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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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BGO 
• 31 X0 — thickest in space

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


STK 
• Position solution  ~50 micron

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

• Absolute Charge (Z) identification


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

• γ anti-coincidence signal


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.

2

Plastic Scintillator 
Detector (PSD) Silicon-Tungsten Tracker 

Converter (STK)

Calorimeter (BGO) Neutron Detector 
(NUD)

3

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) suggest 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

– 3 –
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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 thigh 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 erros

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

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE25 Apr 2024 Andrea Serpolla, Enzo Putti-Garcia 2 / 6

Flight data events

● Incidents labelled in the plot

(complete list).

● Since 2021-2022, 2A data counts 

decrease, due to the increment in 

the solar activity.

• 92 months of data 
• 14 billion events

• Livetime:


183698199 seconds

(76%)
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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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ML track

Event selection
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Skim counts:

42A and skim updates

Skim counts:

42A and skim updates

• 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


PoS(ICRC2017)228

SAA determination Wei Jiang

Figure 2: The trigger rate variation with geographic latitude and longitude. The red solid line is labeled as
the SAA boundary fitted by the data from Jan. 1st to Dec. 31st, 2016. The black solid line is the contour
about 1cm�2s�1 for trapped proton flux above 10 MeV predicted by the AP-9[8].

Figure 3: Comparison of the determinate SAA region among 3 months. The polygons are the fitted bound-
aries. It can be found that the boundary changes little over time.
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doi.org/10.22323/1.301.0228

Event counts in difference energy bins

LETTER RESEARCH

Extended Data Figure 1 | Comparison of the flight data and the Monte 
Carlo simulations of the ζ distributions. All events have deposited 
energies between 500 GeV and 1 TeV in the BGO calorimeter. The error 
bars (± 1σ) represent statistical uncertainties. As for the Monte Carlo 
(MC) simulation data, the black, green and red histograms represent the 
electrons, the protons and their sum, respectively.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

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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Edep = 15—25 TeV

Edep =  6.3—10.0 TeVEdep = 1.5—2.5 TeV

Edep = 63—100 TeV
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• 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

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

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. NIMA 922 (2019), Z.-F. Chen et al.  NIMA 1055 (2023)

C. Yue, P.-X. Ma, M. Di Santo et al. Nuclear Inst. and Methods in Physics Research, A 984 (2020) 164645

Fig. 1. A typical energy deposit spectrum reconstructed from the S1 end of one BGO
crystal. The blue, green and red histograms correspond to the high-gain (Dy8), medium-
gain (Dy5), and low-gain (Dy2) ranges, respectively. The vertical black line represents
the upper limit of the measurement. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

effect. In this work, we develop a method to correct the saturated
readout for those events, which is helpful in reconstructing the proper
energy deposits of them. Applying such corrections would enable us to
significantly enlarge the measurable energy ranges of CR nuclei.

2. BGO readout saturation

To fulfil the requirement of a wide energy coverage, from 5 GeV
to 10 TeV for e±_� and up to 100 TeV for nuclei, the scintillation light
signal of each BGO crystal is read out from three different sensitive dyn-
odes 2, 5, and 8 (Dy2, Dy5, and Dy8) of the PMTs, which corresponds
to low-gain, medium-gain, and high-gain channels, respectively [29].
The response ratios of adjacent dynodes, i.e. Dy8/Dy5 and Dy5/Dy2,
are carefully calibrated using high-energy shower events collected on
orbit, which show good linear correlations and maintain stability over
time [30]. Non-linearity effect from the conversion of the ionization
energy to the light yield [31] has not been found for electrons up to
a few TeV energies. However, for each PMT dynode, an upper limit of
the ADC readout has been set beyond which the readout is discarded
on orbit. The PMTs on the two ends of one BGO crystal (named S0
and S1) are coupled to the BGO bar with two different optical filters.

