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!-NUCLEONS 
!-ELECTRONS

Calabrese, MC, Fiorillo, Saviano, 2107.13001 & 2203.17093

1. PRODUCTION

2. PROPAGATION

3. DETECTION

‣ DM production previously studied in the early Universe only
Carr, ApJ 206 (1976); Morrison+, JCAP 1905; Baldes+, JCAP 2008; Gondolo+, PRD 
102 (2020); Bernal+, JCAP 2103 & PLB 815 (2021); Auffinger+, EPJP 136 (2021); 

Masina, arXiv:2103.13825; Cheek+, arXiv:2107.00013 & arXiv:2107.00016

𝝌-NUCLEONS 
𝝌-ELECTRONS

DM

Dark matter direct-detection
Search for the nuclear and electron recoil energy caused 
by the possible scatterings with DM particles that 
surround us.

Erec =
2m2
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Ninetta Saviano 1
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; vesc ∼ 10−3Milky Way escape velocity: 

Search for the nuclear and electron recoil energy caused 
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DM

Dark matter direct-detection

Mass lower limit for noble liquid technologies: 


• 	  ∼ GeV for 𝜒-nucleon scattering  

• 	  ∼ 10 MeV for 𝜒-electron scattering 

How to probe sub-GeV DM?Marco Chianese | Unina & INFN

Possibile ways out 

‣ Lighter nuclei (e.g. Argon instead of Xenon) 

‣ Migdal effect 

‣ Boosted dark matter

Dark matter direct-detection experiments
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No evidence for DMVery low sensitivity to light DM

They search for the nuclear recoil energy Er caused by the possible scatterings with DM particles.

Undetectable energies for m�  1 GeV
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Agashe+, JCAP 1410; Giudice+, PLB 780 (2018); Fornal+, PRL 125 
(2020); Kannike+, PRD 102 (2020); Cappiello+, PRD 99 (2019); 

Bringmann+, PRL 122 (2019); Ema+, PRL 122 (2019); Cappiello+, 
PRD 100 (2019); Ema+, SciPost Phys. 10 (2021)

APPEC, 2104.07634

[see also Mohlabeng’s talk]

Emax
rec =

2m2
χ v2

esc

mT
; vesc ∼ 10−3Milky Way escape velocity: 

Search for the nuclear and electron recoil energy caused 
by the possible scatterings with DM particles that 
surround us.

Erec =
2m2

χ v2

mT



Possibile way out: Boosted DM 

• Boosted DM: Light dark matter with velocities higher than 
vesc

In the recent years:


Small population of DM, produced non thermally by late time processes, results to be relativistic


        K. Agashe et al, (2014), G. F. Giudice et al,(2018),  B. Farnal et al, 161804 (2020)….


Light DM particles can be up scattered to semi-relativist velocities through  collision with CR.      


 
          C. V. Cappiello et al,  (2019); T. Bringmann and M. Pospelov, (2019);Y. Ema et al,(2019) 
         C. Cappiello and J. F. Beacom, (2019) 

New ideas are needed for model independent probes of sub-GeV Dark Matter


Several mechanisms have been proposed in the recent years:

Our idea: PBHs enter this game as possibile source of boosted DM 
Ninetta Saviano 2
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Boosted DM from ePBH
A novel mechanism for boosted DM at present times: 
evaporating Primordial Black Holes (ePBHs)

Calabrese, Chianese, Fiorillo, Saviano,

 2107.13001 & 2203.17093

1. PRODUCTION

2. PROPAGATION

3. DETECTION

𝝌-NUCLEONS 
𝝌-ELECTRONS

For DM production previously studied in the Early Universe, see:

Carr, ApJ 206 (1976); Morrison+, JCAP 1905; Baldes+, JCAP 2008; Gondolo+, PRD 102 (2020); Bernal+, JCAP 
2103 & PLB 815 (2021); Auffinger+, EPJP 136 (2021); Masina, arXiv:2103.13825; Cheek+, arXiv:2107.00013 & 
arXiv:2107.00016

ePBH-DM scenario

Ninetta Saviano 3

https://arxiv.org/abs/2107.13001
https://arxiv.org/abs/2203.17093
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Primordial Black Holes
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Hawking Evaporation

Quantum Vacuum

Ninetta Saviano 5



Hawking Evaporation

Quantum Vacuum

Hawking radiation: emission of all elementary  
particles with mass < TH

Due to a mixture of quantum and general relativity effects, the PBH can emit particles in a 
“black body”  like (grey-body) with a temperature  TPBH

For non-rotating and neutral PBH:

TPBH =
ℏc3

8πGkBMpl
≃ 10.6[ 1015g

Mpl ]MeV

Ninetta Saviano 5



Several observations strongly constrain the PBH abundance:
Constraints on PBH abundance

PRIMORDIAL BLACK HOLES constraints

B. Carr et al, Rept.Prog.Phys. 84 (2021) 11, 116902
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fPBH =
⌦PBH

⌦DM

⌧ 1
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fPBH =
⌦PBH

⌦DM

⌧ 1
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Constraints on PBH abundance
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FIG. 11. Evaporation constraints from BBN [135], CMB spectral distortions and anisotropies [145, 146], extragalactic �-
rays [135], Galactic �-rays [148] and Voyager-1 e± [149], based on Fig. 4 and Eq. (57).

from OGLE in the low mass range [284], from MACHO and quasar microlensing [12] in the solar mass range and from
millilensing of AGN jets [285] in the high mass range.

