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Cosmic-ray antideuterons could be a key for the discovery of exotic phenomena in our Galaxy, such as
dark-matter annihilations or primordial black hole evaporation. Unfortunately the theoretical predictions
of the antideuteron flux at Earth are plagued with uncertainties from the mechanism of antideuteron
production and propagation in the Galaxy. We present the most up-to-date calculation of the antideuteron
fluxes from cosmic-ray collisions with the interstellar medium and from exotic processes. We include for
the first time the antideuteron inelastic interaction cross section recently measured by the ALICE
collaboration to account for the loss of antideuterons during propagation. In order to bracket the uncertainty
in the expected fluxes, we consider several state-of-the-art models of antideuteron production and of

cosmic-ray propagation.

DOI: 10.1103/PhysRevD.105.083021

I. INTRODUCTION

In recent years there has been a growing interest in
searches for cosmic-ray antiparticles with space-based
and balloon-borne experiments, like BESS, PAMELA,
and AMS-02 [1-7]. One of the motivations is that rare
antiparticles act as messengers for exotic processes in the
Galaxy, such as dark-matter annihilation or decay [8-22],
which have a very low astrophysical background at kinetic
energies below few GeV/nucleon. This background is
generated by interactions of primary cosmic rays, like
protons or « particles, with the interstellar medium (ISM).
The only cosmic-ray antiparticles that have been detected
to date are positrons [23-25] and antiprotons [1-4,7]. The
exquisite measurements of the positron and antiproton
spectra are currently being actively interpreted and ana-
lyzed. The positron energy spectrum shows a hardening at
high energies that cannot be explained by standard cosmic-
ray propagation models, like GALPROP [26]. Explanations
span a wide range of very different models from various
acceleration mechanisms to positron production in pulsars
and dark-matter annihilation [27]. For antiprotons, devia-
tions from the standard cosmic-ray propagation prediction
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have also been found with varying degrees of significance
[28-34]. Some of these antiproton studies suggest a dark-
matter interpretation that can also explain the y-ray excess
observed in the Galactic Center [29,32]. However the
deviations of the observed antiproton fluxes from the
nonexotic background predictions are not very large.
This poses a challenge for the interpretations, influenced
by other uncertainties related to, e.g., antiparticle produc-
tion cross sections for primary cosmic-ray interactions with
the ISM, propagation parameters, solar modulation, or
instrumental resolution effects.

In the search for cosmic messengers with a higher signal
from exotic processes with respect to the astrophysical
background, cosmic-ray antideuterons were proposed as a
possible signature about 20 years ago [8], for recent
reviews see [35,36]. Antideuterons are composed of one
antiproton and one antineutron. From studies of light
antinuclei production at particle colliders on Earth, it is
known that the addition of one antinucleon to the anti-
nucleus suppresses the production cross section by about a
factor of 1000 in proton-proton collisions [37], resulting in
the prediction of a much lower cosmic antideuteron flux
with respect to antiprotons. Thus, in a fairly generic way, it
is possible in a broad range of models, like dark-matter
annihilation, to produce a cosmic antideuteron flux that is
both several orders of magnitude above the astrophysical

© 2022 American Physical Society


https://orcid.org/0000-0002-5657-5351
https://orcid.org/0000-0002-7801-3376
https://orcid.org/0000-0002-2325-8368
https://orcid.org/0000-0002-9200-6607
https://orcid.org/0000-0001-9935-5247
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0003-3839-7229
https://orcid.org/0000-0003-3799-5489
https://orcid.org/0000-0002-2218-6905
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.083021&domain=pdf&date_stamp=2022-04-27
https://doi.org/10.1103/PhysRevD.105.083021
https://doi.org/10.1103/PhysRevD.105.083021
https://doi.org/10.1103/PhysRevD.105.083021
https://doi.org/10.1103/PhysRevD.105.083021

LAURA SERKSNYTE et al.

PHYS. REV. D 105, 083021 (2022)

antideuteron background prediction and shows a different
spectral shape with respect to the expected antideuteron
background due to the underlying kinematics, but is also
several orders of magnitude lower with respect to antipro-
tons. The detection of only one or a few cosmic antideuter-
ons would be a potential breakthrough for finding imprints
of exotic processes because they can be easily separated
from other background antideuterons. The search requires
experiments with large acceptance, long measurement time,
and high particle identification power. The best exclusion
limits have been reported by the BESS experiment collabo-
ration [1], and the analysis of the currently operational
multipurpose AMS-02 experiment aboard the International
Space Station is ongoing. The upcoming balloon-borne
experiment GAPS is a dedicated low-energy cosmic anti-
nuclei search and is expected to have its first flight by the end
of 2022 [38-40]. Interestingly, the AMS-02 collaboration
reported several antihelium candidate events [41], which
already generated broad theoretical interest, with no pre-
ferred explanation. However, the consensus seems to be that,
if confirmed, then it would have a transformative impact on
understanding the processes in the Galaxy. A confirmed
detection of antihelium would also directly impact the
predictions of the antideuteron flux. Therefore, any model
explaining the potential cosmic antihelium signal must not
be above the measured antiproton flux and must respect
current antideuteron detection limits.

The properties of light cosmic-ray antinuclei have been
studied in accelerator-based experiments using various
colliding systems and colliding energies to determine their
production mechanisms quantitatively [42—60]. Despite the
plethora of very precise measurements, the studies do not
suffice to constrain the antinuclei production cross sections
within the very wide energy range of collisions occurring
between high-energy cosmic rays and nuclei present in the
interstellar medium. Hence relatively large uncertainties of
about a factor of 10 are still present in the most critical
energy region [61]. Thus more measurements of this kind
are needed, and especially more comprehensive modeling
of the antinuclei production in hadron-hadron collisions is
necessary [62,63]. Accelerator-based experiments not only
constrain the yield of secondary antinuclei in our Galaxy
but also set essential boundaries on the dark-matter
annihilation processes resulting in the production of anti-
nuclei (e.g., [12,64]). Another crucial aspect that can be
studied at accelerators is the inelastic interaction cross
section of light antinuclei with matter. Such processes play
a fundamental role in the propagation of antinuclei for
cosmic-ray experiments. Recently measurements of the
inelastic cross section of antideuterons [65] have been
performed over a wide momentum range, and they can now
be used as input to propagation programs. Several addi-
tional experimental efforts are underway to reduce the
related uncertainties using new data from the ALICE [65]
and NA61/SHINE [66] experiments.

After introducing potential antinuclei sources (Sec. III),
this study focuses on using the latest data and models
for antinuclei production and interaction cross sections
together with up-to-date cosmic-ray propagation models
(Secs. II and IV) for a prediction of exotic signal and
background antideuteron fluxes.

