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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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Plastic Scintillator Detector 
(PSD)

Silicon-Tungsten Tracker 
Converter (STK)

Calorimeter (BGO) Neutron Detector (NUD)
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DArk Matter Particle Explorer (DAMPE)

See: DAMPE collab., Astropart. 
Phys. 95 (2017) 6-24

 Energy range GeVs  -  PeV

 Energy resolution (e, γ): 1.2% (above 100 GeV)

 Geometric factor (e): 0.3 m2 sr

 Calorimeter thickness: 32 X0  (1.6 λ)
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DArk Matter Particle Explorer (DAMPE) 

Launched: Dec 2015 

Payload:  1300 kg 

Altitude: 500 km 

Orbit:    95 minutes  

             97° inclination 

             Sun-synchronous  



2. Indirect DM search (e++e-, γ-ray lines)

3. γ-ray physics
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1. Cosmic Ray spectra at GeV - PeV

DAMPE: science goals

DAMPE 9 years (> 2 GeV)
PDG (2024)
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DAMPE: calibration
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Figure 22: Acceptance for electrons/positrons as a function of energy.

Figure 23: Energy resolution for gamma rays and electrons/positrons at normal incidence
(solid line) and at 30� o↵-axis angle (dashed line). DAMPE beam test results (with electrons)
are over-plotted as reported in Fig. 13.

as well.

The energy resolution (�E/E) of on-axis incident protons (after
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Y. Wei, Y. Zhang, Z. Zhang et al. Nuclear Inst. and Methods in Physics Research, A 922 (2019) 177–184

Fig. 10. Energy fraction as a function of the atomic number for a 40 GeV/n beam (top)
and for a 75 GeV/n beam (bottom). The data and simulation results with two physics lists
have a deviation of 6% at Z = 2 and 3 for both energy points. The differences are reduced
for ions heavier than boron.

The MC simulation well simulates the shape of the response and the
position of the peak for most kinds of ions. However, for some ions,
such as helium and lithium, the energy spectra are slightly shifted from
the MC simulation results.

Here we define the energy fraction as the peak energy of the
deposition distribution divided by the beam energy of ions, to quantify
the agreement between the data and the MCmodels. The energy fraction
as a function of the atomic number is compared to the MC simulation in
Fig. 10; it decreases with the atomic number from Ì41.4% (helium) to
Ì31.8% (argon) for the 40 GeV/n beam. The energy fraction of the 75
GeV/n beam is lower than that of a 40 GeV/n beam for a given kind of
ion, and is 38.5% for helium and 31.4% for argon. At these two energy
points, the energy spectra of physics list QGSP_ FTFP_ BERT and FTFP_

Fig. 11. Energy resolution as a function of the atomic number for a 40 GeV/n beam (top)
and for a 75 GeV/n beam (bottom)

BERT are almost completely consistent, and the energy fractions have
an agreement within a difference of < 1.3%.

For helium and lithium, at both energy points, the data and simula-
tions with two physics lists are consistent within Ì6% deviations. For
higher atomic numbers, the agreement with the data improves, and the
deviations are always < 3%. The maximum difference of those is 2.6%
for 75 GeV/n aluminum. As shown in Fig. 11, the energy resolutions in
the case of normal incidence are always better than 30% for all kinds of
ions at these two energy points.

5. Ionizing energy loss in BGO crystal

Some ions only suffer ionization energy loss, yet do not induce
nuclear reactions with calorimeter material. Quenching interactions of
fluorescence photon number occur when ions pass through inorganic
scintillators. At low ion incident energy, the quenching effect of BGO
crystal was reported [19]. To the best of our knowledge, at the extremely
high energy level, such an effect has not been reported in the literature.
An unexpected anti-quenching effect of CsI(Tl) crystal in a Fermi Large
Area Telescope beam test performed at the GSI Helmholtz Center for
Heavy Ion Research was reported in Ref. [20]. The study reported that
the quenching effect depended on both the species and the energy of the
incident particle. In this section, we investigate the ionizing energy loss
in a 25-mm-thick BGO calorimeter layer and discuss the quenching and
anti-quenching effect with 40 and 75 GeV/n beams.

5.1. Selection method

The ionization events were used to study the quenching effect of
ions. Given that the hadron interaction cross-section increases with the
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Figure 26: The energy resolution for on-axis protons. The dotted line represents the energy
resolution of MC simulated protons after spectral unfolding while the red points represent the
beam test data.

On ground the data are processed by the Ground Support System (GSS) and
the Scientific Application System (SAS). Binary raw data (housekeeping and
science data) transmitted to ground are first received by three ground stations
located in the south, west and north of China at early morning and afternoon
of each day respectively, when the satellite passes China’s borderline. Then all
binary data are automatically transmitted to the GSS located in Beijing, and are
tagged as level-0 data. On average, about 12 GB level-0 data are produced per
day. Upon arrival of the level-0 data at the GSS, they are immediately processed
and several operations are performed, including data merging, overlap skipping
and cyclic redundancy check (CRC) which is an error-detecting code based on
the protocol CRC-16/CCITT.

