
COSMICRAYS: DIRECTDETECTION
M. A. Velasco, CIEMAT, Madrid (Spain)

Red Nacional Temáticade Astropartículas(RENATA) meeting
Zaragoza, September 22, 2025



Cosmic rays

13 orders of magnitude in energy
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Ç The flux of cosmic rays exhibits a wide range of 
variation in both energyand intensity

Ç Its energy dependence follows a power law with 
several features where the value of the spectral 
index changes (knee, 2nd knee, ankleɨ)
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Galactic 
origin

Solar 
origin

Extragalactic 
origin

Ç The flux of cosmic rays exhibits a wide range of 
variation in both energyand intensity

Ç Its energy dependence follows a power law with 
several features where the value of the spectral 
index changes(knee, 2nd knee, ankleɨ)

Ç Sources of CRs: solar, galactic and extragalactic

Á Ionized nuclei (~98%)
Á Electrons (~2%)
Á Tiny amount of antimatter (e+, p)

Cosmic rays
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Direct 
measurements

Indirect 
measurements

Ç The flux of cosmic rays exhibits a wide range of 
variation in both energyand intensity

Ç Its energy dependence follows a power law with 
several features where the value of the spectral
index changes(knee, 2nd knee, ankleɨ)

Ç Sources of CRs: solar, galactic and extragalactic

Á Ionized nuclei (~98%)
Á Electrons (~2%)
Á Tiny amount of antimatter (e+, p)

Ç Two independent and complementarydetection 
techniques: direct and indirect measurements

Ç Efforts to increasethe overlapping energyrange
and establish synergiesamong space-basedand 
ground-baseddetectors

Energy range
Particle ID

Particle ID
Energy range

Cosmic rays
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AMS: a TeV precision magnetic spectrometer for direct 
detection of CRs from the International Space Station

AMS provides precision, long-duration measurements  of charged 
cosmic rays to study the Origin of the Cosmos and the physics of Dark 

Matter and Antimatter

V Installed on the ISS in May 2011

VNear Earth Orbit:
Åaltitude 400 km
Åinclination 52 deg
Åperiod 92 min

VContinuous operation through the ISS 
lifetime (at least 2030)

VTo date, over 250 billion charged 
particles have been collected by AMS

AMS: 5m × 4m × 3m
7.5 tons
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Helium
Carbon

Protons

Oxygen

Primary cosmic raysare mostly produced during the lifetime of stars and 
are accelerated in supernovae shocks. They are expelled in the 

interstellar medium where they propagatediffusively through the Galaxy

Nuclei fusion 
in stars

Primary cosmic rays

Primary cosmic rays carry 
information about the injection at 
the sources and the propagation

Primary cosmic rays have two classes 
according to their rigidity dependence 

Supernova 
explosion

Primary cosmic rays show a spectral 
hardening above ~200 GV
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Nuclei fusion 
in stars

Secondary cosmic rays

Supernova 
explosion

Helium

Carbon

OxygenSilicon

Protons

Iron

Interstellar 
medium

Lithium

Beryllium 
Boron

Fluorine

Secondary cosmic rays are produced in the collisions of primary cosmic rays
with the interstellar medium (ISM)

Secondary cosmic ray fluxes also show a spectral hardening above ~200 GV, but its 
rigidity dependence is distinctly different from that of the primary cosmic rays

Secondary cosmic rays also have two classes of rigidity dependence
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Secondary-to-primary flux ratios

The propagation properties of heavy cosmic rays are different from those of light CRs
A precise knowledge of interaction cross-sections is fundamental to understand these effects

The heavysecondary-to-primary ratio F/Si has a different rigidity dependence 
from the lighter B/O ratio

The secondary-to-primary flux ratios measured by AMS support a propagation 
origin of the spectral hardening of cosmic ray nuclei
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Nuclei fusion 
in stars

Supernova 
explosion

Helium

Carbon

OxygenSilicon

Protons

Iron

Interstellar 
medium

Lithium

Beryllium 
Boron

Fluorine

Apart from primaries and secondaries, a third group of cosmic rays is 
observed: those that are the result of a combination of both: N, Na, Al