II. COSMIC-RAY PROPAGATION

Relativistic nuclei, and electrons and positrons, pervade
our Galaxy and are collectively known as cosmic rays.
They span energies from MeV to PeV and above. Detailed
expositions of cosmic-ray transport is given in [67,68];
here we summarize the essential concepts. Galactic cosmic
rays are thought to originate mainly from diffusive shock
acceleration of interstellar gas by supernova remnants, with
other sources like pulsars and pulsar wind nebulae possibly
also contributing.

Cosmic rays from such sources are referred to as
primary; they interact with the hydrogen (H) and helium
(He) atoms within the interstellar medium to produce
secondary nuclei and antinuclei. For example, a spallation
process converts a primary carbon nucleus (C, Z =6,
A =12, 13) into a secondary boron nucleus (B, Z =5,
A =10, 11). Cosmic-ray nuclei cover the full range of
isotopes from H through He to Ni, and secondary antinuclei
and antideuterons.

Cosmic rays propagate in the Galaxy mainly through
diffusion due to scattering on interstellar turbulence and
convection by Galactic winds. They eventually leave the
Galaxy, filling a region known as the cosmic-ray halo
which has a vertical extent of several kpc. Their residence
time in the Galaxy is about 10-100 Myr. Their energy is
lost by hadronic interactions such as pion production and
ionization. Inelastic collisions and radioactive decay are
further loss mechanisms. The cosmic-ray propagation is
described by the Fokker-Planck equation, which can be
written as

oy . 0 0 vy

- = D - —p*D,,——
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where w = y(r, p,t) is the time-dependent cosmic-ray
density per unit of the total particle momentum at
position r. Q(r, p) is the source term of the cosmic rays,
which can include primary particles injected by supernova
remnants, secondaries coming from spallation and cosmic-
ray collisions with the interstellar medium as well as more
exotic sources such as dark-matter annihilation. D, V,
and Dy, are the spatial diffusion coefficient, the convection
velocity, and the diffusive reacceleration coefficient,
respectively, and are called propagation parameters.
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The last term y/7 accounts for particles lost via decay,
fragmentation and inelastic interactions in the Galaxy.

Solar modulation is significant below about 1 GeV/
nucleon kinetic energy per nucleon and is treated separately
using the force field approximation [69] or with special
codes such as HelMod [70,71].

In this work the GALPROP program [6,72,73] is used to
compute cosmic-ray propagation. In this setup, our Galaxy
is approximated as a cylinder with a halo height of 4 kpc
and a radius of 20 kpc. The distribution of cosmic-ray
sources in the Galaxy is based on supernova remnants, but
pulsars are used since the supernova distribution is very
uncertain. Pulsars should have a similar distribution to
supernova remnants, but more observations of pulsars are
available, and their distances are measured more precisely.
The source distribution is thus parametrized as a function of
galactocentric radius based on pulsars and an exponential
behavior above and below the Galactic plane with a scale
length of order 100 pc. The cosmic-ray injection spectrum
can be parametrized as a power-law in momentum, p~¢,
where the spectral index a is momentum dependent and
assumes typical values of a = 2.3 above a few GeV,
flattening to 1.8 at lower momenta. Isotopic abundances
of primary cosmic rays are fixed in GALPROP by the cosmic-
ray flux values measured at 100 GeV/nucleon Kkinetic
energy because solar modulation does not affect this energy
range. The halo height z;, at which cosmic rays are
assumed to fall to zero, is a free parameter with values
between 1 and 20 kpc, and it is determined from the fit to
cosmic-ray data carried out to fix the propagation param-
eters. The propagation parameters are determined by
exploiting the relation between primary and secondary
cosmic rays observed by experiments on balloons and
satellites. Since the primary cosmic-ray spectrum can be
measured and the cross sections for the secondary pro-
duction are known, the primary-to-secondary ratios can be
used to constrain the propagation parameters. The param-
eters are determined by fitting the primary H and
He spectra, the boron-to-carbon ratio (B/C), and other
secondary-to-primary ratios [6].

Convection by the Galactic wind is specified by the
convection velocity, which is assumed to have a linear
increase with distance from the plane. It must be equal to 0
at the Galactic plane to avoid a discontinuity there. The
diffusion coefficient can be parametrized as D, = fR™%,
where f = v/c, v is velocity, ¢ is the speed of light, and
R = pc/eZ is the rigidity. The f term reflects that diffusion
depends on the speed with which particles scatter on
interstellar turbulence. Astronomical information such as
the distribution of atomic and molecular gas in the Galaxy
for spallation, the interstellar radiation fields for leptonic
interactions are based on large-scale surveys at various
levels of detail.

The present work is based on GALPROPv56 [72] with
various modifications because the propagation of antinuclei

TABLE I. The main propagation parameters used in GALPROP.
For full parameter sets refer to Boschini et al. and Cuoco et al.
Parameter Units Boschini et al. Cuoco et al.
Zh kpc 4 6.78

Dy cm?s™! 4.3 x 10?8 7.48 x 102
o 0.415 0.361
Valf km S_1 30 23.8
Vconv (Z =0 kPC) km S_1 0 26.9
dvconv/dZ km S_1 kpC_] 9.8 0

(apart from antiprotons) was not included in GALPROP
before this work. Full technical details of the GALPROP
parameters and solution methods, with diagnostics of the
solution, together with illustrative analytical solutions, can
be found in the GALPROP explanatory supplement.1

Despite the complex framework of GALPROP, it is
important to note that secondary production of antiprotons
and antideuterons is determined mainly by the (momen-
tum-dependent) “grammage” or column of matter trav-
ersed, not directly by the halo size, since the latter only
affects radioactive species via the residence time. The well-
measured B/C ratio as a function of energy determines the
grammage. Any combination of Dy, and halo size, which
gives the correct B/C that can be used, at least to a good
approximation; B/C constrains only2 Zh/Dyx-

In this work, the relevant antideuteron source functions
and the characteristic inelastic cross sections have been
implemented in GALPROP to estimate the antideuteron fluxes.
The details can be found in Secs. III and IV. The propagation
parameters obtained in Boschini et al. (P scenario) [72]
(Table I) have been used, and the kinetic-energy grid
employed in GALPROP has been adapted to the available
antideuteron production cross sections. To illustrate the
uncertainty of GALPROP propagation parameters, the
Cuoco et al. parametrization is employed as well (Table I).

III. ANTINUCLEI PRODUCTION IN THE GALAXY

The first step of our study consists in the evaluation of the
different antideuteron sources in the Galaxy. We consider
here three main components: one stemming from the
collisions of cosmic rays with the interstellar medium,
one due to weakly interacting massive particle (WIMP)
dark-matter annihilations, and one from primordial black
hole evaporation. The production of antideuterons is studied
and interpreted at accelerator-based experiments by means of
statistical hadronization or coalescence models. In the first
approach, particles are produced from a fireball at thermal
equilibrium with temperatures close to 156 MeV for
collisions at the LHC and their abundance is fixed at the

'https://gitlab.mpcdf. mpg.de/aws/galprop.
2https://gitlab.mpcdf.mpg.de/aws/galprop: Explanatory Sup-
plement, Eq. (63).

