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Bird's eye view of LHAASO, 2021-12

Location: 29°21°27.6” N, 100°08°19.6” E
Altitude: 4410 m
2021-07 completedbuilt and in operation
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Primary cosmic rays

(BRF, =&, PREFERTF)

Top of the atmosphere

Proton collides with an
«— | atmosphere molecule.
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' B KM2A: 1.36 (km)?

> 5195 EDs Scintillator Detectors (ED)
* 1 m?each
* 15 m spacing +/ /eJ_r 27 Steel Case

> 1188 MDs i <30 ((.5om)

* 36 m?each
* 30 m spacing

SC Tiles (2 cm)
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White Rabbit Network
~1.2 square km
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1 Water Cherenkov Detector Array (WCDA)

~ Energyrang
+» WCDA-1
: e 300 GeV -10 PeV

e 100 GeV -10 TeV

> Total area: 78, 000m?

~& - WCDA-2 and WCDA-3|;

300 m, 60 cells

» Total units: 3,120

» Unit size: 5m X 5m X 4.4m

» Two type of PMTs in each pool:
* 8inches and 1.5 inches for WCDA-1
* 20 inches and 3 inches for WCDA-2

and WCDA-3
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fh=103.39+0.027
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E Wide Field of View Cherenkov Telescope (WFCTA)

& Telescope parameters:

~5 m? spherical mirror
Camera: 32X32 SiPMs array
FOV: 16° X 16°

Pixel size: 0.5°




Event Ratre (Hz)

Event Ratre (Hz)

A Angle (°)

Event rate: 0.4Hz
Energy threshold: 100
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KM2A

Selection of y—rays out of CR background
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Active Area for Muons vs. Array Area: 4%

very few muons

~ 1 PeV y-ray event

many muons

~1 PeV CR event

~1 PeV from the Crab

1.3 km?
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LransoN | CR background Rejection Power
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» Counting number of measured muons in a shower
o+ Cutting on ratio N,/N,<1/230
o BG-free (N,>10N¢g) Photon Counting

for showers E>100 TeV from the Crab

10°E 10°

— e Data: Background before cut (scaled)
4
10 ——=—— Data: Background after cut (scaled)
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UHE y-ray Sky {Nature) 2021.5.17
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LHAASO Sky @ >100 TeV
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Nature 594:33-36 (2021)
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Discovery in KM2A Survey

Do not observe clear cut-off up to ~1 PeV
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LHAASO J1929+1745

Three brightest
PeVatrons

€ No trend of cut-off

®  LHAASOJ1908+0621

« LHAASO J1843-0338

in SED of y-ray sources
€ Updates using newer

data show continuous

extension to higher

energies

LHAASO, Nature, 594, p.33-36, 2021
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o B BEFM:
>70
o MAIE:
5344 T
(~654F %)
o RBRLE:
#3 T 1PeV

Source name

HBEEELHAASOEE (114 KRIAILE)

Significance  Emax (P€V)

LHAASO JO534+2202

17.8 Crab Nebula

LHAASO J1825-1326

LHAASO J1839-0545

(6.4 ) 0.42 £0.16
7

LHAASO J1843-0338

LHAASO J1849-0003

0.21 40.05
8.5 0.26 7016
10.4 0.35 4+0.07

LHAASO J1908+0621

C17.2) 0.44 £0.05

LHAASO J1929+1745

74 071 55>

LHAASO J1956+2845

LHAASO J2018+3651

LHAASO J2032+4102

LHAASO J2108+5157

7.4 0.42 £+0.03
10.4 0.27 £0.02
8.3 0.43 +0.05

LHAASO J2226+6057

C136) 0.57 +£0.19

Nature 594:33-36 (2021)



The pulsar
from NASA
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@ SED of the Crab: “standard Candle” & PeVatron

LHAASO, Science, Science, 373, 425 (2021)
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» LHAASO:

~ Covering 3.5 decades of energy

- Agreeing with other experiments
below 100 TeV

- Self cross-checking between WCDA &
KM2A

+ LHAASO-KM2A:

> Unique UHE SED

> A PeVatron without ambiguity

o Clear origin: a well-known PWN

+» An extreme e-accelerator:
- 2.3 PeV electrons
~ in ~0.025 pc core region

- accelerating efficiency of 15%
(1000 X better than SNR
shock waves)

