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E? dJ/dE [GeV m™2 571 sr71]

;ﬁ\
LHAASO has done tree important measurements >, . .

1. Measures knees of CR H & He 2. Discovers uQs being UHE emitters 3. Observes SNRs in VHE band
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system

* Supernova Remnants as the
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* u-Quasars and the
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* Future expectations
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70 years old ‘knee'

— composition does ¢

(from 0.3 to 30 PeV)
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ange accordingly

* Systematic

uncertainties
are sufficiently
small

This unveils a
clear
correlation
between the
flux and the
composition at
the knee



"7 Large High Altitude Air Shower Observatory

LHAASO

We need a breakthrough !

| e g
SEEERS: -
o [=]) SEE— (=]
B8l .G ®
=2
glfcs33
T o o T T [
i35 st
|%| w
s o
(=]
w
Tp] o
T} )
iy [rs)
& ,
(=]
: =1
o b 0
S %
o
. D [T}
-~— -t
o
o
<t
(=]
u
o
e T NN Tl W L I -
© “ © o © = © =]
o) o™ - o
(ohsia
(u)Boj
w
s o o = - = ° G

500

-500

18

WFCTA

Hybrid

0
X[m]

Xmax(glem?)

. Ti0

B el

n7

-

.

.

2

.

¥
=

s

.

270

I
600

0 200 400
X (m)

-200

-600 -400

(ED, MD, 1 km?)

KM2A
ED:

5195

: 1188

MD




Reconstruction and Proton shower selection
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)\(_ “ Large High Altitude Air Shower Observatory
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Proton spectrum: BIG SURPRISE ! A #sxismuua

"~ Proton Spectrum
— = —ip— LHAASO (This Work)
> No “knee” ! 2 - (SS-CREAM (2022)
> - e S5LONE8BBAYy
> A "“bump” at ~3.3 PeV a \CETOP, SIBVLL2 ) G018) Yo,
Y [ KASCADE, OGSJETO1 (2005) @
w KASCADE, SIBYLL2.1 (2005) v @e
\ \ 'L —a——  LHAASO All-Particle (2024)
» Indicating a new component ®
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» Contributing ~1/3 fraction © BT LEAEEY B = H
» New population of sources? L » -
©
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» Characteristic energy: few PeV L L
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Can we do more? Light component (H+He) Selection
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» Helium showers are very similar with
proton showers

» it is impossible to separate helium from all
other particles event by event

» Methodology:
* Helium spectrum = F p g - Fp1o0n
* The same dataset and the same energy
reconstruction as used in the proton
energy spectrum

» High efficiency in selection for light
showers: >60%



1 Spectra of Light CRs and Helium Nuclei

x107°
» High Precision J,;,,,; (E) measurement 3 B N %&\%\‘%\Nﬁé&\
» Systematic errors: same sources as l
proton spectrum = B
> Inferred Jhelium (E) = -'Light (E) - Jproton (E) ;Lu';, 2 = 60%
> Clear hardening at 1.05 PeV: = - 53% RO RCARARA - AN
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>10 O % ] AR @ \ER
> Kneeat7PeV: 6 O g = 34% o
R— e ®
» Strong deviation from the single & 1_ AN gupnEn j : & Wm: g ?
index power-law spectrum = E ° e s = 26% P By
below 0.3 PeV: >10 O RUJ i : Alll-part|c|e(2024)
» Iterations on J gium (E) and J,ot0n (E): 0f- ‘ié: E?o:gﬁ:(zz?))zs)
significantly reducing uncertainty due -5 Helium(2026)
to CompOSition Of CRS _] 1 | 1 | e - I I 1 | ] | I L
10 1 10
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1 Helium Spectrum and p/He ratio
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1 Spectra of Rigidity of protons and helium nuclei

» Two or Three Components
existence

» Strong enhancement of proton
flux in the component around
the knee

» Proton-rich source population

» Strong enhancement of helium
flux in the component below

100 TV
» Helium-rich source population

» No perfect rigidity dependence
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m A HE-component: Rigidity Scaling ?

