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Figure 3.9: The cutaway view of the full silicon tracker proposed as an option for the CEPC baseline
detector concept.

3.3.2 ALTERNATIVE DETECTOR CONCEPT

An alternative detector concept, Innovative Detector for Electron-positron Accelerator
(IDEA), has been designed for a circular electron-positron collider and it is also being
adopted as a reference detector for FCC-ee studies. The concept design attempts to econ-
omize on the overall cost of the detector and proposes different technologies than the
baseline concept for some of the main detector subsystems. It provides therefore an op-
portunities to leverage challenges and advances in detector development prior to the CEPC
detector constructions.

The detector requirements at CEPC are tied to the operational parameters of the storage
ring at each energy point. For example, the typical luminosity at the Z pole (

p
s = 91.2 GeV)

is expected to be up to two orders of magnitude higher than at ZH threshold (
p

s =

240 GeV). Bunch spacing will be significantly smaller. One would therefore prefer an
intrinsically fast main tracker to fully exploit the cleanliness of the e+e� environment
while integrating as little background as possible. Additional issues of emittance preser-
vation, typical of circular machines, set limits on the maximum magnetic field usable for
the tracker solenoid, especially when running at lower center-of-mass energies.

Additional specific requirements on a detector for CEPC come from precision physics
at the Z pole, where the statistical accuracy on various electroweak parameters is expected
to be over an order of magnitude better than at LEP. This calls for a very tight control of
the systematic error on the acceptance, with a definition of the acceptance boundaries at
the level of a few µm, and a very good e � � � ⇡0 discrimination to identify ⌧ leptons

2 interaction points

IDEA Concept

also proposed for FCC-ee 

Particle Flow Approach
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News reported at this workshop



Detector R&D Major R&D Breakdown
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1. Vertex

1.1. Pixel Vertex Prototype

1.2. ARCADIA/LFoundry CMOS


2. Tracker

2.1. TPC

2.2. Silicon Tracker

2.3. Drift Chamber


3. Calorimeter 

3.1.ECAL Calorimeter

3.1.1. Crystal Calorimeter

3.1.2. Scintillator-Tungsten 


3.2. HCAL PFA Calorimeter

3.2.1. DHCAL

3.2.2. Sci AHCAL


3.3. DR Calorimeter
Total of 103 sub-tasks identified

4. Muon Detectors

4.1. Muon Scintillator Detector 

4.2. Muon and pre-shower MuRWell Detectors


5. Solenoid

5.1. LTS Solenoid

5.2. HTS Solenoid


6. MDI

6.1. LumiCal Prototype

6.2. Mechanics


7. TDAQ

8. Software and Computing



CEPC CMOS Pixel Sensor Development
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TaichuPix-1 TaichuPix-2

Pitch: 25/24 × 25 μm2

Power: 100-150 mW/cm2

IHEP, SDU, NWPU, IFAE & CCNU

Size: 5 × 5 mm2

FE-I3-like and ALPIDE-like pixel



CEPC CMOS Pixel Sensor Development: JadePix3
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• Performance consistent with the design targets 

• Low threshold and noise

• Single point resolution 3 ~ 5 μm , obtained with laser

• Low power < 100 mW/cm2 , when extrapolated to FS sensor

• Integration time < 100 μs 

Recent measurements:

MOST project goals achieved



CEPC CMOS Pixel Sensor Development: TaichuPix
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MOST project goals achieved

TaichuPix-2 irradiated at BSRF 
1W2B beamline (6 keV X-ray)

Good chip function and noise 
performance proved up to 2.5 Mrad, 
and no deterioration observed up to 

30 Mrad TID

Full size chip ready to submit next month

Engineering run for Pixel Vertex 
detector prototype

Trigger mode: <100 mW/cm2


Triggerless mode: 150 mW/cm2



Pixel Vertex Detector Optimization: Long Barrel Design
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• Positives:

• Better solution for air cooling

• Simple structure 


• Negatives:

• Possible vibration of long ladder

• Stiffer ladder support 

• More readout copper in center

ideal long barrel realistic long barrel

2-layer flex 4-layer flex



Pixel Vertex Detector Optimization:
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New beampipe 20mm diameter

Innermost layer will be inside the 
boundary line, which defines the 
vertex detector coverage.

Shorter innermost layer is required

10 chips on both sides of the innermost ladder

vertex_v2: longer first double layer 
with 3 double disks



Pixel Vertex Detector Prototype: Mechanics
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The design model of ladder support

Vertex Detector Structure Assembling Tooling

Inner and middle barrels 
combination and customized tool



Silicon Tracker design 
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BASELINE TRACKER LAYOUT

26-28 October 2020 Overview CEPC Silicon Detectors, H. Zhu (IHEP) 3

• Time Projection Chamber (TPC) +“Silicon Envelope” adopted from ILD

Gas

Tracker

Optimization: tracker layout taskforce 



Silicon tracker demonstrator with international partners
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ATLASPIX3

26-28 October 2020 Overview CEPC Silicon Detectors, H. Zhu (IHEP) 16

• Depleted CMOS sensor
• Fully integrated readout
• Fast charge collection
• Low material budget

ATLASPix3

More details in Ivan Peric’s talk

• Pixel size 50×150 μm2

• Reticle size 20×21 mm2

• TSI 180 nm HV process on 200 Ωcm substrate
• 132 columns × 372 rows
• Digital part of the matrix located on periphery
• Both triggerless and triggered readout possible
• Up to 1.28 Gbps downlink

ATLASPIX3 FEATURES:
Sensors and DAQ boards distributed
to participating institutes

International group led by 
H.Fox (Lancaster) and M.Wang (SDU) 

Start by using components developed

for other projects

Migrate to a Chinese foundry

if possible

smaller pixel size

(25×165 μm2) 



Time Projection Chamber at CEPC
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• TPC is the baseline central tracker option in CEPC CDR

• TPC limitations at high luminosity

• Ion back flow in chamber

• Calibration and alignment using UV lasers

• Lower power FEE ASIC chip development

(Pixel readout also 
being considered

as an option for a 
circular collider)

65 nm CMOS ASIC

Power < 2.5 mW/ch

Readout detector

(GEM/micromegas)



TPC Prototype
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Drift Chamber

New high-voltage field cage

New, larger, readout board
New ASIC and readout electronics

larger

area

>300V/cm 



TPC Prototype under test

15

UV laser results indicate a resolution of 200 μm to 350 μm, depending on distance