EdN/AE (cm?s™)

Index

1072
107"
1074

10—!5

107'¢

- Crab

—%—— HEGRA 2004
—&— H.E.S.S. 2006
—— MAGIC 2015&2020
——i— ARGO-YBJ 2013
Tibet ASy 2019
HAWC 2019
—— |HAASO-WCDA
——i— LHAASO-KM2A
E===== | HAASO log-parabola model

KM2A

LHAASO power-law model @>10 TeV

| . | | | |

[T T T T I T T T

107" 1 10
Energy (TeV)




72\ .. Wide FoV CTelescope Array (WFCTA)

Cross-checking inside Collaboration

¥ F FEAW 3k

18 NEDA™. o

7 = T B . Telescopes: |

Energy Range: Y e e

0.1-100 PeV .. mong <

N

yO 8
8 X*

WFCIA
% . hotefe.alo
O. I',. O.G \QJ @ ‘ [ ]

) e e il : ; ’ ° °-° : 3 ° 200
o WFCTA measured the event : 0 : b oo :
simultaneously elento image 'o"- P ° P
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+ Energy: 0.9+0.2 PeV B - LT Rk

— e e o HO
o« KM2A measured the event Yo 3’ \ Lot i L :
N articte~4574 in 395 EDs sigof— . é _: ° : ,: n
o+ Energy: 0.9%0.1 PeV : [ \ _EL ISR R
b L L L °
» Chance probability: <0.1% R o at iy
o 8 ° o

N,~15in 11 MDs
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» WCDA New Sky Map

New TeV Catalog

LHAASOE M E/EBSEEEFRISE2023F 21

o o =
Significance [ s.d. ]

— ek




e RIS ORIV

LEHAASO -
& % % F F R 25
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LHAASO Coll,, Phys.Rev.Lett. 128 (2022) 5, 051102, Phys.Rev.Lett. 126 (2022) 051102



2\ .. Charged Cosmic Rays .

LHAASO

& b £ F F A0 2% / \ pRT—
« Measuring AS front by or ED array (0.2°) . Calibrate E-scale using moon // el mos o e i
* Measuring E-flux near core by (2m) shadow by at 6 <E<30 TeV A/

« Measuring p—content by MD array (1-10* each) - AEJE currently 307 dominated by WFCTA *— reachthogrand

_ Statistics and <10% in 4 yrs
* Measuring X, by WFCTA (40 g/cm? ) . Propagating the E-scale to WFCTA "

* Measuring AS Energy by WFCTA (15%) by using commonly triggered CRs .‘
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. Coincident events by WCDA and (Ep,~0.7 PeV)
6 telescopes (phase |)

 Shower cores in WCDA-1

» Selecting pure proton showers by 4
parameters: aperture of 1000 m? sr

« H+He showers: aperture of 1800 m? sr
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2N . The knee of Fe spectrum
& % 1% F % AL 2 (Eb~24 or 50PeV)

» Coincident events by both WFCTA and full KM2A (phase-ll)
> Shower cores are in 1 km?
> Incline shower with depth of 840 g/cm?
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TN Conclusion

£ b % F & AL 3%

» LHAASO is completely built, and in full operation since July 2021

» Open-up “UHE (>0.1 PeV) Astronomy”

o 12 PeVatrons are discovered in our galaxy

» A photon at 1.4 PeV is recorded toward Cygnus constellation
» First Discoveries:

o Our galaxy is full of PeVatrons accelerating particles over 1 PeV

» Potential CR origins: many type of candidates

» The Crab: extreme e-PeVatron emitting 1.1 PeV y posing challenges
» Fundamental rules, e.g. LIV, are tested in extreme condition

» Precision Measurements of individual species CRs around knees will be
measured at first time

» Lookout for future:
o PSF~0.05" for identifying for CR sources by LACT
o v-telescope with the sensitivity for single-PeVatron: 30 km? in LB or SCS






