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Particle reconstruction at e" e~ Higgs factory

» Reconstruction in collider experiments
> Interpret detector hits into observables (type, E, P, vertex...) of final state particles.
» Ultimate goal: 1-1 correspondence between truth & reconstructed particles.
» Difficulty of achieving this goal highly depends on collision environment.

> CEPC: e*e™ Higgs factory (240 GeV)
» ~97% with hadronic/jet final states (ZH production)
» particle multiplicity up to ~100 (di-jet)
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Particle Flow reconstruction

» Basicidea
» efficiently separate and identify different types of particles
» measure their energy/momentum with the optimal sub-detector

» Significantly enhance jet energy measurement
>E]et — ETrack(65%) + Ey(ZS%) + Eho(lO%)
» Tracker momentum resolution (~0.1%) << Calorimeter energy resolution (~60%/VE)
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Particle Flow reconstruction

(240 GeV)
007 T——— T
» Performance at CEPC CDR phase - CEPC 22  vwa (ue) Cleaned |
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https://arxiv.org/abs/1403.4784

Improve hadronic resolution with Glass-HCAL

> Glass Scintillator HCAL (GSHCAL) [NIMA 1059 (2024) 168944] Glass Scintillator

» Glass advantages
» higher density — higher sampling fraction
» doping with neutron-sensitive elements (Gd) : improve hadronic response
» low cost
» Significantly improvement in
» Hadronic energy resolution: traditional 60%/VE — 30~40%/VE
» BMR: baseline 3.7% — 3.3%
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https://inspirehep.net/literature/2727157

Particle mapping & classification of reconstructed particles

» Build mapping between truth visible & reconstructed particles
» Reconstructed particles are composed of track/cluster hits
» Truth link between hits and truth particles that generate the hits

