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“*Introduction to HEP Experiments and Software System
“+*BESIII Offline Software System (BOSS)

“*JUNO Oftline Software System (JUNOSW)

“*STCF Oftline Software System (OSCAR)

“*CEPC Offline Software System (CEPCSW)

¢ Introduction to Particle Physics of SDU

“*Summary



The Standard Model (SM)

< Fundamental Particles
e Three generations of quarks

e Three generations of leptons

“*Fundamental Interactions
e Electromagnetic Interaction
e Weak Interaction

e Strong Interaction

|:> Electroweak Theory (EM)

|:> Quantum Chromodynamics (QCD)



SM: Verified by Experimental measurements

< Electroweak Theory (EM)

e Predicted the W and Z Mass of W boson ~ 80.387 + 0.019 80.390 + 0.018

. . Mass of Z boson 91.1876 + 0.0021 91.1874 + 0.0021
e Predicted the Higgs
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Super Tau-Charm Facility (STCF)

Linear aceﬂfator Damp ring ~ Storagering
il - 800 m

e E_,=2-7GeV, L=0.5x1035cm2s? . ==

* Goal: QCD tests, hadron spectroscopy, T o
precise tests of EM, and searches for new ;

physics beyond the SM ...




Circular Electron Positron Collider (CEPC)

Design & Implementation 10°¢
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Research works at HEP Experiments
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~6m

HEP Experiments: PB -> EB eta

7
Inner Tracker

~7Tm

Experiments Running Time Data/Year (PB)| Total Data (PB)

DayaBay 2011-2020 0.2 2
BESIII 2008-2028 0.5 10
LHAASO 2019-2030 1.2 12
JUNO 2022-2030 2.0 20

b - ATLASPrelminary |+ 7]

WATLAS - pjxLes-Bains HL-LHC Workshop, - J00F Disk resource needs - ¥ 1

C— aopp B CMS Mikolaj Krzewicki - = 2017 Computing model E |
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00— Flat budget model i
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Offline Data Processing and Software

Detector Description

Detector Front End

Build Events
Align+Calibrate

Events

Detector
simulation

Alignment+Calibration
Constants

Simulated
Raw data

L2/L3 Triggers Raw data

[real or simulated]
Trigger data (Reco. objects)
w Raw data

generators

Data Store

Analysis objects
MC Truth

(Reco. objects)
(Raw data)

Reco. objects

Make selections

Design selections

Selection Criteria Physics Results

D)

Private
Analysis
objects

Reco.
objects
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Evolution of Libraries for HEP

1y L 41 /
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chep2012: René Brun: Software Evolution in HEP
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qm 1970 1980 1990 2000 2010 2020 2030 2040
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Offline Software in 1980s

10 KLOC

100 KLOC

500 KLOC

1000 KLOC

Based on chep2012: René Brun: Software Evolution in HEP
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Offline Software in 2010s *
0.1 MLOC

4 MLOC

Frameworks

20 MLOC

chep2012: René Brun: Software Evolution in HEP




Offline Software in 2020s

0.001 MLOC

5+ MLOC

Frameworks

20 MLOC

Based on chep2012: René Brun: Software Evolution
in HEP




Offline Software Organization

“* Applications using framework components
(Algorithms, Services, etc)

** Framework: Provides basic services, common
interfaces, data exchange and persistency
mechanisms, interactivity

¢ Basic libraries (STL, ROOT, GSL, CLHEP,
AIDA, Python etc)

Simulation
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Main Frameworks

% FairRoot (Germany)
% BASF2 (Janpan )
% Art (U.S.)
% Gaudi /GaudiHive *( Cern)
e BOSS (China)
e NUWA (China)
e CEPCSW ( China) *
% SNiPER (China)
e [LodeStar (China)
e OSCAR (China)
e JUNOSW (China)
e HERDOS (China)
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M M Al-Turany et al 2012 J. Phys.: Conf. Ser. 396 022001
FairRoot / /

+» Developed in 2003 by GSI-IT fully
based on ROOT for CBM, now
used by CBM, PANDA, R3B, ASYEOS

FairRoot
¢ Use plug-in mechanism from Root
to load libraries

IO Manager
MC
Application
Runtime DB
DB Interface
Magnetic
Field
Module
Detector
Event
Generator

+** Use a dynamic event structure
based on Root TFolder and Ttree

Run Manager
Event Display

+» Task , TGeoManager, TEve,
TSQLServer are used for
management and services

(9
S I I L 3
o 2 S v
S E 2 g E & 5

+** Root macros for the configuration
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https://software.belle2.org/development/sphinx/index.html

BASF2

< Developed for Belle Il for both online and offline

< Data are managed by ROOT and shared with DataStore
< ROOT IO for (de)serialisation of Objects

< Path is a linear arrangement of modules

< Multipaths (processes) are controlled with conditions
< Python for configuration

prprbasft2

kKbasft2

Mod Mod Mod Mod Mod Mod Mod
.:_L_I__I__L.L_l_:.
DataStore

Mod Mod Mod Mod Mod Mod Mod
.:.I_.I_.I__I_.I_.L:l
DataStore

-== More instances of kbasf2 ...
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Art

» Grew from CMSSW and
used by g-2, Mu2e, NovA
and LArSoft

**» Modules include inputs,
producers, filters, analyzers
and outputs

+* 1/0 and work schedule are
handle by a state machine

** Products are managed
with DataStore and shared
between modules

. PATH2
PATHI File Inut Source
Filter Module AT Filter Module A2

Filter Module B2
' ' Geome!

Filter Module B1

Reco Module X

Current Reco Module Y’
Event

Store Reco Module T Reco Module S

Analysis Module U

Analysis Module V

Data Model File Ouut Stream A

Modules and Workflow Services

1§ i

Configuration

Ouut Stream B
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GAUDI

+» Developed by LHCb in 1999

e A general data processing framework

e Provide common and basic services and tools

+* Used by ATLAS, Fermi, BESIII, Daya Bay,
MINERVA,LBNE

+» Advantages

Data Store-centered architectural style
Clear separation between data and algorithms

Clear separation between persistent data and
transient data

Encapsulated user code
Dynamic loading libraries
Well defined generic interfaces

LHCb

m) ! GAUDI

LHCb Data Processing Applications Framework

Message
Service

JobOptions
Service

Application
Manager

4

1 Event Data
Service

Algorithm

Particle Prop.
Service

Other
Services

\l Detec. Data

Service

Histogram
Service

| Detector

| | Transient

J Event
= 1) And

Converter u

- APatCanddales
= Mc
) MCPaticles
] MCTrackerHits
] MCVertices
) Raw

Transient

Event Store
)
Transient

Store
—

S

Il\

Persistency

Service

|| Persistency

Service

Histogram

Store

|| Persistency

Service

—_
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Files
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Files
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https://gaudi-framework.readthedocs.io/en/latest/

BOSS: BESIII Offline Software Syst

¢+ BESIII Framework
“* BESF based on Belle/BASF, LHCb/Gaudi ,BaBar/ProxyDict

% BOSS based on Gaudi in 2003 e
—EJcen
—Bime
e Event Data Model — o
A EjEmeDigicol BOOST
(] Flle I/ O E'rofni:i'cm ’
3 Mmucpigicol
. pst
® Services e Resltt fow
e Algorithms for Sim., Calib., Rec. and Gapecaios Aogarnt e fow -
Analysis ’ Rawbata [ —]
DataT2, T3 CnvSve RawData
= .
Data T2 :g: ©
¢ China Ist Framework designed with o RootRec REC Data
OO and C++ for the whole offline | e~ —
. . Data T3, T4 _—5.@' ®
data processing and analysis owars_| B RootDst bsT
— CnvSvc

Tpm Data
o — had

REC & DST Data



NuWa: Daya Bay Software System

+* Developed based on Gaudi in 2006

e New challenge :Correlation Analysis

V. +p—et +n

Gd-loaded

o Event Data Model Liquid Scintillator

. 30 us Z‘i’":
e Archive Event Store M - gz el

e Event objects relationship in diff. stages - ?_'Q:'
S T

N N . = H M e
e Lightweight Analysis Framework oy L 24 NuWa: Neutrino
X =1.022 MeV
200 ps at Daya Wan
reconstructed neutron (delayed) capture energy spectrum

Saso = Entries. 7sese | e e ., Past f : :

E_ | Froan 7 AES Positron Extending Gaudi Transient Event
Sa0E" Didetions O : Store (TES) to Archive Event Store
3 Gl ey = Cont ] _: (AES) for prompt-delayed analysis

S - E f ontroj : Radiation § a
2001 H H Data object trees Tree : 1 * Keeps data objects in memory
1sof : 5 across execution cycles.
100 f : : ] * Allows users to look for
sof-— n-p = J n-Gd : ' correlated events in past.
E 3 H
o - % 3 —& 5 = 1 e Y A I B BT e e PP PP * Configurable based on TES
Recon. Energy (MeV) TES Current Now location.
Reconstructed Positron Energy Spectrum 4 _
o MeyH" 8 MeviBEz : 00 o oof8am
- : : 1 [ ce0 Joo © O 0| |3 _vent butter
1sof— = H
S l # : 2 coce oo O 00
100} E “‘* E
sol 5 ".m\' H *‘ A Lightweight Analysis Framework (LAF) with high
ST E i
E i i i oy oo ; ) 1/0 performance and flexible event buffer
H 3 a 3 = iz TFile —c
Recon. Energy(MeV)




BESIII Offline Software System

23



Beljlng EIectron P05|tron Colllder 1 (BEPCII)




Physics at t - charm Energy Region

= Rich of resonances: charmonia, charmed mesons, charmed baryons

= Threshold characteristics (pairs of 7, D, D, ...) -- low BG at threshold, high X-
section -- indirect probe of NP

Transition between pQCD and non-pQCD

= Energy location of the new forms of hadrons
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BESIII Data Samples

Data sets collected so far include
> 10 x 10° J/{ events
> 2.7 X 10° Y(2S) events
» 17 bt y(3770)
» Scan data between
2.0 and 3.08 GeV,
and above 3.74 GeV
> Large datasets for XYZ studies:
scan with >500 pb-1 per energy point
space 10 —20 MeV apart

R

10

10

()

l

P . ’ 2.175: 108 pb~*

- >k k&

data below open-charm threshold
2.23~3.67 GeV: 14 points ~110 pb~?!

2.00~3.08 GeV: 21 points ~550 pb~!

