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Motivation: Particle identification

= PID is essential for high-energy physics experiments. In the context of future e*e-
‘Higgs factory’ studies, PID has garnered significant attention:

®m The Tera-Z at CEPC/FCC-ee offers vast flavor-physics opportunities, necessitating robust hadron

identification across a broad momentum range.

® There is a growing recognition of the performance gains that PID provides for jet-

flavor tagging.
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The CEPC drift chamber

AGORA detector for CEPC

A transparent drift chamber, placed in between
Yoke silicon trackers, serves as an alternative

s o maone gaseous detector for CEPC, providing:
ECAL = * Precise low-momentum tracking
TPC P ‘ * Excellent hadron ID

. Design parameters:
* Layout:
* R extension: 600-1800 mm
CEPC drift chamber  Length: 5800 mm
(BT ‘ * Gas mixture:
! L * He:iC/H,;=90:10
e Cell:
* Cell size: 18 x 18 mm?
* 64 layers and 27623 cells
* Field to sense wire ratio 3: 1




Preliminary mechanical design

Overall design

CF frame structure

Cross section of
longitudinal HB :
80mm*40mm,

* CF frame structure:

thickness: 3.2mm * 8 longitudinal + 8 annular hollow beams Finite element analysis
* inner and outer CF cylinder
Cross section of « 6-step aluminum endplate: Max. Max.
28”;(';;:]3 e Thickness 20 mm stress deformation
Thickness: 3.2mm *  Weight: 880 kg CF frame 235 MPa 1.1 mm
Endplate 30 MPa 2.7 mm
Wire tension F <o (e A o
* Field wires: 60um diameter, Al coated with Au gy :
* Sense wires: 20um diameter, W coated with Au g
 Total tension: ~ 10t, meet electrostatic stability condition Era Rt i

+ -1.052e+08 Node: PART-1-1.2604 |

-1.196e+08

Cell number/step Length Single sense wire tension (g) Single field wire tension (g) Total tension/step (kg)

Max: +1.083e-03

2684 4000 43.29 66.52 651.78
3452 4360 51.43 79.03 995.95
4220 4720 60.28 92.62 1426.88
4988 5080 69.82 107.29 1953.63
5756 5440 80.07 123.03 2585.27
6524 5800 91.02 139.85 3330.85

Total 27623 10944 4



PID In drift chambers:; Classical dE/dx

Lehraus plot
(from Michael Hauschild)

- 20 —
®
® “mean” energy loss (Bethe-Bloch): :
" <dE/dx>=§EX1/B2x Q*x [K +InQ* +Iny> — B2 —8(B)] % 3}
= PID principle: Fixed momentum =2 distinct By = separable dE/dx £ ¢
2 4t
= Limitations: =
= Landau distributed due to secondary ionizations (loss 20-30% o e
statistics by truncated mean)
m Large fluctuations due to cluster size, gas gain - L - T,
m dE/dx resolution has not improved significantly over the last effective detector length L (m * bar)
four decades dE/dx resolution (L=1m):

. 1983: 5.7 x L™037(%)
. 2021: 5.4 x L°37(%)



PID in drift chambers: Cluster counting (dN/dx)

® Primary electron

® Count the number of primary ionizations:
m Poisson distributed

m Avoid most fluctuations associated to dE/dx =»
Significantly improve the resolution

= Challenges: \
= Hardware: Require high bandwidth and high - | \(

® Secondary electron

{31 Cluster

Primary electrons (MC truth)
—— Secondary electrons (MC truth)

N

Amplitude (

sampling rate front-end electronics
m Software: Reconstruction is a main challenge
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dN/dx vs. dE/dx

10
* Particle separation power: - dN/dx truth
o separation lua—ug| 5 °f dE/dx truth
* Definition: ———— = =
HHO /0ﬁ+a§/2 2‘ 6
9 i
T 0
. ) 4
* Typical K/mt separation power: o [
 dE/dx: > 20 up to 2...20 GeV/c S 2
 dN/dx: > 30 up to 2..20 GeV/c i I
0 T T . | 1 1 1 TR W T T