FIG. 12. Lensing constraints from HSC [286], Kepler [287, 288], OGLE [284], EROS [289], MACHO [290], Icarus [291], SNe [292]
and radio sources [293], with the disputed GRB constraint [294] and the original HSC constraint [295] shown by broken lines.

Several observations strongly constrain the PBH abundance:
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Boudaud and Cirelli  2019; 

Ballesteros, Coronado-Blazquez, and Gaggero  2020; 
Dasgupta, Laha, and Ray 2020; 

Coogan, Morrison, and Profumo,  2021;

Calabrese et al 2021; 

De Romeri, Martınez-Mirave, and Tortola  2021
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Primordial Black Holes with 𝑀PBH  <5  1014 g are 
completely evaporated today 

27

this case, the fraction f(M) of the halo in PBHs is related to �
0(M) by

f(M) ⌘
⌦PBH(M)

⌦CDM

⇡ 3.79⌦PBH(M) = 3.81⇥ 108 �0(M)

✓
M

M�

◆�1/2

, (57)

where we have taken ⌦CDM = 0.264 from Ref. [278]. For an extended or multi-modal mass function, which we
discuss later, one can define the total PBH contribution to the DM, fPBH, by integrating over M and there is then
a constraint fPBH < 1. Our limits on f(M) are summarised in Fig. 10, which is an updated version of Fig. 8 of
Ref. [135]. The main constraints derive from (partial) PBH evaporations, gravitational lensing, numerous dynamical
e↵ects, PBH accretion and gravitational wave observations. Since Fig. 10 is complicated, the constraints for each of
these categories are shown separately in subsequent figures. We note that there are several limits in most mass ranges.

It must be stressed that the constraints have varying degrees of certainty and most come with caveats. For some,
the observations are well understood (e.g. the CMB and gravitational lensing data) but there are uncertainties in
the black hole physics. For others, the observations themselves are not fully understood or depend upon additional
astrophysical assumptions; we will give explicit examples of this below. Many of the constraints depend on physical
parameters which are not indicated explicitly, and some of them depend on various cosmological and astrophysical
assumptions. Sometimes the limit can be assigned a confidence level (CL) but this is often hard to assess and not
indicated in the original paper. Note that some of the limits are extended into the f > 1 domain, although this is
obviously unphysical. This is because some limits will shift downward as the observational data improve, so it is
useful to know their form.

Similar figures can be found in numerous other papers; see, for example, Table 1 of Josan et al. [134], Fig. 4 of
Mack et al. [279], Fig. 9 of Ricotti et al. [17], Fig. 1 of Capela et al. [280], Fig. 1 of Clesse & Garćıa-Bellido [281] and
Fig. 10 of Sasaki et al. [282]. However, we believe this is the most comprehensive treatment available to date (i.e.
prior to 2021). We group the limits by type and discuss those within each type in order of increasing mass. Sometimes
we express the limit in terms of an analytic function fmax(M) over some mass range but this is not always possible.

A. Evaporation constraints

For PBHs somewhat larger than M⇤ , one can use the �-ray background to constrain the value of f(M). This can
be derived from the constraint on �(M) derived in Sec. II C 1 by using Eq. (57). For M > 2M⇤ , one can neglect the
change of mass and the time-integrated spectrum dN�

/dE of photons from each PBH is just obtained by multiplying
the instantaneous spectrum by the age of the Universe t0 . For PBHs of mass M , the discussion in the appendix of
Ref. [135] gives

dN�

dE
/

(
E

3
M

3 (E < M
�1)

E
2
M

2 e�EM (E > M
�1) ,

(58)

where we put ~ = c = G = 1. This peaks at E ⇠ M
�1 with a value independent of M . The number of background

photons per unit energy per unit volume from all PBHs is then obtained by integrating over the mass function:

E(E) =

Z
Mmax

Mmin

dM
dn

dM

dN�

dE
(M,E) , (59)

where Mmin and Mmax specify the mass limits. For a monochromatic mass function, this gives

E(E) / f(M)⇥

(
E

3
M

2 (E < M
�1)

E
2
M e�EM (E > M

�1)
(60)

and the associated intensity is

I(E) ⌘
E E(E)

4⇡
/ f(M)⇥

(
E

4
M

2 (E < M
�1)

E
3
M e�EM (E > M

�1)
(61)

with units s�1 sr�1 cm�2. This peaks at E ⇠ M
�1 with a value I

max(M) / f(M)M�2. The observed extragalactic
intensity is I

obs
/ E

�(1+✏)
/ M

1+✏ where ✏ lies between 0.1 (the value favoured in Ref. [196]) and 0.4 (the value
favoured in Ref. [283]). Hence requiring I

max(M)  I
obs(M) gives [135]

f(M) . 2⇥ 10�8

✓
M

M⇤

◆3+✏

(M > M⇤ = 5⇥ 1014g) . (62)
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E(E) =

Z
Mmax

Mmin

dM
dn

dM

dN�

dE
(M,E) , (59)

where Mmin and Mmax specify the mass limits. For a monochromatic mass function, this gives

