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Bird’s eye view of LHAASO (2021-12) =

>0
Location: Haizi Moutain, Daochen, Sichuan, China

Altitude: 4410 m J——- e - |
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| KM2A: 1.36 (km)?2

>5195 EDs Scintillator Detectors (ED)
e A:1 m? / / N Steel Case
e S 15m l ut/ 1€ 46_7 Lead (0.5 cm)
»1188 MDs - SC Tiles (2 cm)
A: 36 m2 ‘ / ( ( )'\& Steel Case
S:30m T Tm *
+ M detect (MD) MD Bladder Inner View of Scintillator Detector
u— uon detector
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1 Water Cherenkov Detector Array (WCDA)

= Energyrang
=" . WCDA-1
e 0.3-10PeV

> Total area: 78, 000m?

300 m, 60 cells

» Total units: 3,120
» Unit size: 5m X 5m X 4.4m
» Two configurations:
* 8” and 1.5” PMTs for WCDA-1 (900 ch)
* 20” and 3” PMTs for WCDA-2/3 (2220 ch)
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20210511/131236/0.554788857: nTrig=-1, 0=37.81=0.02°, $=103.39+0.02%
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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°

>30% duty cycle in winter

18 Telescopes‘




Event rate: 0.4Hz
Energy threshold: 100 TeV

Event Ratre (Hz)

Lo
South< & >North

AAngle ()
|II‘H|‘HI‘IH‘III‘HI

|
592415

Time: 2021-01-28 01:40:50
Npix:64 log10(Size):4.73

Event Ratre (Hz)




m Operation of LHAASO

<+ KM2A is operated with >99.4% duty cycle and event rate 2x108 /day
<+ WCDA is operated with 98.4% and event rate 3x109 /day
< Data acquisition time of WFCTA >1400 hrs/year and number of matched events ~70 million

Telescope Cumulative Observation Time
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Observational o
Phases

| @ Fly'sEye
» Phase I: 6 telescopes -
2019/10-2021/4 =T ; HEGRA (Aotice)

Zenith angle: 30° | % g

SPASENULCAN

Proton, H+He knees T 5 srase
100 TeV— 10 PeV 5 | EJ Cvenl el ||.-||||lm| L

107 10 10° 10
Energy E, [GeV]

T

6 Tele’s were moved
in 2021/5 to form a
full ring

» Phase II: 18 telescopes
* Operation: 2021/5
Zenith angle: 45°
Iron Knee
Tm 1 PeV - 200 PeV
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1 Absolute energy scale obtained by LHAASO

» In direct cosmic ray measurements: Detectors can be
calibrated by the 350 GeV proton beam at CERN before
launch.

» Ground-based detector array

* Itisimpossible to generate an artificial test beam for the

calibration

e The test team from the CRs Moon shadow was first
explored by ARGO-YBJ, which can be used to calibrate
the '

ANsIA A rAA A

Cosmic Ray

A = z x 1.59°/E(TeV)

Aw (%)
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-0.8

-1.2
-1.4
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ARGO-YBJ Collaboration, PHYSICAL
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1 Moon Shadow measured by WCDA-1

D a ta : N,.:6,000-10,000 N:10,000-15,000 MNe:15,000-20,000
. From 01/05/2019 to 31/01/2020, ~Z === an 1w "
8 months, WCDA-1 ; | NI — SN\

o Zenith angle < 45°;

o The data set are divided into 6
groups according to the .| LAY o /s
energy estimator . s 00040z 0 e R

-1 -08 06 -04 —D.EHU ]ﬂ-.2 04 0B 08
.

N,:30,000-60,000

N,>60,000

Range of N, Shift of the Significance bt SN\ | L AR N e
Moon shadow (°) (o) ez SN _

6.000-10,000 -0.32=x0.04 18.2

10,000-15,000  -0.25=0.04 14.0

15,000-20,000  -0.15=0.04 11.6

20,000-30,000  -0.11 £0.03 11.9

30,000-60,000  -0.06 ==0.03 10.8

=>60.,000 -0.01=0.03 10.9 _, 1

C a1 | i 4
-1 -08 -06-04 02 0 02 04 06 08 1 -1
RA()

~ o
-1 -08 -06 -04 -02 0 02 04 06 08 1
RA)

i -08 06 04 02 0 02 04 06 08 1
AA()

LHAASO Collaboration, PHYS. REV. D 104, 062007 (2021)



