
AI for cosmic ray detection in 
space at high-energy frontier

Andrii Tykhonov  

V Gravi-Gamma-Nu 
Workshop 2024

October 11, 2024V Gravi-Gamma-Nu workshop, Bari, Italy



Disclaimer:  
This talks is NOT aimed as a review of  AI in the field. It is 
heavily biased by presenter’s own research experience, 
focused on DAMPE and HERD experiments. 

Science motivated:  
We do not aim at AI for sake of AI. We ask ourselves first 
— what do we need to achieve with AI in terms of science? 



Part I:   Cosmic Ray Detection in Space at High Energies — 
              Rationale for AI and (some) Motivation



Magnetic Spectrometers 

• PAMELA: Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (2006) 
• AMS-02: Alpha Magnetic Spectrometer (launch to ISS 2011) 

 … difficult to go beyond few TeV with spectrometers 

Calorimeters 

• CALET: Calorimetric Electron Telescope (launch 2015) 
• ISS-CREAM: on ISS since 2017 

• DAMPE: DArk Matter  Particle Explorer (launch 2015) 
• HERD: High Energy cosmic Radiation Detection experiment (~2028)

Monte-Carlo simulation of a 100 GeV

gamma ray shower in the atmosphere

Cosmic Ray Detection in Space

mostly covered in this talk…
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• Launched in Dec 2015 
• Orbit: sun-synchronous, 500 km 
• Period: 95 min 
• Payload: 1.4 Tonn  
• Power: ~ 400 W 
• Data: ~ 12 GByte / day

Collaboration

DArk Matter Particle Explorer (DAMPE)

A.

5

A. Tykhonov AI for cosmic ray detection in space at high-energy frontier



PSD 
• Z identification up to Ni (Z=28) 
• γ anti-coincidence signal 

STK 
• Position solution  ~50 micron 
• γ-ray angular resolution  0.5°—0.1° 
• Absolute Charge (Z) identification 

BGO 
• 31 X0 — thickest in space 
• e/γ detection GeV — 10 TeV 
• p/ions:  50 GeV — PeV 

NUD 
• Additional e/p rejection power

Tykhonov Part B2 PeVSPACE

PSD: double layer 
of scintillating strip 
detector acting as 
ACD 

STK: 6 tracking double layer 
+ 3 mm tungsten plates. 

Used for particle track and 
photon conversion 

BGO: the calorimeter  made of 308 BGO 
bars in hodoscopic arrangement (~31 
radiation length). Performs both energy 
measurements and trigger 

NUD: it’s complementary to the BGO by 
measuring the thermal neutron shower 

activity. Made up of boron-doped plastic 
scintillator 

 γ 
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Figure 1: Schematic view of DAMPE (left) and HERD (right) detectors.

The present proposal can be logically grouped in work packages:

1. Particle track pattern recognition and reconstruction using machine learning (ML) techniques.

2. Electron/proton (e/p) discrimination using the Deep-Neural-Net (DNN) or a similar approach.

3. Tuning of hadronic MC models with DAMPE data.

4. Applying the developed techniques to the DAMPE data analysis and HERD performance assessment.

Below in this section the DAMPE and HERD missions are briefly introduced. Then the current status of
the field is described in detail, in the connection with the outlined work packages of the proposal. The section
is concluded with the list of objectives and the deliverables associated to these objectives.

The DAMPE (DArk Matter Particle Explorer) detector was developed by an international collaboration
formed by Chinese, Swiss and Italian institutes [12]. It was successfully launched in space in December 2015
and operates smoothly since then. The group of University of Geneva (hereafter UniGe), of which I am a
leading member, has proposed and developed the Silicon–Tungsten tracKer–converter (STK) sub-detector of
DAMPE [13]. I am personally responsible for tracking software, CR data analysis and MC simulations. With a
relatively large acceptance, DAMPE features a deep highly-granular calorimeter of about 31 radiation lengths.
It provides a unique opportunity to probe CRE and gamma-rays between few GeV and 10 TeV with an un-
precedented energy resolution of about 1% (above 100 GeV) and CR proton/nuclei in the kinetic energy range
between 10 GeV and 100 TeV with the best available energy resolution (around 20% at 1 TeV). There are in
total four sub-detectors in DAMPE, as shown in Figure 1 left, from top to bottom:

• Plastic Scintillator Detector (PSD) for charge identification and for providing veto signal for the photon
discrimination.