E(E) / f(M)⇥

(
E

3
M

2 (E < M
�1)

E
2
M e�EM (E > M

�1)
(60)

and the associated intensity is

I(E) ⌘
E E(E)

4⇡
/ f(M)⇥

(
E

4
M

2 (E < M
�1)

E
3
M e�EM (E > M

�1)
(61)

with units s�1 sr�1 cm�2. This peaks at E ⇠ M
�1 with a value I

max(M) / f(M)M�2. The observed extragalactic
intensity is I

obs
/ E

�(1+✏)
/ M

1+✏ where ✏ lies between 0.1 (the value favoured in Ref. [196]) and 0.4 (the value
favoured in Ref. [283]). Hence requiring I

max(M)  I
obs(M) gives [135]

f(M) . 2⇥ 10�8

✓
M

M⇤

◆3+✏

(M > M⇤ = 5⇥ 1014g) . (62)
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FIG. 11. Evaporation constraints from BBN [135], CMB spectral distortions and anisotropies [145, 146], extragalactic �-
rays [135], Galactic �-rays [148] and Voyager-1 e± [149], based on Fig. 4 and Eq. (57).

from OGLE in the low mass range [284], from MACHO and quasar microlensing [12] in the solar mass range and from
millilensing of AGN jets [285] in the high mass range.

FIG. 12. Lensing constraints from HSC [286], Kepler [287, 288], OGLE [284], EROS [289], MACHO [290], Icarus [291], SNe [292]
and radio sources [293], with the disputed GRB constraint [294] and the original HSC constraint [295] shown by broken lines.

Several observations strongly constrain the PBH abundance:

PRIMORDIAL BLACK HOLES constraints

B. Carr et al, Rept.Prog.Phys. 84 (2021) 11, 116902
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Emission of DM particles with ultra-relativistic velocities. 

⇧

Ninetta Saviano 6



Diffuse DM flux from ePBHs 
2

10�3 10�2 10�1 100 101 102 103

Kinetic energy, T [MeV]

10�14

10�12

10�10

10�8

10�6

10�4

10�2

100

d�
�
/d

T
d�

[1
/M

eV
/c

m
2 /

s/
sr

]

MPBH,15 = 8.0

MPBH,15 = 1.0

MPBH,15 = 0.5

m� = 1 MeV

Galactic

Extragalactic

FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6


1015 g

MPBH

�
MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�

dTdt
=

g�
2⇡

�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:

d��

dTd⌦
=

d�gal.
�

dTd⌦
+

d�egal.
�

dTd⌦
. (3)

The first component can be written as

d�gal.
�

dTd⌦
=

fPBH

4⇡ MPBH

dN�

dTdt

Z
+1

0

ds ⇢NFW

DM
(r) . (4)

Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
�

dTd⌦
=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�

dTdt
, (5)

where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through

PBHs emit thermal Hawking radiation at a temperature: 
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6


1015 g

MPBH

�
MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�

dTdt
=

g�
2⇡

�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:

d��

dTd⌦
=

d�gal.
�

dTd⌦
+

d�egal.
�

dTd⌦
. (3)

The first component can be written as

d�gal.
�

dTd⌦
=

fPBH

4⇡ MPBH

dN�

dTdt

Z
+1

0

ds ⇢NFW

DM
(r) . (4)

Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
�

dTd⌦
=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�

dTdt
, (5)

where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6


1015 g

MPBH
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MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�

dTdt
=

g�
2⇡

�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:
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+
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Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression
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=
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dt [1 + z(t)]
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where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6
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MPBH
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MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�
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=
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�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:
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Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
�

dTd⌦
=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�

dTdt
, (5)

where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6


1015 g

MPBH

�
MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�

dTdt
=

g�
2⇡

�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:
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Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
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=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�
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where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6


1015 g

MPBH

�
MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�

dTdt
=

g�
2⇡

�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:
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=

d�gal.
�

dTd⌦
+

d�egal.
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. (3)

The first component can be written as
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Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
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dTd⌦
=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�

dTdt
, (5)

where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6
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MPBH
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MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is

dN�
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=
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�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:
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Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression
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where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
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Direct detection experiments probe DM particles through
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FIG. 1. Di↵use DM flux from evaporating PBHs. We
show the di↵use flux of DM particles incident at the Earth
as a function of the kinetic energy. The galactic (solid) and
extragalactic (dashed) lines are shown separately. Di↵erent
colors are used to identify di↵erent PBH masses (MPBH,15 =
MPBH/1015 g). The PBH abundance is chosen as the max-
imum value allowed by the present constraints [67]: fPBH is
equal to 2.9 ⇥ 10�10, 3.9 ⇥ 10�7, 3.7 ⇥ 10�4 for a PBH mass
of 0.5, 1.0, and 8.0 in units of 1015 g, respectively. E↵ects of
energy losses in Earth and atmosphere are not included.

on the strength of DM-nucleon interactions. We remark
that our constraints do not require the � particles to be
the dominant DM component.