More studies are ongoing and the update analyzing will been done  



Drift Chamber Option - IDEA Concept
Lead by Italian Colleagues
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Layers: 14 SL × 8 layers = 112                      Cell size: 12 - 14 mm

Follows design of the KLOE 
and MEG2 experiments 

• Length: 4 m

• Radius: 0.35- 2m

• Gas: 90%He − 10%iC4H10 

• Material: 1.6% X0 (barrel)

• Spatial resolution: < 100 μm

• Max drift time: ~350 nsec

• Cells: 56,448

Low-mass cylindrical drift chamber

New DAQ board: dual channel 
• increase resolution and signal-to-noise ratio 

• improve peak finding algorithm 

Front-end ASIC
a two stage amplifier for cluster counting/timing 



Drift Chamber Considerations: dE/dx vx dNcl/dx
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Expected from analytical calculation of IDEA chamber

80% cluster counting efficiency 4.3% dE/dx resolution

Cluster counting potentially a factor 2 better than dE/dx, but requires fast electronics and good counting algorithms 
Depends on the √ of the track length

Potentially can get same resolution as dE/dx with 4x smaller track  ==> 0.5 meter drift chamber

Work on-going in Italy and IHEP



Scintillator ECAL Prototype 
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Test beam at IHEP earlier this year

Scintillator-Tungsten Sandwich ECAL



Scintillator ECAL Prototype: testing
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Test beam at IHEP

• IHEP E3 beam line: secondary particle beam 

• Mixed with proton/pion: proton dominate 

• Momentum : 300 MeV-1.2GeV 

• Event rate: less than 100 per minute 

Total 12 thousands events collected

Cosmic ray tests

Position resolution better than 3𝑚𝑚, better than 
required by MOST project for CEPC ScECAL  

Correction of incident angle and temperature effect 
on the ADC measurement implemented 

Further analysis on-gong



Two Hadronic Particle Flow Calorimeters
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40 layers of 20 mm stainless steel 

      + 3 mm scintillator

      + 2 mm PCB


Transverse size: 72 × 72 cm2 

Length: 1.3 m

AHCAL

Scintillator and SiPM

60 %
E(GeV)

⊕ 3 %±3 %

SDHCAL

Glass RPC

Linearity: Resolution: BMR: < 4 %

Cell size: 4 × 4 cm2

Cell size: 1 × 1 cm2

48 layers of 17.5 mm stainless steel 

         + 6 mm RPC and electronics


Transverse size: 100 × 100 cm2 

Length: 1.3 m

CALICE prototype

Pr
o

to
ty

p
e



AHCAL: Scintillator and SiPM HCAL Prototype
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16000 scintillators have been produced 
using the injection molding technique 

The light yield of each scintillator is about 
40 p.e., tested by NDL-22-1313-15S 

Automatic wrapping and labelling 

100 scintillators take 75 min 

3 batch testing platforms built

(USTC, SJTU, IHEP) 

Uniformity within ±15%

 72 cm 

 7
2 

cm 3 readout

boards



SDHCAL: Glass RPC
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SJTU group has built: 

50cm x 35cm, 100cm x 100cm RPCs

Multigap Resistive Plate Chambers

(MRPC)

Fast timing readout electronics for MRPC

designed and manufactured


Using PETIROC chip from OMEGA group

Test platform have been constructed.

The DAQ system is under development. 



New Ideas: Crystal Calorimeters
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320 PHYSICS PERFORMANCE WITH BENCHMARK PROCESSES

ZX candidates for the Z ! µ+µ� and Z ! e+e� decay modes. The analyses are based
on the full detector simulation for the signal events and on the fast detector simulation
for background events. The event selections are entirely based on the information of
the two leptons, independent of the final states of Higgs boson decays. This approach
is essential for the measurement of the inclusive e+e� ! ZH production cross section
and the model-independent determination of the Higgs boson branching ratios. The SM
processes with at least 2 leptons in their final states are considered as backgrounds. As
shown in Figure 11.3, the analysis has a good signal-to-background ratio. The long high-
mass tail is largely due to the initial-state radiation. Leading background contributions
after the selection are from ZZ, WW and Z� events. Compared to the Z ! µ+µ�

decay, the analysis of the Z ! e+e� decay suffers from additional and large background
contributions from Bhabha scattering and single boson production.

(a) (b)

Figure 11.3: The inclusive recoil mass spectra of e
+
e
�

! ZX candidates of (a) Z ! µ
+
µ

� and (b)
Z ! e

+
e
�. No attempt to identify X is made. The markers and their uncertainties represent expecta-

tions from a CEPC dataset of 5.6 ab�1, whereas the solid blue curves are the signal-plus-background
fit results. The dashed curves are the signal and background components.

The recoil mass technique can also be applied to the hadronic Z boson decays (Z !

qq̄) of the e+e� ! ZX candidates. This analysis benefits from a larger Z ! qq̄ decay
branching ratio, but suffers from worse jet energy resolution compared with the track
momentum. In addition, ambiguity in selecting jets from the Z ! qq̄ decay, particularly in
events with hadronic decays of the Higgs boson, can degrade the analysis performance and
also introduce some model dependence. Therefore, the measurement is highly dependent
on the detector performance and the jet clustering algorithm. Following the same approach
as the ILC study [16], an analysis based on the fast simulation has been performed. After
the event selection, main backgrounds arise from Z�0

s and WW production.

11.1.3 MEASUREMENTS OF �(ZH) AND THE HIGGS BOSON MASS

Both the inclusive e+e� ! ZH production cross section �(ZH) and the Higgs boson
mass mH can be extracted from fits to the recoil mass distributions of the e+e�! ZX !

Physics motivations: 

- Electrons’ Bremsstrahlung: energy recovery 

- Improve angular resolution, and gamma counting 

- Recoil photons: new physics and neutrino counting 

Concern:   Electromagnetic resolution of PFA calorimeter not optimal

Z boson recoil mass

Muons Electrons
0.9% 1.5%

3 %
E(GeV)

⊕ 1 %Resolution: 



New Ideas: Crystal Calorimeters
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Crystals: LYSO:Ce, PbWO, BGO?

