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Disovéred by V. Hess
etc. in 1910s

Nuclear abundance: cosmic rays compared to solar system
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Leading particle physics
from 1930s to 1950s

Cosmic rays: overview

Four astronomical messengers:
electromagnetic waves,
gravitational waves, cosmic
rays, neutrinos
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Objects at extreme
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FLUXES OF COSMIC RAYS
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Cosmic rays: overview
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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 3



Galactic Latitude (deg.)
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Detection of cosmic rays
Direct detection

/ N\ I\ / » 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

» 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

Indirect detection
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Recent/ongoing experiments
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Gamma-rays from GeV to PeV

Fermi-LAT (GeV-TeV)
s | p,a + gas — 0 — 2y

e*/- + gas — vy (bremsstrahlung)
e*/- + [SRF — v (inverse Compton scattering)

HAWC (TeV-100 TeV)




GeV Gamma-ray observations

>5000 sources by Fermi-LAT A Fermi-LAT, Science, 339, 807 (2013)
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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



TeV Gamma-ray observations

http://tevcat.uchicago.edu/
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TeV Gamma-ray observations

* [
Sgr A* as a PeVatron candidate HESS. Nature. 531. 476 (2016)
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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
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Spectra of many nuclei species have been precisely measured up to TV rigidity,

PDG 2018

Measurements of CR spectra
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Measurements of CR anisotropies

Tibet-ASy, ApJ, 836, 153 (2017)
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> CR particles lose their directions due to the random scatterings in interstellar
magnetic field, resulting in very tiny anisotropies (10-4~10-3)

> To measure the anisotropies require high statistics, and can only be achieved
by groundbased experiments without measurements for individual species
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Measurements of CR anisotropies

Fermi-LAT, ApJ, 883, 33 (2019)
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Fermi tried to measure for the first time anisotropies of protons in space,
showing a marginal detection (2X 10-4) with a low significance (~2.50)
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Galactic CR propagation model
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» Conventional picture: sources locate in a thin disk, particles diffuse in a
thicker halo and interact with matter and fields

» Cannot explain energy evolution of anisotropies (amplitude and phase)

> Need to be revised to account for many new precise measurements

Yuan et al., JCAP, 11, 027 (2020)
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“We" are here

Galactic CR propagation model
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» Conventional picture: sources locate in a thin disk, particles diffuse in a

thicker halo and interact with matter and fields
» Cannot explain energy evolution of anisotropies (amplitude and phase)
> Need to be revised to account for many new precise measurements
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CR studies in China
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Dark Matter Particle Explorer——DAMPE

NEWS IN FOCUS

The Monkey King spacecraft, which took to the skies on 17 Decembar, is designed to detect the high-snergy particles produced by annihilating dark matter,
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rk-matter probe launches
era of Chinese space science

Monkey King 1s first in a line of Chinese space missions focused on scrennﬁc discovery.

BY ELIZABETH GIBNEY. CELESTE BIEVER &

high-energy particles and y-rays. Physicists China is already one of the world’s major
DAVIDE CASTELVECCHI

thinkthatdark matter — a substance thought to  space powers, but so far has focused on human
‘make up 85% of the Universes matter but so far  and robotic exploration, with little investment
gainst a purple morningsky.in acloud  observed only through its gravitational effects  in space science. (A notable exception is the
of brown smoke, the Monkey King  — could reveal itselfby producing suchcosmic  Double Star probe launched in collaboration
took off. China’s first space based rays asits constituent particlesarmihilate. with the European Space Agency in 2003 to
darle-matter detector — nicknamed Wukeng ~ Waukong, officially called the Dark Matter  study

ic storms on Earth.)
(or Monkey King) after a warrior ina sixteenth-  Particle Explorer (DAMPE), is also notable for

The DAMPE lift off from the Jiuguan Satel-
century Chinese novel — rocketed into theair  being the first in a series of five space-science  lite Launch Center in northern China will be
on 17 December, marking the start of anew  missions to emerge from the Chinese Acad-  followed next year by a further two missions:
direction in the country’s space strategy. emy of Sclences’ Strategic Priority Programon  the world’s first quantum-communications

From Earth's orbit, the craft aims to detect  Space Science, which kicked offin2011. satellite and an X-ray telescope observingin »

24/31 DECEMEER 2015 | VOL 525 | NATURE | 443
© 2015 Macmillan Publishers Limited. All rights reserved
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China launched DAMPE in the end of 2015, which provides a unique opportunitity
to probe the fundamental questions of CRs 17



DAMPE detector
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768 silicon sensors
95 x 95 x 0.32 mm?3

Direction measurement
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Energy measurement
BGO calorimeter 308 BGO bars 616 PMTs
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PSD Charge

Proton and helium spectra

(W8]

2.08 ;;;"r:__“ % |
f.: "-’.r

1 .;."' =

2" -
1.5 n f

10° 10° 10° 10°

BGO Energy [GeV]

@400 ————T T —————— :
[ =4 F -
] F 0447 < E V < 0.562 —e— Flight Data
i 4000 0 dePlTe U5 ; -=--MC Proton ]
B L3 ’ ---- MC Helium
2 3500F : —— MC Proton+Helium
[S :
=2
< 3000
2500+
2000
1500
1000
5001
0 1 1& 5 e
@ 60r T T .
s i
o F < < —e— Flight Data
] r 20 Edep/TEV 63 ----MC Proton
S 50 - ---- MC Helium 2]
g [ — MC Proton+Helium ]
E
=1 L
< 40 .
301 _
20} 1 i
10f ++
L ‘ . T
0 1 5 25 3 3.5
PSD Charge

24



Proton and helium spectra

oonol DAMPE 2019, Sci. Adv, 5, eaax3793
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» Very similar hardening + softening structures of protons and helium

