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outline

¢ LHAASO and its
detector

LHAASO science
Detector calibration
¢ Data production
Data reconstruction
Data quality check
MC data production

o Scientific data analysis |

Gamma ray astronomy
related

Cosmic Ray related

LHAASO “H:&” , Haizi Mountain 4410 m
a.s.l. Daocheng, Sichuan Province, China

Location: 29°21' 27.6" N, 100°08'19.6" E
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The Energy Spectrum for Cosmic Ray
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Ground-based air shower detection

Neve = '(:LM.)( X AreA x TLme

/ 1

> 100 low, given ~1 m> -
for <10% by nature for space exp. for a Phe>

stat. ervor

High sensitivity: ~2% Crab
@3TeV@100TeV

Wide energy range: sub-TeV to 10 PeV
Large FOV:~1.8 sr

Detect air shower secondary particles:
Gammas, electrons/positrons, muons,
photons, hadrons, ...

Measure the numbers / ( or energy eqv.),
arrival time, as well as lateral /
longitudinal distribution.

Reconstruct the direction, energy, type of
the primary particle.
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CATCHING RAYS

China's new observatory will ~25,000 m —
intercept ultra-high-energy y-ray :

particles and cosmic rays.

12 wide-field-of-view
air Cherenkov

telescopes 80,000-m?2 surface-
5,195 scintillator water Cherenkov 1,171 underground
detectors detector water Cherenkov tanks
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KMZ2A:
5216 ED/1m?2 + 1188 MD/36m?
Area: 1.3 km?

3 pools, 3120 cells/25m2
area: 78,000 m?2

UHE gamma ray astronomy VHE gamma ray astronomy

WEFCTA:
18 telescopes

Planed neutron
detectors + IACT

CR individual spectrum...




Electromagnetic Detector (ED)

Muon Detector (MD)

/electronics
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1-30 TeV
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South<-->North (deg)
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Wide Field of View Cherekov Telescope Array (WFCTA)

Time: 2021-07-23 22:04:48, Npix: 66, lg(Size): 4.20

Centroid: (Zen:47.61 °,Azi:195.26 °), Length&Width: (2.13 °,0.42°)
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Time: 2021-07-23 22:04:48, Npix: 66, lg(Size): 4.20

Centroid: (Zen:47.61 °,Azi:195.26 °), Length&Width: (2.13 °,0.42°)
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Mirror: 5 m2? spherical mirror
FOV: 16°x16° / telescope

Camera: 32x32 =1024 pixels
/telescope

Pixel: 0.5° each
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Duty cycle

Daily Duty Cycle [ %]
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Features: full duty cycle

M1 0T ND

Overall Duty Cycle = 97.59%
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Features: wide field of view
Daily/yearly FOV

LHAASO FOV

Declination [ degree ]
3
Elevation [ degree ]

Equatorial

_20 ................ ................... .............. TN o ‘ ............... ................... , 30 LHAA_SO FOV

0 50 100 150 200 250 300 350
Right Ascension [ degree ]

Instant FOV

1/6 of the entire sky at any given moment.
The Earth's rotation further enables a 3/4 sky coverage

Galactic
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Features: wide energy range coverage
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The lowest can reach < ~100 GeV?

« Covering 3.5 ~ 4 decdades of energy (200 GeV - 2 PeV)

— Consistent with others < 100 TeV

— Self cross-check between WCDA and KM2A; KM2A and WFCTA



LHAASO Trigger

implemented on a computing cluster:

Slice number tml[i] Slice nlumber tm[i1+1]
. |
m Soft trlgger. m St N1 hits
L
. . . Y
BaS|C trlggerS. Merged slice number {——=m Merge & sort
= KM2A (EDA + MDA), WCDA and WFCTA, independently; l i wi
= 400 ns + 20 ED -> km2a
tali] - Twin tyig
| 250 ns + 30 DU -> WCDA ttrig'Tw{riY_t;rig"'TwinZ
if t[i] < tyig < Luli+1]
u 3 para”el data Streams; S; ievent  IDy;q tiig extra info Hits of this event

= for every stream, other detector hits in a time window are collected and
stored.