‘ Low energies can be accessed via ISR technique

0.5 1 1.5 2 25
T
T/ P (2S) ap,,| 4.23+4.26:1.0
108 : o Ll
[ w108 ] [_v@s:27x10 ¥(4040): 0.5 fb~"
Dow 11 1 4.36
- wran VO bt 26 4.42
¥(3770): 20 b f‘/ a7 @‘ gL 05 fb 1.0 fo-1
| | 1 ' a18:~3mt b,
‘ ‘ i T T & 4.60-4.95
\ [ T T ~6.3 fb~! in total

R scan data above open-charm threshold
3.85~4.59 GeV: 104 points, ~800 pb~1

4.5
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BESIII Physics
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BESIII publications
(May 9, 2023)

mPRL m Other m Nature/Nature Physics Submitted

Total publications: 500

72
62
61 59
PRL: 91
Nature: 1
Nature Physics: 2 “
38 38
36
34
26 73
18 19

11
3 I
)

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Mass (GeV/c?)

http:/fenglish.ihep.cas.cn/bes/re/pu/NewParticles/

Y(4790)
i Y(4710)®
0y Y(4390) Y(4500) @
o X Z,(4020)* Z,(4020)" o
[0 (D) : : Y(4230) ‘e @Z..(3985)
o . (309 - . oZ,(3900) Z,(3985) @Z:(3985)
qqq i v,(3823)
A qfy
- 30 new hadrons at BESIII
N*(2570) .;(((Zzigg))
XBT0)  \osn) )
EX(2120) K200 o X226 o(2250) K(2356)
9X(1870) 9k (1840) 0 (1855)A X(2085
' a,(1817)"
2012 2014 2016 2018 2020 2022

May 31, 2023: Celebration Ceremony of the 500 Publications of BESIII Collaboration
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BESI Il Detector Super-Conducting Magnet Muon Counter (MUC)

1.0 T (2009)
0.9 T(2012)

Main Drift Chamber (MDC’

op/P = 0.5% (1 GeV)
Ogg/dx = 6%

Time of Flight (TOF)
ot: 90 ps (barrel)
60 ps (endcap)

Electromagnetic
Calorimeter (EMC)
CsI (T])

or/VE= 2.5% (1 GeV)
0o = 0.5-0.7 cm/VE

RPC: nine layers||||
SC solenoid -

L.
End cap TOF —1

SC quadrupole —,

8 - 9 layers RPC
Ore = 1.4 cm ~ 1.7 cm

f RPC: eight layers

\

cosf=0.83

Positron —>

EmMC

MDC

cos=0.90

cos=0.93

km:% <«—Electron |




BESIERNIZS

SHEBE:

=tan

MDC MDC EMC
EXps. Spatial dE/dx Energy
resolution resolution resolution
CLEOc 110 um 5% 2.2-2.4%
Babar 125 pm 7% 2.67 %
Belle 130 pm 5.6% 22 %
<5% o
BESIII 115 pum (Bhabha) 2.4%

ExDS TOF
ps. Time resolution
CDFII 100 ps
Belle 90 ps
68 ps (BTOF)
BESIII 60 ps (ETOF)
MUC:
Efficiency ~ 96%
BG level:

< 0.04 Hz/cm?(B-MUC),
<0.1 Hz/cm?(E-MUC)
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BESIII Offline Data Processing and Analysis

WA T
PRI A5 AU
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Offline Software for BESI,BESII,BESIII

From Huaimin Liu

MARKIII ... BESI BESII  BESIII
MOAN ... DRUNK DRUNK BOSS
GASP ... SOBER SIMBES BOOST

EGS . EGS GEANT3 GEANT4
F(M)ORTRAN FORTRAN FORTRAN C++
1980s 1980s 1990s 2000s



BOSS

+¢* BESIII Framework

+* BESF based on Belle/BASF, LHCb/Gaudi ,BaBar/ProxyDict

+¢* BOSS based on Gaudi in 2003 ot o
_gcen
e Event Data Model e
MdcDigiCol
e File /O s
3 Mmucpigicol
e Services e
3 Anal Wﬂw
e Algorithms for Sim., Calib., Rec. and Generator gt o _ -
AnaIYSiS 1 ; RawData ©

Data T2, T3 CnvSve RawData

% China 1st Framework designed with "
OO and C++ for the whole offline data v i
processing and analysis RAW Data | [ Sdated |

Data T2

oy RootRec
— Dot CnvSvc REC Data

Data T3, T4
—_— 0 1 e

Data T5

I(I

RootDst DST
= CnvSve Data

Reconstruction

—
|4,
[ 3

REC & DST Data



Detector Simulation

<+ very useful and essential procedure for HEP
Experiment

e designing an experiment
e analyzing the data

/

*» key components

e Physics Generators

e Detector Description

e Physics processes

e Detector response —> Hits -> Digis

a point where a physics | Stop: zero ener ——— —
process occurred stop 7 ° o S N
/ \ __~ : OUFTRLES ! o sy
I |
> T : !
start point S . . S . ..
R & g - N
geometry boundary geometry boundary 7 ) PR A N i ti 5 B b [/ Raw data

{)
3 2 MC trutt
\\\(Evcm) o ‘o (Hit) 7 N ruth /g



Event Reconstruction
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EIZE(MDC)ERE

o MR FEMDC i 4f o H AT 42 08 F-FR A4 7E
WG, 1HE R s ST ) 2
YHEEE .

o SV BARULES L. LR AR R
HoughZF #y5:

< BRI /D ARk, KalmanjE ik

Ooe o ooe oOe o oeo :
O @ O @ O @ O @

O @ @ O

O @ @ O O @ @ O
e OO @O0 eO0Oo0

@ O @ O @ O @ O

O O o @

O @ @ O O @ @ O

AR SIS 23 F(um) | dE/dx2> 3
CLEOII (EH) 110 5.0%
Babar (3£H) 125 7%
Belle (HZ) 130 5.6%

BESIII 135 5.0%
(x-x) + (5-y.) = £
x+y:=r’




im5=(MDC)EE

n* Trk. Efficiency
o
w
£n

0.9

Pion

!!gngggﬂﬂg
|

—- 2000 data
—a— 2012 data
—— 2018 data
—— 2019 data

05 1
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0.8

0.6

04

Kaon

lll.ll

— 2019 data
3 — 2018 data

—2012 data
r — 2009 data

TR T
P, (K) (GeVic)

& TR Bl BT H AR I B AR 3 100%
BB E (<200MeV) 4232 i) B HCRIEH 171 =
o RIERT B2 S AR B U ik R i — D iR Al B R —

Tracking Efficiency

0.95F

o o
Sy 2 @ 2
N o oo o
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oD O
[T

Proton

] g N EREEE
= | =
_= W 09data 3
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3 B 18data 3
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Track of Pt=51.8 MeV/c [j=

Tracking algorithm based on ML (1)
¢ With the upgrade of BEPCII, higher Background and noise will bring big N
challenges

% Also an optimizations is needed to further increase the tracking efficiency and
performance for special events

e [ow transverse momentum, large dip angle, 2nd vertex ...

< Lots of efforts on novel technologies e.g. GNN, DBSCAN..., to explore new 4 o :
tracking algorithms P - \\ /
% A Graph model is build with Multi-Layer Perceptions (MLPs) G=(N B /

e Edge network computes weights for edges using the features of the start and end nodes

e Node network computes new node features using the edge weight aggregated features s of the connected
nodes and the nodes’ current features

o - -

I
: :
' :
A fully | !
connected | |
—_—> 2-layer —> | edge —> | node :—) edge —> | node oo o edge —_ .
network | network network | ) | network network network
| |

CHEP2023: Xiaogian Jia et al : BESIII track reconstruction algorithm based on machine learning 38



Tracking algorithm based on ML (2)

A hit pattern map representing the connectivity  node features: Build Pattern Map
between drift cells with large MC samples Tidie
produced with BESIII offline software (BOSS) r

e Two million single for 5 ty}g)es of charged Peven X

sense wire

particles (e*, K=, pu*, p*, @ Noise filtering Track clustering
e 0.05GeV/ic<P<3GeV/c
An edge-classifying Graph Neural trained to : X 3
distinguish the hit-on-track from noise hits. ':. N N
A clustering method based on DBSCAN is S W’ Dg‘/“ ’
developed to cluster hits from multiple tracks.
A track fitting algorithm based on GENFIT2 is ;
) MDC hits Construct the .

developed to obtain the track parameters, where ity - graphbased Clasifythe Cluster the
DAF are implemented to deal with ambiguities charged | & onthe | & 3’;”“9‘1395 s?';“ed s | |
and potential noises. particles Pattern Map VG Wi DISCAN

Track fitting

Fitting with
GenFit2

chep2023: Xiaogian Jia et al : BESIII track reconstruction algorithm based on machine learning
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Tracking algorithm based on ML (3)

¢ The preliminary results presents promising performance

efficiency

e JJ¥—p’n® > yyrn'a from MC simulation

Track reconstruction efficiency (pi+pi-)

1.2
® This Work
$® BESII
101 P I AL L L B I
0.8 8
¢
0.6 +
0.4
0.2 A
0.0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

pt(GeV/c)

chep2023: Xiaogian Jia et al : BESIII track reconstruction algorithm based on machine learning

Momentum resolution(rm*m™)

PATTSF+HOUGH

0.2

0.4 0.6 0.8 1.0
Pt(GeV/c)
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CITHIElTEER(TOF) EiE

o THERL I AT R SRV B &, AT R 1 5091
o TOFIM & 14717 FEL L 5 4] JER 2 P TRk o i 52
o TRA% = H AR By AR 1 30 & DA AL

RIANER RIS E, WTHESEER

DYrE eyl IR

Charged

TOF partice C

PMT

/
T, Time of flight A-B /
T, Time of B-C
T, Time of C-D Ab
T.: delay time at electronic

T., = TDC -T,,

TeV :Ttof +Tpro +T

pmt

/B

+ Telc

D

Experiments

TOF Time resolution

CDFII 100 ps
Belle 90 ps

68 ps (BTOF)
BESIII 60 ps (ETOF)
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New Muon/Pion PID algorithm based on the BDT

«» BDT model

e Based on XGBoost with the max_depth (8),
n_estimators (300)

e All 108 features from MDC, dE/dX, TOF, EMC, MUC
information

e Finally 37 features selected according to their
importance.