» The softening energies are

VA
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Proton + helium spectrum

s DAMPE 2023, 2304.00137
.,"_-:_-“- Eﬁi{l ||l||1 L) ) U | IIll[ I L) LI ) I I I||||| l ;_:‘- II|||| L) I'llllli T TirTm LI ||||||| I I ||||||| I 1 ||||'||| LI
ng | p+He direct measurements ] n_g n o
50k ¥ ATIC (2006) B =
i;: B i  CREAM-II (2017) : .‘E} i A R o
© I NUCLEON (KLEM; 2017) i o 10° v E
3 = ! 7 ) — o= Ve -
= 40~ § DAMPE (this work) — = | ; %{g -
w B N T\ .. i
5 | : 5 N,
P~ 20l B - - p+Heindirect measurements \ | f"‘dlf. =
it - . L = 7  EAS-TOP+MACRO (2004) Sl e G
N - L ARGO YBJ+WFCT (2015) \ P
o0l— u §  HAWC (2022) T
A °  KASCADE QGSjetd1 (2005)
- : 10° £ KASCADE SIBYLL-2.1 (2005) i 1
10 all - $  DAMPE {this work) | {
ﬂ_ |I| |I|| 1 1 1 1 I|||| IIII _I IIIIII Il IIIE 1 ||||| 1 |I||||| Il 1 |||l||| 1 1 IIJIIII :.:.2-‘1 |
10° 10° i 10° 10° 10° 10* 1y AR | 5 107
Primary energy (GeV) Primary energy (GeV)

» Nicely connect with groundbased measurements
» Revealing possible flatteing above 100 TeV
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Possible interpretations

Yue et al., FoP, 15, 24601 (2020)
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» The structure may be imprint of a local source on top of a smooth background
» Alternatively, from different source populations
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Anisotropies: local source(s)?

Tibet-ASy, ApJ, 836, 153 (2017)
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Anisotropies: local source(s)?

Tibet-ASy, ApJ, 836, 153 (2017)
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Secondary nuclei: probe of propagation
AMS02 (2021, Phys. Rept.)
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DAMPE measurement of B/C\ B/O

2022, Sci. Bull., 67, 2162
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» DAMPE measured B/C, B/O with hlgh precision, revealing breaks at ~100 GeV/n
» Changes of energy-dependence of the diffusion coefficient (properties of the turbulence power

spectrum of ISM) 33




Large High Altitude Air Shower Observatory——LHAASO

A

*a
b ]
LR

LR

wam

e. .o o °* ¢
ol Ll \
L e e #%mmﬁ\
4 ﬁd_ ant& .f..ﬁ.v%.n
) nnqﬁ, - kY
.vwm ﬂ&uﬁs 9¢ﬁ$
= W, .navu. 3 % et 9#.
X A X
W mﬁu. W, n.mu_ﬁ,
e .ww%ﬁ J
A N ,M&n.vﬂ .P_.v 5
¢en=_;w
\E
_.w_l ,.-j.\.l._.l.—... TR J......_...J.-

WCDA

, 4410 m above the sea level

1Na

Ch
id detector arrays

Sichuan,

» LHAASO uses hybr

tain,

1Z1 moun

> Ha

34

the square kilometer array (KM2A), the

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

Cherenkov telescope array (WFCTA)

July 2021
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Air shower detection of cosmic rays

CATCHING RAYS

China’s new observatory will ~925 000 m —
intercept ultra-high-energy y-ray "
particles and cosmic rays.

18 wide-field-of-view
air Cherenkov '

telescopes :- :'a,_ 80,000-m? suffa\ce—
‘ N 5,195 scintillator § { ~water Cherenkov: 1171 underground

detectors ~detector . water Cherenkov tanks
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LHAASO observation of crab nebula

Acceleration of PeV electrons by Crab nebula
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Possible new feature?

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

PeV electron accelerator
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LHAASO opens PeV window

LHAASO, Nature, 594, 33 (2021)

Article LHAASO Sky @ >100 TeV
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LHAASO discovered a number of PeVatrons, successfully opens the PeV window
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LHAASO reveals slow diffusion around pulsars
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TABLE II. Comparison of the properties of pulsars J0622 + 3749, Geminga, and Monogem.

Fast diffusion 5

Name P (s) P (10714 557 L (10 exgs™) t (kyr) d (kpc) Ref.
J0622 4+ 3749 0.333 2.542 29 207.8 1.60 [25]
Geminga 0.237 1.098 3.3 342.0 0.25 [59]
Monogem (0.385 5.499 3.8 110.0 0.29 [59]

LHAASO discovered extended emission from a pulsar, indicating a very slow
diffusion (slower by ~100 times) compared with that inferred from B/C
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Joint DAMPE-LHAASO observations
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> Very wide energy coverage (6 orgers of magnitude) measurements of cosmic

ray spectra of individual mass component

> High-precision measurements of anisotropies of individual mass component
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New paradigm of CR source and propagation

We are here! We are here! \
Conventional paradigm New paradigm

» Continuous source » Continuous source + discrete
> Homogeneous, isotropic local source(s)

diffusion » Inhomogeneous, anisotropic
> Can explain roughly low diffusion

energy data of CRs and > Reproduce precise

diffuse gamma rays measurements of CR spectra,

diffuse gamma rays, anisotropies
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Very Large Area gamma-ray Space Telescope (VLAST)
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Summary

» DAMPE and LHAASO are among the best
experiments in CR/y detection, offering
important opportunity to understand CR
origin and propagation

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

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

> New observations of the spectra and
anisotropies by joint efforts of DAMPE

and LHAASO may eventually uncover the
mystery of CRs
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Thank you!
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