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Light primordial black holes (PBHs) may have originated in the early Universe, and could contribute to
the dark matter in the Universe. Their Hawking evaporation into particles could eventually lead to the
production of antinuclei, which propagate and arrive at Earth as cosmic rays with a flux peaked at GeV
energies. We revisit here the antiproton and antideuteron signatures from PBH evaporation, relying on a
lognormal PBHmass distribution, state-of-the-art propagation models, and an improved coalescence model
for fusion into antideuterons. Our predictions are then compared with AntiMatter Spectrometer (AMS)-02
data on the antiproton flux. We find that the AMS-02 antiproton data severely constrain the Galactic PBH
density, setting bounds that depend significantly on the parameters of the lognormal mass distribution, and
that are comparable to or slightly stronger than bounds set from diverse messengers. We also discuss
prospects for future detection of antideuterons. Given the bounds from AMS-02 antiproton data, we predict
that if antideuterons were to be measured by AMS-02 or General Antiparticle Spectrometer, since the
secondary contribution is subdominant, they would clearly be a signal of new physics, only part of which
could, however, be explained by PBH evaporation.
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I. INTRODUCTION

Primordial black holes (PBHs) are a hypothetical form of
black holes [1–4] that may have originated in the early
Universe, via a wide range of different mechanisms. One
motivated formation scenario is from the collapse of large
primordial inhomogeneities, before the big bang nucleo-
synthesis epoch. PBHs have garnered renewed interest in
recent years, after the observation of gravitational waves in
the LIGO-Virgo-KAGRA experiments [5–7]. These obser-
vations, while confirming the existence of astrophysical
black holes, also provide new opportunities to investigate a
possible primordial origin of the observed events.
PBHs also constitute one of the earliest proposed

candidates to explain the unknown dark matter (DM)

component of the Universe [8–10]. We refer the reader
to Refs. [11–13] for recent reviews on PBHs as DM.
Currently, only PBHs with masses in the range 1017 g≲
MPBM ≲ 1022 g could explain the totality of DM
[11,14,15], a range usually referred to as the asteroid-mass
region. Lighter PBHs are expected to evaporate, emitting
fluxes of fundamental particles with a quasithermal spec-
trum, as originally predicted by Hawking [16,17]. PBHs
lighter than MPBH ≲ 5 × 1014 g would have a lifetime
shorter than the age of the Universe [18–20] and, therefore,
could not contribute to the observed DM abundance.
The emission of particles through Hawking evaporation

provides plenty of opportunities to probe PBHs in their
light-mass regime. Under the assumption that the semi-
classical approximation is valid up to close to the Planck
scale, the evaporation proceeds slowly in its first stage.
Then, as the PBHmass decreases, its temperature increases,
leading to an accelerated evaporation process. The final
moments of the black hole life would resemble an explo-
sion [16]. The nonobservation of the PBH evaporation
products allows one to set stringent constraints on the
expected abundance of these objects [21,22]. Different
messengers have been considered in this scope, like
photons (mainly γ rays and x-rays) [23–30], antimatter
like electrons/positrons [31–35], and neutrinos [32,36–41].
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Heavier charged particles, such as protons/antiprotons, and
heavier nuclei and antinuclei can also be emitted as products
of the evaporation process, following the hadronization of the
particles directly emitted throughHawking radiation [42–45].
Cosmic-ray (CR) antinuclei thus constitute another promising
avenue to search for signatures of PBH evaporation. The
antiproton flux predicted fromHawking evaporation of PBHs
is expected to peak at lower energies, compared to the
secondary antiprotons produced by spallations of CR nuclei
onto the interstellar medium (ISM) [42]. Sub-GeVand GeV
antiproton data are therefore particularly suited to probe
exotic origins such as PBH evaporation.
The data from CR antinuclei are much more limited than

those from nuclei, due to their suppressed production rate.
Thanks to recent space-based experiments, CR antiprotons
have been measured on a wide energy range by the satellite
experiment PAMELA [46,47], and an even wider range and
higher precision by AntiMatter Spectrometer (AMS)-02 on
the International Space Station [48,49]. CR antideuterons
have a suppressed production rate compared to antiprotons
(see next), and only upper limits on their flux have been
derived so far, the best ones being those of the balloon-borne
BESS Polar-II instrument [50]. In the near future, theGeneral
Antiparticle Spectrometer (GAPS) experiment [51,52] will
undertake a series of long-duration Antarctic balloon flights.
The detector is optimized for antideuterons, having a sensi-
tivity about 2 orders of magnitude better than the current
BESS limits [52], but it will also measure antiprotons with
unprecedented precision in the low-energy range [52,53].
In this work, we revisit the antiproton and antideuteron

signatures from PBH evaporation. PBHs as the primary
source of CR antiprotons were first studied in Ref. [54]
(based on outdated Galactic propagation models) and then
further developed in Ref. [55]. Following studies, based
on the improved treatment of secondaries [56,57] from
Hawking radiation [58], exploited the precise low-energy
antiproton measurements by the BESS experiment
[44,59–61] to set more stringent limits on the density of
PBHs, or provided sensitivities for GAPS [62]. To increase
the sensitivity of CR experiments to PBHs, Ref. [63] even
proposed sending an instrument outside the solar cavity,
where low-energy CR fluxes are not suppressed by solar
modulation. More realistic estimates of the antiproton flux
fromPBHevaporationweregiven inRefs. [42,64], relying on
updated propagationmodels tuned onwider andmore precise
CR data, and assuming an extended mass function for the
PBH population. Regarding the possible formation of anti-
deuterium nuclei from PBH evaporation, the first calculation
of the expected fluxwas given in Ref. [43] and then refined in
Refs. [45,65]. The most recent studies on antiprotons and
antideuterons, in relation to PBH physics, are discussed in
Refs. [45,66]. A possible connection to anomalies in astro-
physical data has recently been investigated in Ref. [67].
Here, we build upon these previous works and update

them in several ways. First, we evaluate the expected

fluxes of antiprotons and antideuterons from PBH evapo-
ration assuming, for the first time, an extended lognormal
mass distribution. Next, we use state-of-the-art models for
Galactic propagation, relevant for a realistic evaluation of
the detectable spectra of CR antinuclei. Finally, we
analyze AMS-02 antiproton data to obtain updated con-
straints on the PBH density in the Galaxy, assuming
different widths for the initial PBH mass distribution. We
further translate such bounds into the fraction of DM that
can be composed of PBHs and into the local PBH
explosion rate, under some assumptions. We finally
discuss prospects for the detection of CR antideuterons
from PBH evaporation with GAPS and AMS-02.
Our paper is organized as follows. We present in Sec. II

our computation of the antinuclei source spectra from
Hawking radiation of PBHs. We discuss the propagation
models used in our analysis in Sec. III and provide the
expected antinuclei fluxes at Earth. The statistical analysis
of AMS-02 antiproton data is presented in Sec. IV. We
discuss perspectives with antideuteron measurements in
Sec. V, and conclude in Sec. VI.

