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TPC detector for future ete- collider

The TPC is a promising main tracker detector candidate for some future e*e- collider experiments
Baseline detector in the ILD and CEPC-CDR
High-granularity readout TPC has been selected as the baseline main tracker detector in the CEPC Ref-TDR

High-granularity readout TPC is potential to improve PID performance.
TPC technology can be interest for other future colliders (FCC-ee, EIC...)
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I CEPC operation

The CEPC is designed as a powerful factory of Higgs, Z and W bosons. Calbration Low oo ot 3T
_ ' Approximately 1035¢cm-2s™!
Operating at between 91 to 240 GeV 1%-20% of high luminosity Z

Two operation stages: Baseline (30MW SR power) — Upgrade operation (50 MW SR power)

The Reference Detector comprises a high-granularity readout TPC, surroundea by silicon detectors.
Designed and optimized primarily for the Higgs and low-luminosity Z runs (3T magnstic field)
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CEPC operation scenarios and Reference Detector design, arxiv:2510.05260
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Physics requirements of the CEPC

Physics Requirements for the TPC
Tracking: o(1/P1)~10* (GeV/c)* (TPC only), o(1/P1)~3 X 10 (GeV/c)* (TPC+Si detectors)
PID for flavor physics and jet reconstruction: n/K separation power better than 3¢
Challenges:

Beam-induced background

Space Charge effect and Distortions Physics objects  Measurands Detector  Performance
subsystem requirement
—_ 200 Coverage |cosd] <0.99
E [ OTK Tracki Recon. efficiency Track >99% (pr > 1 GeV/c)
o racking Resolution in barrel racker opr/pT < 0.3% (| cosf] < 0.85)
150 Resolution in endcap Tpr/PT < 3% (| cosb] > 0.85)
PID efficiency Tracker, ECAL > 99% (p > 5 GeV/c, isolated)
Leptons (e, 1) . .
Mis-ID rate HCAL, Muon < 2% (p > 5 GeV/c, isolated)
100 PID efficiency > 95% (E > 3 GeV, isolated)
Photons Mis-ID rate ECAL, HCAL < 5% (E >3 GeV, isolated)
Energy resolution i /E < 3%/+E(GeV) & 1%
50 Vertex Position resolution Vertex Crp =50 m(um)
. Energy resolution Tracker oe/E ~ 30%//E(GeV) & 4%
-------- . Hadronic Jets  y 125 resolution ECAL, HCAL BMR < 4
p jaEE — P=1.16 GeV/c, 6=44.3 ’ -
i — P=0.87 GeV/ie, 0=18.0 . b-tagging efficiency ~ 80%, mis-ID of uds < 0.3%
i | | | | | Jet flavor tagging c-tagging efficiency Full detector 50%, mis-ID of uds < 1%
0 50 100 150 200 250 300 Charged kaon PID efficiency, purity  Tracker, TOF > 90% (inclusive Z sample)

Z [em]
CEPC Tracker system layout and Physics requirements



Beam-induced background in the TPC (Challenges)

CEPC MDI design

Beam-induced backgrounds simulation
Space charge density caused by BG
Electron drift deviations




Simulation flow of beam-induced background
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https://acc-physics.kek.jp/SAD/
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https://acc-physics.kek.jp/SAD/

I BG Particles in the TPC

Photons and electrons (produced by low energy photons) are the main components in the TPC volume
The rest of particles, like positrons, proton and neutron, are negligible
Low-energy photons (< 10 MeV) are the main contribution of the space charge

Photons originating from the downstream beam pipe make a significant contribution
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Particle type, Energy and initial position of low-energy photons entering the TPC



I BG event display

Very few particles have enough energy to leave TPC
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Most of BG hits consist of more or less randomly distributed blobs or curlers
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TPC hits distributions at the xy and rz plane from 100 BX crossings



S p ace C h a rg e d e n S i ty Finit? piffsrence Method to solve charge density
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Space charge density in the TPC can be calculated with some assumptions E
Azimuthal (¢) Symmetry % oo N i
Constant ion drift velocity, here assuming 5 m/s, neglecting ion diffusion L s % % T
Positive ions from beam-induced background and IBF are considered m
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I Deviations along electron drift path

Deviations occur in radial, azimuthal and z directions along : After ~2.75 m drift distance
the electron drift paths: ———————————
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TPC tracking performance estimation

Intrinsic performance
Momentum resolution with Space Charge Effect
MDI region optimization




Tracking performance

Estimation of the intrinsic spatial and momentum resolution (w.o. deviations caused by SCE ).