Two new segmented ECAL designs based on crystals

Yong Liu

SiPM: HPK, NLD?
Being incorporated into CEPC Software

Need to control cost



Dual Readout Crystal Calorimeter

25Chris Tully, Sarah Eno, et al



Dual Readout Crystal Calorimeter
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IDEA Detector: μ-RWELL technology
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Pixel size (mm) Area (m2) Channels
Pre-shower 0.4 × 500 120 570 k

Muon detector 1.5 × 500 2800 4 M



IDEA Detector: μ-RWELL technology
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• How to optimize the detector design to the CEPC physics program?

• How to reduce the input FEE capacity in the muon system?

• How to built more than 3000 m2 of μRWELL detectors? 

A second large area μRWELL of 

500 x 500 mm2 to be developed 

with ELTOS, an Italian company

TIGER-GEMROC technology developed 
by INFN within the CGEM-IT BESIII frame 

First large area μRWELL

(produced at CERN)

μRWELL detailed simulation 
is on-going


Description to be included 
in DD4HEP framework within 

Key4HEP environment

Goal by 2024: Optimize engineering mass construction with the ELTOS 

Develop new specific ASIC, and complete simulation/reconstruction



CEPC Software migration to key4hep
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CEPCSW: the first application of Key4hep 
CEPC_v4


reference detector



Projects overview: R&D schedule
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Projects overview
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17 documents, total: 85 pages

PBS Task	Name Page Subtask Context Team Document	Responsible
CEPC	Detector	R&D	Project

1 Vertex
1.1 Vertex	Prototype 5 9 CEPC China+	international	collaborators Zhijun,	Ouyang
1.2 ARCADIA	CMOS	MAPS 6 6 Generic INFN,	Italy Manuel	Rolo
2 Tracker
2.1 TPC	Module	and	Prototype 6 10 CEPC IHEP,	Tsinghua Huirong
2.2 Silicon	Tracker	Prototype 6 8 Generic China,	UK,	Italy Harald	Fox,	Meng	Wang
2.3 Drift	Chamber	Activities 4 3 FCC-ee/CEPC INFN,	Novosibirsk Franco	Grancagnolo
3 Calorimetry
3.1 ECAL	Calorimeter
3.1.1 Crystal	Calorimeter 4 6 CEPC IHEP,	Princeton	+	others Yong	Liu
3.1.2 PFA	Sci-ECAL	Prototype 3 3 CEPC USTC,	IHEP Jianbei	Liu
3.2 HCAL	Calorimeter
3.2.1 PFA	Digital	Hadronic	Calorimeter 4 5 CEPC SJTU,	IPNL,	Weizmann,	IIT,	USTC Haijun	Yang,	Imad	Laktineh,	Shikma	Bressler
3.2.2 PFA	Sci-AHCAL	Prototype 4 4 CEPC USTC,	IHEP,	SJTU Jianbei	Liu
3.3 Dual-readout	Calorimeter 5 5 FCC-ee/CEPC INFN,	Sussex,	Zagreb,	South	Korea Roberto	Ferrari
4 Muon	Detector
4.1 Scintillator-based	Muon	Detector	 4 6 CEPC Fudan,	SJTU Xiaolong	Wang,	Liang	Li
4.2 Muon	and	pre-shower	µRWELL- 5 5 FCC-ee/CEPC INFN,	LNF Paolo	Giacomelli
5 Solenoid
5.1 LTS	solenoid	magnet 4 4 CEPC IHEP+Industry Zhu	Zian
5.2 HTS	solenoid	magnet 4 4 CEPC IHEP+Industry Zhu	Zian
6 MDI
6.1 LumiCal	Prototype 5 2 ILC/CEPC AC,	IHEP Suen	Hou
6.2 Interaction	Region	Mechanics 4 4 CEPC IHEP Hongbo	Zhu
8 Software	and	Computing 11 19
 CEPC IHEP,	SDU Li	Weidong,	Ruan	Manqi,	Sun	Shengseng,	Li	Gang

Total subtasks: 103



Projects overview: FTE
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PBS Task	Name Team Faculty Postdoc Students Engineers
CEPC	Detector	R&D	Project

1 Vertex
1.1 Vertex	Prototype China+	international	collaborators 21 17.2 3.5
1.2 ARCADIA	CMOS	MAPS INFN,	Italy 55	people,	mostly	staff	INFN	and	University	Associates
2 Tracker
2.1 TPC	Module	and	Prototype IHEP,	Tsinghua 3 4 1
2.2 Silicon	Tracker	Prototype China,	UK,	Italy 50 4 5
2.3 Drift	Chamber	Activities INFN,	Novosibirsk 2.5 2.4 1.8 0.8
3 Calorimetry
3.1 ECAL	Calorimeter
3.1.1 Crystal	Calorimeter IHEP,	Princeton	+	others 1.3 1.5
3.1.2 PFA	Sci-ECAL	Prototype USTC,	IHEP 1.9 2.5
3.2 HCAL	Calorimeter
3.2.1 PFA	Digital	Hadronic	Calorimeter SJTU,	IPNL,	Weizmann,	IIT,	USTC 2.1 1.8 2.6 0.3
3.2.2 PFA	Sci-AHCAL	Prototype USTC,	IHEP,	SJTU 2.3 0.8 4
3.3 Dual-readout	Calorimeter INFN,	Sussex,	Zagreb,	South	Korea 4.2 2.2 6.8 1.3
4 Muon	Detector
4.1 Scintillator-based	Muon	Detector	 Fudan,	SJTU 1.2 2.1 0.2
4.2 Muon	and	pre-shower	µRWELL- INFN,	LNF 2 1.5 1 0.3
5 Solenoid
5.1 LTS	solenoid	magnet IHEP+Industry 2 0 1 0.5
5.2 HTS	solenoid	magnet IHEP+Industry 1.5 0 1 0.5
6 MDI
6.1 LumiCal	Prototype AC,	IHEP 1 1 2 1
6.2 Interaction	Region	Mechanics IHEP 0.5 0.3 1.5 2
8 Software	and	Computing IHEP,	SDU 7 2 3 0

Total: 156 12 56 16
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Total: 156 12 56 16

7%

23%

5% 65%

Faculty Postdocs Students Engineers



Snowmass — Letters of Intent
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https://indico.ihep.ac.cn/event/12410/

14 CEPC-Related Detector LoI submitted



Final remarks
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Key detector technologies R&D continues and are put to prototyping

Need more time to explore alternatives and test these ideas

Several CEPC R&D detector projects reaching a successful conclusion

Now considering new ideas and developing new tools 

Final detectors are to be defined by International Collaborations and they are likely

to incorporate a mixture of the technologies discussed here



Extra slides
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Updated Parameters of Collider Ring since CDR
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 Higgs Z（2T）
CDR Updated CDR Updated

