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The detection of cosmic antideuterons (D) at kinetic energies below a few GeV/n could provide a
smoking gun signature for dark matter (DM). However, the theoretical uncertainties of coalescence
models have represented so far one of the main limiting factors for precise predictions of the D flux.
In this Letter we present a novel calculation of the D source spectra, based on the Wigner formalism,
for which we implement the Argonne v18 antideuteron wavefunction that does not have any free
parameters related to the coalescence process. We show that the Argonne Wigner model excellently
reproduces the D multiplicity measured by ALEPH at the Z-boson pole, which is usually adopted
to tune the coalescence models based on different approaches. Our analysis is based on Pythia 8
Monte Carlo event generator and the state-of-the-art Vincia shower algorithm. We succeed, with
our model, to reduce the current theoretical uncertainty on the prediction of the D source spectra
to a few percent, for D kinetic energies relevant to DM searches with GAPS and AMS, and for
DM masses above a few tens of GeV. This result implies that the theoretical uncertainties due
to the coalescence process are no longer the main limiting factor in the predictions. We provide
the tabulated source spectra for all the relevant DM annihilation/decay channels and DM masses
between 5 GeV and 100 TeV, on the CosmiXs github repository.

Introduction – Despite decades of theoretical stud-
ies and experimental searches, the particle origin of
dark matter (DM) has eluded conclusive results. Well-
motivated DM particle physics models have driven a wide
search program through indirect, direct detection and
collider experiments. In indirect detection, researchers
seek possible signatures of DM signals in the flux of cos-
mic messenger particles, such as positrons, antiprotons,
γ rays, and neutrinos [1, 2]. However, identifying DM
through the detection of these particles is challenging as
the majority of their fluxes is likely to be attributed to
known astrophysical processes (see, e.g., [3–8]).

Cosmic antinuclei originating from DM annihilation or
decay might instead offer a more advantageous option. In
particular, cosmic antideuterons (D) [9] – and, to some
extent, antihelions (He) [10, 11] – have emerged as par-
ticularly promising channels for DM indirect detection,
largely due to the suppressed low-energy flux from astro-
physical sources and secondary production. In the con-
text of Weakly Interacting Massive Particles (WIMPs)
annihilating within the Galactic halo, the flux of D can
be at least one order of magnitude higher than that of
secondary antinuclei within kinetic energy ranges of 0.1–
1 GeV/nucleon (see, e.g., [9, 12–15]). As a result, even
the detection of a small number of D events at these en-
ergies could serve as a compelling signature of DM [16].
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In particular, the AMS-02 experiment [17] and the future
GAPS observational campaigns could have the sensitivity
to detect a few D events [18].

Even though DM indirect detection through antinuclei
leads potentially to the clearest signature among all the
possible cosmic messengers, the theoretical framework for
their production is not fully understood. Many studies
on this topic employ the so-called coalescence models [19–
21], which posit that individual antinucleons (antiprotons
and antineutrons) bind into antinuclei if the difference in
momentum between them is smaller than a coalescence
momentum – denoted hereafter by pcoal –. Unfortunately,
the value of pcoal itself cannot be determined from first
principles and may vary depending on the process gen-
erating the nucleus, i.e. whether from DM annihilation
or secondary (hadronic) production. For instance, the
authors of Refs. [12, 13, 15, 22] have found pcoal ≈ 0.15
GeV when calibrating the DM annihilation processes us-
ing the rates of D production at the Z resonance mea-
sured by the Large Electron Positron (LEP) collider re-
ported on by ALEPH and OPAL collaborations [23, 24].
Conversely, when using ALICE data for p − p collisions
with center-of-mass energies ranging from 900 GeV to 13
TeV [25–30] to calibrate D secondary production, values
pcoal > 0.2 GeV are found. As the D spectra are roughly
proportional to the cube of pcoal, a variation of this pa-
rameter between 0.15 and 0.22, as found in the literature,
would induce a theoretical uncertainty of approximately
a factor of 3.

More sophisticated coalescence models, based on a
quantum-mechanical treatment of the problem using a
Wigner formalism, consider that the process depends
on the momentum distribution of the nucleons, the nu-

ar
X

iv
:2

41
1.