• Silicon–Tungsten tracKer–converter (STK) for gamma-ray direction identification and for CR trajectory
and charge reconstruction and identification.

• BGO calorimeter for precise energy measurement and e/p discrimination;

• Neutron Detector (NUD) for improving the e/p discrimination.

HERD is the next generation spaceborne instrument with a thicker calorimeter of about 55 radiation lengths and
one order of magnitude higher acceptance compared to DAMPE. UniGe group is one of the leading contributors
to the HERD R&D program. In the core of HERD design is the 3D imaging LYSO calorimeter, consisting of
almost 10k cubic crystals of 3 cm3 each, as shown in Figure 1 right. The tracker detectors will be installed
on five out of six sides of HERD. This unique 3D arrangement allows to detect particles coming from five
directions, while in conventional detectors only one direction (from the top) is admitted.

Tracker sub-detectors of DAMPE and HERD include thin tungsten layers to enhance photon conversions
into electron-positron pairs. Therefore, CR and gamma-rays at high energies tend to pre-shower before the
calorimeter, creating a large hit multiplicity in the tracker. Moreover, the back-splash of secondary particles
from calorimeter severely deteriorates the picture, creating tens of thousands noise hits, as illustrated in Fig-
ure 2. As can be seen from the figure, only a small fraction of events have clean topology in the tracker.
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Plastic Scintillator 
Detector (PSD) Silicon-Tungsten Tracker 

Converter (STK)

Calorimeter (BGO)
Neutron Detector (NUD)

DArk Matter Particle Explorer (DAMPE) 6
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DAMPE on orbit 7

See talk of Elisabetta Casilli

• Many exciting results published since 2015: electrons, protons, helium, B/C and B/O, γ-rays, solar physics 
• More in progress (C,O, Ne-Mg-Si, Fe)



• Proton — most abundant CR and the only CR with Z=A 
• Previous individual CR proton measurement reaching 100 TeV 
→ limited by statistics and particle identification 

• p+He spectrum (2024) suggests a new hardening at ~ 150 TeV 
→ What about individual proton (and helium) spectra?

~14 TeV
DAMPE proton (2019)

DAMPE p+HE (2024)

PRD 109, L121101 (2024)

New!

~150 TeV

Motivation — reaching PeV energies in Space 8
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Figure 1. Typical displays of proton cosmic ray events in the simulated DAMPE data. Top and
bottom plots correspond to a primary particle energy of 3.8 TeV and 179 TeV respectively. Both
events are shown in two orthogonal views of the detector (corresponding to left and right sub-
figures). Hits in the tracker are shown with black stars. Particle track candidates, reconstructed
with the standard tracking algorithm [26, 27] are shown with gray lines. Three sub-detectors can be
seen, from top to bottom: calorimeter (BGO), tracker (STK) and plastic scintillator array (PSD).
Total reconstructed (observed) energy in BGO is indicated. Energy deposits in BGO and PSD are
in units of GeV and MeV respectively.

• Reconstruction of seed direction in BGO calorimeter;95

• Track reconstruction in STK using the BGO seed direction;96

• Projection of STK track onto PSD, calculation of path length therein;97

• Measurement of absolute particle charge (Z) in PSD using the STK track projection.98

Normally, additional selection criterion is applied requiring consistency between signals99

in different PSD bars along the path of the particle to ensure the correct absolute charge100

identification, which could be otherwise altered by inelastic interaction or fragmentation of101

cosmic ray inside PSD [3, 4]. The particle track finding starts with the reconstruction of102

shower direction in BGO, which is obtained from the fit of the energy-weighted “cluster”103

positions in different calorimeter layers [1]. Somewhat similar approach is reported in other104

calorimetric experiments to date, including FERMI [29], CALET [33] and CREAM [32].105

– 3 –
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Challenge of CR reconstruction 9

A.

Conventional track reconstruction: 

• Shower axis from CALO as a seed 

• Kalman fitting 

• Combinatorial track finding 

• XZ and YZ fitted separately, 

•  … then combined in 3D tracks

Problems: 

• Selection needed to find the ONLY track 

• Efficiency drops at high hit multiplicity

At TeV— PeV hit multiplicity increases dramatically  →  
Track reconstruction & identification is a key challenge!

