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Post-TDR efforts

vdN/dx reconstruction with deep learning in TPC (arxiv: 2510.10628)

vTime-of-flight in ITK (arxiv: 2507.18164)



https://arxiv.org/abs/2510.10628
https://arxiv.org/abs/2510.10628
https://arxiv.org/abs/2507.18164
https://arxiv.org/abs/2507.18164

Motivation: Particle identification

= PID is essential for high energy physics experiments

m Suppressing combinatorics

® Distinguishing between same topology final-states

®m Adding valuable additional information for flavor tagging of jets
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CEPC hadron ID system
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* TPC:
* Large volume:
* L=58m
* 06M<R<18m
* High granularity: 0.5 x 0.5 mm?

 OTK:
e Strip AC-LGAD: g = 50 ps

* ITK (post-TDR):
* Qutermost layer
* Pixel AC-LGAD: o = 30 ps



dN/dx reconstruction with deep
learning In TPC



lonization measurement in TPCs
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dE/dx (traditional method):

* Method: Total energy loss measurement by
integrating the energies in large pads

* Characteristics:
* Large fluctuations from energy measurements,
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dN/dx or cluster counting (“ideal” method):

*  Method: Number of primary ionization cluster
measurement, requiring high granularity readout
* Characteristics:
* Small fluctuation (resolution potentially

improved by a factor of 2) 6



PID evaluation: Particle separation power
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dN/dx significantly enhances PID performance and represents a breakthrough
dN/dx is proposed in future detector designs (e.g., IDEA/ILD) 7



TPC simulation framework
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* lonization: Heed * Gas gain: ~2000; Noise: ~100e/ch.;

Eff. width: ~100 um



dN/dx reconstruction

Pad Readout
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dN/dx reconstruction

Pad Readout

Red: Primary electron
Blue: Secondary electron
Number: Primary cluster ID
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Readout information:

Charge/timing in each pad

Reconstruction:

Determine the number of primary electrons from
2D readout pads

(or mitigating the impact of secondary electrons)
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dN/dx reconstruction: Challenges
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Baseline method: Truncated mean

® Most used method:

® Reject measurements M; with highest values = most related to the secondaries

® Calculate mean of remaining samples

Average over the lowest n measurements:

1 n
<M>a — Ele
=1

where M; < M;,, fori=1,..,N—1and a =n/N is a fraction.

® Measurement M refers to:
= charge for dE/dx
= number of activated pads for dN/dx
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Deep-learning-based method

Rules Traditional Algorithm Answers

Data Paradigm (Dependent Variable)
(Independent Variables)

Answers (Label Y) Supervised Machine

————— » Discover Rules
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Problem definition

[ Label: Positive * Method: Supervised learning
111.001 (c) ] [] Label: Negative .
| * Pad labeling:
| * Positive: More than 1 primary e-
O goBo * Negative: No primary e-
! * Perform binary classification
11050 ] |
| * Data structure: Point cloud
- 110234 - * 2D position + 1D timing =» 3D spatial coordinates
g O =>» Point-cloud-based methods
116,00 |
O
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Point-based methods

= PointNet++ [CR QI, et. al., NIPS 2017]

® Hierarchical structured: Encoder-decoder with skip links
m Basic building block for feature aggregation: MLP + pooling

PointNet++ o _
skip link concatenation

| Point Transformer
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pointnet fully connected layers

® Point Transformer [H. Zhao, et. al., IEEE/CVF 2021]
m Replace the MLP + pooling with self-attention blocks

15



GraphPT: Point Transformer on Graphs

arXiv: 2510.10628

Design principles:
* PT built upon GNNs
e Self-attention via message passing

Backbone structure:

* U-Net-based hierarchical architecture
Encoder-decoder with skips
MLP + softmax layer outputs [0, 1]
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GraphPT: Point Transformer on Graphs

arXiv: 2510.10628

 Self-attention mechanisms:
* Message-passing:
« x; =)+ ZjEN(i)a(xirxj)ﬁ(xj)

* Subtract operator (from PT):
a(xl-,xj) = softmax(6(¢p(x;) — 1/J(xj) + H(pi — pj)))