1 The absolute energy scale obtained by WCDA-1

€ In the energy range from 1 TeV to 50 TeV, the cosmic -

rays are dominated by protons and helium nuclei. 81 xe/ndt = 1/3
- p0=0.12""
4 The ratio of protons and helium nuclei can be obtained -l =005t -
from CREAM and DAMPE. 5 P=" 0 T
C ;
€ The trigger efficiency of WCDA-1 for protons and g 42 _—

helium is obtained from simulation. -
S :”

A=2zx1.59°/E(TeV) > A =2.1°/E(TeV) =
39 4 41 I%Sm{Np )4.3 4.4 45 4.6
System uncertainties: b
Uncertainty caused by 10% changing of the ratio —
of protons and helium nuclei is about 3%. E(Gev) aNpe
Uncertainty from different hadronic models a = 1 3 3 +5.26
(EPOS-LHC vs. QGSJET-I04) is less than 2%. - —1.06
An uncertainty of 4% is caused by the energy b — 0 9 5 + O 1 7

and angular resolution.




1 Absolute energy scale propagates from WCDA to C-telescopes

€ The absolute energy scale is propagated to WFCTA by using the common

trigger events together with WCDA
¢ Data Set of WCDA+WEFCTA:
*  telescope FoV: 22°<Zenith angles <38°
*  Nhit>200
*  20k<Npe<60k
*  shower cores fall inside WCDA:
|corex|<55m, |corey|<55

WCDA big PMTS, size:NPE, color:time(ns)
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Absolute energy scale of WFCTA

» Propagation

* The energy reconstructed by WFCTA is 21.9 £0.1 TeV

e 23.4+0.1+1.3 TeV by the formula of the absolute energy scale

» The first time that the Cherenkov telescopes have an absolute energy scale

x107°

54

LI

log, (EiGeV))

5.2

5

4.8

4.6

44

4.2

4

LHAASO Collaboration, PHYS.

0.4

0.3

0.2

0.1

42 44 46 48 5 52 54
og, (EO{GeV)

0

REV. D 104,

WCDA Calibration result
(8 months, one pool):

v’ 21.0 +6.5 TeV for all events

v" The uncertainty dominated by
statistics in moon position
measurement

v’ the uncertainty < 10% in 4 years

062007 (2021)
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Telescope pointing calibration

Star trajectories

IIIII
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Signal (ADC Count)

16000

14000

12000
10000

B o o
= = =
= = =
= =] [=]

50

100 150 200 250 300 350 400

Time(10s)

Trajectories of the stars (known)
vs. signals on the camera

[d The telescope pointing is calibrated by stars in FOV
[0 The elevation angles are monitored by the inclinometer

Zenith Angle (°)

C ¥2 | ndf 0.01801 /32
~ 45. 1:— p0 -0.2273 + 1.865

C pl 1.007 + 0.04155
54495
IS -
5 44,9£ The
Z 4485 inclinometer is calibrated

448 by stars

il AT T T T T T T T T [N TN T T T [N T A A
447 4475 448 4485 449 4495 45
Inclinometer (°)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

- Tel. 13 e
— Mean  0.002523
f_ SidDev  0.02302
- L 1 ] 1 ] L
-0.04 -0.02 0 0.02 0.04

Calibration results - Inclinometer (°)



Telescope pointing calibration

18 telescopes calibration results

Daily calibration for 34 days 100 N
. . 8(}_— St Dev  0.02249
Calibration :
60—
dCCuracy -
0O = . 40~
~0.02" in zenith :
o - . 2[}__
~0.03" in azimuth ;
I e T e
&(Zenith angle) (°)
- N Entries a4 ?ﬂ_— Eniries s3]
1(]_— Tel' 13 Mean 109.3 C Mean -0,0004592
E Sid Dev  0.01545 601 Sud Dev  0.02911
8- 5(};—
o 40
: 30
4r C
- 2(};—
o 10—
ﬂ_llﬂllllIIIIIIIIIIIIIIIIIIII”IIII”II DE-I [ R N T TN TR TR NN SR TN S SR N S
109.29 109.3 109.31109.32 109.33 109.34 109.35 109.36 0.1 -0.05 0 0.05 0.1

Calibrated angle per day (°) O( Azimuth angle)



Photon response calibration system

Mirror\ [

L :
4 LED K Laser:
= - scattéring
) [ SRR cattering , N,/YAG
3 ight laser
Q |« >

- o%ﬁiﬁgf‘

~2570 mm /

» SiPM camera is calibrated and monitored by LED
e LED was calibrated by the probe and the probe is
calibrated by National Institute of Metrology, China;

e (Calibration uncertainty is less than 2. 6%.
« LHAASO Coll., NIM, A 1021 (2022) 165824