» HE-Component

(PeVatron-component)
e o ge . I" 4+ |I’ B =5 .gf 30% 10
haS a rlgldlty Scallng | protons  :o.i0] ’,,"’ | Helium .., .|
» Indicating fewer A 4

sources in the HE

T h
population which have 7 T
close features in i 3.
particle acceleration 5 3
ﬁ 10* ﬁ 10 il e
w u
» TeV-component has ) 5
strong rigidity
dependence

» Indicating diversity of

B i

logn(EfGeV) l0g10(E/GeV)

acceleration features
among the large
number of sources in

the LE population
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Baade & Zwicky (1934) :
SN > NS & CRs

* SNRs are the most promising
CR origin candidates

* Below 1 TeV, LAT found
experimental evidences

* SNRs to be High Energy CR
origin needs evidence

* |s there limit of the maximum
CR energy from SNRs

2025/3/21 The 2nd LHAASO Symposium, HK, March 21-25, 2025

Known for 90 years
as a hypothesis ::-:--=

COSMIC RAYS FROM SUPER-NOVAE

By W. Baape awp F. Zwicky

Mouwt WiLsonw OBsErvaATORY, CARNEGIE INSTITUTION 0F WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

happenings in a super-nova now confronts us. With all reserve we ad-
vance the view that a_siper-nova represents the transition of an ordinary
star into . consisting mainly of neutrons. Such a star may
possess a very small radius and an extremely high density. As neutrons
can be packed much more closely than ordinary nuclei and electrons, the
“gravitational packing' energy in a cold neutron star may become wvery
large, and, under certain circumstances, may far exceed the ordinary
nuclear packing fractions. A neutron star would therefore represent the
most stable configuration of matter as such. The consequences of this
hypothesis will be developed in another place, where also will be mentioned
some observations that tend to support the idea of stellar bodies made up
mainly of neutrons.

D. Conclusions.—From the data available on super-novae we conclude

(1) Mass may be annihilated in bulk. By this we mean that an assembly
of atoms whose total mass is M may lose in the form of electromagnetic
radiation and kinetic énergy an amount of energy Ey which probably
cannot be accounted for by the liberation of known nuclear packing frac-
tions. Several interpretations of this result are possible and will be pub-
lished in another place.

(2) The hypothesis that super-novae meads to a very
satisfactory agreement with some of the major observations on cosmic
rays.
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. 2\
IC 433, W44, W51 in dense medium«...

« Two sources at IC 443 -+ Shell and « SNR+MC indicating

°
R T T escaping at W44  a PeVatron at W51
Two CO 94.244+0.03 22.434+0.02 Pt
40 1-25 TeV VTS
Components Cl  94.404+0.07 22.584+0.06 1.00+0.11 1.0 s100
One Component | - - 94.30+0.03 22.52+0.03  0.58+0.05 ) i
o
@ 05
Table 1: Best-fitting results of different models for IC443. The Extension means Rgs. )
a L
o 00
o ~
3
£ »
® _os White Cofitours: CGPS 1.4 GHz emission
u RGB: co"emis:ion ot¥44 km/s (about 2.4 (W51C)
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E2dN/dE (TeV cm?s™)

E2IN/AE (TeV cmis™)

SEDs: They do produce CRs
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SNRs in an environment with fewer targets

2 components of G150.3+4.5
3 components of y-Cygni

Source Component GL (°) GB (°) Rag (°) TS
A 150.41 +0.09 | 4.69 +£0.10 | 1.26 +0.07 | 466

GLa02+.3 B 150.96 £ 0.04 | 3.83 +£0.04 | 0.22£0.04 | 172
A 78.114£0.07 | 2234+ 0.05 | 0.594+0.03 | 632

~-Cygni B 7813 +0.05 | 2.24+0.03 | 0.26 £0.02 | 499
C 78.27 4 0.10 | 2.66 &= 0.05 | Point Source | 182
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The Radiation from the shell seems dominated by
leptons, similar to the RX J1713 in the southern sky

O The more concentrated O It might represent the
radiation seems from the escaped high energy protons,
interaction with the clumpy MC could be as high as 1 PeV
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T ~ 350 years old SNR

Yong SNR as a PeVatron? D ~ 3.4 kpc away
R ~ 2.5 pc ~ 2.5 radius

Broadband ~-ray spectrum of supernova remnant Cassiopeia A
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Dec (deg)

* Complex of 3 sources: PWN (Boomerang)

SNReiss+2n+MC and an extended assoclated with gas

- 5 & ; Flux*10-12 —
Templet Ra(" ) Dec(” ) o(" ) SED alpl alp2 (50TeV) 'S
337.09+0.05 | 60.974+0.02 | 0.5740.02 LP 2.48+0.11 | 1.06+0.19 | 4.37=0.22
Three Gaus
337.27£0.05 | 61.22%£0. 03 ps Pl 2.9210.11 = 0.79£0. 14 11559.0(23)
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SEDs of the 3 Components

