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Outline of the presentation
• A short introduction
• Recent measurements on:

Ø Primary Cosmic Rays 
Ø Secondary Cosmic Rays
Ø Antimatter
Ø Electrons & Positrons

• New plots and measurements taken mainly from ECRS 2022 
(July 2022)

• Due to time limitation, I will not strongly focus on:
o ‘Classical’ Secondary/Primary ratios
o Very heavy Nuclei
o Isotopes
o Anti-Helium



The spectrum of Cosmic Rays

All Particle flux

At first sight:
A featureless power
law below 1015 eV



The “conventional scenario” of galactic cosmic rays
• Cosmic ray fluxes below the knee can be described by a single power law, 

the spectral index being the result of the following processes: 
o production
o acceleration
o propagation

• Primary cosmic ray fluxes have universal (species independent) spectral 
indices. 

• Antimatter component is purely of secondary origin (no sources of CR 
antimatter)

• However….
o Life is not so simple!!!!
o Very detailed measurements carried out in the last dacade

dramatically created serious problems to this ‘conventional scenario’
o Results with many different (and complementary) probes will be 

shown in this presentation



A new age of experiments (from ~2000)

• Balloon → space spectrometers → space calorimeters → future...

Thanks to A. Oliva for the nice timline By A. Oliva



Absolute fluxes of primary GCRs
• Protons, helium nuclei, light nuclei 
• Electrons postponed at the end of the talk….

CR injection and 
acceleration



Alpha Magnetic Spectrometer AMS-02

Installed on ISS on 19th May 2011 

~210 billions events as of today



Dark Matter Particle Explorer DAMPE



CALorimetric Electron Telescope CALET

Launched August 19th, 2015 



First unexpected proton and helium features
• Proton and helium hardening above 100 GV .

• Suggested by CREAM, first measured by PAMELA, confirmed by AMS-02, CALET, 
DAMPE.

O. Adriani et al. / Physics Reports 544 (2014) 323–370

Physics Reports 894 (2021) 1–116

Important feature: confirmation of the deviation from a single power-
law in both species at roughly 200 GV firstly suggested by CREAM and 

later clearly observed by Pamela in 2011
• Origin of the hardening?
• - At the sources: multi-populations, etc.?
• - Propagation effects? Is it present in other species?

Pamela AMS

Protons

Helium

Protons



Proton/helium ratio anomaly
• Standard CR model: He spectral index ~ proton spectral index, i.e. p/He should be flat.

• p/He measured with spectrometers:

PRL 115, 211101 (2015)

• The He spectrum is harder even if p/He does not feature structures.

• This is not explained by the basic CR standard model.



Another new feature is appearing from DAMPE and CALET 
data in the above TeV region!!!!

Important feature: 
• Confirmation of spectral hardening.
• A new spectral break above 10 TeV/n (~14 TeV) 
Open questions, e.g.:
• Is it due to new sources of galactic CR?
• Yet another change of regime in the diffusion?

Proton flux with CALET (50 GeV –> 50 TeV)Proton flux with DAMPE (40 GeV –> 100 TeV)



Helium spectrum with DAMPE (20 GeV/n –> 20 TeV/n)

Important features:

• Confirmation of the break at ~400 GeV/n
• Clear softening of the helium spectrum at ~10 TeV/n (~34 TeV)



The p+He DAMPE spectrum

Confirmation of the softening
(at about 25 TeV due to the combination of p and He spectra)
• Extension to 300 TeV
• Overlapping with indirect measurements



Phys. Rev. Lett. 125, 251102

Physics Reports 894 (2021) 1–116

• Beside p and He, is the hardening an universal feature?

• A similar break is present in C and O (measured by AMS-02 and confirmed 
by CALET)

• Important features:
o deviation from a single power-law in all species at few hundreds GV
o same spectral behavior for He, C, O above 60 GV

Carbon and Oxygen with AMS-02 and Calet



Other primary nuclei by AMS-02: 
Ne, Mg and Si

AMS-02 data suggests that Ne, Mg and Si spectra above 100 GV are 
different with respect to He, C and O ones.

• Is this due to the spallation mechanism?

• A better knowledge of the cross sections is certainly important!

• Ne, Mg and SI spectra are compatible with the hardening.



Heavy nuclei by CALET and AMS-02
• Iron measured by CALET and AMS-02.

• Nickel measured by CALET.

PRL 126, 041104 (2021)

PRL 128, 131103 (2022)

• AMS-02 suggests that the Iron spectrum is similar to light nuclei flux.