N, laser A=337nm, E=~145pl 2

YAG laser ==355nm, E=~300 2




0 CR spectrum measurements
[ 2 independent hybrid analyses
0 Primary particle identification (multi-parameter analysis)
0 Energy reconstruction (2 independent ways)



1 LHAASO data set for proton and
H+He energy spectra

Phase I E u 6 tels WCDA-]' 34

» Period: 2020.11 ~2021.04
» WFCTA selection conditions:
* > 10 pixels in each Cherenkov image 600 400 200 0 200 400 600

* Full image contained in FoV % - 10*
» Good weather 3

* All-Sky Infrared Cloud Imager : T <-65° a’ﬁf”‘% \
» Two independent measurements: \

» WFCTA(6 telescopes)+KM2A [

» WFCTA(6 telescopes)tWCDA-1+KM2A
» 750 hours, 0.7 million events (Core in WCDA)

8
@
09€/0

10°

270




Hybrid measurement of LHAASO

10_—
-
o » Shower geo-reconstructed
S o * by WCDA/KM2A
i * Coreresolution: <3 m
- * Angular resolution: < 0.3°
o, » Shower energy reconstruction
-10
* Cherenkov size
600 10 600~ .
: » Mass sensitive parameters
400 400~
2001 g o ; * X, and Hillas parameters of
E o | E o e Cherenkov image
> : :"?':ti.lafa .C‘?_rrex : > C e ‘ccl.re ‘
wob e Db g * Energy flux near shower core
400 T ital B age 1
:: ED o <MD * Number of muons
800 60 2000200400500 R I T

X (m) 600 400 -200 O 200 400 600
X (m)



B PN TRRT

University of Chinese Academy of Sciences

S TOHENDE R A

Hybrid measurement of LHAASO i

For pure protons: -
Core position errors: < 3m (>100TeV) ““
Arrive directionerror: < 0.3° (> 100TeV) -

_zq%-ﬂl,;ll h-' IEIIJI - l) T 'ILIZN}- 20(}
* (m)
12 = -
[ | 0.35F -
- ! = Proton - Proton
10— : . 5 C " '
—_ - | « Helium % 0.3 Helium
E - l 2 C 4§
c 8 | . 5 025 w
= - ! Core positions = - . g . .
= - ! 3 - Arrival Direction
2 6 | 3 0.2 .
[1h] I D C
C B | C - .
E ___'4_:'_ ________ : ] g 015:_ .
. % N
2 E T 0.1— i .
L ! - i s e
D'_ r' l 4 L L L l 0-05‘I__| 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
5 6 7 4.5 5 5.5 6 6.5 7
0g10(E/GeV) l0g10(E/GeV)

24



Mass sensitive parameters

10°

10°

10°

10°

10

-60 -40 -20 0 20 40 60

400 TeV proton

Y ()

-40  -20 0 20

400 TeV iron

104
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0.01

C component
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- —— heavy
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- <ER>=="—"——
r Z PE{
: I 1 Lot |—l—- 1 1 I 1 1 1 IL—Il'V‘ I o | 1 I 1 1 1 1 I 1
20 30 40 50 B0 70 - 80
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- component
007 —— light
o —— heavy
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D05
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- Lengh/width
003
002~
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Composition Discrimination

E mmpﬁnﬁrt oor 3 comp:?nenl
G.DE;— : ;géa\uy E_ LL E— If:i';t\Fy
WCDA WECTA
0-035_ 0.04}— |
aszf- Normalized ok JJ 1LLL Normaliz-ed
ool <ER> o] 1 h Lengh/width
EI. P I I SR S IS S S ; _-rr \\—\‘L‘IL_'”L
P¢
log,¢Size0 = log( Size + 0.0084 X R,
WCDA | Pr = < ER > +4.80 X logy, Size0 < ER 5= %
WFCTA | P; = (L/W —0.012 X R,) + 0.37 x (log;(Size0)? — 4.50 x (log,(Size0)
KM2A

B = lﬂglﬂ(Nﬂlso—no) — 0.092 X (logso JNEho—wo X Nulyg-z00 T 3-44)

0.09F
0.08F

0.07 =

0.05F
0.04

0.03F

0.06

0.02F

0.01F

component
light
—— heavy

Normalized
muon

KM2A

o Lo |

L
- |58'|%[Nur?10'6 )
correction



Multi-parameters analysis

TMVA(Toolkit for Multivariate Data Analysis with ROOT)