Example of > TeV cosmic ray in DAMPE

A. Tykhonov AI for cosmic ray detection in space at high-energy frontier



Challenge of CR reconstruction 10

A.
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Figure 1. Typical displays of proton cosmic ray events in the simulated DAMPE data. Top and
bottom plots correspond to a primary particle energy of 3.8 TeV and 179 TeV respectively. Both
events are shown in two orthogonal views of the detector (corresponding to left and right sub-
figures). Hits in the tracker are shown with black stars. Particle track candidates, reconstructed
with the standard tracking algorithm [26, 27] are shown with gray lines. Three sub-detectors can be
seen, from top to bottom: calorimeter (BGO), tracker (STK) and plastic scintillator array (PSD).
Total reconstructed (observed) energy in BGO is indicated. Energy deposits in BGO and PSD are
in units of GeV and MeV respectively.

• Reconstruction of seed direction in BGO calorimeter;95

• Track reconstruction in STK using the BGO seed direction;96

• Projection of STK track onto PSD, calculation of path length therein;97

• Measurement of absolute particle charge (Z) in PSD using the STK track projection.98

Normally, additional selection criterion is applied requiring consistency between signals99

in different PSD bars along the path of the particle to ensure the correct absolute charge100

identification, which could be otherwise altered by inelastic interaction or fragmentation of101

cosmic ray inside PSD [3, 4]. The particle track finding starts with the reconstruction of102

shower direction in BGO, which is obtained from the fit of the energy-weighted “cluster”103

positions in different calorimeter layers [1]. Somewhat similar approach is reported in other104

calorimetric experiments to date, including FERMI [29], CALET [33] and CREAM [32].105
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Example of > TeV cosmic ray in DAMPE

Charge identification in PSD — track used as a pointer: 
• Tolerant to track mis-identification 
• However, p and He peaks “washed out” at high energies! 

A. Tykhonov AI for cosmic ray detection in space at high-energy frontier

PSD charge STK charge 

Energy: 50 — 100 TeV

Energy: 0.5 PeV  — 1 PeV



Limit of classical CR reconstruction methods… 11

A.

Track reconstruction + proton charge identification — limiting 
energy reach and drastically decreasing the precision at > 100 TeV

We need new tracking algorithm 
for > 100 TeV measurements! 

A. Tykhonov AI for cosmic ray detection in space at high-energy frontier
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DAMPE collaboration, 
Science Advances 5/9 (2019)

                           1 TeV                           100 TeV

                           1 TeV                                 100 TeV



Part II:   AI applications for Cosmic Ray detection in Space



AI terminology

A.

13
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Artificial Intelligence 
Human Intelligence 
Exhibited by Machines

Machine Learning 
An Approach to Achieve 
Artificial Intelligence

Deep Learning 
A Technique for Implementing 
Machine Learning

We focus mostly on deep learning 
applications in this talk



On Boosted Decision Trees (BDTs)…

A.
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• Powerful technique for classification  
• Well-known/studied since pre-LHC era 
• Commonly used in space experiments 

(AMS-02, CALET, DAMPE ) 

Classical use case:  combination of correlated high-level 
variables each having some classification power (number 
of hits in the detector, energy-per-layer etc.) 

BDTs not designed for high-dimensional low-level data (images, arrays of detector read-out signals, etc.)

pe

e

p

Adriani et al. (CALET Collaboration) 
PRL 131, 191001(2023)



Towards PeV: CNNs Tracking Algorithm in DAMPE

A.
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STK Hough image • CALO image used as input for CNN 
• Returns particle direction as an output  
• Region of interest created in the tracker 
• Another CNN processes STK image 
• Returns high-precision particle direction 
• Also used for vertex prediction 

Tykhonov et al. Astropart. 
Phys. 146 (2023)

BGO image

STK raw image

Convolutional Neural Networks (CNNs) for  
cosmic ray trajectory reconstruction:



Truth track

STK charge

STK charge CNN tracking efficiency > 96% up to PeV

Nalgorithm   
Ntrue

Eff = 

Algorithm under test

CNNs

Kalman

A.

16Towards PeV: CNNs Tracking Algorithm in DAMPE

Performance evaluation:
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A.
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Θ68% ~ 0.4° — six times better than with conventional shower-axis fitting!