• CALET data shows that Nickel/Iron flux is flat above 10 GeV.

• Limited statistic → spectral break is not clearly confirmed.



The nuclei normalization open question

• Nuclei (C, O, Fe) spectral shape 
measured by AMS-02 and Calet are 
very similar.

• The normalization of nuclei (C, O, 
Fe) measured by AMS-02 is larger 
than the one measured by Calet
and previous experiments.

• Understanding the nuclei 
normalization is a challenge for 
current and future experiments.

Phys. Rev. Lett. 125, 251102



Secondary cosmic rays
• Secondaries from homogeneously distributed interstellar 

matter (light nuclei)

CR propagation



Secondary-to-Primaries ratio 
• Li, Be, B are produced by spallation of heavier nuclei, mostly C, N, O, on H and He

• Secondary/Primary is very sensitive to  propagation effects

B/C = Sec/Prim 

~ Qsec(E)/Qprim(E)

~ Qprim(E)/D(E) / Qprim(E)

~ 1/D(E)
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Li, Be, B with AMS-02

Also the secondaries nuclei show a spectral break
Very clear indications of Secondary/Primary ratio Rigidity dependent

Different change of slope: the Li-Be-B hardening is more pronounced.  

• Secondary/Primary ratio hardening 

• The hardening seems to be related to CR propagation!

PRL 120, 021101 (2018)

PRL 120, 021101 (2018)



A summary of recent measurements by 
AMS-02

N, Na, Al are a mixture of 
primary and secondary.

• Life is becoming really challenging….
• Complex models required to explain the different nuclei spectra
• And cross section measurements could play a very important role!!!

PRL 127, 021101 (2021)

Primaries

Primaries+Secondaries

Secondaries



Cosmic Rays and Heavy Anti-Particles 

p, He, C
N, O

ISM gas

CR secondary
production
( pp → X ) p, He, C, N, 

O, Li, Be, B, 
...

p+, p-
decay

e- e+

p0

p

gs

Bremsstrahlung, Synchrotron,
Inverse Compton

decay gs

credit: ESA

Solar Modulation, lower 
interstellar cosmic ray spectra

e-

gs

CR propagation

New exotic sources



The anti-proton puzzle
• Anti-proton spectra measured by Pamela (up to ~200 GeV) and by AMS-02 (up to ~500 GeV) 
• Are Anti-protons purely secondaries? 

• Anti-proton/proton ratio is essentially flat above tens GV up to 500 
GV à quite unexpected

• The precision of the existing models is not enough to discriminate 
btw purely secondary production and Dark Matter hypothesis

• A possible Dark Matter contribution would be a tiny effect  

• Theoretical predictions should be improved (cross sections!)

Physics Reports 894 (2021) 1–116Physics Reports 894 (2021) 1–116

Model without Dark Matter Model with Dark Matter



BESS-Polar II Antideuteron flux upper limit
Why antideuterons ?

No Antideuteron candidate 
found in BESS-Polar II data

Low energy antideuterons are 
an excellent probe for DM, 
because the production of  low 
energy secondary anti-
deuterons is strongly
suppressed

Bands =
coalescence
uncertainties



Electrons and positrons

Electrons

Electrons

Electrons

Electrons

CR acceleration
CR propagation

New sources

26



Electrons and positrons

Phys. Rev. Lett. 122, 041102 (2019)

Electron flux x E3 Positron flux x E3

Important feature:
The spectral shape of e- and e+ is completely different!!!
Why the spectral index of e+ flux is so complex and rigidity dependent?

• New models related to positrons take into account:

o nearby positron sources (e.g. pulsar)

o DM interaction or decay.

Positron excess detected by PAMELA and confirmed by AMS-02

Latest AMS-02 measurement features a peak @ ~ 300 GV

Physics Reports 894 (2021) 1–116



Electron/positrons/protons/antiprotons by AMS-02

Important feature:
• The spectra of positrons, antiprotons and protons are nearly identical
• Positron spectrum shows a drop off at ~300 GV
• Electron spectrum is steeper
• Currently very few ideas to explain these points….



Electrons + positrons with CALET and DAMPE

Confirmed electron flux suppression seen by ground experiments at E > 1 TeV
Some tension between data (CALET-AMS vs DAMPE-FERMI)
Is something happening above few TeV?