04
81

5v
1 

 [
as

tr
o-

ph
.H

E
] 

 7
 N

ov
 2

02
4

https://github.com/ajueid/CosmiXs.git
mailto:dimauro.mattia@gmail.com
mailto:nicolao.fornengo@unito.it
mailto:adiljueid@ibs.re.kr
mailto:rruiz@ific.uv.es
mailto:f.bellini@unibo.it


2

cleus wave function, and the characteristics of the nu-
cleon emitting source [21, 31–35]. This approach is the
foundation of most recent developments that calculate
the production of (anti)nuclei in hadronic interactions on
an event-by-event basis by employing Monte Carlo (MC)
simulations [22, 34, 35]. By using the Wigner approach,
these models can account for both the momentum and
spatial correlations of antiprotons (p̄) and antineutrons
(n̄) that contribute to the production of antinuclei. How-
ever, even if this treatment is more physically motivated,
in literature the choice of the nucleons and the D wave
function falls on simplified models such as single or dou-
ble Gaussian functions, whose parameters are tuned on
nuclei production data, (see, e.g., Refs. [22, 34]).

In this Letter, we aim to contribute to the improve-
ment of the predictions of the D source spectra produced
from DM annihilation or decay. To this aim, we propose
the adoption of a model which implements the Argonne
nucleon-nucleon potential, with explicit charge depen-
dence and charge asymmetry [36], in a Wigner formalism
(hereafter Argonne Wigner model) for the full quantum-
mechanical treatment of the coalescence process. The
Argonne potential is tuned directly to p–p and n–p inelas-
tic scattering data, low-energy n–n scattering processes,
and to the deuteron binding energy [36]. This approach,
which was never used before for the calculations of D
spectra from DM yields, it is more predictive than other
approaches since the Argonne nucleon-nucleon potential
is completely fixed by n, p scattering data and thus the
model does not have free unknown parameter related to
the coalescence mechanism, while at the same time yield-
ing excellent agreement with the ALEPH measurement
[37] of the D multiplicity 1. We implement the Argonne
Wigner model in a fully MC-based approach where we
generate DM particle annihilations, search for every pair
of n̄ and p̄ produced in the annihilation process and de-
cide whether a D is formed on the basis of the Argonne
Wigner formalism, described below. Employing an MC
generator enables us to properly take into account both
spatial and momentum correlations between antinucle-
ons. For this, we use Pythia 8 [38] with the Vincia
shower algorithm [39], which accurately incorporates var-
ious relevant effects, such as electroweak corrections and
effects related to the spin of the particles involved in the
processes (see Ref. [40] and Appendix I for all the de-
tails and the relevance of using Vincia). We publicly
distribute the source spectra of D, for quark and boson
annihilation channels and for DM masses between 5 GeV
and 100 TeV and for all the models considered in this
Letter, on the CosmiXs github repository2, as part of the
CosmiXs suite [40]. We do not consider leptonic channels

1 Note that the validity of the adoption of an Argonne Wigner
approach for the production of (anti)deuterons was also demon-
strated in Ref. [35] for proton-proton collisions at

√
s = 13 TeV

compared to ALICE data, in a semi-analytical approach.
2 https://github.com/ajueid/CosmiXs.git

because their contribution to the D yield is negligible.
Coalescence models – The coalescence models that we

adopt and compare in our analyses are outlined below:

1. Simple coalescence model (labeled as pcoal): We se-
lect, for each annihilation event in the MC simula-
tions, the n̄ and p̄ pairs that have a difference in
momentum ∆p = |p⃗p̄ − p⃗n̄|, in the D rest frame,
smaller than pcoal, which is the single parameter of
the model. We select only primordial antinucleons
coming from hadronization or from resonance de-
cays of heavy baryons. On the contrary, we exclude
antinucleons generated from weak decays of differ-
ent hadrons because they would be significantly dis-
placed in space-time and therefore unable to coa-
lesce.

2. Simple coalescence model with a sharp cutoff in dis-
tance (pcoal, ∆r < 3 fm). This model generalizes
the previous one with the addition of a sharp cut
on the distance ∆r between n̄ and p̄, which should
be, in the rest frame of the D, smaller than 3 fm 3.