1 10
Momentum (GeV/c)

dN/dx has much better separation power than dE/dx
dN/dx is a potential breakthrough in PID



Simulation study of PID performance

Multi-cell full
simulation package

Simulation setup:

* Gas mixture: He/iC,H,4 (9:1)

* Sampling rate: 1.5 GHz

* High-freq. cutoff of preamplifier: ~0.9 GHz
* Noise ratio: ~5%
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Single-cell waveform simulation:
* Garfleld++-based ionization simulation

Simulated waveform
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dN/dx reconstruction

m 2-step algorithm:

m Peak-finding: Detect peaks associated to all electron signals

m Clustering: Identify primary clusters from detected electron peaks

® Challenges:
® Electronic noises
= Pile-up

m Between electron pulses ¢

m Between clusters

Need deep learning for efficient reconstruction

Wit
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Supervised learning for dN/dx reconstruction

LSTM © GT; LSTM-based peak finding:
- B * Can efficiently handle time-sequence
r || __* Waveform slices as the LSTM input
A %d T A * Binary classification of signals and
hd noises
&) (x) &)
DGCNN DGCNN-based clustering:
Q * Incorporate local information to learn
Q~ ° global properties
° * Detected timings from the peak-
5 - . finding as the DGCNN input
ynamically connecte ° : re . .
Q g Graph by k-NN Binary node classification of primary
and secondary electrons

Nuclear Science and Techniques (2025) 36:113 10



Reconstruction results

—— Primary electrons (MC truth)
—4] —— Secondary electrons (MC truth)
o Detected primary electrons
~ 37
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False positive rate

| Purity | Efficiency

ML 0.8986 0.8820
Trad. 0.8986 0.6827

The ML model is much more efficient for
® Pileup recovery
m Secondary ionization suppression
11
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PID performances with supervised models

Reconstructed # of clusters distributions
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Very good Gaussians = Efficient secondary
electron removal
For 1.2m track length, dN/dx resolution < 3%,
typical ~5% for dE/dx

K/Tt separation power vs. momentum
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* Achieve K/t separation > 30 at 20 GeV/c
* ML yields an approximately 10% improvement,

equivalent to using a detector with a 20%
larger radius with the traditional algorithm.



Detector R&D: Drift chamber prototype

chamber HV distribution box

field wire

12mm
8]

—

sense wire

Front-end shielding box 1R SN e

= Prototype layout: | oo eocoosocoosooosoog¢ e |
= Cell layout: 10 x 6 cells (8 x 5 connected to readout board) | -~ [ """~ """~ °““ """ """~ 1°°

m Cell size: 12 mm x 12 mm o . e me we GG
= Length: 250 mm Lwwdomalodndobooodlsbon

. Wires: o (o] (o] (o] (o] (o] (o] o o] Lo} (o] [o] (e} o] (o] -?
m 60 sense wires: 20 um gold-plated tungsten 2 g 2 : : 5 3

33eulpiood A

m 222 field wires: 70 um aluminum
13
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Readout electronics & DAQ

® Current-sensitive preamplifier AREDR.
» Two-stage LMH6629 amplifiers for cascaded amplification Preamplifier
® Equivalent transimpedance gain: ~1233 Q o
® Bandwidth: ~601 MHz
® Baseline noise: ~1.53 mVrms

= Digitizer

Power Modules ZYNQ MPSOC ZU15EG SFP+ for 106 UDP

Digitization and FPGA board

®m Sampling rate: 1.3 Gsps,

® Resolution: 14 bits

= Power consumption: 750 mW/channel 2 (e )= (i) = ()
Readout
[ | DAQ electronics 2 [ Configuration of ]
. Electronics Parameters Dataflow Software
® Transmit data by 10 Gbps UDP | I
Commands Status
m Configure electronics by 1 Gbps TCP ¥
. . . . . User Online
= Software with GUI for electronics configuration and event display Control Display
Online Software

