Data analysis and software of LHAASO

S —— e - - -~
Siamsy ol . . ST e ., ”
R L RS e — P
e S X
~ - -
—— - o - ’ —— R T N - y
A o ™ v R ? B S e B s ey - s & A ¥ s - P
e O R T o Ko PG T o S e p— ~ - - - o A .
iy > S e B G 5 e . -
s 2 D e T M T

H ASO;éorﬂﬁbom‘rmﬁ

T
-— o 1 4 :'-‘J‘.' "~ =
o .
Lo |

jfbys.c’is— hma

~— ‘ 5/20/24




outline

5/20/24

LHAASO experiment

Data Analysis Status

Summary and Prospects




Large High Altitude Air Shower Observatory (LHAASO) “Hi&”
Haizi Mountain 4410 m a.s.l. Daocheng, Sichuan Province China

leted built an




LHAASO collaboration

280 Researchers 32 Institutions from 6 countries




KM2A:
5216 ED/1m? + 1188 MD/36m?
Area: 1.3 km?

UHE gamma ray astronomy

WEFCTA:
18 telescopes

CR individual spectrum...

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

VHE gamma ray astronomy

Some planed detectors
Neutron detectors

High energy IACTs




Electromagnetic Detector (ED) Muon Detector (MD

/electronics

ultrapure water
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» Area:
78,000 m2
» Detector units:
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» Energy Range:
0.1-30 TeV
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Wide Field of View Cherekov Telescope Array (WFCTA)

Mirror: 5 m2 spherical mirror

FOV: 16°x16° / telescope

Camera: 32x32 =1024 pixels /telescope
Pixel: 0.5° each
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3 22:04:48, Npix: 66, Ig(Size): 4.20
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Daily Duty Cycle [ % ]

Features: full duty cycle
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Declination [ degree ]

. . . Daily/yearly FOV
Features: wide field of view YR

Instant FOV

LHAASO FOV

(o]
o
Elevation [ degree ]

Equatorial

0 50 100 1 50 2‘00 250 300 350
Right Ascension [ degree ] LHAASO FOV

1/6 of the entire sky at any given moment.

The Earth's rotation further enables a 3/4 sky
coverage

Galactic

11
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Features: wide energy range coverage

JLISER

Crab A

Overlap: 10—50 TeV

WCDA

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

LHAASO power-law model @>10 TeV
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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
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UHE y-ray Astronomy: sources and diffuse emission

> Survey discovered 30+ new sources, 40+ PeVatrons and diffuse y-ray emission
<500 GeV Fermi-LAT __Excess Map . 1-25 TeV LHAASO-WCDA _Excess Map

102

o T

100 X X

'S a

2 101 %

€ £

-]

8 (@}

& )
1071 o 10°
o 100

2 E

0o X X

10 a 15}

2 107 ¢

c c

3 S

Q o

O @]

1071t




All-particle energy spectrum & composition by LHAASO
(from 0.3 to 30 PeV)
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Systematic
uncertainties are
sufficiently small

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



Trigger

¢ Implemented on a computing cluster:

Slice number  ;[i] Slice number  f[i+1]

| | | |

= Soft trigger. B T
¢ Basic triggers: Mergeds.]cenumbe:mm '<:E+11Merge&son

= KM2A (EDA + MDA), WCDA and WFCTA, independently: : ‘

= 3 parallel data streams: =T Tq

= for every stream, other detector hits in a time window are _ <o <t

ievent  IDy;q tiig extra info Hits of this event

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;

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




LHAASOZiEE: ~12 PB/yr

KM2 AJRIREME -

%EE’—_%‘Z 2.6 kHz Ezo Ghbps—>,

#3E8: 0.20 Gbps = 2.2 TB/day = 760 TB/yr

WFCTAEIAER E

&= 1.1 Hz/telescope * 18 = 20 Hz
#E=: 100 TB/yr (GFE: 1400 hour/yr)
WCDAIRIGETHE:
ARZR: 34 kHz - 160 kHz (FHRERESERAAZEEHRE)

HIEE (MPESIERD) : 1.1 Gbps = 12 TB/day = 4.4 PB/yr = 3.9 Gbps =
42 TB/day = 15 PB/yr

$IEE (MEFIYE/S) : 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

16



GRB/transient/GW — R
/. / — R — By
candidate follow-up @ . . ) th, )

LHAASO site in IHEP utomatic repo Final result

trigger and triggerless data

75ealerts, total 1235

Receive a GCN alert inside LHAASO
FOV

Alert rate: 2.5/week

Save (T0-0.5 h, TO + 2 h) hours of
data

(Npe, T) of 3120 detector units alerts, fotal 12
Big data size > 8 TB/alert
Touching low energy band

e
o

counts/9.6 day
N
o

2021-05 2021-09 2022-01 2022-05 2022-09 2023-01 2023-05 2023-09

5/20/24 17



Ground-based Air Shower Array Data Production Board

Air shower simulation: CORSIKA Output:
CORSIKA KMZ2A :shower secondary particles

i> WCDA : shower secondary particles
(S)igéf_llz_./r/ EPOS / WFCTA: shower secondary particles + Cherenkov light