Nitrogen

Nitrogen

Third group of cosmic rays
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Composition of cosmic rays
Model-independent measurements of the relative abundances at the source 

(before cosmic ray propagation)
Traditional primary cosmic rays C, Ne, Mg, and Sfluxes are not pure primary; 

they all have a significant secondary component
Even-Z nuclei are dominated by primaries

Odd-Z nuclei have more secondaries than even-Z

Z = 6 Z = 10 Z = 12 Z = 16

Z = 7 Z = 11 Z = 13
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Cosmic-ray isotopes
The measurement of CR isotopes provides crucial information for modelling CR propagation in the 

Galaxy

D and 3He are produced by the collision of primary CRs with the ISM. Contrary to the flux ratio of 3He/p, D/p 
increases with rigidity and is constant above 13 GV. D must have an additional primary source

7Li has 3 or more possible sourcesin the cosmos: BBN, stellar evolution and CR collisions in the ISM. Above 
Ḑ7 GV, the rigidity dependence of 6Li and 7Li fluxes are identical. The AMS result excludes the existence of a 

sizable primary component in the 7Li flux

Model assuming a primary 
component in the 7Li flux

Model assuming secondary 
origin of 6Li and 7Li
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Extension to higher energies: DAMPE & CALET
The proton spectrum measured by DAMPEreveals a softening at ~14 TeV 

and a hint of a new hardening above100 TeV

CALETproton spectrum shows a progressive hardening above a few hundred GeV 
consistent with AMS  and a spectral softening above ~10 TeV consistent with DAMPE
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Extension to higher energies: DAMPE & CALET
The helium spectrum measured by DAMPEreveals a hardening at ḐTeV 

energies followed by a spectral softening at ~30 TeV

CALEThelium spectrum shapeconfirms the presence of a hardening above a few
hundred GeVand the onset of a flux softening at ~30 TeV
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Extension to higher energies: DAMPE & CALET
DAMPE B/O flux ratio can be well fitted by a broken power-law model 

rather than a single power-law model

CALETreports the observation of a flattening on the B/O flux ratio and supports the 
result from AMS that secondary CRs exhibit a stronger hardening than primaries
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p 

p + ISM e+, p 

e+, p
϶

϶

e+, p ϶!,!϶!!!!!!!!!!!!!!e+, p 

Dark Matter annihilations may produce additional contributions of 
antimatter particles in the CRs

Supernova

DM

DM

SM

SM

Indirect 
search

According to traditional models, galactic cosmic ray protons and electrons are considered 
mainly primaries while positrons and antiprotons are secondaries

Secondary production
Collision of primary CRs with the ISM

Primary production
CRs produced at sources  

Solar 
system

Indirect searchesfor dark matter
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The positron flux measured by AMSshows a significant excess above ~20 GeV 
that is not consistent with only the secondary production of positrons

ǒAt low energies, the positron 
flux is consistent with the 
secondary production

ǒAt high energies, the positron 
flux is consistent with a source 
term characterized by a finite 
energy cutoff at ~900 GeV (5 )̀

Cosmic-ray positrons

ÅAMS Positrons
4.5 million events

Energy [GeV]
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The electron flux measured by AMS can be best described by the sum of two power 
laws (a, b) and the contribution of a positron-like source term at the highest energies

Currently, this observation is 
established with a statistical 
significance of 2.6ˋ

More data is needed to 
establish the existence of 
charge-symmetric positron-like 
source term at highest electron 
energies

Cosmic-ray electrons

99.1% CL 

66x106 eς

Power law b

Power 
law a

e± source term
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Dark Matter PulsarsPossible explanations for the high energy 
positron source term are traditionally 
grouped into two categories:
Ç Dark Matter
Ç Astrophysical sources (pulsars)

Map of measured positrons in 
galactic coordinates Isotropic map

CRs arriving at Earth are highly isotropic. The existence of nearby compact sources of positrons 
may induce a directionality (anisotropy) that could be detected in the high energy sample

E> 16 GeV

AMS results consistent with isotropy:  ɻ e+ < 1.44% (95% C.I.)

Origin of cosmic-ray positrons
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