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Drift Chamber in CEPC 4t conceptual detector

KI'he drift chamber optimizb
of the magnet return yoke.

for PID with cluster counting
Challenges: thin enough not to affect the jet .
resolution (e.g. BMR); stability. technique

Solenoid Magnet (3T / 2T)
Between HCAL & ECAL

Scint Glass Advantage: Cost efficient, high density

PFA HCAL Challenges: Light yield, transparency,
massive production.

Advantage: the HCAL absorbers act as part

Transverse Crystal bar ECAL

e Require better than 30

Advantage: better n%y reconstruction. sepa ration power for K/T[
Challenges: minimum number of readout .

channels; compatible with PFA calorimeter; with momentum up to
maintain good jet resolution. 20G EV/C

A Drift chamber . .
that is optimized for PID e Benefits tracking and
:“Advantage: Work at high luminosity Z runs | momentum measurement

4 N LR Challenges: sufficient PID power; thin
: : enough not to affect the moment resolution.
Muon+Yoke  Si Tracker Si Vertex - .




lonization measurement with dN/dX

e Measure number of clusters over the track, the number of clusters
corresponds to the number of the primary ionization

* Yield of primary ionization is Poisson distribution

 To eliminate the effects of secondary ionization, dN /dx is based on
peak finding and clusterization
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dN/dx vs dE/dx

K /m separation power

dN /dx dE /dx dN /dx vs dE /dx
e Number of primary ionization e Energy loss per unit length or dN/dx truth
clusters per unit length A dE/dx truth

e Landau distribution

* Poisson distribution .
e Large fluctuation

e Small fluctuation
l

v
Cluster counting technique

K /m separation power
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dN /dx has a much better (2
times) K /m separation power up
to 20 GeV/c compared to

dE /dx (Simulation)
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Key issues with dN/dx measurement

e Detector optimization and performance study
e Geometry of the detector
e Mechanical structure, Material budget
e Gas mixture: low drift velocity, suitable ionization density gas with low diffusion
and low multi electron ionization
 Waveform test
e Fast and low noise electronics

e dN/dx reconstruction algorithm
 |dentifying primary and secondary ionization signals
e Reducing noise impacts



Performance study



Waveform-based full simulation
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Machine learning reconstruction
e LSTM-based peak finding and DGCNN-based clusterization
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Long Short-Term Memory (LSTM)

e A specified recurrent neural network (RNN) that deals

with the vanishing gradient problem
* Can handle long sequences efficiently
LSTM-based peak finding
* Waveform as sliding windows

e Binary classification of signals and noises

; (Fully Connected Layers)
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Dynamic Graph CNN (DGCNN)

A specified graph neural network (GNN) that operates
dynamically on graphs computed in each layer of the network
The DGCNN incorporates local information and stacked to
learn global shape properties, which is very suited for
clusterization

DGCNN-based clusterization

Peak timing as the node feature. Edges are initially connected
by timing similarity.
Binary classification of primary and secondary electrons



Peak finding results

D2 algorithm
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Amplitude (a.u.)

Amplitude (a.u.)

Clusterization results
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The DGCNN-based model is a more powerful classifier
The efficiency is higher, and the fake rate is lower

e ~10% improvement with ML (equivalent
to a detector with 20% larger radius)

11



1000

800 A

600

400 A

200 A

1000 4

800

600

400+

200 A

dN/dx Resolution

1000 A 1000 A 1000
BN pion 5.0 GeV/c BN Pion 10.0 GeV/c EEE Pion 15.0 GeV/c EEE Pion 20.0 GeV/c
800 800
600 600
400 400
200 200
0- 0-
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
1000 A 1000
BN Kaon 5.0 GeVjc 1000 - B Kaon 10.0 GeV/c BN Kaon 15.0 GeVijc EEE Kaon 20.0 GeVjc
800 4
800 - 800
600 1 6001 6007
400 A 400 400
200 - 200 200
0- 0- 0-
0 10 20 30 40 0 40 V] 10 20 30 40 0