II. EVAPORATION OF PBHS INTO ANTIMATTER

PBHs may have formed in the early Universe via a wide
range of possible mechanisms [68]. One of the first
proposed scenarios postulates that PBHs could have
formed during the radiation-dominated era, from the
collapse of large primordial inhomogeneities [3,69].
Given the nature of the gravitational collapse leading to

their formation, PBHs are expected to span an extended
range of masses [70]. We can define the following quantity
to account for the PBH number density per initial mass
(Min) interval,

gðr; z;MinÞ≡Min
dnPBH
dMin

¼ Min
d2NPBH

dMindV
; ð1Þ

where nPBH is the PBH number density, dV is the volume
interval, and NPBH refers to the overall number of PBHs.
Assuming a realistic production mechanism gðr; z;MinÞ
can be described phenomenologically with a lognormal
distribution [71,72], dubbed ln,

gðr;z;MinÞjln¼ρPBHðr;zÞ
Affiffiffiffiffiffi

2π
p

σMin

exp

�
−
log2ðMin=μcÞ

2σ2

�
;

ð2Þ

with μc the critical mass at which the function gðMinÞ
peaks, σ the width of the distribution, and ρPBHðr; zÞ the
PBH mass density at the cylindrical coordinates r and z
(that describe the position in our Galaxy). The distribution
is normalized via the normalization constantA, through the
condition

R
dMgðr; z;MÞ ¼ ρPBHðr; zÞ. The lognormal

mass function in Eq. (2) has been shown to be a good
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approximation when PBHs form from a symmetric peak in
the inflationary power spectrum [72,73]. Different produc-
tion mechanisms can envisage different initial mass dis-
tributions. As an example, PBHs formed from scale-
invariant primordial density fluctuations or from the col-
lapse of cosmic strings are well described by an initial mass
spectrum that follows a power-law distribution [69],
dubbed pow,

gðr; z;MinÞjpow ¼ ρPBHðr; zÞAM−3=2
in : ð3Þ

Alternatively, a scenario in which all PBHs have one single
mass Mmc, usually dubbed monochromatic (mc) mass
function, has also been considered as a convenient and
simplified approximation. In this case, gðr; z;MinÞ is
described by a Dirac delta function,

gðr; z;MinÞjmc ¼ ρPBHðr; zÞδðMmc −MinÞ: ð4Þ

In our analysis, we will mainly consider a lognormal
distribution and present our results in terms of a few
reference values for its width parameter σ. Indeed, com-
pared to the simple monochromatic case (see, for instance,
Refs. [74,75]), several works have already shown how
considering extended mass distribution dramatically affects
the phenomenological bounds that can be inferred.

A. Hawking radiation

According to Hawking’s predictions, black holes are
expected to radiate thermally with a temperature1 [16,17]

T ¼ 1

8πGNM
; ð5Þ

M being the black hole mass and T its temperature. PBHs
are hence predicted to evaporate, with a particle emission
rate given by

dM
dt

¼ −
αðMÞ
M2

; ð6Þ

if we assume that the semiclassical picture is valid up to close
to the Planck scale. In the following, we will always assume
this approximation to hold throughout the whole PBH life-
time [17]. It has recently been noted, however, that this
approach might not be self-consistent, as it neglects the
backreaction of the emission on the quantum state
of the black hole. The inclusion of a memory-burden effect
[76–78] is currently being discussed, as it would affect the
evaporation process, slowing it down and potentially extend-
ing the PBH lifetime; see, for example, Refs. [79–82]. Going

back to Eq. (6), αðMÞ is the evaporation coefficient that
dependson themass of thePBH itself, andencodes all emitted
particle species with energy E and their degrees of
freedom [56,57]:

αðMÞ ¼ M2
X
i

Z
∞

0

d2Ni

dEdt
EdE: ð7Þ

The function αðMÞ is therefore a combination of step
functions, increasing with decreasing PBH masses. Indeed,
as the PBH radiates, it losesmass and gets hotter; any time the
PBH temperature increases above a particle species mass a
new degree of freedombecomes accessible in the evaporation
process. Counting all fundamental SM particles, the evapo-
ration coefficient eventually reaches the asymptotical value
αSM ≃ 8 × 1026 g3 s−1 [56,83,84] for M ≲ 1010 g or, equiv-
alently, T ≳ 1 TeV.
The instantaneous differential emission rate by

Hawking radiation (HR) per fundamental particle species
reads as

d2N
dEdt

����
HR

ðE;MÞ ¼ g
2π

ΓsðEÞ
expðE=TÞ − ð−1Þ2s ; ð8Þ

where g are the internal degrees of freedom associated to
the particle with spin s, and E refers to the total energy of
the emitted particle. Equation (8) describes a Fermi-Dirac
or Bose-Einstein thermal spectrum, depending on the
emitted particle’s spin s, corrected by the graybody factors
ΓsðEÞ, which quantify the possible backscattering of
particles and, as a consequence, the departure from a
blackbody spectrum. We will refer to the direct emission
of fundamental particles in the evaporation process as to the
HR spectrum.
The evaporation process is particularly efficient for light

PBHs which, due to the radiation of fundamental particle
species, can lose a large amount of mass or, eventually,
evaporate completely. As a consequence, we expect the PBH
mass distribution to evolve, from their formation time to
now, in a nontrivial way, especially for extended distribu-
tions like the lognormal one [85]. The PBH number density
mass distribution today is related to the initial one through

dnPBH
dM

¼ dnPBH
dMin

dMin

dM
¼ dnPBH

dMin

M2αðMinÞ
M2

inαðMÞ ; ð9Þ

where the relation between Min and M can be found by
numerically solving Eq. (6).
We show in Fig. 1 the PBH number density distribution,

gðMÞ=M, for various PBH mass distributions at
different times. In all panels, the dotted gray vertical line
indicates the critical mass M�

in ¼ 5 × 1014 g at formation,
corresponding to a PBH evaporating completely today. The
top left panel represents the monochromatic case [see
Eq. (4)], with Mmc ¼ 1015 g. The subsequent four panels

