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The Detector Technical Design Report (TDR) is not of the responsibility of the 
current CEPC Working Group

This is to be taken by the International Collaborations  
that will be formed circa 2022-23

Our job is to promote detector R&D in key technologies applicable to 
circular e+e- collisions: 

- Taking into account the CEPC timescale 
- Keeping an open mind to more challenging emerging technologies 



CEPC: These are NOT detector collaborations
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High 
magnetic field 

concept 
(3 Tesla)

Final two detectors WILL be a mix and match of different options

Low 
magnetic field 

concept 
(2 Tesla)

Full silicon  
tracker 

concept

DETECTOR CONCEPTS 133

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

CEPC plans for  
2 interaction points

IDEA Concept 
also proposed for FCC-ee 

Particle Flow Approach
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CEPC Project Timeline
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Committee proposed by CEPC IAC

Detector R&D Committee that reviews and endorses the Detector R&D proposals from the 
international community, such that the international participants could apply for funds 

from their funding agencies and make effective and sustained contributions.
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Committee proposed by CEPC IAC

Detector R&D Committee that reviews and endorses the Detector R&D proposals from the 
international community, such that the international participants could apply for funds 

from their funding agencies and make effective and sustained contributions.

Independent organ to evaluate the importance and suitability of worldwide detector R&D 
proposals for CEPC and produce short report with findings.   

Evaluate the quality of the research proposed independently of the CEPC project 
management, and therefore unbiased regarding internal institutional or personal interests 



CEPC International Detector R&D Review Committee (IDRC)
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Committee proposed by CEPC IAC

Detector R&D Committee that reviews and endorses the Detector R&D proposals from the 
international community, such that the international participants could apply for funds 

from their funding agencies and make effective and sustained contributions.

Later, this committee is expected to evolve to  

evaluate the Letters of Intent for the CEPC Detectors 

submitted by the proponents of the International Detector Collaborations

(Expected timescale 2022-23)



CEPC International Detector R&D Review Committee (IDRC)
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Dave Newbold, UK, RAL (chair) 
Jim Brau, USA, Oregon 

Valter Bonvicini, Italy, Trieste 
Ariella Cattai, CERN, CERN 

Cristinel Diaconu, France, Marseille 
Brian Foster, UK, Oxford 
Liang Han, China, USTC 

Andreas Schopper, CERN, CERN

Steinar Stapnes, CERN, CERN 
Hitoshi Yamamoto, Japan, Tohoku 

Harvey Newman, USA, Caltech 
Abe Seiden, USA, UCSC 

Laurent Serin, France, LAL 
Roberto Tenchini, Italy, INFN 

Ivan Villa Alvarez, Spain, Santader 
Marcel Stanitzki, Germany, DESY

Committee: 16 members

First meeting happened yesterday afternoon
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Committee proposed by CEPC IAC

Detector R&D Committee that reviews and endorses the Detector R&D proposals from the 
international community, such that the international participants could apply for funds 

from their funding agencies and make effective and sustained contributions.

First meeting happened yesterday afternoon

Provided an overview of the on-going detector R&D linked to the CEPC 

Solicited input regarding the directions one should take in the near future 

Committee will provide a short report with an opinion regarding the current  R&D 
program and future directions

Organizational Meeting:



Highlights for discussion at IDRC Meeting
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Key issues in the short term
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CEPC Running Program and Datasets for CDR
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CEPC EXPERIMENTAL CONDITIONS 119

Operation mode Z factory WW threshold scan Higgs factory
p

s (GeV) 91.2 158 – 172 240
Running time (years) 2 1 7
L (10

34
cm

�2
s
�1) 17 – 32 10 3

Integrated Luminosity (ab
�1) 8 – 16 2.6 5.6

Higgs yield – – 10
6

W yield – 10
7

10
8

Z yield 10
11�12

10
8

10
8

Table 3.2: Running time, instantaneous and integrated luminosities at different values of the center-
of-mass energy and anticipated corresponding boson yields at the CEPC. The Z boson yields of the
Higgs factory and WW threshold scan operation are from the initial-state radiative return e

+
e
�

!

