
Opening the PeV era  in -ray astronomy LHAASO 
highlight

γ

Domenico della Volpe
IIHE Inter-University Institute For High Energies, 

Brussels, 5th April 2024



Origins of Cosmic Rays
• Every second ~ 10’000 particle per m2 

reach the earth 

• Extraterrestrial origin of CR  ‘discovered’ 
by V. Hess in 1912  

• Standing quests 
• WHAT ARE COSMIC RAYS? 

• WHERE DO THEY COME FROM? 

• HOW COSMIC RAY ARE  

• PRODUCED,  

• ACCELERATE AND  

• PROPAGATE THROUGH THE UNIVERSE?
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The name cosmic rays is due to Millikan 
"The Origin of the Cosmic Rays"  PRL, 32 (1928) 533

F. Capra for W. Disney production, a 1957 
movie written by Anderson & Rossi (!)

http://journals.aps.org/pr/abstract/10.1103/PhysRev.32.533
https://www.youtube.com/watch?v=tPuvuRrJy7M


The historical roles of Cosmic rays Physics
■ Universe: a laboratory of fundamental and 

particle physics 

■ Cosmic ray  historical importance 
■ Discovery of antiparticles  

□e+,µ,π,  Strange particles  

□𝝂 flavour mixing,  in Solar and atmospheric flux 

■ Now, TeV astronomy opens to  
■ Most violent processes in the Universe, 

■ Probe fundamental physics at Extreme energies.
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https://timeline.web.cern.ch/timeline-header/146

1932: Discovery of the positron, 
electron antiparticle  by Anderson

e+



What are cosmic rays
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NGC 7822: Cosmic Question Mark  
Image Credit & Copyright: Yizhou Zhang



IS= Inter-Stellar

• A local phenomenon ?  

• A more fundamental issue ?

Energy Density of CRρCR ∼ 1 eV/cm3

IS Magnetic Field  density𝜌B ~  1 eV/cm3

IS Gas/plasma densityρgas ∼ 1 eV/cm3

IS Particle densitynISM   ~    1 /cm3

 '4th substance’ of the visible Universe.  

(after the matter, radiation and magnetic fields) 

F. Aharonian
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The Riddle of cosmic rays is still unsolved …

…. but we know  quite some things 
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CR spectrum [Flux]
■ CR are relativistic charged particles  
■ Below the ’knee’ 92% protons, 6% Helium, 1 % 

Heavier nuclei and 1 % electrons 

■ Composition changes with energy 

■ Isotropic flux up to Very High Energies 

■ A power law spanning over many decades 

 

■ Exhibit features: 
➡ Knee ~1 PeV  Flux~ 1 particle/m2/year 
➡ Ankle ~EeV   Flux ~ 1 particle/km2/year 
➡ GZK cut-off  (Greisen–Zatsepin–Kuzmin limit)

I(E) ≈ 1.8 E−α particles
cm2 ⋅ sr ⋅ GeV
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■ Below KNEE Galactic Origin 

➡ Larmor Radius.    

➡ Galaxy:   ~µG  ,  

 

■ Propagate diffusively in the 
galaxy 

 Drift path:         

■ Power of CR.     

RL = pc
ZeB

≈ E
qB

BGal RGal ∼ kpc

⟹ Emax < RGal ⋅ BGal ∼ 1016 eV

ls ∼ Mpc ≫ RGal.

∼ 1041 erg/s

The knee: Galactic/Extragalactic

ECR>1016 eV 

ECR<1016 eV



Galactic

Extragalactic Hillas criterion
■ ‘Geometrical’ criterion  

➡Confinement by Magnetic field 
‘trapping’ 

➡Emax= Minimum to ‘escape’ 

 

■ More general expression

R = Emax

ZeBcβ
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<latexit sha1_base64="sBJA4XN+z7JYULAGflY961l0tMw="></latexit>

RL =
pc

ZeB
=) Emax < eRGBG ⇠ 1015 � 1016 eV

BμG ⋅ Rpc ≤ 2EPeV

zβ



Cosmic ray messengers
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𝜸 ray 

•

p

<latexit sha1_base64="/60dOSpZzJYlu7NeF/170So5fI4=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ2baTuuu6MZlC/YB7VAyaaaNzWSGJCOUoV/gxoUibv0kd/6N6UNQ0QMXDufcy733BAlnSiP0Ya2tb2xubed28rt7+weHhaPjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyfXc79xTqVgsbvU0oX6ER4KFjGBtpGYyKBSRfem5Fa8Mke1VvVrVMwSVSsh1oWOjBYpghcag8N4fxiSNqNCEY6V6Dkq0n2GpGeF0lu+niiaYTPCI9gwVOKLKzxaHzuC5UYYwjKUpoeFC/T6R4UipaRSYzgjrsfrtzcW/vF6qw5qfMZGkmgqyXBSmHOoYzr+GQyYp0XxqCCaSmVshGWOJiTbZ5E0IX5/C/0nbtZ2yXWmWi/WrVRw5cArOwAVwQBXUwQ1ogBYggIIH8ASerTvr0XqxXpeta9Zq5gT8gPX2CVQ7jU4=</latexit>

Charge particle  
•

Neutrin
os 

•
<latexit sha1_base64="1zoNg+9O3Bfc7fRAEFARyTP5zwk=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaTPLItuXFa0D2hDmUwn7dDJJMxMhBL6CW5cKOLWL3Ln3zh9CCp64MLhnHu5954g4Uxpx/mw1tY3Nre2czv53b39g8PC0XFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8Hkau537qlULBZ3eppQP8IjwUJGsDbSbV+kg0LRscslr1x3kGN7Zbfm1Qxxa061Wkau7SxQhBWag8J7fxiTNKJCE46V6rlOov0MS80Ip7N8P1U0wWSCR7RnqMARVX62OHWGzo0yRGEsTQmNFur3iQxHSk2jwHRGWI/Vb28u/uX1Uh16fsZEkmoqyHJRmHKkYzT/Gw2ZpETzqSGYSGZuRWSMJSbapJM3IXx9iv4n7ZKJxa7cVIqNy1UcOTiFM7gAF+rQgGtoQgsIjOABnuDZ4taj9WK9LlvXrNXMCfyA9fYJzm+OKw==</latexit> ⌫