3. Wigner approach with a Gaussian wavefunction
(Gauss Wigner). This model implements the
Wigner formalism, with the assumption that the
deuteron internal wavefunction is modeled by a
Gaussian distribution in space and momentum:

D(∆r,∆p) ∝ e−∆r2/(2σ2)e−∆p2δ2/2, (1)

where σ and 1/δ account for the Gaussian distri-
bution widths for the antinucleons separations in
space and momentum. Following the Wigner for-
malism (see Appendix I), these widths should be of
about the same order as the deuteron size, which is
about d/

√
2 ≈ 2 fm. We implement the Wigner

model making the assumption that the function
D(∆r,∆p) is a Probability Distribution Function
(PDF) for ∆r and ∆p. Therefore, for every pair of
n̄ and p̄ we evaluate D(∆r,∆p), we draw a random
number between [0, 1] and if this number is smaller
than the value of D(∆r,∆p), the D is formed.

4. Wigner approach with Argonne function (Argonne
Wigner). This method follows the same approach
as the previous one but it uses the Argonne v18
function [36]. This model is entirely fixed and
has no free parameters. In particular, we have
tabulated D(∆r,∆p) following the prescriptions of
Ref. [35], which provides an analytic expression for
the S and D-wave components of the Wigner func-
tion. This is our reference model.

3 This assumption is motivated by the size of the wavefunction of
the harmonic oscillator potential d, which, if taken to be d = 3.2
fm, reproduces the measured deuteron root-mean-square (RMS)
charge radius [41].

https://github.com/ajueid/CosmiXs.git


3

0.05 0.10 0.15 0.20 0.25
pcoal [GeV]

10−5

2× 10−6

3× 10−6

4× 10−6

6× 10−6

n
A

L
E

P
H

D̄

ALEPH

pcoal

pcoal, ∆r < 3 fm

Spherical, all p̄

Spherical, primordial p̄

Argonne Wigner

0.5 1.0 1.5 2.0
δ [fm]

10−1

100

101

102

σ
[f

m
]

ALEPH Best-fit

ALEPH 1σ error

Stat. uncertainty

−6.5

−6.1

−5.7

−5.3

−4.9

lo
g

1
0
(n

A
L

E
P

H
D̄

)

FIG. 1. Left Panel: Variation of the theoretical prediction for the D multiplicity as a function of the parameter pcoal compared
with the ALEPH data. The other curves represent the result obtained with the various coalescence models. For the spherical
model we show the result obtained when considering all the antinucleons or only the primordial ones. Right Panel: Contour
plot of the D multiplicity obtained for different combination of the parameters σ and δ for the Gauss Wigner model. The
dashed blue curve and greed dotted curves represent the best-fit and its 1σ uncertainty for the ALEPH data, while the pink
band represents the statistical errors due to the number of events we have simulated with Pythia.

5. Spherical approach. This model is the simplest (and
oldest) one and assumes that all the pairs of p̄ and
n̄ are uncorrelated in space and momentum and
are produced with a spherical symmetry in their
center-of-mass frame. With these approximations,
the spectra of D is proportional to the square of the
nucleons spectra and to the coalescence momentum
to the third power [9, 13, 15]. This model is based
on effective but simple assumptions that are actu-
ally not suitable for DM annihilation channels into
gauge and Higgs bosons, and it typically underes-
timates the high-energy part of the spectra arising
from quark hadronization [13]. Nevertheless, we
include it in the list for the sake of comparison.

We explain in more detail the models using the Wigner
formalism as well the Simple coalescence models and their
application into the MC framework in the Appendices IA
and III.

Coalescence models tuning – We first tune all models
(except Argonne Wigner, which has no free parameter) to
the D multiplicity measured by ALEPH [23] for the e+e−

process at the Z-pole: nALEPH
D

= (5.9± 1.8± 0.5)× 10−6

per hadronic Z decay in the D momentum range (0.62,
1.03) GeV/c and for polar angles | cos θ| < 0.95. In
Fig. 1 we show the variation of the D multiplicity for
the different models. For the spherical and pcoal mod-
els, it is crucial to consider only primordial antinuclei,
which are the only ones able to form an antideuteron
detectable by ALEPH. By including also antinucleons
produced from weak decays, we would get a best-fit of
p0 which is a factor of 3 smaller, because the antinucle-
ons yield would be incorrectly enhanced by about 40%.
Moreover, we see that the spherical approach gives a

best fit of pcoal = 0.157+0.015
−0.018 GeV which is typically

smaller than the one obtained for simple coalescence
model (pcoal = 0.196+0.018

−0.023 GeV) where the fusion process
is calculated on an event-by-event basis. We also notice
that the addition of a sharp cutoff in distance between
the antinucleons has some relevance, since the required
value of pcoal to match the measured multiplicity is larger
pcoal = 0.196+0.018

−0.023 GeV. This is due to the fact that with-
out adding the condition that the p̄ and n̄ must be close
in space for a D to form, a larger number of antinucleons
are allowed to coalesce, some of which unphysically.