1Throughout this paper, we consider natural units, i.e.,
ℏ ¼ c ¼ kB ¼ 1, and define the Planck mass as
Mpl ¼ 1=

ffiffiffiffiffiffiffi
GN

p
, where GN is the gravitational constant.
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show the lognormal distribution case with μc ¼ 1015 g [see
Eq. (2)], for four different values of the distribution width
(σ ¼ 0.1, 0.5, 1.0, and 2.0). In all these panels, the solid
light blue curves indicate the mass distribution at the time
of formation (t ≃ 0 s, in which case M ¼ Min on the x
axis), while the blue dot-dashed lines represent the same
mass distribution evolved until today (t ¼ tU ≃ 4 × 1017 s,
in which case M≡M½tU� on the x axis); we also show the
distributions as they were a few hundreds of Myr ago
(dashed blue lines), to account, with a large safety margin,
for the time passed between the production and transport of
p̄ for the observer, but no visible difference can be seen.2

The bottom right panel in Fig. 1 shows the evolution of a
power-law mass distribution [see Eq. (3)]: the solid orange
line represents the power-law mass distribution at forma-
tion time, while the red dot-dashed curve is evolved at the

age of the Universe. All these mass spectra increase as M2

for PBH masses smaller than M�
in, as previously noted in

Refs. [42,45].
From these figures, it is evident that, once evolved, the

extended distributions look similar at the present time,
especially the slope of their low-mass tails, though their
magnitudes differ. Notably, for μc ¼ 1015 g, only widths
with σ ≳ 0.5 yield distributions of comparable magnitude.
As already noted in Refs. [42,45], the time evolution causes
the lognormal and power-law distributions to develop a tail
below M ≲ 1015 g while, above this mass, no significant
changes are induced by the evaporation process. Given the
rest masses of antinuclei, we expect the greatest contribu-
tion to the antinuclei production from PBH evaporation to
arise from the low-mass tails of the evolved distribu-
tions, M ≲ 1013 g.

B. Antimatter source spectra from Hawking radiation

Black holes do not directly emit antinuclei [42,45,57,86].
Indeed, quarks, gluons, and other elementary particles

FIG. 1. Monochromatic (top left panel) and extended PBH mass distributions (all other panels), gðMÞ=M, evolved at different times.
The lognormal distribution, Eq. (2), is shown in blue at fixed μc ¼ 1015 g for different widths σ. The last panel, in red, shows the
evolution of a power-law distribution, Eq. (3). In all panels, the solid light curve denotes the distribution at the time of formation. The
dot-dashed (dashed) line identifies the same distribution evolved until the age of the Universe (subtracted by the average propagation
time of CR antiprotons). The vertical dotted gray line marks the initial massM�

in ¼ 5 × 1014 g for a PBH that is evaporating completely
today.

2Notice that since the PBH distribution does not significantly
change during the average p̄ propagation time, we can consider
the source term to be stationary during this time frame.
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produced from PBH evaporation can subsequently hadronize
into composite states. When the PBH temperature goes
above the quantum chromodynamics confinement scale,
ΛQCD, only fundamental particles are radiated. Note that,
for PBHs with T ≲ ΛQCD, the emission of fundamental
particles is expected to cease, giving way to the direct
emission of pions, translating into a sharp drop of up to a
factor of 5 in αðMÞ at MPBH ∼ 1014 g.
The antinuclei source spectrum can be written as

Qp̄ðd̄Þðr; z; EÞ ¼
Z

Mmax

Mmin

dM
gðr; z;MÞ

M

×
X

i¼g;q;W;Z;h

Z
∞

mi

dEi
d2NiðEi;MÞ

dEidt

����
HR

×
dNi→p̄ðd̄Þ

dE
ðE;EiÞ; ð10Þ

where the sum covers all quarks, gluons, and bosons i, with
massmi and energy Ei, that are directly emitted by the PBH
through Hawking radiation.3 The number of p̄ or d̄ with
energy E that are produced by the parent particle i is then
obtained by convoluting the PBH evaporation emission
with the fragmentation function, dNi→p̄ðd̄ÞðE;EiÞ=dE.
Since the physics of evaporation (and the subsequent
hadronization) does not depend on the PBH numerical
density, the source term can be factorized as [42]

Qp̄ðd̄Þðr; z; EÞ ¼ qp̄ðd̄ÞðEÞρ̃ðr; zÞ; ð11Þ

where the energy-dependent part is

qp̄ðd̄ÞðEÞ ¼
Z

Mmax

Mmin

dM
d2Np̄ðd̄ÞðE;MÞ

dEdt
g⊙ðMÞ
M

ð12Þ

and g⊙ is the evolved lognormal PBH distribution at the
position of the Sun. The term d2Np̄ðd̄ÞðE;MÞ=dEdt can be
easily read in the right-hand side of Eq. (10). The term with
spatial dependence is the PBH density normalized to the
local DM density ρ̃ ¼ ρPBHðr; zÞ=ρ⊙.
In our analysis, we rely on the public code BlackHawk v2.3

[27,87] to evaluate the HR spectra. To compute the
hadronization contribution, we take the fragmentation
functions from the tables provided in the CosmiXs [88,89]

repository for an annihilating DM candidate,4 fixing
mDM ¼ Ei. The calculations performed in CosmiXs are based
on the Pythia shower model version 8.309 [90], with Vincia

shower plugin as the default. The latter improves previous
Pythia versions on several aspects [88], focusing on particle
DM annihilation spectra, which are similar to the PBH
evaporation ones. The CosmiXs spectra (for antideuteron
production [89]) include a coalescence model based on the
Wigner formalism and calibrated on collider data, which
reduces the uncertainties (due to nuclear fusion) to a few
percentages. The convolution between the HR spectrum
and the fragmentation function is eventually performed
with a custom Python code.
We show in Fig. 2 the antiproton (top panels) and

antideuteron (bottom panels) source spectra, Eq. (12), as
a function of the kinetic energy Ek per nucleon,

5 assuming
the lognormal mass distribution of PBHs in Eq. (2) evolved
to the age of the Universe, with different critical masses and
widths. Each panel corresponds to a different μc, and
displays the source spectra for σ ¼ 0.1 (dotted, blue), σ ¼
0.5 (dashed, amaranth), σ ¼ 1.0 (solid, pink), σ ¼ 2.0
(dash-dotted, light blue). In the computation of the source
terms, we fix Mmin ¼ 109 g and Mmax ¼ 1018 g, noting
that gðM½tU�Þ=M½tU� is extremely suppressed below and
above these masses (see Fig. 1).
As anticipated, most of the antinuclei fluxes originate

from the population of PBHs that are evaporating now,
hence for μc ≃M�

in. Below that mass, the PBHs that would
be hot enough to produce antiparticles have already
completely evaporated; above M�

in, the PBH distribution
is not significantly affected by the time evolution; hence
PBHs remain too cold to lead to a meaningful production
for both antiprotons and antideuterons. As a consequence,
PBHs with narrow mass distributions (σ ¼ 0.1; 0.5) con-
tribute significantly to antimatter fluxes only when
μc ≃M�

in. Broader distributions can instead account for
PBHs that are currently evaporating, even though they are
peaked at smaller or larger μc, translating into non-
negligible p̄ and d̄ fluxes. On the other hand, we do
not display the source spectra of antimatter produced by
PBHs with a monochromatic mass distribution, since their
contribution would only be relevant for Mmc ¼ M�

in: only
in the last instants of the evaporation process, the PBHs

3Usually, in the PBH literature, particles directly produced in
the evaporation process are dubbed as primary (HR in this paper),
while the subsequent hadronization/decay products as secondary.
This denomination might cause confusion in the rest of this paper,
since CRs can also be of primary (directly produced from a
Galactic source) or secondary (from spallation with gas atoms of
the ISM) origin. In this paper, the term secondary will refer to
spallation products.