¢+ Data sample with high purity and good distribution
e MC/data: )/ y —» ntn n® — ntnyy (P =99.37%)
Vo —yutu (P=97.97%)
e Different processes:
v(2s) > ntn Iy -t ptpm (P=99.13%) E
e 0.1GeV/ic<p<1.5GeV/c (bin numbers :16) 5

gain

abs(cosO )< 0.88 (bln numbers 20) CHEP2023: Yuncong Zhai et al : Muon/Pion Identification Based
on Machine Learning Algorithm at BESIII 44




New Muon/Pion PID algorithm based on the BDT
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New Muon/Pion PID algorithm based on the BDT

Efficiency
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JUNO Offline Software System
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Jiangmen Underground Neutrino Observatory (JUNO)

% JUNO is a multiple-purpose neutrino experiment currently under construction in southern China

e Large fiducial volume: 20 kton liquid scintillator detector

e Excellent energy resolution :3% energy resolution at 1MeV

e Rich physics programs:

» Reactor neutrinos: Mass Hierarchy and precision

measurement of oscillation parameters
= Supernova neutrinos
= Geoneutrinos
= Solar neutrinos

= Atmospheric neutrinos
e Status:
= Finished civil construction in Dec. 2021

= Detector assembling goes smoothly now
= Expected to start data taking in 2024

Calibration
I LS Filli

Pure water room

filling room

Top Tracker
Earth
Magnetic Field
shielding coils

Central detecto ks height

Acrylic sphere_+ r depth

AS: Acrylic sphere; SSLS: stainless steel latticed shell
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JUNO Software (JUNOSW)

¢ Data processing and analysis of neutrino experiments is different from the one of the collider
experiments, i.e. reactor neutrino is detected with the Inverse Beta Decay (IBD)

[IAN e \ n
e M.C. production: Event splitting and mixing -> one neutrino event splits a prompt o " idlayed ‘
. ) / 0(100 ps)
and a delayed event -> complicate relations ; ;
-y y (2.2 MeV)
e Physics analysis : time and vertex coincidence between the i, bk
prompt and delayed events -> event buffering P 611 k) ===y (511 HaV)

e

e [Large data volume and rare signal: 2 PB/year * 20 years; only ~ 60 reactor neutrinos per day

% JUNOSW (originally called as JUNO oftline) has been developed based on NuWa ( the oftline
software of the Daya Bay experiment) from scratch since 2012.

Generator Calibration Analysis

e (ore Software: Framework, Event Data Model, Geometry
Management, Database System, Analysis Framework
Y N i
e Applications: simulation, calibration, reconstruction and | Offline Software for Physics Experiment |
analysis i & i
e Modern management technologies: C++17, python3, cmake, SNIPER (Software for )—; External Libraries (EI)
giﬂab Non-collider Physics Experiment) Root, CLHEP, Geant4 ...
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CHEP2023: X.T. Huang et al : JUNO Offline Software for Data Processing and Analysis



SNIPER Framework

“* SNIPER (Software for Non-Collider Physics Experiment) : a general-purpose software framework
e Light weighted: only dependent on Boost.Python
e Highly modularized and extensible

e Originally developed for JUNO, but also adopted by several experiments: LHAASO, STCF, HERD, nEXO,
etc.

% Key components

Task

e Algorithm: an unit of event data proceeding

e Service: an unit for common functions that can be
called by users, anywhere when necessary. ' ! Y 1 ! '
u u Sub-Task| |Sub-Task

e Task: a lightweight application manager to assemble ‘| Algorithm Service I
specific algorithms, service as well as sub-tasks. ¥ ¥
e Data Buffer: a central place in memory for holdng ] e | [

and sharing multiple events

52
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SNIPER Framework

“* SNIPER (Software for Non-Collider Physics Experiment) : a general-purpose software framework
e Light weighted: only dependent on Boost.Python

e Highly modularized and extensible

e Originally developed for JUNO, but also adopted by several experiments: LHAASO, STCF, HERD, nEXO,
etc.

% Key components

An algorithm sequence in Task Other Tasks
e Algorithm: an unit of event data proceeding Event Loop
e Service: an unit for common functions that can be . Executed on Demand |
called by users, anywhere when necessary. Ag0rthm 1 !
y ? yw 4 | — Executed on Demand_
. . .. : gorithm >
e Task: a lightweight application manager to Algorithm’2 |
assemble specific algorithms, service as well as ' Algorithm 5 A ORI
Algorithm 3
sub-tasks. 9 |
L] .

e Data Buffer: a central place in memory for holding i I i
and sharing multiple events '

53
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SNIPER Framework

“* SNiPER (Software for Non-Collider Physics Experiment) : a general-purpose software framework

Light weighted: only dependent on Boost.Python

Highly modularized and extensible

Originally developed for JUNO, but also adopted by several experiments: LHAASO, STCF, HERD, nEXO,

etc.

% Key components

Algorithm: an unit of event data proceeding

Service: an unit for common functions that can be
called by users, anywhere when necessary.

Task: a lightweight application manager to
assemble specific algorithms, service as well as
sub-tasks.

@ Data Store: central place for

Data Buffer: a central place in memory for holding holding and sharing Event data

and sharing multiple events

InpufiSystem

- M.C. data related

- raw data related

54

CHEP2023: X.T. Huang et al : JUNO Offline Software for Data Processing and Analysis




SNIPER Framework

“* SNIPER (Software for Non-Collider Physics Experiment) : a general-purpose software framework

Light weighted: only dependent on Boost.Python

Highly modularized and extensible

Originally developed for JUNO, but also adopted by several experiments: LHAASO, STCF, HERD, nEXO,
etc.

% Key components

) . . Currentevent Otherevents [] Eventbuffer

Algorithm: an unit of event data proceeding

. . . Exe Num  EvtNum: 0 1 2 3 4 5 6 7
Service: an unit for common functions that can be
called by users, anywhere when necessary. 0
Task: a lightweight application manager to 1
assemble specific algorithms, service as well as 5
sub-tasks.

Data Buffer: a central place in memory for holding
and sharing multiple events
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Multi-threaded SNIPER (MT.SNiIiPER)

% MT.SNiPER supports concurrent task of event processing based on the TBB

e A thread-safe Global Buffer is designed and implemented with a ring and configurable capacity and cordon

e All events in the Global Buffer are sorted by their time stamps

e Allow the dedicated Input Task, Worker Task, Output Task to put, take, and popup events at the same time in

different threads

e Events are concurrently processed in different Worker Tasks

¢ The multi-threaded simulation and reconstruction have

been working very well

Worker Task

Output Task

Global Buffer
Ring

Input Task

| [ Input Tesk | |

Input Svc

Output Svc

I Output Task I

Global

Input Stream

Global
Output Stream

(ﬁ .;? without global buffer
Global Buffer [ Muster Threads T2 | i global bt
/_Event?2 / el Worker Task -J: 12

Event 3 Specn R Worker Task --il ’
More +er Special I/0 Sve _ _: 4

4 Preload :

J.H. Zou et al., J. Phys. Conf. Ser. 1085, 032009 (2018)
T. Lin et al., EPJ Web of Conferences 214, 02008 (2019)

24

Multiple Tasks Scheduler 0 4 8 12 16 20 24
\ of MT-SNIiPER ) number of worker threads
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Event Data Model

“ Event Data Model (EDM) defining event objects for different processing stages and correlations
between different event objects takes very important roles on the whole data processing and analysis

“ JUNO EDM is based on ROOT and takes advantage of its intrinsic powerful functions, persistency,
IO streamer, scheme evolutions, run time type Information etc.

e All EDM classes are derived from TObject

T. Li, X. T. Huang, Journal of Physics: Conference
Series 762 (2016) 012001

e Two layer design (Header and Event) of
EDM classes are adopted to speed up
event selection

TObject

Int_t fUniquelD

T

Long64_t m_entry
TProcessID* fPID

EventObject* GetObject()

m The Header holds light-weighted features (tag)
of events while the Event holds heavy data

m A smart references (SmartRef) based on
GUUID is developed to build correlations
between Header and Event

SmartRef

m SmartRef also provides a lazy-loading
mechanism to dramatically reduce I/O burden
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Event Data Model

* EvtNavigator is developed to serve as the catalogue for EDM objects

e EvtNavigator also uses SmartRef to correlate EDM objects
e A event-index mechanism based on Global UUID is implemented to facilitate cross-file correlation analysis

e Provide the way to trace the MC truth of readouts at the event/particle/hit level with the help of external

associations
e q;i‘lﬂﬂ e %
DataBuffer W
EviNavigator : | EviNavigator : | EvtNavigator : | EvtNavigator : | EvtNavigator :
n-2 n-1 n n+1 n+2

C+ T » DI D

CHEP2023: X.T. Huang et al : JUNO Offline Software for Data Processing and Analysis
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Event Data Model

*» EvtNavigator is developed to serve as the catalogue for EDM objects

e EvtNavigator also uses SmartRef to correlate EDM objects
e A event-index mechanism based on Global UUID is implemented to facilitate cross-file correlation analysis

e Provide the way to trace the MC truth of readouts at the event/particle/hit level with the help of external
associations

59
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Event Data Model

+» EvtNavigator is developed to serve as the catalogue for EDM objects

e EvtNavigator also uses SmartRef to correlate EDM objects
e A event-index mechanism based on Global UUID is implemented to facilitate cross-file correlation analysis

e Provide the way to trace the MC truth of readouts at the event/particle/hit level with the help of external
associations

*+—> Contain. 1->n
---» Traceback. 1->1

—=» Traceback. 1->n

_ Asso. 1->n

EvtNavigator

- CdElecTruthHead CdLmptElecH CdLpmtCalibH
-

HepMC::

Channel

~ CdRecHeader

HepMC::
GenVertex

————— LpmtElecTruth Ca"'tj:?MT
HepMC:: = 25 s o
GenParticle RecParticle
/Event/Ge /Event/Si /Event/Sim/Trut /Event/Elec /Event/Calib /Event/Rec
" rEetector Event mixing and Electronics Waveform Event
Generator - 2 ng = Reconstructio Reconstructio
Simulation Simulation e -
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XML Object Description (XOD) Tool

+*» Traditionally writing C++ Code manually

e Many repeatable work such as Getters and Setters

e Difficult to be maintained

% Use XML file to define EDM
e Strong syntax (DTD, XML Schema)
® More readable, easier to maintain

e Automatically generate the Get-, Set-functions, ROOT I/O Streamers

+ A tool, XmlObjDesc (XOD), is developed to automatically generate class codes

CINT/

XOD CLlng G++
)= -—

*Dict.h ‘
*Dict.cc J




Geometry Management System (GMS)

% GMS is developed to provide a consistent and detailed detector description for different applications

Input from single source of geometry data : currently from ROOT file, plan to read from DB
Export from Geant4 detector construction into GDML/ROOT TGeo file format
Perform automatic conversion with Files — Geant4 — GDML — ROOT — Applications with

different services K. J. Li etal, NIM A 908 (2018) 43-48
= Parameter Service * csv, *.icc, *.txt, *.root
Data files / Database

= RecGeom Service

i Parameter |

Geometry information depending on l | Serviess |
different level of request Geant4
Detector
. . Construction

Some information not supported by l foot - ecGeon

. Interface Service
GDML can be retrieved from 0 e
Parameter Services Simulation (Object) file

= Optical Surface
. Simulation < S S :
= Matrixes Reconstruction Calibration Visualization Analysis
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Event Display

% Root bqs ed Event Display: SERENA (Software fpr + Unity based Event Display: ELAINA (Event Live
Event display with Root Eve in Neutrino Analysis) Animation with unlty for Neutrino Analysis)

- N
\
v b \
L%
\ .