The Gauss Wigner model instead has two parameters,
σ and δ, which exhibit some level of degeneracy, as can
be seen in the right panel of Fig. 1. The two parame-
ters are positively correlated starting from small values
of both δ and σ, and then negatively correlated after a
turnaround of the best-fit curve occurring for the spatial
dispersion parameter of the Gaussian σ ≈ 2–3 fm, a value
compatible with the D size d ≈ 3 fm. In the Wigner for-
malism, discussed in Appendix I, the parameters δ and
σ are actually restricted to take the same value, which
for the D is of the order of d/

√
2 ≈ 2 fm. Therefore, we

adopt hereafter the condition of equality of the two pa-
rameters and identify as δ = σ = 1.8 fm the point along
the best-fit curve in Fig. 1. We obtain a D multiplicity
of 5.4 × 10−6 with the Argonne Wigner (see Fig. 1), in
excellent agreement with the ALEPH data within its 1σ
error.

D spectra– A sample of the D spectra from DM annihi-
lation, calculated for the various coalescence models and
obtained using Pythia 8.309 with the Vincia shower al-
gorithm, is presented in Fig. 2. The first relevant result
is that, once properly tuned, the spectra obtained with
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FIG. 2. Spectra of D as a function of kinetic energy per nucleon, for the uū (left panel) and W+W− (right panel) annihilation
channels and mDM = 1 TeV. The case denoted Argonne Wigner Pythia refers to the adoption of the standard Pythia shower
algorithm instead of Vincia. For comparison, we also display the spectra calculated with PPPCDM. The lower panels show
the ratio between the spectra obtained in different models and the ones obtained with the Argonne Wigner. [42].

different coalescence models are very similar, differing at
most about 10–20% among each other. The largest vari-
ations occur at the high-energy endpoint of the spectra,
close to the kinematical cutoff resulting from the energy
approaching the value of the DM mass and, to some ex-
tent, at the lowest energies, which are nevertheless below
the reach of current and foreseen experiments like AMS-
02 and GAPS. For a wide range of energies, the spectra
obtained with the various models agree at the few per-
cent level, and this occurs for all the DM annihilation
final states. Fig. 2 also shows that the Argonne Wigner
model produces remarkably consistent results, thus mak-
ing the theoretical predictions of the D spectra robust.

We display in Fig. 2 the differences between the adop-
tion of the Vincia showering algorithm in Pythia as
compared to the standard and Pythia, which, for the
quark channels, can reach 40–50% around the peak of the
spectrum. In the case of the gauge boson channels, this
difference is even higher because the effects of the elec-
troweak corrections are extremely important. We also
notice that the results we obtain for the quark channels
are similar to the ones obtained in the PPPCDM [42]
while instead, for the gauge bosons channels our predic-
tions are quite different from the one from PPPCDM at
low energies. This could be due to the differences in the
treatment of electroweak corrections which have already
been shown and discussed in Ref. [40].

A clear way of appreciating the variation between the
different coalescence models is given by the integrated
multiplicity of D per annihilation event. This is shown
as a function of the DM mass in Fig. 3 for the bb̄ and
W+W− channels and for DM masses between 1 and 105

GeV. Apart from the spherical model, which was already
shown to be incorrect and is here reported only for com-
pleteness, we see that the various models predict a very

similar multiplicity, with differences which are confined
to less than 10% for all DM masses and channels, ex-
cept for the bb̄ channel when the mass of the DM is close
to the center-of-mass energy (i.e. for DM masses close
to 10 GeV) that allows the formation of b-baryons and
mesons. As already noted for the source spectra (see
Fig. 2), we find also for the D multiplicities in Fig. 3
discrepancies between our results for the W+W− and
the one in Ref. [42]. While the D is flat for increasing
DM masses, as previously shown also in Refs. [13, 43],
Ref. [42] predicts an increasing shape.

Uncertainties – We now turn into a discussion of the
different sources of uncertainties that may affect the D
spectra. To be definite, we show in Fig. 4 the results
obtained for the bb̄ channel, mDM = 100 GeV and the
Argonne Wigner model, but the same results apply in
general.