Visible Reco Trk Clu ei,,ui,ni,l(i,p/ﬁ, Y, Kg’n,ﬁ
V| v .Well-reconstructed
- V| Vv Charged without cluster
~~~~ 0 v Charged without track
+ v | X .Charged with cluster lost
0 X |V Lost
0 X |V Fake (only increase multiplicity)
0 X |V Fake (energy double-counting)
+ v | X + |Charged
0 v 0 |Neutral
. v — 1-1 correspondence
_____ v - = 1-n
V| e » n-1
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Charged particle without track/cluster

» Almost in forward and low Pt regions

CDR

TDR
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Particle reconstruction efficiency

CDR

TDR
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CDR

TDR

Particle reconstruction efficiency
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Particle identification using machine learning

> 1-1 correspondence problem — supervised multiclass classification task

» ML model: Particle Transformer (ParT) [arXiv: 2202.03772]

» Inputs: ~55 particle features

» Reconstructed particles: E, P, (6, ¢)

» Track: #hits, P, endpoint, dE/dx

» Cluster: #hits, E, shape variables, time spectrum...
» Outputs

> Likelihood (score) of each category
» ~2.2M parameters

Partl
Attentios
x0 Blk

g
3
2
8
| Embedding '

Interactions =

' Embedding '

» Sample
» Full simulation vwH, H = gg (240 GeV)
» Statistics
> CDR: 10° events
> TDR: 2 X 105 events (b) Particle Attention Block (c)cg;ssAttention Block
.. . . Figure 3. The architecture of (a) Particle Transformer (b) Particle Attention Block (c) Class Attention Block.
» Training : Validation : Test = 6:2:2
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https://arxiv.org/abs/2202.03772

Input feature variables

» Input features at particle, track, cluster level

2025/05/28

Table A.2: Input variables of ParT.

Object level

Observable variables

Reconstructed
particle

4-momentum (E, py, py, p;)
Direction (6, ¢)
Number of tracks and clusters

Track

Number of hits

Endpoint position

3-momentum (lﬁla Dx, Py, Dz PT)

dE/dx (mean of 5-85% truncation and quartiles)

Cluster

Number of hits

Energy

Position of shower starting point

Position of center of gravity

Fractal dimension [56]

Second moment (M>)

Distance between ECAL inner surface and shower starting point
Distance between ECAL inner surface and center of gravity
Distance between ECAL inner surface and the innermost hit
Distance between ECAL inner surface and the outermost hit

Maximum distance between cluster hits and the track helix (for charged particles)
Maximum distance between cluster hits to the axis from the innermost hit to the center of gravity
Average distance between cluster hits to the axis from the innermost hit to the center of gravity

Hit time spectrum (the fastest time and quintiles) — TDR ECAL has no time infa.

Closest
charged
cluster

Minimum distance between cluster hits of each other
Number of hits
Energy

Ratio of E jyster t0 Dtrack

CEPC Physics Performance Wednesday Meeting
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Fake particle identification and BMR

Optimal working point (wrt BMR)
» Score > 0.85

» CDR: eff. ~77%, purity ~97.5%

» TDR: eff. ~56%, purity ~95%
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Fake particle identification and BMR

Before removing ChFrag After removing ChFrag

» Fake particle suppression s l
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A.U./0.5 (GeV)

Fake particle identification and BMR

» Glass-HCAL + fake particle suppression (relative 15%) ~2.75%

GSHCAL
T T

(s = 240 GeV
L B LR L

B I T T ‘ T T T ‘ T T T
- [ ZZ—vvqq Cleaned
— ] WW—uvqq Cleaned

[ ] ZH—vvgg Cleaned

CEPC

i Aol

60

80

100

» BMR improvement (CDR results only)
» CDR Baseline ~3.7%
» Glass-HCAL ~3.3% (relative 10%)
S ' S
- CEPC [ )2z - vwqq(ud) Cleaned ]
0.06 [ ]WW — pvaq (ud) Cleaned 0.06
[ ]ZH — vvgg Cleaned .
0.05/- . 0.05
S
0.04 4 2 o004
{ S
0.03- 4 5 003
. <
0.02}- 3 0.02
0.01- f 0.01
0=%0 80 100 120 140 160 0
m (GeV)
2025/05/28

CEPC Physics Performance Wednesday Meeting

Al
120 140

160

A.U./0.5 (GeV)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

(240 GeV)
T ‘ T T T ]

i T I T T T ‘ T T T ‘ T T T ‘ T T
- [__] ZZ—-vvqq Cleaned
- [ ] WW—pnvqq Cleaned
- ] ZH—>vvgg Cleaned

CEPC

(T,
100 120 1
m, (GeV)

60

80

40

160

14



Energy fraction

» Increased fractions in TDR
» Charged w/o cluster
» Lost (mainly from particle merging due to ECAL long-bar configuration?)

2.2%
1.0%
2 5% 6.2%
3.1% 0.8%
1.4%
4.5%
| — - 1 i
well recons.tructed Charged:wiiiclusterlost B Well-reconstructed I Charged w/i cluster lost
Charged w/i no cluster Lost due to acceptance, .
Chargad wilmostrsck merging, and mis-ID Charged w/i no cluster Lost QUe to acceptance,
9 Charged w/i no track merging, and mis-ID
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Simultaneous identification of particles

CDR TDR (preliminary)
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Simultaneous identification of particles

Trace of M6x6

» Differential efficiency
> M6x6 (e, ut, nt, K+, p/p,y)
» high eff. in wide range 1~10/20 GeV
> M3x3 (KP,n,7)
» high eff. in low energy range ~ 1 GeV

|cosB|

|cosB|
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Future 3-stage particle mapping

» Lost decomposition

» Acceptance
» Particle merging Detector interaction Reconstruction
> Secondary partiCIeS Gen stable Secondary| MCP w/i hit PFO Trk Clu
. " .- e - V| v .Well-reconstructed
» e.g. photon conversion I’* _______ I W harged without cluster
» To avoid E double-counting . S N 7 R TR—
e + \ + v | X .Charged with cluster lost
\ X| Vv Lost
. X | Vv Fake (only increase multiplicity)
x| v Fake (energy double-counting)
v | x + |Charged
v 0 |Neutral
v —» 1-1 correspondence
v - = 1-n
v e > n-1
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> 1-1 correspondence reconstruction = confusion-free PFA + efficient PID
