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BCSIT Outline

1. Introduction
2. Graph Neural Network (GNN) for track reconstruction

3. Performance on MDC & CGEM + ODC
4. Summary
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BESII

Introduction of BESII| .2
»Beijing Spectrometer Ill (BESIII), a large general-purpose detector working in the

1519 lfrgft% %E,iﬁgfﬁ;m&
7-charm energy region operating at Beijing Electron-Positron Collider Il (BEPCII)
»Main studys

v’ Light mesons and light baryons

v'Charmonium, including exotic mesons and baryons containing charmonium
v'QCD and 7 physics
v Searches for new physics

Solenoid

Barrel

W"—

Z S 7278
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BESIT BESIII Tracking Detector - MDC

» Multi-layer Drift Chamber (MDC)
* Provides precise position & momentum measurements

MDC Parameter Value

- Enables dE/dx particle identification # layers 43
 Delivers fast trigger signals a(p)/p 0.5@1GeV/c
a(xy) 135um

Acceptance 93% @4t

Inner Drift Chamber
(IDC)
Outer Drift Chamber R
(oDC) / S, Outer chamber end-plate
Inner chamber 7/
Inner chamber end-plate
axial wires
stereo wires Outer chamber s Step end-plate
MDC X-Y in view MDC in 3D view

20267771 2026 BRI EBTITS 4



BCSII Detector Upgrade - CGEM+ODC &) vus1mscrcs
L e i oo
» Inner tracker - Cylindrical GEM detector (CGEM) CGEM Parameter  Value
> B_eam-backgroupq resistant # layers 3
» High-rate capability
> Better z resolution a(p)/p 0.5@1GeV/c
» Radiation-hard a(p) 130~150um (charge + time)
> Outer tracker - Outer Drift Chamber (ODC) () ~300um
» Reuse MDC outer chamber
»> 395 layers
CGEM
L3
Outer Drift Chamber
(ODC)
L2 X
L1 V

axial wires
stereo wires

CGEM in 3D view

CGEM+0ODC in X-Y view
202671 2026 FF 1B R NI BHTR 5



BESII

Tracking for BESIII

§<Eﬁﬁﬂ>% e
» Traditional tracking methods

NV, ?@ﬁ%ﬁ%%%ﬂ%ﬁﬁ
@. ® 6
@. @
» Track finding: Pattern matching, Hough transform, etc. @\ (rack
rac
» Track fitting: Least-squares method, Kalman filter fitting, etc. D o
» CGEM cluster reconstruction: Charge centroid method
» Baseline method

[1JoJol1Jol1Jo]1]

=4
» Traditional track finding + GenFit fitting
» Challenges

Real Space

Parameter Space

Track
/

v" Manual parameter tuning (detector type, geometry, accuracy)
v" Difficult to optimize for low p+, secondary vertices, high
background

» Previous work on BESIII

E"“““““":CGEMcluster
v GNN tracking for MDC in high p+ region . “ Iy - R
> Work to be done ——————— .\;{)riftaml Avalanche
v" Improve low py efficiency < tonization
Cathode
v" Tracking development needed for CGEM+ODC
2026/7/1
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BGS]]I Introduction of GNN

»Graph Neural Network (GNN)

» An optimizable transformation over all attributes while preserving the symmetries of the graph
»GNN for tracking

» Detector hits are naturally a set of points irregularly distributed in space
v Nodes — hits

v' Edges — hit-hit associations

» Graphs are permutation-invariant and can handle variable numbers of hits

S
0%, ® 0.9
) o 088 osnff 4% 88 0.89 -
= N g ool N9 092 RNz 0
e 0, | ® 4, 0.95 02 0.92 095 M 0.9
-3 ® % }‘H_“ ., 0.92 & L’ “ ;9 ° 0T 0.
—> _> 91 0.85 _> 0.91 0.85
=t : . 09147 % & 005 oy
e 7adl ” & ; R a7 i - >
< ;& N 0074 yuz &o.sz k —
s %] 7
-3

