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Cosmicraysopen the windowto the anti-world
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Cosmic rays (CRs) revealed the existence of 
antimatter: the positron was discovered by 
Anderson in 1932 

CR interactions with the atmosphere produce 
particle showers with high energy antiparticles 



M. Bustamante NatureReviewsPhysics, Vol6 (2024)

Cosmicraysopen the windowto the anti-world
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These interactions 
are continuously 
happening in the 

disk of the Galaxy!

We can observe the 
disk of the Milky 
Way through gamma 
rays and neutrinos, 
evidencing that 
high-energy particle 
interactions are 
constantly going on
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Dark matter in the Galaxy
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Cirelli+ (2012) arXiv:1012.4515

9ȄǘŜƴǎƛǾŜ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ŀ άǎǳōǎǘŀƴŎŜέ ǘƘŀǘ 
determines, through its gravitational pull, the dynamics and 
structure of Galaxies and larger objects: Dark matter
 

Expected to be concentrated around the Galactic Center and 
to interact with conventional matter very feebly

²ƘŀǘΩǎ ŘŀǊƪ ƳŀǘǘŜǊΚ

A new particle? (best 
motivated is the WIMP)

Black holes?

MOND?

aŀƴȅ ƻǘƘŜǊ ǇƻǎǎƛōƛƭƛǘƛŜǎΧ

https://arxiv.org/abs/2406.01705


Anti-particles from Dark matter

WIMPs must produce same number of particles and 
antiparticles in their decay/annihilation Ą Another 
potential source of antimatter

Observing the direct products of dark matter would 
reveal its nature and origin

Positrons and antiprotons have long been considered 
critical channels for dark matter searches: Many simple 
extensions of the SM lead to well-motivated dark matter 
candidates
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High precision data for the fluxes of CR nuclei 
allow us to accurately model the production 
of CR antiparticles and uncertainties related. 

Antiproton and positron observations provide 
strong constraints on the existence of BSM 
physics due to the expected low production 
and uncertainty in their modelling. 

Specially, well-motivated WIMPs 
(ὓ ὕͯρππ ὋὩὠ) are expected to leave 
imprints in the GeV energy region.
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Flux of CR nuclei and antiparticles (data from AMS-02)
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Potential of antiparticles 
to reveal the existence of 

BSM physics
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Potential of antiparticles 
to reveal the existence of 

BSM physics
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Flux of CR nuclei and antiparticles (data from AMS-02)

High precision data for the fluxes of CR nuclei 
allow us to accurately model the production 
of CR antiparticles and uncertainties related. 

Antiproton and positron observations provide 
strong constraints on the existence of BSM 
physics due to the expected low production 
and uncertainty in their modelling. 

Specially, well-motivated WIMPs 
(ὓ ὕͯρππ ὋὩὠ) are expected to leave 
imprints in the GeV energy region.
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PDL. et al JCAP 05 (2024) 104

PDL et al JCAP 05 (2024) 104

Antiproton observations are fully compatible with a secondary origin. Current DM 
searches found different sources of uncertainties difficult to avoid: Cross sections, 
correlated errors, propagation modelΣ Χ bo significant excess is found (Max. 1.8 )̀ 

Looking for anomalies in CR antiprotons



Dark matter bounds from 
antiproton analyses
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No excess found in the latest p analyses

Leading constraints for WIMPs 

annihilating into hadronic final states, 

and able to rule out the thermal relic cross 

sections for masses below ~200 GeV

(bb channel)

PDL et al JCAP 05 (2024) 104

Maximal DM-induced signal (at 95% CL)

(NFW)



The window to prove (or disprove) many possible astrophysical excesses 
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Secondary antinuclei produced from 

homologous interactions as for p, but 

highly suppressed (due to coalescence)!