Special triggers:

= Calibration;

= For some special physics goals.
Triggerless data:

= Compact single counting signals (with precision lost) are cached;

= Stored for up to 2 weeks; fﬂﬂh

M=17: M=3:

= For follow-up observations at very low energy threshold, on GRBs,
Blazers, FRBs, neutrino counterparts, GW counterparts, etc. Trigger logic of WCDA



LHAASO data volume: ~12 PB/yr

KM2 AJRSREE :

AR 2.6 kHz [ oy
¥UEE: 0.20 Gbps = 2.2 TB/day = 760 TB/yr El.mbps-
WFCTARIGENR

&= 1.1 Hz/telescope * 18 = 20 Hz
FURE: 100 TB/yr (GEE: 1400 hour/yr)
WCDAIRIGETHE:
fARE: 34 kHz & 160 kHz (fHRREEHERAZEESE)

¥IEE (RFEIYiEAT) : 1.1 Gbps = 12 TB/day = 4.4 PB/yr = 3.9 Gbps =
42 TB/day = 15 PB/yr

HiEE (RETIERE) : 0.42 Gbps = 4.5 TB/day = 1.6 PB/yr = 1.2 Gbps
= 12 TB/day = 4.3 PB/yr

GRB#WE (~3 triggers/week, LAT GCNonly) : 8.7 TB/burst = 1.3
PB/yr = 30 TB/burst = 4.6 PB/yr

14
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Pipeline of data production
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Calibration @ WCDA
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R EE:
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EXRAAXU LR, ELsLHEEEGNE, BEIRES
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Charge calibration: SPE + AD ratio

| Anode Charge { scogd = 01427} |

SPE: 24.42+0.10
Sigma: 11.31x0.31

10 20 30 40 50 60 70 80

ADC count

[ Dynode / Anode Ratio | | Peak Position of Anode Charge |
(h ] | s

Peak Position [ ADC count ]

Peak Position [ ADC count ]

DA1+2 | 20200816 001717

| Peak Position of Anode Charge |

[ Anode / Dynode |

WCDAU | 20200815 005736
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Time calibration @ WCDA

LED i4

-
e

e v R

i AR E A2 (Big PMT only) e
Uipsrsrs
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USRI ANV L L SRR
Send calbration request o | S— S OOMDYe! 12 ] 18 0 %~ R NO%e{ 1218
DAQ server [25min] B \ ‘ r\ ’
1 ;«Q N
LED trigger system works u n : A w‘ i LEE'B LEB;’B

Infiber Crfiber
(10 min) (10min)

LED_Q_mep_ 2021072117 LED_T_mep_ 2021072117

o \&T correction
LED trigger system stops h i ) e

Raw data decode

Data process & Get the Cross calculation
- T, T 0.ch0 = (TIN 'TINcUhx)'(TCRciichx'TCRcﬂichO)

ci.chi ~ ¢

ci_chi

2021 45 FELHAASO 2 134

Relative Time offset [ns]

_4:_ o Pool2
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K L 1 1 L I
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Shower
reconstruction

- Shower geometry reconstruction
direction + shower core
Npe, Np, Ti @ each detector
unit

- Shower energy reconstruction

Lateral or longitudinal
distribution of Shower

- Primary particle identification

Mass sensitive parameters -
Nmuon

8/21/24

'0211114/160856/0.291121217: nTrig=-1, 6=11.60+0.01°, 0=139.31:0.06°
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Classic way to reconstruct the direction

o EHTRIREENAESIAS,

¢ Fiffired PMT BIR
A(x;, yir t)

* **ﬂ%ﬁ('—: MI TO)
L=sinOcosy,
M=sin0sinQ,

Hit Time Relative to Shower Plane (ns)

Direction reconstruction: Ei&EILS

PIGHG f'TTlng: XZ=2w,(c°(t,_TE))_xl°L_y,°M)2

Conical correction: x> =D wic t,-T)—x,-L—y,- M —c-(aR))’

l0g10(Q. /)



Classic way to reconstruct the core position

ry,M ¢ Center of Gravity(COG)

Z,\zl (i, yi) ni
Z;\zl n;
¢ Tree length algarithm

(X, Y,) =

ACore gamma@10GeV-100TeV

F P i Primary Gamma Energy [log10(GeV)]
18LC e (Centre 1 15 2 25 3 3.5 4 45
= o DTree R i i e e i  ERE B 5 B i o e
16 == X Tree
o A MTree
— 4074.7
14_ — A o
L O
12* ~A—+0+-0— °
—_ — |
E r DR T { | @
10 X = e
5 °F Sy i o 2 L
= - A o8 g - »° @
w g o 8 o u °
- —*— )
6: N e [ ] - e
- & A - = i
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ofF
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Fit
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Shower Core reconstruction

