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Cosmic rays: overview

Ø Dark matter
Ø Acceleration at 

ultra-high energies
Ø Lorentz invariance 

violation

New 
Physics

New 
Astronomy

Ø Cosmic ray sources

Ø Objects at extreme 
conditions (energy, 
density, gravity etc.)

Including almost all elements 
observed on the EarthDiscovered by V. Hess 

etc. in 1910s

Leading particle physics 
from 1930s to 1950s

Four astronomical messengers: 
electromagnetic waves, 

gravitational waves, cosmic 
rays, neutrinos
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Spectrum: non-thermal power-law, structures; Anisotropy: <10-3 dipole + small-scale 
anisotropy; Composition: mostly nuclei, a tiny fraction of electrons, positrons, anti-

particles; Time variation: anti-correlation with solar activities at low energies

Spectrum
Anisotropy Time variation

Galactic

extra-
galactic

Composition
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Cosmic rays: overview

Solar



Production, propagation, and interaction of CRs
SNR

PWN

BH

SFR

Spectra

Anisotropies

Multi-wavelength emission

Interstellar propagation
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Detection of cosmic rays
Ø Low-energy CRs get blocked by the atmosphere, and 

direct detection in high atmosphere or space is required: 
small detector, high cost, good particle identity

Ø High-energy CRs cannot be detected by space detectors 
due to their low fluxes; the indirect detection of their 
cascade particles in the atmosphere is required: large-
scale detector, economic, poor particle identity

Direct detection

Indirect detection
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Recent/ongoing experiments
    PAMELA                    AMS-02                                 CALET                                 ISS-CREAM

       KSACADE                              羊八井               HESS/MAGIC/VERITAS/CTA             HAWC

6



p,α + gas → 0 → 2
e+/- + gas →  (bremsstrahlung)
e+/- + ISRF →  (inverse Compton scattering)

Fermi-LAT (GeV-TeV)

HAWC (TeV-100 TeV)

Tibet ASγ (TeV-PeV)
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Gamma-rays from GeV to PeV



GeV Gamma-ray observations

Evidence of hadronic CR acceleration at supernova remnants was shown by Fermi-LAT via 
the characteristic pion-bump; subject to large systematic uncertainties at low energies

Fermi-LAT, Science, 339, 807 (2013)

�0 bump

>5000 sources by Fermi-LAT
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http://tevcat.uchicago.edu/

TeV Gamma-ray observations
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TeV Gamma-ray observations

HESS observations of the Galactic center region reveal extended emission up to 50 TeV, 
could be explained with ISM interaction with CR protons up to PeV 

Sgr A* as a PeVatron candidate
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HESS, Nature, 531, 476 (2016)



Measurements of CR spectra

Spectra of many nuclei species have been precisely measured up to TV rigidity, 
showing hardening features around O(100) GV

PDG 2018
AMS-02 7 years
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Ahlers & Mertsch, PPNP, 94, 184 (2017)

Ø CR particles lose their directions due to the random scatterings in interstellar 
magnetic field, resulting in very tiny anisotropies (10-4~10-3)

Ø To measure the anisotropies require high statistics, and can only be achieved 
by groundbased experiments without measurements for individual species
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Tibet-ASγ, ApJ, 836, 153 (2017)
Measurements of CR anisotropies



Fermi-LAT, ApJ, 883, 33 (2019)

Fermi tried to measure for the first time anisotropies of protons in space, 
showing a marginal detection (2×10-4) with a low significance (~2.5σ)
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Measurements of CR anisotropies



Yuan et al., JCAP, 11, 027 (2020)
Galactic CR propagation model

Ø Conventional picture: sources locate in a thin disk, particles diffuse in a 
thicker halo and interact with matter and fields

Ø Cannot explain energy evolution of anisotropies (amplitude and phase)
Ø Need to be revised to account for many new precise measurements 14
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Galactic CR propagation model

Ø Conventional picture: sources locate in a thin disk, particles diffuse in a 
thicker halo and interact with matter and fields

Ø Cannot explain energy evolution of anisotropies (amplitude and phase)
Ø Need to be revised to account for many new precise measurements



CR studies in China

Yunnan (1950s)                Tibet (1970s)                   Tibet (1990s)                  Sichuan (2010s)

Balloon (1970s)            921 (1990s)                 Balloon (2000s)                     DAMPE (2010s) 16



Energy coverage
50 GeV-500 TeV

China launched DAMPE in the end of 2015, which provides a unique opportunitity 
to probe the fundamental questions of CRs 

2015年12月17日发射

Dark Matter Particle Explorer——DAMPE
Plastic Scintillator detector: charge

Silicon tracker: trajectory, charge

BGO calorimeter: energy, trajectory, PID

Neutron detector: PID

Protons

e＋/－
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PSD (IMP) STK (IHEP, Italy, Swiss) BGO (USTC, PMO)

NUD (PMO)

DAMPE detector
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On-orbit performance of DAMPE
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Astropart. Phys., 105, 31 (2019)Res. Astron. Astrophys., 19, 47 (2019)

Charge measurement
Layer-1
Layer-2

X

Z

Bethe-Bloch formula
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Direction measurement

21

PSD     STK           BGO

Angular resolution is ~0.4 degrees @ 10 GeV 
as calibrated by γ-ray point sources