The production of antinuclei from 

cosmic ray interactions is not important 

at energies below the GeV, offering a 

clear way to spot the production of 

anti-nuclei from dark matter (at least 

for masses below ~hundreds of GeV)

Korsmeier et al (2018) PRD97, 103011

Anti-nuclei as the dark matter smoking gun



Formation of anti-nuclei 

ü Simplest coalescence model: Factorised coalescence

Antineutrons and antiprotons are produced uncorrelated

Coalescence parameter can be approximated from the coalescence momentum, p0

(anti)nucleons with low relative momentum merge to form (anti)nuclei
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Anti-HeAnti-D   Ўὴ ὴπ



Formation of anti-nuclei 
Coalescence parameter may depend on 
many kinematical parameters, including 
the size of the projectile and target
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Martin Winkler, MIAPP 2021



The window to prove (or disprove) many possible astrophysical excesses 
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Secondary antinuclei produced from 

homologous interactions as for p, but 

highly suppressed (due to coalescence)!

Anti-nuclei as the dark matter smoking gun

Shukla PRD 102, 063004 (2020)

Antiprotons

Antideuterons

Anti-3He

Anti-4He



ANTI-NUCLEI: AMS-02 mass-charge spectra
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Paolo Zuccon MIAPP 2021



ANTI-NUCLEI: AMS-02 mass-charge spectra
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Paolo Zuccon MIAPP 2021



Astrophysical production
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Can we explain the AMS-02 measurements without invoking any exotic source? 

We expect to have measurements of the antideuteron flux in the next years!! 

But no antihelium till future experiments: ALADInO or AMS-100 (foreseen to 2039)

╒╡

CR + ISM Ҧ He, d   

PDL et al JCAP 10 (2024) 017



Dark matter production: Upper Limits
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Maximal antinuclei flux allowed from our antiproton limits. Uncertainties in the 
coalescence momentum can hardly explain the detection of O(1) antihelium-3 event by 
AMS-02, but we are unable to explain any detection of antihelium-4 by AMS-02Χ

PDL et al JCAP 10 (2024) 017



Light primordial black holes 
Evaporation of light (asteroid-mass) PBHs could also produce antinuclei 
Barrau et al. A&A 398, 403ς410 (2003)
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Herms et al JCAP02(2017)018

PBH evaporationcan produce 
largequantitiesof antinuclei, 
but alsophotons, electronsΣ Χ 

Currentlimits makePBHs
distributedas DM unableto
be observed

It alsoneedstoo low PBH 
masses



A few ways to boost the DM antihelium yield

Coalescence momentum is significantly larger that 
the one that we infer from current 
measurements? 

Given the scarcity of measurements, there have been 
different ways to compute the coalescence momentum 

ÅEstimating the coalescence momentum from the 
deuteron-helium binding energies - Carlson et al. (2014; 
1401.2461)

ÅCoalescence momentum dependent on energy - Diego 
Gomez et al. (2018; 1806.09303)

ÅTheory-based treatments, including particle correlations 
and size-dependent pc - Kachelriess et al (2021; 2012.04352)
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1806.09303 



A few ways to boost the DM antihelium yield

Diffuse reacceleration boosts the signals? (with the plus 
of promoting low energy antinuclei to higher energies)
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1806.09303 

Cholis, Linden, Hooper (2020; 2001.08749)



A few ways to boost the DM antihelium yield
Production of anti-lambda particles can be much 
higher than we thought? (not possible for 4He!)
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1806.09303 

Credit: Martin Winkler

Winkler &Linden (2 020; 2020.16251)

In tension with new LHCb measurements See ArXiv: 2504.07172



A few ways to boost the DM antihelium yield
Dark matter mediators can significantly boost the 
signal, depending on its mass
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1806.09303 

Winkler & Linden (2020; 2020.16251)

Playing with the decay channel and the 
mediators one can boost significantly the 
antihelium signal, enhancing more the 4He 
than 3He. However, to reach the observed 
ƭŜǾŜƭǎ ƻƴŜ ƴŜŜŘǎ ǎƻƳŜǘƘƛƴƎ ōŜȅƻƴŘ ²LatǎΧ



A solution: QCD-Like Dark sector
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Winkler, PDL, Linden 
ArXiv:2211.00025

The observation of antihelium-4 is much harder to explain 
because standard models predict a production ratio Ḑ 1/1000

A strongly coupled dark sector Ŏŀƴ ǇǊƻŘǳŎŜ ŀ άŘŀǊƪ parton 
ǎƘƻǿŜǊέΣ ƎŜƴŜǊŀǘƛƴƎ ƘƛƎƘ ƳǳƭǘƛǇƭƛŎƛǘȅ ƻŦ άŘŀǊƪ pionsέΦ ¢ƘŜǎŜ ǿƻǳƭŘ 
subsequently decay into SM quarks through, e.g., the Higgs or top 
portals, triggering a hadronic shower.