DM flux from evaporating PBHs.— The first
step of our work consists in obtaining the DM emission
rate from an evaporating PBH. We here make a conserva-
tive choice by considering chargeless and spinless PBHs.
Spinning PBHs would evaporate faster, thus enhancing
the DM emission rate. For the sake of concreteness, we
examine the case of DM Dirac fermions with four degrees
of freedom, g� = 4. However, this framework can be eas-
ily extended to scalar and vector DM particles. Di↵er-
ently from Ref. [66], the addition of only one new species
to the Standard Model particle content does not signif-
icantly alter the standard emission rate of the Hawking
radiation. The Hawking temperature of an evaporating
PBH with mass MPBH is given by [53, 56–58]

kBTPBH = 10.6
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MeV , (1)

where kB is the Boltzmann constant. The di↵erential
spectrum per unit time is
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=
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�(T, MPBH)

exp [(T + m�)/kBTPBH] + 1
, (2)

where T is the kinetic energy of the particle, and � is

the graybody factor, which we compute by means of the
BlackHawk code [78].

From the di↵erential spectrum we can compute the flux
of DM particles reaching the Earth for a monochromatic
PBH mass distribution. It consists of a galactic (gal.)
and an extragalactic (egal.) component:

d��

dTd⌦
=

d�gal.
�

dTd⌦
+

d�egal.
�

dTd⌦
. (3)

The first component can be written as

d�gal.
�

dTd⌦
=

fPBH

4⇡ MPBH

dN�

dTdt

Z
+1

0

ds ⇢NFW

DM
(r) . (4)

Here, the quantity fPBH = ⇢PBH/⇢DM is the fraction of
PBHs with respect to the average DM density ⇢DM of
the Universe, which is determined by Planck [79]. The
galactic flux is proportional to the integral over the line-
of-sight distance s of the galactic DM density, denoted as
⇢NFW

DM
, for which we assume a Navarro-Frank-White pro-

file [80]. This is a function of the galactocentric distance
r = (r2� +s2 �2 s r� cos ` cos b)1/2 with r� = 8.5 kpc and
(b, `) the galactic coordinates.

For the extragalactic component in Eq. (3), the di↵er-
ential flux takes the expression

d�egal.
�

dTd⌦
=

fPBH ⇢DM

4⇡ MPBH

Z tmax

tmin

dt [1 + z(t)]
dN�

dTdt
, (5)

where we take into account the e↵ect of redshift z(t) on
the energy in the DM emission rate, and we integrate
from the time of matter-radiation equality (tmin) to the
age of the Universe (tmax). Di↵erently from the galac-
tic component, which is enhanced towards the galactic
center, the extragalactic DM flux is isotropic.

Given the evaporation temperatures of PBHs from
Eq. (1), DM particles are mainly produced at energies
between 1 MeV and 100 MeV, for PBHs masses from 1014

and to 1016 g. Hence, DM particles lighter than about
1 MeV are emitted by PBHs with ultra-relativistic veloci-
ties. In a sense, the evaporation of PBHs is a new mecha-
nism for boosted DM. In Fig. 1, we show the galactic and
extragalactic di↵use flux of DM particles at the Earth,
averaged over the whole solid angle, for a reference DM
mass m� = 1 MeV and for di↵erent PBH masses. The
kinetic energy distribution of particles peaks at di↵erent
energies depending on the PBH temperature, which can
be much larger than the DM mass. For kinetic energies
much smaller than the PBH mass, the galactic spectrum
flattens since the particles are produced practically at
rest. The normalization of the flux is mainly determined
by the PBH mass and the concentration of PBHs fPBH.
Larger PBH masses lead to slower evaporation rate and
lower fluxes. However, at larger PBH masses the con-
straints on fPBH are also weaker (see the right plot in
Fig. 3), leading to larger fluxes in Fig. 1.
Propagation through Earth and atmosphere.—

Direct detection experiments probe DM particles through

Gray-body factor 
c o m p u t e d w i t h 
BlackHawk code 

• Spinless and chargeless PBHs (conservative scenario) 

differential spectrum per 
unit time

=

⇧

DM particles lighter than about 1 MeV 
emitted with ultra-relativistic velocities 

BOOSTED DM
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Larger PBH mass 

‣ Smaller Hawking temperature, thus lower energies 

‣ Slower evaporation rate 

‣ Weaker constraints on  

Smaller PBH mass 

‣ Larger Hawking temperature, thus higher energies 

‣ Faster evaporation rate 

‣ Stronger constraints on

fPBH
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We analytically account for the energy loss of DM 
particles in the ballistic-trajectory approximation 
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PBHs possibly exist in our Galaxy 
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A novel mechanism for boosted DM at present times: 
evaporating Primordial Black Holes (ePBHs)
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1. PRODUCTION

2. PROPAGATION

3. DETECTION

‣ DM production previously studied in the early Universe only
Carr, ApJ 206 (1976); Morrison+, JCAP 1905; Baldes+, JCAP 2008; Gondolo+, PRD 
102 (2020); Bernal+, JCAP 2103 & PLB 815 (2021); Auffinger+, EPJP 136 (2021); 

Masina, arXiv:2103.13825; Cheek+, arXiv:2107.00013 & arXiv:2107.00016
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Interactions

The interactions with nucleons might also cause an 
attenuation of the DM flux at the detector position due to the 
propagation in the Earth and in the atmosphere 

8See also: Kavanagh+, JCAP 1701; Emken+, PRD 97 (2018); Bringmann+, PRL 122 (2019)
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‣ DM production previously studied in the early Universe only
Carr, ApJ 206 (1976); Morrison+, JCAP 1905; Baldes+, JCAP 2008; Gondolo+, PRD 
102 (2020); Bernal+, JCAP 2103 & PLB 815 (2021); Auffinger+, EPJP 136 (2021); 
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Spin independent 
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We analytically account for the energy loss of DM 

particles in the ballistic-trajectory approximation.

