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ITPC detector for future e+e- colliders

« ATPC is apromising main tracking detector candidate for future e+e- colliders experiments
 Baseline detector in CEPC CDR and ILD
» Pixelated TPC has been selected as the baseline main track detector (MTK) in CEPC Ref-TDR
 Pixelated readout TPC is potential to improve PID requirements of Flavor Physics at e+e- collider.
« TPC technology can be interest for other future colliders (FCC-ee, EIC, KEKD...)
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IMotivation and physics requirements

CEPC operation stages in Accelerator TDR: 10-years Higgs @3T — 2-years Z pole@2T — 1-year W
‘;

Physics Requirements for TPC == Calibration: Low luminosity Z at 3T

High momentum resolution for Higgs and low Lumi. Z run (~10-* GeV/c) Approximately 10¥cms’!
1%-20% of high luminosity Z
Particle Identification (PID) for flavor physics and jet reconstruction

Challenges:

Beam induced backgrounds

Space Charge effect and Distortion

High momentum muons from the Z recoiling against Higgs: 20~90GeV

\ Hadrons: most of them <20GeV
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Estimation the beam backgrounds at CEPC TPC

CEPC MDI design

Beam-induced backgrounds simulation
Low energy photon

Space charge density caused by BG




I CEPC MDI design and Tracker system in TDR

MDI stands for “Machine-Detector Interface”

Sha Bai,Haoyu Shi

Interaction region, beam-pipe, QD,QF, cryo-modules and LumiCal — £7m from the IP, cos6>0.99
33 mrad Crossing angle, L*(distance from IP to last QD ~ 1.9m)
CEPC tracker system consists of a large volume gaseous detector (TPC) and four types of silicon detectors (VXD, ITK, FTD, OTK)

TPC inner radius=0.6m, outer radius=1.8m, max. drift length~2.75m  Total volume~52.48m3
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CEPC tracker system and One of Machine-Detector Interface design in CEPC ref-TDR



https://indico.global/event/12247/contributions/109675/attachments/50815/97570/CEPC MDI.pdf
https://indico.global/event/12247/contributions/109709/attachments/50770/97480/Shy_IAS2025_20250114.pdf

I Simulation flow of beam backgrounds

Beam-induced backgrounds seeds generation

Pair production (beamstrahlung) — luminosity related
Single-Beam (BGC,BGB,BTH,TSC) — Single Beam [

_____________________________________________

Solving LANGVIN equation

[. Beam-induced
background files
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Full Detector simulation in CEPCSW (based on Geant4)

DD4hep: full detector description
Physic list: QGSP_BERT

TPC space charge density and distortions estimation
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[V. Machine Detector Interface (MDI) Optimization
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https://code.ihep.ac.cn/cepc/CEPCSW
https://github.com/AIDASoft/DD4hep
https://accelconf.web.cern.ch/p07/PAPERS/THPMN010.PDF
https://acc-physics.kek.jp/SAD/
https://acc-physics.kek.jp/SAD/
http://ir.ihep.ac.cn/handle/311005/253688?mode=full&submit_simple=Show+full+item+record
https://github.com/shyshi/cepc_bkg/blob/master/Source/BTH/CEPC_BTH.py
https://acc-physics.kek.jp/SAD/
https://indico.global/event/12247/contributions/109709/attachments/50770/97480/Shy_IAS2025_20250114.pdf

I Different geometry models

Four detector models have been used in our simulation
shlavi - - shidv2

Two types of LumiCal design 00 300 -200 -100 0 100 200 300 ~300 -200 -100 0 100 200 300

Different shielding material of magnetic shell —

Other sub-detectors remain the same : il
Material of magnetic shell: %_:L =
Different thickness of Ti, SS and Ti+Tungsten — -100
Lumi-Cal design: - .
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Two part, one before the flange (Si-wafers, 2X, LYSO)

Two detector models, using two types of LumiCal
One after the flange (~12X, LYSO), wrapped by 2cm Tungsten
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I Particles in TPC