p

<latexit sha1_base64="/60dOSpZzJYlu7NeF/170So5fI4=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ2baTuuu6MZlC/YB7VAyaaaNzWSGJCOUoV/gxoUibv0kd/6N6UNQ0QMXDufcy733BAlnSiP0Ya2tb2xubed28rt7+weHhaPjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyfXc79xTqVgsbvU0oX6ER4KFjGBtpGYyKBSRfem5Fa8Mke1VvVrVMwSVSsh1oWOjBYpghcag8N4fxiSNqNCEY6V6Dkq0n2GpGeF0lu+niiaYTPCI9gwVOKLKzxaHzuC5UYYwjKUpoeFC/T6R4UipaRSYzgjrsfrtzcW/vF6qw5qfMZGkmgqyXBSmHOoYzr+GQyYp0XxqCCaSmVshGWOJiTbZ5E0IX5/C/0nbtZ2yXWmWi/WrVRw5cArOwAVwQBXUwQ1ogBYggIIH8ASerTvr0XqxXpeta9Zq5gT8gPX2CVQ7jU4=</latexit>

�

<latexit sha1_base64="okZjzf2YVnfG2mIl/y0TSoHT7zk=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmaCMZlb0IvHCGaBZAg9nZ6kTS9Dd48QhvyDFw+KePV/vPk3dhaCij4oeLxXRVW9KGFUG8/7dHJr6xubW/ntws7u3v5B8fCopWWqMGliyaTqREgTRgVpGmoY6SSKIB4x0o7G1zO//UCUplLcmUlCQo6GgsYUI2OlVm+IOEf9Yslzy5VqLQig73pzQM8NguplUF4pJbBEo1/86A0kTjkRBjOkddf3EhNmSBmKGZkWeqkmCcJjNCRdSwXiRIfZ/NopPLPKAMZS2RIGztXvExniWk94ZDs5MiP925uJf3nd1MS1MKMiSQ0ReLEoThk0Es5ehwOqCDZsYgnCitpbIR4hhbCxARVsCKvf/yetsutfuJXbi1L9ahlHHpyAU3AOfFAFdXADGqAJMLgHj+AZvDjSeXJenbdFa85ZzhyDH3DevwABno9w</latexit>

<latexit sha1_base64="1zoNg+9O3Bfc7fRAEFARyTP5zwk=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaTPLItuXFa0D2hDmUwn7dDJJMxMhBL6CW5cKOLWL3Ln3zh9CCp64MLhnHu5954g4Uxpx/mw1tY3Nre2czv53b39g8PC0XFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8Hkau537qlULBZ3eppQP8IjwUJGsDbSbV+kg0LRscslr1x3kGN7Zbfm1Qxxa061Wkau7SxQhBWag8J7fxiTNKJCE46V6rlOov0MS80Ip7N8P1U0wWSCR7RnqMARVX62OHWGzo0yRGEsTQmNFur3iQxHSk2jwHRGWI/Vb28u/uX1Uh16fsZEkmoqyHJRmHKkYzT/Gw2ZpETzqSGYSGZuRWSMJSbapJM3IXx9iv4n7ZKJxa7cVIqNy1UcOTiFM7gAF+rQgGtoQgsIjOABnuDZ4taj9WK9LlvXrNXMCfyA9fYJzm+OKw==</latexit>⌫ The optimal astronomy messenger
✓ ✓ ✓ - Not decaying along its travel path
✘ ✓ ✓ - Insensitive to Magnetic fields
✘ ✘ ✓ - Not attenuated by ISM medium 
✘ ✓ ✓ - Penetrating 
✓ ✓ ✘ - Easy to detect

• Propagation is affected by 

• Intergalactic Magnetic Field

• Intergalactic Matter/dust

• Background Photons 



Why 𝜸-ray*  Astronomy?
Unique carriers of information about high 
energy processes in the Universe  

■𝜸 penetrate (relatively) freely  

■𝜸 are effectively detected 

■𝜸 are effectively produced 
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Leptonic production Hadronic Production

γ
γ

<latexit sha1_base64="ifZkcpVw0q+J8uQ9AuyupCErU+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TMA9IljA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOHmBGgsaiqpuuruCRHBtXPfLya2tb2xu5bcLO7t7+wfFw6OmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCka3U7/1iErzWN6bcYJ+RAeSh5xRY6V60iuW3LI7A/GWZEUpwQK1XvGz249ZGqE0TFCtO56bGD+jynAmcFLophoTykZ0gB1LJY1Q+9ns0Ak5s0qfhLGyJQ2ZqT8nMhppPY4C2xlRM9R/van4n9dJTXjtZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTeFnCKtkGULzouxdliv1Sql6s4gjDydwCufgwRVU4Q5q0AAGCE/wAq/Og/PsvDnv89acs5g5hl9wPr4B3SiM+w==</latexit>p <latexit sha1_base64="ifZkcpVw0q+J8uQ9AuyupCErU+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TMA9IljA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOHmBGgsaiqpuuruCRHBtXPfLya2tb2xu5bcLO7t7+wfFw6OmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCka3U7/1iErzWN6bcYJ+RAeSh5xRY6V60iuW3LI7A/GWZEUpwQK1XvGz249ZGqE0TFCtO56bGD+jynAmcFLophoTykZ0gB1LJY1Q+9ns0Ak5s0qfhLGyJQ2ZqT8nMhppPY4C2xlRM9R/van4n9dJTXjtZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTeFnCKtkGULzouxdliv1Sql6s4gjDydwCufgwRVU4Q5q0AAGCE/wAq/Og/PsvDnv89acs5g5hl9wPr4B3SiM+w==</latexit>p