Simulated with Pythia as 

This could have escaped detection at LHC and it offers a pathway 
to look for excesses in the ditop channel
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From factorized formula: ὔ ᶿ ὔ

QCD-Like Dark sector
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How to explain the AMS-02 He detection?

Our standard predictions do not explain total He 
events and foreseen a ratio He-4/He-3 of Ḑ 1/1000

Only a few ideas proposed so far: 
    

Galactic anti-stars (Poulin et al. PRD 99 (2019) 023016)

    Stability and cosmological implications must be revised  

Fireball anti-nucleosynthesis (Fedderke et al. PRD 109 (2024) 12, 123028)

     Fireballs must carry large net antibaryon number

QCD-Like Dark sector (Winkler, et al PRD107 (2023) 12, 123035)

    Can explain AMS-02 observations, but needs to be explored further

Winkler et al. PRD2023



Matter-antimatter asymmetry
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One of the most fundamental mysteries of modern physics is 

the asymmetry between the amount of matter and antimatter 

in the Universe.

ñ..We must regard it as an accident that the Earth (and presumably the 

whole solar system), contains a preponderance of negative electrons 

and positive protons. It is quite possible that for some of the stars it is 

the other way about, these stars being built up mainly of positrons and 

negative protons..ò                                 P. Dirac, Nobel Lecture 1933
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This imposes limits on the amount of 

antistars systems. The authors of Poulin et al. 

PRD 99 (2019) 023016 show thatwithin these

limits, there can be enough anti-stars to 

explain the observed total amount of 

antihelium events

However, there are many open questions:  

- How are these systems stable? 

- How do they evolve to supernova? 

- How can these systems explain the 

antihelium isotope ratios?

Map of possible anti-stars systems 
from gamma-ray observations

If these events come from anti-stars or similar systems, we could see them in gamma-raysé

Dupourquéet al. PRD103, 083016 2021

Matter-antimatter asymmetry



Conclusions

ÅAntinuclei are a very promising channel to study signals from dark matter and 
constrain our current WIMP models ς At reach in the next decade!

ÅThe production of anti-deuteron from cosmic rays is already detectable by 
AMS-02 (And compatible with preliminary observations!)

ÅExciting preliminary detection of anti-ƘŜƭƛǳƳ ǎŜŜƳǎ ǘƻ ŎƘŀƭƭŜƴƎŜ ƻǳǊ ƳƻŘŜƭǎΧ 
²Lat ǇǊƻŘǳŎǘƛƻƴ ǎŜŜƳǎ ƛƴǎǳŦŦƛŎƛŜƴǘΧ need of invoking exotic scenarios

Å A few possible (although speculative) explanations can be viable solutions and 
testable in accelerators ς Although both the measurements and the models 
employed need to be refined 

Anti-nuclei in the Galaxy:

Defying our current theories

Pedrode la Torre Luqueï28/5/2025

pedro.delatorre@uam.es



BACK UP
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Cosmic rays: Highly energetic charged particles constituting a steady, 
isotropic (to the Earth perspective) flow coming from the outer space

All cosmic rays seem to follow same 
power law behaviour:  J θ E-  ɹ; ɹ  ~ 2.7
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Unexpected abundance of 
secondary nuclei

Gaisser & Stanev, 2005

Behringer et al.,  2012



The Milky Way is a magnetised plasma medium following the 
Magnetohydrodynamic equations

Cerri et al.,  2017

FL = q(E + v x B)

31



The Milky Way is a magnetised plasma medium following the 
Magnetohydrodynamic equations