Beam energy (GeV) 120 - 45.5 -

Synchrotron radiation loss/turn (GeV) 1.73 1.8 0.036 -

Number of particles/bunch Ne (1010) 15.0 16.3 8.0 16.1

Bunch number (bunch spacing) 242 (0.68µs) 214 (0.7 µs) 12000 10870 (27ns)

Beam current (mA) 17.4 16.8 461.0 841.0

Synchrotron radiation power /beam (MW) 30 - 16.5 30

Cell number/cavity 2 - 2 1

β function at IP βx* / βy* (m) 0.36/0.0015 0.33/0.001 0.2/0.001 0.15/0.001

Emittance εx/εy (nm) 1.21/0.0031 0.68/0.0014 0.18/0.0016 0.52/0.0016

Beam size at IP σx /σy (µm) 20.9/0.068 15.0/0.037 6.0/0.04 8.8/0.04

Bunch length σz (mm) 3.26 4.42 8.5 9.6

Lifetime (hour) 0.67 0.35 2.1 1.8

Luminosity/IP L (1034 cm-2s-1) 2.93 5.0 32.1 101.1

× 1.8Luminosity increase factor: × 3.2

These luminosity increases 

have not yet been absorbed into 

physics and detector studies



140 TRACKING SYSTEM

Figure 4.1: Preliminary layout of the tracking system of the CEPC baseline detector concept. The
Time Projection Chamber (TPC) is embedded in a Silicon Tracker. Colored lines represent the posi-
tions of the silicon detector layers: red lines for the Vertex Detector (VTX) layers; orange lines for
the Silicon Inner Tracker (SIT) and Silicon External Tracker (SET) components of the silicon tracker;
gray-blue lines for the Forward Tracking Detector (FTD) and Endcap Tracking Detector (ETD) com-
ponents of the silicon tracker. The cyan lines represent the beam pipe, and the dashed red line shows
the beam line position with the beam crossing angle of 16.5 mrad. The ETD line is a dashed line
because it is not currently in the full simulation. The radial dimension scale is broken above 350 mm
for display convenience.

Tracker Detector - PFA Detector

Pixels

Tracker material

budget/layer: 


~0.50-0.65% X/X0

25 cm

12 cm Total Silicon area ~ 68 m2

1. Microstrip sensors

    double layers:


stereo angle: 5o-7o

    strip pitch: 50 μm


2. Large CMOS pixel                       
sensors (CPS)

Sensor technology

Power and Cooling
1. DC/DC converters

2. Investigate air cooling

Required resolution

σSP < 7 μm 

Extensive opportunities for international participation

HV-CMOS research 

on-going:

SUPIX-1 / -2 sensor

prototypes



CEPC CDR: Particle Flow Conceptual Detector
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Magnetic Field: 3 Tesla  

Major concerns being addressed

1. MDI region highly constrained

L* = 2.2 m


Compensating magnets

3. TPC as tracker in high-luminosity

Z-pole scenario

4. ECAL/HCAL granularity needs

Passive versus active cooling


Electromagnetic resolution

2. Low-material Inner Tracker design

DETECTOR CONCEPTS 131

(a)

(b)

Figure 3.8: The (a) r–z and (b) r–� view of the baseline detector concept. In the barrel from inner
to outer, the detector is composed of a silicon pixel vertex detector, a silicon inner tracker, a TPC, a
silicon external tracker, an ECAL, an HCAL, a solenoid of 3 Tesla and a return yoke with embedded
a muon detector. In the forward regions, five pairs of silicon tracking disks are installed to enlarge the
tracking acceptance (from | cos(✓)| < 0.99 to | cos(✓)| < 0.996).

Yoke+muons

3T solenoid

HCAL
ECAL

VTX

Silicon
TPC

Silicon

wrapper



CEPC CDR: IDEA Conceptual Detector (CEPC + FCC-ee)
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* Drift chamber: 4 m long; Radius ~30-200 
cm, ~ 1.6% X0 , 112 layers


* (yoke) muon chambers 

Magnet: 2 Tesla, 2.1 m radius


    Thin (~ 30 cm), low-mass (~0.8 X0)

Inspired on work for 4th detector concept for ILC

Calorimeter outside the coil

* Dual-readout calorimeter: 2 m/8 λint 
* Preshower: ~1 X0

Vertex: Similar to CEPC default  



CMOS Large-Pixel Sensors for Tracker
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SUPIX1 (Shandong University PIXel)

2019/8/14 zhang.l@sdu.edu.cn 3

SUPIX1 development

◼ SUPIX1 with CIS (CMOS Imager Sensor) technology
ª SUPIX (Shandong University PIXel)

ª 9 submatrices
◼ Each matrix: 64 × 16

◼ Rolling shutter readout mode

◼ 32 µs integration time at 2 MHz clock frequency

◼ 16 parallel analog outputs

◼ Sensitive area: 2 × 7.88 mm2

Preliminary layout of the silicon tracker

◼ Silicon tracker
ª SIT (Silicon Inner Tracker)
ª SET (Silicon External Tracker)
ª FTD (Forward Tracking Disk)
ª ETD (End-cap Tracking Disk)

◼ R&D of CPS mainly for SIT and FTD

SUPIX-1

7.88 mm

2 
m

m

Produced and under test

- Matrix: 64 × 16

- Rolling shutter readout mode

- 16 parallel analog outputs

- Sensitive area: 2 × 7.88 mm2

2019/8/14 zhang.l@sdu.edu.cn 12

SUPIX2 design

◼ SUPIX-2 with a mixed-signal CMOS technology:
ª Charge collected by drift
ª Triple well: Nwell, Pwell, Deep Nwell
ª No EPI-layer

ª Depletion thickness: d ~ 𝜌 ∙ 𝑉
ª 10 Ω·cm substrate
ª Circuits are realized mainly by NMOS transistors
ª Large pixel size
ª Pixel circuit design has been finished, including:

◼ charge sensitive amplifier, shaper, discriminator and latch
In-pixel circuit

P-substrate

Deep N-well

N-well P-well N-well

P+

NMOS

N+

PMOSNMOS

N+ N+ N+ N+ P+ P+

HV

CSA

shaper

Column line

discriminator latch

Vbias

Tune DAC

Drift
particle track
(~ 80 e-/um)

