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Cosmigaysopenthe windowto the anti-world

Cosmic rays (CRs) revealed the existence of
antimatter: the positron was discovered by Primary Cosmic Rays
Anderson in 1932

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




Cosmicaysopenthe windowto the anti-world

) ' M. BustamanteNature ReviewdhysicsVol6 (2024)
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Dark matter in the Galaxy g
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to interact with conventional matter very feebly
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https://arxiv.org/abs/2406.01705

Antiparticles from Dark matte

/. ; ‘ El s
Medium-energy ectrons
WIMPsmust produce same number of particles and s -
antiparticles in their decay/annihilatiom Another /* T8 .

potential source of antimatter B \ s L

Observing the direct products of dark matter would e S @ me
reveal its nature and origin

Positrons and antiprotomsve long been considered
critical channels for dark matter searchdany simple
extensions of the SM lead to watiotivated dark matter
candidates
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Pote ntlal Of antl partlcles Flux of CR nuclei and antiparticles (data from AMS
to reveal the existence of
BSM physics
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High precision data for the fluxes of CR nuclejLtﬁ e
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.
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Pote ntlal Of antl partlcles Flux of CR nuclei and antiparticles (data from AMS

to reveal the existence of H
BSM physics /
High precision data for the fluxes of CR nuclei‘cﬁ //

allow us to accurately model the production = | | = ® 0x3
of CR antiparticles and uncertainties related. T,
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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, welmotivated WIMPs
(0 x 0 p MOQ Qare expected:tolleave
imprints inithe (Ge\: energy: region
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Looking for anomalies in CR antiprotons

Antiproton observations are fully compatible with a secondary orig@urrent DM
searches found different sources of uncertainties difficult to avoitiss: sections
correlated errorspropagationrmode .. N¥ sigmificant excess is found (Max. 1.3
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(ov) 95% Upper limit [cm3/s]

Dark matter bounds from
antiproton analyses

—— Calore 2022
Balan 2023

—— Canonical analysis - Correlated
---- Simplified analysis - Correlated
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10
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No excess found in the latést 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



Anti-nucleias the dark matterrsmoking gun

The window to prove (or disprove) many possible astrophysical excesses
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Secondanantinucleiproduced from
homologous interactions as for p, but
highly suppressed (due to coalescence)!

The production o&ntinucleifrom

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)



Formation-of:antnuclei

U Simplest coalescence modEklctorised coalesecence
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Formation-of:antnuclel
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Martin Winkler, MIAPP 2021

Coalescence parameter may depend on
many kinematical parameters, including
the size of the projectile and target
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Anti-nucleias the dark matterrsmoking gun

The window to prove (or disprove) many possible astrophysical excesses

Secondanantinucleiproduced from
homologous interactions as for p, but
highly suppressed (due to coalescence)!
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Events

ANTINUCLEI: AME masscharge spectra
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Events

ANTINUCLEI: AME masscharge spectra
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®g(GeV/n~lsIm-2sr])

Astrophysical production

Canwe-explainthe AME measurements/without invoking any-exotic;source?

CR + ISMbHe, d

We expect to have measurements of the antideuteron flux in the next years!!
But no antihelium till future experiment& LADINO or AMS-100 (foreseen to 2039)
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Darkmatter,production: tUpper-Limits

Maximalantinucleiflux allewedffromcourantiproton fimitdJncertainties in the
coalescence momentum can hardly explain the detectio®@f) antinelium3 event by
AMSO02, but we arainable to explain any detection of antineliumd by AMS02X

PDLet al JCARO (2024)017
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Light primordial black holes

Evaporation of light (asteroithass) PBHs could also prodaeginuclei
Barrauet al. A&A 398, 408410 (2003)
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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

A Estimating the coalescence momentum from the

deuteron-helium binding energiescarlson et al. (2014;
1401.2461)

A Coalescence momentum dependent on energiego
Gomez et al. (2018; 1806.09303)

A Theorybased treatments, including particle correlations
and sizedependent p - Kachelriesgt al (2021; 2012.04352)

1
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A few ways to boost the DM antihelium yield

: . . . L1 Antimatter Fluxes from DM at Earth
Diffuse reacceleration boosts the signals? (with the pl e
. c . . . 102 e S
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A few ways to boost the DM antihelium yield

Production of antlambda particles can be much
higher than we thought? (not possible ftHe!)
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0

Winkler &Linden (2 020; 2020.16251)

In tension with new LHCb measurementsSeeArXiv: 2504.07172
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A few ways to boost the DM antihelium yield

Dark matter mediators can significantly boost the
signal, depending on its mass

XX - ®¢ - bbbb m, =80 GeV

1 event/ (10 GeV/n)

L 1010
é% — AMS-02 (10 . .
N byt 1oy Playing with the decay channel and the
-11 o . o8
10 —— Pythia Ay—tune mediators one can boost significantly _the
Herwig x 10° antihelium signal, enhancing more thide
107 Herwig+EvtGen than 3He. However, to reach the observed
. . f SgSta 2yS ySSRa azyYSt
1 10
Winkler & Linden (2020; 2020.16251) T [GeV/n]
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A solution:’QCiDikeDarksector e ror unden

The observation of antihelium is much harder to explain
because standard models predict a production r&i@/1000

Astrongly coupled dark secto® I y LINE Rdz&ttn I & Rl NJ
AK26SNEX ISYSNI OAY dpioksh @ K¢ Iz & A di]
subsequently decay into SM quarks through, e.g., the Higgs or top
portals,triggering a hadronic shower.