The reconstructed n_ distributions are

Gaussian-shaped
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e dN/dx resolution: 2.5%-2.6% for pion
e 2.6%-2.7% for Kaon
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e 1.2 m track length
* For 20 GeV/c K/m,

e Separation power: 3.20
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Beam test with detector prototype (IHEP)

- e EE——

Electron beam

Scintillator

e Two drift tubes + preamps + ADC (1GHz)

* The system was tested with electron
beam at IHEP

Drift tubes (032)

Scintillator 15
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Amp

Typical Waveform

He: iC,H,,=90: 10

Digitizer: DT5751

e Sampling rate: 1GHz

* Four channels, two for scintillators,
two for drift tubes
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* Low noise and
high bandwidth
preamplifiers

e Rise time : ¥ ns

e Clear peaks

Preliminary analysis

Noise

Rising Time
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Collaboration with Italy group

Beam tests organized by INFN group:

® Two muon beam tests performed at CERN-H8 (By>400) in Nov. 2021
and July 2022.

® A muon beam test (from 4 to 12 GeV/c) in 2023 performed at CERN.

®m Ultimate test at FNAL-MT6 in 2024 with m and K (fy = 10-14) to fully

exploit the relativistic rise.

Contributions from IHEP group:
®m  Participate data taking and collaboratively analyze the test beam data
B Develop the machine learning reconstruction algorithm
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Data analysis with ML reconstruction
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e Multi-waveform results for samples in different angles
e The algorithm is stable w.r.t. track length



Mechanical design and FEA



Overall Design (preliminary)

\".
\\\_

CF Frame structure: 8 longitudinal hollow beams + 8 annular hollow beams + inner CF cylinder and outer CF cylinder
* Length : 5800mm

e Quter diameter: 3600mm, Inner Diameter: 1200mm;

* Thickness of each end plate: 25mm/20mm, weight :1100kg /880kg 2



Overall Design
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e Stepped end plates design
e Can Provide space for end cap Si tracker and is easy to fix the barrel Si tracker



Wire tension

single sense wire Single field wire

cell number /step length tension(g) tension(g) total tension /step (kg)

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

fotal 27623 10944

Diameter of field wire (Al coated with Au) : 60pm _ N N
Diameter of sense wire (W coated with Au): 20um Meet requirements of stability condition:

- VLC
Sag— 280 pm T > ( ¥ )2/(47'[80)



Loads

Wire Tension

Sense wire Field wire Sense wire Field wire total

cell tension(g) tension(g) tension tension tension (kg)
number/step length  /cell JScell (kg) (kg) /step

2684 4000 43,29 66. b2 116. 19 53b. 59 651. 78

3452 4360 51,43 79.03 177. 55 818. 41 995. 95

4220 4720 60. 28 92. 62 254, 37 1172. 51 1426. 88

4988 5080 69. 82 107. 29 348, 27 1605. 36 1953. 63

57bH6 5440 80. 07 123. 03 460, 87 2124. 39 2585, 27

6524 5800 91. 02 139. 85 593.79 2737.07 3330. 85

total 27623 1951 8993 10944

yield strength of 7075 Young's Poisson's
aluminum: 505MPa Modulus Ratio
1 71700000000 0.33
Density of CF 1.6
Data
E1 E2 Nu12 G12 G13 G23
1 320000000000 7000000000 0.29 4200000000 4200000000 2700000000
CF parameter
Data
Ten Stress Com Stress Ten Stress Com Stress Shear Cross-Prod Stress
Fiber Dir Fiber Dir Transv Dir Transv Dir Strength Term Coeff Limit
1 2000000000 600000000 22000000 100000000 0 0

