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The data on cosmic antiprotons have reached an outstanding precision on energies spanning from GeV
to hundreds of TeV, thanks to the space-based AMS-02 experiment. The balloon-borne GAPS experiment,
which just completed its first Antarctic flight, will address antiproton and antideuteron fluxes well below
GeV energies. Antinuclei in cosmic rays, as well as being produced by spallation reactions between cosmic-
ray nuclei and the atoms of the interstellar medium, may hide contributions from exotic sources, such as
particle dark matter annihilation in the Galaxy. In this paper, we present predictions for cosmic antiproton,
antideuteron and antihelium fluxes both from secondary and dark matter origin. We use state-of-the-art
production spectra, nuclear coalescence for antinuclei, and Galactic propagation models to derive upper
limits on the dark matter annihilation cross section from AMS-02 antiproton data in different propagation
scenarios (BIG and QUAINT). We quantify the impact of future GAPS data, showing that its sensitivity to
sub-GV antiprotons could improve the (ov) constraints by up to an order of magnitude for light DM
(m,, < 50 GeV). For heavier antinuclei, the detection perspective with existing and upcoming experiments
are derived for those scenarios consistent with AMS-02 antiproton flux. The detectability of such signals
strongly depends on the experiment, the propagation model, and the hadronization tuning. Our analysis
underscores the complementarity of antinuclei channels for indirect DM searches and the critical role of

low-energy windows in constraining light DM candidates.

DOI: 10.1103/ljzd-c2mt

I. INTRODUCTION

The search for antimatter in space has reached the
status of precision physics with the data on positrons
and antiprotons collected first by the PAMELA satellite-
borne experiment [1-4] and currently by AMS-02 on
board the International Space Station [5-7]. As for anti-
nuclei, no detection has been established so far [4,7-11].
The strongest upper bound on the antideuteron flux has
been fixed by the BESS-Polar II experiment [11] at
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6.7x 107 (m?ssrGeV/n)~! in the range of kinetic
energies per nucleon Ey, €[0.163,1.100] GeV/n. It is
however expected that AMS-02 could reach a sensitivity
of 2—8x107"(m?ssrGeV/n)~" in the range E,, €
[0.2,4] GeV/n by about 2030 [12,13]. The GAPS pro-
gram [9,10,14] is designed to reach peak sensitivity
comparable to AMS-02 in the low-energy window
Eyn€ [0.1,1] GeV/n [14,15]. The balloon-borne GAPS
experiment has just completed its first successful flight
(25 days) around Antarctica [16], and two more flights are
foreseen in the next years.

The interest in cosmic-ray (CR) antinuclei is many-fold.
First, antiprotons are expected to be produced by spallation
reactions of CR nuclei (mainly protons and helium) on the
interstellar medium (ISM) atoms, the so-called secondary
component. The detection of a flux of antiprotons from
1 GeV to beyond 400 GeV probes that antimatter is
produced in the Galaxy by inelastic scatterings of CR nuclei
off proton and helium in the ISM, at a rate compatible with
measured hadronic cross sections [17-20]. Second, CR light
antinuclei, especially antideuterons (D) [21] and antihelium
(3m) [22,23], are considered among the cleanest messengers

Published by the American Physical Society
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for indirect dark matter (DM) searches. The reason resides in
the baryon-number conservation, which implies a strong
suppression of the secondary flux at kinetic energy per
nucleon £/, <1 GeV/n [21,24]. DM annihilation or decay
in the Galactic halo, being nonbaryonic particles, can
annihilate into very low-energy antinuclei. Fluxes for the
D flux from standard weakly annihilating massive particles
(WIMPs) are typically predicted two orders of magnitude
higher than the secondary production expectations at low
Eyn [21,25-29].

In this paper, we compute novel CR antiproton and
antideuteron fluxes for both secondary production and
DM annihilation, incorporating several updated theoreti-
cal and experimental ingredients. First, we model CR
propagation with the USINE code [30], adopting state-of-
the-art propagation setups derived in Refs. [31,32] from
combined fits to several primary and secondary CR
species. Second, we calculate the primary DM-induced
p fluxes using the source spectra provided by the
cosmixs package [33-35]. These spectra are based on
a dedicated tuning of Pythia [36] to a comprehensive set of
LEP measurements. Third, we derive new upper limits on
the DM annihilation cross section, (ov), by fitting the
seven-year AMS-02 antiproton dataset [7]. For the first
time, we quantify the potential impact of simulated low-
energy p data from GAPS on these limits. Fourth, we
implement novel differential production cross sections for
secondary antideuterons [37], and compute the source
spectra for DM-induced antinuclei using the coalescence
framework developed in Refs. [34,37]. Within this
framework, the coalescence uncertainties are estimated
to be approximately 20%, significantly smaller than those
associated ~ with  previous modeling  approaches.
Combining these ingredients, we revisit the production
and propagation of CR antinuclei in the Galaxy and
assess the detection prospects for D and 3He in current
and future experiments, including newly derived sensi-
tivity projections for the proposed ALADInO experi-
ment [38].

II. COALESCENCE MODELS

The production of light (anti)nuclei is commonly
modeled via the coalescence of (anti)nucleons: a bound
state forms when the relevant (anti)nucleons are suffi-
ciently close in phase space. In phenomenological appli-
cations, this concept can be modeled in various ways,
ranging from analytic prescriptions (useful for intuition
and rapid estimates), to event-by-event afterburners inter-
faced with Monte Carlo (MC) generators, and ultimately
to quantum-mechanical approaches based on Wigner
functions. As most of the technical details and validation
procedures are presented in Refs. [34,37], we limit
ourselves here to a concise summary of the implementa-
tions adopted in this work, highlighting the key assump-
tions and parameters.

A. Analytic (spherical) coalescence

The simplest approach assumes independent and
isotropic emission of (anti)protons and (anti)neutrons,
neglecting correlations in both momentum and configura-
tion space [21,26]. Coalescence is then encoded in a single
momentum scale, the coalescence momentum p.,. The
invariant spectrum of a nucleus with mass number A and
(Z,N) can be related to the corresponding single-(anti)
nucleon spectra as

3 d3N z d3Nn N
3 = BA (Ep 3[)) (En 3 ) s (1)
dp;y dp; dpx

with the momenta evaluated at p,, = p,/A. In practice
one often sets d°N,/dp; ~d>N,/dp; (and similarly for
antiparticles), so that for antideuterons one obtains

d*Np d*Ny\?
Ey—2 =B, E;—2) . (2)
P 3
P dp;

In the spherical approximation B, is proportional to pgoal
[21,26]. Experimentally, coalescence factors extracted from
collider data are typically B, ~ O(107%) GeV?/c® in pp
collisions around p;/A ~1 GeV/c, and often show an
effective rise with py/A in multiplicity-integrated samples
[39,40]. Such trends can partly reflect genuine physics
(e.g., changing emission volumes) and partly arise from
spectral-shape effects when the proton and deuteron slopes
are not self-similar [39,41]. Because this framework
ignores correlations, it is known to become unreliable
precisely where correlations are strongest (e.g., at high
transverse momentum or in boosted topologies [25,34]).
This motivates the use of event-by-event approaches.