SUPIX2
Submitted to SMIC in November

- Matrices: 32 × 16

- Rolling shutter readout mode

- 16 parallel analog outputs

- Pixel sizes: 60×60 μm2, 60×180 μm2
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Engineering studies started                       Different scenarios under study

Silicon tracker assembly pushed from one side

Vacuum connections closed remotely
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IP Chamber

Install VTX

Install FTD

Install SIT

Install FTD and high 
precision Lumical

Engineering studies

started


Different scenarios

under study

Assembly of beam pipe and tracker

Needs close collaboration

between detector designers

and MDI engineers
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4.2.1.1 CEPC TIME PROJECTION CHAMBER

The CEPC TPC consists of a field cage, which is made with advanced composite mate-
rials, and two readout end-plates that are self-contained including the gas amplification,
readout electronics, supply voltage, and cooling. The TPC has a cylindrical drift volume
with an inner radius of 0.3 m an outer radius of 1.8 m, and a full length of 4.7 m. The cen-
tral cathode plane is held at a potential of 50 kV, and the two anodes at the two end-plates
are at ground potential. The cylindrical walls of the volume form the field cage, which
ensures a highly homogeneous electrical field of 300 V/cm between the electrodes. The
drift volume is filled with Ar/CF4/iC4H10 in the ratio of 95%/3%/2%. Ionization electrons
released by charged particle tracks drift along the electric field to the anodes where they
are amplified in an electron avalanche and read out using a Micro-Pattern Gas Detector
(MPGD).

Figure 4.7: Sketch of the TPC detector. The TPC is a cylindrical gas detector with an axial electric
field formed between the end-plates (yellow) and a central cathode plane/membrane (light blue). The
cylindrical walls of the volume form the electric field cage (dark blue). Gas ionization electrons due to
charged particles drift to the end-plates where they are collected by readout modules (yellow).

The CEPC TPC will be operated at the atmospheric pressure resulting in a material
budget of less than 1%X0 in the central region. The 3-Tesla solenoidal magnetic field
suppresses transverse diffusion and improves position resolution. It also curls up low-
momentum tracks resulting in higher occupancy near the beam line. The readout modules
are attached to the end-plates from the inside to minimize the dead area between adjacent
readout modules. Thus, a particular mounting technique is required to enable rotation and
tilting of the readout modules during the installation.

The chamber’s cylindrical inner and outer walls serve multiple functions. They hold
the field forming strips, which are attached to a divider chain of non-magnetic resistors.
Since the central cathode will be held at approximately 50 kV, the walls must withstand

Time Projection Chamber (TPC)

44

• Allows for particle identification


• Low material budget:

• <1% X0 in r

• 10% X0 for readout endcaps in Z

4.7 m

3.6 m
Ar/CF4/iC4H10


ratio of 95%/3%/2% 
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this enormous potential. The field cage will be designed to maintain the electric field
uniform over the whole active TPC volume. Advanced composite material will be used
for the cylindrical walls because of its low mass.

The MPGD detector on each end-plate is divided into many independent readout mod-
ules to facilitate construction and maintenance. The modules are mounted closely together
on the end-plate to provide nearly full coverage. Power cables, electronic connectors,
cooling pipes, PCB boards and support brackets wall are also mounted on the end-plate.
The end-plate needs to constructed from a lightweight material in order to minimize the
amount of material in the forward region but should also be sufficiently rigid to maintain
stable positioning of the detector modules with a position accuracy better than 50 µm. The
endcap structure has a thickness of 8%X0, 7% of which originate from the material for the
readout planes, front-end electronics and cooling. Adding power cables and connectors,
the total thickness increases from 8%X0 up to 10%X0.

The CEPC TPC provides 220 space point measurements per track with a single-point
resolution of 100 µm in r � �. In addition to position information, the TPC measures
the ionization energy loss (dE/dx) on each readout pad. This can be combined with the
measurement of momentum in the magnetic field to provide particle identification.

4.2.1.2 BASELINE DESIGN AND TECHNOLOGY CHALLENGES

(a) (b)

Figure 4.8: Mechanical support (TPC endwall) for mounting the readout modules. Each opening
corresponds to a readout module of roughly 170 mm⇥210 mm in size. (a) Full size design of TPC
endwall; (b) Small prototype of the endwall showing details of the openings for the module insertion.
The readout modules will be inserted, and installed on the inside of the endwall to minimize dead
space [32].

The readout structure is designed to be modular to facilitate construction and mainte-
nance. Each module will consist of a gas amplification system, a readout plane and the
associated front-end electronics. An MPGD-based gas amplification system will be nec-
essary to achieve the required performance, and the charge from the amplification system
will be collected on the readout board. The readout module will also have to provide all
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International cooperation

� CEA-Saclay IRFU group (FCPPL)
� Three vidyo meetings with Prof. Aleksan Roy/ Prof. Yuanning/ 

Manqi and some related persons (2016~2017)
� Exchange PhD students: Haiyun Wang participates Saclay’s R&D 

six months in 2017~2018 
� Bulk-Micromegas detector assembled and IBF test
� IBF test using the new Micromegas module with more 590 LPI

� LCTPC collaboration group (LCTPC)
� Singed MOA and joined in  LC-TPC collaboration @Dec. 14,2016
� As coordinator in ions test and the new module design work package
� CSC funding: PhD Haiyun jiont CEA-Scalay TPC group(6 months)
� Plan to beam test in DESY with our hybrid detector module in 2019

Readout by: Micro-Pattern Gas Detector (MPGD) 
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Figure 4.23: R�Z views of the full-silicon tracker options, FST (top) and FST2 (bottom). In the FST
layout, the full strip detector (SOT and EOT) is composed of double silicon strip layers. In the FST2
layout, the SOT consists of single layers, while the EOT consists of double-strip layers.

FULL SILICON TRACKER 171

Z [mm]
0 500 1000 1500 2000 2500

R 
[m

m
]

0

500

1000

1500

2000

VXD

SOT

EIT

EOT

=0.99θcos

=0.95θcos

=0.80θcos

Z [mm]
0 500 1000 1500 2000 2500

R 
[m

m
]

0

500

1000

1500

2000

VXD

SOT

EIT

EOT

=0.99θcos

=0.95θcos

=0.80θcos

Figure 4.23: R�Z views of the full-silicon tracker options, FST (top) and FST2 (bottom). In the FST
layout, the full strip detector (SOT and EOT) is composed of double silicon strip layers. In the FST2
layout, the SOT consists of single layers, while the EOT consists of double-strip layers.