Carbon Fiber Material parameter

FEMmMSS5IEEH#L
e - Wit
=il
OEhI{H3EE , Mpa 2000
OEh{FEE , GPa 320
b=l /e g 0.29 ASTM D3039
0EHI{HERE , Mpa 22
SOEHI{REE , GPa 7.0
Z=ahEEE , M 1000
Si a0 ASTM D7264
SHiEE |, GPa 230
OEE4s38E , Mpa 600
OEEFESEIES |, GP 300
= ASTM D6641
WEEFERE , Mpa 100
Y0E[E4EIEE , GPa 6.5
ILSS , Mpa 50 ASTM D2344
AEEEE , M 50
EPRSIEE  Mpa ASTM D3518
HAELDHEE , GPa 4.2
M55J) CF
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) rEI Viewport: 1  Model: Model240227-1-whole2  Part: Part-1 =/ =) r@ Viewport: 2 Ply Stack Plot == E
Cross section of

longitudinal HB :
125mm*40mm,
thickness: 3.2mm
weight: 78kg

Cross section of
annular HB : ¢
80*40mm
Thickness: 3.2mm
weight: 111kg

Layup: "CompeositeLayup-
3  Total thickness: 0.003200.
- Plot of plies 1 to 16, of 16.

Thickness of CF wall: 3.2mm, including 16 composite layers. Thickness of each composite layer: 200pm -




S, Mises

SNEG, (fraction
SPOS, (fraction = 1.0)

(Avg: 75%)

+2.088e+07
+1.2914e+407
+1.740e+07
+1.566e+07
+1.392e+07
+1.218e+07
+1.044e+07
+8.69%e+06
+6.960e+06
+5.220e+06
+3.480e+06
+1.740e+06
+2.057e-24

= -1.0)

Results of FEA

u, U2
+0.000e+00

-2.057e-04
-4.114e-04
-6.172e-04
-8.22%9e-04
-1.02%e-03
-1.234e-03
-1.440e-03
-1.646e-03
-1.852e-03
-2.057e-03
-2.263e-03
-2.46%e-03

u, U2

-6.085e-04
-7.270e-04
-8.454e-04
-9.63%e-04
-1.082e-03
-1.201e-03
-1.319e-03

1 438e-03
-1,556= 2%
-1.675e-03
-1,793e-03
-1.911e-03
-2.030e-03

Loads: Wire tension
+ Axial self weight

End plate thickness:

25mm

e Stress 20.9MPa,

* Endplate deformation
2.5mm,

e CF frame deformation
1.Amm

S, Mises , » U2
: e — +0.000e+00

SNEG, [fract_lon = -1.0) ) [ 5 805e-04

SPOS, (fraction = 1.0) ) -5.610e-04

(Avg: 75%) -8.415e-04

End plate thickness:

20mm

e Stress 27.1MPa3,

 Endplate deformation
3.4mm,

e CF frame deformation
1.6mm

. -1.122e-03
~ 42, 7082+07 - -1,.402e-03
- +2.482e+07

+2.256e+07
- +42.031e407
- +1.805e+07
+1.579%e+07
+1.354e+407
+1.128e+07
+9.0252+06
+6.76%e4-06
| +4.513e+06
- +2.25624+06
L 43.146e-25

-1.683e-03

1
-1
-2
-2.
-2.
-3.
-3,

L] L] L] L L] L] L] ] [ 1] 1] ] [ b
st vl ahete el et ol o
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Results of FEA

5, 511 | 5, 511 : 5, 511
PLY-1 (middle) 2 PLY-4-COPY1 (middle) PLY-1-COPY1 (middle)
(Avg: 75%) 3 = (Avg: 75%) = (Avg: 75%)
- +4.035e+07 —1 +5.297e+07 - +4.768e+07 N
Ry =T e T B sl
- +1. 7 ~ : - 4+2.421a4 . - +1.994e : : . .
+1.653e+06 —1 9.832e+0 | : _ +6.0632+06 ; —
e - 98320406 - 160630401 The maximum stress in the O degree
-2.415e+07 \ = -1.893e+407 ; -2.168e+07 . i . . . .
- -3.705e+07 =< Sl . £ 7 =
3205107 -- 3320107 | 1R 3 S45et07 Pl I direction of CF is 53MPa, located in
e el e -6.206e+07 ; - -6.3302-+07 >
-7.575e407 = - = -7.64 7 —= /. 7178+ :
-8.865e+07  &i5e2es07 -9.104e+07 ; the -4th Iayer
-1.016e+08 -1,052e+08 L -1,049e+08 -
— -1.145e+08 L -1,196e+08 L1 -1,188e+08 .