LDF -p- ALong8 =(4.7-5.0) - ©

=(0-15)°

zen

p(r) (particl./m?
2

T T IJTTTTIT

------ KASCADE-like func. - eq. (2) -
e Linsley-like func. - eq. (3) -

Scaling form. func. - eq. (4) -
NKG-like func. -eq.(5)-

Il llllllll

10°F E
............. ~
0= = el =
1 | R LA E R | | =
0 2 4 6 8 10 12
r(m)
E B
= 14 H H
g LLF2 |
w -
12
C ==
10
C ==
8
C ==
r e
6 =
C »
4
2: = T ] o
- Lok
oC
100 1000
NHIT

*

COG is initial seed;

NKG function is analytical function, in principle it is
closely related with direction.(x., y., ©, ¢)

0 =NCe)()  (1+ i)s_ﬂ

To

different experiments use different NKG-like or
nkg-modified functions;

AGASA
pa(r) = I:—gc(%)—“(l +%)-(ﬁ-a) [1+ (ﬁ)z]—s
AGRO-YBJ BigPad data

r\5-2 r\5-45
p0=4(g) (1+3)

Likelihood algorithm Ns

LF2 =] pk(mu)
k=1



Classic way to reconstruct the shower @ global fitting

Lateral distribution( global fitting)

* To fit (xc, yc, theta, phi, Ne, rm, s)

r
p(r)=Ne.A(r%)S'2(1 +

r
__\s—45
rm)

T T T T [ T T T T T T T T T T T T T T ] =
N = ¢ A e ]
= - A = ‘.* (a] 0
= 5 N w e 0°< 0 <18 A
— \ = Sy Ar*
— 100 B g= ¢ = N =

S S 3
Bﬁ =2 = = T . ""“‘ ]
.r— B ® "‘-'-.‘. o - “'&_‘. w4 A

L o o> E - _
2 10 == = = B A 8 ﬁ"'v’-‘-.‘., """a-ﬂ. =

— ! ' P > by o -
=] C X ’.Be "= R Oy T kx|
— — - ‘.. E’E '.-. ‘-“‘ VI Lo ““-“—- . I
= _._h - o ... Tea i o """"‘i‘:‘r::t:]:3
$ — -— - o .
) 1 = - "-. EEB ..-. T ee g, e > > =
5 - S T T fea, tmeal T TTeeel o
_— B = * e B.g e TTees ]

B e - B8g . i —
= lg N.: ey Tea EEEEE i . =
© 0.1 g '©'fe: - i S Begg il SN
= = ©3943 © 5559 “=- . Sfeag =
o C . A2 CFoe e e o SV Seem __mg
3 F 4347 25963 . coae, "o

B 1 - " _
m 001 D 4-7‘\).1 6.3_6-7 ‘-‘..—"‘—'-.__' ‘t,‘ll

OlE w5155 46771 e P
C_ 1 | I | | I I I [ 1 I I I [ 1 | I I [ 1

o
o
o

Distance to shower core | m |



Normalized entries
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68 [ deg. ]
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Angular resolution Oe (degree)

Shower reconstruction resolution
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1 10
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——e— Data: Background before cut (scaled)
——o— Data: Background after cut (scaled)
....... Simulation: Gamma-ray power-law

Simulation: Gamma-ray log-parabola

Full KM2A array: Crab A6 <1°
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Ground-based Air Shower Array

CORSIKA / AIRES

QGSJET / EPOS /
SIBYLL/.......

Detector response

=

simulation
Data K MC sJampIes
I Reconstruction / Analysis Chain

4

I Comparison MC .vs Data I

Data production Board

Air shower simulation: CORSIKA
Output:

KMZ2A :shower secondary particles
WCDA : shower secondary particles

WFCTA: shower secondary particles
Cherenkov light

Geant4 based detectors simulation
package

GAKM2A:

G4WCDA: two steps processing
WFCTA: c++ based ray tracing

Physics Data production

Level 1
code + algorithm developer

Level 2:
user I/O to physics result




LHAASO MC simulation

1SEMMS
TEFEITAIREL: CORSTKA/COSMOS/ATRES
S TN
M. BRFEIERZHEEL6FITER
Multiple samples: Crab orbit and isotropic samples.
ZiEtE E{FRREERES
QGSJET, EPOS-LHC, SIBYLL, GHEISHA, FLUKA
REESOEIRET (10 GeV - 10 PeV)
IRINESRIA (GEANT4 JoEht)
THERIIEFEER, REEREKXR. BEUEE
WCDASCRG KTZ51082%¢, HFE %éKMZA (BJFEEDFOMD) IRNZFEHARIE
RN FEE TAAMRENSE (ZTR7KRA. BEfREXERRY20-—cin PUTSE)
IO @ ED, MD detector unit




