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Scientists: 275

Zhen Cao'**= F. A_Aharonian**~, Q.An®’, Axikegu®, L. X_Bal®, Y. X_Bai'Z Y. W. Bac™,

D. Bastieri”, X. J. Bi"*3, Y. J. Bi'%, H. Cai'%, J. T. Cai", Zhe Cac®™’, ). Chang™, J. F. Chang®'Z,

X. C. Chang'®, B. M. Chen™, J. Chen®, L. Chen'*", Uan&ﬁhﬂn‘ Long Chen®, M. J. Chen'”,

M. L. Chen®"?, Q. H. Chen®, S.H. Chen'**, §. Z. Chen™" —, T. L. Chen', X. L. Chen"**, Y. Chen™,
N. Cheng'?, Y. D. Cheng'?, 5. W. Cui*, X. H. Cui”, Y. D.Guu“ B. Z. Dai'™, H. L. Dai***, Z. G. Dai'",
Danzengluobu™, D. della Volpe®™, B. I'Ettorre Piazrzoli®, X_ ). Dong'2, 1. H. Fan™, Y. Z. Fan™,

Z. X. Fan'2, J. Fang™, K. Fang'?, C. F. Feng®, L. Feng®™, 5. H. Feng'?, Y.L.Feng"‘* B. Gao'?,

C.D. Gao™, QG@G“ Wﬂau” M. M. Ge", L. 5. Geng'’, G. H. Gong™, Q. B. Gou™’, M. H. Gu*",
J. G. Guo™?, X. L. Guo®, Y. Q. Guo™, Y. Y. Guo™", Y. A. Han™, H. I-LI-Io""‘ H. N. He™,

J. C. He'??, S. L. He", X. B. He™, Y. He®, M. Heller™, Y. K. Hor", C. Hou'?, X. Hou™, H. B. Hu'>?,
S. HU®, S. C. Hu'*®, X J. Hu®, D. H. Huang®, Q. L. Huang':, W. H. Huang™, X. T. Huang™,

Z. C. Huang® F. Ji*2, X. L. Ji*'2, H. Y. Jia®, K. Jiang®’, Z. ). Jiang™, C. Jin'2%, D. Kuleshov®®,

K. Levochkin™, B. B. Li*, Cong Li'’, Cheng Li*", F. Li*"", H. B. LI, H. C. Li">, H. Y. Li"™, L Li**%,
K. Li*%, WL L. Li*%, X, L%, Xin Li®, ). R LiY, Y. LiS, Y. Z. Li'™°, Zhe Li'?, Zhuo Li™, E. W. Liang™,

Y. F. Liang®, S. J. Lin*®, B. Liu’, C. Liu'?, D. Liu®, H. Liu®, H. D. Liv®%, L Liu*?, J. L. Liu®=2°,

J.S. Liu'™, 1. Y. Liu'2, M. Y. Liu™, R. Y. Liu®™™, S. M. Liu™, W. Liu'?, Y. N. Liu™, Z. X. Liu®,

W_ I Long®, R. Lu™, H. K. Lv'?, B.Q. Ma™, L. L. Ma™ X_ H. Ma"®, J. R. Maa™, A. Masood®,

W. Mitthumsiri™, T. Montaruli®®, Y. C. I'lan22 B. Y. Pang®, P. Pattarakijwanich™, Z. Y. Pei",

M. Y. Qi"%, D. Ruffolo™, V. Rulev™, A. Saiz™. L. Shao™, O. Shchegolev™™, X. D. Sheng'?,

J. R. Shi'%, H. C. Song™, Yu. V. Stenkin™*, V. Stepancv™, Q. N. Sun®, X. N. Sun®, Z. B. Sun™,
P.H.T. Tam™, Z. B. Tang®”. W. W. Tian™", B. D. Wang">, C. Wang™. H. Wang®. H. G. Wang",

J. C. Wang™, 1. S. Wang™°, L. P. Wang™, L. Y. Wang"*, R. N. Wang®, W. Wang'®, W. Wang™,

X. G. Wang™, X. J. Wang'?, X. Y. Wang', Y. D. Wang'?, Y. J. Wang'2, Y. P. Wang'>?,

ZTheng Wang®'?, Zhen Wang®?°, 7. H. Wang®, 7. X. Wang™, D. M. Wei", 1. 1. Wei®, Y. 1. Wei'22,
T.Wen'™®, C. Y. Wu'2, H. R. Wu'Z, S. Wu'2, WL X. Wu?, X. F. Wu', S. Q. Xi®, J. Xia™, J. J. Xia®,