First of all, there is a statistical uncertainty related
to the limitation in the size of the MC samples we have
generated and the ensuing D multiplicity for each kinetic
energy bin. In this study, we have generated a number
of events that depends on the DM mass in order to reach
a statistical uncertainty of the order of 5% at the peak
of the spectra and less than 10% for the whole kinetic-
energy range of interest for the current and foreseen de-
tectors (AMS-02 and GAPS). For example, with a DM
mass of 100 GeV we have simulated 200 million events.

The second source of uncertainties arises from the
choice of the coalescence model. We observe that, when
properly calibrated on D production data, all models pro-
duce very consistent results: the span of the predictions
of the various model is confined to be of the order of
5%–10% in the most relevant kinematic region for DM
searches. This is true also when comparing the source
spectra of these models with the predictions obtained
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FIG. 3. D multiplicity per annihilation event, calculated for
the bb̄ and W+W− annihilation channels and DM masses be-
tween 1 and 105 GeV and obtained for the different coales-
cence models discussed in the paper. Notation as in Fig. 2.

with the parameter-free Argonne Wigner model. The
consistency of the D spectra predictions among different
approaches has not been appreciated in the literature,
where variations up to a factor of a few have been re-
ported: we can therefore conclude that the choice of the
coalescence model is not a limiting factor for accurate
determinations of the D source spectra.
For models based on a tuning on the ALEPH data,

the uncertainty on the measured D multiplicity translates
into a 30% variation on the predicted spectra. The uncer-
tainty of the Argonne Wigner wavefunction induced by
the fit to the experimental errors on the proton-neutron
scattering measurements has never been robustly esti-
mated [36]. However, these scattering data have errors
typically smaller than 10% [44]. Therefore, we can con-
clude that the uncertainty of the Argonne wavefunction
induced by the fit should be smaller than 10% and there-
fore the adoption of this model allows for a reduction of
the theoretical uncertainty in the predicted D fluxes.
Finally, the p̄ and n̄ production through MC event gen-
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FIG. 4. Uncertainties on the D spectra arising from the fit
to the ALEPH data (region inside the red curves), statistical
uncertainties from the MC sampling (blue curves), maximal
differences between the coalescence models (black) and uncer-
tainties from hadronization (green). The results are shown as
a function of the kinetic energy per nucleon and for the case
of the bb̄ annihilation channel for mDM = 100 GeV.

erators, which is common to all D formation models, have
QCD uncertainties related to the parametric variation
of the Lund hadronization model parameters (see Refs.
[45, 46]) as the dominant source of errors. These un-
certainties are quantified at the level of 20% for the 1σ
eigentunes. For the more conservative scenario where 2σ
eigentunes are adopted, uncertainies on the D spectra
can reach the level of 50%–60%.

Conclusions– In this letter, we have considered the Ar-
gonne v18 function in a Wigner formalism for the first
time to calculate the source spectra of D from DM an-
nihilation. This is the most physically motivated model
among the ones considered, because it is calibrated on a
rich p–p and n–p inelastic scattering dataset, thus making
it highly predictive for DM applications also for the en-
ergies and DM masses different from the ALEPH D mul-
tiplicity data. We also showed that the Argonne Wigner
model properly reproduces this observable, without fur-
ther specific tuning. The tabulated spectra derived with
the Argonne function, that we distribute on the CosmiXs
github repository, should thus be considered as the state-
of-the-art for the D spectra from DM annihilation. We
also showed that the spectra of D produced from DM an-
nihilation obtained with simple coalescence models and
calculations based on the Wigner formalism are compat-
ible within a 10% uncertainty, provided that the coales-
cence models (other than the Argonne one) are properly
calibrated to the ALEPH measurement of the D multi-
plicity. We can therefore conclude that the theoretical
uncertainties arising from the process of D formation are
no longer a limitation for the prediction for DM studies,
since they all converge to a common prediction, with a
small spread.

https://github.com/ajueid/CosmiXs.git
https://github.com/ajueid/CosmiXs.git
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SUPPLEMENTAL MATERIAL

I. WIGNER FORMALISM

The Wigner formalism allows for a full quantum-mechanical treatment of the coalescence process, which takes
into account the momentum distribution of the nucleons, the nucleus wave function, and the characteristics of the
nucleon emitting source [31–34]. In this formalism, the differential D spectrum is obtained through a projection of
the two-nucleon density matrix ρpn on the D density matrix ρd:

d3Nd

dp3d
= tr (ρdρpn) .

