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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
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DArk Matter Particle Explorer (DAMPE)

Collaboration
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PSD 
• Z identification up to Ni (Z=28)

• γ anti-coincidence signal


STK 
• Position solution  ~50 micron

• γ angular resolution  0.5°—0.1° (GeV— TeV) 

• Absolute Charge (Z) identification


BGO 
• 31 X0 — thickest in space

• e/γ detection up to 10 TeV 
• p/ions up to 50 GeV — 500 TeV


NUD 
• Additional e/p rejection capability

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 
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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)
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DArk Matter Particle Explorer (DAMPE)
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Motivation

• Proton — most abundant CR and the only CR with Z=A

• Previous individual CR proton measurement reaching 100 TeV


→ limited by statistics and particle ID

• p+He spectrum (2024) suggests a new hardening at ~ 150 TeV

~14 TeV
DAMPE proton (2019)
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DAMPE p+HE (2024)

PRD 109, L121101 (2024)

New!

~150 TeV
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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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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

DAMPE XZ projection

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!

Cosmic Ray particle

Challenge: track reconstruction
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• Charge ID conventional done in PSD

• Track used as a pointer to PSD

• Tolerant to track mis-identification, 

however:

p and He peaks “washed out” 
at high energies!

Challenge: charge identification
PS
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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.

32

DAMPE (2019)

PSD charge STK charge 

State-of-the-art

Ekin = 50 — 100 TeV Ekin = 50 — 100 TeV

Ekin = 500 — 1000 TeV Ekin = 500 — 1000 TeV
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Challenge: tracking & charge ID

• Track reconstruction + proton charge identification + background 
contamination — dominating uncertainty at high energies!

New tracking algorithm required for ~ PeV measurements! 

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

p charge selection efficiency

Background contamination

2019 analysis  

2019 analysis  

Statistical & Systematic errors

2019 analysis  
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New track reconstruction & ML

STK Hough image

BGO image

+

We employ 
Convolutional Neural 
Networks (CNNs) to 
boost the accuracy of 
track reconstruction & 
identification @ DAMPE

STK raw image CALO & Tracker “images” 
used as input, regression type 
of problem — returns particle 
direction as an output (no 
track selection needed)

Tykhonov et al. Astropart. Phys. 146 (2023)
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New track reconstruction & ML
Truth track

STK charge

STK charge
CNN tracking efficiency = 98-99% up to 500 TeV ( > 96% @ PeV )

Nalgorithm  

Ntrue

Eff = 

85%  p

window

Algorithm under test

NEW

NEW

OLD

OLD

Tykhonov et al. Astropart. Phys. 146 (2023)
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Data
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• 92 months of data 
• 14 billion events

• Livetime:


183698199 seconds

(76%)
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Event selection
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• Pre-selection:

• Ensure well-reconstructed and fully-

contained events in the detector

• Selection:


• High-energy trigger

• Deposited energy > 20 GeV

• Removal of SAA region

• Electron removal (ζ classifier)

• ML track reconstruction


Latitude

Lo
ng

itu
de

SAA

doi.org/10.22323/1.301.0228

Event counts in difference energy bins

doi:10.1038/nature24475

Electron removal

ML track

Combined charge selection =  
• PSD charge if CR interacts before STK 
• STK charge if CR interacts after PSD
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Charge selection
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Residual He background fraction

Charge selection efficiency

• He background below ~4% up to ~ 500 TeV

• Charge selection efficiency above 80% up to 100 ~TeV, 73% at ~PeV
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BGO quenching and saturation corrections
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Quenching — nonlinear fluorescence response of BGO for large ionization

• correction derived from beam test and flight data

• implemented in the detector simulation, ~3% effect for p at 10 GeV 


Saturation of BGO bars at ~100 TeV CR kinetic energy:

• corrections derived using analytical and ML methods

Y. Wei et al., Transactions on Nuclear Science,  67/6 (2020), Y.-F. 
Wei et al. NIM A 922 (2019), Z.-F. Chen et al.  NIM A 1055 (2023)

Saturation
-corrected 

energy 

M. Stolpovskiy et al. JINST (2022)

C. Yue at al. NIM, A 984 (2020) 164645

Saturation 
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Event counts, energy unfolding
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• Bayesian unfolding used to obtain event 
counts as a function of CR kinetic energy

2024 analysis

2019 analysis



15

Flux

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

Hadronic errors:

• Estimated from Geant4 vs 

FLUKA comparison

• Mostly affect normalization

• Minor effect on flux shape
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Flux
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Good agreement with 2019 
result within the analysis errors


Estimation of systematics in 
process, dominating factors: 
charge selection for PSD-
interacting events, BGO 
saturation, quenching, …
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Next steps: hadronic cross sections
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Good segmentation of BGO calorimeter and 
new AI tracking allows to use DAMPE for 
cross-section measurements:


Hadronic cross section affecting:

1) Acceptance 

2) Energy response matrix
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Next steps: hadronic cross sections

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

Paper coming soon …
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Next steps: hadronic cross sections
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Dedicated work on hadronic 
measurements & corrections, see

XSCRC2024: Cross sections for 
Cosmic Rays @ CERN this October! 

Acceptance Geant4 vs FLUKA 

(before and after correcting to the data):


Helium: 15% → 8 %  
Proton: 2.3% → 1.2%

https://indico.cern.ch/event/1377509/
https://indico.cern.ch/event/1377509/
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Conclusions

Andrii Tykhonov                                                                                                                                                      CR measurements with DAMPE

Motivation 
• First publication of proton flux in 2019 (30 months data)

• Classical analysis limited to ~100 TeV by ~ particle ID

• Hints of new feature in combined p+He at ~150 TeV


New result 
• 92 months of data

• Based on ML tracking

• Increased acceptance and improved particle ID 

• Careful systematics study in process

• Dedicated work on hadronic measurements
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Conclusions

Thank You!

To be continued ….
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Motivation 
• First publication of proton flux in 2019 (30 months data)

• Classical analysis limited to ~100 TeV by ~ particle ID

• Hints of new feature in combined p+He at ~150 TeV


New result 
• 92 months of data

• Based on ML tracking

• Increased acceptance and improved particle ID 

• Careful systematics study in process

• Dedicated work on hadronic measurements