B. Monte-Carlo coalescence with phase-space cutoffs

In MC afterburners, coalescence is applied directly to the
event record and therefore automatically retains correla-
tions generated by the underlying hadronization model
[25,34]. The most common prescription enforces a momen-
tum-space proximity condition in the pair center-of-mass
frame,

|A5| = |5p - ﬁn| < Pcoal> (3)

which we denote as the “Ap model” [25-27,42]. A
minimal extension adds an explicit coordinate-space
requirement [25],

|A?| = |7p - ?n| < Fcoals (4)

with r.,, expected to be of the order of a few fm,
comparable to the deuteron size [43]. We refer to this
model as the “Ap + Ar model.” Besides capturing geo-
metric information of the emitting source, the spatial cut is
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particularly useful to suppress coalescence between
promptly produced antinucleons and antinucleons origi-
nating from displaced vertices (e.g., weak decays), since
such pairs typically fail the Ar condition [44]. In both
variants, the coalescence scale(s) are treated as effective
parameters to be calibrated on collider measurements.

C. Wigner-function coalescence

A more microscopic formulation embeds coalescence
into quantum mechanics by expressing the bound-state
formation probability as an overlap in phase space between
the two-particle density matrix of the p—n system and the
density matrix of the deuteron bound state [45-50]. In
Wigner language, the differential yield can be written
schematically as

d*Np dPrdq . Pp = DPD -
L =8 [ T DEGWp [ 2+ 7.2 -G 7).
ap} [ e "(2“’ 2 ‘”>

(5)

where S accounts for spin/isospin statistics (for D,
S =3/8), 7 =7, —T, is the relative separation, and g =
(Pp — Pn)/2 so that Ap = 2q. The kernel D(7, q) is the
deuteron Wigner function, fully determined by the bound-
state wave function, while W, is the pair Wigner function
encoding the correlated two-particle phase-space distribu-
tion provided by the event generator.

In practice, we estimate the momentum correlations
directly from MC events and approximate the spatial part
with a source model extracted from the same generator,
following the strategy of Ref. [34]. A convenient working
assumption is to factorize

Won = Hon (o, 7) Gon(Bps ) (6)

where G, is obtained from the two-particle momentum
distribution in the event record (including correlations), and
H,, encodes the effective space-time distribution of emis-
sion points. While this neglects genuine two-particle spatial
correlations beyond those induced by the common event
geometry, it makes the model transparent and allows
controlled variations (e.g., different vertex prescriptions)
to probe the corresponding uncertainty.

For an event-by-event implementation, Eq. (5) can be
interpreted as defining an acceptance weight in (A7, Ap)
space. Concretely, for each p—n pair in an event we evaluate
the kernel value D(Ar, Ap) (and the source factor, when
needed), draw a random number u € [0, 1], and accept the
pair to form an antideuteron if u < W(Ar, Ap), where W
is a suitably normalized weight. This is the same sampling
logic adopted in Refs. [34,37].

a. Gaussian kernel. As a compact benchmark we con-
sider a Gaussian bound-state wave function, for which the
Wigner kernel is analytic [27]. In this case the phase-space

overlap effectively selects pairs with Ar < O(few fm) and
Ap £ 0(0.1-0.2 GeV), with the precise width controlled
by a single momentum/length scale. The Gaussian imple-
mentation is flexible and numerically efficient, but it
typically exhibits a degeneracy between the assumed
source size and the bound-state scale; in practice this is
broken by fixing the source size to a benchmark value
(or by importing it from the generator), while tuning the
remaining parameter to collider data, as done in Ref. [34]
and in the present work.

b. Argonne kernel. To reduce the arbitrariness associated
with purely phenomenological kernels, we also consider a
Wigner kernel constructed from a realistic deuteron wave
function based on the Argonne wv;3 nucleon—nucleon
potential [51]. This wave function is constrained by
scattering data and by the deuteron binding energy, and
therefore provides a physically motivated reference without
introducing an ad hoc coalescence momentum. The cor-
responding Wigner kernel does not admit a simple closed
form; we employ a tabulated representation as a function of
(r, q) based on the parametrization in Ref. [52]. Once the
underlying antinucleon production is fixed (through the
MC tune), the Argonne/Wigner approach is comparatively
predictive and serves as a useful cross-check of the
calibrated phenomenological models [34].

Overall, these three classes of prescriptions (analytic,
cutoff afterburners, and Wigner-based coalescence) allow
us to: (i) connect to the standard literature, (ii) retain
generator-level correlations relevant for collider and CR
applications, and (iii) quantify the residual model depend-
ence associated with the bound-state kernel and the
effective source description.

III. PRODUCTION OF PRIMARY ANTINUCLEI
FROM DARK MATTER ANNIHILATION

Primary antinuclei can be produced through DM anni-
hilation in the Galactic halo. The corresponding production
rate of an antinucleus species i, per unit volume, time,
and kinetic energy per nucleon Ey, ; (the so-called source
term) can be written—assuming annihilation into a single
channel—as

prim

N ov N le
() = A2 23

- me)%p){ dEk/n,i ’

(7)

where (ov) is the thermally averaged annihilation cross
section, m, is the DM particle mass, and § =1 if DM
particles are self-conjugate and 2 otherwise. The Galactic
DM density distribution is described by p,. Following
Refs. [20,53], we adopt a spherically symmetric Navarro-
Frenk-White (NFW) profile [54], with a scale radius r; =
19.6 kpc [55], local DM density py = 0.385 GeV/cm?
[56], and solar distance Ry = 8.20 kpc [57]. Finally,
dN;/dEy,, ; denotes the differential yield of antinuclei at
production for the specified DM annihilation channel.
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To reliably predict the antinucleon differential yield, we
employ a dedicated tuning of Pythia [36], an MC event
generator for high-energy particle collisions. This tuning
specifies hadronization parameters and branching ratios
and is calibrated to reproduce key observables measured in
ete™ collisions at the Z-pole, which provide a clean
environment that closely resembles the hadronization con-
ditions relevant for DM annihilation. The differential yields
of D and *He are then obtained by applying the coalescence
criteria described in Sec. II as an external afterburner to the
Pythia events. Specifically, in order to form *He, the criteria
must be valid for each of the three antinucleon pairs in the
ppn configuration.

As an example, COSMIXS [33-35] provides predictions for
p and D spectra from DM annihilation, relying on a calibrated
Pythia setup that reproduces the D multiplicity measured by
the ALEPH [58] collaboration. It also accurately describes a
range of meson and baryon observables from ALEPH and
other et e~ experiments such as DELPHI, L3, and OPAL
(see Refs. [59-61] for further details).

More recently, Ref. [44] extended this calibration to
better predict the D and *He differential yields. In particu-
lar, the tuning was refined to reproduce the fragmentation
fraction of b quarks into weakly decaying b-baryons,
f(b = A,) =0.089 +0.012, as reported by the HFLAV
collaboration [62], as well as the recent upper limit on the

inclusive branching ratio BR(A) — *HeX) < 6.3 x 1078
set by the LHCb experiment [63]. Accurately describing
these observables is important, as the decay of weakly
decaying B-hadrons constitutes a significant source of
antinucleons, and hence of antinuclei. In the following,
we refer to this setup as the “A;, tuning.”