LHAASO Source Possible Origin Type Distance (kpc) Age (kyr)® L, (erg/s)” Potential TeV Counterpart®
LHAASO J0534+2202 PSR J0534+2200 PSR 2.0 1.26 4.5 x 10%®  Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 3.1+0.2¢ 21.4 2.8 x 10°©  HESS J1825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 10%% 2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 10%%  2HWC J1837-065, HESS J1837-069,
PSR J1838-0537 PSR 1.3¢ 4.9 6.0 x 10%% HESS J1841-055
LHAASO J1843-0338  SNR G28.6-0.1 SNR 9.6 + 0.37 < 2f — HESS J1843-033, HESS J1844-030,
2HWC J1844-032
LHAASO J1849-0003 PSR J1849-0001 PSR 79 43.1 9.8 x 10%° HESS J1849-000, 2HWC J1849+001
W43 YMC 5.5" — —
LHAASO J1908+0621  SNR G40.5-0.5 SNR 3.4 ~ 10 — 20V — MGRO J1908+06, HESS J1908+063,
PSR 1907+0602 PSR 2.4 19.5 2.8 x 10 ARGO J1907+0627, VER J1907+062,
PSR 190740631 PSR 3.4 11.3 5.3 x 10%°  2HWC 19084063
LHAASO J1929+1745 PSR J1928+1746 PSR 4.6 82.6 1.6 x 10°°  2HWC J1928+177, 2HWC J1930+188,
PSR J1930+1852 PSR 6.2 2.9 1.2 x 1037 HESS J1930+188, VER J1930+188
SNR G54.1+0.3 SNR 6.37054 1.8 — 3.3 —
LHAASO J195642845 PSR J1958+2846 PSR 2.0 21.7 3.4 x 107  2HWC J1955+285
SNR G66.0-0.0 SNR 2.3+ 0.2¢ — —
LHAASO J2018+3651 PSR J2021+3651 PSR 1.8 ¢ 17.2 3.4 x 10°®  MGRO J2019+37, VER J2019+368,
Sh 2-104 HIVYMC 3.3+ 0.3™/4.0 +0.5" — — VER 12016+371
LHAASO J2032+4102  Cygnus OB2 YMC 1.40 + 0.08° — — TeV J2032+4130, ARGO 1203144157,
PSR 2032+4127 PSR 1.40 + 0.08° 201 1.5 x 10°®  MGRO J2031+41, 2HWC J2031+415,
SNR G79.8+1.2  SNR candidate — — — VER J12032+414
LHAASO J2108+5157 - — - — - -
LHAASO J2226+6057 SNR G106.3+2.7 SNR 0.87 ~ 107 — VER ]2227+608, Boomerang Nebula
PSR J2229+6114 PSR 0.87 ~ 107 2.2 % 1037
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20210511/131236/0.554788807: nTrig=-1, 0=37.81=0.02%, $=103.29+£0.02°

Area:
78,000 m?

Detector units:
3120

Energy Range:
0.1-10 TeV
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LHAASO WECTA S1PM Camera

|
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European Physical Journal C, accepted, 2021
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» SiPM enables an operation of o a1 cuality in dry sossondll
WFCTA with full moon Tl onsoon 4
> Effective Operational time | A
1400 hrs per year
> 0.5° pixels with dynamic range z - e — Ao
10-32, 000 pe enable a coverage N
100 TeV - 100 PeV .

10
Number of Fired Cells
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Special capability of
self cross—checking with
multiple techniques

» WFCTA measured the event
simultaneously

L/W~2.6,N,.~9100 in 11 pixels
* Energy: 0.9%0.2 PeV
* KM2A measured the event
Ny articte~4574 in 395 EDs
* Energy: 0.91+0.1 PeV
* Chance probability: <0.1%
N,~15in 11 MDs
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4 ﬁ\\ Enter the atmosphere, cascade interaction generates a

§f10wer of particles” which last few nanoseconds
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@ 1.1 PeV Photon
from the Crab Direction Record by KM2A

& B ¥ F FEA0 3
LHAASO, Science, 373, 425-430, 2021

E:1164.7 TeV, Ne : 5093.7, Nu:14.3,0: 0.2 1 E
i 3 g =
=ED | I V=
500 : =
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i s F of the y-rayPhoton:
2 10 = In total, 64 events that have energy
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LrianaoX Discovery in KM2A Survey
Our Galaxy is full of PeVatrons