The level-0 data are daily processed into level-1 data, which includes 13 kinds
of completed telemetry source packages, one for science data and 12 for house-
keeping data. Daily level-1 data will then be processed by the GSS within 1 hour.
The SAS located at the Purple Mountain Observatory of Chinese Academy of
Sciences in Nanjing monitors the level-1 data production 24 hours a day con-
tinuously. The new level-1 data will be synchronized to the mass storage at the
Purple Mountain Observatory immediately. Then 12 housekeeping data pack-
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Y.-F. Wei et al. NIMA 922 (2019)

DAMPE collab., Astropart. 
Phys. 95 (2017) 6-24

Energy resolution: ions

PSD

STK

BGO

Charge 
measurement

Track 
reconstruction

Energy 
measurement

Energy resolution: electronsCharge reconstruction (flight data)

Energy resolution: protons

T. Dong et al., Astropart. Phys. 105 (2019)

Energy reconstruction first tested on-ground with 
beams at CERN PS and SPS (e, p, ions)

Primary CR

Secondary CR
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DAMPE: on-orbit status
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Fraction of good tracker channels > 99.7%!

Excellent stability of all DAMPE sub-systems after 10 
years on orbit!
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Instrument temperature anti-
correlation with β angle:

Energy scaled confirmed with the Earth geomagnetic cutoff down to ~1.3%:

J.J. Zang et al. (2025) doi: 10.1016/
j.astropartphys.2025.103149



DAMPE's science  
(focus on recent results)



Electrons & Positrons
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• Direct detection of a TeV break in CR electrons (2017) 
➡ measurement reaching 4.6 TeV

~TeV break

2017

The DAMPE (e++e‐) spectrum

‐530 daysy
‐ 2.8 billions CR events
‐ 1.5 million CREs above 25 GeV

New analyses (NN, NL, ..) ongoing

10RICAP 2024 Ivan De Mitri : Galactic CR spectral measurements with DAMPE 
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The DAMPE (e++e‐) spectrum

‐530 daysy
‐ 2.8 billions CR events
‐ 1.5 million CREs above 25 GeV

New analyses (NN, NL, ..) ongoing

10RICAP 2024 Ivan De Mitri : Galactic CR spectral measurements with DAMPE 
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e-+e+

e+

e-

No B-field B-field

➡ Analysis of 10 TeV region ongoing (extending 
fiducial volume, AI-based particle identification)...

flux e+

flux e-

e+/(e+e-)

• Exploit Earth shadow distorted by geomagnetic field to measure e+ and e- separately  
     (method pioneered by Fermi-LAT)

2025
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Proton and Helium (published)
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• Proton and helium spectra: 
➡ Detection of softening softening at high energies 
➡ Energy reach: 100 TeV for proton, 80 TeV for He

14 TeV softening

34 TeV softening

Proton 
(2019)

Helium 
(2021)

• Combined proton + helium: 
➡ Connection with ground based experiments 
➡ Confirms > ~10 TeV softening 
➡ Hint of a hardening at ~150 TeV

Space Ground

150 TeV 
hardening

p+He (2024)
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Universal softening in primaries (H, He, C, O, Fe)
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Mass dependence of softening excluded on 4.4σ level

Proton

Helium

Carbon

Oxygen

Iron

• Updated proton and helium spectra, newly released carbon, oxygen and iron spectra:  
➡ 9 years of data, AI techniques used for improved particle ID (tracking, also in calorimeter reconstruction at high energies) 
➡ Softening structure is universal for all measured primary CR → takes place at 15 TV!

Nature 653 (2026), pp. 52–55

New!!!
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https://doi.org/10.1038/s41586-026-10472-0


Proton and Helium (update towards PeV)
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• Update proton and helium spectra: 
➡ 10 years of data 
➡ Novel particle ID using AI cosmic ray track reconstruction (+30% increased acceptance ) 
➡ Improved hadronic model (using DAMPE-measured cross sections)

Proton flux shows a 
hardening at ~150 TeV

Not enough statistics above 300 TeV 
to check for a new hardening for He

Independent (p+He) measurement 
is consistent with the sum of the 
individual p and He fluxes

New!!!
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Beyond Fe, intermediate nuclei, all-particle spectrum
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• First direct measurement of cosmic ray Nickel spectrum reaching to ~2TeV/n!  
• Intermediate nuclei spectra (Ne, Mg, Si group and S, Ar, Ca group) in process ... 
• Measurement of trans-iron element abundances in process ...

Nickel flux

Ni/Fe

PHYS. REV. LET. 137, 051001 (2026)

• All-particle spectrum measurement 
spanning 4 orders of magnitude in energy!

DAMPE preliminary

Magnesium flux 
(preliminary)

Similarly, softening also seen 
in of Ne and Si (see backup)
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1) Heavy element 
abundance 
(preliminary)

New!!!
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CR secondaries, ratios
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• Detection of spectral hardening at ~ 100 GeV/n.  
Indication of change of the CR diffusion coefficient?