Geant4 based detectors simulation package

Detector response
simulation i> GAKM2A

G4WCDA: two steps processing

a1 MC samples WFCTA: C++ based ray tracing
ata Y
R i i i : .
I econstruction / Analysis Chain I Physics Data production
ly i> Level 1:
, I code + algorithm developer
I Comparison MC .vs Data LeVelks

user I/O to physics result




B a8 mIFEIEANYSW

SRNVFRENFIIEEXARGE

GCC/G++/GFORTRAN BOOST MYSQL POSTGRESQL CERNLIB CLHEP CASTOR COIN3D JAS SLALIB PAL ROOT
CORSIKA GEANT4

BINUTILS CMAKE AUTOCONF AUTOMAKE READLINE ZLIB XZ SZIP LZ4 TAR OPENSSL SSH2 CURL LIBFFI
SQI‘:ITE PYTHONZ PYTHON3 OPENJPEG TIFF XMLTO IMLIB2 XML2 XMLTOMAN GIF PNG FREETYPE
AFTERIMAGE EXPAT GRAPHVIZ CPPUNIT XERCESC FFTW GSL CFITSIO XROOTD LIBATIO ODBC PYTHIA6
PYTHIA8 DAWN VRML PCREZ2 PCRE MONALISA LIBDAEMON INTLTOOL CAIRO AVAHI GL2PS VECCORE
VECGEOM HDF5 LAPACK HEPRAPP LIBPAPER 6S VIM WT ZEROMQ JSONCPP XSD SPDLOG SOCT REDIS HIREDIS
RE2 PROTOBUF LIBEVENT LIBEVENT2 GOOGLETEST

Most used python3 packages (more than 300)

—NRERAE, —IRTFTBERBRI%RIE

FSslch, slc6. centos7. ubuntu 18.04, almalinux9 (BP18) . BhzelLAMEISZiFarmZEty
FHRIMER IS c++14 (gec 7.3.0), BMSFRIgce 11.3.1 (>c++20)

Zihgeant4, roothRd

HWLHAASOI 28

2E (RERENE— 1 BRT, ARXNIERIEFHEEESTIBIA)

EBAE (FMB¥ER)

source /cvmfs/lhaaso.ihep.ac.cn/anysw/slc5_ia64_gcc73/external/envf.sh



OptParser - a New C++ Class to Parse
Configuration & Command Line Options

Setting strings:

c-string format, like

optkey = "value|unit=unitl,unit2,..|key=key1 key2,..|text=explanation to this option";
Command line:

command [ cpp options ][ parser options ] [ user options ] [ parameters ]

The option line can be in one of the forms like: "-optkey value", "--optkey=value", "-optkey+ value", "--optkey+=value",

optkey", "+optkey", "--optkey=true", "--optkey=false", where the latter few are for switches (options has bool values).

Access to option / parameter values:

With functions like optchar("optkey"), optint("optkey"), optfloat("optkey"), optlong("optkey"), optlonglong("optkey"),
optbool("optkey"), optstring(“optkey"), optvdouble("optkey",&n) for options, and optchar(ipos), optint(ipos), ... for
parameters, where ipos is the parameter position.

Support cpp in the setting file, where you can include any other files in cpp style and directory control algorithm with
"#include", and control part of the setting lines appearing / disappearing with "#ifdef”, ...

Support physical constants & units that defined by GEANT4/CLHEP;

Support saving all settings to a file, and rerun the program in the completely same conditions later with the saved
setting file (as all arguments are saved in the file too);

Can be used as a run control tool, and book-keeping the full settings of a job.



Run info
Event info

Ghits  /
e — —

GAWCDA: Hits Stream

* CorsikaZHEROFEHNIZENE
(CorsikaReader)

¢ HitiGAI2EFE (HitsReader) ;

o ISITRER. IERISHMEEERRBRER
& (OptParser) .