�Z process. The ranges of luminosities for the Z factory correspond to the two possible solenoidal
magnetic fields, 3 or 2 Tesla.

beam pipe, either directly or after scattered by the beam pipe in the forward region. SR
photons can also be generated in the final focusing magnets but contribute little to the
detector backgrounds because they are produced with extremely small polar angles and
can leave the interaction region without interacting in the beam pipe. To suppress the
SR photons, three sets of mask tips made with high-Z material are introduced at |z| =

1.51, 1.93 and 4.2 m away from the interaction point. The studies using the BDSim
software [8] show that the masks can reduce the number of SR photons hitting the central
beam pipe effectively, from almost 40,000 to below 80 from one of the two beams per
bunch crossing. Further optimization may suppress SR photons even more and make this
particular background well controlled.

3.1.2.2 PAIR PRODUCTION

Electron-positron pairs are produced via the interaction of beamstrahlung photons with
the strong electromagnetic fields of the colliding bunches. Pair production, in particular
the incoherent pair production, represents the most important detector background at the
CEPC. The process is simulated with GUINEAPIG [9] interfaced to GEANT4 [10–12] for
the detector simulation. Despite of the magnitude of beam squeezing being different in
the x and y directions, the hit distribution is almost uniform in the azimuthal (�) direction.
The resulting hit density at the first vertex detector layer (r = 1.6 cm) is about 2.2 hits/cm2

per bunch crossing when running at
p

s = 240 GeV. The total ionizing dose (TID) and
non-ionizing energy loss (NIEL) are 620 kRad/year and 1.2⇥10

12 1 MeV neq/cm2
·year,

respectively. For the background estimation, safety factors of ten are applied to cope with
the uncertainties on the event generation and the detector simulation.

3.1.2.3 OFF-ENERGY BEAM PARTICLES

Beam particles after losing a certain amount of energy, i.e. 1.5% of the nominal beam
energy, can be kicked off their nominal orbits. Such off-energy beam particles may hit
machine and/or detector elements close to the interaction region and give rise to impor-
tant backgrounds. The three main scattering processes are radiative Bhabha scattering,

per IP

2  
IPs}

3 Tesla vs 2 Tesla Solenoid

CDR studies assume 2 Interaction Points



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 1.68 0.036 -
Piwinski angle 2.58 3.78 23.8 33

Number of particles/bunch Ne (1010) 15.0 17 8.0 15

Bunch number (bunch spacing) 242 (0.68µs) 218 (0.68µs) 12000 15000

Beam current (mA) 17.4 17.8 461.0 1081.4
Synchrotron radiation power /beam (MW) 30 - 16.5 38.6

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 -

Emittance εx/εy (nm) 1.21/0.0031 0.89/0.0018 0.18/0.0016 -

Beam size at IP σx /σy (µm) 20.9/0.068 17.1/0.042 6.0/0.04 -

Bunch length σz (mm) 3.26 3.93 8.5 11.8

Lifetime (hour) 0.67 0.22 2.1 1.8

Luminosity/IP L (1034 cm-2s-1) 2.93 5.2 32.1 101.6

× 1.8Luminosity increase factor: × 3.2
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These possible luminosity increases 
have not yet been absorbed into 

physics and detector studies



Re-evaluation of physics requirements
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128 EXPERIMENTAL CONDITIONS, PHYSICS REQUIREMENTS AND DETECTOR CONCEPTS

Physics
Measurands

Detector Performance
process subsystem requirement

ZH, Z ! e
+
e
�

, µ
+
µ

�
mH , �(ZH)

Tracker
�(1/pT ) =

H ! µ
+
µ

� BR(H ! µ
+
µ

�) 2 ⇥ 10�5
�

0.001
p(GeV) sin3/2 ✓

H ! bb̄/cc̄/gg BR(H ! bb̄/cc̄/gg) Vertex
�r� =

5 �
10

p(GeV)⇥sin3/2 ✓
( µm)

H ! qq̄, WW
⇤
, ZZ

⇤ BR(H ! qq̄, WW
⇤
, ZZ

⇤)
ECAL �

jet
E

/E =

HCAL 3 ⇠ 4% at 100 GeV

H ! �� BR(H ! ��) ECAL
�E/E =
0.20p

E(GeV)
� 0.01

Table 3.3: Physics processes and key observables used as benchmarks for setting the requirements and
the optimization of the CEPC detector.