0. .78
003 %gﬁ"-“ ‘
® e
Tracker Data

e Joso ' 0.
(a) Graph Construction

.79
(b) Edge Classification

(c) Track Construction
Source: IRIS-HEP, “Accelerated GNN Tracking,” accessed June 13, 2025, https://iris-hep.org/projects/accel-gnn-tracking.html
2026/7/1
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BESII GNN Model for BESIII tracking

Y@ M?’a Mbifzmq
Institute of?{gf‘f rgy Physic
Chinese Academy of Sciences

» Our model extends and supplements the " Input DG Hits
approach presented in CAT Finder ' I

» Model applied to BESIII arxiv:2602.14571
»High momentum, low multiplicity scenarios

» Extending to Challenging Regime
* Low momentum curling tracks
« High multiplicity events

« Joint detector reconstruction
» CGEM (CGEM clusters) + ODC (ODC hits)

tracking olleNofe e[S EE )l Cluster coordinates, B values
: 100 Track Parameters Position(x, y, z), momentum(px, py, pz), charge
Single-track m* Single-track n* — Baseline Finder H

2 :
> 1.00 e e 2 ~—— GNN Finder : . . ; P
= %10_17 o Baseline Fter Hit Parameters Flight length, turn ID, left/right ambiguity
% 0.98 E‘,l N I— i .
w 5. S L
~ o -
& 0.96 s> -Li ivati
g e : SU— (] -GravNet Block . Linear Layer(LL), Batchnorm Layer(BNL), ELU Activation(ELU)
—4— Baseline Finder —4— Baseline Fitter E
0.94 = T T T T T T K-
02 04 06 08 10 12 14 10

e 0.25 0.50 0.75 1.00 1.25 1.50
pr- [GeV/c] pYC [GeV/c]

2026/7/1 2026 FE BRI EETITS 8


https://link.springer.com/article/10.1007/s41781-025-00135-6
https://arxiv.org/abs/2602.14571

BESII

MDC
43 layers

CGEM(3 layers) + ODC(35 layers)

EiL |
2026/7/1

D ata SetS g ?fq ‘* 3 '
NG ¢ @4 #d e it f

Institute of High Energy Physics
Chinese Academy of Sciences

MDC train & validation dataset

Event type Py [GeV /c] cos6 ¢ [rad] Particle type Number
Six-tracks 0.04~0.16 -0.93~0.93 0~2m ntn ntn T pp 2 x 10°
MDC test datasets
Event type Pr [GeV /c] cos6 ¢ [rad] Particle type Number
Single-track  0.04 ~0.16 -0.93 ~0.93 0~2m e” 1 x 10*
Double-tracks 0.04 ~0.16 -0.93 ~0.93 0~2m wtm” 1 x 10*
Four-tracks 0.04~0.16 -0.93~0.93 0~2m ntn T 1 x 10*
Six-tracks 0.04~0.16 -0.93~0.93 0~2m ntn ntn T pp 1x 10*
CGEM+0ODC train, validation and test dataset 8:1:1
Eventtype  Pr[GeV/c] cos@ ¢ [rad] Particle type Number
Single-track  0.15~1.5 -0.93~0.93 0~2m T 1.8 x 10°

Monte Carlo full simulation of BESIII detectors
Mixed background from real data

2026 FFBREEEEIS 9



g

BESII Data Preprocessing

TRASRE LG UR
Institute of High Energy Physics
Chinese Academy of Sciences

. Remove hits from
non-signal physical
process

Category Example process Action
Low quality Tracks with < 6 hits Remove

conv, compt Remove Reassign hits
Relabeling Decay tracks > 7 turns Label as noise fmmmmmmm e 2

lonized hits Label as signal
Track splitting ~ Multi-turns track Split | 9

Detector edge bounces Split by turn Detector edge bounces lf/ \ k \

\ \

2026/7/1 2026 BB AR EBETITS 10



BESII

Hit efficiency

N;lnatched
it
€hits =  detectabl
Nhlet ectaote
Nratehed s the number of hits on the track that match the
truth, and Nggtectable s the number of detectable hits on

the truth track associated with this reconstructed track.