The momentum (Pt) of most primary particles (e+e-) is below 50 MeV (can not incident TPC directly under 3T B-field)
Photons and electrons (produced by low energy photons) are the main components in the TPC volume

Other type of particles (e+/Proton/Neutron) are negligible
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I Beam-induced Background events display

Primary background particles (e*e) can

hardly incident TPC under 3T magnetic field Shldv1l model
Photons aren’t deflected under a B field
Low material budget of TPC barrel

Typical event display:

Hide| 3D View | Actions | Hide | RPhi View Actions |

® Reddot — e track -
150 -

® Green dot — vy track g— 150

e+ annihilation ® Bluedot —e'track = 100 100 3
Low energy (0.511 MeV) v incident TPC § =3
and interact with T2K gas = _s0 50
generate secondary Compton electron e ~100 -1°°—§
Secondary e- will deposit its energy totall = 0 03
in TPC and generate positive ions. e biasubusshuupgluupliliuslo —

PRTTEURTRINY GGEZLAZE GRARCEZZ Rdeszocs REGLECRLL [PERRELEEE gty
background e annihilation — y(0.511MeV) — Compton e~ 200 £69 =0 5
150 3
100 —é
50 —é
Remark: — 0=
Due to limited computer memory, _50
only plot the Tracker system and ] E
MDI region for visualization. Positron 1003
All sub detectors are included in -150 3

. . L ner
BG simulation. ow energy y ~200 -100 100 200 300

ill[ll IIIII lllll IIIIII I|I IIIIII I||I lllll Lit e I||I|Illl|lll||!lllll|

Compton electron =—




Low energy photon energy distribution (Higgs 3T)

Initial kE of v, just cross TPC hKE2 Initial kE of y (interact with gas)hKE( | PhOtOﬂ energy distribution (Sh|dVl model)
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Photon position/direction distributions

Start point distribution of these photons (enter TPC and hPosz . '.;““""' =
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Comparison of different geometry models

Initial position of low energy photons that incident and interact with TPC gas:

NoShield (LumiCal vO1, 3mm Ti of magnetic shell): photons are come from 1m<|Z|<3m, especially around LumiCal and SR mask
Shldvl (LumiCal vO1, 65mm SS): two peaks at the gap of LumiCal, few photons after LumiCal

Shldv2 (LumiCal_v02, 65mm SS): two small peaks at the end of LumiCal, few photons after LumiCal

Shldv3 (LumiCal_v02, 3mm Ti + 10 mm Tungsten): two small peaks at the end of LumiCal and some come from 1m<|Z|<3m

» The LumiCal can absorb many low energy photons produced by primary beam-backgrounds — “compact” LumiCal
» The amount of shielding after LumiCal is important to reduce beam-induced backgrounds in TPC — thicker magnet shell

Initial position distribution of low energy photons Initial position distribution of low energy photons
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I Space charge density estimation

TPC integrates over many collisions; maximum ion drift time ~ 2.75m/(5m/s)=0.55s
Roughly estimate number of primary ions in the CEPC TPC volume at any time, taking account of different collision rates

Number of lons ~Primary ion/BX - BX frequency max drift time - 50% [ion already reached cathode] from Daniel Jeans
BX frequency = 1/346ns @Higgs mode , 1/69ns @ Low Lumi. Z mode

IBFxGain~1, Primary ion level

EDep/BX in TPC Ave. space charge density BX. Freq.
(nC/m3)

Compare to ALICE-TPC

Higgs mode NoShield 68.65 MeV/BX 6.47 1/346ns
The space charge density of ALICE TPC is about ~120 nC/m?3
Shidv1l 17.50 MeV/BX 1.65 ] )
For Higgs run, the space charge is only ~1/20 of ALICE TPC
hid : : : . _
oniavz 1144 Mev/BX t o7 For Low Lumi. Z, the space charge in TPC — similar or
Shidv3 . éﬁf "’f’@S“\ S 1.22 probably larger than ALICE TPC without any MDI
Low Lumi. Z mode Y‘Néﬁm‘“a 176.04 MeV/BX 83.14 1/69ns optimization
Shidv1 32.23 MeV/BX 15.22
Shildv2 21.27 MeV/BX 10.04
Shldv3 64.04 MeV/BX 30.25


https://agenda.linearcollider.org/event/10557/

Space charge density of different BG components @ Higgs

For Higgs run, Pair production background is dominated and hard to mitigate.