For primary antinuclei, the choice of coalescence model
has a negligible impact on the predicted D differential yield,
dNp/dEy, p- As shown in Ref. [34], all considered coa-

lescence models provide a good description of the D
multiplicity measured in e*e™ collisions at the Z-pole by
the ALEPH collaboration. The main limitation arises from
the relatively large experimental uncertainty of this meas-
urement, at the level of ~30%. As a benchmark, we therefore
adopt the Argonne Wigner model, which is among the most
physically motivated approaches discussed in Sec. II.

IV. PRODUCTION OF SECONDARY ANTINUCLEI

Secondary antinuclei are produced through inelastic
collisions between primary CRs and nuclei in the ISM.
In principle, all CR species—from protons (p) and helium
(He) up to heavier nuclei such as iron (Fe)—can contribute
to secondary antinuclei production. However, CR species
with charge Z > 2 are significantly less abundant, by at
least two (one) orders of magnitude compared to protons
(helium). Furthermore, the ISM is predominantly com-
posed of hydrogen and helium. As a result, the dominant
production channels for secondary antinuclei involve CR

TABLE I. Threshold kinetic energy per n of the primary CR
projectile (p, He) to produce secondary antinuclei (p, D, *He) by
colliding with nuclei from the ISM (H and He).

Epn . [GeV/n]

Process Secondary p  Secondary D Secondary *He
p+H 6m, 16m, 30m;,

p + He

He + H 3m, Tmy, 12m,

He + He 1.125m,, 2.5m, 4.125m,,

protons and helium nuclei colliding with hydrogen and
helium targets.

The source term for secondary antinuclei of species i can
be written as

sec

qi Ek/nl’

=> /  dEy, Aany(3)
c,t

k/n.c

dact—»t

XCDC(Ek/n,m ) ( k/nc) (8)

dE k/nl

where n, denotes the number density of ISM target nuclei,
®, = vn, is the interstellar flux of CR primaries, and
doy_.;/dEy,,; is the differential production cross section
for the secondary antinucleus i.

In Eq. (8), the lower integration limit Ekm/lgc represents
the minimum kinetic energy per nucleon of the primary CR
required to produce an antinucleus at rest, as dictated by
baryon number conservation. Table I summarizes the
corresponding threshold energies for different production
channels and antinuclei species.

In Ref. [37], the differential production cross section for
antideuterons, do,y_p/dEy;,p, is derived using a dedi-
cated tuning of Pythia, optimized to reproduce p measure-
ments in pp collisions. When combined with the
coalescence models described in Sec. II, this tuning
provides a good description of D and *He production as
measured by the ALICE experiment [39,64]. Within this
framework, the differential cross section can be written as

N,
dEk/I D

do-pH—»D
dE k/n.D

(Ek/n,p) = Gmel( k/n, p)

(Et/np)s (9)

where Gg}fl is the total inelastic proton-proton cross section
(for which we adopt the parametrization of Ref. [65]), and
dNp/dEy, n denotes the antideuteron spectrum produced
per collision, as obtained from the MC simulations.

This formulation can be generalized to arbitrary CR
projectiles and ISM targets by parametrizing the total
inelastic cross section through an empirical mass-scaling
relation [65]

O-gtlel(Ek/n,c) = (AcAt)OS mel(Ek/n,C)’ (10)

Opp
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where A, and A, are the mass numbers of the CR projectile
and the ISM target, respectively.

In this work, we compute the source term for secondary p
in Eq. (8) according to the results in [66] and already
implemented in [18,20]. The source term for secondary D is
computed as in Ref. [37], whose cross sections are publicly
available in the Zenodo repository [67]. As a benchmark,
we adopt the results from the Gaussian Wigner coalescence
model. In addition to being physically well motivated, this
model provides the second-best fit to the ALICE D data
[37]. The best fit is achieved by the simple Ap model;
however, as discussed in Ref. [37], this model is disfavored
for applications to astrophysical D production, since it may
yield a non-negligible fraction of nonphysical D.

V. GALACTIC PROPAGATION
AND SOLAR MODULATION

A. Transport equation and source terms

We consider the CRs diffusing in a cylindrical volume of
radius R; = 20 kpc and half-height L. The astrophysical
sources and gas1 are located in a thin disc of half-height
h = 100 pc, where nuclear interactions and continuous
energy losses and gains occur. The steady-state transport
equation for the differential density n of Galactic CR
antinuclei [68—70] in the thin disc approximation, assuming
a constant velocity V. perpendicular to the Galactic plane
and isotropic and space-independent diffusion coefficient
K(E) as a function of total energy, reads [71]

- {KA —Ve % n+2hé(z2) a% [b(E)n — ¢(E) g_g

= 20000 [+ = 3 |- (1)
teISM

In the first line, A is the Laplacian operator in cylindrical
coordinates and b(E) is the first-order energy redistribution
term,

dE 2m+ Ep\ V K
b(E)={ =) —E [ —=5) 2+ (1 4+ p2) =22,
(E) <dt> k<m+Ek>3h+( ey

(12)

which includes ionization losses on neutral hydrogen and
Coulomb losses in the ionized ISM (first term), adiabatic
losses (second term) and reacceleration (last term). There is
also ¢(E) = f*K pp» the second-order term for reaccelera-
tion, which depends on the momentum diffusion term,

'We take the ISM density to be nigy = 1 cm™ with 90% H
and 10% He in number, and (n,) = 0.033 cm™ and T, = 10* K.

K _ 4VIPE 1
PP 3 K(R) 8(4-6%)(4-0)

(13)

mediated by an effective Alfvén velocity V, [72], and with
5 the slope of the diffusion coefficient K(R) (see below) in
the low energy regime.

In addition to the primary and secondary source terms,
g™ and ¢*¢, defined respectively in Eqgs. (7) and (8), the
transport Eq. (11) also includes the tertiary source term

g (EF) = /°° dE<%(E’»)v’~n-(E‘)
i i - E, i dE, [EE A

—oz?z,(E»v,n,-(E,»)} n(3). (14)

which accounts for the redistribution in energy of antinuclei
(both primary and secondary). The first term describes the
scattering of antinuclei species i, from high energies E
down to energy E;, through nonannihilating interactions,
characterized by the differential inelastic nonannihilating
cross section do'M ./dE;. The second term describes the
scattering of antinuclei, from energy E; to lower energies,
and is determined by the total inelastic nonannihilating

cross section o'

it—i*

B. IS flux calculation: Transport parameters
(and configurations)

The transport Eq. (11) is solved semianalytically
with the USINE code® [71]. The differential density per
kinetic energy per nucleon, calculated at Earth position,
ng =n(z=0,r=Ry), is converted into an interstellar
(IS) flux via (assuming isotropy), @5 = v/(4x) X ng.