* Multi-head dot-product operator (this work):

x:(Q,T) ) (¢(xi)T(¢(xj)+9(pi—pj)))
p: 3D position a(xl,x]) = softmax Jdout
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Classification visualization

Track segment
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y {cm)

More classification visualization
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Classification performance

® Metrics:
m Accuracy = TP+TN
uracy = TP+TN+FP+FN
PXR TP
| =2 X — P = R =
F1 score PR’ where TPLFP and TPIFN

® Conclusions:

® GraphPT has lower precision but much higher recall = Much improved signal efficiency: ~60% improvement
®m GraphPT has much better accuracy and F1 score: ~20% improvement

®m The GraphPT with dot-product attention achieve the overall best classification power

Table 3. Classification metrics.

Method Accuracy | Precision | Recall | F1-Score
Truncated Mean 0.601 0.743 0.574 0.648
GraphPT (Sub.) 0.698 0.689 0.960 0.802
GraphPT (Dot-prod.) 0.707 0.702 0.941 0.804

20



Separation Power S5
I
w

Relative Difference (%)

PID performances

K /m separation power

==9=" dN/dx, 0.5 mm, GraphPT (Sub.) [B]
=-=@:= dN/dx, 0.5 mm, Truncated Mean [C]
e dE/dX, 0.5 mm, Truncated Mean
—-— dE/dx, 6.0 mm, Truncated Mean

o
-
—
-
-~
-
-
-~
-~
—
R
-

—e— dN/dx, 0.5 mm, GraphPT (Dot-prod.) [A] |

20¢

15}

10}

=——g—=Relative Difference (|A-C|/C)

— 8= Relative Difference (|B-C|/C) |
o e ——— T
_ TTTEmemmeaa -
6 8 10 12 14 16 18 20

Momentum (GeV/c)

v Metrics:
v K /m separation power within 5-20 GeV/c

v dN/dx (vs. truncated mean):
v GraphPT (sub.): 5-15% improvement
v" GraphPT (dot-prod.): 10-20% improvement

v" Overall:
v All dN/dx results outperform dE/dx
v Up to 50% improvement compared with
traditional 6mm-pad dE/dx
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Time-of-flight In ITK



ToF In ITK
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Combined separation power

TPC only
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Unified PID methodology

Calculate combined )(2 = X%‘PC + X%TK + X%TK

where yp = £2meas Bbep \py — TpC, OTK, ITK)

Op
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PID: According to y-region defined by
LeftCut and RightCut.

A\ 4
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Optimize LeftCut and
RightCut within (p, |cos8])
bins subject to max. € X p
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Kaon ID results

Catagory efficiency purity eff*pur
a 0.9932 0.1427 0.1417
b 0.9904 0.2573 0.2548
c 0.9680 0.8743 0.8463
d 0.9938 0.9241 0.9184

Control sample: Z - qq

Remarks:

O Q O w

: TPC

: TPC + OTK

: TPC + OTK + ITK

: piecewise TPC + OTK + ITK

(TPCH+OTK+ITK, p < 1lGeV/c
TPC+OTK , 1GeV/c < p < 3GeV/c
TPC , p > 3GeV/c)

* a: Limited PID in the TPC around 1 GeV/c; the sample is imbalanced (dominated by pions)
* b: The OTK improves PID but is not efficient enough due to the large radius

* c: The ITK improves PID significantly, due to improvements from low momentum particles
* d: A piecewise combine strategy can exploit the available information more effectively
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Hadron identification is essential for CEPC physics. Both dN/dx and
time-of-flight have made significant progress.

A point-cloud transformer-based dN/dx reconstruction method has
been developed. Key improvements over traditional methods include:
Signal efficiency: ~60% improvement
Accuracy/F1 score: ~20% improvement
K /m separation power: ~10-20% improvement

Time-of-flight in the ITK can significantly enhance PID, especially for
low-momentum particles, achieving an efficiency x purity of ~91.8%
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Optimization of the truncated mean
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Parameter optimization for PID
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Kaon ID results

————— PID Summary ————-

Default sigma: 1
Efficiency (K): 0.92768
Purity (K): 0.863539

Efficiency *x Purity: 0.801088

With p > 4 GeV/c and |cosf < 0.95| cuts
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