G. D. Starkman et al, PRD (1990)
G. D. Mack et al, PRD (2007)
B. J. Kavanagh et al, JCAP (2017)

T. Emken, C. Kouvaris, PRD (2018)
T. Bringmann and M. Pospelov, PRL (2019)

27

DM particles with an initial kinetic energy T0 reach the 
detector with a smaller kinetic energy Td after traveling a 
total geometrical distance d = datm + d⊕. 


The interactions with nucleons might also cause an 
attenuation of the DM flux at the detector position due to the 
propagation in the Earth and in the atmosphere 
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We analytically account for the energy loss of DM particles in the ballistic-trajectory approximation. 

�SI
� & 10�31 cm2
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Propagation effects are important for 
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FIG. 3. Constraints on the ePBH-DM parameter space. We show the regions excluded by XENON1T experiment in
the planes m�–�SI

� (left) and MPBH–fPBH (right). In the left panel, the excluded regions are obtained for di↵erent values of
MPBH: for each case, fPBH is set to the maximum value allowed by present constraints [67] (also shown with the thin black
line in the right plot). For comparison, we also show previous DM constraints from cosmic-ray boosted DM particles [45, 47]
(1), from CRESST experiment [15, 16] (2), and from cosmology [37–40] (3). In the right panel, the di↵erent thick colored lines
correspond to the upper bound on fPBH obtained for di↵erent DM-nucleon cross-section and choosing m� smaller than 1 MeV.

per Xenon recoil energy Er can be obtained as

dR

dEr
= ��Xe NXe

Z
dTdd⌦

d�d
�

dTdd⌦

⇥(Emax

r � Er)

Emax
r

,

(10)
where NXe is the total number of targets, and

Emax

r =
T 2

d + 2m�Td

Td + (m� + mXe)2/(2mXe)
(11)

is the maximum allowed value for the recoil energy, for
which we assume a flat distribution. In this estimate,
the cross-section ��Xe includes the corresponding nuclear
form-factor as provided in Ref.s [86, 87]. Moreover, we
consider an exposure of one ton year.

The event rate at XENON1T detector is shown in
Fig. 2 as a function of the recoil energy. In order to
highlight the e↵ect of propagation through the Earth
and the atmosphere, we report the ratio of the event
rate and the DM-nucleon cross-section �SI

� . In the ab-
sence of propagation e↵ects, this ratio would be indepen-
dent of the cross-section. This can be seen in the case
of the solid yellow and dotted blue curve (correspond-
ing to low cross-sections), which are practically identical.
For �SI

� = 10�31 cm2 and �SI

� = 10�28 cm2, the e↵ects
of propagation are more evident, pushing the events to
lower recoil energies and weakening the sensitivity to the
ePBH-DM signal.

Results.— In order to probe the ePBH-DM scenario,
we need to compare the expected event rate with the
current data from XENON1T [11]. This experiment has
observed no excess of recoil events in the energy window
from Er,1 = 4.9 keV to Er,2 = 40.9 keV. Following
Ref. [45], this can be translated into an upper limit on

the total event rate as
Z Er,2

Er,1

dEr
dR

dEr
.  vDM ⇢�

DM
NXe

✓
��Xe

m�

◆

m�&100 GeV

,

(12)
where  ' 0.23, vDM ' 235 km/s is the mean DM ve-
locity in the usual scenario, ⇢�

DM
= 0.3 GeV/cm3 is the

local DM density as assumed by XENON1T Collabora-
tion, and the term in parentheses is 2.5⇥10�40cm2/GeV
according to the current XENON1T limit for large DM
masses [11].

Equation (12) translates into the limits on the com-
bined parameter space of DM and PBHs shown in Fig. 3.
In particular, the left plot shows the regions of the DM
parameter space that are constrained by XENON1T, in
the case of three di↵erent PBH masses. For each PBH
mass, we consider the maximum allowed value for fPBH in
agreement with current limits [67]. The grey region is ex-
cluded by previous constraints on sub-GeV DM particles
from cosmic-ray upscatterings [45, 47], CRESST experi-
ment [15, 16] and cosmology [37–40]. Here, we only focus
on the region m� � 10�3 MeV since lighter fermionic DM
is highly disfavored. However, our constraints virtually
extend to lower DM masses. For m� = 1 MeV, we have
checked that the DM constraints are unchanged for com-
plex scalar DM particles, while they weaken by about
80% for vector DM particles.

In the right plot, we report the upper bounds on the
PBH abundance as a function of the PBH mass, assum-
ing four benchmark values for the DM-nucleon cross-
section. Here, we consider DM masses smaller than
1 MeV. For low DM-nucleon cross-sections, the con-
straints on fPBH are almost inversely proportional to
�SI

� . For �SI

� = 10�28cm�2, instead, the peculiar be-
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(1), from CRESST experiment [15, 16] (2), and from cosmology [37–40] (3). In the right panel, the di↵erent thick colored lines
correspond to the upper bound on fPBH obtained for di↵erent DM-nucleon cross-section and choosing m� smaller than 1 MeV.
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is the maximum allowed value for the recoil energy, for
which we assume a flat distribution. In this estimate,
the cross-section ��Xe includes the corresponding nuclear
form-factor as provided in Ref.s [86, 87]. Moreover, we
consider an exposure of one ton year.