<latexit sha1_base64="cZIoLmTgUo9eqAa6qipVTUapfc4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKWz0WvXisYNpCG8tmu2mXbjZhdyOU0t/gxYMiXv1B3vw3btMIan0w8Hhvhpl5QcKZ0o7zaRXW1jc2t4rbpZ3dvf2D8uFRW8WpJNQjMY9lN8CKciaop5nmtJtIiqOA004wuV74nQcqFYvFnZ4m1I/wSLCQEayN5PUTdu8MyhXHrtbqjXodubaTYZVUIEdrUP7oD2OSRlRowrFSPddJtD/DUjPC6bzUTxVNMJngEe0ZKnBElT/Ljp2jM6MMURhLU0KjTP05McORUtMoMJ0R1mP111uI/3m9VIeX/oyJJNVUkOWiMOVIx2jxORoySYnmU0MwkczcisgYS0y0yaeUhZC/vEq+Q2hXbbdh125rleZVHkcRTuAUzsGFC2jCDbTAAwIMHuEZXixhPVmv1tuytWDlM8fwC9b7F6AYjpI=</latexit>

⇡0

<latexit sha1_base64="Yv0a7CGBGpWGQP6YLljIhT2Eux4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkhLWz0WvXisYNpCG8tmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btMIan0w8Hhvhpl5fsyZ0o7zaa2srq1vbBa2its7u3v7pYPDtooSSahLIh7Jro8V5UxQVzPNaTeWFIc+px1/cj33Ow9UKhaJOz2NqRfikWABI1gbye3H7P58UCo7drVWb9TrqGI7GZZJGXK0BqWP/jAiSUiFJhwr1as4sfZSLDUjnM6K/UTRGJMJHtGeoQKHVHlpduwMnRpliIJImhIaZerPiRSHSk1D33SGWI/VX28u/uf1Eh1ceikTcaKpIItFQcKRjtD8czRkkhLNp4ZgIpm5FZExlphok08xCyF/eZl8h9Cu2pWGXbutlZtXeRwFOIYTOIMKXEATbqAFLhBg8AjP8GIJ68l6td4WrStWPnMEv2C9fwGYhI6N</latexit>

⇡+

<latexit sha1_base64="q5hKG/iXQTUx3Ec2EFXZcW85Ezs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4MaSlrR6LXjxWMG2hjWWz3bRLN5uwuxFK6G/w4kERr/4gb/4bt2kEtT4YeLw3w8w8P+ZMacf5tFZW19Y3Ngtbxe2d3b390sFhW0WJJNQlEY9k18eKciaoq5nmtBtLikOf044/uZ77nQcqFYvEnZ7G1AvxSLCAEayN5PZjdn8+KJUdu1qrN+p1VLGdDMukDDlag9JHfxiRJKRCE46V6lWcWHsplpoRTmfFfqJojMkEj2jPUIFDqrw0O3aGTo0yREEkTQmNMvXnRIpDpaahbzpDrMfqrzcX//N6iQ4uvZSJONFUkMWiIOFIR2j+ORoySYnmU0MwkczcisgYS0y0yaeYhZC/vEy+Q2hX7UrDrt3Wys2rPI4CHMMJnEEFLqAJN9ACFwgweIRneLGE9WS9Wm+L1hUrnzmCX7DevwCbjI6P</latexit>

⇡�

μ−

νμ

e−
νe

Proton-Synchroton radiationp-p Scattering

*Eγ > 1 GeV
Inverse Compton scattering

Synchroton radiation

Bremsstrahlung



How to become a CR

<latexit sha1_base64="A8u1qJa4JbBN3XdHIxcSYlJJJpw=">AAACJHicdZBLSwMxFIUzPmt9VV26CRahbspUy9TipiiCywr2AW0pmfROG5rJjElGKEN/jBv/ihsXPnDhxt9i+lCq1AOBw3fuJclxQ86Utu0Pa2FxaXllNbGWXN/Y3NpO7exWVRBJChUa8EDWXaKAMwEVzTSHeiiB+C6Hmtu/GOW1O5CKBeJGD0Jo+aQrmMco0Qa1U2deO25qJgaYUDrMXB41BdziHwhqDgxlEI5oO5XOZe2xsJ0tFk4cxzHGKdp2wcHfURpNVW6nXpudgEY+CE05UaqRs0PdionUjHIYJpuRgpDQPulCw1hBfFCtePzJIT40pIO9QJojNB7T2Y2Y+EoNfNdM+kT31N9sBOdljUh7p62YiTDSIOjkIi/iWAd41BjuMAlU84ExhEpm3oppj0hCtek1OVvC/6Z6nM052fx1Pl06n9aRQPvoAGVQDhVQCV2hMqogiu7RI3pGL9aD9WS9We+T0QVrurOHfsn6/AJM3aSg</latexit>

facc(E) 6= fesc(E) 6= fprop(E)

➡ Acceleration

➡ Escape

➡ Propagation

■ PRIMARY COSMIC RAYS (CR) 
■ Directly accelerate:  

•  p, A,  e± 
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How to become a 𝜸
➡ Acceleration

➡ Escape

➡ Propagation

➡ Production

■ PRIMARY COSMIC RAYS (CR) 
■ Directly accelerate:  

•  p, A,  e±  

■ SECONDARY COSMIC RAYS  
■ Produced in interaction with Inter-

Stellar Medium (ISM):   
A,   , 𝝂, 𝜸, e+ 
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facc(E) 6= fesc(E) 6= fprod(E) 6= fprop(E)
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How to become a 𝜸
➡ Acceleration

➡ Escape

➡ Propagation

➡ Production

■ PRIMARY COSMIC RAYS (CR) 
■ Directly accelerate:  

•  p, A,  e±  

■ SECONDARY COSMIC RAYS  
■ Produced in interaction with Inter-

Stellar Medium (ISM):   
A,   , 𝝂, 𝜸, e+ 
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facc(E) 6= fesc(E) 6= fprod(E) 6= fprop(E)

𝜸-ray emitter  

particle accelerator 𝜸-ray emitter  

𝜸-ray production = Accelerator + Dense Target
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How far can we ‘see’ ?

