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AMS-02 
• The largest magnetic spectrometer in space, installed on ISS since 2011 
• Currently the most precise cosmic ray space detector in rigidity range 0.5 GV to 3 TV 
• Will continue its operation for the entire lifetime of ISS through 2030 

DAMPE 
• The largest calorimeter-based space mission, launched in 2015 
• Since then in excellent working condition  
• About 3-times the acceptance of AMS-02 
• First direct detection of spectral break in e++e- at 1 TeV 
• Currently most precise measurements of cosmic rays up to 100 TeV 
• Excellent hardware status and the important science return  
• Operation will certainly continue for 5-10 more years.  

HERD 
• Next generation calorimeter-based astroparticle mission 
• Unprecedented acceptance (10 times higher than DAMPE) and precision: 

• Direct measurements of cosmic rays beyond PeV. 
• Excellent gamma-ray imager from 100 MeV to 100 TeV 

• China-Europe mission  
• Currently in the final selection phase 
• If adopted, will be installed on China Space Station around 2028.  

AMS-02, DAMPE, HERD @ Switzerland
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Involved PI(s):  
Xin Wu (UNIGE), Andrii Tykhonov (UNIGE), Chiara Perrina (EPFL), Mercedes Paniccia (UNIGE)  
  
Swiss participant Institutions and investment level:  

AMS (UNIGE) 
• Major hardware, software, and operation contributions: 

• Construction of the AMS silicon tracker 
• Silicon tracker charge calibration, detector monitoring and operation, ML 

• Major contributions to data analysis and publications: nuclei and isotopes spectra 

DAMPE (UNIGE, EPFL) 
• Major hardware, software and operation contributions: 

• Proposer and project leader of the DAMPE silicon tracker (STK) 
• DAMPE software framework, STK simulation, reconstruction and tracking software  
• ML algorithms for tracking, particle ID and energy correction 
• STK monitoring, calibration, alignment, European MC production 

• Major contributions to data analysis and publications 

HERD (UNIGE, EPFL) 
• Major hardware and software contributions 

• Proposer and project leader of scintillating fibre tracker (FIT) 
• FIT reconstruction software 
• ML algorithms, hadronic model tuning 
• MC studies to estimate the HERD sensitivity to a gamma-ray flux from dark-matter annihilation 

AMS-02, DAMPE, HERD @ CH

Funding from SNSF, Swiss Space Office, ERC, Boninchi  
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AMS-02, DAMPE, HERD @ CH

PhD student (DAMPE, HERD)Scientist - Ambizione fellow (DAMPE, HERD)
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Direct detection of PeV cosmic rays: HERD (CERN RE since 2023) 

• China-Europe collaboration since 2012, expected to launch >2027
•

• UNIGE and EPFL in charge of the FIber Tracker (FIT) 
• Chiara, Jennifer, Philippe, Daniil, Dimitrios, Andrii 
• Phase B R&D completed 
• Test beam activities on-going (with IFAE and U. Barcelona) 
• Update of FEB with new ASIC (BETA from U. Barcelona) 
• Monte-Carlo simulation studies ongoing 
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AMS-02 Tracker Upgrade
Upgrade with new Silicon Tracker Layer

Acceptance increased to 300%

y

z

x

New Silicon Tracker Layer

Existing Tracker L1

36

Currently 2025-2030 = 5 years
With upgrade = 15 years

* Slides credit: ICRC2023 highlight talk 6



Primary elements (He, C, ..., Fe) are produced during 
the lifetime of stars. 

They are accelerated by the explosion of stars 
(supernovae).