~96% positive ion charge comes from Pair production and Single Beam backgrounds (BGC+BGB+BTH+TSC) are
much smaller than Pair production

For Higgs, it is necessary to shield the low energy photons which come from 1m<|Z|<3m
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Space charge density caused by different BG components (left) and The initial position Z distribution of low energy photons (right)



Space charge density of different BG components @ Low Lumi. Z

For Low Lumi. Z run, Single-Beam backgrounds are dominated and the max. charge density is 25x larger than Higgs
BGC has contributed ~90% space charge, 7.2% from TSC and 3.7% from Pair production
BTH+BGB can be negligible
Low-energy photon caused by BGC and TSC occurs mainly from 2m-3m, and a small portion of them can be
backscattered into the TPC from as far as 4 m away.
For Low Lumi. Z, it is necessary to control the beam loss and add more shield after LumiCal (|Z|>1m)
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I Mitigation of the Single-Beam BGs

Collimators were implemented to reduce Interact Region(IR) loss caused by Single-Beam

With the implementation of collimators, single-beam backgrounds can be shielded effectively @ Low Lumi. Z run
~20 sets of collimators were installed for passive machine protection and will also contribute to mitigate beam-backgrounds
After adding collimators, the beam loss rate can be reduced

The space charge density in TPC @ Low Lumi. Z is close to Higgs mode

Slides from Haovu Shi

H. Wang, P. Zhang

Run mode EDep/BX in TPC Ave. space charge BX. Freq.
density (nC/m3)

Higgs mode Shidv4(15mm /BX ! I 1/346ns
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Y e“m"ﬁm Tu ngi
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|
|
|
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|

Shldv5(5mm Ti + 10 4.88 MeV/BX
I for vertical collimator mm Tungsten)

14/01/2025 IAS Program on FP 2025, HKUST, H.Shi(shihy @ihep.a:


https://indico.global/event/12247/contributions/109709/attachments/50770/97480/Shy_IAS2025_20250114.pdf

I How about the distortions without low energy photons?

1 1 1 Charged \
The space charge density is only 0.62 nC/m3® @Low 1CW
Lumi. Z mode if we can shield all low energy -t
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Comparison with FCCee & ILC (Slides from Daniel Jeans)




Comparison with FCCee & ILC

X0 Y= 0.001 [cm]
80

X [cm]

. _ . ILD @ ILC
machine-detector interface . ILD_I5 v02

] |

[=]

20_—5‘\—“[—‘—[_&__“‘
ILC FCCee o

crossing 14 mrad 30 mrad Y < E P T I

angle X0 Y= 0.001 [cm]

L* distance romip - 4.1 M 2.0m T

to last ;scigrfoc:rl?g;lng X s - ILD @ FCCee

quadupole magnet] 4OE_|LD_|5 v1l

detector 35T 20T - .

solenoid 2”;_—”

additional  anti-DID (?) - compensating ﬂ_—‘

B-fields - Screening -0 .
| I_
300: | 1 | P T NI A




I Reducing BG @FCCee 1

Adding thicher shield after LumiCal — ~x1/2.5 reduction

antiDID_ZatIP
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I Reducing BG @FCCee 2

2.0 - 3.5T+anti-DID — ~x1/2 reduction

antiDID_ZatIP
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I Reducing BG @FCCee 3

Longer shield after LumiCal — ~x1/2 reduction (if space of MDI permits )

E
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I Comparison with FCCee & ILC

Only pair-production background, after MDI Optimization

Collider FCC-91 FCC-240 ILC-250
Detector model ILD_FCCee_v01 ILD_FCCee_v01 ILD_15_v05
average BX frequency 30 MHz 800 kHz 6.6 kHz
primary ions / BX 260 k 820 k 450k
primary ions in TPC at any time 1.7 x 1011 1.4x 1070 6.5x10%
average primary ion charge density nC/m? 640.6 0540.05  0.0025
Max. ion charge density (steady state) in CEPC *rough estimates

