the radial part of
the bound electron wave function (see Ref. [76] for details),

R̃n;lðk̃Þ ¼
X
θ

Cnlθ2
−lþnlθ

Γð3=2þ lÞ
�
2πa0
Zlθ

�
3=2

�
ik̃a0
Zlθ

�l ð1þ nlθ þ lÞ!ffiffiffiffiffiffiffiffiffiffiffiffiffiffið2nlθÞ!
p 2F1

�ð2þ nlθ þ lÞ
2

;
ð3þ nlθ þ lÞ

2
;
3

2
þ l;−

�
k̃a0
Zlθ

�
2
�
; ð17Þ

where 2F1ða; b; c; xÞ is the hypergeometric function. All
the coefficients appearing in this expression, Cnlθ, nlθ, and
Zlθ, are tabulated in Ref. [78], while a0 is the Bohr radius.
In Fig. 1 we show some examples of the ionization
functions for different xenon orbitals as a function of the

momentum transfer q̃ once the electron recoil energy is
fixed to 5 keV.
Expanding the terms in the last square bracket in Eq. (14)

in the nonrelativistic regime for the electron and substituting
the reference cross section defined in Eq. (13), we obtain

dσn;l

dEr
ðEr;mχ ; TÞ ¼

σ̄χeme

8μ2χek̃
02p̃2ð1þ α2m2

e
4m2

χ
Þ

Z
q̃þ

q̃−

dq̃ q̃ jfn;lionðq̃; k̃0Þj2
�
2m2

χ þ
q̃2 − ε2n;l

2

�
: ð18Þ

Having determined the cross section, we proceed to obtain the event rate in the XENON1T detector and compare it with
the measurements from the collaboration. The free parameters of the model are MPBH, fPBH,mχ , and σ̄χe. Since our aim is to

2In this paper, given a four-momentum k we denote k̃ ¼ jkj.
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constrain the model, we adopt the statistical procedure
suggested in Ref. [79] for setting upper limits. We define
the chi-squared variable

χ2ðMPBH; mχ ; σ̄χe; fPBHÞ ≔
X
i

½dRobs
dEr

− ðdRBCK
dEr

þ dRχ

dEr
Þ�2
Er¼Ei

r

σ2i
:

ð19Þ

Here dRobs=dEr is the observed event rate, while
dRBCK=dEr is the estimated background event rate. For
both of them we take the results of Ref. [54]. The sum is
performed over all the energy bins, and σi are the
uncertainties on dRobs=dErðEi

rÞ. We then set the test
statistic λ for upper limits as

λ ¼
�
χ2ðMPBH; mχ ; σ̄χe; fPBHÞ − χ2ðMPBH; mχ ; ˆ̄σχe; fPBHÞ; σ̄χe > ˆ̄σχe

0; σ̄χe < ˆ̄σχe;
ð20Þ

where ˆ̄σχe is the value of the cross section that minimizes
the chi squared. In this way, we provide the most
conservative upper limits on this quantity. We then exclude
at 90% confidence level the region of the parameter space
in which λ > 2.71, following the prescription in Ref. [79].

B. Super-Kamiokande’s event rate

Super-Kamiokande is a water Cherenkov detector real-
ized by a cylindrical tank filled with 50 kt of water. Charged
particles in the water produce Cherenkov radiation that is
recorded by the photomultipliers. The light particle χ is also
expected to yield Cherenkov radiation when scattering
inside the detector. Super-Kamiokande has observed
NSK ¼ 4042 events in the recoil energy range between
0.1 and 1.33 GeV [53].
In the case of Super-Kamiokande, previous analyses

assume the electrons to be free and at rest in the observer
frame [41,80–82]. In this work, we follow the
same approach and assume the number of targets to be
nt ¼ 3.34 × 1028 ton−1 and the detector efficiency to be
equal to 0.93 in the energy range considered [53]. In the

limit of free electrons, we have FðErÞ ¼ 1, and the
differential cross section is simply given by

dσ
dEr

¼ σ̄χeΘðEmax − ErÞ
8μ2χep̃2ð1þ α2m2

e
4m2

χ
Þ
ð2me þ ErÞð2m2

χ þmeErÞ; ð21Þ

where Emax is the maximum allowed recoil energy equal to

Emax ¼
2meTðT þ 2mχÞ

ððme þmχÞ2 þ 2meTÞ
: ð22Þ

Plugging this equation into Eq. (10), we can compute the
expected number of events in Super-Kamiokande provided
by χ particles. Following Ref. [41], we conservatively
obtain the constraints on σ̄χe by simply requiring that

ESK ×
Z

1.33 GeV

0.1 GeV
dEr

dRχ

dEr
< NSK; ð23Þ

where ESK ¼ 161.9 kton yr is the Super-Kamiokande
exposure [53].