The IS flux depends on the transport parameters
K(R), V,, V. and L: the combination of parameters
(K/L,V,,V,) are determined from secondary-to-primary
ratios [73] (e.g., B/C), and the degeneracy between the
normalization of K and L is lifted from the use of CR
clocks [74] (e.g., '“Be/°Be). Following Ref. [75], the
diffusion coefficient is taken to be a generic power law
with a possible low-energy break (or alternatively a
modification in the nonrelativistic regime) and another
one at high-rigidity:

K(R) = Ko x f! {1 + (g)}
1

nonrelativisticxlow-rigidity break

Am=ron) * {1t (z?)_} 1)

intermediate

high-rigidity break

2https://dmaun'n. gitlab.io/USINE/.
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In Ref. [75], the degeneracies when fitting this large
number of free parameters was mitigated by adjusting
separately the high-rigidity break parameters (R}, 0;,, S;,)—
whose uncertainties were found not to impact the lower-
energy parameters—by fixing the unconstrained smooth-
ness of the low-rigidity break parameter to s; = 0.04
(fast transition), and by exploring three benchmark con-
figurations with different numbers of free parameters.
Reference [75] found that the current CR data were fit
equally well by these configurations. Two of them have 6
free parameters, namely SLIM (K,, L, 6, R;, &;, s,
enforcing V, = V. =0) and QUAINT (K, L, J, n, and
V., V,, enforcing no low-rigidity break), whereas BIG has
8 parameters (K, L, o, R, 0, s;, V., V,, enforcing n = 1).

The value of all the above parameters (and uncertainties)
are taken from a fit to (Li,Be,B)/C and !°Be/°Be data
[31,32]. The secondary antiproton flux is calculated from
the procedure detailed in Ref. [18]: the Galactic transport
parameters are obtained from the fit to the above-mentioned
secondary-to-primary ratios, and the primary source param-
eters (injection normalizations and slopes) from the fit to
the H, He, C, and O primary fluxes measured by AMS-02.
To rigorously estimate the theoretical uncertainties on the
antiproton background, ~10* parameter realizations were
drawn from the covariance matrices of the transport
parameters, primary nucleus fluxes, and antiproton pro-
duction cross sections. The main advantage of this
approach is that the dispersion of this ensemble keeps
track of the full covariance of systematics uncertainties on
the modeled background. The latter is critical to have a
statistically sound and relevant assessment of the presence
or absence of a DM primary component in the data [18,20].
As heavier CR antinuclei have not been detected yet, we do
not repeat the time-consuming steps to have their associ-
ated covariance matrices, but consider the total uncertain-
ties only. To calculate them, a first good approximation is to
add quadratically the specific production cross-section
uncertainties of the antinuclei (see Sec. IV) to the transport
and (propagated) primary flux uncertainties of the secon-
dary antiprotons (as shown in Fig. 2 of Ref. [18]).

For the calculation of the primary component, we follow
closely the steps described in [20]. Namely, we use the
source term discussed in Sec. III to calculate the fluxes on a
grid of relevant DM parameters and L values (the latter
being only loosely constrained, while critical in the
calculation [76,77]). We then rely on interpolations of
these tabulated fluxes, so that we can explore different
configurations and comparisons to the data in at most a
minute (see next section).

There are several improvements in our analysis, com-
pared to that of [20], beside the extension of the calculation
to heavier antinuclei:

(i) First, we updated the DM source term (Sec. III),

which however has a minor impact on the primary
antiproton flux prediction.

(i) Second, compared to the USINE version used in
Ref. [20] to constrain DM from antiprotons, we
fixed a bug for the primary component calculation,
slightly impacting the limits derived at low energy;
we stress that this bug was already fixed in a recent
analysis to set constraints on PBH-induced antipro-
tons and antideuterons [53]. We also include in
USINE the propagation of *He, whose inelastic cross
section on H and He is taken from Ref. [78].

(iii) Third, the default transport configuration used for
the secondary and primary calculations was taken to
be BIG. While this configuration gave a perfect
match (statistically wise) between the secondary
production and the AMS-02 antiproton first data
release (four years of data, [6]), it was already shown
in Ref. [20] to slightly overshoot (visually) and
provide a less satisfactory fit to the latest complete
AMS-02 dataset (seven years of data, [7]). We find
here (see Fig. 1 and next section) that the secondary
flux in the QUAINT configuration gives a fairer
visual match to these data,3 and it also provides a
slightly better fit to the data. Looking more closely at
the y2. of these configurations, we recall that they
were performing similarly on the secondary-to-
primary (Table 1 of [31]) and radioactive (Table 3
of [32]) species. Nonetheless, the main visual differ-
ence between QUAINT and the two other configu-
rations is that the former displays a smoother
transition than the latter, as reflected from the fact
that K(R) has no break (see Fig. 3 of [31]).

C. TOA fluxes: Solar modulation

To obtain the TOA fluxes, we modulate the IS fluxes
using the force-field approximation (FFA) [80,81]. The
Fisk parameter corresponding to the AMS-02 antiproton
data-taking periods is calculated from neutron monitor data
[82,83] and retrieved from the Cosmic-Ray Data Base
(CRDB) interface® [84-86]. The first AMS-02 antiproton
dataset was taken between 2011/05/19 and 2015/05/26
[6], while the second covers the period from 2011/05/19 to
2018/05/19 [7]. A third dataset has been published over
the 11-year solar cycle 2011-2022 [79], but since it is
kinematically limited up to =40 GV, we maintain the
2011-2018 release as our reference dataset. Focusing on
the two broader datasets, the measurements from the KIEL,
OULU, ROME, and SOPO stations yield an average Fisk
potential of ¢pp ~ 722 £ 25 MV for the 2011-2015 period,
and ¢pp ~ 678 £ 25 MV for the 2011-2018 period; hence
a difference of 44 MV between the two datasets. This is

3For the danger of drawing hasty conclusions based on the
visual inspection that do not account for the covariance matrix of
uncertainties (and for alternative safer visual representations), we
refer the reader to [18] and their Fig. 2.
*https:/lpsc.in2p3.fr/crdb/.
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FIG. 1. TOA secondary antiproton fluxes computed with BIG
and QUAINT propagation models, alongside their 1o theoretical
uncertainty bands. Solar modulation is modeled considering
rr = 678 MV, appropriate for the 2011-2018 period (see text).
Data points are from AMS-02, for three different data taking
periods: 2011-2015 (blue symbols) [6], 2011-2018 (black
symbols) [7], and 2011-2022 (red symbols) [79]. The magenta
vertical band shows the GAPS energy range for p detection.

smaller than the 100 MV uncertainty from the NM analysis
[83]. We recall that the latter uncertainty was included as a
nuisance parameter in the determination of the transport
parameters [31]. As a result, this uncertainty is automati-
cally accounted for in the covariance matrix of the model
uncertainties.

A more critical issue is that of the validity of using, as we
do, the same modulation potential for differently charged
particles. The Bartels-rotation averaged AMS-02 proton,
antiproton, electron, and positron data over 11 years
(corresponding to 139 Bartels rotations) [79] enable to
test the limitation of the FFA [87] or the successfulness of
its simplest extensions [88-90] and full modeling (e.g.,
Refs. [91,92]). Reference [87] highlighted that up to
November 2015, the Fisk potential to fit proton and
antiprotons differ by <80 MV, but by more than
200 MV after. Over the 7 years of the most precise
antiproton dataset, this amounts to a ~110 MV difference.
This is within the above-mentioned uncertainty band,
which, we recall, is smaller than the rest of the uncertain-
ties. However, this is starting to reach an uncomfortable
difference, and future AMS-02 release including data from
periods of high-Solar activity will render this issue more
acute, not to say critical.