Table 1| UHE y-ray sources

LHAASO, Nature, 594, p.33-36, 2021

Source name RA(9) dec. (%) Significance above 100 TeV (xo) Epnax (PeV) Fluxat100TeV (CU)
LHAASO J0534+2202 83.55 22.05 178 0.88+01 1.00(0.14)
g’ = LHAASO J1825-1326 276.45 -13.45 6.4 0.42+0.16 3.57(0.52)
; LHAASO J1839-0545 279.95 -575 77 0.21:0.05 0.70(0.18)
; » LHAASO J1843-0338 28075 -365 85 0.26 —0.107016 073(0.17)
:;j LHAASO J1849-0003 282.35 -0.05 104 0.35+0.07 0.74(0.15)
'—E LHAASO J1908+0621 28705 6.35 17.2 0.44+0.05 1.36(0.18)
< LHAASO 11929+1745 29225 1775 74 0.71-0.07°16 0.38(0.09)
LHAASO J1956+2845 299.05 2875 74 042+0.03 0.41(0.09)
LHAASO J2018+3651 304.75 36.85 10.4 0.27+0.02 0.50(0.10)
LHAASO J2032+4102 308.05 41.05 10.5 142+013 0.54(010)
LHAASO J2108+5157 31715 51.95 83 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 136 0.57+0.19 1.05(0.16)

12 PeVatrons are discovered
€ High Standard: significance >7¢

€ BG-free: Cosmic Ray background
rejection rate <10

€ High Statistics: 530 UHE photons

€ Multiple Type of Sources
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LHAASO - TL

€ Morphology:

Discovery Using KM2A
Onset of UHE y-ray Astronomy

E > 0.1 PeV: all types of candidates

€ Spectroscopy: 15% resolution

0.25° PSF

LHAASO Source Possible Origin Type Distance (kpe) Age (kyr)" Ly (erg/s)”  Potential TeV Counterpart®
LHAASO J053442202 PSR J0534+2200 PSR 2.0 1.26 4.5 x 10%  Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 31+027 214 2.8 x 10° HESS 11825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 10%  2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 10% 2HWC J1837-065, HESS J1837-069,
PSR J1838-0537 PSR 1.3° 4.9 6.0 % 10%  HESS J1841-055
LHAASO J1843-0338  SNR G28.6-0.1 SNR 0.6+ 0.37 < 2f — HESS J1843-033, HESS J1844-030,
2HWC J1844-032
LHAASO J1849-0003 PSR J1849-0001 PSR 79 43.1 9.8 x 10%  HESS J1849-000, 2HWC J1849+001
W43 YMC 5.5" — —
LHAASO J1908+0621  SNR G40.5-0.5 SNR 3.4 ~ 10 — 207 — MGRO J1908+06, HESS J1908+063,
PSR 1907+0602 PSR 2.4 19.5 2.8 x 10%  ARGO J1907+0627, VER J1907+062,
PSR 1907+0631 PSR 34 11.3 5.3 x 10%  2HWC 1908+063
LHAASO J1929+1745 PSR J1928+1746 PSR 4.6 82.6 1.6 x 103 2HWC J1928+177, 2HWC J1930+188,
PSR J1930+1852 PSR 6.2 29 1.2 x 10%7  HESS J1930+188, VER 11930+188
SNR G54.140.3 SNR 63705 1.8 — 3.3 —
LHAASO J1956+2845 PSR J1958+2846 PSR 2.0 21.7 3.4 % 10%  2HWC J1955+285
SNR G66.0-0.0 SNR 2.3 +0.24 — —
LHAASO J2018+3651 PSR J2021+3651 PSR 18T 17.2 3.4 % 10%  MGRO J2019+37, VER J2019+368,
Sh 2-104 HIVYMC 3.3 4+ 0.3™/4.0 £ 0.5" — — VER 120164371
LHAASQ J2032+4102  Cygnus OB2 YMC 1.40 = 0.08° — — TeV 1203244130, ARGO 12031 +4157,
PSR 2032+4127 PSR 1.40 + 0.08° 201 1.5 % 10%%  MGRO J2031+41, 2HWC J2031+415,
SNR G79.8+1.2  SNR candidate — — — VER J2032+414
LHAASO J210845157 - - — — — —
LHAASO J2226+6057 SNR G106.3+2.7 SNR 0.87 ~ 107 — VER 12227+608, Boomerang Nebula
PSR J2229+6114 PSR 0.8” ~ 107 2.2 % 1037

spectral energy distribution (erg cm” s )
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