DAQ system o



Beam test at CERN

= Beamline:
m CERN PST9
® Low momentum particles

IDEA prototype

o Time- L
Time: Plastic scintillators

= May27-Junel0, 2026

» Joint tests: IHEP prototype

® INFN and IHEP groups
®m Two separate detector systems

m Shared gas distribution and
trigger systems

Beam

15



Analysis of 10 GeV/c pion data

X-T calibration
TO calibration

Tracking

60-ch Drift Chamber

10 GeV/c pions
A

Real data Preprocessing

evaluation

g Neural network

s

Beam

beam direction is

<
%
perpendicular to wires ©

Simulation

16



T, calibration X-T relationship

Trackin
g Leading -
edge fit \K

5 2000

Drift Distance[mm]
- N W A U oo

= Determine T, by leading edge fit of raw

time distribution " L
Track fitting
= |terative tracking procedure: ] e [ i
® Determine drift time: T =T - T, " |
m Determine initial X-T by performing time- = =
distribution integration method . _ 1
® Determine drift distance with X-T
= Perform tracking: . L
3 iters ® |nitial parameters: estimated by Hough transform n
® Final parameters: Chi square fit = EESRS 'Mz.,
® |teratively update X-T, and do track fitting _ A

17



Transformer-based reconstruction

Waveform:
(N segments)

Peak-finding (Electron discriminator)
* Input:
*  Waveform segments
* NN architecture:

Electron Electron Electron
Discriminator Discriminator Discriminator * Transformer + Attention
Pooling + MLP
* Output:

e Signal/noise probability

Clustering (Cluster discriminator)
4 < 1 * Input:
Electron timing: 2 A * Electron timing list
(M peaks) =L B2 = * Embedded feature list
* NN architecture:
* Transformer (w/ Fourier PE

Cluster
Discriminator for MLPs) + MLP
*  Qutput:

‘.’ * Primary/secondary electron

Primary clusters: CLS_1, CLS 2, - probability

18



amplitude

Apply transformer-based model to real data

evt 55 cell3 5
50 i — waveform
i O electron (p1=0.9, N=22)
o (] cluster (p1>0.9 & p2>0.3, N=18)
40 |"
1?“‘
30 DL
i
-
50 o
10 D
D -
T T T T T T T T
0 200 400 600 800 1000 1200 1400

sample index

* Detected peaks appear reasonable

* Noise contamination is minimal »
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DOCA calibration

dN/dx vs DOCA

" '\‘ L ] L }\‘
= A
E 1.3
£ < > !
'é 1.2 B .“l
2 . =.|
Space charge © '.|
Recombination Before calibration =
and attachment | | 5ok '.
Edge effects e ' C g
DOCA [mm]
(ao + a;x + a,x?, x < 4.0
ay +4a, + 16a,, 40<x<5.2
fx) =4 5 P-B -
+ X = o.
X — X<’ =
1+ exp(—; 9)

dN/dx [mm-1]

DOCA: Distance of
Closest Approach

1.6 4
151 L4 . . . ™ L] . . » L] »
144
134
124
114
1.0 4

After calibration

0.9 4

0.8 4 T T T T T T
0 1 2 3 4 5 6

DOCA [mm]
DOCA calibration:

e dN/dxem = dN/dx * f(0.0) / f(DOCA)
* Also require DOCA < 5.2

20



10 GeV pion dN/dx

# of clusters (L=12mm hit)

Mcls (Statistics = 138693)
mean = 18.3894
std =5.2493
10000 4 res = 0.2855
8000
]
5 6000 -
=
i
4000
2000 A
0- T
40 50

Resolution results:
* dN/dx hit resolution (L = 12mm): 28.6%
e dN/dx track resolution (L = 1.2m): 3.51%

» dE/dx track resolution (L = 1.2m): 3.96%

Entries

dN/dx (L=1.2m track)

e track dNfdx (N = 1386)
—— RooFit Gaussian (unbinned ML)

mean = 1.5312 + 0.0015
sigma = 0.0538 + 0.0011
res = 0.0351 = 0.0007
NLL = -2125.2

120 A

100 A

80 4

60 -

1.40 145 1.50 155 1.60 1.65 1.70 1.75

dN/dx [mm-1]

Note: Due to realistic detector responses and differences in
electronics parameters, resolution is not as good as simulation

Simulation Beam test
Resolution 2.6% 3.5%
Bandwidth 0.9 GHz 0.6 GHz
Sampling rate 1.5 GHz 1.3 GHz
Noise ratio 50 >10% 21




The cluster-counting (dN/dx) technique in drift chambers offers superior

PID performance, making it a promising candidate for future e*e™ collider
experiments.