4Note that CosmiXs always assumes the production
of a particle-antiparticle jet. Therefore, we divide the original
dN=dE by a factor of 2, to account for a single jet (we assume
the second one not to escape the PBH), while the center-of-mass
energy is taken to be twice that of a single jet [45]. In doing
so, we neglect any possible subdominant effects from cross
correlations among the two jets. We also assume that
both quarks and antiquarks have the same probability of
being reabsorbed into the PBH or escaping (and then to
hadronize).

5The total energy E is related to the kinetic energy through
E ¼ Ek þmp̄ðd̄Þ.
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would become hot enough for the p̄ and d̄ production to be
kinematically open. The monochromatic case can be seen
as the asymptotic limit of a lognormal distribution with
σ ≪ 0.1. Note also that, in general, antideuteron source
spectra are ∼Oð10−4Þ smaller than antiproton ones, since
their formation depends on the probabilities for an
antiproton to be formed and then to coalesce with an
antineutron. Our results are in general agreement with
Ref. [45], although different fragmentation functions have
been employed.
An interesting feature of the computed source spectra is

that they all share the same energy spectral shape,
differing only by an overall normalization factor. We
have verified that deviations from this behavior remain
significantly below the percentage level across all combi-
nations of μc and σ that allow for antiproton production.
This is due to the fact that the evolved mass distributions
share a common shape proportional toM2 forM ≲ 1013 g,
which is the mass range where PBH temperatures are high
enough to produce antiprotons, as previously mentioned.

This feature also holds for the power-law distribution, as
well as for all mass distributions that extend toMin ¼ M�

in
at t ¼ 0, and therefore develop the low-mass tail due to
evolution.

III. FLUXES OF ANTIMATTER FROM PBHS AND
ASTROPHYSICAL BACKGROUND

Once the source spectrum for the evaporation of a PBH
into an antinucleus is derived, it must be propagated to Earth
and eventually compared to data. In this paper, we closely
follow the calculations presented, for instance, in Ref. [91].
CR transport in the Galaxy is described by a

transport equation [92–94]. The steady-state equation for
the differential density n of Galactic CR antinuclei is taken
in a cylindrical symmetry (coordinates r, z) with a diffusion
zone of radius RG ¼ 20 kpc and variable half-height
parameter L. In the thin disc approximation (half-height
h ¼ 100 pc), the transport equation reads as

FIG. 2. The antiproton (top panels) and antideuteron (bottom panels) source spectra from PBH evaporation, as a function of the kinetic
energy Ek per nucleon. The spectra have been evaluated for PBHs with a lognormal mass distribution and assuming
ρPBH ¼ 10−32 g cm−3 ¼ 5.6 × 10−9 GeV cm−3, for different values of the critical masses μc and standard deviation σ; see the
legend.
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−
�
K

�
∂
2

∂z2
þ 1

r
∂

∂r

�
r
∂

∂r

��
− Vc

∂

∂z

�
nþ 2hδðzÞ ∂

∂E

�
bðEÞn − cðEÞ ∂n

∂E

�

¼ qprimðEÞ þ 2hδðzÞ½qsecðEÞ þ qterðEÞ� − 2hδðzÞ
X

t∈ ISM

ntvσineln: ð13Þ

The following parameters and definitions hold:
(1) Transport parameters: they include an isotropic spatial diffusion coefficient KðRÞ, function of the rigidity, with a

possible low- and high-rigidity break [95] (to which we refer for all details regarding the following equations
including the definitions of the various parameters)

KðRÞ ¼ βηK0

�
1þ

�
R
Rl

�δl−δ
sl

	sl� R
R0 ¼ 1 GV

	
δ
�
1þ

�
R
Rh

�δ−δh
sh

	−sh
; ð14Þ

a constant convective wind perpendicular to the disc with
velocity Vc, and an effective Alfvén velocity Va mediating
reacceleration via the momentum diffusion term

Kpp ¼ 4

3
V2
aβ

2E2
1

δð4 − δ2Þð4 − δÞKðRÞ : ð15Þ

(2) First and second order energy redistribution terms:
they are respectively given by bðEÞ ¼ hdEdti −
Ekð2mþEk

mþEk
Þ Vc
3h þ ð1þ β2Þ Kpp

E and cðEÞ ¼ β2Kpp, in-
cluding ionization losses on neutral hydrogen and

Coulomb losses in the ionized ISM, adiabatic losses,
and reacceleration. We take nISM ¼ 1 cm−3 with
90% H and 10% He in number, and hnei ¼
0.033 cm−3 and Te ¼ 104 K.

(3) Source and sink terms: the source terms involve a
primary source from PBH evaporation in the dif-
fusive halo of the Galaxy, Eq. (10), the secondary
and tertiary source terms from standard nuclear
interactions of Galactic CRs on the ISM (in the
thin disc), written as

qsecðEÞ ¼
Z

∞

E0
th

dE0 X
c∈CRs

� X
t∈ ISM

�
ntv0

dσprod
dE

ðE0; EÞ
�
ncðE0Þ

�
; ð16Þ

qterðEÞ ¼
Z

∞

E
dE0

� X
t∈ ISM

�
ntv0

dσnarðE0; EÞ
dE

�
nðE0Þ

�
−

X
t∈ ISM

ðntvσinaðEÞÞnðEÞ; ð17Þ

where we explicitly write the energy E of the outgoing
antinucleus, and where primed quantities in the integrals, E0
and v0, correspond to the incoming energy and velocity of
the CR nucleus involved in the production of the anti-
nucleus. The various cross sections are related to the
differential antiproton production, differential and total
nonannihilating rescattering, and also in the last term of
Eq. (13), the total inelastic cross section (sink term). The
ingredients of these secondary and tertiary terms are taken
according to Ref. [96]. An overview of the current status of
these cross sections and their uncertainties can also be
found in Ref. [97].

