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Cosmic Ray (CR) / γ-ray detector (GeV— PeV) 

• 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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PSD 
• Z identification up to Zn (Z=30)

• 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 — PeV


NUD 
• Additional e/p rejection capability
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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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DArk Matter Particle Explorer (DAMPE)
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DAMPE collab., Astropart. Phys. 95 (2017) 6-24



Exploring multi-TeV frontier …
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~ TeV 
break

CR electrons (2017)

 hardening

softening

CR protons (2019)

• CR hadrons: confirmation of spectral hardening at ~few hundred GeV, 
detection of spectral softening at 10 TeV

• CR electrons: direct 
detection of ~TeV break

CR helium (2021)

For the list of all DAMPE papers see:  dpnc.unige.ch/dampe/publication.html

softening

 hardening

http://dpnc.unige.ch/dampe/publication.html


Incident energy (GeV)

Experimental Bottleneck: Hadronic Uncertainties

Limited knowledge of hadronic physics is the source of major systematic uncertainty with any 
calorimetric experiment (DAMPE, CALET, ISS-CREAM, HERD):  uncertainty ~ 10—20 % 
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CR helium (2021)
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Calorimeter repose matrix (GEANT4, FLUKA, …):
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Reduction of hadronic uncertainties is essential for precise CR 
measurement with DAMPE and similar calorimetric experiments: 
deciphering CR acceleration / propagation physics
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p+He  
(2024)

PRD 109, L121101 (2024)

Hadronic uncertainties increasing at higher 
energies: lack of experimental data on 
cross sections

Experimental Bottleneck: Hadronic Uncertainties

CR H flux:


CR He flux:
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2.1.3. Secondary cosmic rays

Fig. 4. DAMPE boron spec-
trum from 10 GeV/n to 8 TeV/n using eight
years of data41 , compared to results by other
experiments42–47 .

CR boron provides an important probe

to measure the flux of secondary CRs.

DAMPE data shows a spectral harden-

ing at 182±24 GeV/n, with a power in-

dex of �1 = 3.02± 0.01 before the break

and an index shift of �� = 0.31 ± 0.05
after

41
. A simple power law is excluded

at 8�. The boron hardening is about

twice that of DAMPE carbon and oxy-

gen spectra, supporting a propagation-

related origin for the cosmic ray spec-

tral hardening
48

. Spectral analyses of

the lithium and beryllium fluxes
49

are

currently also ongoing.

2.1.4. Carbon, oxygen, and nitrogen

Figure 5 shows preliminary results on the carbon and oxygen CR fluxes. At the

highest energies, both analysis are prone to rapidly increasing backgrounds from

neighbouring nuclei. This increased background mainly stems from the deteriora-

tion of the PSD charge, which becomes more and more a↵ected by backscattering.

The problem can be mitigated by combined the flux of C, N, and O; allowing the

measurement to be extended to kinetic energies above 200 TeV. The right panel

of Fig. 5 shows that a softening is observed in the CNO spectrum above 100 TeV,

similar to that observed for proton and helium.

Fig. 5. Preliminary results by DAMPE on the carbon, oxygen, and combined CNO flux, relative
to flux measurements by other experiments39,42,45,50,51 .
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Hadronic uncertainties also limit the precision of other CR measurements: 
primary (C,O, … Fe) and secondary (Li, Be, B)

Detection of hardening in secondary CR:

Detection of hardening in carbon and oxygen:

Hadronic Uncertainties (ions beyond He)

Boron  
(2025)

arxiv:2412.11460



Inelastic cross sections & hadronic uncertainties
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Inelastic cross sections: GEANT4 VS FLUKA:Proton—ion cross section constraints from  accelerators:

• CMS measurement at √s ~ 5 TeV  → PeV CR energy

• GEANT4 / FLUKA difference below 5% up to 100 TeV 

and  more than 10% above PeV

Helium—ion only studied up to  √s ~ few GeV, on light 
target (carbon): GEANT4 / FLUKA difference > 10%! 

CMS coll., Phys, Lett. B, 759, 
10 (2016)

error ~ 4%

Proton

Helium-4



Cross sections: our measurement
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What do we want to measure? 

