Understanding the background in dark matter searches by
studying antinucleosynthesis in the laboratory with ALICE
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Antinuclei are considered to be one of the most promising probes in the indirect search for
dark matter (DM) annihilation in space. However, in light of recent results on the production
of light antinuclei in pp collisions at the LHC, an abundant production of light (anti)nuclei is
also expected from Standard Model (SM) collisions of primary cosmic rays with the interstellar
medium. Hence further precise measurements are required to constrain the production models of
antinuclei in SM collisions to be sensitive to additional DM annihilation events. The most recent
results of the ALICE collaboration on the production of antideuterons (d) and antihelium-3 (3 He)
in proton-proton (pp) and proton-lead (p–Pb) collisions are shown. These results provide valuable
input for state-of-the-art calculations of the production models currently used to estimate the SM
background to DM searches.

40th International Conference on High Energy physics - ICHEP2020
July 28 - August 6, 2020
Prague, Czech Republic (virtual meeting)
∗ Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).

https://pos.sissa.it/

PoS(ICHEP2020)634

Sebastian Hornunga,b,∗ on behalf of the ALICE collaboration

Understanding the background in DM searches by studying antinucleosynthesis

Sebastian Hornung

1. Antinuclei flux in space
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and revisited recently in Ref. [99]. In these models, the dynamics of a complex scalar field lead to
the observed homogeneous baryon asymmetry, but also allow inhomogeneous pockets with large
baryon or antibaryon number. In particular, antistars whose main material is antihelium-4, converted into antihelium-3 via spallation in the dense surrounding environment, would be naturally
free of matter at their heart. Thus annihilation would be limited to their surface, allowing survival
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Secondary antinuclei are expected to be produced via the decay or annihilation of dark matter
particles in space [1]. After the propagation through space towards the earth, these particles could
be observed as an excess of the light antinuclei flux above the expectations from interactions of
primary cosmic rays (CR) and the interstellar medium (ISM) at low kinetic energies by satellite-born
or balloon experiments. As indicated in Figure 1, which shows the predicted flux of 3 He for different
dark matter models and decays as well as different background calculations, the exact energy and
strength of the excess related to dark matter depends on its characteristics [1]. Thus, it is important
to be able to precisely predict the expected background from reactions of primary cosmic rays and
the interstellar medium, which both consist mostly of protons and 4 He [2, 3].

Understanding the background in DM searches by studying antinucleosynthesis

Sebastian Hornung

of these models is the coalescence parameter BA , which is defined by
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!A

 A−Z
d3 Np
d3 Np
d3 Nn
d3 NA
EA 3 = BA En 3
= BA Ep 3
Ep 3
dpA
dpn
dpp
dpp
p®

.

(1)

®A /A
p=p

2. Production of light (anti)nuclei in ion collisions
The current estimates for top-of-the-atmosphere flux of secondary antinuclei from the interaction of primary cosmic rays and the interstellar medium are based on measurements of the production
of light antinuclei in pA and pp collisions including the published results from ALICE [14, 15].
Recently, the ALICE collaboration has published new results for the transverse-momentum spec√
tra of (anti)deuterons in pp collisions at s = 13 TeV [16] and (anti-)3 He in p–Pb collisions at
√
√
sNN = 5.02 [17]. In addition, the preliminary results for (anti-)3 He in pp collisions at s = 13 TeV
√
and (anti)deuterons in p–Pb collisions at sNN = 8.16 TeV are summarized in Figure 2.
These preliminary measurements have not yet been used for the current predictions in [2],
but will help to reduce the differences between the predictions and their respective uncertainty
bands. These measurements can be exploited to directly compare the corresponding predictions
from the models used to estimate the background in DM searches, as done in [2]. Moreover, the
corresponding coalescence parameter BA can be either used to extract the coalescence momentum
p0 or to compare with the models based on the scaling with the size of the emission region [8].
3
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It relates the invariant yield of nuclei with mass number A, E A(d3 N A/dp3A), to the one of its
constituents. At midrapidity and LHC energies, i.e. center-of-mass energies per nucleon-nucleon
√
pair ( sNN ) in the order of a few TeV, the invariant yield of protons, Ep (d3 Np /dp3p ), is expected to be
identical to the one of neutrons, and it is therefore used to describe both protons and neutrons. The
momentum of the proton, p®p , is given by the one of the nuclei, p®A, divided by their mass number.
The coalescence parameter can also be related to the production probability of the nucleus and can
be calculated from the overlap of the wave function of the nucleus with the phase space distribution
of its constituent nucleons via the Wigner formalism [13]. The estimate of the background from
the interactions of CRs and the ISM is usually based on the coalescence approach employing either
the analytical coalescence model [2, 5, 9] or a model based on the scaling of B A with the radius
of the emission source [8, 13]. In the former, all (anti)nucleons with momenta within a sphere
with a radius p0 , the coalescence momentum, form a bound state. In more recent implementations
of this model, the (anti)nucleons are produced employing an hadronic event generator to take into
account their possible correlations [2, 5] and the coalescence process is taken into account by an
afterburner. The coalescence momentum cannot be calculated within these models and has to be
extracted from measurements. In [2] also the observed kinetic energy dependence of p0 has been
taken into account. Both model descriptions strongly rely on measurements of the production yields
of light antinuclei in pp and pA collisions, as for example performed by the ALICE collaboration.
The estimated antinuclei flux strongly depends on the precise knowledge of the production rate
together with a good understanding of the propagation processes of the antinuclei through space.
In this proceeding, we focus on the application of the measurements of antideuterons and 3 He in
pp and p–Pb collisions at different collision energies provided by the ALICE collaboration in the
context of the predictions of the expected top-of-the-atmosphere of antinuclei.