14



The -ray Horizonγ
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The Universe is not dark ….. full of light
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DUST: Cosmic IR 
background from UV-
optical light absorbed and 

re-radiated by dust 

STARS: Cosmic Optical 
Background from stellar 
nucleosynthesis & AGN 

accretion

The extragalactic background light is a tracer of the  
star formation processes across the Universe

Galactic CRs 
trapped in the 
galactic B-field

R. Walter adapted from De Angelis &  Mallamaci, 2018

Extragalactic 
fluxes
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What can we see from ground?
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??
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The atmosphere is a calorimeter

18

1st interaction  ~ 25 km

Shower Max     
 

  30 GeV  ➡  12 km 
     1 TeV  ➡  8 km 
     1 PeV  ➡  5 km

Xmax= = X0 ln(E/Ec)/ln(2)

Charge particle shower

Cherenkov light pool on ground
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Extended Array Shower Detectors (EAS)
LHAASO

Ground-based instruments
19

Imaging Air Cherenkov Telescopes (IACT)
CTA

High (≈100%) Large (2 sr) 20% 0.2°-0.8° Very Strong  
[cos𝝑]7

Duty-Cycle Field-of-View Energy Resolution Angular resolution Zenith  
dependence

Low (~15%) Small (5-10 deg) >10 % <0.1° Weak  
([cos𝝑]2.7 
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L

B

Bird-eyes’ View of LHAASO，March, 2021

Runway	of	Yading	Airport

Location：29o21’ 27.6” N, 100o08’19.6” E

	a.s.l.

KM2A

WCDA

WFCTA
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1 Key Laboratory of Particle Astrophysics & Experimental Physics Division & Computing Center, Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China
2 University of Chinese Academy of Sciences, 100049 Beijing, China
3 TIANFU Cosmic Ray Research Center, Chengdu, Sichuan, China 
4 Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, 2 Dublin, Ireland
5 Max-Planck-Institut for Nuclear Physics, P.O. Box 103980, 69029 Heidelberg, Germany
6 State Key Laboratory of Particle Detection and Electronics, China
7 University of Science and Technology of China, 230026 Hefei, Anhui, China
8 School of Physical Science and Technology & School of Information Science and Technology, Southwest Jiaotong University, 610031 Chengdu, Sichuan, China
9 School of Astronomy and Space Science, Nanjing University, 210023 Nanjing, Jiangsu, China 10 Center for Astrophysics, Guangzhou University, 510006 Guangzhou, Guangdong, China
11 Hebei Normal University, 050024 Shijiazhuang, Hebei, China
12 Key Laboratory of Dark Matter and Space Astronomy & Key Laboratory of Radio Astronomy, Purple Mountain Observatory, Chinese Academy of Sciences, 210023 Nanjing, Jiangsu, China
13 Tsung-Dao Lee Institute & School of Physics and Astronomy, Shanghai Jiao Tong University, 200240 Shanghai, China
14 Key Laboratory for Research in Galaxies and Cosmology, Shanghai Astronomical Observatory, Chinese Academy of Sciences, 200030 Shanghai, China
15 Key Laboratory of Cosmic Rays (Tibet University), Ministry of Education, 850000 Lhasa, Tibet, China
16 National Astronomical Observatories, Chinese Academy of Sciences, 100101 Beijing, China 17 School of Physics and Astronomy (Zhuhai) & School of Physics (Guangzhou) & Sino-French Institute of Nuclear Engineering and Technology (Zhuhai), Sun Yat-sen University, 
519000 Zhuhai & 510275 Guangzhou, Guangdong, China 
18 School of Physics and Astronomy, Yunnan University, 650091 Kunming, Yunnan, China
19 Département de Physique Nucléaire et Corpusculaire, Faculté de Sciences, Université de Genève, 24 Quai Ernest Ansermet, 1211 Geneva, Switzerland
20 Institute of Frontier and Interdisciplinary Science, Shandong University, 266237 Qingdao, Shandong, China
21 APC, Universite ́ Paris Cite ́, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, 119 75205 Paris, France
22 Department of Engineering Physics, Tsinghua University, 100084 Beijing, China
23 School of Physics and Microelectronics, Zhengzhou University, 450001 Zhengzhou, Henan, China
24 Yunnan Observatories, Chinese Academy of Sciences, 650216 Kunming, Yunnan, China
25 College of Physics, Sichuan University, 610065 Chengdu, Sichuan, China
26 Institute for Nuclear Research of Russian Academy of Sciences, 117312 Moscow, Russia
27 School of Physics, Peking University, 100871 Beijing, China
28 School of Physical Science and Technology, Guangxi University, 530004 Nanning, Guangxi, China
29 Department of Physics, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
30 Moscow Institute of Physics and Technology, 141700 Moscow, Russia
31 Center for Relativistic Astrophysics and High Energy Physics, School of Physics and Ma- terials Science & Institute of Space Science and Technology, Nanchang University, 330031 Nanchang, Jiangxi, China
32 National Space Science Center, Chinese Academy of Sciences, 100190 Beijing, China 

LHAASO Collaboration

21

Scientists:	~	300 Institutions:		32

MoU	signed:	VERITAS,	MAGIC,	LST/CTAO,	eROSITA-DE,	ANTARES,	
Baikal-GVD,	KM3NeT	MWISP,	FAST-CRAFTS,	DAMPE	
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LHAASO Science Book

-RAY ASTRONOMY

• Galactic -ray Physics 


• Source catalog (https://doi.org/10.3847/1538-4365/acfd29 )

• Diffuse emission


• Extra-Galactic -ray Physics 

• Diffuse flux

• Cosmic rays Physics  


• Composition studies

• Fundamental Physics 


• Dark Matter

• LIV


• Multi-messenger Astronomy

γ
γ

γ

22

Referred Non referred

https://doi.org/10.3847/1538-4365/acfd29


Wide FOV 𝜸-ray Astronomy

23

LHAASO

VERITAS

HESS

MAGIC

1/7 of the sky at any moment 60% in the sky per day day (24h)
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LHAASO Expected Sensitivity