Wi - .
- \‘ \"&‘ -

J. Zhu et al., JINST 14 (2019) 01, T01007




Database System

% OfflineDB is developed to unify management of Conditions Data and Parameter data
e Two types of data are stored in Payloads in their suitable formats and deployed in CVMFS
e Meta data are managed with DB tables: Payload, IOV, Version, Tag and GlobalTag
e A GlobalTag combines the tag of Conditions data and Parameter data

e Three backups are implemented to meet different applications

= MySQL for quickly testing of database

®  Frontier+Squid for massive data production

= SQLite for online event classification (OEC)

(" Backend ) ' ‘
- Backend
PM'I'IT.II::ZJ.VS
Payload  Payload Payload Web
Tag L CondGTag liBrEes
PMTGain.24.v2 CGT24.1.1
ov oV 10V Admi
tt) [t [tat) Enemy;::h.uv1 | Database frontier_connection
|
— A Database
GT24.1.0
_ MySQL mysql_connection Application Interface 585
- ' sglite_connection
- _ } SQLite Users
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Analysis Software Framework

% Challenges of data analysis

e Time correlation analysis (a prompt signal and a delayed signal within varying time window)

e Rare signals (1kHz event rate, but only ~60 reactor neutrinos per day) Keep up production
% Developed analysis software framework with an Indexing Technique Gﬁg :: :
e The Indexed Analysis Data (IAD) consists of two parts: @EF ece
Index
® A collection of Key Reconstructed Variables (KRV) needed by the analysis ﬂ \E/nirgy Time
= A pointer to the associated Event Summary Data (ESD) S N | N
¢+ Analysis work flow for Time correlation analysis f?.ilffé Load ESD

e Stepl: perform event pre-selection within the IAD stream based on its key
variables

_________________________________________

e Step2: navigate back to the associated ESD and perform further selection
in the ESD stream

CHEP2023: X.T. Huang et al : JUNO Offline Software for Data Processing and Analysis Skimmed IAD 65 DST



Event Data Flow

m e <» MCHITS (Monte-Carlo Simulated Hits Data)
i In ROOT format, contains GenEvt, SimEvt
e ™ “physics generators ! % RAW (Raw Data from DAQ and OEC)
LA B | + Geant4 \
- stk ] In byte-stream format. Also contains the OEC result.

% RTRAW (ROOT RAW)
In ROOT format (with EvtNavigator).

Sorted; contains ElecEvt, TrigEvt, OecEvt; may contain GenEvt and

Format conversion .~~~/ pToo-m= oo 1 SimEvt for simulated data.

from byte-stream to Event Mixing 1
1 +Digitization !

--------- ! % ESD (Event Summary Data)
In ROOT format (with EvtNavigator), contains CalibEvt, RecEvt

Independent
Reconstruction
or

D . Contains information of physical events, Flexible definition and file format,
Does not contain relationships

% IAD (Indexed Analysis Data) (Auxiliary data)
Contains the address to the RAW/ESD and the necessary physics variables

s DST (Data Summary Type)

CHEP2023: X.T. Huang et al : JUNO Offline Software for Data Processing and Analysis 66



Machine learning interface

% A python based datastore is developed for data sharing between C++ and Python

“* Popular ML libraries are integrated into JUNOSW in C++ for inference with three solutions:

e Python API for SNiPER Algorithm in python

e Native C/C++ APIs: TensorFlow, PyTorch
e Open standard for ML: ONNX + ONNX Runtime (C++)

Trained
Models

=,
=

4

ONNX
|:>

Python APIs

Native C++ APlIs

ONNX Runtime
C++ APlIs

SNIiPER Python

Algorithms -
<
.
Q)
&
SNIPER C++ z
Algorithms )

T. Lin et al., Integration of machine learning-trained models
into JUNO's offline software, ACAT2022
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STCF Offline Software System
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STCF Offline Software

% The Offline Software of Super Tau-Charm Facility (OSCAR), designed for detector design, MC

data production and physics analysis since 2018

<» OSCAR is partially based on Key4hep

e Common software stack for future collider experiments

e Reuse some components. Extend others for STCF

%+ Core components are developed for common
functionalities

e Event loop control (sequently or concurrently)
e Detector data and event data management
e Common tools for data analysis

e (Other common services

% Some applications are migrated from BESIII

o

-
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Event Data Model Based on Podio (1)

% As the core of the offline software, EDM greatly influences the function and performance of OSCAR
e EDM defines the structure of event data in memory and in data files

e Implement relationship between data objects (hit-track-MC particle)
e Handle schema evolution

..Nn

User Layer
Hit

1

% Podio defines the common EDM (EDM4hep adopted by FCC, CEPC, ILC, ...)

e Generate C++ code based on YAML definition 1]
e Support both C++ and Python @ POD Layer

HitObject Object Layer

e Good multithreading support

e Powerful and flexible relationship between data objects F. Gaede, etc., CHEP2019

e Support multiple data file format
https://github.com/AIDASoft/podio
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Event Data Model Based on Podio (2)

¢ Due to the specific requirements of STCF, EDM4hep is not directly used
% Re-design EDM classes based on Podio

TrackerHit
/TrackerPoint

e Simulation Level

m  Point, Hit, MCParticle /plTlol?:Titnt

e Reconstruction Level:
= HypoTrack, RecTrack
m Hit, Cluster, Shower
m  ReconstructedParticle ECALHit

/ECALPoint

e Relationship between objects -
MUCHit

e Correlated ReconstructedParticle with /MUGPoint |
MCParticle based on track matching

algorithm,

72



DD4hep

+» A general detector (geometry) description toolkit for H

EP

+» Developed in AIDA and AIDA2020 and used by ILC, CLIC, FCC, many are under evaluation. E.g. EIC,

CMS and LHCb for upgrade

% Key functionalities

Comp_ac.t Detector
e Full Detector Description B — | constructors

Includes geometry, materials, visualization,
readout, alignment, calibration, etc.

Geometry
Display

Generic Detector
Description Model

Based on ROOT TGeo

Conditions DB

ct++

Alignment /
Calibration

e Full Experiment life cycle | Extensions

i where

optimization, construction to operation.

[Lcob/GpmL ) [ TGeo

=>G4 Reconstruction Analysis
Converter converters Extensions Extensions
xml

e Consistent Description with single source
for simulation, reconstruction, analysis, etc.

e FEase of Use

Reconstructiol

- ~
SLIC Geant4 n Analysis
[SiD Simulation] Program Program Program
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DD4hep

+» A general detector (geometry) description toolkit for HEP

+» Developed in AIDA and AIDA2020 and used by ILC, CLIC, FCC, many are under evaluation. E.g. EIC,

CMS and LHCb for upgrade

Alignment /
Calibration

* Implementations

Generic Detector
Description Model

constructors

[gomp_ati.t Detector
. . . escription
e TGeo : underlying geometry description xml] [

Based on ROOT TGeo

ct++

Geometry
Display

Open GL viewer for geometry

Debugging of geometry e e i, e, s

gExtensions [ LcDD / GDML ) TGeo =>G4 Reconstruction [ Analysis
t oatd i Converter converters Extensions Extensions
e Default geometry description { where -

i required —

Compact xml-files and C++ drivers

- ~
SLIC Geant4 Reconstruction Analysis
[SiD Simulation] Program Program Program

e Output formats/interface
GDML

Geant4 geometry
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STCF Detector with DD4hep

<detectors>
<comment>Trackers</comment>

<detector name="AirTube" type="AirTube" vis="VXDVis" id="42"
insideTrackingVolume="true">
<dimensions rmin="10.xmm" rmax="11l.xmm" zhalf="6.250000000e+01*xmm" />
</detector>

</detectors>
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Scintillator

291cm >

STCF Detector e

% Charged particles: [0.05,1.6] GeV, mscmaﬁ

e Tracking eff. > 50/90/99 % with pt > 50/100/300 MeV o T Ewe
e o(p)p=0.5%at 1 GeV, dE/dx resolution: < 6% - Eomci__|

b 500

% Good e, g detection eff. and energy res.: [0.02,2.5] GeV

e Energy resolution > 2.5% @ 1 GeV toamy—

Py
<
>
El
\
‘T"
i,
I
=i .-
T \"
|
|
|
|
|
wo /pe L

e Position resolution > 5 mm @ 1 GeV
e Time resolution > 300 ps@1 GeV
s Good PID: [0.05, 2] GeV

e 1/K identification efficiency:>97%, false positive rate: < 2%@2GeV

Conceptual Design Report

Volume | - Physics & Detector

e pidentification efficiency:>95%@ [0.4-1.8GeV/c], m suppression

power ~ 33

arXiv:2303.15790v2 [hep-ex] 30 Mar 2023

** Good vertex detection: 50 mm arXiv: 2303.15790



——— pine'e— ppliy @ 6.0 GeV —
pinJiy—AR @ 3.097 GeV 3

———— Kin KK+X @ 7.0 GeV

— nint— K @ 4.26 GeV

—— nin Jy—AR @ 3.097 GeV

STCF Detector

¢ Charged particles: [0.05, 1.6] GeV,
e Tracking eff. > 50/90/99 % with pt > 50/100/300 MeV

p'n Ty @ 4.26 GeV
win t— 3u @ 4.26 GeV
win Domuv @ 3.77 GeV
eluine'e— mw(3688)@4SGGeV'

e o(p)p=0.5%at1 GeV, dE/dx resolution: < 6%
% Good e, g detection eff. and energy res.: [0.02,2.5] GeV
e Energy resolution > 2.5% @ 1 GeV