Full Silicon Tracker Concept
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Replace TPC with additional silicon layers

Rad length up to 7% FST layout: FST2 layout:

Drawbacks: higher material density and limited particle identification (dE/dx)

Radius

~ 1.8 m

Length: ~ 2.1 mLength: ~ 2.3 m

Proposed by Berkeley and Argonne

Rad length up to 10% 

6 barrel double strip layers 5 barrel single strip layers
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Newer


Optio
ns

ECAL with Silicon and Tungsten (LLR, France)

ECAL with Scintillator+SiPM and Tungsten (IHEP + USTC)


SDHCAL with RPC and Stainless Steel (SJTU + IPNL, France)

SDHCAL with ThGEM/GEM and Stainless Steel  (IHEP + UCAS + USTC)

HCAL with Scintillator+SiPM and Stainless Steel (IHEP + USTC + SJTU)


Crystal Calorimeter (LYSO:Ce + PbWO) 

Dual readout calorimeters (INFN, Italy + Iowa, USA) — RD52


Chinese institutions have been

focusing on Particle Flow calorimeters

R&D supported by MOST, NSFC

and IHEP seed funding

Electromagnetic

Hadronic
Hig

h


Gra
nula

rit
y

Some 

longitudinal

granularity
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5.3.3 SCINTILLATOR-TUNGSTEN SANDWICH ECAL

5.3.3.1 INTRODUCTION

Alternatively, a sampling calorimeter with scintillator-tungsten structure is proposed. It
can be built in a compact and cost effective way. The layout and structure of the scintillator-
tungsten ECAL is very similar to that of the silicon-tungsten ECAL. Major design param-
eters for the scintillator-tungsten ECAL were also studied and optimized, with an outcome
quite similar to that of the silicon-tungsten ECAL. The primary difference is in the thick-
ness of the active layers, and another difference being in the sensor shape of the active
layers. The active layers of the scintillator-tungsten ECAL consists of 2 mm thick and
5 ⇥ 45 mm

2 large scintillator strips. The scintillator strips in adjacent layers are perpen-
dicular to each other to achieve a small effective transverse readout cell size. However,
the performance of a ECAL with this configuration may be subject to degradation due
to ambiguity in pattern recognition of showers, and therefore the effectiveness of this
configuration of scintillator strips still needs to be demonstrated. Each strip is covered
by a reflector film to increase light collection efficiency and improve the uniformity of
scintillation light yield w.r.t. incident position by a particle on the strip. Photons from
each scintillator strip are read out by a very compact photo-sensor, SiPM, attached to
the strip. The SiPM and highly integrated readout electronics make the dead area in the
scintillator-tungsten ECAL almost negligible. Figure 5.8 shows the schematic structure
of a scintillator-tungsten ECAL module in the above configuration. Although a SiPM is
coupled to a scintillator strip by side in this schematic, it should be pointed out that var-
ious schemes for coupling the SiPM to the scintillator strip are considered for optimum
performance.

Figure 5.8: Layout of a scintillator-tungsten ECAL module and dimensions of a scintillator strip.
The scintillator strips in adjacent layers are perpendicular to each other to achieve a small effective
transverse readout cell size.

Plastic scintillator is a robust material which has been used in many high energy physics
experiments. Production of scintillator strips can be made at low cost by the extrusion
method. And prices for SiPMs on the market have also been falling constantly with the
rapid development of the SiPM technology. Moreover, the number of readout channels
can also be significantly reduced due to the strip readout configuration. So the total con-
struction cost of the scintillator-tungsten ECAL is expected to be lower than that of the
silicon-tungsten ECAL. Some key aspects of the scintillator-based ECAL technology were
studied and optimized.

ECAL Calorimeter  — Particle Flow Calorimeter

47

Scintillator-Tungsten Sandwich ECAL

Superlayer (7 mm) is made of:
- 3 mm thick: Tungsten plate

- 2 mm thick: Scintillator 5 x 45 mm2

- 2 mm thick: Readout/service layer

Cell size: 5 x 5 mm2 

       (with ambiguity) 

Determined the optimal dynamic range of SiPM for both Sci-ECAL and AHCAL
SiPM studies

ECAL prototype

5

• PFA oriented electromagnetic calorimeter

9Scintillator-tungsten ECAL
• Sandwich structure

– Absorber + SD + Electronics
• High granularity

– 5𝑚𝑚 × 45𝑚𝑚 scintillator strip
• Larger dynamic ranger

– Scintillator + SiPM
– SPIROC Chip

absorberscintillator strip

Front end electronics

• Absorber thickness: 24 X0  
• Layer number: 30 layers  
• Cell size: < 10 mm × 10 mm


Crucial

parameters{

9

Scintillator strips study

> Three classes coupling mode i.e. side-end, bottom-end and bottom-center
> Light outputs along the length of the scintillator strip is non-uniformity, degrades
the energy resolution

> Bottom-center coupling have the minimum non-uniformity
• Avoiding the dead area between scintillators
• Simplifying scintillators assembling process
• Enabling to extend the SiPM area with more pixels

Non-uniformity: 21.5% Non-uniformity: 33.9%
Non-uniformity: 11%

9

Scintillator strips study

> Three classes coupling mode i.e. side-end, bottom-end and bottom-center
> Light outputs along the length of the scintillator strip is non-uniformity, degrades
the energy resolution

> Bottom-center coupling have the minimum non-uniformity
• Avoiding the dead area between scintillators
• Simplifying scintillators assembling process
• Enabling to extend the SiPM area with more pixels

Non-uniformity: 21.5% Non-uniformity: 33.9%
Non-uniformity: 11%

1. SiPM with more than 

10000 pixels are not required 

2. SiPM to be located in 
center of strip 
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sembly. The outcome of CALICE-AHCAL R&D activities can be an essential input for
the conceptual design of the hadron calorimeter system at the CEPC.

5.4.3.1 AHCAL GEOMETRY AND SIMULATION

The AHCAL will consist of 40 sensitive and absorber layers, and the total thickness is
about 100 cm. The AHCAL barrel consists of 32 super modules, each super module con-
sists of 40 layers (Figure 5.28 shows the AHCAL structure). Figure 5.29 shows the single
layer structure of AHCAL. The scintillator tiles wrapped by reflective foil are used as
sensitive medium, interleaved with stainless steel absorber. The thickness of active layer
including the scintillator and electronics is about 4 ⇠ 5 mm. Assuming the scintillator
cell size of 3 ⇥ 3 cm2, the total readout channels for AHCAL is about 4 ⇥ 10

6.