24

KM2A

WCDA
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The LHAASO concepts

25

78’000
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The LHAASO concepts

25

78’000

WFCTA
Wide FoV Cherenkov Telescope Array

• 18 Telescopes 
• FoV: 16°x 16° 
• Energy: 0.1 100 PeV
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The LHAASO concepts

25
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The LHAASO concepts

26

78’000

WCDA
Water Cherenkov Detector Array

78’000 m2 
3120 cells (5 m x 5 m) 
Energy range: 0.1-10 TeV
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The LHAASO concepts

26

78’000

WCDA
Water Cherenkov Detector Array

78’000 m2 
3120 cells (5 m x 5 m) 
Energy range: 0.1-10 TeV
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WCDA performance

27

Performance of LHAASO-WCDA and observation of 
the Crab Nebula as a standard candle
Chinese Physics C, Volume 45, Number 8 (2021)
http://doi.org/10.1088/1674-1137/ac041b

𝜸-like event CR-like event

C = Nhit
max(ξi)r>Rc

Q =
εγ

εp

165 fired cells 189 fired cells

µ

Core

ε

http://doi.org/10.1088/1674-1137/ac041b
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WCDA performance on Crab

28

0.20° @ 12 TeV

0.45° @ 1 TeV

Angular resolution

65 mCU

Chinese Physics C, Volume 45, Number 8 (2021)

1 year
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The LHAASO concepts

29

78’000

KM2A
KM-square Array

• 1.3 km2 

• 1171 Muon tanks 
• 5195 ED Units 
• Energy range: 0.01-10 PeV



D. della Volpe | LHAASO Highlight | Brussels 2024 

The LHAASO concepts

29

KM2A
KM-square Array

• 1.3 km2 

• 1171 Muon tanks 
• 5195 ED Units 
• Energy range: 0.01-10 PeV
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Event reconstruction with KM2A

• Get the particle density  at 50 m  using a 
NKG  profile





• Primary energy reconstructed as a quadratic 
polynomial in  as


 

ρ r0 =

ρ = Ne ⋅ c(s) ⋅ ( r
r0 )

s−α

⋅ (1 + r
r0 )

s−β

ρ50

log(Erec/TeV) = α(ϑ) ⋅ [ρ50]2 + b(ϑ) ⋅ [ρ50] + c(ϑ)

30
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Excellent CR background rejection

31

10-5

10-4
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Nµ/Ne = 1/230
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Nμ
= 230
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KM2A Performance

32

11

LHAASO detector - KM2A

1/2: 20191217->20201130     3/4: 20201201->20210719     Full: 20210720->

Chin. Phys. C, 45, 025002 (2021)

 KM2A:  2019.12-2020.111/2  KM2A: 2020.12 - 2012.07 3/4 FULL KM2A:  2021.07
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KM2A Performance

33

Energy resolution Pointing accuracy Core resolution

Angular resolution

Observation of the Crab Nebula with LHAASO-KM2A − a performance study  
Chinese Physics C, Volume 45, Number 2 (2021) 
http://doi.org/10.1088/1674-1137/abd01b

https://doi.org/10.1088/1674-1137/abd01b


First LHAASO catalog
The First LHAASO Catalog of Gamma-Ray Sources

The Astrophysical Journal Supplement Series, 271:25 , 2024 March

https://doi.org/10.3847/1538-4365/acfd29
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First LHAASO 𝜸-ray sources catalog
• In total, 90 sources with extension < 2° are observed.  32 new sources


• 51% (35/69) 1-25TeV sources are UHE sources.

• 57% (43/75) >25TeV sources are UHE sources.

• 19% (8/43) UHE sources are not detected at 1-25TeV

35

Cao et al., DOI: 10.48550/arXiv.2305.17030. & ICRC2023, Inquiry No. 519 ,Shaoqiang Xi

A new class of objects??
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First LHAASO 𝜸-ray sources catalog

• In total, 90 sources with extension < 2° are observed.  32 new sources

• 51% (35/69) 1-25TeV sources are UHE sources.

• 57% (43/75) >25TeV sources are UHE sources.

• 19% (8/43) UHE sources are not detected at 1-25TeV (new class?)

36

Milky Way is full of UHE !
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𝜸-ray sources - Differenzial Flux 

37

Flux3 (TeV-1 cm-2 s-1)

Sp
ec

tra
l i

nd
ex

 

Flux50 (TeV-1 cm-2 s-1)
• KM2A is filling holes


•  High discovery potential
• WCDA in good agreements with previous 
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𝜸-ray sources - Differenzial Flux 
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Fl
ux

 (T
eV

-1
 cm

-2
 s-

1 )

Radius [°] Radius [°]
• KM2A is filling holes


•  High discovery potential
• WCDA in good agreements with previous 

65 sources  with extended morphology
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𝜸-ray sources - Source size 

39

LHAASO rules!
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𝜸-ray sources - Differenzial Flux 

• Sensitivity for point source in agreement with expectation

• First assessment on extended source sensitivity

40
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Diffuse -ray Emissionγ

Removed Source

• LHAASO  Source with 

 pre-trial significance

• TevCat Sources masked


 


For TevCat and KM2A 
overlapping source KM2A 
parameters are used to 
mask them

5σ

R = 5 ⋅ σ2
PSF + σ2

ext

41

Inner Galactic region |b | < 5∘ ; 15∘ < l < 125∘

Outer Galactic region |b | < 5∘ ; 125∘ < l < 235∘

Coordinate bin 

Energy bin 

0.1∘ × 0.1∘

Δ log(EIN) = 0.2 ; Δ log(EOUT) = 0.4
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Diffuse -ray Emissionγ

42

The latitude 
distributions are 

consistent with the 
dust  distribution 

(PLANCK).

10 TeV < E < 63 TeV

16 TeV < E < 1 PeV

The longitudinal 
distributions: slightly 
deviates  from the 
dust  distribution 
(PLANCK).

Inner Outer
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Diffuse -ray Emissionγ
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Model prediction using  
local CR spectra && gas column denisity

Inner Galactic region

αIN = − 2.99
ϕIN

0 = 1.00

Outer Galactic region

αOUT = − 2.99
ϕOUT

0 = 0.44

• Flux modelling assumes uniform CR in the Galaxy + ISM distribution (PLANCK dust map)

• More dramatic discrepancy for Inner galactic region

• Additional diffuse sources? Propagation effects?