It is interesting to stress that the analyses in Refs. [87,93]
both point at the importance of using at least the simplest
extensions of the FFA, owing to its role in the significance
of a potential DM signal in AMS-02 data. However, the
analysis of Ref. [93] indicates that accounting for energy
correlations in the data mitigates the impact of using
different Solar modulation models (including the FFA).

At this stage, the comprehensiveness of our analysis, which
accounts for the propagation of cross section, propagation
and even Solar modulation uncertainties (though in the
limited FFA), and also for the covariance matrix of
systematic uncertainties on the data (in a more data-driven
way than in [93]), does not call for an improved treatment
of (the still debated) Solar modulation effects.

Figure 1 displays the solar-modulated fluxes of secon-
dary antiprotons predicted with the BIG and QUAINT
propagation models. The 1o theoretical uncertainties, dis-
cussed in Sect. V B, are shown as colored bands. For
comparison, we overlay all the available AMS-02 datasets
from different data-taking periods [6,7,79]. The solar
modulation is modeled considering ¢z = 678 MV, to
maintain consistency with the 2011-2018 AMS-02 dataset
[7]. Finally, the shaded vertical band highlights the p
rigidity window targeted by the GAPS experiment.

VI. RESULTS ON ANTIPROTON FLUXES

Relying on the propagation framework, production cross
sections, and primary source spectra established in the
previous sections, we now have all the ingredients to
evaluate the primary and secondary TOA fluxes for anti-
protons and, more generally, heavier antinuclei. Focusing
first on the antiproton channel, we start by deriving updated
upper limits on the DM annihilation cross section, (6v), as
detailed below.

A. Derivation of upper limits on (6v)
from antiproton data: Methodology

To compute updated 95% confidence level (CL) upper
limits on (ov), we follow the statistical procedure outlined
in Ref. [20] (see also Ref. [53] for a similar application),
considering the AMS-02 2011-2018 antiproton dataset [7].
We briefly recall the main steps below.

The primary antiproton fluxes depend on m,, (6v), and
the propagation parameters, most notably the diffusion halo
half-height L [94]. Because the primary signal scales
linearly with (ov), we optimize the analysis by precomput-
ing a dense grid of flux predictions spanning the relevant
parameter space of m, (5 GeV-10 TeV) and L (1-12 kpc).
We then define a log-likelihood function that combines the
x? statistic with a penalty term for L:

log L — log f,>2

—2InL(L,u) = in(C‘l)ijx,» + <
ij ’ Jlog L

where x; = ©7F — @M (L, u), with @; denoting the flux

value in the ith energy bin. The parameter array p

collectively represents the DM properties under investiga-

tion, namely (ov) and m,. The covariance matrix C

accounts for both data uncertainties (statistical and sys-

tematic) and theoretical uncertainties on the modeled
background (see Sec. V B). The central value [ and its
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standard deviation o)., are taken from Ref. [32], and
depend on the chosen transport model. In particular, the
central values for the halo half-height are L =
4.96227 kpc for the BIG model and L = 4.791712 kpc
for QUAINT. As shown in Refs. [77,95], the resulting
primary flux is approximately proportional to L. Con-
sequently, the uncertainty on L alone induces an asym-
metric uncertainty on the predicted primary flux of roughly
fggg‘j. This effect dominates over the remaining background
errors encoded in the covariance matrix, which are of the
order of 20% [18]. Since the '“Be/’Be and '’Be/’Be
isotopic ratios act as radioactive clocks, forthcoming
high-statistics AMS-02 measurements of beryllium iso-
topes [96] are expected to break current parameter degen-
eracies and significantly reduce the uncertainties on L.
To compute the upper limit on (ov) for a fixed DM mass
m,,, we utilize the profile likelihood ratio (LR) test statistic:

LR((ov)) = =21In L(L i, (ov)) +2In L(L', (ov)"),

where the first term is evaluated at the halo size L.y,
that maximizes the likelihood for the given (ov), and the
second term is evaluated considering the global best-fit
parameters (L', (ov)’). Assuming Wilks’s theorem, the
LR follows a y? distribution with one degree of freedom.
In this way, we determine the 95% CL upper limits by
requiring LR = 3.84.

F - BIG

[ ——- BIG with simulated GAPS p
QUAINT

QUAINT with simulated GAPS p

TTT T T T T T T T T T T

10—24 =

10727 /

ann. channel: bb

g

1078 5, bbb Ll T

10! 10? 103 10*
Dark Matter Mass 1, [GeV]

FIG. 2. 95% CL upper limits on (ov) as a function of m,,
assuming the bb final state. Solid lines represent the constraints
obtained from the analysis of AMS-02 p data [7] alone. Dashed
lines indicate the projected sensitivity gain achieved by including
simulated p data from GAPS. Results are shown for both the BIG
(blue) and QUAINT (yellow) propagation models.

B. Results on (6v) upper limits

The resulting constraints are plotted in Fig. 2, which
displays the upper limits on (ov) as a function of m,
ranging from 5 GeV to 10 TeV, assuming annihilation into
the bb channel. The solid lines represent the bounds
derived for the BIG and QUAINT propagation models.
The dashed lines illustrate the projected impact of incor-
porating simulated GAPS p data, as detailed in Sec. VID.
Additionally, Fig. 3 presents the corresponding constraints
for alternative annihilation channels.

Focusing on the solid lines in Fig. 2, the impact of the
chosen propagation model on the constraints becomes
evident. The BIG model yields less stringent bounds on
(ov) for lower DM masses, especially for m, <20 GeV,
whereas the QUAINT model permits a larger DM con-
tribution in the high-mass regime (m, 2 300 GeV).

To understand these spectral features, it is useful to
examine the underlying fluxes. Figure 4 displays the
predicted secondary, primary, and total TOA fluxes of
antiprotons for selected DM masses, for both BIG and
QUAINT models. For each DM mass, the primary fluxes
are computed at the corresponding 95% CL upper limits on
(ov) and the associated profile-likelihood value of the
diffusion halo half-height L,;,. Therefore, these curves
represent the maximum allowed primary fluxes corre-
sponding to the 95% CL upper limits on (cv), constrained
not to overshoot the AMS-02 data. Since the uncertainties
on the transport and on the L parameter are already actively
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FIG. 3. 95% CL upper limits on {(ov) as a function of m,,
obtained with the QUAINT propagation model, assuming the bb
(solid yellow line), uit (dashed magenta), W W~ (orange dotted)
and hh (purple dot-dashed) final states.
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FIG. 4. TOA antiproton fluxes evaluated for the BIG (upper
panel) and QUAINT (lower panel) propagation models. Theo-
retical predictions include the secondary flux (gray dashed lines)
and the primary contribution from DM annihilation into
the bb channel (solid lines). The primary fluxes are obtained
for the 95% CL upper limits on (6v). The DM masses considered
are m, = 10 (magenta), 100 (purple), 300 (yellow), and
5000 GeV (orange). For the 10 GeV case, the total flux
(primary + secondary) is indicated by the dotted magenta line.
AMS-02 data [7] are shown for comparison. Solar modulation is
treated considering ¢pp = 0.678 GV.

profiled out in this limit-setting procedure, overlaying an
additional propagation uncertainty band on these specific
curves would effectively result in a double-counting of the
systematic errors. For an absolute estimation on the
propagation uncertainties on primary DM fluxes with
sources in the whole halo we refer to Ref. [77].
Examining the physical behavior, the BIG model exhib-
its a low-rigidity diffusion break around 4 GV, which
produces a noticeable kink in the flux. This feature is also
present in the secondary component, which is steeper at
R < 4 GV than that of the QUAINT model. Consequently,
the secondary flux in the BIG model leaves more room for a
DM contribution in this rigidity range. This leads to less
stringent bounds on (ov) for m, <20 GeV, as observed in
Fig. 2. Conversely, the QUAINT model provides tighter
constraints because the corresponding secondary flux

follows the AMS-02 measurements more closely in the
lower rigidity bins. Finally, for masses m, 2 300 GeV, the
QUAINT framework becomes less constraining, thus
allowing for a slightly larger primary DM contribution.
This effect is noticeable for m, = 5000 GeV in Fig. 4.