The semianalytical solutions of the transport equation in
cylindrical geometry—relying on Fourier-Bessel expan-
sions—can be found in Refs. [42,98]. These solutions are
implemented and available in the USINE code [99], whichwe
use in our analysis. As detailed in Ref. [91], for the primary
contribution, we ensure the precision of the calculation by

taking enough Bessel orders in the expansion and enforcing
a smoothing of the strongly peaked DM distribution toward
the Galactic Center. In our main analysis, following
Ref. [91], we use as a benchmark a NFW profile [100]
with a scale radius rs ¼ 19.6 kpc (to follow Ref. [101])
and a local DM density ρ⊙ ¼ 0.385 GeVcm−3

(the latter is in the range 0.3–0.6 GeV cm−3 [102]), with
R⊙ ¼ 8.20 kpc [103]. The differential density of antipro-
tons (primary or secondary) is converted into a differential
flux (assuming isotropy),ψ p̄ ¼ v=ð4πÞ × np̄, andwemodu-
late the interstellar (IS) fluxes into top-of-atmosphere (TOA)
fluxes using the force-field approximation for solar modu-
lation [104,105].

Both the primary and secondary p̄ flux calculations
depend on the values (or rather combinations) of the
transport parameters, namely KðRÞ=L, Vc, and Va, and
on the diffusive halo size L. The former are obtained from
the analysis of Li/C, Be/B, and B/C data, and the latter from
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the 10Be=9Be ratio (using the radioactive clock 10Be,
decaying into 10B with a lifetime of 1.387 Myr).
Following [103], the generic form employed in Eq. (14)
is split in three benchmark configurations with varying
numbers of transport parameters: (i) BIG (parametersK0, δ,
Rl, δl, sl, Vc, Va, with η ¼ 1), SLIM without convection
and reacceleration (parameters K0, δ, and Rl, δl, sl), and
QUAINT (parameters K0, δ, η, and Vc, Va); the remaining
parameters are fixed. Following Refs. [91,96], the fiducial
model for all our analyses is BIG.
Since, as discussed above, all the computed primary

source spectra from PBHs share the same spectral shape
and differ only by a normalization factor, this property is
preserved in the propagated fluxes of primary antinuclei.

IV. BOUNDS FROM ANTIPROTON DATA

Data on CR antiprotons have been collected by AMS-02
with unprecedented precision and over an extended rigidity
ranging from 1 to 525 GV [48,49]. These data can be used
to set stringent bounds on the presence of antiprotons due to
PBH evaporation.

A. Statistical analysis and data

Following Ref. [91], the log-likelihood function of the
analysis is taken to be

−2 lnLðL;μÞ ¼
X
i;j

xiðC−1Þijxj þ
�
logL− log L̂

σlogL

	
2

; ð18Þ

that is, the sum of the χ2 distance between the model and
the data, and a nuisance parameter for the halo size L. The
halo thickness L̂minimizes the fit on the nuclei fluxes [91].
In the first term, we have xi ≡ ψ exp

i − ψ th
i ðL; μÞ; the

notation μ is generic to depict the PBH parameters (e.g.,
ρPBH, μc, and σ), the i and j indices run over the energy bins
in the data vector, and the total covariance matrix C (see
Ref. [96]) encodes existing energy correlations in exper-
imental data (statistical and systematic uncertainties) and
theoretical qsec calculation (production and transport uncer-
tainties). The primary flux being subdominant in ψ th

i , it is
assumed that the model covariance is fully encoded by the
secondary flux one. In principle, a fully consistent analysis
should minimize over all transport and PBH parameters,
considering simultaneously all secondary-to-primary,
radioactive, and antiproton data. However, as argued in
Ref. [91], a much faster and more resource-friendly
approach is to use the above log likelihood, which more
directly includes the transport uncertainties (via the covari-
ance matrix) and the halo-size uncertainties (via the penalty
on L). The latter is centered on L̂ with a symmetrized
lognormal spread σlogL, whose values are taken from
Table 3 (first half) of Ref. [106] for the BIG, SLIM, and
QUAINT configurations. This halo size plays a very

important role. Indeed, whereas the secondary component
is mostly independent of combinations of the transport
parameters, the primary component breaks this degeneracy,
its flux roughly scaling with L (see Refs. [42,107,108]).
To go even faster, our analysis goes as follows: we

precalculate with the USINE code [99] the IS primary flux on
a grid of L and μc values (at fixed σ and for a reference
ρrefPBH), and reuse the IS secondary fluxes calculated on a
grid of L values in Ref. [91]; we also reuse the covariance
matrix C calculated in Ref. [96]. Interpolation functions of
these IS fluxes allow us, after modulating the IS into TOA
fluxes, to calculate instantaneously combinations (see
below) of the log likelihood, Eq. (18), for any L and μc
values, but also for any ρPBH (by a mere rescaling of the
primary flux by ρPBH=ρrefPBH). This calculation can be
repeated for different discrete σ values, transport configu-
rations, and DM halo profiles.
In our analysis, we are mostly interested in establishing

upper bounds on the PBH density, ρPBH, at fixed μc and σ.
Following Ref. [91], we rely on the likelihood ratio (LR),

LRðρPBHÞ ¼ −2 lnLðLmin;ρPBHÞ þ 2 lnLðL0;ρ0PBHÞ; ð19Þ

with L taken from Eq. (18). In the above expression, the
first term is calculated at Lmin (halo size maximizing L for a
given ρPBH), and the second one at ðL0; ρ0PBHÞ maximizing
L. According to Wilks’s theorem, the LR is distributed as a
χ2ν with ν ¼ 1 degree of freedom in our case (only ρPBH is
varied). Following the standard convention in the literature,
the upper limit (UL) is calculated from the 95% confidence
level (CL) on this distribution, which amounts to finding
ρULPBH for which the LR increases by 3.84. We show in the
next paragraph the best-fit fluxes obtained by directly
maximizing Eq. (18), for illustration purposes only.
Indeed, the secondary antiproton flux was found to be
compatible with the AMS-02 data in Ref. [96], and a
careful analysis in the context of DM annihilation, carried
out in Ref. [91], confirmed that the presence of components
other than secondaries was not statistically significant. This
conclusion was reached using the antiproton data released
by the AMS-02 Collaboration in 2016 [48], and was also
found to hold for their larger dataset (5.6 × 105 vs 3.5 ×
105 events) released in 2021 [49]—we refer to Ref. [91] for
a thorough discussion of the possible new challenges and
statistical complication associated with the interpretation of
these higher precision data.
Below, we test both AMS-02 datasets, assuming the BIG