•  Well many possible scenarios…..  more data can shed light
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Diffuse -ray Emissionγ
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Model prediction using  
local CR spectra && gas column denisity

Inner Galactic region

αIN = − 2.99
ϕIN

0 = 1.00

Outer Galactic region

αOUT = − 2.99
ϕOUT

0 = 0.44

Propagation models

• Flux modelling assumes uniform CR in the Galaxy + ISM distribution (PLANCK dust map)

• More dramatic discrepancy for Inner galactic region

• Additional diffuse sources? Propagation effects?

•  Well many possible scenarios…..  more data can shed light



Cosmic Rays 
Measurements of All-Particle Energy Spectrum and Mean Logarithmic Mass of Cosmic Rays from 0.3 to 
30 PeV with LHAASO-KM2A 
PHYSICAL REVIEW LETTERS 132, 131002 (2024) 
https://doi.org/10.1103/PhysRevLett.132.131002

https://doi.org/10.1103/PhysRevLett.132.131002


D. della Volpe | LHAASO Highlight | Brussels 2024 

All-particle Spectrum
• Based on KM2A with a certain care at muon correct 

reconstruction

• Atmospheric pressure variation 


• CIC - Constant Intensity Cut ( > 0.6%)

• Fake muon by high energetic charge particle in shower core 


• Particle in a ring 320-420m form KM2A center


• Shower max at 600 g/cm3 at knee

• Use zenith angles between 10° (600 g/cm3) -30°  (690 g/cm3)

45

log10(E/GeV) = p0 + p1 log10(Neμ)
Composition models

Neμ = Ne + 2.8 ⋅ Nμ Composition independent

J(E) = ΔN(E)
δE ⋅ Aeff ⋅ T Flux measured

J(E) = Φ0 ⋅ E γ1 × [1 + ( E
Eb )

s

]
(γ2−γ1)/2

Flux Fit
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All-particle Spectrum

46

J(E) = Φ0 ⋅ E γ1 × [1 + ( E
Eb )

s

]
(γ2−γ1)/2

Flux Fit

knee Eb = 3.67 ± 0.05stat ± 0.15sys PeV

γ1 = − 2.7413 ± 0.0004stat ± 0.0050sys

γ2 = − 3.128 ± 0.005stat ± 0.027sys

s = 4.2 ± 0.1stat ± 0.5sys

Most precise measurement of 
spectrum between 0.3-3 PeV!!
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 of Cosmic rays< ln(A) >

47

Nμ ∝ A ⋅ ( E
A ⋅ εc )

β

⟨ln(Nμ)⟩ = x0 + x1 ⋅ ⟨ln(A)⟩
⟨ln(Nμ)⟩H

1 − β
Energy dependent 

Fitted with MC in  bins of 0.1log(E)

Eb = 5.5 ± 0.3stat ± 0.9sys PeV

Most precise measurement of 
 between 0.3-3 PeV!!ln(A)

The lightening below the ‘knee’ 
not reproduced by any model 

Food for thoughts ….



The BOAT - GRB221009 

Brightest Of All Times 48

TITLE:   GCN CIRCULAR
NUMBER:  32677
SUBJECT: LHAASO observed GRB 221009A with more than 5000 VHE photons up to around 18 
TeV
DATE:    22/10/11 09:21:54 GMT
FROM:    Judith Racusin at GSFC  <judith.racusin@nasa.gov>

Yong Huang, Shicong Hu, Songzhan Chen,  Min Zha, Cheng Liu, Zhiguo Yao and
Zhen Cao report on behalf of the LHAASO experiment

We report the observation of GRB 221009A, which was detected by Swift (Kennea
et al. GCN #32635), Fermi-GBM (Veres et al. GCN #32636, Lesage et al. GCN #32642),
Fermi-LAT (Bissaldi et al. GCN #32637), IPN (Svinkin et al. GCN #32641) and so on.

GRB 221009A is detected by LHAASO-WCDA at energy above 500 GeV, centered at
RA = 288.3, Dec = 19.7 within 2000 seconds after T0, with the significance above
100 s.d., and is observed as well by LHAASO-KM2A with the significance about 10 s.d.,
where the energy of the highest photon reaches 18 TeV.

This represents the first detection of photons above 10 TeV from GRBs.

The LHAASO is a multi-purpose experiment for gamma-ray astronomy (in the energy
band between 10^11 and 10^15 eV) and cosmic ray measurements.

Very high-energy gamma-ray emission beyond 10 TeV from GRB 221009A 
SCIENCE ADVANCES,  Vol 9, Issue 46 (2023)

https://doi.org/10.1126/sciadv.adj2778

https://doi.org/10.1126/sciadv.adj2778
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GRB221009A 
• Brightest of all time

• 

•  (isotropic)

• 5000  (WCDA - E< 0.5 TeV)

• 142  (KM2A - E >3.0  TeV)


• Detection of  with energy above 10 TeV

• First detection of a HE cutoff in GRB 

 spectrum

• Constraint on

• GRB Physics

• Dark Matter

• Axion-like particle

• Lorentz Invariant Violation

z = 0.151 ⇒ ∼ 753Mpc
E ∼ 1055erg

γ
γ

γ

γ − ray

49

KM2A

Fermi

WCDA

After-glow
Prompt 
Phase 

LHAASO , Sci. Adv. 9, eadj2778 (2023)

https://www.science.org/doi/10.1126/sciadv.adj2778
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GRB221009A SED

• Power-Law + Cut-off favoured over Log-Parabola

• Several EBL model for correction


• Saldana-Lopez

• LHAASO constraint 

50

Power-Law + Ecut

• Good agreement between WCDA + KM2A in the prompt Phase

LHAASO , Sci. Adv. 9, eadj2778 (2023)

https://www.science.org/doi/10.1126/sciadv.adj2778
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Power-Law + Ecut

• Good agreement between WCDA + KM2A in the prompt Phase

LHAASO , Sci. Adv. 9, eadj2778 (2023)

https://www.science.org/doi/10.1126/sciadv.adj2778
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GRB221009A New Physics - Axion like particle

EBL absorption can be modified by New Physics

➡ LIV

➡ Dark matter - self interacting

➡ GRB physics 

➡ Axion-like particle

51

AXION-LIKE PARTICLE 
• Good candidate for Dark matter

• HE -rays in    EBL absorption  suppress

➡higher transparency of space.