083021-3


https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop
https://gitlab.mpcdf.mpg.de/aws/galprop

LAURA SERKSNYTE et al.

PHYS. REV. D 105, 083021 (2022)

chemical freeze-out, when the inelastic collisions cease [74].
In this scenario it is improbable that “fragile” objects as
deuterons (binding energy = 2.2 MeV) can survive the hot
system created at RHIC or LHC, but the measured (anti)
nuclei yields are reproduced by the existing models [75]. It is
clear however, that such models do not provide any detailed
information on momentum distribution of the formed anti-
deuterons and are also not suited to extract a general
formalism for the production of (anti)nuclei in hadron—
hadron collisions at energies between 17 GeV (antideuteron
production threshold in p-p collisions) and several TeV. This
very broad energy range characterizes the production of
antideuterons in our Galaxy by collisions of cosmic rays
with the nuclei in the interstellar medium. Coalescence
models, on the other hand, provide predictions for both the
yields and momentum spectra of the produced light anti-
nuclei and can be applied to the full energy range. Thus, in
this work we consider only coalescence models.

A. Antinuclei formation with coalescence models

There is no first-principle calculation of antideuteron
production cross sections in low-energy proton-proton
collisions or hypothetical dark-matter annihilation processes.
Therefore, any prediction of antideuteron fluxes needs to
rely on experimental data. As antideuteron production is a
rare process, experimental data are scarce, and a purely data
driven approach is unfeasible. Instead one has to rely on
physically motivated models of antinuclei coalescence to
extrapolate the available data. The degree of confidence in
the final result then depends both on the experimental data,
as well as on the plausibility of the model.

The separation of energy scales justifies treating anti-
deuteron production as the coalescence of two antinucleons
produced in some high-energy process. Under the
assumption that antineutrons and antiprotons are produced
uncorrelated, the antideuteron yield of a process can be
estimated by factorized coalescence [11,76] as

d*Ng d*N; d*N;
Ei——~B, (Ef, —f) (Eﬂ 3“> (2)
dp; dp; dps
d3N_ 2
~ B, (Eﬁ ) , (3)
dp;

where p; and dN;/dp; are the momentum and the differ-
ential yield of particle i. Here, B, is the coalescence
parameter, which can be related to a momentum-space
coalescence condition: a pair of anti-nucleons produced in
the same high-energy process coalesces into an antideu-
teron if the anti-nucleons’ relative momentum in the pair’s
center-of-mass frame is less than the coalescence momen-
tum, |ps — Ps| < po. In the analytical factorized coales-
cence model, this is equivalent to [77,78]

B 1 47tp(3) mg

8 3 m

4)

2

Since the B, parameter can be measured [79], it is possible
to determine the p( parameter, which will vary as a function
of the colliding system and colliding energy.

Going beyond the factorized coalescence model, an
event-by-event procedure based on the Monte Carlo pro-
duction of antinucleons in particle collisions followed by
the coalescence of antiproton-antineutron pairs takes into
account correlations between the antinucleons [12-14,77].
Here, in addition to the momentum-space coalescence
criterion, the coalescing antinucleons are required to be
close in position space, excluding antinucleons produced
in weak decays from coalescing with those produced
promptly. The coalescence momentum is then determined
by comparison to experimental data, where it is found that
different values are needed to accommodate results in
different particle physics processes [35] or even at different
process energies [61]. The degree of confidence in the
final antideuteron yield then depends both on the event
generator’s ability to accurately simulate antinucleon pro-
duction and correlation, as well as on the coalescence
condition. The simplifying assumption of uncorrelated
production of antiproton and antineutron in the factorized
coalescence model has clear limits, and different exper-
imental results require vastly different values of B,
and p, [61,77].

A more advanced parametrization of the dependence
between B, and p, has been investigated by including the
size of the formed antinuclei relative to the size of the
particle-emitting source formed after the hadron collisions
[80]. The size effect is found to be more important for large
colliding systems such as Pb-Pb. However, since the size
of the particle emitting source depends on the antinuclei
transverse momentum [81], the interplay between the
nuclei size and source size should ideally be considered
also in p-p collisions. More sophisticated approaches in this
direction [62,82] study the connection between final-state
interactions and resulting two-particle correlations for
antinucleons and coalescence models. The derived corre-
lation-coalescence relation takes into account both the
antinuclei wave functions and colliding system’s properties
and the size of the particle emitting source. Recently, a
Wigner-function based, semiclassical model has been
developed [83]. Given an ansatz for the antideuteron wave
function, the antideuteron yield depends on the spatial
spread ¢ of the produced antinucleons, which is fit to
antideuteron data. In this model, a single value ¢ ~ 1 fm
explains antideuteron data from different processes and
energies [63].

In this work, we use the antideuteron production cross
sections in p-p collisions determined in [61,84], hereafter
called Shukla et al., and [63], hereafter called Kachelrief3
et al. In Shukla et al. the formation of (anti)deuterons has
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FIG. 1. Antideuteron total production cross section, in p-p
collisions, as a function of the projectile kinetic energy E}.
(GeV) in the laboratory frame for two models [61,83,84]. The
band width corresponds to the uncertainty of the coalescence
parameter. See text for details.

been studied using multiple Monte Carlo event generators,
settling on EPOS-LHC [85] for its consistency with anti-
proton-production data in a wide range of energies. The p
parametrization for antideuteron production using EPOS-
LHC has been found to depend on the collision energy,
initially growing rapidly after the antideuteron production
threshold, and finally reaching a saturation value of p,/2 =
89.6 MeV at high energies. Figure 1 shows the total
production cross section for antideuterons as a function
of collision kinetic energy predicted by these two models.
In both cases the bands represent the uncertainty derived
from the limited knowledge of the coalescence parameters
values (p, or o) after being fitted to data. These uncer-
tainties range from 10% for Kachelrie et al. to 30% for
Shukla et al. The two approaches use different event
generators and consider slightly different datasets, which
results in different final cross sections. At low energy
(< 100 GeV/nucleon), data from Serpukhov [86] was
included only in the study by Shukla er al. This dataset
showed a lower antideuteron yield than was expected from
observations at higher energies [61]. At high energies
(> 200 GeV/nucleon), p, in Shukla et al. is obtained
by including data on antideuteron and antihelium produc-
tion up to /s = 7 and 13 TeV [61,84]. The comparatively
smaller results obtained by Kachelriess et al. around
1000 GeV may be related to the underproduction of
antinucleons in QGSJET-II at those energies, with asso-
ciated uncertainties not quantified by [63]. More measure-
ments of antiproton and antideuteron production cross
sections in p-p and p-He collisions are necessary to tune
event generators and improve antinuclei formation models.