propagation setup as the reference, and an average solar
modulation force-field (or Fisk) potential hϕi ¼ 731 MV,
as determined in Refs. [96,108]. Uncertainties on hϕi are
already captured in the covariance matrix used in Eq. (18).
Indeed, the covariance matrix encodes, among others,
the uncertainties and correlations from the modeling. The
latter include the transport parameter uncertainties,
which themselves include solar modulation uncertainties
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σhϕi ¼ 100 MeV (via a nuisance parameter on hϕi; see
Refs. [106,109]). As a result, we do not need to account for
an extra σhϕip̄ , provided nuclei and antinuclei are similarly
modulated. Actually, more realistic solar modulation mod-
els, either effective [110,111], or fully accounting for a drift
effect [112], involve a charge-sign dependence. However,
the number of parameters in these models rapidly grows
and is still disputed. Thanks to the recently released
AMS-02 time-dependent antiproton data [113], the exact
impact of the drift and possible hysteresis effects are being
investigated (see, e.g., Refs. [114,115]). Given that the
force-field approximation gives an overall consistent
picture of the secondary-to-primary and antiproton data
(see Ref. [96]), we stick to it. The usage of more
complex modulation models would slightly change the
uncertainty band on the modeled antiproton total flux,
consequently shifting (upward or downward) the upper
limits derived on ρPBH, but would leave our conclusions
unchanged.

B. Results for the ρPBH upper bounds

As a first analysis, we minimize Eq. (18) over the halo size
and PBHparameters and compare our predictionswithAMS-
02data [48], includinga secondary component summed to the
one from the PBH source. We notice that the secondary
component, as discussed in [91], is not really fitted but is
instead predicted based on previous analyses of the AMS-02
nuclear components. The data in [48] are well explained by a
secondary component. The addition of a PBH flux does not
improve the fit, since it must be very tiny not to overshoot the
lowest-energy bins (the second one specifically).
We show in Fig. 3 (left panel) the TOA antiproton flux

produced by secondary processes and by the evaporation

of Galactic PBHs with a lognormal mass distribution with
μc ¼ 1014 g and σ ¼ 1. The fit is performed on the AMS-02
data given in [49]. The antiproton flux from PBHs is
reported for both the best fit, added for illustrative purposes
only (dotted, blue), and the UL as defined in Eq. (19) (solid,
blue) at 95% CL, together with the total flux (solid, black)
obtained by a sum to the secondaries (solid, red). The best-fit
value is found for ρPBH ¼ 3.7 × 10−11 GeV=cm3, while the
UL is set to ρPBH ¼ 1.9 × 10−10 GeV=cm3. The PBH flux
shows a maximum around 1–2 GeV, slightly shifted to lower
energies with respect to the secondary one. We interpret the
position of this peak as a nontrivial combination of the
Hawking radiation convolved over the PBH mass distribu-
tion, the hadronization spectra of elementary particles,
propagation in the Galaxy, and, finally, the effect of solar
modulation, which alters the IS spectrum and prevents the
lowest CRs to reach the Earth. This feature persists when
changing the values of μc and σ, always imposing the fit to
the AMS-02 data, as PBH antiproton fluxes share the same
spectral shape, and hence the value of ρPBH is merely
rescaled when changing μc and σ. This is due to the fact
that the evolution of the mass spectrum follows the sameM2

power law below about 5 × 1014 g, which is the relevant
range for the antiproton production. The scaling in the source
spectrum is naturally maintained after Galactic propagation.
We stress that, contrary to other publications where error
bands on the fluxes are shown to account for various
uncertainties (propagation, production cross sections, or
solar modulation), our LR analysis (and derived UL) directly
accounts for all of these uncertainties (see Sec. IVA). Hence,
a single UL curve is shown for all our analyses, as will also
be the case for the constraints on the PBH density
derived below.

FIG. 3. Fluxes of top-of-atmosphere antiprotons: secondary flux (solid red line), primary flux from PBH evaporation from a
population with a lognormal mass distribution μc ¼ 1014 g and σ ¼ 1 (blue lines), and total flux (black lines). Left panel: the blue solid
curve is the 95% CL UL on the PBH flux, obtained from the LR analysis in Eq. (19); for illustration purposes, the dashed lines show the
PBH (and total) fluxes best fitting the data. Green symbols are from AMS-02 [49]. Right panel: 95% CL UL derived from the
combination of AMS-02 data and GAPS (simulated) data [53] (pink symbols).
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We have also assessed the GAPS potential by analyzing
their projected sensitivity to CR antiprotons, as reported in
Ref. [53] (see their Fig. 9), with the statistics expected from
three 35-day flights. These TOA data would have the
originality to be taken at very low energies, in the range
0.07–0.21 GeV. In the right panel of Fig. 3, we report the
PBH antiproton flux for the 95% CL ULs on the ρPBH
derived by combining the AMS-02 data with the simulated
GAPS ones. For simplicity, we have assumed the same
modulation level for both datasets, i.e., hϕi ¼ 731 MV,
also consistent with the solar modulation conditions con-
sidered in [53]. The inclusion of GAPS data very nicely
complements the AMS-02 ones toward the low-energy side
of the PBH flux peak, i.e., close to where the constraining
power should be maximal [62].
The upper bounds obtained for ρPBH after fitting the

AMS-02 antiproton data [49] are shown in Fig. 4 as a
function of μc, for different values of the lognormal
parameter σ. The results strongly depend on the width of
the lognormal distribution: they get stronger while σ
spreads from 0.1 to 2. The maximum allowed ρPBH for
μc ≃ 5 × 1014 g is about 3.5 × 10−12, 2.2 × 10−11, 4.4 ×
10−11 and 8.1 × 10−11 GeVcm−3, for σ ¼ 0.1, 0.5, 1 and 2,
respectively. We have verified that changing the propaga-
tion setup from BIG to SLIM does not imply a perceptible
modification in the upper bounds in Fig. 4, while the
QUAINT model requires a ρPBH a factor of 2 smaller. A
further check on the DM density distributions has con-
firmed expectations that using a contracted NFWor a cored
profile leaves the results unchanged at the percentage
level.6