1/ N evt d2N /(dy dp ) [(GeV/c )-1]
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Figure 2: pT spectra of (anti-)3 He measured in pp collisions at s = 13 TeV (left) and (anti)deuterons
√
measured in p–Pb collisions at sNN = 8.16 TeV (right) in different multiplicity classes.
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Figure 3: B2 and B3 measured as a function of the mean charged-particle multiplicity density at midrapidity
are compared to the coalescence model expectations from [13] at a fixed value of pT /A = 0.75 GeV/c and
pT /A = 0.73 GeV/c, respectively. Two different parameterizations for the radius of the emission region as
a function of hdNch /dηlab i |ηlab |<0.5 are used. In the right panel, the expectations for the grand canonical (GC)
[10] and the canonical statistical hadronization model (CSM) [18] are also indicated.

The evolution of B A with the size of the emission region can be studied by measuring B A
as a function of pT /A for several collision systems and energies [15, 17, 19, 20]. For a fixed
value of pT /A = 0.75 GeV/c and pT /A = 0.73 GeV/c, B2 and B3 are shown as a function of
the mean charged-particle multiplicity density at midrapidity, hdNch /dηlab i |ηlab |<0.5 , in Figure 3.
The mean charge-particle multiplicity density is proportional to the volume of the emission region
 1/3
of the (anti)nuclei, R ∝ hdNch /dηlab i |ηlab |<0.5
. Thus, these measurements directly prove the
scaling of the coalescence parameter with the size of the emission region as employed by one of the
4
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coalescence models used to estimate the flux of secondary antinuclei at the top of the atmosphere [8].
The measurements show a smooth transition from low charged-particle multiplicity densities, which
refer to a small emission region, to large ones. This indicates that the production mechanism in small
collision systems evolves continuously to the one in large systems and also that a single mechanism
sensitive to the size of the emission region could be possible. The experimental results are compared
to calculations obtained from the coalescence approach [13] for two different parameterizations for
the size of the emission region as a function of hdNch /dηlab i |ηlab |<0.5 . The theoretical calculations
agree with the trend observed in data.

The ALICE collaboration has measured the production of light (anti)nuclei in different collision
systems and at different energies providing crucial input information for the coalescence models
used to estimate the expected background from interactions of primary cosmic ray particle and the
interstellar medium. In particular, the most recent measurements of the production of antideuterons
and 3 He can be used to validate and constrain the model predictions. The theoretical descriptions
based on the scaling of the coalescence parameters B2 and B3 with the size of the emission region
are in agreement with the observed smooth evolution of the coalescence parameters as a function
of hdNch /dηlab i |ηlab |<0.5 , which is proportional to the volume of the emitting source.
In future data taking campaigns, the ALICE collaboration will be able to provide more precise
and more differential results on the production of antideuterons and 3 He as well as first measurements
of the production of 4 He in pp and p–Pb collisions at the LHC. These results will help to further
constrain the predictions of the expected background interactions of CR and the ISM which affects
the searches for an excess of the flux of antinuclei at the top of the atmosphere.
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