• Proton on BGO (this work) 
• Helium on BGO (this work) 
• Heavier ions (C,O, etc) - coming soon …

Why BGO target is interesting not only for DAMPE? 
• Proton—BGO — synergy with collider measurements (proton-lead): 


  67% of BGO is bismuth → cross sections scaling from Pb to BGO with low (1–3%) error

• He-BGO — first probe of helium-ion cross sections at high energies

CR particle impinging 
the DAMPE detector:

Tracker

(STK)

Plastic Scintillator 
Charge Detector (PSD)

B4Ge3O12  (BGO) 
calorimeter



Inelastic cross section measurement: challenge
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• We don’t have a clean beam → need to select particle 
— Our selection may bias the hadronic physics itself!


• We don’t know the energy of the “beam”,  
— cosmic rays flux steeply falls with energy (flux ~ E2.7)

CR CR

Example of 
(good) clean 

event

Example of (bad) 
event affected by 
back-scattering: 
majority at > TeV

Protons only

1 particle /
m2 s

LHC 
energy

1 particle /
m2 year
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Data & Event selection

STKPSD BGO

Charge measured 
in the tracker
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• Data:  88 months 

• Energy: 6 GeV - 10 TeV (deposited in BGO)


→ First step is to create clean proton (helium) sample 

Event selection:  
• Trigger: MIP (highly pre-scaled, ~5% of DAMPE events) 

• Standard event quality cuts (fiducial volume containment etc.)

• AI-based track reconstruction 

• Removal of electrons 

• Removal events interacting in PSD 
• Fall in the proton or helium charge window
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ML based tracking enables clean and unbiased particle identification  — 
critical for proton and helium cross section measurement with DAMPE:
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AI track reconstruction, particle selection

Hybrid (calorimeter + tracker) 
CNN-based track reconstruction

> 80% signal efficiency, 
background ≲0.2%

Tykhonov et al. Astropart. Phys. 146, 102795 (2023)
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Method

Cross section  ↔ point of inelastic interaction in the calorimeter 
• Interaction depth classifier:


— Gradient boosted decision tree (XGB)

— 16 output classes (before BGO; 14 — one per layer; after BGO)

— CNN used as an alternative cross check / systematics
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CR Particle image in the 
DAMPE BGO calorimeter

Interaction 
depth classifier

Excellent match 
with MC truth

P. Coppin et al. PoS ICHEP2024 (2025) 
DAMPE coll.  Phys. Rev. D 111, 012002 (2025)
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Method
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1. Construct likelihood of the observed per-layer distribution


αi — probability of inelastic interaction in ith layer (from MC) 


2. Consider truth cross section as a function of the MC one: 


3. Maximize likelihood with respect to k

5

helium. After applying all selection criteria, the back-
ground from events not induced by proton or helium is
estimated to be < 0.2% in both cases.

B. Interaction depth classifier

To measure the inelastic hadronic cross section, the
depth in the calorimeter that corresponds to the start of
the hadronic shower is determined for every event. This
depth can be resolved roughly up to the granularity of
the detector. Events are therefore classified into 16 cate-
gories. There is one class for events which interact before
BGO, one class for every layer of the calorimeter, and one
class for events which pass through the entire calorimeter
without interacting inelastically.

The classification is done using a boosted decision trees
classifier, based on the XGBoost (XGB) library [55].
As training input, the XGB classifier is provided with
a mixture of proton and helium events simulated with
both Geant4 and FLUKA. Input variables for the clas-
sifier are primarily based on the rationale that, prior to
the inelastic interaction, a MIP-like signal is deposited
along the primary particle’s track. Additional signals
can be observed above the inelastic interaction due to
phenomena such as Bremsstrahlung photon production
or particles from the shower backscattering upstream.
However, these are usually not directly parallel to the
primary’s track, and limited compared to the actual
hadronic shower development. Once the inelastic inter-
action takes place, a growing energy deposition is gen-
erally observed as a function of depth up to the shower
maximum. These features led to the identification of the
following 70 input variables used in the classifier:

• 1-14. energy per BGO layer in log10;

• 15-28. energy per BGO layer in log10, excluding
the bar(s) through which the track passes;

• 29-42. energy per unit distance per BGO layer, for
the bar(s) through which the track passes;

• 43-56. shower spread in each BGO layer, defined
as the RMS of the charge per Eq. (A1);

• 57-68. charge in every STK layer;

• 69. median STK charge, to easily distinguish the
primary particle’s type;

• 70. reconstructed zenith angle of the primary, to
account for zenithal dependence.