TMVA-BDTG TMVA-BDTG
3500 30
o - —-— Proton 255 —— Proton
3000 —
& 2500 e 20
° - — -
- ) -
“E 2000 . T 15F
5 - et SEEELE e g TF !
51500 . . £ 10F______ _}_____}__________* ___________________
§—1 000 : ‘CE)' E * {-
<C P e e e e [ J— ) SE o R
- | —— g e e MmTmmmmmmm———— T ———
500 o ® ® - L ]
O:ul..1l|-.I.;Al;..l..nln.;l | T :|111 | I S T N T T S S TR SR R N M| | IR T
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6
log, (E/TeV) log, (E/TeV)
TMVA overtraining check for classifier: BDTG TMVA TMVA overtraining check for classifier: BDTG TMVA
g i ;l:;:ﬂirfll.ljﬂ:: I"""-"?-'f’!-'lr'll | II i :.I::'l'r'l-'”:'f:'l'i:-'rlﬂf l:l'";-'l-'!”'l:"'I I|,| - IE 1’; 12 - [.Sfiﬂ'l;a;(J('.slfslallnu!i'c:} L AL 'Srl',r,'flmllfln'z'linir gi.wzlmp!:'; LA
3 A Backgrownd (est sanple) * Backgrownd (froiming sample) ] — I S A est sample & ckeround (Yraining sample
= ! [ Holmogorov-Smirnov test: signal (background) probability = 0.048 { 0.07) | > Ape rtu re: g L7 Backgror ’_d” 5t “’”"’_’ ) | | ® Backg "” aining sample)
E . ] E 10 -_Kolmogorov-Smlrnov test: signal (background) probabilitly = 0.934 (0.225)
— 10 = ] O -
? ] * H:~850 m2Sr =k orot
B - ] roton
8 £ . 8
’ P 12 * H+He: ~1800 m?Sr :
71 Oth rOton 12 - +
| 1= . . 6
sp Lher |z » Contamination of g Oth i
- nuclei 1= “ er Helium
‘Y rE heavy nuclei ‘i
o o
C o
: * H: ~10% 2
&
> * H+He: ~3% 0

-0.8 086

0.4 02 0 02 04 0B 08

BDTG response

-0.8 -0.6

-04 -0.2 0 02 04

06 0.8
BDTG response

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%



1 Energy reconstruction

For C-telescopes g
Z
L] L[] . O
» Energy estimator: total Charge in Cherenkov image (Npe) 5
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1 H and H+He spectra expectation by LHAASO

ARGO-YBJ + a Cherenkov prototype by six telescopes of LHAASO (zenith 60°)

The knee of H&He spectrum at during period of 2020.11 ~ 2021.04

(700+230(stat.)£70(sys.)) TeV is measured
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1 Iron knee expectation by LHAASO

P h a se I I _ I 6 years expectation
“I(‘%mﬂ—-.”.”::;"if /
¢ Iron knee energy spectra observation: s /* by by
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1 Progress of all particle spectrum by LHAASO

» Energy reconstruction independent of primary CRs components

> Scintillator detector array (ED) : Electromagnetic component ( E, )
> Muon detector array (MD) : hadron componentn® —p ( N,)

5A X Vip + JA X PV = (A + (A = 1 Ney =N +2.8N, E..=b x N
J. Matthews, Astropart. Phys. 22, 387
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» Energy reconstruction independent of primary CRs components

> Cherenkov telescopes (WFCTA)
» Muon detector array (MD)
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Xmax Measurement by WFCTA R :
+ 1
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»Xmax is reconstructed by Dist wﬁ#
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<InA> Measured by Xmax of WFCTA

» Hybrid events with WFCTA and KM2A
» 50 m<R <200 m, N >20, (|X[<4"&]|Y|<4’)
» 50+ hits and N >5
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<InA> reconstructed by muon in KM2A :
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Progress of large-scale CRs anisotropy observed by LHAASO

€ Data set:
e 1/2 KM2A array: 2020/01/01-2020/11/30
 Core inside KM2A array
* Number of fired EDs>20

€ The preliminary CRs all particle anisotropy was observed by 1/2 KM2A array

€ Different component group of anisotropy analysis is in progress.
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Wei Gao et al., 37th International Cosmic Ray Conference (ICRC2021), 2021 Berlin, Germany



1 Summary

 LHAASO is built July 2021 and stably operating since then

* The absolute energy scale at 21 TeV was measured by using WCDA and propagated to
WEFCTA by using the common trigger events

— the uncertainty will be less than 10% in 4 years with more statistics
* The knee of pure proton spectrum will be measured in the first phase
— Analysis is in progress

e Since the last run, the second phase were started in last winter. The knee of the iron
spectrum is the goal

* CR Composition, all-particle spectrum and anisotropy are under analysis
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B ta4trdsenais Energy reconstruction @ ronraxs

For C-telescopes

For proton, energy response function for showers with Rp=120m~130m
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