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&#s2¢ Super Tau-Charm Facility

Facility Parameters
® CMenergy /s = 2-7 GeV

iyt e Luminosity £ ~ 10%° cm™2s7!
Background

Chentao Bao

® Beam crossing angle 2 x 30 mrad

Core Process

® efe” 77 at 7.0 GeV
ot satataT o7 —
T + vy (~ 1.2%)

y*(2%)
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STCF Detector 3D Schematic
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@24 Two-Fold Ambiguity in - Momentum

Origin of the ambiguity

Chentao Bao

Physics
Background

July 2, 2026

Undetected neutrinos leave the final-state
four-momentum incomplete.

In the 777~ analysis, 6 unknown neutrino
momentum components are constrained only by
four-momentum conservation and the 7 on-shell
conditions.

The resulting system is quadratic and generically
admits two real solutions.

th
8(p,.. )

au.
RN

o
>

— good solution

— bad solution
good solution
Mean = 0539°
RMS =0.797
bad solution
Mean = 9.206°
RMS = 6.083"

20 25
0 [degree]

Geometric picture

Two possible flight directions are the
intersections of the two cones.
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&@#i+4 Physics Background

Handling strategy

Cheptackeg e Use vertex information to break the degeneracy

Physics and select the physical momentum solution. -
Background Y
aa; channel advantage:

e * 5 31 + v, provides 6 charged tracks in total,

giving strong geometric constraints for vertex
reconstruction.

T decay length

Basic Properties
® Massm, = 1776.86 + 0.12 MeV/c?
® Lifetime 7 = 290.3 + 0.5 fs, cT = 87.03 um

L —— t* decay length
0.1 T decay length
sssssss T vertex distance

Decay Vertex and Flight Length
® Boost By = pr/m; ~ 0.5-2
® Average flight distance: L = 8v - ¢ ~ 200 um

® Vertex Distribution: S ~ 127 um,
Tt 565 um
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@24 Input and Dataset

Cheniaotac Helix Track Parameterization

Physics

BaZkground Parameter Symbol  Meaning Avg resolution
Impact parameter do POCA to z axis distance Adg ~ 89.47 um
Azimuthal angle bo Momentum direction in xy at POCA A¢pg ~ 2.01 mrad
Curvature K a/pr - aB Ak ~ 0.01129 Gev—1!
Longitudinal offset 20 z coordinate at POCA Azp ~ 169.32 um
Dip angle parameter tan \ pz/p1T Atan )\ ~ 0.00297

Dataset

® Source: OSCAR full chain simulation

® Pre-Analysis: track selection and true pairing; 6 charged tracks have been correctly assigned to

rand 7™

® Total events: 149,610 ; Train/Val/Test: 60% / 30% / 10%

July 2, 2026
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¢+ Traditional Iterative Vertex Fit

Chentao Bao

vertexfit.cc (Gauss-Newton Weighted Least Squares) minimizes track-vertex residuals:

a
8xy = Aypy — AXpy - §(AX2 + Ay2)
Traditional Vertex
Reconstruction

a(Ax A
g, =Az— %arcsin(l), J= a(Axpx + Avpy) Pxp-; ypy)
2

where a = qaB, AX = V — Xyack- Iterative update:
@ |Initialize V from track centroid.
® Compute residuals gﬁ'y) , géi) and weighted vectorr.
® Solve AV = (J'WJ))~HTwr.
@ Update V < V + AV until convergence.
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#;::24 \JertexFit Result

ZHEUIANG UNIVERSITY

® oyt Gaussian fit, iteratively narrowed to +1.50

- ® ohuber: Huber Iteratively Reweighted Least Squares robust estimation, central 95% data

Ax Ay Az
! S0.06F |
©0.06f RMS =408.12um © RMS =333.06 u m < RMS =330.00 u m
ey = 104831 m oosk yiuper = 101.83 10 m 0.05F Oyiyper = 95571
0.05f- o, =58.88um : o, =5915um o, =67.50um
Traditional Vertex 00l 0.041
Reconstruction 0.04
0.03f~
0.03fF 0.03f
0.02f~ 0.02F 0.02f~
0ot 0ot 0ot
TP T,
504-03-02-01 0 0102 03 0.4 05 $%5704-03-02-01 0 010203 04 05 05-0.4-03-02-041 0 01 0.2 03 0.4 05
Ax[mm] Ay[mm] Az [mm]
_ truth vs reco x _ truth vs reco y. - 2 truth vs reco z
E B E £ FIRA
E E . E
508 508 = 10?
£ g £,
] 506 %
H 107 H ER
204 Soaf 100 g
0.2 0.2 09

