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The measurement of antiparticles in cosmic rays (CRs) has revealed our limited knowledge on
their production and propagation throughout the Galaxy. Even the first tentative antinuclei events
detected by AMS-02 are generating a remarkable debate in the community. In particular, early
analyses of the AMS-02 antiproton spectrum revealed the possibility of an anomaly that fit very
well with the expected production from a weakly interacting massive particle (WIMP). We present
here an antiproton analysis in combination with different ratios of B, Be and Li and use these
models to update expectations on the flux of antinuclei with newly derived cross sections and
WIMP annihilation spectra.

We find that the expected antideuteron flux is compatible with the hint of a few events detected
by AMS-02 while the derived flux of antihelium is still around one order of magnitude below the
current sensitivity of AMS-02. This, if the preliminary signal of antihelium events detected is
confirmed, opens a window for new astrophysical production mechanisms and physics beyond the
standard model.
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1. Dark matter indirect searches with CR antiparticles

The detection of CR antiparticles has long been used as a window for indirect searches of
dark matter, in particular for WIMPs. However, no clear signature from decay or annihilation of a
dark matter particle has been detected so far [1]. What is more, the measurements of antiparticles
spectra have revealed our lack of knowledge on their astrophysical production (either produced by
sources, like pulsars [2] or primordial black holes [3], or produced from the interactions of CRs
with gas [4]) and their transport throughout the Galaxy. It turns out, in fact, that the indirect WIMP
searches carried out are also allowing us to improve substantially our models on the propagation
and production of CRs.

After the Alpha Magnetic Spectrometer (AMS-02) released the antiproton spectra in 2016 [5],
a few works claimed the existence of a possible excess [6—8] at 10-20 GeV that could be well
explained with the production of antiprotons from a WIMP with an annihilation rate close to the
thermal relic one and a mass compatible with the Galactic Centre GeV excess observed in gamma-
rays [9]. Subsequently, most efforts were dedicated to understand the different sources of systematic
uncertainties involved in the prediction of the antiproton spectrum measured at Earth. While the
most significant uncertainties come from the cross sections of antiproton production [10], together
with those from the description of CR propagation and solar modulation [11], correlations of the
systematic errors in AMS-02 data were found to be also important to evaluate the significance of
the signal [12]. Although different analyses report a different significance for this anomaly, most of
the recent works suggest that the excess is well explained combining all these sources of systematic
uncertainties [11, 13].

Interestingly, the AMS-02 collaboration has recently reported the tentative detection of tens
of antideuteron (d) events and up to a dozen of events that have charges and masses that seem
consistent with antihelium nuclei (He), opening up again the game to analyse the compatibility
of these signals with exotic and standard mechanisms of astrophysical production. Indeed, the
production of He from interactions of CRs with interstellar gas is expected to be well below the
AMS-02 sensitivity and completely unable to explain the detection of similar number of events
of He and d nuclei. On top of this, the production of these antiparticles from a generic WIMP
annihilating or decaying into Standard Model (SM) particles predict a He flux at Earth that is still
far to explain the number of observed events [14]. Therefore, different exotic sources of antihelium
and mechanisms to boost its production have been explored, although yet none of these models
seem to be consistent with the recent observation from AMS-02 reporting that the antihelium events
detected are evenly distributed in *He and *He (i.e. similar amounts of both isotopes of antihelium
are detected).

In this work, we analyse the spectra of the light secondary CR species B, Be, Li in combination
with p in a scenario where antiprotons can also be produced by annihilation of a generic WIMP into
bb final states. We carry out different analyses that mainly differ on how we treat uncertainties in
antiproton cross sections, finding that the propagation parameters and WIMP mass inferred roughly
agree in every case (within the 1o uncertainties in their determination). Then, we revisit the
and update the existent predictions of the light antinuclei spectra (% and d), for which we have
computed new cross sections for both, their secondary and dark matter production. These cross
sections account for the decays of antihyperons (essentially the A;, particle) and trition (T).
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2. Antiproton combined analyses

The full system of coupled propagation equations, assuming cylindrical symmetry of the galac-
tic magnetic field and gas distribution, for all the isotopes involved in the CR network from Z = 14
(Silicon) to 3He s solved numerically with a customised version of the DRAGON2 code [15, 16] !, that
will be publicly available athttps://github.com/tospines/Customised-DRAGON2_Antinuclei.
Here, we use a diffusion-reacceleration setup, where the spatial diffusion coefficient is parameterised
as:
(R/Ro)®

L+ (R/Ry)AF|

D(R) = Dyg" (D
with Ry = 4 GV. Here the parameters ¢, n and Dg are determined by a fit of data, as explained
below, while the rest of parameters are set to Aé = 0.14 = 0.03, R, = 312 + 31 GV and s =
0.040 + 0.0015 [17]. The halo height, H, and the Alfveén speed, V4, are also determined from fit to
the data. For the rest of ingredients involved in the computation of the fluxes of CRs, we employ
identical setup as in Ref. [18], where we refer the reader for details.