PLY-1 (middle) e
(Avg: 75%) — PLY-1-COPY1 (middle)

Brror e e 105 > . .

fsaseetos | [T ™ - +7:5200405 =0 The maximum stress in the 90 degree

. Setero4 | S +3.070e+05 N i = . . . .

2 I - Yeseros Bl direction of CFis 1.1 MPa, located in the

' SV | 6648010 (=t = .
LAt B el | N[> first layer
+ -1.997e+06 — -1.394e+06 >
L -2.280e+06 -1.636e+06
-1.879%e+06

TSAIW .
PLY-1 (middle) TSAIW . .
{Avg: 75%) | :’:Y—J.-COP_\"}.(middle] .- TSAlW O 2 | d . h
= .693e- (Avg: 75%) ,
O 1i852e0: ;12975001 : .21, located in the
- +1.411e-01 +1.902e- .
2 - = .72%e-
BT e sixteenth layer
+9,885e-02 - +1.384e-01
- 48.477e-02 +1.212e-01
+7.068e-02 = +éggg:g%
+5.660e-02 +8.6632-02
+4.251e-02 - +6.937e-02
= | 5.211e-02 ~
e | ek safety factor: ~5

L 42.635e-04 [ +1.758e-02
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Results of FEA

The structure
is stable

Horizontal self weight
Buckling coefficient : ~14

Vertical self weight
Buckling coefficient : ~12
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Comparison of different thick end plates

Thickness of Material budget | Max Deformation | Max Stress
end plate (mm) | (X,) (mm) (MPa)

33.7% 16.7

25 28.1% 2.5 20.9

20 22.5% 3.4 27.1
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Electronics scheme
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Global design for DC Elec-TDAQ_ system

| FEE-2 ——
To BEE

" Considering : radiation
hardness

v Power consumption,
Material budget

|l ol FEEL:
I ——— A rad-hard (analog) FEE

(preamp)

FEE-2:

L | Non rad-hard FEE for data
- buffering, in low dose
“region (ADC and FPGA)

To BEE
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Preliminary readout scheme of Drift Chamber

otal 27623 chfi-

FEE Unit *32

—
o a
+25
| i+
c110p
2
<2
25 3
o 2
R350
- 25
+ L
P
+25 :

il
Tl

High Bandwidth Preamp
100mW/ch -> 2.7kW in total

1.4kW for each end plate, air cooling is OK
no additional material bufget

Analog signal on Cable
2.8mm per co-ax

12 signals + 1 Power

3dB attenuation @ 280MHz

ADC @1.3Gsps, 12bit

SSARAAEE#4RS ESRSHER ARG H6SS HeRRERR RS Fe S EaREASR GRS Foanaa B E E
? HIDE
5 L §_,
gr Data Collector
TOHELN
Start
~Trigger 12 chn
Grp by sector
ADC ¥
ADC
5 Fiber
) FPGA [ RAM >
. To BEE
i s B ADC
- x12
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Data size estimation

ADC sampling rate : 1.3Gsps, 12bit, sampling window: 1.5 u s, data size/single
hit: 2k X 2Byte

Hit rate of the inner most layer: ~ 70kHz/cell, outer most layer: 10kHz /cell,

average hit rate: ~30kHz/ cell

Average Occupancy: 5% (10.5% for inner most layer, 1.2% for outer most
layer)

Each digital board corresponds to 12 preamplifier channels (sector includes
inner to outer layers)