Future experiments

Electrons

Electrons

Electrons

Electrons
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Antideuterons: GAPS
GAPS will be flown for 
the first time in 2023



The future space calorimeter: HERD

Expected proton flux

• HERD is 3D detector with an acceptance at least ten times larger than current 
experiments (Gfeff>3 m2sr)

• Very Deep and fully 3D Calorimeter

• It will be installed aboard the Chinese Space Station around 2027.

• Main goal: first direct observation of protons up to the “knee”.

• Other goals: extension of nuclei and all-electron spectra.



Projects for next generation spectrometers
• Long term projects @ L2 Lagrangian point: ALADInO and AMS-100

CALO

ToF

TRK

ToF

Shael et al. NIM A 944 162561 (2019)Instruments 2022, 6, 19. https://doi.org/10.3390/instruments6020019

• Main goals:
o electrons, positrons, and antiprotons up to 10 TeV,
o nuclear cosmic rays up to PeV energies,
o detection of low-energy antideuteron and antihelium.

ALADInO



From N. Tomassetti



The observational improvements occurred during the past decade allowed to identify a 
lot of unexpected features below the knee, revealing new physics phenomena that 
should be incorporated in a coherent model for cosmic ray origin/propagation.

Many new open questions have appeared and still need to be clarified:
I. What is the origin of the hardening observed in the spectra of CR nuclei at a rigidity 

of 300 GV?
II. Why is the slope of the spectrum of CR proton and helium different? 
III. What is the origin of the cutoff observed at a particle energy of 1 TeV in the electron 

spectrum? 
IV. Why do the proton, positron, and antiproton spectra have roughly the same slope at 

particle energies larger than 10 GeV? 
V. What is the origin of the rise in the positron fraction at particle energies above 10 

GeV?
VI. Why the antiproton/proton ratio is constant above 60 GeV?

• The increase in statistics of the existing experiment and the new future experiments 
(GAPS, HERD, ALADINO, AMS-100…) will allow to significantly extend the current 
measurements, and will allow us to  improve our still quite limited knowledge on CR

A common effort between experimentalist (in different fields) and theorists 
is currently under way and is absolutely necessary

to shade light on the many still open questions

Conclusions: still many open questions !



Backup slides



Conclusions
• An impressive precision level in the nuclei measurements in the GeV to multi TeV

energy region has been reached 
• Spectral hardening at high energy observed both in primaries and secondaries (p, 

He, C, O, Be, B, Li, etc.)
o Changes in the propagation properties in the Galaxy

• Stronger hardening expected for Secondaries
• Spectral softening in p and He in the Multi-TeV region 

o New source? Diffusion effect?
• Uncertainties in the measured values of the cross sections are a critical ingredient 

• For sure there is an excess of positrons
o Positron measurements are inconsistent with pure secondary hypothesis. We do need a 

nearby source to reproduce the data (PWN? DM?)
• Is there an excess of antiprotons?

o A flat antiproton-to-proton ratio is quite unexpected. Is it an anomaly? Astrophysical 
background affected by large uncertainties (Cross section, possibily measured also at LHC)

• The spectra of protons, positrons and antiprotons have identical rigidity 
dependence above 60 GV.
o Currently very few ideas.
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Li, Be, B with AMS-02: spectral hardening

Clear indication that also the 
secondary nuclei show a 
spectral break at ~200 GV

The hardening is different for 
Primaries and Secondaries

Is It a confirmation that 
hardening is due to 
propagation?



From F. Donato



Bess-Polar I and II



Antideuteron searches with BESS-Polar II

Why antideuterons ?

No Antideuteron
candidate found in BESS-
Polar II data



Carbon and Oxygen with CALET

Important feature: 
• confirmation of spectral hardening.

some tension with AMS data (20% 
discrepancy)



Many different observatories!!!!
Sensitive to different energy regions and 
particle types



Proton flux with CALET: spectral behaviour



Super Trans Iron Galactic Element Recorder
Super-TIGER



Super-Tiger UH CR Zà 41-56
SuperTIGER measures UHGCR  to test 
the OB association origin of cosmic rays
at higher Z, in which:
1) the GCRs are a mix of massive star 

material and normal ISM
2) refractory elements that condense in 

dust grains are preferentially
accelerated compared to volatile 
elements residing in gas.

Both supernovae in OB associations and 
binary neutron star mergers produce r-
process nuclei.  
Measurements up to Barium (Z=56)  will
be able to put constraints on the r-
process production models of SNE and 
BNSM. 