* SNR+MC has E_; ~ 50TeV

* PWN seems the source of UHE photons
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Six u-Quasars are identified to b
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Jet termination
shock

Persistent or
transient jet _

"~~._ Shock driven by disk wind

\

rc:ntral BH (Penrose process;

centrifugal force at BH magnetosphere)

£2 dN/dE-[erg cm2s71]

Relativistic outflow

Many ways to accelerate-—~
Particles to PeV energy -
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Number of events

 Subtracting the jet-components
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SS 433 SED

v LE: Leptons
v HE: Hadrons

v' PeV proton power:
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Cyg X-3: 4.8 hour orbi

* This guarantees the
proton accelerato

aaaaaa

* ~4 PeV photons implies
40 PeV proten-A.super-
PeVatron:

15 3
Orbital Phase
- 8

* For Protons >40 PeV,
radiation mechanism:

proton-y scattering
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Black Hole as a super-
PeVvatron?

Very difficult to detect: not only due to the distant: ~20,000 light-year !
But also out of main field of view of LHAASO: a source in southern hemisphere
Powerful accelerator generating particle at E >10 PeV !
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CR measured at the solar
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Summary



More data+tNew method applied to measure GDE /2

LHAASO

Resolved Sources (RS) Measurement / RS-DGE Separation

1. RS: Morphology - Gaussian
Spectrum - Log-Parabola (LP) / CutoffPowerLaw (ECPL)

2. DGE: Morphology - Planck Dust Map
Spectrum - Log-Parabola

3. Iteration loop

» FItRS+DGE \ m\naf\l
» Check residual significance map P\'e \
» Add new RS if needed
» Repeat with updated catalog
1st LHAASO Cat - Galactic Plane (|b|<15 degree):
69 1-25 TeV (> 50) 171 resolved sources, WCDA
75 = 23 TeV {= 5ag) 154 resolved sources, KM2A
90 ALL 194 resolved sources, JOINT-fit

Slide credit to Rui Zhang (PMO) 13



allsource

DGE:

allsource-RS |

More data + New method applied to measure GDE

Significance Map'before/after subtracting Resolved Sources

Galactic Latitude [*]

Galactic Latitude [*]
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More data + New method applied to measure GDE [5‘\\\\

INNER SED of DGE OUTER

ROI: I=[10, 125], b=[-5, 5] _ _ ROI: 1=[125, 240], b=[-5, 5]

10-104

10104 1077

]U—'.I?d

E?® dN/dE (TeV}3 cm~2 s 1 sr1)

EZ> dN/dE (TeV1® cm~2 s 1 sr1)
35‘

WCDA+KM2A, All gamma-ray Emission
WCDA+KM2A, Resolved Sources

WCDA+KM2A, All gamma-ray Emission
WCDA+KM2A, Resolved Sources
1§ WCDA+KM2A, DGE 10134 fi  WCDA+KM2A, DGE
1 — Diffuse Model | 1 —— Diffuse Model

p e o= : i e
Energy (TeV) Energy (TeV)

Diffuse Model: LHAASO CR (p+He) spectrum + ISM, no CR distribution
E > 100 TeV: similar spectral shape (index) as that of measurements
E < 100 TeV: extra component with Ecut around tens of TeV for Inner Galaxy region

Slide credit to Rui Zhang (PMO) 15



Probe local CR via y-ray observation of GMCs

LHAASO

=
1
&

Giant Molecular Clouds (GMCs) : calorimeter of the CR ‘sea’, ideal targets to
inspect the density and spectra of in-situ CRs (e.g., Aharonian 2001,Yang et al.
2016, Neronov A. et al. 2017) .

O To inspect the density and spectra of local CRs, LHAASO 4.5-year data used to

" CMZ —m—

OB stars (Bronfman00) ———
SNRs (Greenl 5)

search y-ray emission from 5 nearby GMCs.
= No significant detection (<50) from individual samples (Hercules, Monoceros,

S
&

emissivity per H atom (=>1GeV) (ph st g

Orion, Perseus, and Taurus) — Stacking analysis. o s 10 15 20
Distance to GC (kpe)

Monozires

Piersous -12®

Galactic Latitude {deg]
i & o
] %

2 F M W & i
Significance

ic Latitude {dag)
s
=

Significance

210" 206" 204
Galactic Longitude (deg)

162* 161" 1607 159°  1SE" 1577
Galactic Longitude {deg)

Signaficance

25 3o

LHAASO significance maps of individual GMC samples

LHAASO, accepted by NA (2026) arXiv:2511.05015
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Probe local CR via y-ray observation of GMCs

107"

Expected spectra band
== DAMPE+LHAASDO model
$# LHAASO-WCDA result

] @ LHAASO-KM2A result
" ™ # Fermi result (Neronov A. 2017)
107 3 &
id s s
w -~
: SN
w -~
l';i |
£ 10"
[+]
>
@
e ; .
u_§_ 1 The differential flux has been
10" 4 normalized to a column density
] of 1 x 1022 ¢cm 2 according to
1 the column density of each
1 GMC.
107% -

-2

10 10" 10° 10' 10

E, (TeV)

The SED of the GMC as measured by LHAASO.