For the antideuteron production in dark-matter anni-
hilation and primordial black hole evaporation, we
employ results from [12,87], to which we refer for a

detailed discussion. These were determined using the
event generator PYTHIAS.176 [88]. There are no data on
antideuteron spectra from hypothetical dark-matter anni-
hilation to fix the coalescence momentum p,, which is
instead determined from data on Standard Model pro-
cesses expected to hadronize similarly (i.e., nonhadronic
initial states producing electroweak gauge bosons or
quark-antiquark pairs). In this spirit, the central value
determined from ALEPH data on the antideuteron yield of
Z decays [52] has been used, py = 192 MeV, with an
uncertainty bracketed by the 20 allowed values deter-
mined from ALEPH and BABAR data [89] (the latter
on antideuteron production from e*e~ collisions at
Vs =10.58 GeV): py = 128.7-226.1 MeV [12].

B. Cosmic-ray collisions with interstellar medium

As described above, cosmic-ray antinuclei are expected
to be produced by the interaction of primary cosmic rays,
mostly protons and helium nuclei, with the ISM, also
composed primarily of hydrogen and helium. Cosmic-ray
antideuterons can be formed when the center-of-mass
energy of the nucleon-nucleon collision induced by cos-
mic rays is above an energy threshold of /s ~ 6 GeV.
Such antideuterons constitute the secondary source term.
Although the antideuteron production cross section in-
creases with the collision energy, the steeply declining
cosmic-ray proton spectrum causes the antideuteron pro-
duction to decrease at high energies. The contributions to
the antideuteron source term from cosmic-ray protons of
different kinetic energies is shown in the upper panel of
Fig. 2 for p-H collisions. One can see that the largest
contribution to the antideuteron yield comes from cosmic-
ray energies around 300 GeV. The secondary source
term QF° to be included in the transport Eq. (1) is
calculated using

oxe(r EL) = > Y Aany(r)

i=p.He.p j=p,He

o . do r0d> .
X dEL | =22 @,(r,EL ). (5
[ o) et e )

kin,min

Here the index i represents all the incident cosmic-ray
species with flux @; and kinetic energy per nucleon Ei, .
Index j represents the ISM components with number
densities n, = 0.9 em™ and nyg. = 0.1 cm™ used to
calculate source functions shown on the lower panel of
Fig. 2. When using the GALPROP code, the standard
implementation of gas distributions in the Galaxy is used,
which is based on the available HI and CO surveys as
well as the information on ionized compontent [90].
The secondary source term convolves the antideuteron
differential production cross section (doq/dEg;,) ;j with
the primary cosmic-ray fluxes involved in the collision.
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FIG. 2. Upper panel: contributions to the local source term
Q‘Li'fc(Eﬁin) by incoming proton energy EY; .The source term
includes only p-H collisions. Lower panel: antideuteron source
term, integrated over proton, helium and antiproton fluxes, as a
function of its kinetic energy per nucleon for the two models
described in Sec. III A. The source term on the lower panel
includes antideuterons produced in p-H, p-He, He-p, p-p, and p-
He collisions.

The source term is used in Eq. (1) to calculate the
propagated secondary antideuteron flux using GALPROP.

In Ref. [84], OF° was estimated by simulating p-p

interactions using EPOS-LHC as part of the crRMC [91]
package at 27 logarithmically spaced collision energies
between 31 GeV and 12.5 TeV in the laboratory frame.
Since p-p collisions contribute 60%—-70% of the total
antinuclei source terms [16,92], only those have been
simulated. The p-He, He-p, and He-He contributions have
been estimated by scaling the parametrization developed in
Ref. [30]. The differential production cross section has to
be implemented in GALPROP in logarithmic kinetic energy
per nucleon bins for protons and antideuterons. For this

purpose the results from [84] have been interpolated using a
cubic polynomial. An additional contribution to the anti-
deuteron source term, especially important at low energies,
is the interaction of cosmic-ray antiprotons with the ISM.
This contribution was taken into account by simulating
antideuteron production in p-p and p-He collisions using
EPOS-LHC [92]. In Ref. [63], the antideuteron production in
all collision systems (p-H, p-He, He-p, p-p, and p-He)
was estimated using QGSJET-II. The lower panel of
Fig. 2 shows the resulting secondary antideuteron source
term, integrated over proton, helium and antiproton fluxes,
as a function of the kinetic energy per nucleon for Shukla
et al. [61,84] and Kachelriel er al. [63]. The discrepan-
cies observed between the two source terms below
0.5 GeV/nucleon and above 3 GeV/nucleon are a conse-
quence of the disagreement in cross section described in the
last section. The width of the two bands corresponds to the
uncertainty in the coalescence model (see Sec. III A).

C. Dark matter

There is compelling evidence from multiple astronomi-
cal and cosmological observations for the presence of large
amounts of dark matter in the Universe and our Galaxy
(e.g., [93]). If dark matter consists of particles that can
annihilate into Standard Model particles, as is generically
expected for WIMPs produced through thermal freeze-out
in the early Universe, it constitutes a potential source of
cosmic-ray antideuterons. The source term for cosmic-ray
antideuterons from dark-matter annihilations is

d
dNj
dE gin

oM . ) :% (/’(’>>2<av>f O

mMpym

where p(7) is the local dark-matter density in the Galaxy,
(ov); is the velocity averaged dark-matter annihilation
cross section into channel f, for example bb or WHW~, and
dN$/dE},, is the antideuteron multiplicity produced from
one such annihilation event. These are examined in turn in
the following.

The Galactic dark-matter distribution p(7) can be deter-
mined from kinematic tracers [94]. There is uncertainty
both in the local density at the position of the Sun rg, as
well as in the shape of the distribution towards the inner
Galaxy. To bracket the uncertainty due to the dark-matter
profile, we consider the cuspy Navarro-Frenk-White [95]
profile pnpw (7) o (r/r)~' (1 + r/r,)~% with scale radius
rg =24.4 kpc. We also consider the flatter isothermal
profile [96] pisothermal(7) & (r* + )~ with scale radius
ry = 4.38 kpc, as well as the very cored Einasto profile
[12] PEinasto  exp (—2[(r/rs)* —1]) with scale radius
ry = 28.44 and a = 0.17. These are normalized to a local
dark-matter mass density of po = 0.4 GeV/cm?®, which is
uncertain by up to a factor of 2 [97]. The profiles are shown
in Fig. 3.
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FIG. 3. The dark-matter density profiles, as a function of

distance from the Galactic Center.