It is important to emphasize that the secondary fluxes are
derived prior to the present analysis: they are predicted and
intentionally not fitted to the antiproton data. As discussed
in Sec. V B, neither model is statistically strongly preferred
by current nuclei or antiproton data. Therefore, we utilize
both to bracket the systematic uncertainty associated with
the transport setup.

C. Discussion on spectral features effects
on (ov) upper limits

To discuss more in detail the spectral features effects on
the determination of the (ov) constraints, Fig. 5 shows a
visual breakdown of how the exclusion limits are formed.
Although the bottom panel simplifies the analysis by
neglecting the full covariance matrix of the data, the
comparison of these three panels effectively highlights
the correlation between the spectral features of the primary
and secondary p fluxes and the resulting shape of the
constraints. In particular, it helps clarifying the origin of the
weakening of the limits at approximately 80-250 GeV in
m,, a feature also present in other works where correlations
in AMS-02 data were not considered, such as Ref. [97]. The
first two panels visually show the correspondence between
the shape of the constraint curve (top panel) and the
position of the peaks of the primary fluxes rescaled by
R? (middle panel), computed using the upper limit values of
(ov) and the associated value of L,;,. From the plot of the
residuals (third panel), it is possible to visually infer the
origin of the spectral shape of the constraints, which results
from the interplay between the position of the primary flux
peaks and the shape of the predicted secondary back-
ground. Specifically, the weakening of the constraints at
m,, = 80-250 GeV in the top panel corresponds to a region
in the third panel at R =~ 1040 GV, aligning more closely
(within the 1o experimental uncertainty) to the AMS-02
mean value, thus leaving room for a larger DM contribution
in the upper limit analysis.

In conclusion, although the exact correspondence
between residuals and limits is inevitably smoothed by
data correlations and secondary uncertainties, this visuali-
zation successfully captures the most significant qualitative
effects, providing an effective insight into the physical
origin of the constraints’ shape.

D. Result with simulated p GAPS data

Having established the constraints from current AMS-02
data, we explore the discovery reach of the upcoming
GAPS experiment. GAPS specifically targets the sub-GV
antiproton window, where the secondary background is
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FIG. 5.

Top panel: upper limits on (s2) obtained in our antiproton analysis for the QUAINT transport model, as a function of the DM

mass m,. Middle panel: primary antiproton fluxes for various DM masses ranging from 7 to 5000 GeV (see the color bar on the right for
the mass-color correspondence). These fluxes have been computed assuming the upper limit value of (cv) corresponding to each mass,
as shown in the top panel. The fluxes are rescaled by a factor of R3. The gray dashed line represents the secondary background reference
flux (predicted, not fitted to the data). Black markers indicate the AMS-02 data [7]. Bottom panel: residuals from the comparison
between the total fluxes (secondary + primary at the upper limit level) and the AMS-02 data. The black dashed line represents the
residuals of the secondary reference flux alone. These residuals have been directly calculated without including the effect of the data
covariance matrix and, for visual clarity, without showing the uncertainties on the secondary fluxes.

significantly suppressed, thereby maximizing the sensitiv-
ity to light DM signals. To quantitatively gauge the impact
of these future measurements on the (ov) constraints, we
construct an illustrative scenario projecting the instrument’s
sensitivity onto the BIG and QUAINT background models,
explained as follows.

We extract the projected energy positions, flux values,
and relative errors of simulated GAPS data from Fig. 9 in
Ref. [98]. Following the Asimov dataset approach [99], we
generate a single representative mock dataset for each
transport setup by forcing the GAPS data points to exactly
match the median expected values of our secondary back-
grounds. We treat the projected GAPS relative uncertainties

as uncorrelated statistical errors. By neglecting correlated
systematic uncertainties, this procedure yields an optimistic
projection of the exclusion limits. Furthermore, because of
the ambiguity regarding the exact solar modulation con-
ditions during the upcoming GAPS flights, we adopt the
AMS-02 modulation levels as a standardized baseline.
The results of this exercise are shown as dashed lines in
Fig. 2. For the BIG model, the addition of these simulated
low-energy data can significantly improve the constraints
on (ov) for low DM masses, even more than one order of
magnitude. This is due to the steeper secondary flux shape
in the sub-GV region, which results in stronger constraints.
At the same time, the improvement in the DM bound by
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FIG. 6. Effect of mock GAPS data on the maximum allowed
primary TOA antiproton fluxes, evaluated for the BIG propaga-
tion model. Solid lines represent the maximum primary fluxes
derived considering AMS-02 data alone, whereas dashed lines
illustrate the constraints obtained considering the mock GAPS
dataset in the (ov) bound computation. The plot displays the
mock GAPS data (red crosses) superimposed on the predicted
secondary background (dash-dotted black line), alongside the
AMS-02 data [7] (black crosses). The primary fluxes are
computed for two representative masses of 10 and 50 GeV
annihilating into bb, and at the 95% CL upper limits on () as
in Fig. 2.

using the extrapolated background can also be rephrased by
saying that for DM masses <50 GeV, GAPS potentially
has an excellent chance of detecting a DM signal in the
antiproton channel. Conversely, for the QUAINT model,
the effect is milder since the predicted background flux is
higher.

To visualize this impact, Fig. 6 displays the mock GAPS
data projected onto the BIG secondary background, along-
side the 2011-2018 AMS-02 measurements [7]. The plot
clearly illustrates how the addition of sub-GV data restricts
the maximum allowed primary DM fluxes. This constraining
power is particularly pronounced for lighter DM candidates,
such as the m, = 10 GeV case, because their annihilation
spectra peak closer to the energy window of GAPS.

VII. RESULTS ON ANTIDEUTERON FLUXES

Having established robust upper limits on (o) from the
antiproton channel, we now turn to antideuterons. We aim
to determine whether a primary D signal could still fall
within the reach of current or near-future detectors without
violating the stringent p bounds derived above.