» ¥ 1ol 1 1 1
= -06-04-02 0 02 0.4 0608 1 = 6-04-02 0 02 04 06 08 1 5 1 15 2
vertex1!"" [mm] vertext,"" [mm] vertext!“" [mm]
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w24 Physics-Informed GNN Architecture Overview

Chentao Bao 1. Inputs (6 ed Tracks) 2. Feature Construction

T (tacks 4=6) 7+ (tracks 1-3) A. Helix Encoding (periodic ¢ handling)
. 3 p S
ete™ — M sdo | l(d.,,cos%,sinesn, Helix [ Track
Collision ($o L s g ) Encoder —¥| Embedding
- sin ¢o | (6D) (6> h) | (b dim) |
B. Geometry Features (per T)
Each track: « PCA centroid (x, ) « Direction mean, std (x, y) ( )
Network ; : " _y| Geo Feature
Architecture Helix parameters:  (do, ¢o, k, zp, tand) * Spread in x, y * Kk mean, std (11 dim)
Uncertainties: (0do» Og9, Ok, Oz, OtanA) * z median
(10 features / track (5 params + 5 emors) | Node Feature = [Embedding (k) | charge (1) | raw helix (6) || helix errors (5)]
. i | Dimension = h + 12
2 -4
- 3. Initial Vertices (PCA + z-median) N 4. Dual Graph Construction N
| =
Tt (tracks 1-3) T (tracks 4-6) T Graph (tracks 1-3) T~ Graph (tracks 4-6)

Qoo @O0

o R
\ /
et gl v
Y, W [ :j
W W
o Full;
VMt = (%, §, median(zo)) Vit = (%, 3, median(zo)) Fully Connected ully Connected

3-node Graph 3-node Graph

Initial Vertex for both 7+ and 7~ (6D) | Each graph built with node features from Step 2 |
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sz

Chentao Bao

Network
Architecture

July 2, 2026

(2D = 2O 4 Az®)

e
=
-
!

Node Features |
EdgeConv Layer
Mean Aggregation J
Output Node Embeddings }

@006 - ®0@ -
Message: MLP([x:, z; — ;])
J X
Residual Connection
(h dim)

=

3 node
embeddings

Mean Pool

(3 nodes)

( Graph Feature
(h dim)

| |
[

RS

Global MLP

Graph Feature
’ (h dim)

Concat with Geometry Features (11 dim)

=
3 node
embeddings

Mean Pool
(3 nodes)

v

Physics Head

prred

'
v

Vertex Residual AV = (Az, Ay, Az)

= Pt 4 aAV (a = 0.1)

Physics-Informed GNN Architecture Overview
,

6.5 Confidence Estimation (per 7)

Track Errors

(30 dim)

—_—

Vertex &
Graph Features
(from Sec. 6)
(11 dim)

Covariance
Encoder
(30 > 8)

—

L Go
Branch

(MLP) ‘
Fusion

(Concat + MLP)

'

Confidence Scores

(02, 0y, 0z)

uncertainty



&m0+ Baseline Loss

Chentao Bao

Training

MSE Loss

B
1 X
Luse = ; Vs — V5|

e B: batch size; Vj, Vire: predicted and true vertices; w: coordinate-weighted norm

® Standard regression loss measuring weighted Euclidean distance

Weighted Helix Distance Loss (WLS)

B 6
1 .
Lwis = B Z g Whi - dheiix(thi, V)

b=1 i=1

® w, ;: covariance-driven weight for the i-th track in event b
® dheiix (tv.i, Vi ): closest distance from predicted vertex to track helix

® Geometric consistency term; weights normalized per event

July 2, 2026
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¢ Conditional Correction

Conditional unbiased: Conditional expectation equals truth at each true position
Chentao Bao

EV | V™ =v]=v, W

Local Linear Regression (LLR) Core Method o truth vs reco x
€ .
® For each grid point, fit local linear model with Eos-
- event (t;, p;) in window (S
Training 2 F . .
® local model: yi=fo+ fi(xi—g) (x: truth, o4 OndPol 107
yi: pred, g: grid center) o2f
® bias(g) = o — 8 o
. -0.2F
® resolution(g) = \/Var[p; — y(t;)] ok 10
Confidence Loss 06"
* Quality: Q = [V — v\ 8
7|7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\ 1
® Ranking Loss: order confidence scores by -1 -08-06-04-02 0 0.2 04 06 08 1
vertex1, " [mm]

reconstruction error
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#2204 GNN Result

AX Ay Az
El El ]
E ) e ) <007 )
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&4 resolution(g)

Chentao Bao
Def: resolution(g) = \/Var[r | t = g]. Smaller resolution(g) — better local resolution.