The value of the dark-matter annihilation cross section is
not known. In the freeze-out scenario of particle dark-
matter production, the dark-matter relic abundance today
predicts a value (60) yerma ~ 2 X 1072¢ cm?/s in the early
Universe (e.g., [98]). In this context, the dark-matter mass
mpy 18 expected to be in the GeV-TeV range, with lower
masses typically affected by constraints on dark-matter
annihilation during recombination [99] and larger masses
in conflict with unitarity [100]. To be relevant in the
context of cosmic-ray antideuterons, the dark-matter
mass needs to lie in the GeV range, with smaller masses
unable to produce antideuterons, while the overall anni-
hilation rate drops as mp3;.

Motivated by reports of tentative *He candidate events
at relative high energies by the AMS-02 collaboration
[101-103], other decays channels were recently consid-
ered. A, decays into antinuclei have received increasing
attention, and it has been shown that they may increase the
flux of antideuterons from dark matter by up to a factor of
4 [104] (see however [64,105]).

In the following, results for several benchmarks are
shown intended to illustrate a range of antideuteron fluxes
that can realistically be expected. The spectra are deter-
mined by dark-matter mass and annihilation channel,
for which we choose mpyes = 10,51,100, 1000 GeV
and mpy ww = 94,100, 1000 GeV. The normalization is
essentially determined by the annihilation cross section
(ov). There are strong constraints as well as contentious
signal hints [30,32,34,106] on (cv) from antiproton mea-
surements by the AMS-02 detector [7]. These however
depend significantly on the modeling of the antiproton
production cross section, the propagation model, as well as
experimental uncertainties that are yet to be fully charac-
terized by the AMS-02 collaboration. We choose a
conservative approach, adopting the theoretical expectation
of {(60) rermar ~ 2 X 10726 ¢cm? /s, which is not conclusively
ruled out by antiproton measurements for dark-matter

masses between ~50-100 GeV, while for the 10 GeV
benchmark we adopt (ov) =3 x 107?7 cm®/s. These
values are compatible with gamma ray limits from dwarf
spheroidal galaxies [107]. Since (ov) only affects the
normalization, our results are easily translated to diffe-
rent values. We also propagate injection spectra determined
by [104] with enhanced antideuteron production in A,
decay: (i) 67 GeV dark matter annihilating into A, directly
and (ii) 80 GeV dark matter annihilating into 14 GeV light
mediators which then decay into A,.

D. Primordial black holes

Primordial black holes (PBHs) could have been formed
in the early Universe [108,109] and constitute a fraction of
the cold dark matter abundance today. Their signatures
today depend crucially on their mass. If they are sufficiently
light, M <5x 10 g, they are predicted to evaporate
through Hawking radiation [110,111] on the timescale
of the age of the Universe. The energy scale of the
emitted particles is given by the Hawking temperature
T ~ 1.06 GeV/(Mpgy/10'3 g), evidently sufficient to pro-
duce antinuclei for such light PBHs.

Antideuteron source spectra from PBH evaporation
have been computed in the event-by-event coalescence
model as described in [87]. These are obtained by
integrating the instantaneous Hawking emission rate of
a single PBH over the PBH mass distribution today.
While the initial mass function of PBHs produced in the
early Universe is model dependent, the mass spectrum
of PBHs capable of producing antideuterons today is
determined solely by the mass loss rate. The predicted
antinuclei spectra Q(EY, ) are hence completely fixed by
Hawking evaporation, and normalization is the only free
parameter.

The normalization of the antideuteron source term
Opgu(T, 7) from PBH evaporation is linked to the PBH
number density. PBHs constitute a form of cold dark
matter, and one can assume their number density in the

Galaxy follows that of DM, Qppy(EL . 7) o Opgu(EL,)-
ppom(7). Assuming a particular initial PBH mass function,
dN/dM « M~/ [112], the overall normalization is
fixed by the local PBH mass density (or equivalently,
the fraction of dark-matter in form of these PBHs). The
results for ppgy = 4 x 1071 ppy; are shown here, which
was found to be marginally compatible with antiproton
limits in [87].°

3As the remaining lifetime of a BH with GeV temperature is
only ~10* yr, the population of antinuclei-emitting PBHs can
also be characterized by the local rate of explosive final PBH
evaporation events. Our antinuclei spectra correspond to a local
explosion rate of 3 x 107 pc™3 yr~!.
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IV. ANTIDEUTERON INELASTIC
CROSS SECTION

After antideuterons are formed, their inelastic inter-
actions with the ISM lead to a reduction of their flux, so
the determination of the corresponding cross sections is a
crucial aspect in flux calculations. The probability of an
inelastic interaction is determined by the total nuclear
inelastic cross section of ;, which includes all processes
leading to the disappearance of antideuterons (such as
annihilation, nuclear breakup, charge exchange etc.).

The measurement of the inelastic cross section typically
requires a beam of particles of interest (with well-determined
momentum) and a target of known material composition and
thickness. Since it is very challenging to obtain a beam of

antideuterons with precise momentum, the knowledge of

d
inel

only available measurements of ¢l came from the exper-

o}, was until recently very limited. For nearly 50 years the

imental facilities at the U-70 proton synchrotron. There, 64
was measured on various material targets (Li, C, Al, Cu, and
Pb) for antideuterons with momenta of 13.3 GeV/c [113]
and 25 GeV/c [114].

In high-energy collisions between protons and lead
nuclei at TeV energies, matter and antimatter are
abundantly produced in essentially equal amounts
[37,53,56,115-120]. This fact not only facilitates detailed
studies of (anti)nuclei production mechanisms [74,82], but
also allows one to investigate the antinuclei inelastic

interactions with the detector material. Last year, the

ALICE Collaboration presented novel results of % in

the momentum range below 4 GeV/c [65]. The analysis
exploited the antimatter-to-matter ratio method, in which
the raw reconstructed antideuteron-to-deuteron ratio (d/d)
served as an experimental observable, as it is sensitive to
the inelastic cross section of the (anti)nuclei entering the

ratio. Since 6, (d) at low energies is known [121,122], the

antideuteron inelastic cross section o | could be extracted
by comparing the experimental results for raw recon-
structed d/d with Monte Carlo simulations in which

Oine1(d) is constrained by the available data. The resulting

o4, is shown for the atomic mass numbers of (A) = 17.4

and 31.8 in Fig. 4. These values of (A) were obtained by
weighting the contribution from different materials of the
ALICE detector with their density times the path length
crossed by particles.