The filter on the S1 end has a factor of Ì 5 times attenuation with
respect to the one on the S0 end, thereby the upper limit of the S1 end is
about 5 times higher than that of the S0 end [9]. Therefore, the energy
deposit in each crystal can be measured two times independently for
most of events, which is helpful to improve the energy resolution by
combining the readouts from two ends. When the energy deposit in a
BGO crystal is larger than the maximum measurable limit of S0 end, the
energy deposit can still be properly reconstructed by the readout of S1
end after the attenuation correction [32]. However, when the energy
deposit in one crystal is even larger than the maximum measurable
limit of the S1 end, this event is defined as saturated and the energy
information of this particular crystal is lost.

Fig. 1 shows a typical energy deposit spectrum reconstructed from
the S1 end of one BGO crystal after the attenuation correction. A
smooth transition between adjacent gain ranges can be clearly seen.
The vertical black dashed line represents the upper measurement limit
of the Dy2 readout channel, which is Ì10 TeV. As different PMTs have
different gains [15], the upper measurement limit of the S1 end varies
from Ì4 TeV to Ì15 TeV. This upper limit is high enough for the
measurement of e±_� to energies of Ì10 TeV. However, for CR nuclei
which are expected to be measures above energies of 100 TeV, the
deposited energy in the calorimeter would exceed several tens of TeV,
with the maximum energy in one single BGO bar exceeding several TeV.
Therefore the saturation may appear for those very-high-energy events.
Fig. 2 shows a helium event with saturation. The deposited energy is
49.4 TeV before correction. The actual deposited energy of this event
should be much larger.

3. Method for the saturation correction

The saturation effect of the BGO readout has been taken into
account in Monte Carlo (MC) simulation tool of DAMPE via import-
ing saturation thresholds in the digitization procedure [33]. In this
analysis, we use the protons and helium nuclei sample generated
with the FTFP_BERT hadronic interaction physics list in the Geant4
software [34]. Fig. 3 shows the ratios of digitized energy deposits (Edigi)
to simulated energy deposits (Esimu) for MC protons (left) and helium
nuclei (right) with incident energies g10 TeV. The scattered points
below 1 represent events that suffered from the readout saturation ef-
fect. The fraction of saturated events becomes higher with the increase
of particle energies. Particularly, at 100 TeV of incident energy, the
fraction of saturated events is Ì1.5% (Ì1.2%) for MC proton (helium).
Therefore, the saturation effect would be more and more important for
spectral measurements of CRs at increasingly high energies.

Fig. 2. An illustration of a helium event with BGO readout saturation. The pre-correction total energy deposit is 49.4 TeV. The two empty BGO crystals on the shower axis are
saturated, while the other empty crystals on the edge of shower are the ones without any deposited energy (or, the energy deposit is smaller than the noise threshold).
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Figure 12. Distributions of total energy in BGO:
recorded energy before correction (blue), true de-
posit energy distribution (green) and recorded en-
ergy after correction (orange).

Figure 13. Upper plot: reconstructed BGO de-
posit energy over its true simulated value in de-
pendence on the incident energy. Lower plot:
uncertainty of the BGO deposit energy recon-
struction.

increase the energy deposited in each BGO bar by a factor of 1.2. Then, the last-layer bars with
energy deposit above 2.5 TeV, we replace with zero energy. For the middle-layer bars we apply such
replacement starting from 7 TeV. The saturation correction is then applied using the two developed
models, to these artificially saturated events. In total we have 192 events from which 105 have last
layer saturation and 104 have middle layer saturation (we remind that one event can possibly have
saturated bars of both classes). The distributions of the di�erence between the measured deposited
energy in a bar and the reconstructed one is shown in figure 6. We see a nice correspondence
between the actual and the reconstructed bar energy for these artificially saturated events.

We then conduct another test: we retrain the models using the helium MC sample while
artificially saturating the last-layer BGO bars with energy depositions larger than 2 TeV and the
middle-layer bars with energy depositions larger than 6 TeV. These newly trained models are then
applied to the non-saturated flight data (the energy shift by 1.2 is not used) that we artificially
saturate at the same thresholds: 2 and 6 TeV for the last and middle layers correspondingly. We find
the relative deviation of the prediction to be:

target � prediction
prediction

= 0.03 ± 0.17, (3.1)

which confirms the conclusion that the saturation correction model gives an unbiased result for the
flight data.