FIG. 1. Xenon ionization function as a function of the momentum transfer q̃ for different orbitals and with Er ¼ 5 keV and
k̃0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2meEr
p

.
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IV. RESULTS

The analysis at XENON1T [54] and Super-Kamiokande
[53] allows us to constrain the combined parameter space of
the model, which is expressed in terms of the PBH mass
MPBH, the PBH fraction of DM fPBH, the mass of the light
particle mχ , and the cross section σ̄χe introduced above in
Eq. (13). The large dimensionality of the parameter space
requires one to show the constraints as sections in the two-
dimensional planes. In particular, in Fig. 2 we show the
constraints in the mχ − σ̄χe plane for varying masses of the
PBHs. For each mass of the PBHs, we have assumed fPBH
to be as large as allowed by the present constraints on the
PBH parameter space alone. We present separately the
constraints from XENON1T (left panel) and Super-
Kamiokande (right panel). We show as well the constraints
(dashed thin lines) which would apply if χ is identified as
the dominant component of dark matter (see the caption).
Because of the differences in the cuts in the recoil

energies, the two experiments are able to probe a different
range of PBH masses. In particular, XENON1T can look at
somewhat heavier PBHs with a smaller Hawking tempera-
ture and corresponding smaller recoil energies. We find that
in both cases the constraints that can be drawn, assuming
that PBHs are as many as allowed,3 are complementary to
the constraints on light DM. However, if the species χ is not
identified as DM, the constraints from the dashed lines do

not apply. Nevertheless, for mχ ≲ 1 MeV, any light species
sufficiently strongly interacting would be in serious tension
with a successful big bang nucleosynthesis. For this reason,
we consider this region as completely excluded, even
though specific models can be devised to evade these
constraints [84].
Among the possible additional constraints, we can

consider the ones from collider experiments [59], which
we do not show for purely graphical reasons, since they
would exclude the region σ̄χe ≳ 10−44 cm2, which is much
lower than the range of our figures. However, we have to
stress that the collider constraints are strongly sensitive to
the mediator mass, as shown in Ref. [59]. While the authors
do not provide the constraints for a scalar mediator with
arbitrary mass, which we are studying in this work, for the
vector mediator model they clearly show that the con-
straints significantly weaken for lighter mediators, already
at a mass of 0.7 GeV. Furthermore, the constraints from the
collider are expected to be limited from above by a ceiling,
when the cross section becomes sufficiently large for the χ
particle to interact in the calorimeter. This has been
explicitly studied for the case of χ-nucleon interaction
[39], yet no such study exists for χ-electron interaction.
Therefore, obtaining constraints that are complementary to
the collider ones is especially necessary. Finally, light dark
matter coupled to electrons can be emitted in dense
astrophysical environments, in particular, in supernovae
for these DMmasses. Indeed, the emission of light particles
from supernovae would lead to an additional cooling
mechanism and change the duration of the neutrino burst.
This would have led to observable consequences for the
case of SN1987A. The constraints from SN1987A are
discussed in the context of a specific interaction model with

FIG. 2. Constraints on the reference χ-e cross section σ̄χe in Eq. (13) as a function of χ massmχ in case of XENON1T (left) and Super-
Kamiokande (right). The color shaded regions represent our results for different PBH masses once their fraction fPBH is fixed to the
corresponding maximum value according to current constraints (see footnote 3). The hatched region is excluded by big bang
nucleosynthesis (BBN), while the thin dashed lines correspond to the limits that apply only if χ particles are dark matter: (1) boosted
dark matter from cosmic-ray up-scatterings [42]; (2) solar reflection with XENON1T [83]; (3) combined constraints from dark matter
direct detection experiments (see Ref. [42]).

3In this analysis, we considering the constraints on fPBH
derived from extra-Galactic gamma-ray data [3] and from
isotropic x-ray observations [17]. The latter provides the stronger
limit for MPBH ≳ 1016 g. Such constraints do not depend on the
choice of the dark matter Galactic profile since they are based on
extra-Galactic and isotropic measurements.
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vector mediator in Ref. [85]. These results show that, at
σ̄χe ≳ 10−39 cm2, SN1987A does not lead to significant
constraints because the χ particle would be trapped inside
the supernova without leading to an observable signal.
Since we focus on a scalar interaction, these results are not
directly applicable. However, they suggest that, at the large
cross sections we consider, the constraints from SN1987A
would not be applicable.
A crucial point is the comparison between our results and