The event rate at XENON1T detector is shown in
Fig. 2 as a function of the recoil energy. In order to
highlight the e↵ect of propagation through the Earth
and the atmosphere, we report the ratio of the event
rate and the DM-nucleon cross-section �SI

� . In the ab-
sence of propagation e↵ects, this ratio would be indepen-
dent of the cross-section. This can be seen in the case
of the solid yellow and dotted blue curve (correspond-
ing to low cross-sections), which are practically identical.
For �SI

� = 10�31 cm2 and �SI

� = 10�28 cm2, the e↵ects
of propagation are more evident, pushing the events to
lower recoil energies and weakening the sensitivity to the
ePBH-DM signal.

Results.— In order to probe the ePBH-DM scenario,
we need to compare the expected event rate with the
current data from XENON1T [11]. This experiment has
observed no excess of recoil events in the energy window
from Er,1 = 4.9 keV to Er,2 = 40.9 keV. Following
Ref. [45], this can be translated into an upper limit on

the total event rate as
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where  ' 0.23, vDM ' 235 km/s is the mean DM ve-
locity in the usual scenario, ⇢�

DM
= 0.3 GeV/cm3 is the

local DM density as assumed by XENON1T Collabora-
tion, and the term in parentheses is 2.5⇥10�40cm2/GeV
according to the current XENON1T limit for large DM
masses [11].

Equation (12) translates into the limits on the com-
bined parameter space of DM and PBHs shown in Fig. 3.
In particular, the left plot shows the regions of the DM
parameter space that are constrained by XENON1T, in
the case of three di↵erent PBH masses. For each PBH
mass, we consider the maximum allowed value for fPBH in
agreement with current limits [67]. The grey region is ex-
cluded by previous constraints on sub-GeV DM particles
from cosmic-ray upscatterings [45, 47], CRESST experi-
ment [15, 16] and cosmology [37–40]. Here, we only focus
on the region m� � 10�3 MeV since lighter fermionic DM
is highly disfavored. However, our constraints virtually
extend to lower DM masses. For m� = 1 MeV, we have
checked that the DM constraints are unchanged for com-
plex scalar DM particles, while they weaken by about
80% for vector DM particles.

In the right plot, we report the upper bounds on the
PBH abundance as a function of the PBH mass, assum-
ing four benchmark values for the DM-nucleon cross-
section. Here, we consider DM masses smaller than
1 MeV. For low DM-nucleon cross-sections, the con-
straints on fPBH are almost inversely proportional to
�SI

� . For �SI

� = 10�28cm�2, instead, the peculiar be-
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their potential interactions with nucleons. These pro-
cesses, however, might also cause an attenuation of the
DM flux at the detector position due to the propagation
in the Earth and in the atmosphere [81–84]. For the sake
of simplicity, we here model this phenomenon by follow-
ing the analytical approach described in Ref. [45]. In
particular, we employ a ballistic-trajectory approxima-
tion and compute the energy loss of DM particles reach-
ing the detector. Since the kinetic energy is typically
T . 100 MeV, we can neglect quasi-elastic and inelas-
tic scatterings as well as the nuclear form-factors. Un-
der this assumption, the interaction lengths in the Earth
(`�

int
) and in the atmosphere (`atm

int
) read as

`i
int

=

"
X

N

ni
N
��N

2mNm�

(mN + m�)2

#�1

, (6)

where the sum respectively runs over the most abundant
elements in the Earth (from iron to aluminium) and the
atmosphere (nitrogen and oxygen) with number density
ni
N
, whereas the cross-section is

��N = �SI

� A2

✓
mN(m� + mp)

mp(m� + mN)

◆2

. (7)

Here we focus on the spin-independent scatterings which
feature the standard coherent enhancement with the
mass number A. Moreover, we limit ourselves to the case
of isospin-singlet structure assuming equal the DM inter-
action with protons and neutrons. In this framework,
DM particles with an initial kinetic energy T0 reach the
detector with a smaller kinetic energy Td after travelling
a total geometrical distance d = datm + d�. We take
into account that the XENON1T detector is located in
the Gran Sasso National Laboratory at a depth of about
1.4 km [85]. Hence, the actual DM flux reaching the
XENON1T detector can be obtained as

d�d
�

dTdd⌦
⇡

4m2

�e⌧

(2m� + Td � Tde⌧ )
2

 
d��

dTd⌦

����
T0

!
, (8)

where ⌧ = datm/`atm
int

+ d�/`�
int

, and the incoming DM
flux is evaluated at

T0 (Td) =
2m�Td e⌧

2m� + Td � Tde⌧
. (9)

For a given incoming direction defined by the galactic
coordinates (b, `), the distance d depends on the time-
dependent longitude of the experiment. Thus, in the fol-
lowing, we consider the average of Eq. (8) over a day.