Hit purity

Phits assigned
hit

NEssianed i tha number of hits on the reconstructed track.

hit
Track criteria

Phits > 50%, Niif " > 6

Tracking Quality Metrics G 110175 10t

7919 IILStitl:lte of High ‘Energy‘(}’ﬂyncs
Chinese Academy of Sciences

MDC track efficiency
Nsignes
€track = N detectable
track

N/natched s the number of reconstructed tracks that

match the truth, and NZetectable g the number of
detectable tracks in the sample.

CGEM + ODC track efficiency

Nmatched
ODC track

€track = N detectable
ODC track

NJpeehed is the number of reconstructed ODC tracks
that match the truth, and NGgie¢table is the number of
detectable tracks in the sample.

2026/7/1 2026 BR AR E B ITS 11



BESIT MDC performance

N 7919 y In.stit:_dte of High ‘Energy‘?ﬁyncs
Chinese Academy of Sciences

» Track efficiency improved ~10% @ py in (40MeV ~ 160 MeV)
» Hit efficiency and purity are comparable with baseline

=
o

N BES GNN

[ Baseline l BES GNN
—4+— Baseline
e c
Q
g 'C 0.6
Y
£ i
L
N X 0.4
U o
© =
£ 0.2
0.0
0.04 0.06 0.08 0.10 0.12 0.14 0.16
e Single track Double tracks Four tracks  Six tracks pr (GeV/c)

2026/7/1 2026 BR AR E B ITS 12



- Pred track

Noise (76 points)
Condensate
Reconstructed
Missed
NoiseSignal (0 points)

0.81

2026/7/1

Event Display - MDC

o

- Pred track

Noise (336 points)
Condensate
Reconstructed
Missed
Noise-+Signal (0 points)

PO HEEDEBRUE
Institute of High Energy Physics
Chinese Academy of Sciences

2026 FE BRI EETITS

Noise (135 points)
Noise-+Signal (10 points)
Condensate
Reconstructed
Missed

==+ Pred track

%X
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BESIT Track efficiency - CGEM + ODC &) i

f7{gfL gy}-’fy
(f se Academy of Sc

» GNN-based joint tracking
» CGEM clusters + ODC hits — Tracks
» Track efficiency: ~90% (p; > 0.5 GeV/c)

1.0 ~+#+- BES GNN 10 —#@i- BES GNN
0.8
> >
je] [}
< c
206 2 0.6
=} Q
E E
L] (]
4 4
[} Q
04 © 0.4
= =
0.2 0.2
0.0 0.0
0.2 0.4 0.6 0.8 1.0 1.2 1.4 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
pr [GeV/c] cos 6
Track effiency vs pr Track effiency vs cos6
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Event Display - CGEM + ODC

CGEM+0DC View (XY Plane)

Noise {96 points)

CGEM Detailed View
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¥ Noise-Signal (1 points)
% Condensate
® Reco (MDC)
B Reco (CGEM)
Missed (MDC})
= = Prediction track
Beam pipe
CGEM
oDC

=
N
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Institute of High Energy Physics
Chinese Academy of Sciences
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BCSII Adapting and Extending Approaches ) 1 asmaensns

 Hit Filtering: Fewer hits, cleaner tracking
- Differentiable Clustering: Learn clustering without manual tuning

* Multi-stage Reconstruction: Progressive track refinement

Stage: Hit filter (Optional) Stage2 : Track finding

[ .r”""‘;;‘,’-:« / - .
S — MLP red. signal CondensationGravNet cluster space features i
o sgra ) ) | e

=
( pred. track )—

soft-gate + bandwidth
_I::( hit assignment )—

Track Efficiency vs cos @ (combined)

Efficiency / Rejection / Purity vs Threshold 1.0
- - *-—

* Hit Filter
98% signal retention with 60% noise reduction

Track Efficiency
o o

Tracking eff. vs cos0
* Efficiency
97% Track Efficiency | 96% Hit Efficiency (Optimizing)

0.04

2026 F BRI E ETITS 16
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Institute of High Energy Physics
Chinese Academy of Sciences

BESII Summary

» End-to-end GNN tracking realized for MDC and CGEM + ODC
» Low p; MDC track and event quality improved
» Combined CGEM + ODC tracking is promising
» Key improvements on model architecture and training strategy

» Outlook
v End-to-end GNN Tracking by using CGEM raw measurement (CGEM X and V
strips + ODC hits — tracks)

Thanks for your attention!