Looking at the available and future datasets, we note that
the fit to the older AMS-02 data [48] would provide bounds
that are about 50% lower, mostly related to the large
fluctuations between the most constraining low-energy
data points. Conversely, the addition of low-energy
GAPS data [53] for three hypothetical 35-day flights would
increase the upper bounds by a factor of 2, as shown in the
figure for the case σ ¼ 1. The BESS Polar-II data anti-
proton data [116] have not been considered here since their
large errors would not improve the exclusion power
brought by AMS-02 data.
Although better CR data are always desired, we stress that

the derived UL could be improved thanks to new nuclear
data. Indeed, as demonstrated in Refs. [96,117,118], the
uncertainty due to nuclear processes can reach 20%.
Therefore, a step forward in the evaluation of the room left
to exotic physics, including the production from PBHs,
addresses new measurements of the production cross sec-
tions on H and He targets at accelerators, as discussed
extensively in [97].
We further translate the upper bounds obtained from the

fit of AMS-02 antiproton data into the maximum fraction
fPBH ¼ ρPBH=ρ⊙ of local DM that can be composed of
PBHs, where we recall we take ρ⊙ ¼ 0.385 GeVcm−3. We
focus on μc values greater than 5 × 1014 g, recalling that
PBHs with masses smaller than M� ¼ 5 × 1014 g would
have been completely evaporated by now, and therefore
could not be viable candidates for DM. We show in Fig. 5
(left panel) the 95% CL exclusion limits on fPBH as a
function of μc for different values of the lognormal width
parameter σ. The strongest bound is obtained for σ ¼ 0.1
and reads as fPBH < 10−11, at μc ¼ M�. Broader mass
distributions, despite leading to less stringent bounds than a
narrow distribution, allow one to probe heavier critical
masses and the so-called asteroid-mass region. Cases for
which the DM could be entirely due to PBHs are practically
excluded by AMS-02 antiproton data. To put our results
into context, we present in Fig. 5 (right panel) our bound for
the case σ ¼ 1 and compare it with other existing
constraints in the literature, obtained for the same lognor-
mal distribution width. In particular, we depict limits from
the isotropic gamma-ray background (IGRB, light green,
[119]); two analyses of low-energy IS electrons and
positrons measured by the Voyager 1 spacecraft (light
pink [31], and light blue [35]); and the diffuse 511 keV line
measured by INTEGRAL/SPI (light gray, [35]). The state-
of-the-art upper bounds are all obtained with cosmic
messengers different from CR antiprotons. Therefore, a
direct comparison is not possible and would not be correct.
Moreover, different models are assumed for the propaga-
tion of CR electrons and positrons, for the statistical
analysis, and for the computation of the backgrounds to
the PBH signals. However, a visual comparison helps to
estimate the power of AMS-02 antiproton data, which turns
out to be very competitive. Our bounds are stronger than the

FIG. 4. Upper bounds for ρPBH as a function of μc, for σ ¼ 0.1
(dotted), 0.5 (dashed), 1 (solid), and 2 (dot-dashed), after a fit on
AMS-02 data [49]. The thin solid purple line denotes the future
sensitivity obtained from a combined fit of AMS-02 and the
simulated GAPS data [53], for σ ¼ 1.

6A larger effect is observed for annihilating DM (e.g., [91]),
because the corresponding source terms involve the squared
density profile.
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ones obtained with CRs, namely from Voyager e�, by at
least 2 orders of magnitude. For μc ≲ 5 × 1015 g, they
compare or slightly improve the results obtained from the
diffuse 511 keV line measured by INTEGRAL/SPI.
As previously discussed, the largest fluxes of antiprotons

arise from the last instants of life of PBHs that are now
evaporating. We can therefore connect the upper bounds
previously obtained on the local PBH density to the rate of
exploding PBHs, as shown in [44]. We estimate the local
PBH explosion rate as [44,120]

ṅPBH ¼ gðr; z;Min ¼ M�
inÞ

3tU
; ð20Þ

where tU is the age of the Universe. By imposing the
95% CL upper limit ρPBHjμc¼M� ¼ 3.5 × 10−12 GeV cm−3
for σ ¼ 0.1, we infer the following limit:

ṅPBH ≲ 7 × 10−5 pc−3 yr−1; ð21Þ

applying to the lognormal distribution. Note that this bound
improves upon the previous one [44] by more than 2 orders
of magnitude, thanks to the increased precision of the data
and the differences in the analysis approach. However, let
us note that the translation of bounds into an explosion rate
is strongly dependent on the observation time of the
experiment, and hence the interval of explosion that is
considered, as well as the chosen PBH mass range and
distribution. Therefore, care should be taken when compar-
ing different bounds [42]. All in all, the limit that we obtain
in Eq. (21) under the above-mentioned assumptions is
several orders of magnitude stronger than the one obtained
from other messengers. For the sake of comparison,
facilities searching for gamma-ray bursts in our Galaxy
currently probe a much larger rate. Among them, the
H.E.S.S array of imaging atmospheric Cherenkov tele-
scopes [121] sets the strongest direct limit on the rate of

exploding PBHs: ṅPBH < 2000 pc−3 yr−1 for a burst inter-
val of 120 s, at the 95% CL.
Summarizing, we have performed an analysis of anti-

proton CR which improved the state of the art under several
aspects. As well as (i) the adoption of a log-normal
distribution for the differential PBH number density, our
analysis relies on (ii) the AMS-02 data on antiproton data,
including the most recent data release; (iii) an up-to-date
propagation setup, which is tuned on the most recent CR
nuclei data; (iv) a sophisticated statistical analysis, which
includes a covariance matrix encoding existing energy
correlations in experimental data and theoretical calcula-
tions; (v) the treatment of the Galactic halo thickness L as a
nuisance parameter, which let us obtain reliable upper
limits of the PBH fraction, and (vi) the new CosmiXs

antiproton fragmentation functions. All these innovative
elements have led to new constraints on the Galactic PBH
density, which are not necessarily stronger than the few
existing ones (which indeed are almost impossible to
directly compare), but are definitely very solid, being
rooted on very precise experimental data and accurate
theoretical models.

V. PERSPECTIVES WITH ANTIDEUTERON
MEASUREMENTS

Similarly to antiprotons, heavier antinuclei can be
produced in space by secondary reactions and, if any, by
primary sources such as evaporating PBHs, or DM anni-
hilation/decay. It has been demonstrated that the secondary
production of antideuteron and antihelium is strongly
suppressed at energies below a few GeV [43,122–126],
thus letting open a discovery window for exotic sources in
the Galactic halo. The major difference with antiproton
production lies in the fusion of the antinucleons, which is
prevented for energetic antinucleons.
We compute the CR antideuteron fluxes from PBHs and