¢ 4 kinds of hits:
Ghit: generator hit;
Chit: cell hit;
Dhit: detector hit;
Fhit: final hit.

uleun)

¢ Hit stream:
In: a batch of hits;

5m

wy

Out: a hit.
¢ Storage & buffering:
ROOT tree

* BRTRFRER

ulepn)

wy

¢ {ACRIEERAE
* SFEHRMNRESL
¢ EEERNERRR IR,

¢ Example: version »>2.0

5m




G4AWCDA e iiﬂliliillllil

Geometry setup

applied with the full & detailed structure
of the buildings, roofs, walls, pillars, PERAEREERE L

clectronic boxes, curtains,liners an¢ \ifdsbeeanel e
PP g e e e e e e
include also ED boxes, MD cylinders HHE!#!! EHHHHHHHH!""
PMT model ) W" o
Muti-film model, shape and optical
parameters

Water absorption & scattering

No absorption & Mie scattering, only
typical/calculated Rayleigh scattering

but photon track lengths are recorded.
Particle/Photon thinning

Cherenkov lights in the production can be
thinned if plenty of lights have been
generated;

22



pipeline of data processing

B0 A BmhR YRR
Aroot 3 £
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Update history of reconstruction software @ KM2A

V3
Full array
calibration(updated)+detect
V2 or selection(updated)
% array reconstruction 2022.10-now

calibration+detector r

V1 election(updated)

Normal
% array 2021-203_ reconstruction

reconstruction (delay several days)

w

VO . .
calibration+detect Fast .
Early | . reconstruction
reconstruction or selection (delay<iday)
without 2019-2021

calibration

2018-2019




Reconstruction Data Quality Check

NED

B EFEXHIFER:

e KM2A: 2200 files/day;

e WCDA: 4500 files/day

W EENHAE

« ZHEAEMED. MDEH. 278, Bk 8. EER .
I s ... .

NMD

NuM

NpE

Welcome to LHAASO-WCDA DQM =

26
255
25
You can search by run number or the ranges of datetime. 245 g

Theta

Please choose the status: 225
ALL UNKNOWN BAD GOOD GOOD2

Phi

HGERZRIHER

Run Number - Date and times >

Run Number: Select the datetimes:

Chi

SNEBRERERE
Pinss; o4
»

Run List > Docs %

Al the runs, Onging See the details how to oo

runs, Last Week, Last use the DQM to monitor 10

Month, or Monthly the WODA data qualit 20207 20277 20277 20217 20217 20217 20217 20277
Archives. © ata quality. 12/21 01/20 02/19 03/21 04/20 05/20 06/19 07/19

* A good-file-list can be collected:;
26 «  Some detailed parameters informaiton can be checked.



Crab and Moon shadow monitoring @ WCDA

Nhi+:[100-200]

= po 83.63 + 0.002127 o
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Month

*  Npi1>100 pointing error <0.01 deg @ moon shadow



LHAASO Gamma-Ray Data Products

Releasing version
1:Code/ 2:Data/ 3:goodlist/ 4:Simulation/ 5:Skymap/

Three reconstruction data products
Recdata/ --> Standard reconstruction data
Recgdata/ - Gamma-like reconstruction data
Sampdata/ > specific sample data around the sources(crab)

Two scientific data products in root format
One skymap data in root
One simulation samples in root

One scientific analysis tool.

On Map

Off Map

Excess map

Significance map + SED




WFCTA: hybrid data collection s 1)

29

ob 33 5 %

o =SS

&

]

Y . cEEE=AT . L, AL R,
B R 5] BRI b7 R
. BIABL JR(13N34F) . BFAHTE B
AT - JHRERR
@ >
20194F: 20194 :
20194 CaliMerge_va RecLHAASO_v5
Merge_v4 20204F: 20204
2020%E: CaliMerge_v5.2.2 RecLHAASO_v5.3
Merge_v5 20214F: 20214E:
20214 CaliMerge_v5.3.2 RecLHAASO_v5.4
Merge_v6 2022ﬂ5 : RecLHAASO_v5.5
CaliMerge_v5.4 20224

© REMERIMRANEFT, ta0+TEFRN

RecLHAASO_v5.6

« EIPublicREE, MG —HIReadTEFFRIBE Ui B S

Merge Index
FASWFCTAZHHI 0 R () WCDARI
KM2AR) S 42 T34 5

4 IndexfFt"Data, FEFIEIT
B B2 6] B 4T F =AS 30




R EEAIREI

o YIEENR: HIRTHANS KOG
S SRR S R S B A S SR
BTSRRI TRANEER T, JOATRANTTE, PETRANNES

o IEHIEIEIIES
SRS A R R A

ZIMEHSINNRFIRE, FTRFITEX | | ' | |
S s LT RSITE N
Bk BF, &%, CNO, MdJAISI, Iron
TECESUE: DBEEERMENl, 10TeV-100TeV, 100TeV-1PeV, 1PeV-10PeV
EEERERL: HBIEHLT QGSJETII-04,EPOS-LHC IAMEEERIER, LAARIBFEE/ERIERT]
NHEFHRE
TRIE TR ANLIRN B =4 T PR ASHAEHR
E—PNER: RImMA: 20°~40°, 777TB, 390000037{4#%
EMER: KImMA: 35°~55°, 559TB, 15000003Z14#%

E
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Observation time: 2021.10 - 2022.4
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Energy reconstruction
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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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|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




Particle Identification @ WFCTA
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Summary and Prospects
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