(unified in a same model)

» Particle mapping (truth link)

» especially in jet environment (with high multiplicity)
» enable diagnosis on individual particles
» provide more dimensions (not only BMR) for performance quantification

» Standardization

» Key performance
» BMR

» Energy fraction
» PID efficiency

» Future 3-stage particle mapping

2025/05/28
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Thank you for your attention!




Double-counted energy (ChFrag) distribution

ChFrag Truth, AURORA Before removing ChFrag After removing ChFrag
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PID matrix using max score

CDR TDR

0.002 0.006 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000

0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000

m*{0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000

K*10.002 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000

p/p10.001 0.000 0.006 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000

y 10.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.006 0.000 0.003 0.000 0.002 0.001 0.002 0.000 0.044 0.021 0.000 0.004 0.000

K©40.000 0.000 0.000 0.000 0.000 0.094 0.034 0.000 0.161 0.052 0.000 0.030 0.000 K©1{0.000 0.000 0.000 0.000 0.000 0.230 0.327 0.072 0.072 0.000 0.202 0.083 0.000 0.015 0.000

é n10.000 0.000 0.000 0.000 0.000 0.007 0.048 0.281 0.023 0.0000.044 0.000 0.020 0.000 é n40.000 0.000 0.000 0.000 0.000 0.109 0.076 0.236 0.040 0.000 0.440 0.082 0.000 0.017 0.000
n40.000 0.000 0.000 0.000 0.000 0.008 0.066 0.0710.000 0.084 0.038 0.000 0.019 0.000 n+0.000 0.000 0.000 0.000 0.000 0.183 0.097 0.049. 0.000 0.115 0.068 0.000 0.009 0.000
hag'r:gsg-o.OOl 0.001 0.003 0.003 0.078 0.054 0.209 0.164 0.178 0.079 0.151 0.048 0.004 0.027 0.000 f£10.011 0.000 0.096 0.000 0.034 0.008 0.000 0.006 0.003 0.025 0.006 0.000
f+10.000 0.000 0.000 0.000 0.000 0.004 0.001 0.003 0.000 0.000 geReIs]e] 0.000 0.007 0.000 f040.000 0.000 0.000 0.000 0.000 0.066 0.002 0.004 0.001 0.000 0.013 0.000
f240.000 0.000 0.000 0.000 0.000 0.011 0.002 0.003 0.001 0.000 0.286 {e{f:PA 0.000 0.015 0.000 Ml#tki~0.000 0.000 0.000 0.000 0.000 0.105 0.003 0.004 0.002 0.000 0.179 NeW/Aei¥ 0.000 0.007 0.000
Ml_:_ﬁ(i-o.ozo 0.117 0.240 0.032 0.056 0.000 0.000 0.000 0.000 0.004 0.001 o.oooo.ooo 0.000 Ch\#ﬁ. 0.030 0.016 0.230 0.010 0.034 0.000 0.000 0.000 0.000 0.002 0.000 0.0000.000 0.000

ChWO-O.OOO 0.000 0.000 0.000 0.000 0.033 0.004 0.011 0.002 0.000 0.304 0.059 0.000

Trk NeWi-O.OOO 0.000 0.000 0.000 0.000 0.188 0.011 0.012 0.008 0.000 0.348 0.080 0.000 0.353 0.000

Trk

I\r/\llg::l’-O.OOO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

D’/‘I‘gg-o.ozz 0.007 0.266 0.003 0.047 0.311 0.005 0.002 0.007 0.012 0.054 0.055 0.188 0.022 0.000
e* u* nmt K* pp Y K° n n other f~ f MultiChWo Null et u* nmt K* pp VY K n A ff O Multi ChWo NeWi Null
hadrons Tk Trk MCP Tk Tk Tk MCP

Predicted Predicted
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Particle (PFO) multiplicity

CDR TDR

le6 le6
N All PFO I All PFO
All PFO with CluHit 1.0 All PFO with CluHit
2.5 mmm Remove ChFrag (eff ~75%) B Remove ChFrag (eff ~56%)
Remaining PFO with CluHit Remaining PFO with CluHit
2.0 0.8 1
1.5 0.6
1.0 1 0.4
N N ‘ ‘ ‘ | |
0.0 — - 0.0 LAf .. II ll BE0p up BP NP ., Il .
Nul e H nm K P Y K2 n n other f£ f° MultiChWo Null e M m K p YV kP n n other f£ f© MultChWdNeWi
MCP h Trk Trk MCP h Trk Trk Trk
108 8
- -AlLEED 0 m Al PFO
AIl PFO with CluHit All PFO with CluHit
1073 mmm Remove Ehfag (eff =7556) B Remove ChFrag (eff ~56%)
Remaining PFO with CluHit s N y .o
106 - Remaining PFO with CluHit
106 o
105 4
104 4
104 4
102 o
103 4
105 K Y KO A other f£ O MultChWi 10°
ull e n n other f=* u o £ g -
MCP H P KL h Tk Trk Null e 4 m K p Y KP n notherf* f0 MultChWdNeWi
MCP h Trk Trk Trk
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Reconstructed

PFO Number Percentage (%)

PFO Energy Percentage (%)

particle categories

Different species of PFO

45.30%
40 -
30 A
20 19.77%
14.48%
10.43%
10 A
3.18%
2 1.58% 1129 0.86% 1.82%
5 0.07% 9.60%  0.25% : - 0.49%  0.03% 0.03%
Null e* u= n= K= P Y K? n n other = il Multi Chwo
MCP h Trk Trk
42.89%
40 -
30 1
24.47%
1.45%
0.05%
T
Null e* u= = K= P Y K? n n other = il Multi Chwo
mcp Trk Trk




Necessary Input

Table A.2: Input variables of ParT.

> Reconstructed Samples With truth info Object level | Observable variables

Reconstructed | +-momentum (E, p., py, p;)
] article Direction (6, ¢)
> PFO e Feature Varlables £ Number of tracks and clusters

. Number of hits
> Tra C k, Tra C k h |tS Track Endpoint position

3-momentum (|7, px, py pz» Pr)

H dE/dx (mean of 5-85% truncation and quartiles)
» Cluster, Cluster hits Sl mean
Energy

>Truth llnk -> Mapplng & Truth IabEI Position of shower starting point

Position of center of gravity

o S~
- ~
-

e o N S Fractal dimension [56]
5 e b TN Second moment (M>)
i Y T N Distance between ECAL inner surface and shower starting point
. e B e g Cluster Distance between ECAL inner surface and center of gravi
Track —— TrackerHit — S|mTrackerH|t — MCParticle, weight (#hit) . . or Of gravity
Distance between ECAL inner surface and the innermost hit
PFO Distance between ECAL inner surface and the outermost hit
Maximum distance between cluster hits and the track helix (for charged particles)
Cluster —— CaloHit — SimCaloHit — MCParticle, weight (Edep) Maximum distance between cluster hits to the axis from the innermost hit to the center of gravity
Y S R+ N S sl Average distance between cluster hits to the axis from the innermost hit to the center of gravity
ML " TS Y= -7 Hit time spectrum (the fastest time and quintiles)
\\\\\\\\\ - Minimum distance between cluster hits of each other
~~~~~ e s Closest 5
Number of hits