Primary Cosmic Rays
Supernova
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Primary cosmic rays have at least two classes. SFe
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* Slides credit: ICRC2023 highlight talk

AMS-02 comprehensive look at cosmic rays at GeV — TeV scale

• 1.1x106 Antiprotons

Properties of Cosmic Antiprotons

Antiprotons from collision of cosmic rays
G. Jóhannesson et al., ApJ 824 (2016) 16
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Source

The antiproton-to-proton flux ratio shows that
above 60 GV the ratio is energy independent.
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AMS-02 @ UNIGE

8

AMS Geneva group

0

Detector Operations at the AMS-POCC at CERN:
- Monitoring of Tracker & TRD detectors

Data Analysis:
- Cosmic-ray nuclei fluxes
- Isotopic composition of light nuclei 

Dr Mercedes Paniccia (Team Leader), Dr Shahid Khan (joined July 2023 )
Phd students: Mr. Erwan Robyn (graduated in Aug. 2023),  Ms.Manbing Li

External collaborators from the Shandong Institute of Advanced Technology:  Dr, Yao Chen, Dr Jiahui Wei
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S

In the last five years the group has contributed to the 
measuremnet of nuclei spectra heavier than oxygen: 

These provide crucial information on:
1. Sources of cosmic rays
2. Cosmic-ray acceleration and 

propagation mechanisms
3. Properties of the interstellar medium



AMS-02 @ UNIGE in 2023
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AMS @ University of Geneva: 2023 Highlights 
Spectra of beryllium isotopes 7Be, 9Be and 10Be
Manbing Li’s PhD thesis The ratio of  unstable-to-stable secondary cosmic rays 10Be/9Be 

measures the size of the cosmic-ray propagation volume. 
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DAMPE in 2023
> 99.7% good channels!

DAMPE internal

• STK (built at DPNC) in excellent condition after 8 years in space!  
— UNIGE & EPFL — calibration, alignment

• A. Ruina graduated in June 
— He flux extended to 200 TeV with 7 years of data 
— Analysis continued by A. Tykhonov, P. Coppin, A. Kotenko, A. Serpolla  
— Proton flux update to ~PeV    

• M. Stolpovskiy (left in Oct.), D. Kyratzis, A. Serpolla 
— Carbon and Oxygen flux being finalized, publication in preparation 
— Next steps: measurement of Li, Be, B (secondary nuclei) fluxes 

• D. Droz (left in March), E. Putti, A. Tykhonov 
— Electron flux up to 14 TeV, possible new hardening at ~3 TeV (~3σ) -Nearby pulsar? 
— Continue with larger statistics and extended fiducial region 

• All profited from ML methods developed in house: tracking, particle ID, energy corrections 
— A. Tykhonov, D. Droz, M. Stolpovskiy, E. Putti, EPFL master students: L. Niggli, P. Nussbaum 

• Several papers/proceedings published 
• Several talks/posters at ICRC 2023 
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Figure 12. A raw STK image of a typical proton interacting inelastically inside PSD and the
architecture of the inelastic classifier CNNs. The blue box on the right corresponds to the network
in Figure 9 with the last layer replaced with “Dense 1”. The ReLU activation function is used in all
layers except for the last one, which is activated by a sigmoid function. The total classifier is the
product of the outputs of the two networks.
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Figure 13. Sample Receiver Operating Characteristic (ROC) curve of the inelastic CNNs classifier
for selecting events that do not interact inelastically before the tracker (i.e. inside PSD or the passive
support structures before the STK). For comparison, another ROC curve is shown for the typical
PSD charge consistency cut, imposed on the difference between the highest and the lowest signal in
the different PSD bars crossed by the particle. Two particle kinetic energy ranges are considered.

– 25 –

Tykhonov et al. Astropart. Phys. 146 (2023) 
arxiv.org/abs/2206.04532

Stolpovskiy et. al. JINST 17 (06) (2022). 
doi.org/10.1088/1748-0221/17/06/P06031


PoS(ICRC2023)170

Individual CR proton and helium fluxes towards PeV energies with DAMPE Arshia Ruina

For the helium analysis, protons are the dominant background. As such, an additional selection
criterium is imposed to reject the proton background by requiring that the average signal from
the first two hits in the STK be larger than 100 ADC (the proton signal lies at around 60 ADC).
Furthermore, to ensure a consistency in the charges measured by the two orthogonal layers of the
PSD, it is also required that the absolute value of the charge difference between the two be <1.

The helium signal region is defined as energy-dependent windows around the helium peaks in
each energy interval as shown by the dashed vertical lines in figure 2.