In closing this section, we may stress that the approach
of Ref. [45] is based on the approximation of collinear,
or ballistic, propagation of DM in matter. As pointed
out in Ref. [47], this approximation does not apply to
the collisions of light DM with heavy nuclei; rather, the
propagation of DM happens in a di↵usive way, leading to
a larger energy loss and a possible reflection of DM from
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FIG. 2. Ratio of XENON1T event rate over DM-
nucleon cross-section. We show the ratio of the event
rate induced by DM scatterings inside the XENON1T detec-
tor over the DM-nucleon cross-section. Here, we account for
the e↵ects of propagation through the Earth and the atmo-
sphere. The lines correspond to di↵erent values of the DM-
nucleon cross-section. The remaining parameters are chosen
as MPBH = 1015 g, fPBH = 3.9 ⇥ 10�7, and m� = 1 MeV.

the Earth and the atmosphere. Such a more complicated
propagation might lower the ePBH-DM flux detectable at
the experiment. In order to understand the impact of the
ballistic approximation, we have computed the flux un-
der the most conservative assumption that particles are
completely depleted by the scattering (in other words,
particles which have undergone even a single scattering
are not considered). Even under this extreme assump-
tion, we still find large DM fluxes observable in under-
ground experiments. Therefore, we expect that a more
realistic treatment of the DM propagation should not dis-
rupt the scenario presented here. As will be shown later,
the ePBH-DM scenario allows us to probe DM-nucleon
cross-section at the level of 10�35 cm2, for which the ef-
fects of propagation are marginal, since the atmosphere
is completely transparent to DM.

XENON1T event rate.— We can now compute
the event rate expected in the XENON1T detector in the
ePBH-DM scenario. In this experiment, the main target
for DM scatterings is provided by Xenon nuclei. The
di↵erential event rate (number of events per ton year)

For low DM-nucleon cross-section, the event 
rate scale as: 
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For                                the propagation pushes 
the events to lower recoil energies and 
weakening the sensitivity to the ePBH-DM 
signal. 
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FIG. 3. Constraints on the ePBH-DM parameter space. We show the regions excluded by XENON1T experiment in
the planes m�–�SI

� (left) and MPBH–fPBH (right). In the left panel, the excluded regions are obtained for di↵erent values of
MPBH: for each case, fPBH is set to the maximum value allowed by present constraints [67] (also shown with the thin black
line in the right plot). For comparison, we also show previous DM constraints from cosmic-ray boosted DM particles [45, 47]
(1), from CRESST experiment [15, 16] (2), and from cosmology [37–40] (3). In the right panel, the di↵erent thick colored lines
correspond to the upper bound on fPBH obtained for di↵erent DM-nucleon cross-section and choosing m� smaller than 1 MeV.

per Xenon recoil energy Er can be obtained as
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= ��Xe NXe
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where NXe is the total number of targets, and

Emax

r =
T 2

d + 2m�Td

Td + (m� + mXe)2/(2mXe)
(11)

is the maximum allowed value for the recoil energy, for
which we assume a flat distribution. In this estimate,
the cross-section ��Xe includes the corresponding nuclear
form-factor as provided in Ref.s [86, 87]. Moreover, we
consider an exposure of one ton year.

The event rate at XENON1T detector is shown in
Fig. 2 as a function of the recoil energy. In order to
highlight the e↵ect of propagation through the Earth
and the atmosphere, we report the ratio of the event
rate and the DM-nucleon cross-section �SI

� . In the ab-
sence of propagation e↵ects, this ratio would be indepen-
dent of the cross-section. This can be seen in the case
of the solid yellow and dotted blue curve (correspond-
ing to low cross-sections), which are practically identical.
For �SI

� = 10�31 cm2 and �SI

� = 10�28 cm2, the e↵ects
of propagation are more evident, pushing the events to
lower recoil energies and weakening the sensitivity to the
ePBH-DM signal.

Results.— In order to probe the ePBH-DM scenario,
we need to compare the expected event rate with the
current data from XENON1T [11]. This experiment has
observed no excess of recoil events in the energy window
from Er,1 = 4.9 keV to Er,2 = 40.9 keV. Following
Ref. [45], this can be translated into an upper limit on

the total event rate as
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dEr
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where  ' 0.23, vDM ' 235 km/s is the mean DM ve-
locity in the usual scenario, ⇢�

DM
= 0.3 GeV/cm3 is the

local DM density as assumed by XENON1T Collabora-
tion, and the term in parentheses is 2.5⇥10�40cm2/GeV
according to the current XENON1T limit for large DM
masses [11].

Equation (12) translates into the limits on the com-
bined parameter space of DM and PBHs shown in Fig. 3.
In particular, the left plot shows the regions of the DM
parameter space that are constrained by XENON1T, in
the case of three di↵erent PBH masses. For each PBH
mass, we consider the maximum allowed value for fPBH in
agreement with current limits [67]. The grey region is ex-
cluded by previous constraints on sub-GeV DM particles
from cosmic-ray upscatterings [45, 47], CRESST experi-
ment [15, 16] and cosmology [37–40]. Here, we only focus
on the region m� � 10�3 MeV since lighter fermionic DM
is highly disfavored. However, our constraints virtually
extend to lower DM masses. For m� = 1 MeV, we have
checked that the DM constraints are unchanged for com-
plex scalar DM particles, while they weaken by about
80% for vector DM particles.