The density matrices are defined as ρd = |ϕd⟩ ⟨ϕd| and ρpn = |ψpn⟩ ⟨ψpn|, where ϕd and ψpn are the antideuteron
wavefunction and the two-particle p̄–n̄ wavefunction, respectively. We can factorize the spatial (r) and momentum
(p) dependencies of the wave function ϕd and write it as:

ϕd (r,p) ∝ φd(r)e
ip·rd ,

where φd is the internal D wavefunction, rd is the space-time position of the deuteron and p its four-momentum.
Taking this into account, the antideuteron spectrum takes the form [21, 34]:

d3Nd

dp3d
= S

∫
d3rdd

3r d3q

(2π)6
· D(r⃗, q⃗) ·Wpn (p⃗d/2 + q⃗, p⃗d/2− q⃗, r⃗p, r⃗n) , (S1)

where S is a factor that takes into account spin and isospin statistics, which is equal to 3/8 for a D. r⃗p and r⃗n are
the proton and neutron positions, r⃗ ≡ r⃗p − r⃗n, and q⃗ is q⃗ ≡ (p⃗p − p⃗n) /2 = ∆p⃗/2, where p⃗p and p⃗n are the antiproton
and antineutron momentum, respectively.

The Wigner function of the p̄–n̄ state is Wpn and D is the Wigner function of the antideuteron, defined as [21]:

D(r⃗, q⃗) =

∫
d3ξe−iq⃗·ξ⃗φd(r⃗ + ξ⃗/2)φ∗

d(r⃗ − ξ⃗/2).

The antideuteron Wigner function is normalized in such a way that:∫
d3r

∫
d3q

(2π)3
D(r⃗, q⃗) = 1. (S2)

The choice of the shape for the D wavefunction φd affects the form of the antideuteron Wigner function D(r⃗, q⃗)
and we will adopt two different options, discussed in the next Sections.

Concerning the p̄–n̄ Wigner function Wpn, we factorize the space and momentum dependences as:

Wpn = Hpn (r⃗p, r⃗n)Gpn (p⃗d/2 + q⃗, p⃗d/2− q⃗) ,

where Gpn is the two-particle momentum distribution, that we obtain from a Pythia 8 modeling of the p̄ and n̄
production processes, which includes the nucleon single-particle momentum distributions and their correlations. For
the space term Hpn, the n̄ and p̄ momentum distribution can be separated:

Hpn (r⃗p, r⃗n) = h (r⃗p)h (r⃗n) ,

where h (r⃗p) and h (r⃗n) are the spatial single-particle distributions and are also obtained from the same Pythia 8
modeling.

The specific implementation of the Wigner formalism for the calculation of the antideuteron spectrum therefore
depends on the assumption done for the antinucleons and antideuteron wave functions and the momenta and spatial
distributions of the coalescing antinucleons.
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A. Gaussian wavefunction

Our first model assumes a Gaussian form for the antideuteron internal wavefunction:

φd(r) =
(
πd2

)−3/4
e−r2/(2d2), (S3)

where r represents relative distance between the antinuclei such that the deuteron RMS charge radius is calculated
as rRMS =

∫
dr3(r/2)2|φd(r)|2. Instead, d is the deuteron size parameter of the wavefunction. In particular, a value

of d = 3.2 fm reproduces the measured D RMS charge radius [41]. We assume a Gaussian shape also for the p̄ and n̄
spatial distribution functions h (r⃗p) and h (r⃗n):

h(rp/n) =
(
2πσ2

)−3/2
e−r2p/n/(2σ

2), (S4)

where σ is the size of the two-particle emitting source. As a result, the corresponding antideuteron Wigner function
takes the form [22]

D(r, q) = 8e−r2/d2

e−q2d2

. (S5)

Previous studies, such as [34, 47], have integrated out the spatial information of the antinucleon and antideuteron
wave functions by performing the integral in Eq. (S1) with respect to r⃗ and r⃗d. By following this approach and
assuming Gaussian shapes for the wave functions, the D spectrum is given by:

d3Nd

dp3d
=

3

(2π)6

(
d2

d2 + 4σ2

)3/2 ∫
d3q e−q2d2

Gnp(p⃗d, q⃗). (S6)

The pre-factor in front of the integral depends only on the deuteron size d and on the spatial spread σ of the nucleon
source. The antideuteron spectrum is thus calculated by taking the n̄ and p̄ momenta distribution Gnp from the MC
event generator and by calculating Eq. (S6) numerically.