G. M. Xiang™*, G. Xiao™, H. B. Xiao™, G. G. Xin™, Y. L. Xin®, Y. Xing™, D. L. Xu***, R. X. Xu™,

L. Xue™, D. H. Yan™, C. W. Yang®, F. F. Yang®'?, J. Y. Yang'®, L. I..‘I"ang M. J. Yang"?,

R.Z. ‘I"an-g"'8 S.B. ‘I'ang Y. H. Yao®, L&Yao" Y. M.Ye"’ L. Q. Yin'?, N. Yin™ ..)(.H You'?,
IYYoumYHYuﬂQYuan“’H Dlong"TXIang‘“ W. Zeng™, L K. Zeng'*, M. Zha'?,
X. X. Zhai'?, B. B. Zhang', H. M. Zhang™, H. Y. Zhang™, J. L. Zhang”, J. W. Zhang®, L. Zhang',
Li Zhang™, L. X. Zhang", P. F. Thang™, P. P. ZThang™, R. Zhang™, S. R. Zhang", . S. Thang"®,
X. Zhang™, X. P. Zhang'*, Yong Zhang'’, Yi Zhang'™, Y. F. Zhang®, Y. L. Zhang'", B. Zhao",

). Zhao'2 L. Zhao™, L. Z. ZThao™, S. P. Zhao™= F. Theng™, Y. Zheng®. B. Zhou'=, H. Zhou™°,
J. N. Zhou™, P. Zhou™, R. Zhou®, X. X. Zhou®, C. G. Zhu™, F. R. Zhu®, H. Zhu", K. J. Zhu®"** &

X. Zuo™?
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!Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China
2University of Chinese Academy of Sciences, 100049 Beijing, China
TIANFU Cosmic Ray Research Center, Chengdu. Shichuan, China
4Llniwrsity of Seience and Technology of China, 230026 Hefei, Anhui, China
STsinghua Universily, 100084 Beijing, China
“National Astronomical Observatories, Chinese Academy of Sciences, 100101 Beijing, China
"National Space Science Center, Chinese Academy of Sciences, 100190 Beijing. China
#Center for Astrophysics. Guangzhou University, 510006 Guangzhou, Guangdong. China
“Sun Yat-sen University. 519000 Zhuhai. Guangdeng. China
108hool of Physics and Technology.Guangxi University, 530004 Nanning. Guangxi, China
I Hebei Normal University, 030024 Shijiazhuang, Hebei, China
IZ5¢hool of Physics and Engineering, Zhengzhou University, 450001 Zhengzhou, Henan, China
3 Nanjing University, 210023 Nanjing, Jiangsu, China
MKey Laboratory of Dark Matter and Space Astronomy. Purple Mountain Observatory, Chinese Academy of Sci-
ences, 210034 Nanjing, Jiangsu, China
Snstitute of Frontier and Interdisciplinary Science, Shandong University, 266237 Qingdao, Shandong, China
16Shanghai Astronomical Observatory. Chinese Academy of Sciences. 200030 Shanghai, China
7 School of Physical Science and Technology, Southwest Jiaotong University, 610031 Chengdu, Sichuan, China
18Sichuan University, 610065 Chengdu, Sichuan, China
9Key Laboratory of Cosmic Rays (Tibet University), Ministry of Education, 850000 Lhasa, Tibet, China
20yunnan University, 650091 Kunming, Yunnan, China
?'Yunnan Astronomical Observatories, Chinese Academy of Sciences, 650216 Kunming, Yunnan, China
nstitute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia
2 Département de Physique Nucléaire et Corpusculaire, Faculté de Sciences, Université de Genéve, Geneva, Switzer-
land
24Df.'parlmcnt of Physics, Faculty of Science, Mahidol University, Bangkok, Thailand

IE & m NBG LK) . APS, France.
2. AMOU &g &4E 48 : VERATAS, ANTRES, GVD.
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Ne=186377, N__=3697

. ~ KM2A-ED__:-- 3_5§
eRsTHEMERS (ED) = N
I 2.5
® Central part: 4948 EDs, 15m spacing, B i_ &2
® Outside area: 294 EDs, 30m spacing. £ oy ¥ I1.5
® 5242 ANFM KB A, i |
r 0.5
—500; 0
- o -0.5

| ‘ 1 | l\ ) | . | | | | |
-500 0 500
X[m]