Figure 2: Proton analysis: Template fits to the combined charge distributions in three deposit energy
intervals.

(a) (b) (c)

Figure 3: Helium analysis: Template fits to the combined charge distributions, after the application of the
selection cuts (incl. proton rejection), in various deposit-energy intervals.

Acceptance and Unfolding. The effective acceptance, �eff, is computed as �eff,8 = �gen ⇥ #pass,8
#gen,8

for the 8-th interval in incident energy, where, �gen is the geometrical factor of the MC event
generator sphere and #pass,8 is the number of events in MC data that passed the selection cuts
and #gen,8 are the total number of MC events generated. The final effective acceptances for the
proton and helium flux measurements are shown in figures 4. The slight wiggles in the helium
acceptance are caused by the track selections and are currently under investigation. Following [32],
an unfolding procedure is employed to convert the measured energy of the particles into their kinetic
(or incident) energy.
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Figure 1: The combined signal spectra of PSD for protons and helium nuclei. The left panel is
for BGO deposited energies between 447 GeV and 562 GeV, the middle panel is for BGO deposited
energies of 4.47 � 5.62 TeV, and the right panel is for BGO deposited energies between 20 TeV and 63
TeV. The on-orbit data (black) are shown, together with the best-fit templates of simulations of protons
(blue), helium nuclei (green), and their sum (red). The vertical dashed lines show the cuts to select proton
candidates in this deposited energy range.
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arxiv.org/abs/
1909.12860 (2019)


A. Ruina , A. Kotenko et al. 
(2023)  pos.sissa.it/444/170/

DAMPE: Deep Learning methods on the rise, gamma rays

11

J. Frieden, C. Perrina (EPFL) 
- Gamma-ray spectrum extended to 1 TeV 
- Sky map updated 
- Search for gamma-ray lines in the Galaxy ongoing  

http://arxiv.org/abs/2206.04532
http://doi.org/10.1088/1748-0221/17/06/P06031
http://arxiv.org/abs/1909.12860
http://arxiv.org/abs/1909.12860
http://arxiv.org/abs/1909.12860
http://pos.sissa.it/444/170/


Energy per nucleon or rigidity? 
That is the question

same rigidity —> same Larmor radius —> same D —> same transport

same energy/nucleon —> same velocity —> ?

Ruina, CRD1 Give me a break! (CR Helium)
Brogi, CRD1 Ruina, CRD1
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the proton one
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DAMPE proton & 
helium fluxes 2023  

(ML methods)

* Slides from ICRC 2023 Rapporteur talk (S. Gabici, Aug 3, 2023)

DAMPE results in spotlight of ICRC2023: cosmic rays at multi-TeV

New insights in cosmic ray acceleration 
& propagation at multi-TeV

DAMPE proton & 
helium fluxes 2023  

(ML methods)                                  
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ration of showers (number of showers and number of particles in each shower) is the most probable for a
specific process. Not only theorists or developers of event generators will benefit from such answers, but
experimentalists too.

Measurement

The measurements in the project will be performed primarily with DAMPE data, which represents the
largest set of directly detected TeV–PeV particles available anywhere in the world. Then, the measurements
will be extended with the first HERD flight data, which will further increase the statistics of ⇠PeV particles
by one order of magnitude, compared to DAMPE. Targeted on cosmic-ray spectral measurements and
gamma-ray physics, DAMPE and HERD can be seen as multi-purpose particle detectors, similar to those
used in typical collider or fixed-target experiments. They are exposed to cosmic particle “beams” reaching
a two-orders-of-magnitude-higher energy compared to the LHC. In particular, DAMPE (and HERD in the
future) provides a unique data set of TeV�PeV proton and ion interactions, unachievable with any other
facility on the ground or in space, with an excellent particle-identification capacity. This dataset will be
used to perform – for the first time – measurements of the hadronic shower characteristics in the TeV–PeV
region which will be used to test the predictions of the theoretical framework developed by the Ukrainan
team. The possibility of such measurement has been recently demonstrated by the Swiss PI and his group
in the course of his ERC starting grant research (Fig. 3).