5 20
P (GeV/c)

LA B o i e o
e Position resolution > 5 mm @ 1 GeV SRR SRR
STCF CDR ——— yinAcdecay @ 4.7 GeV
——— yintdecay @ 4.26 GeV
v in D° decay @ 3.773 GeV
v in JAp decay @ 3.097 GeV
yint—yu @ 4.26 GeV
yinD =y D at 4.18 GeV
v iny@S)—y 1,(25) at 3.686 GeV

N\mﬂ

.I.‘Hl‘hluuu\l‘.L\LI‘Ih .I..IMMJIIrlIn

00 02 04 06 08 10 12 14 16 18 20
E (GeV)

e Time resolution > 300 ps@1 GeV
s Good PID: [0.05, 2] GeV

e 1/K identification efficiency:>97%, false positive rate: < 2%@2GeV

e pidentification efficiency:>95%@ [0.4-1.8GeV/c], = suppression
power ~ 33

+* Good vertex det.: 50 mm
arXiv: 2303.15790 7/



Event Data Management

% Event data management system manages event data in memory, provides interfaces for user
applications and handles data 1I/O

o

% OSCAR DM system is developed based on Podio Event loop

e PodioDataSvc: memory management | BeginEvtHdI

e PodiolnputSvc: data input

e PodioOutputSvce: data output _

e DataHandle: interface

% OSCAR DM system is integrated with SNiPER [ Algorithm2 |

based on the Incident mechanism, to integrate
the DM system and event loop

EndEvtHdI

+ Event data and user application are completely
decoupled

(@]
Task
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Parallelized Event Data Management

¢ To enable parallelized data processing, a GlobalStore is developed based on Podio
e Re-implement podio::EventStore to cache multiple events (each within one data slot)
e Use several condition lock to enable safety exchanging data between threads

e [/O services are binded to dedicated I/O threads, to ensure performance and flexible post- or pre-processing
Data | Data | pata | Data | Date
data
condition
done
condition

“* Based on parallelized DM
system, parallel detector simulation
and reconstruction works well

slot
condition

«» Users could switch serial/ Condition Lock

parallel by just changing
job configuration ———> notify

e (-)),
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Parallelized Detector Simulation

%+ Based on the MT-SNiPER and parallelized DM system, parallelized detector simulation applications
are developed

e Basic performance tests show promising scalability

|
| I Task
GeometrySvc Global Tas I
|
Detector ;
Construction !
SimFactory MasterRunMgrSvc .
PhysicsList : |
ysIesLIS G4MTRunManager [«----- ' 1
A I
_______________________ 1
MTAction :r_______ ""_": I
Initialization ! ‘STCFRunAction ‘ ! DetSimMTAIg |
: : ‘ STCFTrackingAction | i : l
MTPrimary i 2 ! SlaveRunMgrSve -~ |
Gene_rator : ’ STCFSteppingAction H ] |
Action : | G4WorkerRunManager |
: ‘ SensitiveDetector ‘: |

[ —— |
L Worker Task |

— y=Xx

19 - speedup (xN)

10 13 16
Number of Cores

19

500

400

300

Resident Memory per Core (Mb)
S
©

[u]
(=]
(=]

Resident Memory per Core (Mb)

¢ Sk
.
......

7 10 13 16

Number of Cores



Geometry Management System
¢ Detector description in OSCAR is developed based on DD4hep

% Single source of detector information for detector description, simulation and reconstruction
e DDGH4 for delivering detector geometry to Geant4

e DDRec for delivering detector geometry to reconstruction algorithms

e DDXMLSvc: the unified interface to DD4hep, including DDG4 and DDRec

STCF.xml
¢ Flexible combinations of . PoxMLSve .
. : ECAL
different versions of = = o S
detector design, and vozREr || g || sub-detectors |l g metry DDRec
combinations of sub- S— N Information
systems f DDEve

T . S ——————
Materials.xml Elements.xml|
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STCF tracking landscape

Full simulation

tector resolution smearing

/ & noise hits merging

Hough Trar‘wsform
based track finding

\‘ f ACTS Seed ﬂnolring +

GNN based
track finding

L

KalmanFilter in

GentFit for track fitting for merged track fitting &

Combinatorial Kalman Filter

finding

Track extrapolation /

Vertex fit, PID (d E/dx‘, RICH/DTOF, MUCQ) . What's available in STCF offline

software framework (Oscar)

/

. Other tracking strategies based on

and A Common Tracking

Physics analysis Software (ACTS)

CHEP2023: Xiaocong Ai et al : Performance of track reconstruction at STCF using ACTS



Tracking based on Hough transform

real space conformal space

2D track finding

:>{ Hough Transform

“+  MDChit

Histogram filing Global itingloirce] |, + s fm?%m
Peak finding Hitselecion | - NI

I { Conformal Transform

LoooooooooooooocooooooooooooooooooooooooonooocoooooMsoooog A g T P TP |
origin(IP) e
4 P
l -------------------------------------------------------- 1 Y xo COSa+ynSinair

I
l 0y . . .
l{ GIobaIﬂttmg(hehx) K:[ s2track finding K:{ Hough Transform? K:[ Stereomrghﬁs ]'
(L Hitselection association |

O o . !
3D track finding
1(3686)> - J/ () 20° <theta<160° ZE/b5Aifir

Kalman fiter in BT EAR me A Mo

Hang Zhou

Hough space

o

g :\3\
\

*  MDChit

* JpAR

o BRI KB R A (F)ikpEA )

Genfit2 E J‘ ‘ h ﬂ.L- 5 o H}-
Wﬂ\igig é 05 ‘ % 06
R REANRERNENZ AR . 1 ; osFt
Emj%*giﬂﬁ’ mﬁz%ﬁﬁﬁ%%%ﬁ g Ot; 200 400 600 860 10‘00 12‘00 14‘00 16‘00 15‘00 g uo: 50 1(‘)0 150 2(;0 250 300 350 400 4;0

p,(MeV)
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A Common Tracking Software (ACTS)

¢ A modern open-source detector-independent tracking toolkit for current& future HEP experiments
(ATLAS, ALICE, sPHENIX, FASER, MUC, CEPC, STCF...) based on LHC tracking experience

s A R&D platform for innovative tracking techniques (ML) & computing architectures

< Modern C++ 17 (—20 ) concepts See other talks related with ACTS:
. . > "Machine learning for ambiguity resolution in
¢ Detector and magnetic field agnostic ACTS' by Corenti% ALLA] REg Y

o . .ye
* Strict thread-safety to facilitate concurrency > Kiwaku, a C++20 library for multidimensional

.. . arrays, applied to ACTS tracking” by Sylvain
¢ Minimal dependency (Eigen) Jouge PP S

o .
* nghly conﬁgurable, well documented and > "‘Flexible, robust and minimal-overhead Event

maintained Data Model for track reconstruction in ACTS" by
Paul Gessinger

> 'Potentiality of automatic parameter tuning

G/thu.b: . . suite available in ACTS track reconstruction
httpsy//qgithub.com/acts-project/acts N

, software framework"” by Rocky Garg
Readthedocs:

httpsy/acts.readthedocs.io/en/latest

CHEP2023: Xiaocong Ai et al : Performance of track reconstruction at STCF using ACTS



ACTS application to STCF

ACTS tracking geometry ACTS Measurement

Tglob' toc = Ttrans Trot

\| ACTS space point converter H ACTS seeding algorithm ]

ACTS CKF algorithm

Ambiguity solving

Reconstructed tracks

(See talk by Rocky Garg)

¢ First application and validation of ACTS for a drift chamber

TGeo based STCF geometry Root file for sim hits&particles space point ma klng Seeding
from DD4hep from fullsimulation (ITk local coordinates» — L (find seeds using hits
3D global coordinates) on ITk layers)
Extended ACTS Root reader&converter for
TGeo Plugin STCF sim hits

Figures from ACTS readthedocs Automatic tuning of seeding parameters

Combinatorial
Kalman Filter (CKF)
(simultaneous track
fitting + finding)
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Tracking performance with ACTS

>-1-06>'l'"l“'l"'l"'l"'I"'I"'I‘ > AT RO EEURES EEEN LSO L | IR L LS R a ] 0'02;”'1""“"" """""""""""""" B
§ r (3686)— mmIiy(— 1) § 1.08[- w(asse)—» nnJ/\y(—) u u) 1 Spo18k w(3686>ﬂ ’”‘J/W(Huu) E
S B 1 S C 1 o E ]
Q 1.04F —pt = £ 1.06F —— < §o.016f - E
L - - a I - - 1 So.014f "' 3
1.02}- B ] Bl 18 .k ]
: 1 1.02F 4 To0o012f E
1 s -] £ E 0.01F- =
B ’ ] ; R B 1 0.008f B
0.98}- . 0.98f =y E
C ] 0.96F .4 . = F 4
0.96~ — r ] 0'004; + ]
- ] 0.94F 1 0.002F 3
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arXiv: 2301.04306

s Above 99% efficiency for pr> 400 MeV

“* 95% efficiency for pion with prin [50, 100] MeV

¢ <0.5% duplicate tracks for pr < 130 MeV due to duplicate seeds for looping tracks
“* Negligible fake tracks (<0.01%)
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Global PID algorithm based on the ML techniques

** The PID for the full momentum range is essential for charm physics studies and fragmentation
function studies.

e The hadrons with low momentum 1identified with measurements of dE/dx in the MDC.
e The leptons and neutral particles identified with measurements of the EMC and the MUD.