Improve upon the SuperTIGER charge
assignment analysis done in APJ, 831, 2016 in 
the Z=30-40 charge range. 
Extend the charge assignment analysis to 
higher charges (up to Z=56)



Ultra-Heavy nuclei with CRIS (ACE) à 21 years !



Ultra-Heavy nuclei with CALET: 3 years data



Main requirements:
- high-sensitivity antiparticle 
identification 
- precise momentum 
measurement

PAMELA detectors
GF: 21.5 cm2 sr                
Mass: 470 kg
Size: 130x70x70 cm3

Power Budget: 360W 

Spectrometer
microstrip silicon tracking system +   
permanent magnet
It provides:  

- Magnetic rigidity à R = pc/Ze
- Charge sign
- Charge value from dE/dx

Time-Of-Flight
plastic scintillators + PMT:
- Trigger
- Albedo rejection;
- Mass identification up to 1 GeV;
- Charge identification from dE/dX.

Electromagnetic calorimeter
W/Si sampling (16.3 X0, 0.6 λI)
- Discrimination e+ / p,  anti-p / e-

(shower topology)
- Direct E measurement for e-

Neutron detector
36 He3 counters :
- High-energy e/h discrimination

+  -

52



PAMELA Results: Positrons

Solar modulation

Results confirmed by AMS-02!



PAMELA Results: Antiprotons

Secondary production 
calculations



Antiproton Data

JCAP10(2015)034

Figure 4. Antiproton fraction predicted from pure secondary production compared to the AMS-02
data. The inner band encompasses propagation uncertainties (see text), the full band also includes
uncertainties in the p̄ production cross sections. The antiproton fraction for the propagation configu-
ration (within our sample) which yields the best fit to B/C (table 3) and for the configuration which
yields the best fit to the p̄/p data are indicated by the dotted and the dashed line, respectively.

The range of � found in our analysis includes the theoretically favored values � = 0.33
and � = 0.5. We will show in the next section that the lower � does also have important
implications for the antiproton fraction.

4 Antiproton fraction

Secondary antiprotons originate from the scattering of protons and helium on the interstellar
matter. The primary fluxes are given in (2.4) and the fit parameters in table 1. Contributions
from heavier nuclei are negligible.

We make use of the new calculation of antiproton production cross sections performed
in [15] (for other recent approaches see [50, 51]). Compared to previous parameteriza-
tions [52, 53] it contains a detailed treatment of antiproton production via hyperon decay
as well as possible isospin e↵ects in antineutron production. Further the description of pro-
cesses involving helium has been improved. We follow [54] and include tertiary antiproton
production by inelastic scattering of secondary antiprotons on the interstellar matter with
annihilation and inelastic cross sections taken from [55, 56].

For the sample of 500 configurations consistent with B/C (see previous section) we
determine the interstellar p̄ flux. We take the envelope of all resulting fluxes to model the
propagation uncertainties. The corresponding p̄/p ratio after accounting for solar modulation
(� = 0.57 GV) is shown with the AMS-02 data in figure 4. The broader band in the same
figure is obtained by including the uncertainties in the antiproton production cross sections
from [15]. The p̄/p ratio for the configuration of table 3 is also shown.

– 8 –

Kappl, Reinert, Winkler JCAP 2015

Propagation model fitted on preliminary AMS-02 B/C data
Greatest uncertainty set by nuclear cross sections

An interesting multi disciplinary application: 
Measurement of antiproton production cross section in p-He interactions at LHC by the 

SMOG system of LHCb

G. Giesen et al., JCAP 1509 (2015) 023







We report the detection, using the High-Altitude Water 
Cherenkov Observatory(HAWC), of extended tera–
electron volt gamma-ray emission coincident with the 
locations of two nearby middle-aged pulsars (Geminga
and PSR B0656+14). The HAWC observations 
demonstrate that these pulsars are indeed local 
sources of accelerated leptons, but the measured tera–
electron volt emission profile constrains the diffusion of 
particles away from these sources to be much slower 
than previously assumed. We demonstrate that the 
leptons emitted by these objects are therefore 
unlikely to be the origin of the excess positrons, 
which may have a more exotic origin.

We therefore favor the explanation that 
instead of these two pulsars, the origin 
of the local positron flux must be 
explained by other processes, such as 
different assumptions about secondary 
production [although that has been 
questioned (33; 34)], other pulsars, 
other types of cosmic accelerators such 
as micro-quasars (35) and supernova 
remnants (34), or the annihilation or 
decay of dark matter particles (9). 



Ten years of PAMELA data