Figure 3: Preliminary (proof-of-concept) measurements of proton (left) and helium (right) inelastic scatter-
ing cross sections in the BGO material. The results are obtained by the Swiss PI’s group [10] using the AI
particle reconstruction methods [9], based on a limited data set of DAMPE. Existing measurements [100–
106] and the projection of the expected results with HERD are overlaid for comparison. They are scaled
for the BGO target material, assuming the nuclear mass- and radius-related dependencies [101, 107]. Note
that ⇠PeV energy in the laboratory reference frame (naturally used in space experiments) corresponds to
⇠TeV in the centre-of-mass frame (

p
SNN ).

In addition to model testing, the developed theoretical framework will be exploited to increase the
accuracy of hadronic simulations with DAMPE and HERD. This will have an immediate impact on
reducing the dominant uncertainties of proton and ion cosmic-ray measurements with these experiments.

8

Inelastic cross section: Proton 
— BGO (DAMPE, HERD) 

Inelastic cross section: Helium 
— BGO  (DAMPE, HERD)

* data of previous proton and helium cross 
section scaled to proton-BGO or helium—BGO 
assuming A2/3 and nuclear-radius dependencies

Coppin et al. (2023) pos.sissa.it/444/142/

10 Q. Yan et al. / Nuclear Physics A 996 (2020) 121712

Fig. 8. The He interaction cross section on carbon target (σHe+C) as a function of rigidity measured by AMS (solid 
curve) in the rigidity range from 2 GV to 1 TV, together with earlier measurements (open circle [8], open squares [6], 
and open triangles [5]) and the GEANT4 Glauber-Gribov model [43,44] (dashed curve). The grey band indicates the 
systematic error (68% CL) of the AMS result. The isotope used for He is mostly 4He. The error associated with the 
He isotope composition has been added to the total systematic error by varying the ratio of 3He/4He from 0 to 0.2. 
The isotope-changing cross section 4He→3He (σ I

He+C) has been derived from MC, verified by data using the reaction 
4He→3H as described in Fig. S1 of Ref. [45] and has been included in the He interaction cross section.

Fig. 9. The He interaction cross sections on carbon target as functions of rigidity divided by their value at 100 GV 
(σHe+C/σ 100 GV

He+C ) for a) the GEANT4 original Glauber-Gribov model [43,44] (dashed curve) and the AMS tuned model 
(solid curve), and b) their ratio. The AMS tuned interaction cross section model was obtained from our He data.

AMS tuned model (derived from our data) for the He+C interaction cross section as functions of 
rigidity divided by their value at 100 GV.

Inelastic cross section: 
helium—iron (AMS)

Q. Yan, M. Paniccia  et al. Nuclear Physics A 996 (2020) 121712, 
AMS Collaboration, PRL 126, 041104 (2021)

“Test beam” in space: hadronic physics + reducing systematics + cross sections             

Hadronic physics at GeV—PeV: AMS-02, DAMPE, HERD
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http://pos.sissa.it/444/142/
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POLAR-2

People: 
M. Kole, N. Produit, J. Hulsman  
  
• Prototype tested at ESRF in April 2023 
• Final FEE produced, FW being finalized   
• Final module design review in November 
• Detailed document produced 
• Final mechanical designed ready 
• Interface to backend and to CSS being finalized 

• N. De Angelis Ph.D defense in December 2023 
• G. Koziol Master defense in June 2023    
• International Science Workshop in October 2023  

• organized by M. Kole, funded by SNF 
• Several technical papers published 
• POLAR data analysis ongoing, papers being published 



Backup
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Recommendations and findings 

The simultaneous observation of high energy sources with data from cosmic rays, 
photons, neutrinos, and gravitational waves in as large an energy range as feasible 
promises new insights of both astrophysical and particle physics phenomena. The 
major existing projects with Swiss participation, MAGIC, AMS-02, DAMPE and 
EUCLID, in addition to scientific goals of their own right, provide a testing ground for 
the multi-messenger approach. In view of this, it is desirable to establish   multi-
messenger data repository in Switzerland. In the mid-term future, major projects such 
as CTA, JEM-EUSO, HERD as well as large underground facilities, will have to include 
the multi-messenger aspect in their planning and provide wider access to their data. 