+» Taking BDT (based on XGBoost) as a base model, further exploration of its physical potential
¢ Integrating all sub-detector information and exploring the PID performance of the detector

50

45 |-

% Data sample produced by OSCAR
s} i e 50000 tracks for each type (e*, u*, n*, K*, p*)
e p€e(0.2,2.4)Gev/c, B€(20°, 160°), phi=0°

e Train:Validation:Test = 8:1:1 after pre-processing

5 1 1 1 1 1 1 1 1 Il | Il 1
200 300 400 500 €00 700 BOD 900 10001100 1200 1300

p (MeV)
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Global PID algorithm based on the ML techniques

¢ The PID for the full momentum range is essential for charm physics studies and fragmentation
function studies.

e The hadrons with low momentum 1identified with measurements of dE/dx in the MDC.

e The leptons and neutral particles identified with measurements of the EMC and the MUD.
+ Taking BDT (based on XGBoost) as a base model, further exploration of its physical potential
% Integrating all sub-detector information and exploring the PID performance of the detector

momentum

2500 costheta)
* Data sample produced by OSCAR
e 50000 tracks for each type (e*, u*, nt, K*, p*) ::: e®
o pe(0.2,2.4)Gevic, B€(20°, 160°), phi=0° «F e .
e Train:Validation:Test = 8:1:1 after pre-processing zszo Tomen -

2000
2000
1500
1500
+ 1000
1000 u

500
500

0
0 -2.0 -15 -1.0 =05 00 05 1.0 15 20




Global PID algorithm based on the ML techniques

Feature importance

dEdXsepE

dl sepl 8.

% Feature Selection =—c=

Eige

e Tracker/dEdx/RICH/DTOF/ECAL/MUD jp -_—
reconstructed variables

Features

>

3 o
X
5
N
O
0%
e

e 45 features kept according to feature it
importance distribution

osition
P kB
tracktheta
~mom _y
helixPar_phi
helixPar dQ
helixPar-z0

40 60 80 100 120 140
gain

—0.30 A

% Optimal Hyperparameters

—0.32 A

e Search range of max depth: [200,1200]

—0.34

e Search range of n_estimators: [3,15]

Negative Log Loss

—
—0.36 —_— depth; 10 \
—— depth: 11
—— depth: 12
— — depth: 13 Best:(7,800

depth: 14
depth: 15
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Global PID algorithm based on the ML techniques

. * Confusion matrix
% Performance Analysis

e BDT model(based on XGBoost) is trained
and optimized to discriminate (e, p, m, k, P) 5000
e Signal efficiency : number ofsignal
selected correctly/total number of
signal 3 6000
® Good performance for leptons S
= - 4000
e Hadron performance is sub-optimal due to
the optimization of PID systems
- 2000
e Performance needs to be further validated !!

Predicted label
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STCF Particle Identification System

291 cm

¢ To achieve a 3o separation between kaons and

pions with a momentum up to 2 GeV/c. ] sronmammagean |

% the PID system of the STCF is designed o e . _
alc g

MDC / l% e

B A ringing imaging Cherenkov detector
(RICH) in the barrel e

B A time-of-flight detector based on the
detection of the internal total-reflected

Cherenkov light (DTOF) in the endcap

% 5mm

“15mm

20

" 200mm’

x=1050mm

Rmax=1040mm

33mm

Rmin=
570mm
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The likelihood method for DOF PID

¢ Building likelihood probability density function based on reconstructed TOF distribution

Vv

) =L —

cos(6,) = % = o]

 v=(abc), [v]=1
* v, = (Ax,Ay,Az)

Ax2+Ay2+Az?2

- LOP=H- e

LOPT;

* TOF=T—-TOP—-Ty=T —

Ly =pr(Npe.) Hévf(',e' fn(TOF;)

_TO

10000 —

= mean=5.218ns, c=48ps n sample - & hypothesis

[ mean=5.169ns, 6=49ps n sample - K hypothesis
8000 mean=5.361ns, 0=48ps = K sample - K hypothesis

— mean=5.411ns, o=49psi K sample - n hypothesis
6000 .

~ p=2GeVic } ) H G1o®D0y 0 = 40PS
4000(—

- 0=24°% ¢=45° O11sP0g1ec = 70PS
2000

Z L ki ale Pt N el
9% a8 5 52 54 56 58
X TOF for multi-photoelectrons [ns]

Qi, B et al., DIRC-like time-of-flight detector for the experiment at the Super Tau-Charm

Facility. JINST, 16(08), P0S021.




The CNN method for DOF PID

% A convolutional neural network (CNN) for pions/kaons identification is developed to utilize both
timing and spatial information of the hits and takes two-dimensional pixel maps as the input

¢ The pixel map of photons

X-axis: the hit position of Cherenkov photon
collected by PMT

Y-axis: the arrival time of Cherenkov photon
collected by PMT

Value: the number of photons within in this
bin

¢ The image-like data represents the topologies
of Cherenkov photons generated by different
particles

time

16

T T

| TR | Lo Ly

111

—1180

—1160

800
channel

300 400 500 600 700

CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN




The Structure of CNN

% CNN consists of interlaced convolutional layers and pooling layers, and ends with a fully connected
layer.

e The primary purpose of the convolution layer is to extract new hidden features using convolution
kernels

e The pooling layer is used to reduce the dimension of data, reducing the resources required for
learning and avoiding overfitting

e The full connection layer adopts softmax full connection, and the activation value obtained is the
picture feature extracted by convolutional neural network.

kaon-

convolution

“=1) () (C+1)

single event
CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN



Data Sa m p I e CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN

% MC sample is produced with OSCAR
® pit:pi-:k+:k-=1:1:1:1

® 0.6 Gev/ic<p<24Gevlc 0 <channel <868
® 23° < theta<35° * 5.5<time<15.5ns
® N photons > 10 * Bin number: channel * time =217 * 200

+¢» Several distributions of all same Kaon™ are as follows

kaon- kaon- kaon-

7000 ;
6000
5000
4000
3000
2000

1000

I |||u||+wmmmll

i i
0 100 200 300 400 500 600 700 800 0

channel momentum

) P BN R U B N e =
0O 10 20 30 40 50 60 70 80 90 100
the number of photon

2D channel-time momentum(Gev/c)-theta the number of photons



CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN
The Performance of CNN

¢ The structure and parameters of CNN: % Data set:
e Conv2D (32, (5, 5), activation=‘relu’), MaxPooling2D ((2, 2)) o
o Conv2D (32, (5, 5), activation="relu’), MaxPooling2D ((2, 2 training set: 200k
onv2D (32, (5, 5), activation=‘relu’), MaxPooling2D ((2, 2)) validation set - 70k
e Flatten(), Dense(1024,activation=‘relu’), Dense(2) test set © 70k
e learning rate = le-5, batch_size = 64

%+ Test set accuracy : 91.76%

0.45 4 —— train_loss
—— val_loss

0.40 4 90 A

0.35 1

@
@
L

”
g 0.30

®
o
L

o

[

o
accuracy(%)

0.25 4

o
®
N
L
®
&

0.20 4

—— train_accuracy
—— val_accuracy

@
N

0.15 4

0 10 20 30 40 50
training set size(*10"4)

The preliminary results show the CNN model has a promising performance against the pion/kaon identification
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** The results show the CNN model has a promising performance
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The QCNN method for DOF PID

CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN

** A quantum convolution neural network (QCNN) is developed as a proof-of-concept work exploring
possible quantum advantages provided by quantum machine learning methods.

¢ Under TensorFlow Quantum Simulator platforms, we have developed a trainable quantum
convolution layer that can replace the traditional convolution layer in CNN.

¢ Data Encoding Circuit

e A small region of the input image, a 2x2 square, is embedded into a quantum circuit. This is
achieved with RX rotation gate applied to the qubits initialized in the |0> state.

Q e Q
— - RX(Q):OXP<_Z'§X>:< 00820 1511}92>

il 0N—= = — | —ising  cos
x3| x4 \‘%—‘ — S— I
pixel map v U W) m N
0H— — — g
R e — |
input data quantum convolutional layer - convolutional layer pooling layer  full connected layer L e == I i

Quantum Device

http://dol.orq/10.1109/CTC49870.2020.9289439 98
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CHEP2023: Zhipeng Yao et al : Pion/Kaon Identification at STCF DTOF Based on CNN/QCNN

Performance of QCNN

«» The 217%200 size dataset was downscaled to 32x32 size |,

—e— train With quantum layer —e— train With quantum layer
—e— val With quantum layer 0.65 —e— val With quantum layer
¢ The structure and parameters of QCNN:
e QCONV(1, (2, 2), activation="relu’), MaxPooling2D ((2, 2)) 0 059
e Conv2D (16, (2, 2), activation=‘relu’), MaxPooling2D ((2, 2)) g, . .
e Flatten(), Dense(128, activation=‘relu’), Dense(2) . e
: 035
e learning rate =0.0001, batch size =16 -
ROC curve o0 0 10 20 ) N 50 60 0 10 20 k) ) 50 60
101 Epoch Epoch
e —e— cnnval —e— cnnval
’:‘ Data Set: 08 —e— qcnnval 0.65 —e— qennval
.. 2 050
training set: 20000 8 os {‘
validation set : 10000 3 g —
test set : 10000 o t o o
0.2
,,/ —— CNN (AUC = 0.91) 02 045
o —— QCNN (AUC = 0.90)
0.0 . . - .
0.0 02 0.4 0.6 0.8 1.0 0.40
Background efficiency 0.0

10 20 30 40 50 60 0 10 20 30 40 50 60
Epoch Epoch

“* QCNN achieved similar performance with CNN on the same dataset



Automated Software Validation

“* A software validation toolkit is developed, to support building software validation on different levels

e Unit test, integrated test, software performance profiling and physics result validation

% Integrated with Gitlab Action system for automated validation

e Trigger validation jobs on different levels on schedule/commits

% Adopted by CEPC and Key4hep

1
! [READY|
I
TRy Pull Build
TR SO W i :
bl ERE L R Request Gitlab installation CVMFS izt
00 B Conpones | ) (0|l 8 @R )
WISl WEN| S— o —— § o) . |
o i e | M‘*—;;’:'@.il..'i ‘quHlﬁl L] T
I 1m | ToolSve::
'M.I,'In uﬁm.m.““"""'"’_I;:f‘:::‘::w"“:*;::,‘;';‘:f;:: H-'IIIIIII-I‘llll Commit Sitlab Docker Peqfeosr.:.’?:gn ce
.| Code ITla Cen'l‘r'al
SimTest 10 Operations WO r‘kf IOW
i = i Database
- I- ———————————————————
3 Build Test ' [ Kubernetes DIRAC
ouof Servers Servers Web i | (dedicated) (shared)
o Z:oé: Total running time: 504.5s PO r 1'(] I I_ ___________________
¥ 100 00 3!;0 400 - s e.’l) 1 OO

TTTTT



CEPC Offline Software System
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History of CEPC software

% The development of CEPC software first started with the iLCSoft
e Reused software iLCSoft modules: Marlin, LCIO, MokkaC, Gear
e Developed CEPC components for simulation and reconstruction
® Produced M.C. data for detector design and physics potential studies
e CDR was released in Nov, 2018, based on results from the iLCSoft

% New CEPC software (CEPCSW) prototype was proposed at the Oxford workshop in April 2019

% The consensus among CEPC, CLIC, FCC, ILC and other future experiments was reached at the
Bologna workshop in June, 2019

e Develop a Common Turnkey Software Stack (Key4hep) for future collider experiments

e Maximize the sharing of software components among different experiments
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X/

Key4hep

0S Kernel and Libraries

(Non-HEP specific)

>

From Thomas Madlener, Epiphany Conference 2021

The Key4hep is being developed to provide a common
software stack for CEPC, CLIC, FCC and ILC
experiments:

Application layer of modules/algorithms/processors
performing physics task

Data access and representation layer

Experiment core orchestration layer
m (Marlin, Gaudi, CMSSW, ...)