γ a → γγ ⇒

LHAASO improved limit on coupling  for gaγγ ma < 10−9 eV
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GRB221009A LIV Limits

52

EQG < EPl ≈ ℏc5/G ≃ 1.22 × 1019 GeV

F(E, t) = A ( E
TeV )

−γ

e−E/Ecut × ( t
tb )

−ωα1

+ ( t
tb )

−ωα2
− 1

ω

E2 ≃ p2c2 1 −
∞

∑
n=1

s ( E
EQG,n )

n

Modified dispersion relation

v(E) = ∂E
∂p

≈ c 1 − s
n + 1

2 ( E
EQG,n )

n

Energy dependent  velocityγ

ΔtLIV = s
n + 1

2
En

h − En
l

En
QG,n ∫

z

0

(1 + z′ )n

H(z′ ) dz′ LIV delay

s = − 1 Sub-luminal
s = + 1 Super-Luminal

https://arxiv.org/abs/2402.06009v1

https://arxiv.org/abs/2402.06009v1
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GRB221009A LIV Limits

53

EQG < EPl ≈ ℏc5/G ≃ 1.22 × 1019 GeV

F(E, t) = A ( E
TeV )

−γ

e−E/Ecut × ( t
tb )

−ωα1

+ ( t
tb )

−ωα2
− 1

ω−ωα1 −ωα2

Energy bins

https://arxiv.org/abs/2402.06009v1

γ(t) = a log(t) + bη1 = s ⋅ EPl /EQG,1
η2 = 10−15 × s ⋅ E2

Pl /E2
QG,2

https://arxiv.org/abs/2402.06009v1
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LIV Limits - A summary 

• GRB221009A was at small z=0.151

• not the best for LIV sensitivity


• Limit by LHAASO using this single GRB not stringent

54

EPl

Review

LHAASO

MAGIC

Fermi

ℰ±
QG1

ℰ±
QG2

ℰQG,n = EQG,n/EPl

Phys. Rev. D 87, 122001 (2013), 1305.3463 

Phys. Rev. Lett. 125, 021301 (2020)

https://arxiv.org/abs/2308.03031v3

https://arxiv.org/abs/2402.06009v1

The same analysis for 3 different and same method 
show significant fluctuations

https://arxiv.org/abs/2308.03031v3
https://arxiv.org/abs/2402.06009v1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.122001
https://link.%20aps.org/doi/10.1103/PhysRevLett.125.021301
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GRB221009A LIV Limits

55

https://arxiv.org/abs/2308.03031v3

ΔtLIV,z=0.151(E) = s

5.7 s
E/TeV
ℰQG,1

n = 1

7.5 s ( E/TeV
108ℰQG,2 )

2

n = 2

ℰQG,n = EQG,n/EPl

https://arxiv.org/abs/2308.03031v3
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Superluminal LIV effects
• Astrophysical sources are ideal targets to search 

for the LIV effects because 

• extremely high-energy processes + the long 

distance to Earth 

➡ Accumulation of the tiny effect. 


• What can (is being) studied

• energy-dependent time delay from pulsars

• γ-ray bursts (GRBs) 
• flaring active galactic nuclei (AGN) 

• the vacuum Cherenkov emission 

• the vacuum birefringence

• the decay or splitting of photons

56

• LIV interaction in SM lagrangian alters standard 
on-shell condition of a particle energy-
momentum relation in special relativity. 


Modified dispersion relation

E2
γ − p2

γ ± |αn |pn+2
γ = m2

Superluminal

Subluminal nth LIV order  

E(n)
LIV = α−1/n

n LIV energy scale
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Highest ever recorded gamma from Cygnus region

57

Excellent CR background Rejection Power

• Simultaneous detection of number of measured muons  and electron in a shower


• Cutting on ratio Nμ/Ne<1/230

• BG-free Photon detection (Nγ >10 NCR) for showers E>100 TeV from the Crab

<latexit sha1_base64="kfEl4C2DhGLdxMV/15xjk0frUV4=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL3FXgnoMevEUIpgHJOsyO5lNhsxjmZlVwpL/8OJBEa/+izf/xkmyB00saCiquunuCmNGtXHdbye3srq2vpHfLGxt7+zuFfcPWlomCpMmlkyqTog0YVSQpqGGkU6sCOIhI+1wdDP1249EaSrFvRnHxOdoIGhEMTJWemByUK4HPZ6c1QNyGhRLbsWdAS4TLyMlkKERFL96fYkTToTBDGnd9dzY+ClShmJGJoVeokmM8AgNSNdSgTjRfjq7egJPrNKHkVS2hIEz9fdEirjWYx7aTo7MUC96U/E/r5uY6MpPqYgTQwSeL4oSBo2E0whgnyqCDRtbgrCi9laIh0ghbGxQBRuCt/jyMmmdV7yLSvWuWqpdZ3HkwRE4BmXggUtQA7egAZoAAwWewSt4c56cF+fd+Zi35pxs5hD8gfP5A2YBkc4=</latexit>

log(Nµ/Ne)

In total, 1044 events with E >1.4 PeV measured 
by KM2A in 1°cone of the direction of the source  
in Cygnus constellation.  