The results from ALICE are in good agreement within
uncertainties with the parametrizations of of imple-
mented in the GEANT4 toolkit [ 123], which is widely used
for the propagation of particles through the matter. In this
toolkit the description of antinucleus-nucleus inelastic
cross sections is based on Glauber calculations. Direct
Glauber model simulations during each propagation step
in GEANT4 would be computationally too expensive, so
the antinuclei inelastic cross sections are parametrized as

T T T T T T T
6 }_ ALICE
p- Syy = D. e 4
1 Pb \syy 02 TeV
5 (Z2)=85,(A)=17.4,m <08 -
T - ul
= 1 — — 0,,o(d + (A)) GeanT4
= 4 ) —— O,o(d + (A)) GeanT4
¢ LN —— Data (ITS+TPC) 1
il G, + (A) t1o
) '_\ G, + (A)) £20 T

p (GeV/c)
7 l T T T T T T T
NIk ALICE 1
H p—Pb \sy, = 5.02 TeV .
51 (Z)=148,(A)=318n <08
= Il - 0, + (A)) Geant4
= 4 T —— Opq(d + (A)) Geant4
& I\ —— Data (ITS+TPC+TOF) ]
N\ . G, (d + (A) +To g
) '_ \ G, + (A) £20
p (GeVlc)
FIG. 4. a?nel measured on an average material element of the

ALICE detector as a function of the momentum [65]. Dashed

black lines and full gray lines represent the GEANT4 parametriza-
tions for a?nel and oy, (d), respectively. The experimental data
points are connected by solid black lines, and green and orange

bands correspond to +1 and +2¢ uncertainties on o3 .

a function of atomic mass number A of the target nucleus
as described in [124]:

. AGtOt
ol = 7R} In <1 + hN). (7)
7R3

Here the total (elastic plus inelastic) cross section o}y of
a hadron h (h = p, d, *He, or “He) interacting with a
nucleon N is estimated with Glauber calculations. A is the
atomic number of the target nucleus with radius R4, which
is parametrized as a function of A using ¢! and &,
calculated using the Glauber model for given /h and A.

An alternative parametrization of ol can be obtained
. . dp
from the total deuteron-antiproton cross section o mea-

sured in [125]. By symmetry, it is equal to the total

antideuteron-proton cross section ogﬁ which, together
with the known total and elastic antiproton-proton cross
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sections [125], can be used to estimate the inelastic
antideuteron-proton cross section in the following way:

b O
inet g (0101 = 0F)- (8)

tot

This approach has been used in previous studies estimat-
ing the antideuteron fluxes near Earth [16].

Another assumption which can be employed to
estimate the antideuteron inelastic cross section is that it
is simply twice as large as the corresponding antiproton
inelastic cross section at the same Kkinetic energy per

nucleon EY, = E& /n [10,12]:

dp (pd ~ 5P (P

Ginel(Ekin/n) ~ 2Ginel(Ekin)' (9)
The inelastic antiproton-proton cross section can be taken,
e.g., from [126] as

o (EP. ) =24.7(1 + 0.584EP ~0113 (10)
+0.856EP. ~03%) mbarn, (11)

where E}. s in units of GeV. For the inelastic cross section
of antideuterons colliding with helium nuclei, the oﬂfd can
be scaled by the geometrical factor of 4%/3. The described
approach has been used in antideuteron cosmic-ray studies
presented in [12].

Unlike previous estimates, the results presented in the

current paper are based entirely on experimental data for

o4 . In order to model the inelastic processes of anti-

deuterons with matter, the results published in [65,113,114]
are used to obtain a momentum-dependent correction factor

for the ol parametrization implemented in GEANT4.
Figure 5 shows this correction factor as a function of the
antideuteron momentum. The experimental data and
their uncertainties from [65,113,114] are described with
smooth functions using a combination of exponential and
polynomial functions in order to interpolate the results
into the momentum ranges with no measurements. The
last two data points from [65] at p/nucleon <2 GeV/c
have been excluded from the fit to obtain a smooth
interpolation between the results from ALICE and from
U-70 experiments. For the extrapolation to momenta
above the measured momentum range, the correction factor
corresponding to the last measured value from [114] (at
p/nucleon = 12.5 GeV/c) has been considered. The

numerical values of the correction factor for o-ﬂlel in
GEANT4 can be found in Table II.

The resulting correction factor is applied to 6% from
GEANT4 on all target materials relevant to our studies
(mainly hydrogen and helium). Since the experimental

data are only available for relatively heavy target elements

3.5 T ———
s LU
z 3 * Exp. data 7]
w
© .5 \ \\ — — Central fit _
= lﬂ\_\ —— Fit of +10 band
2 {
S\
R 1
8
g ! x\ﬁ?ﬁ&—;—}'—’q
L' . |
8 0.5 & I
0 N N MR | N N MR |
107 1 10

p / nucleon (GeV/c)

FIG. 5. Correction factor for ¢ | in GEANT4 as a function of the
antideuteron momentum per nucleon. The correction factor ob-
tained from experimental data [65,113,114] is shown as blue points,
and red lines show the smooth fit used to describe the data. Two data
points excluded from the fit are shown as open circles. The
numerical values for the correction factor can be found in Table II.

TABLE II.  Correction factor for o-?ne] implemented in GEANT4.
Data points enclosed in brackets have not been used for the fit.

Antideuteron momentum
per nucleon, GeV/¢

0.1875 £ 0.0475

Correction factor

d
for o

0.897
2.0761 )¢,

0.28 4 0.045 1.37310541
0.355+0.03 0.69410307
0.415 +0.03 0.67410557
0.4725 + 0.0275 073510173
0.525 +0.025 0.80970136
0.575 +0.025 0.8907713¢
0.625 £ 0.025 0.8701-13!
0.675 + 0.025 0.8560:1%3
0.725 £ 0.025 0.9351 139
0.775 + 0.025 0.8931014
0.825 £ 0.025 096570150
0.875 £ 0.025 0.9 14jg:lljg
0.925 £+ 0.025 0.92510133
0.975 £ 0.025 (),91@8:1123
1.05 £ 0.05 0.906" 127
1.15 £0.05 0.9147183
1.25 +0.05 0.832701%2
1.35 +£0.05 0.733701 23
1.45 +£0.05 0.911103%
(1.625 4 0.125) (0.63910201)
(1.875 £ 0.125) (0.4312938))
6.65 1.0075 = 0.0950
12.5 1.052 +0.193
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FIG. 6. Antideuteron-proton inelastic cross section as a func-
tion of kinetic energy per nucleon. The light red band shows
the fit to available experimental data (see text for details), the dark
green line represents the parametrization implemented in
GEANT4, the orange line shows the parametrization employed
in [16], and the turquoise line corresponds to the parametrization
used in [12].

(e.g., (A) =174 and (A) =34.7 in the case of ALICE
results), an additional uncertainty has been assigned to the
fit results to take into account a possible dependence of this
correction factor on the atomic mass number of target A.
This uncertainty is taken from the difference between the
parametrization for the A dependence implemented in
GEANT4 and the full Glauber calculation and amounts to
< 8% [124]. 1t is worth to mention that GEANT4 para-
metrizations describe well the antiproton inelastic cross
section on various materials [124]. Therefore the deviations
of the correction factor from unity seen in Fig. 5 are
apparently related to the properties of antideuteron and not
of the target, i.e., one should expect a weak dependence of
this correction factor on A.