QdIndirect results from y-ray observations towards

Post-knee index

nearby GMCs are consistent with recent CR spectra

measurements from DAMPE+LHAASO.

5.0

A lower limit of
- the CR ‘knee’ :
~ above 0.9 PeV
ming a post-

6.2

5.6 5.8 6.0
10910 (Eknee/GEV)

52 5.4

Constraints on the CR ‘knee’ parameters.

LHAASO, accepted by NA (2026)
arXiv:2511.05015

2In(L/Lpest)
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CR measured at the solar

system Survey power:

Al-aid analysis
Supernova Remnants as the

sources of the VHE-
component

LACT: angular

res.~ 3 arcmin
u -Quasars and the New

component at HE ,
Galactic

Future expectations IEE—) _ source: 30
Summary km3 detector



Al helps to enhance the discovery pow:

5
AASO
T & R AL

WCDA was designed with 13 mCU =>5 mCU
KM2A angular res.~0.36° => 0.27°
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B LACT (36 MST) as the upgrading of LHAASO i: | g i:

» Stereo measurement of Cherenkov image
O At least 4 telescopes simultaneously

» Reconstruction
O Angular resolution 0.04° for E>30 TeV

R fomg)

s

70
A o)

A.R.: <0.04°
for E>30TeV

39



IN

an IACT array i

LACT

W subarray-3
B subarray-4
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| HAASO

 Funded

site
« 6-m telescopes

* two proto type

telescopes
e First liadht coon in this

« 8X4 array at LHAASO




4 Telescope Array Performance

* Effective area for small elevation targets
* Angular resolution
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Jet Termination vs central accelerator

* LHAASO VS. LACT (either two point sources or complex morphology)
i H.E.S.S. PRELIMINARY ol i
§ 2500 é: = ;\-n-n escevveovebwdapiil i T )
L) g ‘\"g 12 ] | ﬂa ﬁg #$ ﬁ+ + |
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[ = : S [ o E_=300Tev ! -
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Guaranteed p-sources in Y
O axy s

Galactic latitile (o

Cygnus Bubble, & :
i i s Science Bulletin, | wse " T e o
Neutrino Tux Slﬂge avor aI’XiV:ZBlO.lOIOO .'+ { Galactic longitude (deg)

LLHAASO J2031+40520* p Bt Crab, Science, 373, 425
LHAASO J2027+4119 o oy (2021)

HI+ MC (Cygnus Bubble) o

L)
J11908+062 : 25 PeV

0 J1843-0338

AACH 11A38-119¢
AASO J1825-1326

PeVatrons, Nature 594.:33-36 (2021)




(] TR | - TN

ngh-energy Underwater Neutrino Telescope

é
I

« Resulution ~0.1°(tracks), <3°(cascades)
 Energy resolution: AlogE~0.3(tracks)

AE~10-30%
(cascades).

» Discovering Neu sources (>100 TeV) at

* Volume: 6x6 =36 km2, ~30 km3

« Separations of strings: Dstring ~ 130 m

« Separation of optical modules : DOM
~36m

 Length of each string: ~860 m

« ~2,300 strings, 24 OMs in each string,

o 130 m



String (OM id)

Prototype tests at GVD at L.
Baikal
and In So , | " -

Down-going Event (nhit=9)
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* Proton spectrum is measured for the first time with a 90% purity sample

* The “knee” is actually a new component which naturally associated with Super-PeVatrons
* SNRs are extensively studied as the cosmic ray sources & escaping is found clearly

* E. o« IS @n unavoidable issue

* unveiled the new CR accelerator population for the

* Cosmic Ray Super-PeVatron is found among the BH+jet systems and PWNe

* In future, the improved spatial resolution enables a deeper investigation for the very
interesting extended sources revealing Super-PeVatrons

* 30 km3 neutrino detector is really necessary for confirming those (super-PeVatrons) to
be galactic CR sources. Prototyping is going on at sites in L. Baikal and South China Sea
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