3.3.2 Saturation model for proton, carbon, oxygen and iron Monte-Carlo samples

First, we test the performance of the helium models on the proton, carbon, oxygen and iron MC
samples. From the Heitler’s model of shower development [30], one can expect that the shower
density, and hence the fraction of the saturated events, is lower for the incident particles with large
atomic mass number (see figure 14). Interestingly, the fraction of the saturated events for protons is
found to be 2–3 times lower than that for helium. This is likely due to the later start of the shower
development for protons, such that the shower is not mature enough to saturate at the last BGO
layer as much as helium shower. Since the neural network model relies on the general shape of the
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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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Acceptance and Unfolding
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Helium analysisProton analysis

PRELIMINARY

Acceptance

PRELIMINARY

Bayesian 
Unfolding

PRELIMINARY

where Agen is a geometrical factor and 


is the efficiency of selections
<latexit sha1_base64="9cvxrkRsfIMIhkLfaroXopOF+v8="></latexit>
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using Bayes’ theorem

PRELIMINARY

510 610 710 810

510

610

710

810

etru_erec_pbins_p
Entries  625
Mean x  1.077e+05
Mean y  5.196e+04
Std Dev x  6.165e+05
Std Dev y  2.351e+05

etru_erec_pbins_p
Entries  625
Mean x  1.077e+05
Mean y  5.196e+04
Std Dev x  6.165e+05
Std Dev y  2.351e+05

etru_erec_pbins_p

Kinetic Energy (MeV)

De
po

si
te

d 
En

er
gy

 (M
eV

)

102                       103                       104                       105

510 610 710 810

1

10

210

310

410

510

610

710

data_pregion

Da
ta

 c
ou

nt
s

102                       103                       104                       105

Deposited Energy (GeV)

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

510 610 710 810
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

acc_total

Ac
ce

pt
an

ce
 (m

2  s
r)

Incident Energy [GeV]
210 310 410 510

PS
D C

har
ge 

Effi
cie

ncy

0.6

0.7

0.8

0.9

1

(a)

Deposited Energy [GeV]
210 310 410

Co
nta

min
atio

n [%
]

-310

-210

-110

1

10
Helium Contamination

Electron Contamination

(b)

Deposited Energy [GeV]
210 310 410 510

Inc
ide

nt E
ner

gy 
[Ge

V]

210

310

410

510

4−10

3−10

2−10

1−10

1

(c)

Incident Energy [GeV]
210 310 410 510

sr]2
Effe

ctiv
e A

cce
pta

nce
 [m

0

0.01

0.02

0.03

0.04

0.05

(d)

Figure 3: Some key information for the proton spectrum measurement. (a) The charge selection
efficiency of protons versus incident energies for the GEANT FTFP BERT model. (b) The fraction of
helium (red open circles) and electron (blue filled dots) backgrounds in the proton candidate events as a
function of deposited energy. (c) Probability distribution of deposited energies in the BGO calorimeter
for different incident energies, for the GEANT FTFP BERT model. The color represents the fraction of
events in each energy bin. (d) Effective acceptance of protons versus incident energies for the GEANT
FTFP BERT model.
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Flux

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

Preliminary
Hadronic errors:

• Estimated from Geant4 vs 

FLUKA comparison

• Mostly affect normalization

• Minor effect on flux shape


Dedicated work on hadronic 
measurements & corrections, 
see XSCRC2024: Cross 
sections for Cosmic Rays @ 
CERN this October! 

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

Andrii Tykhonov                                                                                                                                                            CR proton flux with DAMPE

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, …

Preliminary



17

Conclusions
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 &                                                

corrections (first results soon)
Andrii Tykhonov                                                                                                                                                      CR measurements with DAMPE
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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 &                                                

corrections (first results soon)