An in-depth overview on the training and performance
of this classifier is provided in the Appendix B. Here,
we limit the discussion to stating that the model has
an accuracy of 80% or higher, for proton and helium-4
simulated with either Geant4 or FLUKA. For the sake
of brevity, the point at which a CR ion is predicted to
have its first inelastic interaction will be referred to as
the point at which the event interacts in the following.

C. Likelihood

Ratio. Using the results of the XGB classifier, a com-
parison can be made between the depth at which CR ions
interact in data and Monte Carlo (MC) simulations. For
this purpose, the following fraction is considered:

↵i =
NiP10
j=2 Nj

2  i  10, (1)

where Ni is the number of events interacting in BGO-
layer i for 2  i  9. To pool statistics, N10 is taken to
be the sum of events interacting in layer 10 through 14,
and events which pass through the calorimeter without
interacting. Due to the gap in read-out detectors between
STK and BGO, it is challenging to distinguish events
which interact just before or inside the first BGO layer.
For this reason, we consider i � 2. Finally, it is worth
noting that normalizing Ni by the total number of events
which reach the second layer of BGO without interacting,
ensures that our result is not dependent on the potential
mismodeling of the cross sections in detector material
upstream of the calorimeter.
Probability. The probability to observe Ni counts in

data is given by the multinomial distribution:

L =
Ntot!

N2!N3! · · ·N10!

10Y

i=2

↵Ni
i

, (2)

where ↵i is derived from simulation based on Eq. (1), and
Ntot =

P10
j=2 Nj is the total number of events in data

that go into the likelihood. We consider as hypothesis
that the true cross section is that of MC modified by a
constant normalisation factor,

�true(E) = (1 + ) · �MC(E). (3)

Under this assumption, the fractions ↵i become a func-
tion of the cross section correction factor, . This change
of ↵i() modifies the value of the likelihood in Eq. (2).
To determine the value of the scaling factor  which pro-
vides the best match to data, we start by evaluating the
value of the likelihood over a grid of  with a resolution
of 0.01. A second order polynomial fit is then performed
around the maximum to determine the exact value of
 that maximises the likelihood. A visualisation of this
procedure is shown in Figure 3.

D. Re-weighting MC

Calculating the values of ↵i() and L() requires simu-
lation samples in which the cross section has been varied
from the baseline value. Reproducing all existing proton
and helium simulation over grid of  is very computa-
tionally expensive. An alternative approach is therefore
used in which already existing simulation is re-weighted.
Changing the cross section in MC essentially comes down
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Visualization of optimal k from 
likelihood maximization:
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Sources of systematic uncertainties
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• Accuracy of interaction depth classifier at > TeV: ~7% for protons, 5% for helium

(negligible at low energies)


• Low-sensitivity to diffractive interactions: ~3% for protons, ~1% for helium

• Uncertainty of CR spectral index at > TeV: 5% for protons, 3% for helium

• At 10 TeV dominated by statistical uncertainties: 20% for proton, 13% for helium
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Results
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• Proton—ion: continuous measurement from few GeV to 100 GeV  (center-of-mass)

• Helium—ion: good agreement with the existing data, steeper increase at high energies

DAMPE coll.  Phys. Rev. D 
111, 012002 (2025)
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• Proton—ion: continuous measurement from few GeV to 100 GeV  (center-of-mass)

• Helium—ion: good agreement with the existing data, steeper increase at high energies

DAMPE coll.  Phys. Rev. D 
111, 012002 (2025)

Good agreement with 
EAS experiments
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Good agreement with 
EAS experiments

• Proton—ion: continuous measurement from few GeV to 100 GeV  (center-of-mass)

• Helium—ion: good agreement with the existing data, steeper increase at high energies

DAMPE coll.  Phys. Rev. D 
111, 012002 (2025)

More cross sections measurements 
coming soon — stay tuned!



Backup
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Cross section Energy bins
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Impact on CR flux (hadronic) uncertainty
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Helium results VS GEANT4 / FLUKA

arxiv:2503.16173
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AMS collab. PRL 132, 261001 (2024)  

Uncertainties: isotopes 

DAMPE is insensitive to isotopes. No cross section correction made to account for isotopes: estimated 
impact — 0.9% (1.2%) for hydrogen (helium)

For reference on isotope ratios, see the AMS results:



Impact of AI track selection
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0                       1                        2                         CR charge                  

0                       1                        2                         CR charge                  

ML tracking

Standard 
methods