<latexit sha1_base64="W/UbZR5HwCXhAySQth950gWk/cI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCqzbRWHUhFN24KhXsA9oQJtNJO3TyYB5CDf0SNy4UceunuPNvnLYRquiBC4dz7uXee/yEUSEt69PILS2vrK7l1wsbm1vbRXNntyVixTFp4pjFvOMjQRiNSFNSyUgn4QSFPiNtf3Q99dv3hAsaR3dynBA3RIOIBhQjqSXPLNa9XqgqdY9c2pULx/bMklW2ZoAL5LR6Yjk2tDOlBDI0PPOj14+xCkkkMUNCdG0rkW6KuKSYkUmhpwRJEB6hAelqGqGQCDedHT6Bh1rpwyDmuiIJZ+riRIpCIcahrztDJIfitzcV//K6SgbnbkqjREkS4fmiQDEoYzhNAfYpJ1iysSYIc6pvhXiIOMJSZ1XQIXx/Cv8nreOyXS07t06pdpXFkQf74AAcARucgRq4AQ3QBBgo8AiewYvxYDwZr8bbvDVnZDN74AeM9y+ajpHE</latexit>

Nµ/Ne = 1/941

<latexit sha1_base64="sneKmvnz187pmi7/wCdQiS6AWbA=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCqzSp1dqFUHTjqlSwD2hDmEyn7dCZJMxMhBr6JW5cKOLWT3Hn3zhtg2j1wIXDOfdy7z1+xKhUtv1pZFZW19Y3spu5re2d3by5t9+SYSwwaeKQhaLjI0kYDUhTUcVIJxIEcZ+Rtj++nvnteyIkDYM7NYmIy9EwoAOKkdKSZ+brXo/HxbpHLp1i6dT2zIJt2XNA2zqrVksVB34rTkoKIEXDMz96/RDHnAQKMyRl17Ej5SZIKIoZmeZ6sSQRwmM0JF1NA8SJdJP54VN4rJU+HIRCV6DgXP05kSAu5YT7upMjNZLL3kz8z+vGanDhJjSIYkUCvFg0iBlUIZylAPtUEKzYRBOEBdW3QjxCAmGls8rpEJzll/+SVslyzq3ybblQu0rjyIJDcAROgAMqoAZuQAM0AQYxeATP4MV4MJ6MV+Nt0Zox0pkD8AvG+xehy5HJ</latexit>

Nµ/Ne = 1/230

Chance probability  = 0.03% ！
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LIV limits from LHAASO

58

 

γ → 3γ

105 MPl

10−3 MPl

1 order of magnitude improvement on current limits

f(E) = ϕ0 ( E
E) )

−α−β ln(E/E0)

H(E − Ecut)
LHAASO coll. 2022 (PRL 128:051102 ) 

HAWC - PRL 124, 131101 (2020)

α0 ≤ 4m2
e

E2γ − 4m2e
 

Astapov -  JCAP04(2019)054γ → e−e+

https://doi.org/10.1103/PhysRevLett.128.051102
https://doi.org/10.1103/PhysRevLett.124.131101
https://doi.org/10.1088/1475-7516/2019/04/054


Cygnus SuperBubble
• An ultrahigh-energy c-ray bubble powered by a super PeVatron 
• Science Bulletin 69 (2024) 449–457 
• https://doi.org/10.1016/j.scib.2023.12.040

•
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Cygnus region

60

LHAASO J2018+3651 mask

• An extremely complex region. One of the most intensive 
and nearby star-forming regions in the Milky Way 
harbouring several Wolf–Rayet stars, hundreds of O-type 
stars grouped in powerful OB associations.


• In addition it contains vast atomic (HI) and molecular gas 
complexes with masses exceeding 106 M⦿.


• New measurements;

• 3200 𝜸-like events above 100 TeV from  

LHAASO J2032+4102 within the radius 10°.

• 66 𝜸 above 400 TeV  (9.5 CR bkg)

• 8 𝜸 above 1 PeV  (0.75 CR bkg)


• Spectrum extend down to 2 TeV thanks to WCDA,  
the spectral measurements have been extended


• 3D fitting  -Spatial and spectral parameter simultaneously 
fitted with ML 
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The Cygnus bubble

• Clear evidence of a bubble of 6° radius 

• Spectrum extending from 2 TeV to  2 PeV without any 

cut-off

• Well above the robust diffuse flux estimation

61

Γ = (2.72 ± 0.02) + (0.11 ± 0.02) ⋅ log10(E/10 TeV)

Log parabola
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A toy model of the bubble
• Complex structure but compatible with a natural 

scenario

• Pevatrons locate in the core


• Cygnus OB2 good candidate (age 107 yrs, wind speed 
~300 km/s, mechanical power 1039 erg/s )


• GeV to multi PeV protons/nuclei injected and 
propagating through circumstellar gas producing  𝜸-ray


• The 3D HI & clumsy molecular gas component 
and 𝜸-ray distribution are compatible with a 
proton radial distribution 


• A fit of SED and 1D -ray lateral profile 

•  proton acceleration spectrum

• 5 PeV exponential cut-off 


• just a fir parameter not the end of injection spectrum

∝ 1/r
γ

E−2.2

62

Not in scale!

CAVEAT:
Under this assumption the model predicts significant excess of of > 100 TeV 
proton density (compared to the CR sea) up to several hundred parsecs (10°).
To be proved more statistics beyond 6° needed.
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Large Array of Cherenkov Telescope - LACT
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LACT
An array of 32 telescopes

✦Expected angular resolution ~ 0.05°

✦Every range E>10 TeV

✦Effective Area for E> 30 TeV  ~ 4 km2

✦ Two modes of operations


➡ 4 sub array of 8 telescopes

➡ 1 single array of 32 telescopes


• Work in synergy with KM2A 

• Use KM2A muon identification 


• to improve  separation ⟹ improve sensitivity


• Improve angular resolution above 30 TeV

• Morphology of extended source


• Study complex areas

• Cygnus bubbles


• Improve energy resolution

h /γ

64

Optical type Davies-Cotton
Mirror Size 6 m
FoV 9.6°
Pixel size 0.2° (1”)
# pixels 2224
Sensor SiPM
Focal Length 8 m
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Study for 8 Telescope array
• An array of 8 telescopes

• Separation ~ 350 m

•

65

Collection for E> 30 TeV  ~ 4 km2

• Expected angular resolution ~ 0.05°
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Thanks You for your attention