Figure 5.28: The layout of AHCAL barrel (left plot) and endcap regions (right plot), the middle plot
shows a super module of AHCAL. The total thickness of AHCAL is about 100 cm. The AHCAL barrel
consists of 32 super modules, each with 40 layers.

Figure 5.29: Cross-sectional view of a single layer of AHCAL with stainless steel absorber. The
thickness of active layer including scintillator and readout electronics is about 5 mm.

The structure of scintillator tiles is shown in Figure 5.30. A dome-shaped cavity was
processed in the center of the bottom surface of each tile by injection molding technology.
The diameter and height of the cavity [22] are 6 mm, 1.5 mm, respectively, as shown in
Figure 5.30 (right). The "SiPM-on-Tile" design has advantage to mount SiPMs on PCB so
that automated mass assembly of all components can be achieved. Good response unifor-
mity and low dead area will be achieved by the design of the cavity. More optimizations
of the cavity structure will be done by GEANT4 simulation.

The AHCAL prototype detector was simulated by GEANT4 to show the expected
performance of combined ECAL and HCAL using single hadrons. An earlier version of
the detector model was used here. The geometry information was extracted by Mokka at

HCAL Calorimeter — Particle Flow Calorimeter
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Scintillator and SiPM HCAL (AHCAL)

DR
AF

T-
0

HADRONIC CALORIMETER FOR PARTICLE FLOW APPROACH 97

ure6.40 shows the AHCAL structure. Figure6.41 shows the AHCAL one layer structure.
The scintillator tiles wrapped by reflective foil are used as sensitive medium, interleaved
with stainless steel absorber. The thickness of active layer is 4 mm to 5 mm, it depend the
thickness of scintillator thickness.

Figure 6.40: Side view of one layer in AHCAL

Figure 6.41: Side view of one layer in AHCAL

The structure of scintillator tiles is shown in Figure 6.42. A dome-shaped cavity
was processed in the center of the bottom surface of each tile via mechanical drilling and
polishing. The diameter and height of cavity are 6mm, 1.5mm, respectively, as shown in
Figure 6.42 (right). This design of cavity can improve response uniformity and decrease
the dead area of HCAL.

Figure 6.42: Top view of a detector cell (left) and sectional view of a detector cell with a dome-shaped
cavity (right)

The AHCAL prototype detector simulated by Geant4 which was encapsulated in
toolkit including several models. The detector model used here was CEPC_v1 detector
model and the sub detector was SiCal. The geometry information was extract by Mokka at
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ure6.40 shows the AHCAL structure. Figure6.41 shows the AHCAL one layer structure.
The scintillator tiles wrapped by reflective foil are used as sensitive medium, interleaved
with stainless steel absorber. The thickness of active layer is 4 mm to 5 mm, it depend the
thickness of scintillator thickness.

Figure 6.40: Side view of one layer in AHCAL

Figure 6.41: Side view of one layer in AHCAL

The structure of scintillator tiles is shown in Figure 6.42. A dome-shaped cavity
was processed in the center of the bottom surface of each tile via mechanical drilling and
polishing. The diameter and height of cavity are 6mm, 1.5mm, respectively, as shown in
Figure 6.42 (right). This design of cavity can improve response uniformity and decrease
the dead area of HCAL.

Figure 6.42: Top view of a detector cell (left) and sectional view of a detector cell with a dome-shaped
cavity (right)

The AHCAL prototype detector simulated by Geant4 which was encapsulated in
toolkit including several models. The detector model used here was CEPC_v1 detector
model and the sub detector was SiCal. The geometry information was extract by Mokka at

32 super modules 40 layers each

Readout channels:

~ 5 Million (30 x 30 mm2)

~ 2.8 Million (40 x 40 mm2)
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Lead by Italian colleagues: based on the DREAM/RD52 collaboration 

DUAL-READOUT CALORIMETRY 103

Figure 5.52: A possible 4⇡ solution (called "wedge" geometry).

Figure 5.53: (a) Fibre arrangement inside the modules. (b) Dimensions of a module in the barrel
region (at ⌘ = 0): from inside to outside the number of fibres more than doubles.

Figure 5.54: An alternative 4⇡ solution (called "wing" geometry).

Projective 4π layout implemented into CEPC simulation

(based on 4th Detector collaboration design)

DUAL-READOUT CALORIMETRY 103

Figure 5.52: A possible 4⇡ solution (called "wedge" geometry).

Figure 5.53: (a) Fibre arrangement inside the modules. (b) Dimensions of a module in the barrel
region (at ⌘ = 0): from inside to outside the number of fibres more than doubles.

Figure 5.54: An alternative 4⇡ solution (called "wing" geometry).

Covers full volume up to |cos(θ)| = 0.995

with 92 different types of towers (wedge) 

4000 fibers (start at different depths 

to keep constant the sampling fraction) 

Studying different readout schemes

PMT vs SiPM

Performance in G4 simulation:

EM resolution: 10.3%/√E + 0.3% 


Had resolution : ~34%/√E

Several prototypes from RD52

have been built
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3 Tesla Field Solenoid

Operating	current 15.8	A

120 DETECTOR MAGNET SYSTEM

7.2 The Magnetic Field Requirements and Design

7.2.1 Main parameters

The CEPC solenoid main parameters are given in Table 7.1. The 7.6 m long CEPC de-
tector coil is composed of 5 modules. It batches the construction easiness and risks in-
cluding superconducting wire selection, fabrication of the external support, winding and
impregnation, transport and handling. The design enables the possibility to use shorter
unit lengths of superconducting conductor (1.65 km) and join them in known positions
and in low field regions, on the outer radius of the solenoid. The difference compared to
PreCDR is that the central magnetic field changes from 3.5 T to 3 T. The geometry size is
the same with 3.5 T design, as shown in Figure 7.1. There are five modules of the coil.

The solenoid central field (T) 3 Working current (kA) 15779
Maximum field on conductor (T) 3.485 Total ampere-turns of the solenoid (MAt) 20.323

Coil inner radius (mm) 3600 Inductance (H) 10.46
Coil outer radius (mm) 3900 Stored energy (GJ) 1.3

Coil length (mm) 7600 Cable length (km) 30.35
Table 7.1: Main parameters of the solenoid coil

Figure 7.1: 2D layout of CEPC magnet (mm)

Each module contains 4 layers. The end two modules contain 44 turns per layer. Table
7.2 shows the coil parameters.