— AR F K F

ED Specifications

Detection area Im X 1m; Smm Lead covered
Detection =95%
efficiency
Time resolution = Ins
Inner View of one ED Dynamic range 1~10000 particles/m?;

25%(@1 particle, 5% @ 10000 particles
single channel rate  <2kHz{@working Gain
Stable operation = 20yrs (4410m, 0.6atm., +25°C)

& tQAsuhRMR Sl e 5




Dk K FEEAR

4410

717 8 5% 7 A7 # ) KA 89 T8 H A

ED#R R & 5 L6984

Li ght Oul Ipu't

TS S i S A S 1 2 3 456 7 8 9 1011
light output results of scintillato pen e

ight output results of scintillator : :

g P light attenuation lengths of

units of total 14 batches BCFg2SC fiber , >300cm
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Detector design

/electronics
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Double Layer of Tyvek: reflectivity >99 %
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KM2A (ED+MD) performances
D;_H_ —— 0°<B<20°
. . °F —= 20°<B<35°
* Shower geometrical reconstruction _ - S 3o<octtr
* Arrival direction: resolution of 0.26°@100 TeV % N
* Shower core location: resolution of 3m @100TeV  §osp —
 Zenith angle effect E > =
g E. 0.3 =
02 —I—=.=_._I_._=.=
= Iiugz{Er;rr;wl - —
12: —— [P<p<20°
i —a20°<6<35°
- o 35°<B<50°
S
§ooeta.
P

l0g(E,,/TeV)
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CR background Rejection Power

* Counting number of measured muons in a shower
* Cutting onratio N /N.<1/230
* BG-free (N,>10Ncg) Photon Counting, for showers E>100TeV from the Crab

—e— Data: Background before cut (scaled)

Data: Background after cut (scaled)

==« Simulation: Gamma-ray power-law

proton

Simulation: Gamma-ray log-parabola

No.of Muon
> o by
w N = o oru
LLLL! III/I I T 1T | AL

ok
o
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S

gamma

Number of events per hour (>E)
o

""""
......
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q
10°E
10° == Full KM2A array: Crab A8 <1°
1 10 10° 10° 10° 10° 10° 107 s — o
No.of Electron 10 % £ Tev) 10
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83 <+ PMT: Jb % i 4> CR365
(1-4000PEs)

1.5 < PMT: % & B 4] XP3960
(20-200000PESs)
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= Z 5 FTHFF ey RN &2 T

900+1,320 (2 7T)

203 < MCP-PMT: b7 & 4L GDB-6203
(1-1800PE5)
3% < PMT: % i & €]XP72B22
(1-3000PEs)
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20in PMTs used in 70% WCDA

+« Transient Phenomena: GRB.

* Enhancement of the AGN-flares. multi-messenger

sensitivity below 300 GeV astronomy ...
10°
; Fer‘mi 1vyr
10™ ;—
— E er.rni 10 yr
o » ’
§10mE
o =4
2 N
= 10" =
Z E
o -
m -
10”7 3
1074 T ] | wl | |
10 10° 10° 10* 10° 10°
E (GeV)
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Standard candle for y-ray Observation

The pulsar

L0545 FEIR B %23 K 6 N
“ZFHaE (1054) EACTH, BXEAHTRT, F4eH%E.

(R E-F B
KM2A & WCDA
2019-09-11 2019-04-19
~2020-03-11
~E0SE07 Pointing
Pointing accuracy: 0 accuracy :
<0.1° 8 g <o0.1’
, Angular
Angular Resolution: Resolution -
0.26° o_22°
Energy : Energy:
19
81 82 83 84 85 86
>25TeV 81 82 83 - ;3:‘ 85 86 RA. (9 >1 TeV

| Chin. Phys. C 45(2),025002 (2021) || Chin. Phys. C 45(8), 085002 (2021)
& AU RENHAT R
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I AiAt kB ims % 5| (WFCTA)
Measure individual cosmic ray spectra from
10TeV to 100 PeV. 3185

Iltem Requirement
Mirror area >5 m?
Number of pixels 1024 pixels
Ponting precision <0.1°
Field of view 16°%x16°
Dynamic range 10 - 32000 PEs
Resolution <5%@1000 PEs
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WFCTA SiPM C
European Physical Journal C, accepted, 2021
— W A T A peanPhy :
90F- 450
80F- 400
< 70 g 350
2 sof § g
5 50 o F
S 40f <O: 2501
S g J O RRRE M
o 205 = 150§_ /
106 s
100 |
o 58859.5 58859.6 58859.7 58859.8 58859.9

S S S S A SR O
58859.5 58859.6 58859.7 58859.8 58859.9 58860
MJD

MJD

1600 | N DAQSDpon
e DAQEOpen&(TBE<=-60)
1400 4

1200

verlgmgood air quality in dry season
Gk

° B0O0

» SiPM enables an operation of WFCTA with full moon.