BGO calorimeter                      308 BGO bars                             616 PMTs

Ø Thick calorimeter (32 
X0): high-resolution

Ø Two-side readouts

Ø Three dynode outputs 
enable a >106 dynamic 
range 
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Energy measurement



Electron                     Gamma                     Proton  

Particle discrimination

Ø Gamma, e+/-/p, 
ions are identified 
by charge

Ø e+/- and protons 
are distinguished 
by shower 
morphology
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Proton and helium spectra



~14 TeV break

DAMPE 2019, Sci. Adv., 5, eaax3793

~34 TeV break

DAMPE 2021, PRL, 126, 201102

Ø Very similar hardening + softening structures of protons and helium
Ø The softening energies are ∝ Z

Proton and helium spectra
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Ø Nicely connect with groundbased measurements
Ø Revealing possible flatteing above 100 TeV

Proton + helium spectrum
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DAMPE 2023, 2304.00137



Ø The structure may be imprint of a local source on top of a smooth background
Ø Alternatively, from different source populations

Bkg

Local Pop. II

Pop. I

Possible interpretations
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Yue et al., FoP, 15, 24601 (2020)



Anisotropies: local source(s)?

Liu et al. (2019, JCAP)
Qiao et al. (2019 JCAP)
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High-E

300 TeV

1000 TeV

Tibet-ASγ, ApJ, 836, 153 (2017)
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Low-E

15 TeV

50 TeV

Tibet-ASγ, ApJ, 836, 153 (2017)

Anisotropies: local source(s)?

Liu et al. (2019, JCAP)
Qiao et al. (2019 JCAP)



低能

高能
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Qiao et al. (2023, ApJ)

Anisotropies: local source(s)?



低能

高能
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AMS02 (2016)

=-0.333±0.014±0.005

Secondary nuclei: probe of propagation



低能
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AMS02 (2021, Phys. Rept.)

Secondary nuclei: probe of propagation



低能

高能

2022, Sci. Bull., 67, 2162
DAMPE measurement of B/C、B/O

Ø DAMPE measured B/C, B/O with high precision, revealing breaks at ~100 GeV/n
Ø Changes of energy-dependence of the diffusion coefficient (properties of the turbulence power 

spectrum of ISM) 33



Ø Haizi mountain, Sichuan, China, 4410 m above the sea level
Ø LHAASO uses hybrid detector arrays: the square kilometer array (KM2A), the 

water Cherenkov detector array (WCDA), and the wide field-of-view 
Cherenkov telescope array (WFCTA)

Ø Full operation since July 2021

Large High Altitude Air Shower Observatory——LHAASO

34



18

Air shower detection of cosmic rays
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LHAASO performance

36

Chin. Phys. C, 46, 035002 (2022)

PRD, 104, 062007 (2021)

Science, 373, 425 (2021)

LHAASO
10 TeV - 100 PeV

Moon shadow

Crab nebula



LHAASO observation of crab nebula

LHAASO measurement of the Crab nebula spectrum extends to PeV, revealing PWNe as 
PeV electron accelerator 

Acceleration of PeV electrons by Crab nebula
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LHAASO, Science, 373, 425 (2021)

Possible new feature?

KM2A: 0.88+/-0.11 PeV
WFCTA: 0.92+0.28

-0.20 PeV



LHAASO discovered a number of PeVatrons, successfully opens the PeV window

LHAASO, Nature, 594, 33 (2021)
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LHAASO opens PeV window



PRL, 126, 241103 (2021)

D(160 TeV)~1028 cm2 s-1

LHAASO discovered extended emission from a pulsar, indicating a very slow 
diffusion (slower by ~100 times) compared with that inferred from B/C

LHAASO reveals slow diffusion around pulsars
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Fast diffusion

Slow diffusion



Ø Very wide energy coverage (6 orgers of magnitude) measurements of cosmic 
ray spectra of individual mass component

Ø High-precision measurements of anisotropies of individual mass component

Joint DAMPE-LHAASO observations
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DAMPE+LHAASO 



Conventional paradigm                               New paradigm

Ø Continuous source
Ø Homogeneous, isotropic 

diffusion
Ø Can explain roughly low 

energy data of CRs and 
diffuse gamma rays

Ø Continuous source + discrete 
local source(s)

Ø Inhomogeneous, anisotropic 
diffusion

Ø Reproduce precise 
measurements of CR spectra, 
diffuse gamma rays, anisotropies
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New paradigm of CR source and propagation

We are here!                                         We are here!



Very Large Area gamma-ray Space Telescope (VLAST)
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VLAST

Fermi-LAT
Fermi-LAT

VLAST

Improve by a factor of 
~10 than Fermi-LAT



Summary
Ø DAMPE and LHAASO are among the best 

experiments in CR/γ detection, offering 
important opportunity to understand CR 
origin and propagation

Ø Precise measurements of p, He spectra 
show new structures, which may be 
imprints of local sources

Ø Detection of breaks of B/C and B/O, and 
exended emission from pulsar implies 
new properties of propagation

Ø New observations of the spectra and 
anisotropies by joint efforts of DAMPE 
and LHAASO may eventually uncover the 
mystery of CRs Thank you!
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