CNNs — extremely powerful tool for shower axis reconstruction:

CNNs

Standard 
fitting CNNs

Standard fitting



A.

Physics applications: DAMPE Proton Spectrum 18
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Using the CNNs track reconstruction algorithm, DAMPE Proton spectrum 
currently extended from 100 TeV to 250 TeV:

30 

20 

10

0                           1                              2                  CR charge

CNNs

25 

15 

5

0                       1                        2                         CR charge                  

Standard 
methods

EBGO = 40-60 TeV

EBGO = 40-60 TeV



A.

Physics applications: Hadronic Cross Sections

CNNs based tracking enables clean and unbiased particle identification  
— critical for hadronic cross section measurement with DAMPE:

19
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CNNs based tracking enables clean and unbiased particle identification 
— critical for hadronic cross section measurement with DAMPE:

Credit: Paul Coppin (UniGeneva)

BDTs & CNNs also used for the reconstruction of the 
hadronic inelastic interaction point in calorimeter



A.
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Stolpovskiy et al. JINST 17 (2022) 06, P06031
BGO energy (TeV)

Saturated→

CNN-corrected 
Truth energy

Saturated 
BGO bars

Prediction of 
particle energy

CNNs correct for saturation in calorimeter and infer the 
truth particle energy in the DAMPE calorimeter:

Data structure is important! 
“Mixed” image structure works 
better than two independent 
projections
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Credit: Jennifer M. Frieden (EPFL) 
https://agenda.infn.it/event/35353/contributions/239308/

CNNs for γ-ray and proton 
separation in DAMPE:

Improved sensitivity for dark matter searches!

https://agenda.infn.it/event/35353/contributions/239308/
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CR electrons: 
• First direct detection of ~TeV break: 2017 
• CALET: hint of hardening towards ~10 TeV 
• CALET measurement reaches 7.5 TeV 
• DAMPE measurement reaches 4.6 TeV 
• What is out there at > ~ 10 TeV energies?

First direct detection of 
TeV break

Nature 552, 63–66 (2017)

DAMPE (2017)

CALET (2023)

Evidence of local 
CR accelerator?

Protons are 104—105 times more than electrons at > TeV 
energies — we need more powerful e/p separation!PRL 131, 191001 (2023)
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• Neural Network (NN) classifier: 3—4 times better 
proton background rejection at > 10 TeV! 

• CNNs also investigated: potential factor ~2 
enhancement of proton rejection over NNs

Standard method (shower-shape):

Shower spread (mm)
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Neural Network classifier:
BGO energy (GeV)

Residual proton background (lower is better)

Droz et al. JINST 16 P07036 (2021)
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Part III:   Quick Look in Near Future



High Energy cosmic Radiation Detection facility (HERD)
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• Launch > 2027 
• First 3D calorimeter in Space (~55 Χ0 / ~3Λ0 - twice as thick as DAMPE calorimeter)

> one order of magnitude higher complexity of the detector 
(compared to DAMPE) — ideal “playground” for deep learning ...

Yang et al. NIM A 1066 
(2024) 169571



Deep Learning in HERD
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100 GeV electron in HERD calorimeter:

Θ68% ~ 0.8° above 200 GeV  —twice higher than DAMPE, does not improve with energy 
→more complex AI architecture needed?

Yang et al. NIM A 1066 
(2024) 169571
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Experience from large language processing models 

• Attention: method that dynamically highlights the most 
relevant parts of an input (key words in a sentence, key 
parts of an image) 

• Convolutional vision Transformers (CvT): better generalization, 
better focus on key areas, and global context 

Image of particle in AMS-02 EM calorimeter

Electron efficiency (%)

Pr
ot
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 re
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n

Order of magnitude improvement 
w.r.t to “classical CNNs ?

Hashmani et al. 
arXiv:2402.16285v1 (2024)
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Some physics motivations & use cases for AI 

• Extension of measurements to higher energies 

• Background reduction for electron/γ-ray detection 

• Trajectory/vertex reconstruction & hadronic physics 

... 

What we learned so far? 

• BDTs still good for many classification problems 

• CNNs “revolution” — treat everything as “images” 

• Validation with data is difficult 

• Structuring input data is important 

• Next: state-of-the-art AI (large language models experience...)

Conclusions
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Thank You!