> Effective Operational time: 1,400 hours per year.
, YRBERD R MR
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Accurate measurement over SIX order of magnitudes
(1TeV-1EeV ) with only ONE array - LHAASO

e O Proton Sotellite 1971 [ Akeno 1984 ¥ Yokutsk 2004
‘_W o  SOKOL 1993 [ Akeno 1992 B AGASA 2003 energy+0.9
w ¥ JACEE 1995 (O HiRes—MIA 2000 @ Flys Eye Stereo 1994
o~
'E 255 |- O RUNJOB 2005 *  Yakutsk 2001 M HiRes Stereo 2008
Ll c Blanca 1999 QGSJ [J HiRes! 2008
> 10‘ e
(1) - $ HEGRA 1999 O HiRes2 2008 GZK E < " R
£ @ CASA—MIA 1999 A Auger 2008 wE roton
) /A DICE 2000 E
W 25 = O KASCADE 2005 18 knee TACE  Helium/t10?
* . g e s
¢ @ Tibet 2008 QGS HD » 10k
3 £ B Medium{CNO) 210" s
- - il & -
TS 3 F IR ey e
E 245 I =3 A 8 TEENSSNen.l T\ | & asmsenm
=} w10'E A o
—_— ° E 3 O wmn
Z10%k  HeavyineNga20" gl
- - - 4 cwa
24 - B 10°E oy
I Fer2¢10° ks
ol § —
E A g S
B 10 ol sl A ol ' X capbes
- 4 1 10 10° 10 100 10°  10° 10" 10°
23.5 E{GeV)
23 | | 1 | | | |

1 1 I T | PR T | I T I T | I T | I T 1 T T
13 14 15 16 17 18 19 20 21

log(ENERGY in eV)

€ To remove systematic uncertainties from measurements of different detectors

@ To build a bridge from direct measurement at lower energy to measurements at
the highest energy (Auger, etc.)

& YRAS RS LB UL f
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LHAASOgH XM Z 2 %k A
#7 4 ik K Crab & PeVim & 5, F = 45)

LHAASO Coll., Science, 373, 425 (2021)

I A F R F s (WECTA) M2 : #62=0.92+0.28/-0.20 PeV

o H@MEFIKM2A W F: EFiRH R <01%, #F=088+0.11PeV
© ZRABAMREIIGFE

A

FoV of WFCTA

WCDA
Telescope 10

KM2A
one pond

a quarter array
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LHAASO N5

Hj’é‘l’éy\@ﬂ% 2z,: White Rabbit c1exu4

skew <1ns : I WR Masters (WR Nodes)
WFCTA KM2A ‘WCDA SCDA
A A A A A A A
GPS
PPS
White Rabbit Network i
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Trigger-less off-line event building

* Triggering, building, (re-construction) and
storage by online computers

c B L, RITEwIEFT
f 3t B fik & (trigger-less),
z_Jafull datat% #r 2| DAQ #
%o, #t4Tsoft-trigger.
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SED of the Crab: “standard Candle”& PeVatron

LHAASO, Science, DOI10.1126/science.abg5137, 2021

» LHAASO (Comparison) :
10° Crab

- Covering 3.5 decades of energy .

. Agreeing with other experiments o 1‘\
below 100 TeV

——%— HEGRA 2004
—&— HE.S.S. 2006
—@— MAGIC 2015&2020

- Self cross-checking between
WCDA & KM2A

10" —8— ARGO-YBJ 2013

EdN/dE (cm?s™)

, Tibet ASy 2019 KM 2A
107"® HAWC 2019
" —a— LmsorRA —
. ) === | HAASO log-parabola model
- LHAASO (Discovery) : )
-2
.~ Unique UHE SED s OF °
T 3F
. . . £ =
- A PeVatron without ambiguity 2sE-
-4 = . N " N L
107 1 102 10°

10
Energy (TeV)

» Clear origin: a well-known PWN
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SED of the Crab: Extreme E-accelerator

* Perfect interpretation of one-zone
electronic origin up to 5oTeV

* Reasonable extension up to 1 PeV,
with a deviation of 4 ¢

* 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)

 Can not rule out proton origin of
photons ~1 PeV, yet.