secondary origin following the same BIG propagation

FIG. 5. Antiproton bounds on the fraction fPBH of the PBH to the local DM density, ρPBH=ρ⊙, as a function of μc. Left panel: 95% CL
exclusion limits based on AMS-02 data [49] for a lognormal PBH mass distribution with width σ ¼ 0.1 (dotted), 0.5 (dashed), 1 (solid),
and 2 (dot dashed). Right panel: our result (red thick line) for σ ¼ 1, compared with other bounds from different messengers,
Voyager-1 e� from Refs. [31,35], γ rays in the IGRB [119], and the 511 keV line [35].
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scheme and parameters as for antiprotons. Our main results
are displayed in Fig. 6. The flux for TOA antideuteron of
secondary origin (solid red line) is shown along with the
one for PBHs for μc ¼ 1015 g, σ ¼ 1 and ρPBH ¼ 5.2 ×
10−11 GeVcm−3 (solid blue line), which is the upper limit
allowed by antiproton data (see Sec. IV). The solar
modulation potential is set to hϕi ¼ 731 MV. The total
flux given by the sum of the two components, is shown by
the black solid line. The dashed (dot-dashed) line corre-
sponds to hϕi ¼ 500 (900) MV, indicative for solar mini-
mum (maximum) conditions, respectively. We also report
the experimental sensitivities for GAPS [51] and AMS-02
[127]. We show the flux for a single choice of μc and σ, but
we have verified that the results remain unchanged for all
other values considered. This is because all computed
antideuteron fluxes share the same spectral shape, and the
constraining procedure on AMS-02 antiproton data ulti-
mately corresponds to a rescaling of ρPBH, which is
reflected in the normalization of the antideuteron fluxes.
The maximal antideuteron flux from PBHs allowed by

AMS-02 data on antiproton is increasingly higher than the
secondary one for energies below 3 GeV. If one or more
antideuterons would be measured by AMS-02 or by GAPS,
it would be clearly a signal of new physics, hardly
explainable with PBH emission only. As already noted
for antiprotons, uncertainties inherent to the propagation
parameters are automatically accounted for in the like-
lihood minimization procedure (see Sec. IVA). The fluxes
plotted in Fig. 6 are therefore to be considered as maximal

with respect to the transport model. Further uncertainties
due to the fusion modeling of antinucleons into antideu-
teron are very small, a few percentages for kinetic energies
relevant for AMS and GAPS, as estimated in [89]. Our
results predict a maximal antideuteron flux which is
significantly higher than what was found in [45,66], as
it is found already for antiprotons. Possible reasons for
these differences can be traced back to a different prediction
for the secondary antiproton flux, to resorting to AMS-02
data in [48] rather than in [49] and, to a lesser extent,
different propagation models. Finally, our model for
coalescence into antideuterons is updated to [89], even if
the differences with the benchmark model in [45] are
indeed small.
The analysis that we have presented here could be easily

extended to antihelium searches [45,125,126]. However,
the antihelium-3 production is suppressed by more than 3
orders of magnitude with respect to the antideuteron one.
Given the results we have just derived on antideuteron
fluxes, the perspectives for searching antihelium from
PBHs in CRs are far from being relevant.

VI. CONCLUSIONS

The emission of particles through Hawking evaporation
from PBHs provides an interesting opportunity to assess
their role in constituting the DM halo of our Galaxy.
Charged antiparticles can in principle be produced after the
hadronization of quarks and gluons, and can be measured
as GeV or sub-GeV CRs. Thanks to recent space-based
experiments, data from antiprotons have been collected on
a wide energy extension and with very high precision. In
the near future, the GAPS experiment will undertake a
series of Antarctic long-duration balloon flights, measuring
the antiproton flux in the sub-GeV region, and improving
the current antideuteron sensitivity by 2 orders of
magnitude.
In this paper, we revisited the CR antiproton and

antideuteron signatures from PBH evaporation in the
Galaxy. We improved previous calculations on many
aspects, considering an extended lognormal PBH mass
distribution, using state-of-the-art Galactic propagation
parameters, and, more importantly, analyzing the most
recent AMS-02 antiproton data within a sophisticated
statistical framework. We observed a universal spectral
behavior of the antinuclei fluxes, the normalization depend-
ing on a combination of μc, σ, and ρPBH. The direct
consequence is that the solar modulated primary PBH
fluxes peak at ∼1–2 GeV for antiprotons and at a few
hundreds of MeV/n for antideuterons. CR data around and
below these peaks provide the best energy range to set
constraints on the PBH density in the Galaxy. We found
that the AMS-02 data set strong upper bounds on the local
PBH density. The maximum allowed ρPBH for μc ¼ M� ≃
5 × 1014 g is about 3.5 × 10−12, 2.2 × 10−11, 4.4 × 10−11

and 8.1 × 10−11 GeVcm−3, for σ ¼ 0.1, 0.5, 1 and 2,

FIG. 6. Fluxes of TOA antideuterons as due to secondary
processes (solid red line) and to the evaporation of a population of
Galactic PBHs with a lognormal mass distribution with μc ¼
1015 g and σ ¼ 1 (solid blue line). The value of ρPBH is set to
5.2 × 10−11 GeV cm−3, corresponding to the 95% CL UL derived
from the antiproton analysis for this set of PBH parameters. The
solid black line is the sum of the two components for a solar
modulation potential hϕi ¼ 731 MV, while the dashed (respec-
tively dot dashed) line is for hϕi ¼ 500 (respectively 900) MV.
The blue and gray shaded regions indicate the expected anti-
deuteron sensitivities of GAPS [51] and AMS-02 [127] experi-
ments, respectively.
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respectively. The ULs follow a rough parabolic shape for
ρPBH vs μc, which gets wider for increasing σ values.
Moving away from 5 × 1014 g, higher σ values dig into
lower ρPBH. Our statistical analysis automatically accounts
for uncertainties due to propagation in the Galaxy, so that
these numbers have to be considered as maximized also in
these terms. We have also assessed the GAPS potential by
analyzing their projected sensitivity to cosmic antiproton
spectrum, and the forthcoming data from this instrument
should improve the above limits by a factor of 2.
When translating these constraints into the fraction of the

local DM density, we found that the strongest bound is
obtained for σ ¼ 0.1, with fPBH < 10−11 at μc ¼ M�.
Broader mass distributions allow one to probe heavier
critical masses and the so-called asteroid-mass region,
despite being less stringent than for a narrower distribution.
Cases for which the DM could be entirely due to PBHs are
practically excluded by AMS-02 antiproton data for
broader mass distributions. A comparison with state-of-
the-art bounds obtained with different cosmic messengers
—although only indicative given several different assump-
tions—indicates that our results obtained with AMS-02
data are very competitive.
Although the antideuteron flux from PBHs can be orders

of magnitude higher than the secondary one below a few
GeV/n, its predicted intensity, when bound to AMS-02
antiproton data, barely skims the sensitivity thresholds of
the GAPS and AMS-02 experiments. We confirm that if

one or more antideuterons were to be measured by AMS-02
or by GAPS, they would clearly be a signal of new physics.
However, as it has been proved in this work, they would
hardly be entirely explainable by PBH emission.
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