» Physics process charged | gy
Ratio of E jyster tO Ptrack
»VvvH,H = gg (240 GeV)

> Statistic

> 10° are expected for training ML model
» but we can start with ~100 to examine dataset first
» especially the truth link...




Detector geometry

SIWECAL + SDHCAL

Parameters (Baseline) SiWECAL + GSHCAL CSECAL + GSHCAL
ECAL Material Si+ W Si+ W BGO (Homogeneous)
ECAL Transverse cell size 1 x 1 cm? 1 x 1 cm? 1 x 1 cm?
ECAL Number of layers 30 30 27
ECAL Total thickness 24 X, 24 X, 24 X,

Si 0.5 mm (30 layers) Si 0.5 mm (30 layers)
ECAL Thickness/layer W 2.1 mm (20 layers) W 2.1 mm (20 layers) 10 mm

W 4.2 mm (10 layers)

W 4.2 mm (10 layers)

HCAL Material GRPC Glass + Steel Glass + Steel
HCAL Transverse cell size 1 x 1 cm? 2 X 2 cm? 2 X 2 cm?
HCAL Number of layers 40 48 48
HCAL Total thickness 5 A 6 A 6 A
3 mr(r)lléglg\(l n 0.125 A 0.125 A
HCAL Thickness/layer : 10 mm Glass + 10 mm Glass +
3 mm Electronics +
13.85 mm Steel 13.85 mm Steel
20 mm Steel

HCAL Glass density

6 g/cm?

6 g/cm?




Glass-HCAL

15—1 T T I T LI | ] T T T [ T T T l T T T ] T T l—_E_ u_] B I | | | | =
—— {s =91 GeV ee->Z->qq R \bm 0-3:_ —:
107": - 5 . . —_—
E —— {s = 240 GeV ee->Z->qq E 0.25 — PS-HCAL, 3% @ 60% / YE —
. - 8 ---- 7.3%®40% /VE -
2L — {s =240 GeV ee->ZH->vvbb _ -\ --==- 6% ®40% /E =
Ll i ---- 6.5%® 30% / E :
C ] N ol
102 . 0.151% =
- : 0.1 L
107 = E - R T ot
- : 0.05[- =
10°= E - :
] P 1 | == 0— P [N T R (SIS Y | [N ST TS [ TS TSN | (ST YRS TR T

0 20 80 100 120 20 40 60 80 100 120
Ehadron / GeV E/ GeV

» Epagron < ~ 100 GeV, typically < 60 GeV » Energy resolution of GS-HCAL is better

than that of PS-HCAL for E < 80 GeV