However, the result presented in Eq. (S6), does not specifically take into account the spatial and momentum
correlations between antinucleons. Instead, in our paper we have evaluated also the spatial distribution of p̄ and n̄
directly from Pythia. In order to do so, we have assumed the Wigner function to be a PDF, which depends on the
distance ∆r⃗ and difference of momenta ∆p⃗ of antinuclei. When using Gaussian shapes for the Wigner function the
PDF is defined as:

PDF(r, q) = Ne−r2/(2σ2)e−q2δ2/2, (S7)

where N is fixed in such a way that the PDF is correctly normalized and the widths of the Gaussian function in space
and momentum are parametrized with the σ and δ parameter. In the Wigner formalism σ and δ values should be the
same and of the order of d/

√
2 ≈ 2 fm (see Eq. S5 and S7). We can define the coalescence probability P to form a D

from two antinucleons with a given distance r⃗ and momentum difference q⃗ as follows

P(r, q) =

∫ r

0

∫ q

0

dr dqD(r, q). (S8)

This probability is correctly normalized as written in Eq. (S2).

B. Argonne wavefunction

The Argonne v18 potential is a phenomenological potential for the deuteron, tuned through p–p and n–p inelastic
scattering data, low-energy n − n scattering parameters, and deuteron binding energy [36]. In such a potential, the
deuteron wavefunction has the form:

φd(r⃗) =
1√
4πr

[
u(r) +

1√
8
w(r)S12(r̂)

]
χ1m, (S9)

where S12(r̂) = 3 (σ⃗1 · r⃗) (σ⃗2 · r⃗)− (σ⃗1 · σ⃗2) is the spin tensor, σi are the Pauli matrices, χ1m is a spinor, and u(r) and
w(r) are radial S and D wavefunctions, respectively. The wavefunction is normalised as follows:∫

d3r |φd(r⃗)|2 =

∫
d3r

1

4πr2
[
u2(r) + w2(r)

]
= 1.

We have tabulated the Wigner function D(r, q) found with the Argonne wavefunction as a function of r and q following
the fit presented in [47].
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II. SPECTRA OF D

In this section we report further results for production of antideuterons from DM annihilation. In particular, in
Fig. S1 we show the source spectra evaluated as a function of the kinetic energy over number of nucleons for three
different annihilation channels: uū, bb̄ and W+W−. The spectra obtained for the other quark and boson channels are
similar to the cases shown here. Instead, the leptonic channels provide an antideuteron yield that is several orders
of magnitude smaller. For example the τ+τ− channel, which is the one with a larger production of hadrons, gives a
multiplicity that is a factor of about 100 smaller than the uū channel.
As already noted in the main text, the difference of the spectra, obtained when using different coalescence models,

can be large if the DM masses in below a few tens of GeV. In fact, in the case with mDM = 10 GeV the spectra found
with the uū channel vary by 20% while for the bb̄ channel even by a factor of 2. Instead, when increasing the DM
mass the simple coalescence and Wigner formalism models provide spectra that are consistent within about 5− 10%
in the relevant energies for DM detection.

The spherical approach can give similar results at very low kinetic energies while above 1GeV/n it typically un-
derestimate the antideuteron yield. This has been already noted, e.g. in Ref. [13], and it is due to the presence of
correlations in the antinucleons phase space which are taken into account in the MC appraoch and are not considered
in the spherical model. These correlations become progressively more relevant when the two quarks are produced
at larger energies. In this case, the two back-to-back emerging jets are more focused and the ensuing antinucleons
possess, on average, closer relative momenta and therefore more antideuterons large energies are produced.

By looking to Fig. S1 we can also appreciate the difference obtained when using the standard Pythia or the new
VINCIA shower algorithm. The differences become particularly relevant increasing the DM mass. In fact, VINCIA
includes a much more refined treatment of the EW corrections that become important at high energies. For the quark
channels and DM masses above 1 TeV the effect of the improved EW treatment in VINCIA leads to differences with
respect to Pythia results of the order of 20%− 30%. Instead, for the gauge boson channels the effect becomes much
more dramatic. In fact, for these channels an incomplete or wrong treatment of the EW corrections can lead to large
differences for kinetic energies below 10 GeV/n.