Data size estimation: 12 chn in each sector

» 0.5Gbps/12 channels-- compatible with calibration requirement and overall
readout scheme of the detector
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Hit rate and Occupancy at Z mode

e Lum. :1920* 1033cm1s1,

* Cross section: 31bn for Hadron

e Event rate : 60kHz (Hadron) +60
kHz (others)

e Hit rate: 120kHz *25 tracks*5
(background) =15MHz

e Hit rate for first layer: 70.4 5
kHz/cell il

Hit rate (kHz/cell)
P
o

e Occupancy for first layer: 10.6% 0 10 20 30 40 50 60 70
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Updated design parameters

R extension 600-1800mm
Length of outermost wires (c0s6=0.85) 5800mm

Thickness of inner CF cylinder: (for gas tightness, no load) 200um (0.08% X))
: 0

Thickness of outer CF cylinder: (for gas tightness, no load) 300um (0.13% X,)

Outer CF frame structure: Equivalent CF thickness: 1.8 mm (0.77% X,)
Thickness of end Al plate: 20mm / 25mm  (22.5X,/28% X,)

Cell size: ~18 mm x 18 mm

Cell number 27623

Diameter of field wire (Al coated with Au) 60pum

Diameter of sense wire (W coated with Au) 20um

Ratio of field wires to sense wires 3:1

Gas mixture He/iC,H,,=90:10

Gas + wire material 0.16% Xo



Performance ool
3

B-field (T) 2
Performance
material budget barrel (X0) 1.14% 1.14%
material budget endcap (XO0) 28% (plate) +1.8% (cables) 28% (plate) +1.8% (cables)
Npoints per full track 66 66
point resolution in r¢ (um) 100 100
point resolution in rz (um) 2000 2000
222??1“?;3??“0” ULk 2.1x10° + 0.77x10°3/pT 3.2x10° + 1.16x10%/pT
a (1/GeV) 2.1X10° 3.2X10°
b 0.77 X107 1.16 X103
K/t separation power @ 20GeV 3.20 3.20
dN/dx resolution 2.5%-2.6% 2.5%-2.6%
Hit rate (maximum) 70.4 kHz/cell
Occupancy (maximum) 10.6%
Readiness
mechanical design design reasonable, structure stable by FEA
electronics Readout scheme reasonable(discussed with electronics group )
power consumption FEE: 100mW/ch, 1.4 kW/end plate
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cooling Air cooling



1.1

1.2

1.3

total

1.1.1
1.1.2

1.1.3

1.1.4
1.1.5
1.1.6
1.1.7

1.2.1

1.3.1
1.3.2

Estimation of Cost

Chamber
End plate

Outer frame structure

Inner and outer
cylinders

Wire

Feedthrough

Wire test system
Wiring tooling
Electronics

Readout Channel
HV and Gas system
High Voltage system

Gas system

10*CNY

405
500.00

150.00

710.00
530.00
50

300

0.17

220.00
120.00

unit
2
1

1

+20% spare
+20% spare
1
1

27623*1.1 (10% backup)

6HV crates, 50modules
1

3130.00

810.00
500.00

150.00

710.00
530.00
80

350

5170.00
5170.00

340.00
220.00
120.00

8640



Summary

e R&D progress of CEPC drift chamber:

Simulation studies show that 3.20 K/t separation at 20GeV/c can be achieved with 1.2m
track length

e Development of fast electronics is under progress. Preliminary tests validated the
per}‘orma(?ce of the readout electronics and the feasibility of dN/dx method. Next testbeam
Is planne

* Cluster counting reconstruction algorithm based on deep learning is developed and shows
promising performance for MC samples and test data

e Preliminary mechanical design and FEA show the structure is stable under loads of wire
tension and self weight

* Global electronics scheme is reasonable

e Further study plan
e Optimization of mechanical design
e Detector optimization and performance study
e dN/dx reconstruction algorithm
* Prototyping and testing with full-length cells (mechanics, manufacturing, testing)
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