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Direct detection of TeV-PeV 
cosmic rays in space
DAMPE, HERD and connection with CRMC



DAMPE experiment
DArk Matter Particle Explorer is a space experiment for direct cosmic and 
gamma ray detection.


Collaboration consists of Chinese, Italian and Swiss institutions.


Launched on 17th of December 2015.


Sun-synchronous orbit at the altitude of 500km.



DAMPE scientific objectives

• Studying cosmic ray propagation and acceleration in the Milky Way


• Probing the nature of dark matter


• Examining Galactic and extragalactic gamma-ray emission



DAMPE detector
Plastic Scintillator Detector (PSD): 

• 82 plastic scintillator bars arranged in 2 double-layer planes


• Z measurement


• gamma-ray anti-coincidence


Silicon-Tungsten Tracker (STK): 

• 6 double-layers with <80 μm resolution


• 3 tungsten conversion plates


• precise track reconstruction


• Z measurement


BGO calorimeter: 

• 14 layers 22 bars each arranged hodoscopically


• 32 radiation lengths, 1.7 interaction lengths


• The biggest calorimeter currently in space!


• trigger


• tracker seed


• energy measurement


• electron/hadron separation 


Neutron Detector (NUD): 

• electron/hadron separation



DAMPE electron-positron flux
• Electrons deposit practically all their energy in the calorimeter


• DAMPE imaging calorimeter allows measuring the shape of electromagnetic shower, thus good background rejection 
from hadrons (protons/ions)


• Geant4 is used for simulations


• Good data/MC matching



DAMPE electron-positron flux
• Flux measured up to few TeV’s


• Less than 3% background below 1TeV


• Hadronic simulations of proton 
background with different Geant4 
models don’t differ not much (<10%)


• Spectral hardening from at ~50GeV in 
agreement with other experiments


• Spectral break at around ~0.9TeV

Nature 552, 63–66 (2017)



Hadronic fluxes measurements
•While electrons deposit >90% of their energy in the 
calorimeter, hadrons on average deposit only a third of their 
energy.


Statistical unfolding required so precise energy deposition 
simulation needed


•Hadronic fluxes are 1-2 orders of magnitude bigger and also 
harder, they can be measured well into TeV-PeV energies


Geant4 models work only up to 100TeV, so external 
generator was needed


•There is no fixed target lab data above ~TeV


Results have to be compared with few generators to 
estimate systematics

MC responce matrix



https://doi.org/10.5281/zenodo.4558705


https://gitlab.iap.kit.edu/AirShowerPhysics/crmc

https://doi.org/10.5281/zenodo.4558705
https://gitlab.iap.kit.edu/AirShowerPhysics/crmc


Geant4-CRMC interface

• Provides an interface to CRMC from Geant4 allowing usage of CRMC 
generators at the highest energies


• Initially created by Andrii Tykhonov (University of Geneva) as a part of DAMPE 
software code


• Later was became a separate branch of CRMC repository


• Was integrated into CRMC starting ver.2.0.0 (latest version so far)
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DAMPE simulations
• Geant4 is the default simulation tool in 

DAMPE


• DAMPE also uses FLUKA for 
simulations to estimate hadronic 
uncertainties


• Some difference in energy deposition 
at the highest energies is observed


1. Geometries used are not 
completely equivalent


2. Geant4 and FLUKA use different 
sets of cross-sections



DAMPE proton flux
• High statistics for a direct measurement 

experiment


• Confirms spectra hardening at ~500GeV


• Reveals second break at ~14TeV


• Largely in agreement with other 
experiments


• Uncertainty is dominated by hadronic 
simulation systematics


• Hadronic uncertainties estimated as 
difference between Geant4 and FLUKA 
fluxes

Sci. Adv. 2019;5: eaax3793



DAMPE He4 flux

• Hardening at ~1TeV


• Reveals second break at ~34TeV


• Agreement with other experiments


• Uncertainty is dominated by hadronic 
physics simulation uncertainty


• Hadronic uncertainties estimated as 
difference between Geant4+EPOSLHC 
and FLUKA fluxes

Phys. Rev. Lett. 126, 201102



DAMPE B/C flux ratio

• Important result for understanding 
cosmic ray propagation


• Values are consistent with AMS and 
PAMELA


• Partial compensation of hadronic 
uncertainties 

ICRC 2021, 126

ICRC 2021, 126



Hadronic systematics

What is the source of systematics from hadronic modelling 
and how to reduce it?



HERD experiment
High Energy Cosmic Radiation Detection facility is next-gen direct cosmic ray 
experiment which would allow measurements at PeV energies.


Collaboration consists of Chinese, Italian, Swiss and Spanish institutions. 

Planned to start data taking in 2027.


The detector will be mounted at CSS.



HERD detector

Image: D.Kyratzis, 15th meeting on advanced detectors

Silicon Charge Detector (SCD): 

• Assures the best charge measurement


Plastic Scintillator Detector (PSD): 

• Z measurement


• gamma-ray anti-coincidence


Fiber Tracker (FIT): 

• precise track reconstruction


• Z measurement


Calorimeter (CALO): 

• 7500 LYSO cubes


• 55 radiation lengths, 3 interaction lengths (!)


• shower direction 


• energy measurement



HERD expected performance
• Order of magnitude higher geometrical acceptance compared to DAMPE


• Would allow for electron measurements up to 100TeV and proton+ions up to 
PeVs

16 SCIENTIFIC OBJECTIVES

and can critically address the Z-dependence, A-dependence, or constant knee of different
compositions, which are very important to understand the physical nature of the knee of
CRs.
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Figure 2.12 Expected energy spectra of protons (left) and Helium nuclei (right) measured with 5-yr
exposure of HERD, compared with that observed by AMS-02 [24, 25], CREAM [21], and ATIC-2
[22].

HERD perspective of Boron-to-Carbon ratio observations. The Boron-to-Carbon
ratio (B/C) is important to probe the propagation of CRs. The AMS-02 measurement of the
B/C ratio to ⇠ 1 TeV/n found that the energy-dependence of such a ratio follows a power-
law of E�0.333, implying a Kolmogorov type of the interstellar turbulence power spectrum.
However, the data above ⇠ 300 GeV/n are subject to relatively large uncertainties. The
most recent measurements of the primary (He, C, O) and secondary (Li, Be, B) nucleus
spectra by AMS-02, on the other hand, showed that the secondaries harden by ⇠ E0.13

more than the primaries when comparing the spectral indices above and below several
hundred GV [28, 48]. The high-energy behaviors of the B/C ratio is not conclusive yet.
The HERD measurements will extend the precise B/C ratio to a few TeV/nucleon, and thus
can precisely determine the propagation behavior of CRs (2.13).
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Figure 2.13 Expectation of measurement of the B/C ratio with 5-yr exposure of HERD, compared
with that observed by HEAO-3 [49], AMS-01 [50], ATIC-2 [51], CREAM [52], and AMS-02 [53].

Observations of Iron and beyond. The Iron nuclei are the end products of stellar nu-
cleosynthesis. Elements heavier than Iron typically need to be produced via the r-process
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Observations of Iron and beyond. The Iron nuclei are the end products of stellar nu-
cleosynthesis. Elements heavier than Iron typically need to be produced via the r-process

Only statistical errors are shown

p He4



Summary

• Measurements of hadronic fluxes are in TeV-PeV range require on hadronic 
simulations


• CRMC was used in published analyses and continues to be used other 
analyses


• Continuing collaboration :)