Specific components reused by many experiments
m (DD4hep, Delphes, Pythia, ...)

Core HEP libraries
m (ROOT, Geant4, CLHEP, ...)

Commonly used tools and libraries
m (Python, CMake, boost, ...)

[HEP and SDU are involved in Key4hep development
as non-EU members.
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Common Software Stack: Key4hep

o eemm T
'a"' \\ -------- ‘\
Y s \\YPOMY J ee==tT T " %%ca.
G . ——‘ Y
¢ - [ 28

4 [ o
’ FCCSW 3 ST iag e
(3 . v
L b ILCSoft %
oo T e LCFIPlus ‘.
v ~—— (podio )(EDM&hep) — T '
'. . !
\‘ (HEP) SW Tools < . 0
enerators )
A root  Uproot Whizard ... ’
) numpy . ’
Geants T S T—— Pythia8 P
----- - . "
4
4
) A
\~ AR R "'
L ] e <
T et - e’ *Some testbeam related
- . SW not yet included

e Develop and maintain project specific software and workflows
(T.Madlener | Key4hep & EDM4hep, CEPC workshop, Edinburgh)
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CEPCSW Core software https://github.com/cepc/CEPCSW

e EDM4hep: generic event data model

0‘0 i
» CEPCSW software structure Generator CEPC
e (ore software e Applications
e Applications: simulation, reconstruction and analysis
e FExternal libraries ; Reconstruction Analysis
% Core software .,
e Gaudi/Gaudi Hive: defines interfaces to all software || GeomSvc FWCore || EDM4hep
components and controls their execution : :
: Gaudi framework

Core Software

e K4FWCore: manages the event data e -

. I
e DD4hep: geometry description I LCIO PODIO DD4hep
. . . I
e (CEPC-specific components : generator, Geant4 simulation, ROOT Geant4 CLHEP
beam background mixing, fast simulation, machine learning 1
interface, etc. : Boost Python Cmake
I




Status of CEPCSW

RY

% Detector concepts
e (DR (baseline design)
e The 4th concept

% MC Generators

e Multiple formats su&mrted: HepMC,
HepEvt, StdHep, LC1O

e GuineaPig++ for MDI
e Particle Gun
*» Simulation
e (G4 simulation framework

e Fast simulation algoritrhms e.g. ML-
based dE/dx simulation

e Digitization algorithms for silicon,
CALOQ, drift chamber

+$* Reconstruction

e Marlin based tracking algorithms
for silicon detector

e Tracking algorithm for drift
chamber

e Pandora-based PFA
e Arbor-based PFA

* Analysis tools

e RDataFrame-based analysis
framework

¢ Examples and docs
e Usage of EDM4hep, Identifier, etc.

50 packages in total
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Multi-threading with Gaudi Hive

+  Gaudi Hive is a Gaudi extension supporting multi-threading and
concurrent computing

e  Configuration, Initialization, Finalization are performed serially in
"master" thread

= only Algorithm: execute is concurrent ,‘,@b
e Algorithms must declare their inputs at initialization or EE— BN S——

dynamically with DataHandles time — »

e  tbb::task wraps the pair (Algorithm*, EventContext)

EventLoopMgr
<  Multiple algorithms and events can be executed simultaneously St
using the data flow driven mechanism R
e  Algorithms declare their data dependencies :
. . A 4 =
e  Scheduler automatically executes Algorithms as the data becomes . I
Algorithm

available

From Charles Leggettt




Event Data Model

% EDM4hep is the common event data model
(EDM) being developed for the future
experiments like CEPC, CLIC, FCC, ILC, etc.

e describing event objects created at
different data processing stages and also

reflecting the relationship between them.

¢ Due to the strong flexibility of EDM4hep,
TPCHit was extended to accommodate the
new needs:

e By using the upstream mechanism of

PODIO, a common EDM was
implemented for both TPC and drift
chamber

| EDM4hep DataModel Overview (v0.9) [
RawCalorimeterHit ParticlelD
: : : - AN
SimCalorimeterHit | \crecocaionsconiaio, :\CG"’rimeterHi%a:%?ster /’
CanHltContrlbutlon aohssS //» u
MCPartche ( e > ReconstructedParticle
\
\\»
\ ociation /TraCk Vertex
MCRecoTrac sy TrackerHit <=
SimTrackerHit=—— RawTimeSeries TrackerHitPlane
Monte Carl TrackerPulse Reconstruction &
Sl Raw Data | Digitization Analysis
Monte Carlo Digitization Reconstruction
EDMéhep:TrackerPuls EDMéhep:ReclonizationCluster
: Rec Pelse Rec ionization cluster
EDMéhep:MCParticle g )
s il Pulse reconstruction Cluster reconstruction EDM4hep:TraCk /
pulse simulation
— . \ dN/dx reconstruction
EDMéhep:SimPrimary EDMéhep:TimeSeries

lonizationCluster Waveform EDM4hep:RecDad

Sim ionization and pulse  \avefor simuiation Rec gN/dx
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Detector Description

% DD4hep was adopted to provide a full detector

)
Compact Detector
descriptio constructor,

i S

description, which was generated from a single N .
Drawing Converterg/ Descrlptlon Model Converterg/ \ DB /

source ® based on ROOT TGeo N d o
(S

% Different detector design options are managed in
the Git repository and a simulation job can be . D EE

. . . extensions onverte Converter Extension xtensions
easily configured in runtime i
<* The non-uniform magnetic field was also EDREDREE
implemented in CEPCSW
DetCRD Coordinators CRD_o1_v1.xml il
— CRD_o1_v1 < ECalBarrel_o2_vO1.xml
— compact T CRD_o2_v1 InnerTracker_o2_ vO02.xml

L~ CRD_oX_vYY

- ECalBarrel_o1_vO1.cpp

— calorimeter <
™ EcCalBarrel_o2_vO01.cpp
~ InnerTracker_o2_vO1.c
e src — tracker =il S B2E
T InnerTracker_o2_vO02.cpp <
N Developers
— driftchamber 109



Simulation framework e
. . PrimaryCnvTool GZ::rz%r
%+ The detector simulation framework has been ersimAl Ao Lo
developed in CEPCSW. EEm— —— [ten tereg
Facto
e A thin layer is developed to connect Geant4 and =
Gaudi. DetSimSvc AnaElemTools User Actions|
(MCTruth)
e The event loop is controlled by Gaudi with a ‘ —
customized G4RunManager. oo [ | Simuation
e The geometry conversion from DD4hep to
Geal’lt4 IS dOl’lC by DDG4. Gaudr C0n7p0/79/7[5 G4 wrapper /ayer
Physics / TrackerHit
Tracker . /
2B SimTrackerHit ]—> DigiAlg r 1
MCRecoTracker
| Association
‘Generator |=»| GenAlg |== | MCParticle DetSimAlg r 2
Files \ SimCalor'imeTerHiT] Cal / Gl T
alo \ J
| Vg \ MCRecoCal
- - o ecocaio
EaloHl‘rConTr'lbuho} | Association




Fast Simulation

¢ To speed up the simulation , two fast
simulation interfaces are developed to

integrate different fast simulation models
into Geant4 in CEPCSW

e Region based: when a particle enter a
region, fast simulation will be triggered
by Geant4.

e Support ML methods via ONNX
inference interface.

Geant4 G4FastStep FastSim
Simulation £ Model
Framework

G4Fast
Simulation
Manager
Process

G4Region
GAFast G4VFast :
Simulation Simulation IFUS_FSIImG‘l
Manager Model 90
i G4Fast/Param Fast/Param E
- Simulation SimG4 !
! Model Tool :
i User Defined E
Inference Interface ML/DL
(based on ONNX) Model

FR R



Drift chamber

pyrsPpme | Advantage: Cost efficient, high density S;Ienold M:g::‘f; é :I)
prancaL K Light yield, trar stWeon
b . . . massive production. Advantage: the HCAL absorbers act as part
L) Th CEPC m t m 1 t l of the magnet return yoke.
* e eXperl en aln y alms O preCISe y " 1 Challenges: thin enough not to affect the jet

b § \ , resolution (e.g. BMR); stability.
measure the property of the Higgs boson. , S

‘0

\’ I
" Advantage: better n°/y reconstruction.

Challenges: minimum number of readout
channels; compatible with PFA calorimeter;

r ‘ s ;; | maintain good jet resolution.
I~ A Drift chamber

:\ 1 \ — - that is optimized for PID

*

D)

% Physics requirements: high track efficiency
(~100%), momentum resolution (<0.1%), PID
(20 p/K separation at P <~ 20 GeV/c), etc.