2026/7/1 2026 F B R BB EETITS 17



BESII

* GNN is comparable with traditional tracking

1'0_ 09908 6-028
G;B'L 408’39 4&27 i_—ig’fi_’ ~ ¢ @
0.81
>
‘= 0.61
>
(a1
et
T 0.4
021 4 ML
Traditional
004060 60:80 80-100 100120 120.140 140°160
pr (MeV/c)
Hit purity vs py
2026/7/1 202648

Hit Efficiency

©
o

o
o

o
~

o
N

0.0

Backup: MDC hit efficiency and purity

V\UN“’(“ 3

‘l\\ & f)

s

‘f('\ﬁ%?ﬁ?«‘;?ﬁl%ﬂmf'{
tt te f‘Hng gy}-’f_y
se Academy of Scie
U1 3 ML
Traditional osis 0533
-0
.\ogs 0.650 0.642

40-60 60-80 80-100 100-120 120-140 140-160

pr (MeV/c)

Hit efficiency vs p;
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BES]]I Backup: MDC track parameters 18asE kb
se Academy of Scie
Track finding Track fitting
Blijfrigt(leisoa’zls):lZOx10’2 '_: BE’EI:EIL;N:IBOZ’BE) =129x1073
150001 TR

wn S — n 1500 = —

5 12500 4 i

(o o m

= ] — i

o 16000 “5 1000 B

o 7500 o 4L

o) QO | :

S 5000 £ s00 ro

= = A B

2500 _I-le A L
= N
: 0l R e -
Y15 —010 —0.05 0.00 005 010 ~0.02 -0.01 0.00 0.01 0.02
piEc — pii™ (Gev/c) piEc — pii™ (Gevic)
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BES]]I Backup: MDC hit flight length

Run=-10851 Event=24 Track=2 (20 hits) corr=0.981

0.10 [ BES GNN N=54991
,, 15000
0.05 A V4
()
0'25:5 E
0.00 A g —
°q 2 = 10000
o0 g Q
E—oos ®e 020% -
...o. ® o oo ° o‘.. % g
£ 5000/
0.15 = Lll—\
0.10 0 ' /'JIJ - .
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.35 ~0.30 —0.25 —0.20 0.5 -0.10 ~0.05 Scaled ﬂ|ght |ength (pred — truth)

x (m)
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BESII

.75

Track efficiency
© o o o
(9] ()] N ~
u o ul o

o
Ul
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0.45— . : . .
0.875 0.900 0.925 0.950 0.975
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Backup: Optimization of post-processing thresholds

® ©

Choose this

(]
A
Hn

® e
v

v
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Hit purity
Optimization for MDC

t_b (marker)
t b=0.0
t b=0.01
t b=0.1
t b=0.3
t b=0.5
t b=0.7
t b=0.9

esqddr e

t_d, t_h (color)
t d=0.2,t_ h=0.1
t d=0.3, t_ h=0.15
t d=0.5, t h=0.15
t d=0.5,t_h=0.25
t d=0.7, t h=0.15
t d=0.7, t_h=0.25
t d=0.7,t_h=0.3
t d=0.9,t h=0.3
t_d=0.9, t h=0.4 * BEST
t d=0.9,t h=0.5
t d=0.9,t h=0.6
t d=0.9, t_ h=0.7

(X XN N N XN N RN )

2026 TF B 2R f IR

_b: track candidate selection threshold
_d: inter-track separation threshold
_h: hit-to-track assignment distance threshold
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= Choose this
0.65
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0.95 0.96 0.97 0.98
CGEM+0DC hit purity
Optimization for CGEM + ODC
EFHIR
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t_b (marker)
t b=0.01
t b=0.05
t b=0.1
t b=0.3
t b=0.5
t b=0.7
t b=0.9
t b=0.95
t b=0.99
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t_d, t_h (color)
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t_d=0.5, t_h=0.25
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t_ d=0.9, t_h=0.45
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B'ES]]I Backup: MDC track reconstruction Y8173 ks
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S]]I Backup: CGEM+0DC track reconstruction z< mq,;,m,w,ww
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