To address this, we compute the maximum allowed
primary D fluxes. For each DM mass m,, we adopt the

95% CL upper limit on (cv) alongside the corresponding
profile-likelihood value of the halo half-height L.
Given the uncertainty regarding the exact solar activity
during the projected GAPS flights, we adopt a reference
force-field modulation potential of ¢pgr = 750 MV for the
following evaluations. Figure 7 (8) illustrates these upper-
bound primary antideuteron fluxes for selected DM masses
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FIG. 7. TOA antideuteron fluxes. The plot displays the ex-
pected secondary background flux (black dashed line) alongside
primary fluxes from DM annihilation, considering the bb
annihilation channel. The primary components are shown for
both the standard cosMIxs spectra (solid lines) and the updated
A, tuning (dotted lines). Unless otherwise specified, all primary
fluxes are computed using the Argonne coalescence model. For
the m, = 100 GeV candidate, the predictions from the Gaussian
(dashed purple line) and Ap + Ar (dash-dotted purple line)
approaches are also shown for comparison. All fluxes are
evaluated at a solar modulation potential ¢pr = 750 MV. The
primary signals are computed using the 95% CL upper limits on
(ov) derived from our p analysis. The gray band indicates the
theoretical uncertainty on the secondary flux. The upper and
lower panels present the results for the BIG and QUAINT
propagation models, respectively.
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for the bb (uit) annihilation channel, displaying the
maximum expected signal against the secondary back-
ground. The plots also include the projected experimental
sensitivities: the expected reach of three balloon flights for
GAPS [100], and the projected 2030 flux sensitivity for
AMS-02, which accounts for its planned acceptance
upgrade [12,13].

Focusing first on the secondary background, the flux
peaks at approximately 4 GeV/n, approaching the sensi-
tivities of AMS-02 and GAPS for both propagation models.
The plots display the theoretical uncertainty band, whose
computation is detailed in Sec. VB. To bracket the
systematic uncertainty arising from the coalescence proc-
ess, we evaluated the envelope of the predictions obtained
from different coalescence models (namely, the Ap + Ar,
Gaussian-Wigner, and Argonne-Wigner models), adopting
the Gaussian model as the central baseline.

Considering Fig. 7, for both propagation models the
maximum allowed primary signal exhibits a strong mass
dependence: the lower the DM mass, the larger the
maximum predicted excess over the secondary background
at sub-GeV energies. For instance, in the case of an 10 GeV
DM candidate, the primary flux can exceed the background
by up to three orders of magnitude. This clearly reaffirms
the role of low-energy antideuterons as an almost back-
ground-free channel for indirect DM detection [21].

Comparing these maximum allowed primary fluxes with
experimental sensitivities reveals a significant dependence
on the underlying propagation framework. Under the BIG
model, which yields less stringent (6v) constraints for DM
masses m, < 20 GeV, the primary spectra can reach the
projected GAPS sensitivity for very light DM candidates.
Conversely, the QUAINT model yields tighter low-mass
constraints, suppressing the maximum allowed fluxes
below the GAPS detection threshold across the entire
probed mass range.

The plots show the impact of the updated A, tuning,
discussed in Sec. III, on the primary antideuteron fluxes.
This modification primarily affects the spectra generated
by light DM candidates, whereas the impact on heavier
masses is substantially milder. This effect has important
implications for indirect detection prospects, as the updated
tuning suppresses the expected signal at masses <10 GeV,
rendering it inaccessible to both GAPS and AMS-02.

For the m, = 100 GeV candidate, the plots also illus-
trate the effect of the different coalescence approaches (i.e.,
the Gaussian and Ap + Ar models, in addition to the
default Argonne baseline). As evident from the figures and
further detailed in Ref. [34], the systematic spread intro-
duced by the choice of coalescence model is no longer a
dominant source of theoretical uncertainty.

In Fig. 8 we show the productions for the D generated
from the uii channel. The main differences from the bb
channel are the lower predicted fluxes for the lightest DM
masses, which consequently fall below the projected GAPS
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FIG. 8. TOA antideuteron fluxes. The plot displays the ex-
pected secondary background fluxes (black lines) alongside
primary fluxes from DM annihilation, considering the uii
annihilation channel. The fluxes are shown for both the BIG
(solid lines) and the QUAINT (dotted lines) propagation models.
All fluxes are evaluated at a solar modulation potential
¢rr = 750 MV. The primary signals are computed using the
95% CL upper limits on (cv) derived from our p analysis and
employing the standard cosMmixs spectra. The lo theoretical
uncertainties on the secondary fluxes are represented by the gray
bands: solid-filled for the BIG model and hatched for the
QUAINT model.

sensitivity. This is due to the absence of D contribution
from A, decays for the uii channel compared to the bb case,
as also noticeable in the corresponding D production
spectra in Ref. [34].

The D detection prospects are explicitly quantified in
Fig. 9, which displays the maximum number of primary
antideuterons that GAPS and AMS-02 are predicted to
detect, assuming the current p-derived constraints and
considering the bb annihilation channel. The calculation
of these expected event yields follows the methodology
outlined in Ref. [101]. Specifically, the expected number of
events is derived by integrating the theoretical primary flux
over the kinetic energy window where the experiment is
sensitive. This integrated flux is then divided by the energy
bin width and normalized by the corresponding experi-
mental flux sensitivity. Finally, the result is multiplied by
the baseline number of signal events defining that specific
sensitivity threshold. As detailed therein, the flux sensitiv-
ities for antideuterons for both AMS-02 and GAPS are
calibrated to correspond to 2 expected detection events.

Analyzing the projected yields, under the BIG propa-
gation framework, GAPS is projected to detect at least one
primary antideuteron only for light DM candidates with
m, < 10 GeV. In contrast, the QUAINT model yields a
maximum signal that remains completely inaccessible to
GAPS across the entire mass range. For AMS-02, however,
both propagation models allow for the potential detection
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FIG. 9. Maximum expected number of detectable primary
antideuterons (Np) for the GAPS (magenta lines) and AMS-
02 (purple lines) experiments as a function of the DM mass m,,
computed considering ¢rr = 750 MV. The solid lines indicate
the yields computed using the standard cosMIxs A,, tuning, while
the dotted lines represent the results obtained with the updated A,
tuning. The upper and lower panels display the projections for the
BIG and QUAINT propagation models, respectively.

of a primary antideuteron signal for DM masses up
to m, ~ 200 GeV.

Incorporating the updated A, tuning reveals a strong
suppression of the detection yields for DM masses
m, < 15 GeV. Specifically, for masses m, < 10 GeV, this
attenuation pushes the primary signal entirely below the 1-
particle detection thresholds of both AMS-02 and GAPS.
Consequently, since GAPS was exclusively sensitive to this
specific low-mass window, this tuning renders the primary
signal completely inaccessible to the GAPS experiment
across the entire probed mass range.

Applying the same event yield methodology to the
secondary astrophysical background, the expected number
of events at AMS-02 is evaluated to be 1.12 & 0.15 events
under the QUAINT model and 1.31 4+ 0.18 events under
the BIG framework. In contrast, the expected background
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FIG. 10. 95% CL upper limits on (ov) as a function of m,,
assuming the bb final state. The solid lines represent the current
constraints derived from the AMS-02 antiproton data. The other
curves illustrate the projected upper limits assuming a null
detection of primary antideuterons by current and future experi-
ments: AMS-02 (dashed purple), GAPS (dotted magenta), and
ALADInO (dash-dotted green). Results are displayed for the BIG
(upper panel) and QUAINT (lower panel) propagation models.

at GAPS is suppressed by nearly three orders of magnitude
relative to the detection threshold, firmly placing the
experiment in a virtually background-free regime.