The granularity readout and the transverse diffusion are also taken into consideration..
High-Granularity readout TPC (500m x500pm ) can achieve better spatial resolution than pad readout TPC

Momentum resolution o(1/P;)~10* (GeV/c)*
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Influence on momentum measurement

General impacts of the space charge effect:

The drift deviations are serious at the inner radius and much small around the centre of the TPC

Resulting in either straightening or bending of the measured tracks (the momenta of |t are expected to be shifted
towards higher values and |t towards lower values)

Degrading TPC hits resolution.
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Spatial resolution with space charge effect

Space-point deviations can be corrected if space charge
density is stable

Data-driven track-based calibration by combining inner
and outer silicon detectors

Error contributions to the calibrated spatial resolution :

Space-charge distortion: < 80um in Higgs mode, < 160um in
low-lumi. Z, dependent on the drift distance

NUMF effects on the drift process (after correction with
magnetic field map): <65 um

Mechanical deformation affecting the electric field and drift
process : <40 um
Conservatively estimated, the calibrated spatial resolution
degrades by ~50% and 100% at the point with the longest
drift distance in Higgs and low-luminosity Z modes,
respectively

Kanako Watanabe has been studying the stability of
the distortions @ ILC

0.5 CEPC Ref-TDR
= %
= = w.o. distortions .
> I I S R _—
o) 0.4 i —— Higgs, wi distortions |
- —— Low Lunéli. Z,w. distoirtions
0.3 e e e —
T .
0.1 PN ;mm- mmmmm%““ S RN W B M——— L

500 1000 1500 ;00 . 2500
Drift distance [mm]

Taking into account space-
point distortions with
calibration and correction
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https://agenda.linearcollider.org/event/10594/contributions/57527/attachments/40613/64641/LCWS2025_watanabe_251017.pdf

Momentum resolution with space charge effect

Momentum resolution

Compared to idea scenario, resolution with the TPC standalone degrades seriously for high momentum particles
11% degradation after combining the silicon trackers in low lumi. Z mode
Would not suffer too much from the electron drift deviations

Further simulation with a complicated model is ongoing.

35 CEPC Ret TDR 0.5 (“EP(‘ Ref TDR
= OO I = F N
= b TP( only, - 8% L TPC only ™ Combmed e-as TPC + Sl
ﬂ-[- 3 _— """" [ R W "('i"'d‘i'St‘(‘ii‘fi‘t‘)‘iiS"";"' ; 5 : Q: -5 i e w 0. dlstortlous P
= : H H = 0.4 _..-....w.\..-\..- .'.a... ............ |. ........ L ...... '\.....:....J....:....'...: .....
= i iggs,. w. dlstortwns | at L1 e Higgs,w. dlStOPth, S : :
© 25 ©

11% degradatlon

° L(m LUml Z w distom‘tions

1 10 10?
P [GeV/c] P [GeV/(c]



Space charge migration MDI region optimization

The low-energy photons (<10 MeV) are the main contribution of space charge in the TPC

Some preliminary optimization can reduce the space charge by approximately one orders of magnitude.

The layout of some equipment of the MDI region
Lighter beam pipe material
Shielding of the magnetic shell
The max. space charge density can be less than 0.8 nC/m3at Low Lumi. Z mode after optimization.
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Distributions of the initial |z| positions entering the TPC and space charge density after optimization




Summary




I Summary

The TPC has been selected as the baseline main track (MTK) detector in CEPC ref-TDR.

The full simulation flow of the BG has been established

The BG and tracking performance has been studied
o(1/P1)~10* (GeV/c)?, standalone momentum resolution w.o. SCE

Tracking performance would not suffer too much from the deviations by combining inner and outer silicon detectors

Further optimization of the MDI region and dedicated correction algorithm are needed.

Many thanks!
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I Deviations 1n z direction
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SCE impact on Pt reconstruction

Max. Space charge density ~3.5 nC/m?3 ,
max. Arg ~ 1 mm

AP [GeV/c]
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I SCE correction algorithm

Mesh size: NzxNr =48 x 24 ~ 1150

) ) e s w. SCE, after Correction
0. Calibration Data C Entries 5000 s F : -
Set L Mean 8.135¢-06 Z o 16=85 e ,6=85
- 2500 B 9:(: Dev 0.0010043 E 1 ; ;
C x* / ndf 1342/ 95 o e ut0=60 S 860
r Constant 2479 +14.0 =W r
F Mean 1.629e—-05 + 3.886e-06 < o R -
2000 1 Sigma___ 0.0008972 = 0.0000032 0sp 0=45 W=45
. Mesh size: - .
1. Tra(li/lke§r?5|dual NZ |n 7 dlrectlon 1500 C 0 :@ 5 gg ¢l v B 2 = LT ety
N, in radius direction C C 1 Q
_ 1000 . -0 Ql | A
: . ary OHUk
ehmialy b
htd k+4 : - -
2. Reconstruct s C
TPC deviations s(z, T) = Z Z Vij AMz'(Z) N j (T) 002 0015 -0.01 -0.005 0 0005 001 - 0015 002 15 10 15 20 23 0 35 a0 a5 %0
i=1 j=1 ro,reco. ~ “ro,truth [em] P [GeV]
I I y: coefficients vector to be solved

3 TPC 3.0 A laser mesh grid to measure the deviations, and the deviations
correction map can be reconstructed with high precision(< 10 um)
Ref: DOI: 10.1016/j.nima.2013.04.020
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