Simulated with Pythiaa xyx — ¢ — 2¢'¢" — N 1’ — Ny tt

This could have escaped detectionlatCand it offers a pathway
to look for excesses in thditop channel
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How to explain/the AM@2 He-detection?

Winkler et alPRD2023 t
t

Our standard predictions do not explain total He
events andoreseen a ratio Hd/He-3 of D 1/1000

Only a few ideaspropesed soifar:

Galactic ant-iStarS(Poulin et.al Proo9 (2019) 02301

Stability and cosmological implications must be revised

Fireball antJ}nucleosynthesiﬁedderkeet al.PRD109 (2024) 12, 1230J8
Fireballs must carrlargenetantibbaryonnumber

QCD-Like Dark secto(Winkler, et:alproio 2023) 12, 12303
Can explain AMS02 observations, but needs to be explored further

1 10 100



Matter-antimatter asymmetry

One of the most fundamental mysteries of modern physics is
the asymmetry between the amount of matter and antimatter
In the Universe.

A.. We must regard it as an acci denfTo{all’MQat{er thea Eart
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
negati ve pr ot on sP. Diac, Nobel Lecture 1933

® Dark Matter
Gas and Dust
® Luminous Matter
® Antimatter < 0.000001%
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Matter-antimatter asymmetry

If these events come from asstiars or similar systems, we could see them in gammay s é

This imposes limits on the amount of

antistarsystems. The authors Bbulin et al.
PR(B9 (2019) 023016howthatwithin these

limits, there can be enough antstars 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 antstars systems
from gammaray observations

Dupourqueet al.PRD 103, 083016 2021
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Anti-nuclei in the Galaxy:

ConCIUSIOnS Defying our current theories

AAntinucleiare a very promising channel to stusignals from dark matteand
constrain our currenWIMP modelsc At reach in the next decade!

AThe production of antideuteron from cosmic rays is already detectable by
AMS02 (And compatible with preliminary observations!)

AExciting preliminary detectionof arii S A dzY aSSya a2 OKI f f
2 Lat LINPRdAzOU A 2y redl sfhsokingdtizScénardsd Sy U X

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

Pedrodela Torre Luque i 28/5/2025
pedradelatorre@uanes
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Cosmic raysiighly energetic charged particles constituting a steady,
Isotropic (to the Earth perspective) flow coming from the outer space
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TheMilky Ways a magnetised plasma medium following the

Magnetohydrodynamic equations

Cerri et al., 2017
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TheMiIky Ways a magnetised plasma medium following the
Magnetohydrodynamic equations
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Antiprotons and propagation
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(e.g. BlC).are key to.evaluate
the jpropagation parameters

,n"—.‘rf

.R/' / R ) \ Npre Qpr(E)/D(E)

o
¥ D = DyS" (F) F(%,z2)
’ Nsec® Qsed E)/D(E)
10, .o
1 1 Or] m Qsec 36 |\Ip I(E) U(E)
Halo
390 & . o e %S exc {i(E)/O(0)

escape K / pr pr

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




DM production primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticlesare either intended for specific partich®dels (winoHiggsing etc) or
for a generic WIMP that is modelled as a neuwt@brlessresonance that couples to

the SM through specific channels (tip U ,dtc )
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DM production primary antiprotons

The uncertainty in the galactic DM distribution affects the predicted fluxes, roughly
iIndependently 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.
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https://arxiv.org/abs/2406.01705
https://arxiv.org/abs/2406.01705

Flux of CR nuclei and antiparticles (data from AMp

Current situation and the

Importance of CR positrons ™ :
High precision data for the fluxes of CR nucler: N

allow us to accurately model the production N‘” 102 1= o
of CR antiparticles and uncertainties related. ef

The positron spectrum allows us to strongly = ™ o
constrain the existence of BSM physics and > / 1 e* x 02
provides crucial information about the 9 o T
astrophysical environment. o // 5 x 0,

L
Known sources of positron production are CR  **~ PWN O \ / ‘\
interactions with interstellar gas arWNe el )’ !
Other exotic and non exotic sources may also  1o- M
contribute. f \

1073

100 101 102 10°
Energy (GeV/n)



Flux of CR nuclei and antiparticles (data from AMp

Current situation and the

Importance of CR positrons ™ :
High precision data for the fluxes of CR nucler: N

allow us to accurately model the production N‘” 102 1= o
of CR antiparticles and uncertainties related. ef

10!

The positron spectrum allows us to strongly
constrain the existence of BSM physics and
provides crucial information about the
astrophysical environment.
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Known sources of positron production are CR  *°
Interactions with interstellar gas arfeMWNe

Other exotic and non exotic sources may also 1~
contribute.
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Looking for anomalies in CR positrons

Credit: AMSO02 Collaboration

Interestingly,cosmic rays are not 25
expected to create the observed

Identifying dark matter with positrons somimlie e eellisions

becomes a difficult task due to the
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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

|dentifying dark matter with positrons
becomes a difficult task due to the
high foregrounds!
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Looking for anomalies in CR positrons

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

Credit:Isabelle John

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

|dentifying dark matter with positrons
becomes a difficult task due to the
high foregrounds!
What about antiprotons?