* 1 0r2 photons are expected above
1 PeV per year that enables a
clarification in 2 or 3 years.

LHAASO, Science, DOI10.1126/science.abg5137, 2021
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Discovery in KM2A Survey
Our Galaxy is full of PeVatrons

Table 1| UHE y-ray sources

Source name RA(") dec. (7] Significance above 100 TeV (xa) Eras (P2V) Flux at 100 TeV (CU)
LHAASO 053442202 8355 2206 178 0B8B+0M 1.00{034)
B LHAASO NB25-1326 276.45 -13.45 6.4 042:006 A5N052)
LHAASO, Nature, 594, p.33-36, 2021 : RSO 78390585 ms wmw om0
2 . LHAASO Jos34+2202 LHAASO NBA3-0338 28075 -365 85 0.26 -0.100% PR
LHAASO NB49-0003 282.35 -0.05 10.4 0.351+0.07 0.74(0,05)
LHAASO NOOB+0621 28705 6.35 172 0.44+005 1.35{018)
LHAASO 1192041745 20225 1775 74 0.71-0.0770% 0.38(0.09)
LHAASO J1956+2845 292.05 2875 74 0422003 O.AHO.C3)
LHAASO J2018+3651 30475 3685 104 0.27+0.02 0.50(010)
LHAASO 12032+4102 308.05 Nnas 105 142013 O.54{010)
LHAASD J2108+5157 G 5185 83 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 33675 6095 136 0.57+ 019 1.05(016)

12 PeVatrons are discovered
@ High Standard: significance >70
@ BG-free: Cosmic Ray background

rejection rate <104

@ High Statistics: 530 UHE photons

10..5\~‘ LHAASO J1908+0621 1 e LHAASO J1825-1326 10 LHAASO J2226+6057 ‘ MUItipIeType of sources
: =
M S 5" € No trend of cut-off in SED of y-ray
[ § "
3 : sources
gs W gl 10
L | ® Updates using newer data show
Right ascension (") 334 mx;;‘_ E’t:lnm{."l‘(l
e T S i ol T

Energy (190 W W o 0 “  continuous extension to higher energies
S T BT LA - .., e




Record by KM2A
1.4 PeV Photon from Cygnus Direction

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

| E:1421.3TeV, Ne:6258.7, Nu:6.6, 0: 12.7‘J
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Background-Free measurement

The criterion of muon-content <1/941

thus estimates the chance probability

of the y-rayPhoton:

In total, 1044 events that have energy
>1.4PeV are measured by KM2A in

1° cone of the direction of the source
in Cygnus constellation.

cuts 3.7 million non-photon events,

of 0. 03% !

1 1 | 1 | 1 1 | 1 | 1 Il | 1 1 [l

-1
bg@%
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UHE y-ray
(0.1-1 PeV) o
Sky Map  ~ \ Qe - -

E>100 TeV| S=23.3 ¢

Dec=60 Dec=50" Dec=40" Dec=30 Dec=20 Dec=10 Dec=0"
6087 LHAASO 1 LHAASO J1956 .

=
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Galactic latitude (deg)
O S N ON MO
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Brief summary

LHAASO# XM BH A T2 2H AR, HA202157A TH, SHEFHANBFEX

i —FHBERE, XIRT AR NA12/ PeVetronsty R4RR, FH —ARB RAGE
#1.4PeVin & %, F:

1. Our galaxy is full of PeVatrons accelerating particles over 1 PeV,

2. Onset of “"UHE (>0.1 PeV) Astronomy”,

3. Potential CR origins: many type of candidates,

4. The Crab: extreme electron-PeVatron emitting 1.1 PeV photon and posing challenges .

More discoveries are expected, big potential of discovery of Galactic CR origins, stay tuned ...
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(0.06 B89 A #F %)
SRIZALN Eh 2 R TIN5 R A
L A 5
328 6K 2 2 R AKC-Z im 55,

BEREPHRTZRRET:

1, BAFREATTVL LA 56 P FHEM ;
2, ARy BEBZRATZETARTARR, FT&H
5 F HARARGE F KRB,

3, #46Km*6Km, ~57 NE kKo
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