B = B0 + ɻ B  Ą   <B> = B0

E = 0 + ɻE    Ą    <E> = 0

Longitudinal modes are compressional waves 
which are severely damped by the gas

Shear Alfven waves are circularly polarized whose 
resonant interaction governs the CR scattering

32
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Antiprotons and propagation

Npr  θQpr(E)/D(E)

Nsec  θQsec(E)/D(E)

Qsec ɜθ  Npr 
(E) ů(E)

.sec
Npr

Qsec
Qpr ͯ

 ů(E)/ὈὉ  

Secondary-to-primary ratios  
(e.g. B/C) are key to evaluate 
the propagation parameters

A precise estimation of the antiproton flux requires a careful analysis of 
several CR species and nuclear cross sections

1
‬ὔ
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DM production - primary antiprotons

34

Indirect DM searches with antiprotons (similarly to what happens with other 

astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or 

for a generic WIMP that is modelled as a neutral-colorless resonance that couples to 

the SM through specific channels (bb, tt, ŰŰ, etc )

Cuoco+, JCAP 1804 (2018) no.04, 004

Intensity of the signal  θ „ὺ
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The uncertainty in the galactic DM distribution affects the predicted fluxes, roughly 

independently of energy. The difference between the flux for a cored and a peaked 

profile is ~ factor of a few for annihilating DM, and much smaller for decaying DM.

Cirelli+ (2024) arXiv:2406.01705

Cirelli+ (2024) arXiv:2406.01705

DM production - primary antiprotons

https://arxiv.org/abs/2406.01705
https://arxiv.org/abs/2406.01705
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Flux of CR nuclei and antiparticles (data from AMS-02)

PWN O ▄▄

High precision data for the fluxes of CR nuclei 
allow us to accurately model the production 
of CR antiparticles and uncertainties related. 

The positron spectrum allows us to strongly 
constrain the existence of BSM physics and 
provides crucial information about the 
astrophysical environment. 

Known sources of positron production are CR 
interactions with interstellar gas and PWNe. 
Other exotic and non exotic sources may also 
contribute.

Current situation and the 
importance of CR positrons
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Flux of CR nuclei and antiparticles (data from AMS-02)

Ⱶᴼ▄▄

High precision data for the fluxes of CR nuclei 
allow us to accurately model the production 
of CR antiparticles and uncertainties related. 

The positron spectrum allows us to strongly 
constrain the existence of BSM physics and 
provides crucial information about the 
astrophysical environment. 

Known sources of positron production are CR 
interactions with interstellar gas and PWNe. 
Other exotic and non exotic sources may also 
contribute.

Current situation and the 
importance of CR positrons



Looking for anomalies in CR positrons
Interestingly, cosmic rays are not 
expected to create the observed 
amount of high energy positrons! 

Soon, we found evidence that high-
energy positrons are copiously created 
at high energies in neutron stars 
(pulsars): A new source of positrons 

The positron spectrum is compatible 
with the sum of the contribution from 
cosmic rays and pulsars

Identifying dark matter with positrons 
becomes a difficult task due to the 
high foregrounds!

38

Credit: AMS-02 Collaboration



Looking for anomalies in CR positrons
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Credit: Isabelle John
Interestingly, cosmic rays are not 
expected to create the observed 
amount of high energy positrons! 

Soon, we found evidence that high-
energy positrons are copiously created 
at high energies in neutron stars 
(pulsars): A new source of positrons 

The positron spectrum is compatible 
with the sum of the contribution from 
cosmic rays and pulsars

Identifying dark matter with positrons 
becomes a difficult task due to the 
high foregrounds!



Looking for anomalies in CR positrons
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Credit: Isabelle John

What about antiprotons? 

Interestingly, cosmic rays are not 
expected to create the observed 
amount of high energy positrons! 

Soon, we found evidence that high-
energy positrons are copiously created 
at high energies in neutron stars 
(pulsars): A new source of positrons 

The positron spectrum is compatible 
with the sum of the contribution from 
cosmic rays and pulsars

Identifying dark matter with positrons 
becomes a difficult task due to the 
high foregrounds!