16

Updated paragraph fro
m the old roadmap

Ancillary notes: 
POLAR-2 launch date have to be updated in the new roadmap: 2027 (not 2024)
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Strangelets — ”bags” containing free up, down and strange quarks  

• Distinguished from ordinary nuclei by Z/A  

• Expected to be ~0.1 (ordinary nuclei~ 0.5) 

• Measured by instruments able to distinguish isotopes (AMS) 

• PAMELA, and AMS have published upper limits  

• search of strangelets of charge Z<=8 *  

• AMS continuing updating search with increased statistics. 

AMS-02 & Flavour: Stranglets

* https://doi.org/10.1016/j.physrep.2020.09.003

M. Aguilar, L.A. Cavasonza, G. Ambrosi et al. Physics Reports 894 (2021) 1–116

Fig. 103. AMS results on the search for strangelets together with results of the PAMELA experiment [168] and accelerator experiments [166] for
Z = 2.

Fig. 104. AMS results on the search for strangelets together with results of the lunar soil experiments [165] for Z = 6, 7, 8.

Summary of the AMS results on the search for strangelets with Z = 2, 3, 4, 5, 6, 7, 8 is presented in Fig. 105 together
with the theoretical prediction [169]. As seen, cosmic-ray strangelets with 2  Z  8 are excluded by AMS well below
the model prediction.

AMS will continue collecting data to improve the sensitivity of this important study and to explore a new territory for
strangelets with Z > 8.

15. Time-dependent proton and helium fluxes

Cosmic rays entering the heliosphere are subject to diffusion, convection, adiabatic energy losses, and magnetic drift.
The temporal evolution of these processes leads to cosmic ray intensity variation at Earth’s orbit around the Sun. These
variations correlate with solar activity, which has several cycles. The most significant is the 11-year solar cycle during
which the number of sunspots changes from minimum to maximum and then back to a minimum. Another is the 22-year
cycle of the Sun’s magnetic field polarity, which reverses every 11 years during the maxima of the solar cycle. Cosmic
ray spectra may also have temporary reductions due to the interactions of cosmic rays with strong disturbances in the
magnetic field, especially during solar maxima, that can last from days to months. Time correlations at low rigidity among
different particle spectra (p, He) due to solar modulation are expected by models of cosmic ray transport based on the
Parker equation. This is because the time-dependent cosmic ray transport in the heliosphere is rigidity dependent and
related to changes in solar activity. Numerous models of the propagation of charged particles in the heliosphere exist that
predict different flux variations with time. The large acceptance and high precision of AMS allow us to perform accurate
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M. Aguilar, L.A. Cavasonza, G. Ambrosi et al. Physics Reports 894 (2021) 1–116

Fig. 105. Summary of the AMS results on the search for strangelets for Z = 2, 3, 4, 5, 6, 7, 8. A model prediction for Z = 2� 8 [169] is shown by
the red dashed line.

measurements of the fluxes as functions of time and energy. This provides unique information to probe the dynamics of
solar modulation, to allow the improvement of constraints for dark matter searches, to investigate the processes of galactic
cosmic ray propagation, and to reduce the uncertainties in radiation dose predictions for deep space human exploration.

We present the time evolution of the proton flux from 1 to 60GV based on 846 million events and the helium flux from
1.9 to 60GV based on 112 million events. The proton flux and the helium flux are measured for the 79 Bartels rotations
(each 27 days) from May 2011 to May 2017. For the first time, proton and helium fluxes are simultaneously measured
with the same precision instrument for an extended period of time [170].

Fig. 106 shows the detailed behavior of the proton flux and the helium flux as functions of time and of rigidity from
1 to 10GV and from 1.9 to 10GV, respectively.