the results of Ref. [52], since they are representing the same
constraints. For Super-Kamiokande we find constraints
that, for the same PBH mass, are about 2 orders of
magnitude stronger. This is mainly due to our use of a
concrete particle model for the χ-electron interaction,
whereas Ref. [52] simply assumes a differential cross
section flat in the electron recoil energy, which is not
necessarily realizable in a realistic particle model. For
XENON1T the constraints we find are significantly
weaker, by as much as 3 orders of magnitude. We attribute
this difference mostly to the completely different treatment
of the DM-electron interaction. In fact, whereas in Ref. [52]
the electrons are treated as free, we correctly account for the
ionization of the xenon atoms in the detector.
A more compact, although less conventional, way of

showing our results is to exploit the proportionality of the
signal in any detector to the product fPBH · σ̄χe. Therefore,
the parameters effectively determining the constraints are
in reality three, namely, mχ , MPBH, and fPBH · σ̄χe. We
show the constraints in the ðfPBH · σ̄χeÞ −MPBH plane in
Fig. 3 both for XENON1T and Super-Kamiokande. This
figure again shows that the range of PBH masses probed
by the two experiments is different. Furthermore, for
XENON1T this range potentially extends up to 1018 g

depending on the mass mχ , since the light particle is only
emitted if mχ is smaller than the Hawking temperature of
the PBH.

V. CONCLUSIONS

In this paper, we have extended the work [18] where we
proposed to test the potential existence of new light
particles beyond the Standard Model through the evapo-
ration of primordial black holes. In particular, we have
focused on the possible interactions of such new particles
with the electrons through an effective coupling mediated
by a heavy scalar. Hence, we have investigated the
consequent detection of χ particles from evaporating
primordial black holes in dark matter direct detection
experiments, such as XENON1T, and neutrino detectors,
such as Super-Kamiokande. The nonobservation of the
expected signal has been used to set constraints on the
combined parameter space of primordial black holes and
light new particles. In the case of XENON1T, we have
performed a binned likelihood analysis comparing the
observed event rate with the one predicted in our scenario.
We have properly taken into account the ionization
process of Xe atoms due to χ-e scattering. On the other
hand, for Super-Kamiokande we have performed a more
conservative analysis based on the total number of events
detected. We have found that XENON1T (Super-
Kamiokande) is able to constrain the χ-e cross section
down to 10−32 cm2 (10−35 cm2) for mχ ¼ 1 MeV in the
case of PBH with masses from 5 × 1014 to 1018 g. These
limits are complementary to cosmological and collider
constraints and do not require the χ particles to be dark
matter.

FIG. 3. Constraints shown in the plane ðfPBH · σ̄χeÞ −MPBH for different massesmχ . In warm tones are shown the constraints obtained
using Super-Kamiokande, while in cold tones are shown the constraints obtained using XENON1T. The dark gray band shows the
region that cannot be probed in our analysis due to existing constraints on fPBH (see footnote 3) and assuming σ̄χe ≲ 10−31 cm2 to
neglect attenuation effects. The light gray band is excluded by requiring σ̄χe ≲ 10−44 cm2 according to collider constraints [59].
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[64] Alexandre Arbey and Jérémy Auffinger, Physics beyond the
standard model with BlackHawk v2.0, Eur. Phys. J. C 81,
910 (2021).

[65] Julio F. Navarro, Carlos S. Frenk, and Simon D.M. White,
A Universal density profile from hierarchical clustering,
Astrophys. J. 490, 493 (1997).

[66] G. Aardsma et al. (SNO Collaboration), A heavy water
detector to resolve the solar neutrino problem, Phys. Lett. B
194, 321 (1987).

[67] E. Aslanides et al. (ANTARES Collaboration), A deep sea
telescope for high-energy neutrinos, arXiv:astro-ph/9907432.

[68] Andrew Bazarko (MiniBooNE Collaboration), Mini-
BooNE: Status of the booster neutrino experiment, Nucl.
Phys. B, Proc. Suppl. 91, 210 (2001).

[69] J. Ahrens et al. (AMANDA Collaboration), Observation of
high-energy atmospheric neutrinos with the antarctic muon
and neutrino detector array, Phys. Rev. D 66, 012005
(2002).

[70] S. Fukuda, Y. Fukuda, T. Hayakawa, E. Ichihara, M.
Ishitsuka, Y. Itow, T. Kajita, J. Kameda, K. Kaneyuki, S.
Kasuga et al., The Super-Kamiokande detector, Nucl.
Instrum. Methods Phys. Res., Sect. A 501, 418 (2003).

[71] Samuel K. Lee, Mariangela Lisanti, Annika H. G. Peter, and
Benjamin R. Safdi, Effect of Gravitational Focusing on
Annual Modulation in Dark-Matter Direct-Detection Ex-
periments, Phys. Rev. Lett. 112, 011301 (2014).