x+F z+F

= 800¢ —— GNN (Huber) B 800" _._ GNN (Huber)
3 - —— vertexFit (Huber) =1 E —— vertexFit (Huber)
l; 700 --e-= GNN (full) é 700; ~-e-= GNN (full)
T 600 =" VertexFit (fulh Se00f e vertexFit ful)
i) = Re] F
s F s F
> - > =
EIRITE ® 4001 @ 400F .
300F 3007 x ok
s g g ; : P
2008l T 200F e ¢ oo
SN " 5 { I Sod N A R
10075 = 100K e V\W/
ST ARV PR PR N VU AT AR I ST AR IRV PR IR BTN IR S
Q8206 04 02 0 02 04 06 08 R -} .
truth (mm) truth (mm)
x direction z direction
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@4 bias(g)

Chentao Bao

Def: bias(g) = E[f | t = g] — g. bias(g) ~ 0 — local unbiased.

x+ G z+ G
23005 __ G uben) =300 —— 6NN (Huben
= - —— vertexFit (Huber) = r —— vertexFit (Huber)
5 200 --e=- GNN (ful) 5 2001+ =-e- GNN (full)
s - --=-- vertexFit (full) 5 - --e-- vertexFit (full)
< - < L
8 10033, ° 100r
Training 75,,\ e, P b\\-l—’:i‘w B
U T . OpEES S
100+ : -100F
-200F -200F
_30%.8 -06 -04 -02 0 02 04 06 08 300 -1.5 -1 -0.5 0 0.5 1 15
truth (mm) truth (mm)
x direction z direction

July 2, 2026 15/21



@224 T Double-Solution Selection Good Rate

® Inthe 77 analysis, the reconstructed vertex displacement v*® — vI°° is used to select the 7
GieiiED e momentum solution.

e Asufficiently large 777~ decay-length separation is a key handle for particle pairing and
momentum selection.

® Define good event: AR(pguth7pflected) <0.1lor AR(DZUth7Df’ECted) < AR(pguthjpinselected).

Good rate under different D,

g ¥
T re© _ > 450 um g r o i H JH
Double-Soluti Method T > o9r R T
S:I:cﬁeonOGL(l)oiin gOOd rate [ ’ !(1 :%I{ *IH ”% } |
e , et A T
vertexfit 79.6% “F “',:;i'l:."'"ﬂié*é” oy 1%
GNN 82.6% o
GNN (conf>0.3) 83.9% 0.7: vertexFit good rate (Dt"m)
C {  vertexFit good rate ()
D_ 1, — denotes the distance between the 7+ and 7~ 0.6 GNN good rate (")
decay vertices. r ‘I GNN good rate (01)
T - TR W Y

Dyr [mm]
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&4 Summary

Chentao Bao

Summary

@ Developed a Physics-Informed GNN model for 717~ decay vertex reconstruction.
@ Established a baseline training workflow under OSCAR simulation framework.
® The trained model substantially reduces outlier residuals compared with the VertexFit.

@ Future plan:

® Augment far-end samples and impose stronger far-end constraints to address the
long-flight-distance training bias;

® Refine the Confidence network to better identify and suppress outlier events.

© Prospect:

® Extend to 7a, pa, etc. decay channels.
® Extend to momentum reconstruction.

July 2, 2026 17/21



Chentao Bao

Thank You!

Questions & Discussion

Summary

Code Repository: /ustcfs4/STCF/STCFUser/ctbao && github
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Chentao Bao

Summary

Confidence Loss: Current Practice

Quality
-~ truth
Qa = |Va—vg |

® V4 predicted coordinate d € {x, y, z} of the vertex

o viuth: true coordinate d
® larger Qq = larger reconstruction error

TP
Kj = exp<—7”g'2h;g]” )

® gj,g;: predicted (or true) vertex positions of events i, j

Kernel-Weighted Pairwise Ranking

® h: adaptive bandwidth via Silverman'’s rule
® Kj gives higher weight to nearby pairs in prediction space
Margin Ranking Loss
Lrank = Z K ReLU (m — sign;(si — s;))
ij
® s;,s;: predicted confidence scores
® sign; = sign(Q — Q)
July 2, 205 M: fixed margin; penalizes wrong confidence ordering
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+ Confidence Loss: Future Improvements

Squared Quality
2
Chentao Bao Q — Q

® Amplifies the quality gap for extreme outliers
Pair Weight by Max-Q
max(Qi, Q;
Wij — 1 + (QH QJ)
oq
® oq: scale of quality distribution
® High-Q pairs contribute more to the loss

Adaptive Margin
mjj = mg (1 -+ 7|QI — QJ')
oq
Summary
® Larger Q-gap requires larger confidence separation
Trim Objective
1
['trim Ealre— Z Qi

|Skeep | ieskeep

® Sieep: top-confidence events kept after trimming (e.g. 90%)
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