We also note that the results we obtain are similar to the ones reported in Ref. [42] for the quark channels. Instead,
for the gauge boson ones and DM masses above 1 TeV the spectra do not match and we deviations that reach even 1-2
orders of magnitude. This is also visible in the Fig. 3 where we show the multiplicity. While the multiplicity obtained
for all the coalescence models and with Pythia or VINCIA in our case is basically flat as a function of DM mass, the
one obtained in Ref. [42] has an increasing trend. Our findings are consistent with the one obtained in Ref. [13, 43].

In our analysis, when using coalescence models that include also a criteria based on the distance between antinu-
cleons, the antideuterons produced from weakly decaying baryons and mesons are included. Ref. [48] claimed that
the antinuclei, in particular the anti-helium3, yield can be significantly enhanced due to the decay of the Λ̄b. This
production channel mostly contributes in the case of bb̄ annihilation channel for DM masses below 100 GeV and at
energies close to the kinematic cutoff of the DM mass. In Fig. S1 we can appreciate the Λ̄b contribution as the bump
present in the highest-energy part of the spectra for the cases with mDM = 10 and 100 GeV. However, we do not find
a contribution as large as the one reported in Ref. [48]. This will be extensively discussed in a forthcoming paper
which is focused on D and He production from weakly decaying hadrons.

III. MONTE CARLO SETUP

The technical setup of event generation with Pythia, that is used in this work, follows the one implemented in
Ref. [40]. We summarize here the main ingredients and refer the reader to Ref. [40] for a comprehensive treatment.

We use the Vincia shower algorithm, which is implemented in the Pythia 8 event generator version 8.309, that
we interface to MadDM [49–51]. Vincia represents the state-of-the-art shower algorithm that includes a complete
treatment of the EW corrections. In particular, it includes contributions from triple gauge boson interactions which
are very important for DM masses above 1 TeV. The interface between Vincia and MadDM permits to take into
account the helicity information of the particles in the hard process during the hadronic and electromagnetic showers.
Considering properly the particle helicity allows to calculate correctly the EW corrections and to include off-shell
contributions of the gauge bosons. To this end, we employ as a particle physics model of DM the Singlet Scalar model
with a Higgs portal (see, e.g. [52]).

We perform a dedicated tuning of the hadronization parameters in Pythia by fitting the available measurements
reported on by ALEPH, DELPHI, L3 and OPAL experiments for the production of mesons and baryons at the Z-
boson pole (see also Refs. [45, 46, 53] for more details). These parameters are used to form predictions for DM
annihilation source spectra thanks to the universality of the hadronization process. For each DM mass, we simulate a
number of events that depends on the value of the DM mass. In particular, we chose the number of events is such a
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FIG. S1. Spectra of D as a function of kinetic energy per nucleon, for the uū (left panel), bb̄ (central panel) and W+W− (right
panel) annihilation channels. We show the results for different masses, from top to bottom from 10 GeV up to mDM = 10 TeV.
The spectra are obtained using Pythia 8.309 with the Vincia shower algorithm, for all the coalescence models discussed in
the paper. The case denoted Argonne Wigner Pythia refers to the adoption of the standard Pythia shower algorithm instead
of Vincia. For comparison, we also display the spectra calculated with PPPCDM. The lower panels show the ratio between
the spectra obtained in different models with the Argonne Wigner model. [42].

way that the statistical uncertainty at the peak of the source spectra is 5%. For example, in case of the bb̄ annihilation
channel and DM mass of 100 GeV, we simulate 200 million events. For lower (higher) masses the number is increased
(decreased).

For each Pythia simulation we select all the pairs of n̄ and p̄ present in the event list and apply the coalescence
criteria discussed in the manuscript main text. We then determine the difference of momenta ∆p and of distance ∆r
calculated in the reference frame of the n̄ and p̄. If the coalescence criterium is satisfied for a pair of n̄ and p̄, we
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assume that the D is formed and we calculate its kinetic energy in the CM of the DM annihilation process. Once, the
event simulations is finished, we calculate the spectrum as:

dN

dK i
=
Ni(K ∈ [Ki,Ki +∆K])

∆K
, (S10)

where dN/dKi represents the spectrum evaluated for the i-th bin with kinetic energy between [Ki,Ki+∆K]. Finally
in the tabulation of the results we report kinetic energy in terms of log10(x), where x = K/MDM.
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