The time dependence of the proton and helium fluxes are shown in Fig. 107 for 8 characteristic rigidity bins. As
seen, both the proton and helium fluxes have fine time structures each with maxima and minima. The structures in
the proton flux and the helium flux are nearly identical in both time and relative amplitude. In general, the amplitudes
of the structures decrease progressively with rigidity. The precision of AMS enables us to observe these structures up to
40 GV. The amplitudes of the structures are reduced during the time period, which started one year after solar maximum
(i.e. starting March 2015), when the proton and helium fluxes steadily increase. It is interesting to note that the structures
in the proton and helium fluxes observed before the solar polarity change around July 2013 [171,172] coincide with the
structures observed in the electron and positron fluxes (see Section 16). They are marked with red vertical dashed lines
in Fig. 107.

Fig. 108 shows the AMS p/He flux ratio as a function of time for 9 rigidity bins. As seen, depending on the rigidity range,
the p/He flux ratio shows two different behaviors in time. Above ⇠3GV the ratio is time independent. Below ⇠3GV the
ratio has a long-term time dependence. To assess the transition between these two behaviors, we performed a fit of the
p/He flux ratio ri for each rigidity bin i as a function of time t , with

ri(t) =

⇢
ai, t  ti;
ai + bi(t � ti), t > ti.

(16)

where ai is the average p/He flux ratio from May 2011 to ti, ti is the time when the p/He flux ratio deviates from the
average ai, and bi is the slope of the time variation. Above 3.29GV, the p/He flux ratio is consistent with a constant value at
the 95% confidence level. This shows the universality of the solar modulation of cosmic ray nuclei at relativistic rigidities.
Below 3.29GV, the observed p/He flux ratio is steadily decreasing with time after ti. In the first five rigidity bins, the best
fit values of ti are in agreement with each other. Their average value is equal to February 28, 2015 with an accuracy of
±42 days, consistent with boundary VII of Fig. 107, after which the proton and helium fluxes start to increase. This last
observation shows a new and important feature regarding the propagation of lower energy cosmic rays in the heliosphere.
The precision of the AMS data provides information for the development of refined solar modulation models [173,174].

In conclusion, the precision proton flux and the helium flux observed by AMS have nearly identical fine structures both
in time and in relative amplitude. The amplitudes of the flux structures decrease with increasing rigidity and vanish above
40GV. The amplitudes of the structures are reduced during the time period, which started one year after solar maximum,
when the proton and helium fluxes steadily increase. In addition, above ⇠3 GV the p/He flux ratio is time independent.
Below ⇠3GV the ratio has a long-term decrease coinciding with the period during which the fluxes start to rise.
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Fig. 103. AMS results on the search for strangelets together with results of the PAMELA experiment [168] and accelerator experiments [166] for
Z = 2.

Fig. 104. AMS results on the search for strangelets together with results of the lunar soil experiments [165] for Z = 6, 7, 8.

Summary of the AMS results on the search for strangelets with Z = 2, 3, 4, 5, 6, 7, 8 is presented in Fig. 105 together
with the theoretical prediction [169]. As seen, cosmic-ray strangelets with 2  Z  8 are excluded by AMS well below
the model prediction.

AMS will continue collecting data to improve the sensitivity of this important study and to explore a new territory for
strangelets with Z > 8.

15. Time-dependent proton and helium fluxes

Cosmic rays entering the heliosphere are subject to diffusion, convection, adiabatic energy losses, and magnetic drift.
The temporal evolution of these processes leads to cosmic ray intensity variation at Earth’s orbit around the Sun. These
variations correlate with solar activity, which has several cycles. The most significant is the 11-year solar cycle during
which the number of sunspots changes from minimum to maximum and then back to a minimum. Another is the 22-year
cycle of the Sun’s magnetic field polarity, which reverses every 11 years during the maxima of the solar cycle. Cosmic
ray spectra may also have temporary reductions due to the interactions of cosmic rays with strong disturbances in the
magnetic field, especially during solar maxima, that can last from days to months. Time correlations at low rigidity among
different particle spectra (p, He) due to solar modulation are expected by models of cosmic ray transport based on the
Parker equation. This is because the time-dependent cosmic ray transport in the heliosphere is rigidity dependent and
related to changes in solar activity. Numerous models of the propagation of charged particles in the heliosphere exist that
predict different flux variations with time. The large acceptance and high precision of AMS allow us to perform accurate
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