TPC@ Higgs mode and Low Ll'fm!' Z_mOde IS primary ion density in TPC: 25668250 times higher at FCCee-91 than ILC-250
close to FCC91 before MDI Optimization 200 20 times higher at FCCee-240 than ILC-250

Further optimization work on the CEPC MDI

region is in progress. CEPC TPC
Run mode EDep/BX in TPC Ave. space charge BX. Freq.
density (nC/m3)
Higgs mode Shidva4(15mm 37.75 MeV/BX . 37 I 1/346ns
stainless steels) I 1
|
Shidv5(5mm Ti + 10 17.07 MeV/BX ' 1.67 :
mm Tungsten) I I
|
Low Lumi. Z Shldv4(15mm 10.26 MeV/BX I 5.03 I 1/69ns
mode stainless steels) I |
Shldv5(5mm Ti + 10 4.88 MeV/BX | 24 :
|

mm Tungsten)




Summary

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

Low-energy photons (~MeV) is the main source of positive ions in the TPC volume, both in the Higgs and
Low Lumi. Z modes

For Higgs mode, Pair-production is dominated

For Low Lumi. Z mode, it is important to control the beam loss (single beam backgrounds)

Preliminary results from CEPC TPC shows that adding more shield is important to reduce beam-induced

backgrounds and the MDI region needs further optimization, especially the LumiCal and the Magnet Shell
of the Beam-pipe.

Happy Chinese New Year!
Thanks for Listening!
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https://indico.global/event/12247/contributions/109709/attachments/50770/97480/Shy_IAS2025_20250114.pdf

I LumiCal geometry

LumiCal didn’'t cover the beam-
pipe total in ¢ direction




I Low Lumi. Z/ Higgs MCParticle tracks
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I Event Display @Higgs Different Geo models
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I Event Display of Single Beam
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Total attenuation coeff. of T2K gas

Total Attenuation coeff. Of T2K gas (from XCOM)

o | | | (ger?uire d) Scattering ph0t02|ectric PBDII' Productlgn E|To'cal Attenuatlog
En::;; Cohgrent IncohDerent Absorption In N_uclear In El_ectron \With Coh_erentWithout Cc_uherent
Field Field Scattering Scattering
MeV cm?/g | cm?/g cm?/g cm?/g | cmi/g cm?/g cm?/g
4.000E-01|1.374E-03 | 8.622E-02 | 7.598E-04 |0.000E-+00/0.000E+00 8.835E-02 8.698E-02
Element/Compound/Mixture Selection 5.000E-01|8.829E-04 | 7.884E-02 | 4.137E-04 |0.000E+00|0.000E+00] 8.014E-02 7.926E-02
. - . . _ } 5.110E-01|8.456E-04 | 7.814E-02 | 3.908E-04 |0.000E+000.000E+00 7.937E-02 7.853E-02
Fnimlie el 10 6.000E-01 [6.145E-04 | 7.300E-02| 2.591E-04 [0.000E+00[0.000E+00] 7.388E-02 |  7.326E-02
Help

Identify material by:

@ Element
Compound
Mixture

(c mlf'g )

For 0.511 MeV vy

Photoelectric absorption
e e o' - ~3.908e-4 cm2/g

Additional energies from file (Note: Your browser must be file-upload compatible)

P [ Pair Production O
e Incoherent Scattering ~7.814e-2 cm2/g

107 L ' | Compton Scattering dominated

10 10 10! 10" 10'
Photon Energy (MeV)

| ——  Total Attenuation with Coherent Scattering |

> 0.511 MeV y, Total attenuation coeff. ~7.853e-2 cm2/g
> u=7.853e-2 cm2/g x 1.73e-3 g/cm3 = 1.36e-4 /cm
> For x= 120cm thick T2K gas, I = IQ@exp(-ux) ~ 0.984I0



https://www.nist.gov/pml/xcom-photon-cross-sections-database