A beam test at CERN T9 was carried out with a small drift chamber
prototype. Preliminary data analysis shows good dN/dx resolution.

Next to do:

Improve the detector design and electronics system
Perform more beam tests (at BEPCII--)

Conduct more detailed data analysis and cross-check the results with the INFN detector data

22
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Parameterization updates

u Setup beam test configuration in Garfield++:

m Cell size: 1.2 x 1.2 cm?
® Layout: 8 rows, 5 columns
= High voltage: 1775V

® Extract parameters from full Garfield++ simulation
= Amplitude: N, ,, distribution, amplitude = f(N,,)
® Timing: drift time = g(Xx, y), drift time error = h(x, y)

m Extract noise from beam test noise Waveforms

aval

Noise FFT mag.

= FFT mag. from data + random phases
®m Perform inverse FFT

Data MC

25
3 0.4 05
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Simulation tuning

= Metrics:

m Ratio of average amplitude in time domain:
- Ramp - Adata/Al\/IC

m Pearson correlation coefficient between

freq uency responses:.
L(x—my)(y—my)

\/Z(x—mx)zz(y—my)z
frequency responses from data and MC, m,
and m, are their mean values

¥ Plog = , where x, y are

= Optimization procedure:

m |teratively scale the waveform amplitude and
transfer function to obtain the best Py

After 3 iterations

Data

“ Average amp.
|

~ MPV: 1.89

In
EL T S
4 6

’ 7J“‘ m )

N MC
J .Average amp.

|
r|[ MPV: 1.92

! n -
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Freq. response
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Freq. response
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NN training

Stage 1 loss

0.2825 1

0.2800 4

0.2775 1

0.2750 4

0.2725 1

0.2700

0.2675 1

0.2650 4

0.2625 1

Training / test loss
Stage 2 epoch

25 50 75 100 125 150 175 200
1 1 1 1 1 1 1 1

—— stage 1 train
—=—- 5tage 1 test
—— Stage 2 train
=== 5tage 2 test

T T T T T
10 20 30 40 50
Stage 1 epoch

r0.53
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e
w
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Stage 2 loss

True positive rate

1.0 A

0.8 1

o
o

(=]
iy
L

0.2 4

ROC curve

- Stage 1 (AUC = 0.9550)
—— Stage 2 (AUC = 0.8557)

0.0 +-

T T T T
0.0 0.2 0.4 0.6 0.8
False positive rate

Training is stable with the AdamW optimizer and ReducelLROnPlateau scheduler
The stage2 AUC is smaller than stagel AUC because clustering is more challenging.
However, they are not as good as previous CEPC study because the NR is 3 times higher.

1.0
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   𝐁  ( 𝐬 ) 𝟎 →  𝐡 +    𝐡 ′ −


  < d E / d x >   = 𝜉 × 1 /  𝛽 2 ×  Q 2 × [ K +  ln ⁡   Q 2 +  ln ⁡   𝛾 2 −  𝛽 2 − 𝛿 ( 𝛽 ) ]


  𝛽 𝛾


  5 . 7 ×  L  − 0 . 37


  5 . 4 ×  L  − 0 . 37


   separation resolution =   |  𝜇 A −  𝜇 B |    𝜎 A 2 +  𝜎 B 2 / 2


  f  ( x ) =  {     a 0 +  a 1 x +  a 2  x 2 ,                             x < 4 . 0    a 0 + 4  a 1 + 16  a 2 ,     4 . 0 ≤ x < 5 . 2   B +   P − B  1 + exp ⁡ (   x −  x 0 w ) ,             x ≥ 5 . 2


    Σ ( x −  m x ) ( y −  m y )   Σ    ( x −  m x ) 2 Σ    ( y −  m y ) 2