Since AMS-02 and GAPS are projected to be sensitive to
primary antideuterons, the absence of a detection can be
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exploited inversely to constrain the DM parameter space,
yielding prospective upper limits on (ov). To address this,
Fig. 10 presents the upper limits derived under the
assumption of a null detection of antideuterons by each
of these instruments independently. To compute these
projected bounds, we adopted a single-bin approach: for
each mass, the annihilation cross section is rescaled such
that the predicted total antideuteron flux reaches, but does
not exceed, the sensitivity threshold of the respective
experiment in its most constraining energy bin.

The results indicate that a confirmed nondetection by
AMS-02 would improve the current p-derived constraints
for m, <200 GeV by up to a factor of ~5 under the BIG
model and ~3 under QUAINT, exhibiting a nonmonotonic
mass dependence. Conversely, a null result from GAPS
would only tighten the existing limits in the very low mass
regime, and strictly under the assumptions of the BIG
model. Incorporating the projected capabilities of the
proposed ALADInO experiment [38], a null detection
under this simplified framework would drastically reduce
the available DM parameter space, effectively constraining
the thermal relic cross section up to m, ~ 1000 GeV.

VIII. RESULTS ON ANTIHELIUM FLUXES

As a final step, we assess the detectability of a potential
*He signal by computing the corresponding fluxes under
the upper limits on (ov) derived from p data, and
comparing them with the projected sensitivities of AMS-
02 [101], GAPS [102], and ALADInO [38].

GAPS
AMS-02

= 1077 -
£

> ALADInO

© 10 =
T!E

b 10-11 T 25 —

& N \
\
\
\
10-15 HEHE R | N ]

107! 10° 10
Ek/n [GeV/n]
— BIG == QUAINT
— iy =10GeV my =50GeV  —— m, =100 GeV
FIG. 11. Primary fluxes of TOA antihelium 3, considering

m, = 10, 50, and 100 GeV and ¢pr = 750 MV, for the BIG and
QUAINT models and using the Argonne coalescence approach.
The fluxes are computed considering the 95% CL upper limits on
(ov) obtained by our antiproton analysis.

Given the O(107*) suppression of the *He multiplicity
relative to D in DM annihilation [44], deriving (ov) limits
directly from 3He null detection analyses is computation-
ally prohibitive. We thus restrict our evaluation to a
representative set of DM masses.

As shown in Fig. 11, the predicted TOA flux of primary
*He (for DM DM — bb) lies approximately three (four)
orders of magnitude below the sensitivity of AMS-02
(GAPS). However, depending on the assumed propagation
model, the flux could approach the sensitivity of the
proposed ALADInO experiment.

An open issue concerns the unpublished claims by the
AMS-02 collaboration regarding the detection of a dozen
3He events [103—1035], which cannot be explained within
our primary *He production framework. Proposed mech-
anisms invoking an enhancement of *He production from
the decay of weakly decaying b-hadrons [106,107] appear
to be in tension with the recent upper limit on the inclusive

branching ratio of A) into *He reported by the LHCb
collaboration [63], as discussed in Ref. [44]. Other
approaches that enhance the antinuclei production have
been recently discussed in Ref. [101].

IX. CONCLUSIONS

In this work, we have revisited the production and
detection prospects of cosmic-ray antinuclei—antiprotons,
antideuterons, and antihelium—originating from both stan-
dard astrophysical processes and DM annihilation in the
Galaxy. Building upon recent theoretical and experimental
developments, we have provided updated predictions that
incorporate improved modeling of particle production,
coalescence mechanisms, and Galactic propagation. In
particular, all the DM fluxes are the maximal ones allowed
by the AMS-02 data on the antiproton flux, fitted together a
prediction for the secondary component.

On the production side, we employed state-of-the-art
Monte Carlo simulations, to derive primary antinuclei
yields from DM annihilation. We complemented this with
updated differential cross sections for secondary antideu-
teron production and a systematic comparison of coales-
cence approaches. In particular, the Argonne Wigner
formalism provides a physically motivated benchmark
for primary fluxes, while the residual model dependence
is found to be at the level of O(20%), consistent with recent
studies. We have also implemented dedicated Pythia tunings,
including the recent A,-informed calibration.

For Galactic transport, we adopted the semianalytical
USINE framework and explored multiple propagation sce-
narios (BIG and QUAINT). These configurations provide
comparably good fits to nuclei data but lead to non-
negligible differences in the predicted secondary antiproton
flux, which in turn impact the inferred DM constraints.

Using the AMS-02 antiproton data (2011-2018), we
derived updated 95% CL upper limits on the DM
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annihilation cross section (ov) over the mass range
m, ~5 GeV-10TeV. The resulting bounds reach (ov) ~
few x 1072 cm®s™! atm, ~ 100 GeV, with a clear depend-
ence on the propagation setup: the BIG model yields weaker
constraints below m, < 20 GeV, while QUAINT allows for
larger DM contributions at m, 2 300 GeV.

For the first time, we showed that the inclusion of
simulated low-energy antiproton data from GAPS, could
improve the limits by more than one order of magnitude for
light DM candidates (m, <50 GeV). Alternatively, this
same result implies that, for this DM mass range, GAPS can
potentially detect a DM signal in the antiproton channel.

We then translated these constraints into predictions for
antideuterons. At sub-GeV/n energies, the maximum
allowed primary flux can exceed the secondary background
by up to ~2-3 orders of magnitude for light DM candidates
(m, ~ 10 GeV), confirming the well-known advantage of
this channel. However, detectability strongly depends on
the propagation model: within the BIG scenario, GAPS
could detect O(1) primary antideuterons for m, < 10 GeV,
whereas in the QUAINT setup the signal remains below the
experimental sensitivity over the full mass range. AMS-02
retains sensitivity up to m, ~200 GeV. The updated A,
tuning significantly suppresses the predicted flux for
m,, < 10-15 GeV, pushing the expected signal below the
detection threshold of both GAPS and AMS-02 in this
region, for the bb annihilation channel.

We also quantified the projected impact of null detec-
tions. A nonobservation of antideuterons by AMS-02 could
strengthen current antiproton-derived bounds by up to a
factor of ~3-5 for m, < 200 GeV, while GAPS would only
improve constraints in the very low-mass regime and under
favorable propagation assumptions. Future experiments
such as ALADInO could probe cross sections close to
the thermal relic benchmark up to m, ~ 1 TeV.

For antihelium, we found that the predicted fluxes from
DM annihilation are ~3—4 orders of magnitude below the
sensitivities of AMS-02 and GAPS, although they may
approach the reach of next-generation instruments. These
results highlight a persistent tension with the tentative

AMS-02 antihelium candidate events, which cannot be
accommodated within standard coalescence-based produc-
tion models for WIMPs. Nevertheless, enhanced antihe-
lium production can be obtained in models endowed with
confining dark sectors, like the SUEP model recently
discussed in Ref. [101].

In conclusion, our analysis provides a unified and
updated framework for interpreting cosmic-ray antinuclei
measurements and emphasizes the complementarity
between antiprotons and heavier antinuclei. Actually,
several experiments are ongoing (or planned) to both
improve the antiproton data and detect A > 1 antinuclei
in cosmic rays. However, the foreseen difficulty to decrease
the modeling uncertainties on the secondary antiproton flux
[108] makes heavier antinuclei the only guaranteed route to
improve significantly (by up to two orders of magnitude)
the DM constraints at low masses.
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