B/C B/O

Spectral break in secondaries is 
~2 tImes larger than in primaries!

2022

hardening (8σ)

Boron

2025

• Observation of Hardening in Boron,  
• Preliminary lithium and beryllium 

fluxes exhibit similar behavior

PRL 134, 191001 (2025)

No structure in secondary ratios 
(Li/B, Be/B  - see backup)
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Inelastic cross sections on BGO target (H, He, C, O)
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DAMPE as "beam-target" experiment: 
• Beam: Cosmic Rays 
• Target: BGO (Bi4Ge4O12)

Interaction point  
→ survival probability  
→ cross section

Proton-BGO inelastic cross 
section compared to beam 
data(left) and ground 
experiments (scaled to 
proton-air) (right)

Helium Carbon  Oxygen  

comparison with 
accelerator data

comparison 
with EAS data

PHYS. REV. D 111, 012002 (2025) 
PHYS. REV. D 112, 022004 (2025)
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Gamma rays: sources, dark matter
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(8.6 years of data)

Preliminary

http://dgdb.pmo.ac.cn/dampe/

• Point sources • Dark Matter line search

• Gamma-ray line → DM signal  
➡ Excellent energy resolution of DAMPE → ideal for line search  
➡ 9 years of data (previously published with 5 years)  
➡ improved gamma-ray reconstruction techniques (ML)
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Gamma rays: Fermi Bubbles, Galactic Center Excess

FB spectral energy 
distribution 

Fermi Bubbles (FB)  diffuse structures discovered by Fermi-LAT 
• DAMPE FB detection at ~26σ with 8.5 years of data 
• Spectrum consistent with Fermi-LAT

Galactic Center Excess: 
• ~7σ with 8.5 yr of data

SED of Galactic Center Excess

Observed intensity map 
(2-500 GeV)

New!!!
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High Energy cosmic 
Radiation Detector (HERD)
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HERD/CALOCUBE: a new paradigm for calorimeters in space
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All current and past detectors are designed as "telescopes" - 
they accept particles from one direction (~1 sr)

Exploit the CR "isotropy" to maximize the 
effective geometrical factor, by using all the 
surface of the detector (aiming to reach Ω = 4π)
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HERD: the detector

CALO: homogeneous 3D imaging calorimeter 
consisting of LYSO cubes, ~55Χ0 (~3Λ) 

HERD: flagship and landmark scientific experiment, China-
led large international collaboration
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Expected HERD results in cosmic rays

Direct cosmic ray measurement in space at multi-
PeV energies (probing the individual knees)

HERD: science
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• Cosmic-ray: Precise cosmic ray 
spectrum and composition 
measurements up to the knee energy  

• Dark matter: indirect dark matter search 
with unprecedented sensitivity 

• Gamma-ray: Gamma-ray monitoring and 
full sky survey  
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HERD: on-ground tests
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• Beam tests of HERD sub-detector 
prototypes at CERN in 2024 and 2025 

2025

2024
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DAMPE & HERD summary
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DArk Matter Particle Explorer  (DAMPE) 
• In-flight operation since 2015, unique for multi-TeV Cosmic Rays  (CR): 

➡ e-+e+: evidence of cutoff at ~1 TeV in → extending to multi TeV region 
➡ Detection of universal 15 TV structure in all CR primaries (from H to Fe)!  
➡ p & He probing PeV frontier, approaching the "knee" 
➡ Probing CR propagation: observation of hardening in Li, Be, B 
➡ Link to particle physics: p,He,C and O cross sections on heavy target 
➡ γ-rays: Fermi bubbles, GCE, point sources, dark matter searches... 
➡ Many more: trans-iron elements, all-particle spectrum, exotics etc. 

High Energy cosmic Radiation Detection facility  (HERD) 
• Flagship experiment led by China and with key European contributions 

➡ Individual CR measurements up to tens of PeV 
➡ Probing fine structures in e-+e+ (astrophys. sources VS dark matter) 
➡ Large acceptance & sensitive high-E γ-ray sky monitoring  

• Passed major adoption, scheduled deployment on CSS in 2029

DAMPE (2015 - now)

HERD on CSS (2029)
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Backup
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HERD status
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• The mission proposal was positively reviewed by 
Italian Space Agency (ASI, Italy) and Centre for Space 
Utilization (CSU, China) in 2018  

• Baseline design of the detector meets the scientific 
requirements  

• The mission has passed all adoption reviews and 
financial reviews in China, in particular the evaluation 
review on engineering feasibility  

• Scheduled deployment on Tiandong CSS (Chinese 
Space Station) in 2029, expected lifetime > 10 years  
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HERD: on-ground tests
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Electron energy resolution by CALO Proton energy resolution by CALO STK spatial resolution VS angle

~1% ~20 - 25%

SCD charge measurement 

• Beam tests of HERD sub-detector 
prototypes at CERN in 2024 and 2025 