In order to determine the propagation parameters ¢, 17, Do, H and V4 we employ a Markov chain
Monte Carlo (MCMC) analysis that has been presented in our past works [13, 18, 19], which, in
this case, consists of a combined fit to AMS-02 data of the spectra of the main secondary CR nuclei
(B, Be and Li) along with the p spectra. The fitting procedure includes the injection parameters
of the primary CRs included in our simulation set-up (e, IH, 4He, !2C, 14N, 100, 20Ne, 24Mg and
28Si). Concretely, we include in the fit the B/C, B/O, Be/C, Be/O, p/p, p/e* and p/e flux ratios
together with the '°Be/Be and '"Be/’Be ratios, as well as the secondary-to-secondary flux ratios
among B, Be and Li. The model for the positron flux is obtained taking the parameterisation given
by the AMS-02 collaboration in Ref. [20], since the positron flux is subject to many uncertainties
that are beyond the scope of this study.

This procedure incorporates a nuisance parameter for each of the secondary CR particles
involved (Sg, Spe, Sri and Sa)) that allow us to modify the normalization of the original cross
sections. We define the prior distributions of all propagation parameters as a uniform distribution,
while those from the nuisance parameters are defined to follow a Gaussian whose variance is that
of the cross sections experimental data, and which, essentially, acts as a penalty factor preventing
from having large variations of the original cross sections normalization. Then, we also include the
contribution of a WIMP annihilating into bb final states producing p, e* and e~, as explained in
Ref. [18]. This allows us to infer the WIMP mass and the annihilation rate ({ov)) along with the
rest of transport parameters and nuisance factors.

The results for this “Standard” or “Canonical” analysis described above can be seen in Fig. 1,
where we show the p/p and p/e* spectra evaluated with best-fit 2 parameters inferred. We obtain a
WIMP mass of My pp = 130.3*1% . GeV and annihilation rate of (o-v) = 2.03:0.64-1072 cm?/s
and a (local) significance of ~ 1.10- with respect to the hypothesis with not dark matter production
of antiprotons, similar to what was found in other recent analyses [12, 21, 22]. As no significant
excess is found, we derived bounds for the WIMP masses in the GeV range, which are shown in

! The original code is available at https://github.com/cosmicrays/DRAGON2-Beta_version
2Here, we refer to the best-fit parameters as the median obtained in the probability distribution function obtained in
the MCMC procedure for each parameter
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Figure 1: p spectra evaluated in the scenario where the contribution from WIMP annihilation into b final
states is included, with the transport parameters obtained in our Canonical analysis. Left: p/p spectrum.
Right: p/e* spectrum. The statistical uncertainty in the determination of the propagation parameters (not
including modulation uncertainties) is shown as a yellow band and the uncertainty related to the determination
of the WIMP properties (mass and annihilation rate) is shown as an orange band. In the right panel, the
production of ppys/et from a WIMP and the fraction of positrons produced from the WIMP particle
(e}, /€") are shown.

Fig. 2. As it can be seen from the figure, these results allow us to rule out the thermal relic cross
sections for WIMP masses below ~ 60 GeV.

We also carried out other two similar analyses finding similar conclusions: The analysis with
“No cross sections constraints” where the priors for the scale factors follow a uniform distribution
(in this scenario, the scale factors can vary freely) and the analysis where we make the variance
of the Gaussian prior for the antiproton cross sections be similar to the one associated to the B
cross sections, what causes that same variations of the antiproton cross sections are penalised in
the same way as the other secondary CRs. This would represent the case in which our antiproton
cross sections are constrained more tightly and, thus, we call this the analysis with “Full cross
sections constraints”. The probability distribution functions (PDFs) of the inferred parameters in
these analyses are shown in Figure 3, where we overlap the PDFs obtained in each analysis.

3. Predicted antinuclei fluxes

In this section, we report the updated expectations for the fluxes of d and He at Earth. The
computation of the spectra of these particles has been implemented in a new customised version
of the DRAGON2 code, that is intended to be publicly released athttps://github.com/tospines/
Customised-DRAGON-versions/tree/main/Custom_DRAGON2_v2-Antinuclei. Inthese cal-
culations we are considering the production of these antinuclei from p-p, p-He, He-p and He-He
collisions, their tertiary contribution and the contribution from a generic WIMP annihilating into
bb final states. The cross sections of these particles are computed using the analytic coalescence
model (see e.g. Ref. [24]), which approximates the multi-antinucleon spectra as the product of
single-antinucleon spectra (ignoring correlations in the antinucleon production). The coalescence
factor, which accounts for the phase space volume in which antinucleons coalesce, is defined as a
function of the coalescence momentum, p., that we fix to 215 MeV for d and 239 MeV for*He [25].


https://github.com/tospines/Customised-DRAGON-versions/tree/main/Custom_DRAGON2_v2-Antinuclei
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pared with those obtained by Refs. [21-23] for the

analysis using the same p data-set (2018). Figure 3: Probability distributions of the considered
propagation parameters obtained for the analyses re-
ported in this work.