The resulting antideuteron-proton inelastic cross section
is shown in Fig. 6 together with the parametrization used in
GEANT4 and with the models employed in [12,16].

V. RESULTS

This section presents predictions for antideuteron fluxes
calculated for observations near Earth from the sources
discussed in Sec. III. In addition it highlights the diffe-
rent uncertainties—well quantified and qualitative ones—
entering the calculation and discusses their importance.

The various antideuteron source functions described in
Sec. III were implemented in the GALPROP cosmic-ray
propagation code and the inelastic cross sections described
in Sec. IV were also included in the GALPROP transport
equation [see Eq. (1)]. The propagation parameters con-
sidered as a default have been taken from [72] and
systematic studies of the impact of a different implemen-
tation of these parameters have been carried out, also

considering the work of [31]. The effect of solar modula-
tion is modeled employing the force-field approximation
with constant Fisk potential ¢y = 0.5 GV corresponding to
solar minimum. The fluxes are shown after solar modula-
tion only in Fig. 7.

A. Cosmic-ray fluxes

The predicted antideuteron fluxes at Earth for different
sources are shown in Fig. 7, using fiducial values for source
and propagation parameters. The horizontal black line
shows the upper limit for the antideuteron flux obtained
by the BESS experiment [1]. All panels show the secondary
antideuteron flux produced in the collisions of cosmic rays
in the interstellar medium. For secondary antideuterons,
two coalescence models are considered: Shukla er al. [84]
(red) and KachelrieB} et al. [63] (orange). The upper two
panels of Fig. 7 show antideuterons from dark-matter
annihilation into bb (left) and WTW~ (right) for several
dark-matter masses, using antideuteron spectra determined
by [12]. The lower left panel shows the antideuteron fluxes
obtained using production cross sections from Winkler
et al. [104] for the A, decay assumption as explained in
Sec. I C. The lower right panel includes the antideuteron
flux from primordial black hole evaporation. The solid lines
were obtained using default GEANT4 parametrization values
for both the dark-matter and cosmic-ray induced fluxes.
The shaded bands were obtained with inelastic cross
sections estimated using ALICE measurement as described
in Sec. IV. This effect is discussed in the next Sec. VB 1
and translates into a small flux variation in comparison with
the other unknowns entering the calculation.

Figure 7 leads to the well-known conclusion that low-
energy antideuterons (Ey;, < 1 GeV/nucleon) can exhibit
a large signal-to-background ratio between exotic sources
of antinuclei and secondary antideuterons. This holds
independently of the coalescence model used for the
secondary antideuteron flux for both GeV-scale annihilat-
ing dark matter and primordial black hole evaporation.

In the following, the different uncertainties entering the
calculation of these fluxes are discussed, taking account of
how well they are characterized and their relative impor-
tance in predicting the antideuteron flux.

B. Discussion of uncertainties

The limited knowledge of antideuteron production and
propagation hampers the precise prediction of the local
antideuteron flux. Equally important as the fiducial fluxes
shown in Fig. 7 is the accounting for and discussion of the
relevant uncertainties: the uncertainty due to inelastic
scattering during propagation is quantified for the first
time in Sec. V B 1. This experimental uncertainty is now
several orders of magnitude smaller than the uncertainties
due to antideuteron production (see Sec. VB2) and
diffusion in the Galactic magnetic field (Sec. V B 3), as
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FIG.7. Antideuteron fluxes from cosmic-ray collisions with the interstellar medium and for different production scenarios from dark-

d

matter annihilation expected at Earth. Only uncertainties accounting for the inelastic cross section oj,, are shown.

well as additional unknowns related to exotic sources of
cosmic antideuterons (Sec. VB4). All figures in this
subsection show the local interstellar fluxes.

1. Loss of antideuteron flux via inelastic interactions

While the effect of inelastic losses during propagation on
the final spectra is modest, it is essential to emphasize that
the related uncertainty is now well quantified based on
experimental data. The result for the inelastic antideuteron
scattering cross section presented in Sec. IV is not radically
different from previous determinations in terms of magni-
tude, but for the first time allows us properly to quantify
the uncertainty in antideuteron flux predictions from
inelastic losses. The effect of inelastic processes that cause
the disappearance of antideuterons on the total flux near
Earth for the two different sources is shown in the upper
panels of Fig. 8. The left and right upper panels show the
expected flux for secondary antideuterons and antideuter-
ons from dark-matter annihilations considering a mass

m,, = 1000 GeV for different assumptions on the inelastic
interactions, respectively. The assumptions are as follows:
no inelastic interactions at all (dashed lines) and different
parametrizations of inelastic antideuteron cross sections
taken from GEANT4 (solid line), from [12] (dot-dashed
lines), from [16] (long-dashed lines) and considering
the available experimental measurements [65,113,114]
(colored bands). Details of the different parametrizations
are described in Sec. IV.

One can see that fluxes calculated using the measured
inelastic cross sections agree with previous parametriza-
tions obtained from a scaling of the measured antiproton
inelastic cross sections within the estimated uncertainties.
Furthermore, the effect of the absorption on the calculated
fluxes is most prominent at lower kinetic energies where
the inelastic cross section is maximal (see Fig. 6). The
uncertainty on the inelastic cross section does not translate
linearly to the uncertainty on fluxes, as can be seen in the
lower panels of Fig. 8, where this relative uncertainty is
shown as a function of the antideuteron kinetic energy for
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driven estimates (bottom panels). The relative uncertainty is shown only from inelastic cross section and before solar modulation.

the secondary (left lower panel) and dark-matter sources
(right lower panel). In general, the effect of inelastic
scattering becomes stronger for longer propagation times.
It is small at large energies, where cosmic-ray propagation
is mainly escape dominated and larger at small energies.
This holds in particular for secondary antideuterons, where
energy losses are responsible for the reduction in flux
below the production threshold.

2. Production uncertainty

The dominant uncertainty in predicting the antideuteron
flux is related to our imperfect knowledge of antideuteron
production in high-energy processes, see Sec. III A. Within a
given coalescence model, the model parameters (the coa-
lescence momentum p; in [61,84] and the size of emission
region ¢ in [63]) are determined from fitting to antideuteron
production data, and their plausible ranges can be deter-
mined. For secondary antideuterons, this is shown as red and
orange bands in Fig. 7. The effect of adopting a smaller or
larger coalescence momentum on the antideuteron yield is
roughly independent of energy. This can be understood in
terms of the separation of scales, where changing the
coalescence condition at small energies does not signifi-
cantly impact the overall energy distribution of the anti-
nucleon pairs produced at higher energy. The quantified
coalescence uncertainty hence amounts to a simple rescaling
of the fluxes displayed in Fig. 7. For secondary

antideuterons, this can be determined from data on anti-
deuteron production in collisions of nuclei, resulting in
2% uncertainty on the flux for Shukla et al. [84], and
+20% for Kachelrie} et al. [63]. As there are no exper-
imental data on the hypothetical processes of dark-matter
annihilation or PBH evaporation, the situation is less clear in
this case. The p, ranges required to reproduce antideuteron
production at different Standard Model processes thought to
most closely resemble dark-matter annihilation, or PBH
evaporation (i.e., hard processes producing Jq pairs in
isolation) do not agree with each other. Taking their
envelope, one obtains a plausible range of f?g% for the
dark-matter annihilation and PBH evaporation fluxes
following [12], which can, however, no longer be interpreted
as a meaningful uncertainty band.