[72] Glenn D. Starkman, Andrew Gould, Rahim Esmailzadeh,
and Savas Dimopoulos, Opening the window on strongly
interacting dark matter, Phys. Rev. D 41, 3594 (1990).

[73] Gregory D. Mack, John F. Beacom, and Gianfranco Ber-
tone, Towards closing the window on strongly interacting
dark matter: Far-reaching constraints from Earth’s heat flow,
Phys. Rev. D 76, 043523 (2007).

[74] Bradley J. Kavanagh, Riccardo Catena, and Chris Kouvaris,
Signatures of Earth-scattering in the direct detection of dark
matter, J. Cosmol. Astropart. Phys. 01 (2017) 012.

[75] Timon Emken and Chris Kouvaris, How blind are under-
ground and surface detectors to strongly interacting dark
matter?, Phys. Rev. D 97, 115047 (2018).

[76] Joachim Kopp, Viviana Niro, Thomas Schwetz, and Jure
Zupan, DAMA/LIBRA and leptonically interacting dark
matter, Phys. Rev. D 80, 083502 (2009).

[77] Riccardo Catena, Timon Emken, Nicola A. Spaldin, and
Walter Tarantino, Atomic responses to general dark matter-
electron interactions, Phys. Rev. Research 2, 033195 (2020).

[78] C. F. Bunge, J. A. Barrientos, and A. V. Bunge, Roothaan-
Hartree-Fock ground-state atomic wave functions: Slater-
type orbital expansions and expectation values for z ¼ 2–54,
At. Data Nucl. Data Tables 53, 113 (1993).

[79] Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells,
Asymptotic formulae for likelihood-based tests of new
physics, Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E)
(2013).

[80] Lina Necib, Jarrett Moon, Taritree Wongjirad, and Janet M.
Conrad, Boosted dark matter at neutrino experiments, Phys.
Rev. D 95, 075018 (2017).

[81] Wonsub Cho, Ki-Young Choi, and Seong Moon Yoo,
Searching for boosted dark matter mediated by a new gauge
boson, Phys. Rev. D 102, 095010 (2020).

[82] Alessandro Granelli, Piero Ullio, and Jin-Wei Wang,
Blazar-boosted dark matter at Super-Kamiokande, arXiv:
2202.07598.

[83] Haipeng An, Maxim Pospelov, Josef Pradler, and Adam
Ritz, Directly Detecting MeV-scale Dark Matter via Solar
Reflection, Phys. Rev. Lett. 120, 141801 (2018); 121,
259903(E) (2018).

[84] Gilly Elor, Robert McGehee, and Aaron Pierce, Maximizing
direct detection with HYPER dark matter, arXiv:2112.03920.

[85] JaeHyeokChang, Rouven Essig, and Samuel D.McDermott,
Supernova 1987A constraints on sub-GeV dark sectors,
millicharged particles, the QCD axion, and an axionlike
particle, J. High Energy Phys. 09 (2018) 051.

CALABRESE, CHIANESE, FIORILLO, and SAVIANO PHYS. REV. D 105, 103024 (2022)

103024-10

https://doi.org/10.1140/epjc/s10052-021-09702-8
https://doi.org/10.1140/epjc/s10052-021-09702-8
https://doi.org/10.1086/304888
https://doi.org/10.1016/0370-2693(87)90551-X
https://doi.org/10.1016/0370-2693(87)90551-X
https://arXiv.org/abs/astro-ph/9907432
https://doi.org/10.1016/S0920-5632(00)00943-9
https://doi.org/10.1016/S0920-5632(00)00943-9
https://doi.org/10.1103/PhysRevD.66.012005
https://doi.org/10.1103/PhysRevD.66.012005
https://doi.org/10.1016/S0168-9002(03)00425-X
https://doi.org/10.1016/S0168-9002(03)00425-X
https://doi.org/10.1103/PhysRevLett.112.011301
https://doi.org/10.1103/PhysRevD.41.3594
https://doi.org/10.1103/PhysRevD.76.043523
https://doi.org/10.1088/1475-7516/2017/01/012
https://doi.org/10.1103/PhysRevD.97.115047
https://doi.org/10.1103/PhysRevD.80.083502
https://doi.org/10.1103/PhysRevResearch.2.033195
https://doi.org/10.1006/adnd.1993.1003
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1103/PhysRevD.95.075018
https://doi.org/10.1103/PhysRevD.95.075018
https://doi.org/10.1103/PhysRevD.102.095010
https://arXiv.org/abs/2202.07598
https://arXiv.org/abs/2202.07598
https://doi.org/10.1103/PhysRevLett.120.141801
https://doi.org/10.1103/PhysRevLett.121.259903
https://doi.org/10.1103/PhysRevLett.121.259903
https://arXiv.org/abs/2112.03920
https://doi.org/10.1007/JHEP09(2018)051