LHAASO MC status
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Entries

MC/DATA

LHAASO MC status
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e Reconstruction: Mk/ + test/test.sh
e Simulation: gdwcda/8.02run + testl.sh && test2.sh

WCDA Data e
P d 1, o e Readme.wcda = details about root elements
r‘o u C ' O n e Recdata/ - Standard reconstruction data 450 G/day

e Recgdata/ = Gamma-like reconstruction data 1.6 G/day
e Sampdata/ = specific sample data around the sources(crab) 100 G/day

e Txt format: yyyy/mmdd.dat = 2023/0101.dat

* One skymap data in root format @ skymap

* One simulation samples in root format @ simulation/
e MC1 is for 20210305-20220930
e MC2 is for 20210305 — 20240131




Data Quality

Monitoring

Done by monitoring some parameters related
with the daily stability of detector running
and reconstruction;

Tlivel Nhit, 0, P, Xeo Ye, )(2 @ Nq051'30>150
Over 5 sigma file is marked as bad file;

On average around 3% file is marked as bad
file.
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Moon shadow monitoring @ N,;;>100
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all particle energy spectrum and composition by LHAASO

4.5+
= | o—— —— LHAASO(QGSJETEO0M)... ... oo cececcecceccncaceccacacaaannes
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A complex variable N, is constructed with weak dependent on primary CR mass

Energy reconstruction with N,
better resolution, less bias between components + R: 12% + B: <5% @ 1PeV
> Systematic uncertainties are sufficiently small

The all-particle energy spectrum knee is dominant by the knee of light components, instead of the medium-
heavy components
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ML or AT @ LHAASO

MJD : 59855.54, Ne : 28203.5, Nu : 67.8 NFiltE : 624, NhitM: 163, 6:22.7°, ¢ :73.6°
L =ED - =ED
L oMD 5001— °MD PR 1100

20221009/132204/0.886943440: 6=29.01+0.13°, 9=163.20+0.26°
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Deep learning @ shower reconstruction (geometry + particle identification



Summary and Prospect

LHAASO [Rin&iREdirE R AT AN L EEEaMIES;
LHAAS ORISR RS R R SRS RN RBREN— N EERIE;

LHAASOISHEE20F ISR AMERIRAR, £56. SESMNUERBAFIEXENSEEXREY
BHF I F L

EEEEX (1 TeV - 30 TeV) REERMAIMSKKIRNES;
tEmEeX (30 TeV - 1PeV) REBERIFAUMSRIGRNIES;
REXEERSEE (10 TeV - 1 EeV) RRAHIFHEIRNIES,
LHAASOZESHTAYIEML, BFfIARELHAASOEMIRIEETIES.
SE 3k
LHAASO collaboration, Chinese Physics C Vol.45, (2021) 025002;
LHAASO Collaboration, Chinese Physics C Vol.45, (2021) 085002;
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Data and Simulation are divided into periods
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Timeline of LHAASO

Valentine event @
WCDA-1 20190214

I 20190214/173639/0.180367688: nTrig=0, 6=34.43+0.02°, $=93.67+0.03° I

1/2 LHAASO Layout: 2365 EDs + 578 MDs
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Energies of the commonly triggered events
derived by WFCTA and by the formula of the
absolute energy scale

N,.:6,000-10,000 N,.:10,000-15,000 N,.:15,000-20,000
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Supper Stable & Fruitful Operation

(%) [99.6% overall]

daily duty cycle

DAQ time: 8725 hr (99.6% duty cycle)
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Date

|Reconstruction and Analysis
¢ Data procession

« # of events: 1.e12 LE, 1.5e11 HE, 70 million hybrid
¢ Amount: 11 PB

e Simulation
* # of events: 1 billion LE\ 0.7 billion HE, 150 million hybrid
e Amount: 4 PB
« # of jobs: 10M for data, 50M for simulation




Wide Field of View Cherekov Telescope Array
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Extension to sub-EeV@ spec

Central tower:
16 mirrows.in 4 x 4 floors

Re-Configuration €le (30,59.0) a2(58.0, 122.0)

to fluorescence
telescope tower array

150!

Aperture (km"2 st)

180 185

Side tower:
4 mirrors in 2 x 2 floérs
Ele(3.0, 28.0) az (161., 198)

4 mirrors ir; 2 x 2 floors
Ele(3.0, 28.0) az (-18.5, 18.5)