For this, we use the cross sections of antiproton production described in Ref. [26] and take into
account the isospin asymmetry for the production of antineutrons and antiprotons. The propagation
parameters used to make these calculations are those obtained in our combined analyses of the p,
B, Be and Li spectra, as well as for the WIMP mass and annihilation rate.

The left panel of Figure 4 shows the predicted d spectrum produced from CR collisions on
the interstellar gas (secondary d), the spectrum produced from annihilation from a generic WIMP
and the tertiary component. As we observe in the figure, the peak at above 20 GeV/n, produced
from A, particles formed from the annihilation of the WIMP particle could be hardly visible in the
total spectrum. These spectra are compared to the upper-limits from the Balloon-borne Experiment
with a Superconducting Spectrometer (BESS) [27], the sensitivity regions of GAPS [28] (for the
expected three flights of 35 days) and AMS-02 (15 years of operation) and the ALADInO [29]
forecasted sensitivity. As we see, the expected WIMP flux would be possibly detected in the next
years, although we have to remind the reader that these predictions can be uncertain by even one
order of magnitude, mainly because of our limited knowledge on the coalescence process. We
also remark that even the detection of antideuterons produced from CR interactions seems to be
achievable in a mid-to-short term. In addition, we notice that the detection of these antinuclei by the
TOF detector would be a very strong indication of new physics, given that the standard mechanism
of secondary production of d is unable to produce enough events at the energies covered by this
detector.

In the right panel of Figure 4 we show the predicted >He spectrum compared to AMS-02
(15 years of operation) and the forecasted sensitivity for the ALADInO experiment. In this case,
the peak produced by A, particles would manifest much more clearly. However, the expected flux
much below the estimated sensitivity of AMS-02, which challenges the “Standard” scenario that
we are testing here if these few tentative events detected are confirmed. One of the most promising
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Figure 4: Left panel: Predicted d spectrum produced from CR collisions on the interstellar gas (secondary
d), from annihilation from a generic WIMP and the tertiary component compared to the upper-limits obtained
by the BESS experiment, the sensitivity region of GAPS (three flights of 35 days) and AMS-02 (15 years)
and the ALADInO forecasted sensitivity. Right panel: Similar to what is shown in the left panel but for the
3He spectrum compared to AMS-02 (15 years) and the future the ALADInO experiment.

explanations for this detection is a significantly larger production of A, particles [25], that could be
tested in the detectors at LHC.

4. Conclusions

While the excitation about the possible antiproton excess still remains, most of the new analyses
are revealing that the discrepancy is not significant enough and that the astrophysical uncertainties
are still high to reveal clear signatures of dark matter. In the analyses presented here, we find that
antiprotons are compatible with the rest of secondary CRs and obtain a maximum significance of
~ lo for a WIMP of mass between 110 and 170 GeV and annihilation rate around the thermal
relic one. We notice that these WIMP parameters are in tension with those from the Galactic
Center Excess. In addition, we derived dark matter bounds that seem compatible with other recent
analyses of the 2018 antiproton data-set. However, we it should be noticed that neglecting the
spatial dependence of the diffusion coefficient could significantly change these bounds because it
would affect both, the spectra of particles produced by CR interactions and the dark matter signal
at Earth.

Then, we have explored the predicted spectra of the antinuclei species d and He as an exciting
option to look for new physics from CR measurements. Excitingly, other astrophysical excesses
that have been correlated with dark matter (e.g., GCE, DAMA, etc.), predict an antinuclei flux that
is within the sensitivity range reached by detectors such as AMS-02 and GAPS in the coming years.
From our evaluations, we find that the expected antideuteron flux produced from annihilation of the
WIMP found in our analysis could be detectable by AMS-02 and even GAPS in the region from
~ 0.2 — 10 GeV. Remarkably, even the production of secondary antideuterons would be detectable
at GeV energies. Therefore, we consider that both sources of production of antideuterons are
compatible with the hint of a few events detected by AMS-02. In contrast, the derived flux of
antihelium is still around one order of magnitude below the current sensitivity of AMS-02. We
remark here that the unique feature produced in the antihelium spectrum by the decay of the A,
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particle could be fundamental for future dark matter searches. If the preliminary signal of a few
antihelium events detected is confirmed and the analysis techniques of AMS-02 shows to be robust
enough we could really be witnessing the first signal of physics beyond the standard model, although
new astrophysical production mechanisms could also be at play.
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