7.2.2 Magnetic field design

In the calculation we use the cable as Figure 7.2. The NbTi Rutherford cable is in the
center, the pure aluminum stabilizer and aluminum alloy reinforcement are around. The
figure shows the parameters of the cable. This model has been used for magnetic field
calculation, stress analysis of the coil and quench analysis of the magnet.

Figure 7.3 shows the magnetic field map of the magnet. The central field is 3 T.
The maximum magnet field is 3.5 T. Figure 7.4 gives the main component BZ of the field
along the beam axis. Figure 7.5 shows the magnetic flux line distribution of the magnet.

Default is NbTi Rutherford SC cable (4.2K) 

High-Temperature SC cable is also being considered (YBCO, 20K)

252 DETECTOR MAGNET SYSTEM

Figure 6.3: Stray field map of the magnet, going respectively from 50 to 250 Gauss on the center plane
(beam orbit plane). The edge of 50 Gauss stray field is located relative to the IP at 13.6 m along the
beam axis, and 15.8 m in the axial direction. The Booster tunnel located 25 m away is indicated by the
red line on the map. The field is about 12 Gauss in the center of the booster tunnel. The color scale is
in Tesla.

Figure 6.4: CMS conductor [3] and the baseline design of the CEPC conductor. The CEPC NbTi/Cu
Rutherford cable is wrapped by purity aluminum stabilizer and aluminum alloy reinforcement with the
box configuration. The Rutherford cable contains 32 NbTi strands. The overall dimensions of this
conductor are 22 mm ⇥ 56 mm.

6.3 ANCILLARY SYSTEMS

6.3.1 CRYOGENICS SYSTEM

A cryoplant with a capacity of 750 W @ 4.5 K is under design for the operation of the
superconducting facility. The cryogenic system provides the liquefaction and refrigeration
at 4.5 K in varying proportions depending on the operating modes, which include cooling
down from 300 K to 4.5 K, normal operation, energy dump and warming up. It is also
designed to extract the dynamic losses during the various magnet ramps or discharges.

Stray field

map of magnet

Cable	length 30.1	km

Design for 2 Tesla magnet presents no problems

Double-solenoid design also available
Thin HTS solenoid being designed for IDEA concept
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Baseline: Bakelite/glass RPC

Baseline Muon detector

Other technologies considered

Monitored Drift Tubes


Gas Electron Multiplier (GEM)

MicroMegas

Muon system: open studies 


Good experience in China on gas detectors but currently 
little strong direct R&D on CEPC — rather open for 
international collaboration 


• Layout optimization:

• Visit the requirements for number of layers


• Implications for exotic physics searches

• Use as a tail catcher / muon tracker (TCMT)


• Jet energy resolution with/without TCMT 

• Detector industrialization

- 8 layers

- Embedded in Yoke

- Detection efficiency: > 95%

New technology

proposal (INFN):


μRwell

158 MUON SYSTEM

as well as current evacuation. The foil is then coupled to a readout board 8.2b). A chemi-
cal etching process is then performed on the top surface of the overall structure in order to
create the WELL pattern (conical channels 70 um (50 um) top (bottom) in diameter and
140 µm pitch) that constitutes the amplification stage 8.2c). The high voltage applied be-
tween the copper and the resistive DLC layers produces the required electric field within
the WELLs that is necessary to develop charge amplification. The signal is capacitively
collected at the readout strips/pads. Two main schemes for the resistive layer can be en-
visaged: a low-rate scheme ( for particles fluxes lower than 100 kHz/cm2) based on a
simple resistive layer of suitable resistivity; and an high-rate scheme (for a particle flux
up to 1MHz/cm2) based on two resistive layers intra-connected by vias and connected to
ground through the readout electrodes. Finally, a drift thickness of 3-4 mm allows for
reaching a full efficiency while maintaining a versatile detector compactness.

Figure 8.2: a) Layout of a µRWell detector module; b) Coupling steps of the µRWell PCB c) Ampli-
fication stage directly coupled with the readout.

A distinctive advantage of the proposed µRWell technology is that the detector does
not require complex and time-consuming assembly procedures (neither stretching nor glu-
ing), and is definitely much simpler than many other existing MPGDs, such as GEMs or
MicroMegas. Being composed of only two main components, the cathode and anode
PCBs, is extremely simple to be assembled. The engineering and the following indus-
trialization of the u-RWell technology is one of the most important goals of the project.
The engineering of the detector essentially coincides with the technological transfer of
the manufacturing process of the anode PCB to a suitable industrial partner. The main

260 MUON DETECTOR SYSTEM

7.1 BASELINE DESIGN

The baseline design of the CEPC muon detector is divided into one barrel and two end-
caps, as shown in Figure 7.1, consisting of azimuthal segmented dodecagon modules.
The design parameters are summarized in Table 7.1. These parameters will be further op-
timized together with other detector subsystems, in particular the ECAL and the HCAL.
The number of sensitive layers and the thickness of the absorber (iron in this case) are
two critical parameters for the muon system. The baseline design consists of 8 sensitive
layers alternating with iron absorber layers. The total iron thickness is 6.7 interaction
lengths, sufficient to reduce punch-through backgrounds. The total sensitive area amounts
to 8600 m2.

BarrelEndcap Endcap
R o

ut

R i
n

Re	×	2Le

Lb

Figure 7.1: The R � Z view of the basic layout of the muon system, subdivided into a barrel and two
endcaps. Lb is the length of the barrel and Le is the length of each endcap. Rout (Rin) is the outer
(inner) radius of the barrel. Re is the inner radius of each endcap. The extra iron yoke that exists past
the instrumented region is not depicted here.

The solid angle coverage of the CEPC muon system should be up to 0.98 ⇥ 4⇡ in
accordance with the tracking system. Minimum position resolutions of �r� = 2.0 cm and
�z = 1.5 cm are required. The muon system should provide several space point measure-
ments, a time resolution of a few nanosecond and a rate capability of 50 – 100 Hz/cm2.
The position measurements should provide information on muon momenta which can be
used independently or combined with the measurements in the tracking system.

The performance of the baseline muon detector has been studied using simplified
simulations. On average, muons need a momentum larger than 2 GeV to reach the first

Better resolution (200-300 μm) at little extra cost (?)