In the right plot, we report the upper bounds on the
PBH abundance as a function of the PBH mass, assum-
ing four benchmark values for the DM-nucleon cross-
section. Here, we consider DM masses smaller than
1 MeV. For low DM-nucleon cross-sections, the con-
straints on fPBH are almost inversely proportional to
�SI

� . For �SI

� = 10�28cm�2, instead, the peculiar be-
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is the maximum allowed value for the recoil energy, for
which we assume a flat distribution. In this estimate,
the cross-section ��Xe includes the corresponding nuclear
form-factor as provided in Ref.s [86, 87]. Moreover, we
consider an exposure of one ton year.

The event rate at XENON1T detector is shown in
Fig. 2 as a function of the recoil energy. In order to
highlight the e↵ect of propagation through the Earth
and the atmosphere, we report the ratio of the event
rate and the DM-nucleon cross-section �SI

� . In the ab-
sence of propagation e↵ects, this ratio would be indepen-
dent of the cross-section. This can be seen in the case
of the solid yellow and dotted blue curve (correspond-
ing to low cross-sections), which are practically identical.
For �SI

� = 10�31 cm2 and �SI

� = 10�28 cm2, the e↵ects
of propagation are more evident, pushing the events to
lower recoil energies and weakening the sensitivity to the
ePBH-DM signal.

Results.— In order to probe the ePBH-DM scenario,
we need to compare the expected event rate with the
current data from XENON1T [11]. This experiment has
observed no excess of recoil events in the energy window
from Er,1 = 4.9 keV to Er,2 = 40.9 keV. Following
Ref. [45], this can be translated into an upper limit on

the total event rate as
Z Er,2

Er,1

dEr
dR

dEr
.  vDM ⇢�

DM
NXe

✓
��Xe

m�

◆

m�&100 GeV

,

(12)
where  ' 0.23, vDM ' 235 km/s is the mean DM ve-
locity in the usual scenario, ⇢�

DM
= 0.3 GeV/cm3 is the

local DM density as assumed by XENON1T Collabora-
tion, and the term in parentheses is 2.5⇥10�40cm2/GeV
according to the current XENON1T limit for large DM
masses [11].

Equation (12) translates into the limits on the com-
bined parameter space of DM and PBHs shown in Fig. 3.
In particular, the left plot shows the regions of the DM
parameter space that are constrained by XENON1T, in
the case of three di↵erent PBH masses. For each PBH
mass, we consider the maximum allowed value for fPBH in
agreement with current limits [67]. The grey region is ex-
cluded by previous constraints on sub-GeV DM particles
from cosmic-ray upscatterings [45, 47], CRESST experi-
ment [15, 16] and cosmology [37–40]. Here, we only focus
on the region m� � 10�3 MeV since lighter fermionic DM
is highly disfavored. However, our constraints virtually
extend to lower DM masses. For m� = 1 MeV, we have
checked that the DM constraints are unchanged for com-
plex scalar DM particles, while they weaken by about
80% for vector DM particles.

In the right plot, we report the upper bounds on the
PBH abundance as a function of the PBH mass, assum-
ing four benchmark values for the DM-nucleon cross-
section. Here, we consider DM masses smaller than
1 MeV. For low DM-nucleon cross-sections, the con-
straints on fPBH are almost inversely proportional to
�SI

� . For �SI

� = 10�28cm�2, instead, the peculiar be-

Valid for any model of  light dark particle


Dependence on the strength of DM- 
nucleon interactions. 


Almost independent from DM mass 


For large cross-section, propagation 
effects are important  (red dashed line) 


Grey region: B. Carr et al, Rept.Prog.Phys. 84 21) 11, 116902 
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Conclusions


• We explore for the first time the phenomenological implications of the ePBH-DM scenario 
in direct detection experiments. 


• Even a tiny fraction of evaporating PBHs is enough to give rise to a sizeable flux of boosted 
light DM particles, translating into a detectable event rate in XENON1T


• Assuming PBHs abundances compatible with current bounds, the limits on the spin 
independent (SI) DM-nucleon cross-section are improved up to 4 orders of magnitude 


• Form the non-observation of the ePBH-DM signal, we derive upper bound on the PBHs 
abundance a few orders of magnitude stronger than current constraints, depending on the 
strength of DM-nucleon interactions.

DM-nucleon   
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• We extended our studi to the case of DM  interactions  with electrons. 


• The simultaneous presence of PBH 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.

DM-electron  
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XE’S ELECTRON IONIZATION FUNCTIONS

We consider an effective interaction (heavy) mediator and the ionization of bound electrons.

Calabrese, MC, Fiorillo, Saviano, 2203.17093

See also: Kopp+ PRD 80 
(2009); Lee+ PRD 92 (2015); 

Catena+ PRR 2 (2020)
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DM-electron cross-section limits
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‣ Binned analysis 

‣ Data taken from Aprile+ PRD 2020 

‣ Bound electrons

XENON1T
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‣ Same analysis as Ema+ PRL 2019  

‣ Data taken from Kachulis+ PRL 2018  

‣ Free electrons
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Constraints on PBH-DM space
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‣ Attenuation: suppression due to 
propagation in Earth and atmosphere

‣ Collider: model-dependent constraints 
from Belle II [Liang+, JHEP 05 (2022)] 