1 1 Work at high luminosity Z runs
y \/ \ . Challenges: sufficient PID power; thin

* For the 4th conceptual detector, silicon detector croughoto et e moment eton
and drift chamber (DC) are designed to provide
both tracking and PID for charged particles. relflenett s
Inner and outer radius 800mm to 1800 mm ?
** Both detector design and physics potential oftavers 1oores i
. . R Cell size 10mmx10mm/18mmx18mm
studies needs strong support of simulation and as HeiC,H,80:10
reconstruction software. S
Total # of sense wire 81631/24931
Stereo angle 1.64~3.64 deg
Sense wire Gold plated Tungsten $=0.02mm
Field wire Silver plated Aluminum ¢$=0.04mm
Walls Carbon fiber 0.2 mm(inner) and 2.8 mm(outer) 22

Cell structure
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DC software

+¢» The drift chamber software has been

developed from scratch

% Geometry and field map

DD4hep

Non-uniform magnetic field

+¢» Data model

EDM4hep and dN/dx event model

¢ Drift chamber

DC simulation
DC digitization
Track finding
Track fitting

Multi track reconstruction

DC simulation

DC digitization

l Genfit

/
/

DC track A
reconstruction

s

[

Track & track
length in cell: X

]
—~

Geometry
& field
(DD4hep)

data model
(EDM4hep &
DC EDM)

Garfield++
&&VML

v

Waveform
simulation

o

Waveform
reconstruction

U

[

N of ionization ]

dN/dx
reconstruction

Drift chamber simulation and reconstruction flow

113



Simulation of drift chamber

% TrackHeedSimTool (Gaudi tool) combining Geant4 and Garfield++ to simulate the complete
response of the gaseous detector

e For each G4Step, information (particle type, initial position, momenta, and step length) will pass to Heed to
simulate ionization process. The kinetics of G4Track will be updated according to its energy loss.

e Using TrackHeed (from Garfield++) to create the ionization electron-ion pairs (for both primary and
secondary ionizations), the deposited energy will be used to update the energy of the G4Particle

e Using NN to simulate the time and amplitude of each pulse for each ionized electron (for fast waveform sim.)

e Output: primary, total ionization, and pulse information, saved in EDM

DC cell ; . . : : :
Garfield++ waveform simulation, highly time-consuming -- = -

- waveform

0.14[

]
-2 0.16

0.12[
10° 0.11

Mt Fast simulation E || ][l 1

®  |onized electron

0.08

.. 0.06

0.04F
0.02

- Drift line o' , 8 o P - ~ =R %~"56" 100 150 200 250 300 350 400 450
( @ Anode wire i O, 0 >0 % . e time (ns)
_ o0 Zeon NN simulates
G4 particle Pulse shape

the pulse’s time
and amplitude template 14



Fast waveform simulation

% Extremely time consuming to use Garfield++ to simulate
e Dirift of ions and electrons, amplification via electron avalanches and final signal generation

% Studies show that the waveform shape of each ionized electron in Garfield++ is similar. Main
difference is the beginning time and amplitude

% Using machine learning technique to learn the distributions of beginning time and amplitude for
each ionized electron

e Training sample is produced by Garfield++

9 STWS 5 1821¢
> F T hasnessem 5 - + Garfield++
g o5 — wosoy-azron g 1o v U Good agreement between
@ F x=0.04,y=-0.38 cm 145 .
o — s 3 A, NN and Garfield++
r x=-0.42,y=0.02 cm ; + .
o —— scosmy-osaem i s  ~200 times speed up
L x=0.26,y=0.08 cm 0.8 +
’ ; x=-0.02,y=0.24 cm 06 ; . =+
[ x=0.42,y=-0.14 cm r
F 0.4 -
051 02k *
L “r B x*
0:“““7"“""" %rf‘a‘ow‘ﬁ‘owws‘owxeo
140 160 180

200
time (ns)

100 120 n find peaks 115



ML-based simulation

3000

2500

Pre time (ns)

1500

2000

1000f

500

‘NN

r: 0.4-0.6 cm

+ Garfield++
+NN

Entries
w
o
o

T

A s L | L L L
20 400 600 800
drift time (ns)

0 02

Entries

r: 0.6-0.8 cm

0.6

l0,8‘ L : n .1.2. " .1

4

r (cm)'

600

500F

400}

300

200

100}

+ Garfield++

+NN

0

500

n 1
1000

|
1500
drift time (ns)

drift time (ns)

3000

2500

2000

1500

1000

500

=)

e o I L e e e e e e
T T T T T

Garfield++

02 0.

»
2
k=3
i}

600

500

400

300

200

100

0

4 06

1 1.2

90

80

1.4
r (cm)

r:0.8-1.0cm

+ Garfield++

+NN

L1
1000

P B
1500

** Good agreement between the NN and Garfield++ simulation

2000
drift time (ns)

Entries

r:1.0-1.2cm

200
180
16

=]

14

o

12

=]

=3
RR R R R e L RS R RN

10
80
60
40
20

+ Garfield++
+NN

L ML
1500 2000 2500
drift time (ns)
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Track reconstruction (1)

¢ Tracking with Combinatorial Kalman Filter (CKF)
method

e Used by many high energy physics experiments

¢ Track finding with CKF in drift chamber
e Migrate from Belle2

e Track segments reconstructed in the silicon detector,
called seeds, are extrapolated to the DC and all the DC
hits belonging to the track are collected

% Track fitting tool: Genfit
e Experiment-independent generic track fitting toolkit

e Official track fitting for Bellell, also used by PANDA,
COMET, GEM-TPC etc.

e Using DAF kalman filter

The specific process of CKF

loop All hits.
Select
candidate hits

If retained,
track
correction is
required

Determine
whether to
retain
according to
the residual

Extrapolate
from position
and
momentum
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Tracking performance

< Data sample: Single particle u~,8 = 50°

% Track efficiency € =N,/N,

e N1 is the number of track satisfying:

m  x2<400

m  N_(DC hits on track)>50
e N2 is the numbre of silicon track

+¢» Combined measurements of Silicon and Drift Chamber

/

25| —— 08-18m, |LD tracking
\
. —— 0.8~1.8 m, CEPC DC
1:
o.s:—

10 p, [GeVic]

102

Track Efficiency(%)

102
1009999929 2 222 2 08 n )
98
96
94 —@— Fitting with truth hits
92 —— Fitting with finding hits
90 10 20 30 20 50
p(GeV/c)
g E Entries 3970
= = Mean 0.0007412
5250 Std Dev 0.02263
- Undertlow 62
N Overflow 58
200_ =16 24N a\/ £21 ndf 134.2/88
19} 1TOTI4IVICV
C Prob 0.001102
C Constant 242 =51
- Mean 0.001257 = 0.000268
150 J Sigma 0.01634 =0.00022
100F l \
50

Momentum distribution of 10 GeV/c u-
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Analysis toolkit based on RDataFrame (1)

% RDataFrame is a powerful tool for data analysis PN

[ isto |

. P

e Program language: Python and C++ » » | s

e Declarative programming and parallel processing | x>0 z | P

are supported —L £

e EDM4hep data can be read directly @
Being used by many experiments such as FCC-ee // d2 is a new data-frame, a transformed version of d

auto d2 = d.Filter("x > 0")
.Define("z","x*x + y*y");
// make histograms out of it
auto hz = d2.HistolD("z");
auto hxy = d2.Histo2D({"hxy","hxy",16,-1,1,64,-1,1},"x","y");

% Development of analysis tool for CEPCSW
e Development of common components (functions)
m  Analysis functions in C++: event selection, filtering, Jet clustering, vertex fitting
m  Python for configuration: define analysis functions, input samples, output variables
e Performance test
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Analysis toolkit based on RDataFrame (2)

% Several packages are ported from FCC analysis, more are being

implemented
e FastJet, MarlinKinfit
e Vertex fit, jet tag, PID etc.

* Functionalities and performance test with two analysis

channels
e cte- -> Z(mumu)H
e c+e- ->H(2jet) mumu

—)7—
300 - — Signal CEPCH -
| — Background Preliminar! e
8 200~ 1 s.
@ =4
4 8.
= &
100~ -
IL'JJ‘.LLI—\I\:—; [ Lx»\_‘-

80 100 120 140 160
'y
Mmoll

Identical results with Marlin

Threads

- | = — stdline.
z

|—4=—D82

% CPU

/

EDM4hep PYyROOT MarlinKinfit Fastlet ...

&

RDAnNalysis \

C++ library

2000

1600

1200

800

400

200

100

~ ~ stdline|

—e—real

Threads

performance test
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Machine Learning |ntegration P e o TR S S O

auto input_tensor = Ort::Value::CreateTensor(info,
inputs.data(),

“ ONNX/ONNX Runtime have been integrated inputs. size(),

dims.data(),

with CEPCSW dims.size());

std: :vector<Ort::Value> input_tensors;
input_tensors.push_back(std: :move(input_tensor));

7S .
’Q’ Provlded an eXample, OrtInferenceAlg, auto output_tensors = m_session->Run(Ort::RunOptions{ nullptr },
m_input_node_names.data(),
Sty . input_tensors.data(),
([ In lnltlallze() input_tensors.size(),
m_output_node_names.data(),

¢ Create a session object of ONNX runtime m_output_node_names. size());
for (int 1 = @; i output_tensors.size(); ++i) {
¢ Load and run an ONNX model ey G < A T

" output name: " << m_output_node_names[i]

) In execute() ':' results (first 10 elements): "

::endl;

const auto& output_tensor = output_tensors[i];

. Compute Output fOf an input data const float* v_output = output_tensor.GetTensorData<float>();

for (int j = @; j < 10; ++j) {

> Fast pulse simulation in the drift chamber LogInfo << "[" << & << "1" < "[" << 3 << "

<< v_output[j]

provided as an example (MLP) << std:zendl;

bool OrtInferenceAlg::initialize() {

m_env = std::make_shared<Ort::Env>(ORT_LOGGING_LEVEL_WARNING, "ENV");
m_seesion_options = std::make_ shared<Ort::SessionOptions>();
m_seesion_options->SetIntraOpNumThreads(m_intra_op_nthreads);
m_seesion_options->SetInterOpNumThreads(m_inter_op_nthreads);

m_session = std::make_ shared<Ort::Session>(¥*m_env, m_model_Ffile.c_str(), *m_seesion_options);
__ 2 i —— — _— = e
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Introduction to Particle Physics at SDU
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AIDAINNOVA COLLABORATION AGREEMENT
(THE “AGREEMENT”)

BETWEEN: THE EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (“CERN”), an
Intergovernmental Organization having its seat at Geneva, Switzerland, acting as Coordinator in the
names and on behalf of the Parties of the AIDAinnova Consortium (hereinafter collectively referred to
as the “Consortium” and individually as “Consortium Members”),

AND: SHANDONG UNIVERSITY (“SDU?”), established at Jinan, China,

Hereinafter each individually referred to as a “Party” and collectively as the “Parties”,

0S Kernel and Libraries
(Non-HEP specific)

generic
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