More important than the uncertainty resulting from the
determination of coalescence parameters within any given
model may be the systematic uncertainty from imperfect
modeling. For the secondary flux, this is evident in Fig. 2,
where the two different secondary predictions often do not
overlap within their uncertainty bands, with the estimated
upper limit from the Shukla ef al. model being up to seven
times larger than the lower limit obtained employing the
KachelrieB et al. model. The same is true for exotic sources
of antideuterons, where, in particular, there has been
discussion regarding the possibility of increased antinuclei
production in Ay decay [64,104,105]. Therefore, the
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microscopic modeling of antideuteron production needs to
be improved to reduce the current uncertainties, which
requires measuring antideuteron production with accel-
erator experiments at different energies in different pro-
duction channels. This scheme should be tuned for
collisions at intermediate energies that match the energy
scale of the processes induced by cosmic rays. The studies
of the antinuclei formation arising from charm-hadron
decays could help in better constraining possible dark-
matter decays.

3. Propagation parameters

Propagation models are constrained by measurements of
several primary and secondary cosmic-ray species. The
parameters obtained by Boschini et al. were used as
defaults in this work. We also compute fluxes using
parameters by Cuoco et al. [29] to illustrate the uncertainty
related to propagation. Both sets of propagation parameters
are summarized in Table I. Boschini et al. used Voyager 1,
AMS-02, HEAO-3-C2, and ACE-CRIS experimental data
to fit the propagation parameters [72] while Cuoco et al.
employed Voyager 1, AMS-02, and CREAM data [29].

Figure 9 compares antideuteron fluxes obtained with
these two propagation benchmarks. While propagation
parameters in the two works are rather different, the
computed fluxes of secondary antideuterons at higher
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FIG. 9. The antideuteron flux obtained using two different sets
of propagation parameters.

energies (Ey;, > 1 GeV/nucleon) are in good agreement
(see upper panel of Fig. 9). This is expected since both
benchmarks were built to reproduce the available AMS-02
data, which constrains this energy regime very well. The
difference at low energies can be attributed to the stronger
convection effects assumed by Cuoco et al.

In the case of the antideuteron flux arising from dark-
matter annihilation (see lower panel of Fig. 9), the flux
obtained using the propagation parameters from Cuoco
et al. is about 2-3 times larger at all energies than that using
the Boschini et al. parameters. This can be explained by the
different halo half-width values in the parametrizations (zj,
parameter in Table I). It is well known that there is a
degeneracy between the height of the diffusive halo and the
diffusion coefficient when predicting secondary cosmic-ray
fluxes. However the dark-matter halo extends well beyond
the diffusive halo, and the larger diffusive halo results in a
larger number of diffusively confined dark-matter annihi-
lation products. This enhancement of the dark-matter
induced antideuteron flux with larger halo size does not
depend strongly on energy and is the same for antiprotons
and antideuterons. Hence, the associated uncertainty
largely cancels when predicting antideuteron fluxes based
on antiproton signals or limits.

4. Dark-matter specific uncertainties

The possible antideuteron flux arising from dark-matter
annihilation is not well constrained since knowledge of the
hypothetical dark-matter particles is very limited. For
example, the dark-matter mass mpy; is not known. For
the velocity-averaged annihilation cross section (c6v), there
is the well-motivated thermal WIMP benchmark value
(60) hermal» from which it can differ by orders of magnitude.
This can be both due to effects particular to any given
WIMP model (e.g., velocity suppressed annihilation cross
section, Sommerfeld enhancement) or astrophysical boost
factors due to dark-matter clumping (e.g., [127]). Still,
results for different dark-matter masses and annihilation
channels together give a qualitative picture of what kind of
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FIG. 10. Antideuteron fluxes from dark-matter annihilations for
different dark-matter density profiles.

083021-13



LAURA SERKSNYTE et al.

PHYS. REV. D 105, 083021 (2022)

dark-matter-induced antideuteron fluxes can be expected
(cf. Fig. 7). The uncertainty arising from the choice of the
dark-matter density profile is shown in Fig. 10. The
isothermal profile shown in Fig. 3 assumes a smaller
density of dark matter in the inner Galaxy than the
NFW profile and thus results in 14%—62% smaller anti-
deuteron fluxes, as seen in Fig. 10. On the other hand, as
the Einasto profile assumes a higher central density of dark
matter than NFW, it results in 12%—-44% higher fluxes. As
can be seen in Fig. 10, the resulting difference is largely a
normalization effect. Such normalization uncertainties
shared by antiprotons and antideuterons from DM cancel
exactly when predicting antideuteron fluxes based on
antiproton signals or limits.

VI. SUMMARY

In summary, updated antideuteron fluxes at Earth for
several dark-matter masses and two models for the secon-
dary production due to cosmic rays have been presented,
taking into account for the first time the measurement of the
antideuteron inelastic cross section. The error associated
with this measurement is propagated to the antideuteron
flux and we show that because of the new experimental
measurement this component of the modeling is very well
constrained and has negligible uncertainty with respect to
the other uncertainty sources.

The results have been evaluated following a consistent
scheme, in which all fluxes are obtained using the same
propagation model and the same inelastic cross section. Thus
it is possible to compare the two considered models for the
secondary sources quantitatively. A detailed discussion of
the uncertainties related to the predicted fluxes show that the
major contributions are currently associated to propagation
parameters, to the microscopic modeling of antinuclei
formations in both cosmic-rays collisions and dark-matter
decays and to the still unconstrained dark-matter modeling.

The current work represents a state-of-the-art method for
antideuteron predictions that could be further advanced

only by improving the experimental studies of light nuclei
formation and their interpretation, to be applied to both
dark matter and secondary sources, and on the extension of
the kinematic range for the inelastic cross section mea-
surements. The microscopic behavior of nuclei production
should especially be understood in the energy range most
relevant for the astrophysical processes.

The potential of antideuterons as a messenger is not
changed by this work. While the effect of inelastic losses
during propagation on the final spectra is modest, it should
be emphasized that the related uncertainty is now well
quantified based on experimental data. Further studies at
accelerator will help in improving the predictions and
interpreting future antideuteron signals by satellite or
balloon experiments.
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