Charged kaon identification: For the inclusive Z ! qq̄ sample at
p

s = 91.2 GeV, the
charged kaon identification should have both the efficiency and purity higher than
90%.

Photon identification and energy measurement: The photon energy should be measured
to a precision better than 20%/

p
E�1%. Photons should be identified from ⇡0’s with

an efficiency and purity higher than 95% in the Z ! ⌧+⌧� event sample at the CEPC
Z factory operation.

Jet and missing energy: Benchmarked with the separation of massive SM bosons (W ,
Z, and Higgs boson) and the BR(H ! invisible) measurements, a BMR better than
4% is identified.

Flavor tagging: Benchmarked with the Z ! qq̄ sample at
p

s = 91.2 GeV, the efficiency
and purity are both required to be above 80% for the b-jet tagging and above 60% for
the c-jet tagging.

Most of the above-mentioned requirements are driven by the precision Higgs physics
program. Some examples are shown in Table 3.3. However, these requirements also
apply to the precise EW measurements as the W and Z bosons decay into similar physics
objects.

3.3 DETECTOR CONCEPTS

To address the physics requirements of the CEPC, a baseline and an alternative detector
concepts are introduced. A variant baseline option with a different tracker is also pro-
posed.

The baseline concept was developed from the ILD concept [2, 3], optimized for the
CEPC collision environment. It employs an ultra high granular calorimetry system to
efficiently separate the final state particle showers, a low material tracking system to min-
imize the interaction of the final state particles in the tracking material, and a large volume

under discussion → started at this meeting → aim at workshop in Hong Kong



Software and Reconstruction algorithms
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After the CDR it is a good time to re-evaluate our software tools

Simulation Software
Based on standard tools 

Root data format 
DD4hep 
Geant4 

New hit-based Fast Simulation 

FATRAS 
(Fast ATLAS TRAck Simulation)

Converged to a Turnkey Software Stack (Gaudi) 
See Weidong’s talk next

Reconstruction Software

Considering new tracking tool 

ACTS 
(A Common Tracking Software) 

Porting of PFA tools: 
Pandora and Arbor

Developing other algorithms:  
vertex, long-lived charged particles, 

particle identification in jets 

Workshop in Bologna (June 12-13) (FCC, CEPC, ILC) kicked-off collaboration:  
https://agenda.infn.it/event/19047/

Developing a Common Software Stack
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• Detector Mini-workshop:  
Software and Physics Requirements for e+e- Colliders- Jan 16, 17 

• Joint workshop CEPC/FCC-ee + others 
• Day 1: Software framework 
• Day 2: Physics requirements



Optimization of detectors
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Not an easy task without definite target detectors/collaborations

Work needs to be shared and co-ordinated at common 
Detector Plenary Meeting
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ready for TDR in such short timescale)
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Optimization of detectors

• Use a mixture of fast simulation and full simulation

• Need to consider engineering aspects (if we are going to be 
ready for TDR in such short timescale)

• Need to consider costing issues
21

Not an easy task without definite target detectors/collaborations

Work needs to be shared and co-ordinated at common 
Detector Plenary Meeting



Machine-detector interface (MDI) in circular colliders

22

High luminosities Final focusing quadrupoles (QD0) need to be very close to IP 

Interaction Region

• Layout of the interaction region: extremely limited space for 
several critical components → trade-offs, optimizations toward 
a more realistic design

Machine-Detector Interface, H. Zhu 313-15 Sept 2018

L* = 2.2 m
Crossing angle 33 mrad

Detector 
acceptance:
> ± 150 mrad

Cooling of beampipe needed → increases material budget near the interaction point (IP)

Head-on	collision	crossing	angle:	33	mrad

L* = 2.2 m



Baseline Pixel Detector Layout
3-layers of double-sided pixel sensors

✦ ILD-like layout
✦ Innermost layer: σSP = 2.8 μm
✦ Polar angle θ ~ 15 degrees

Implemented in GEANT4 simulation framework (MOKKA)

DETECTOR PERFORMANCE STUDIES 13

R(mm) |z|(mm) |cos✓| �(µm) Readout time(us)

Layer 1 16 62.5 0.97 2.8 20
Layer 2 18 62.5 0.96 6 1-10
Layer 3 37 125.0 0.96 4 20
Layer 4 39 125.0 0.95 4 20
Layer 5 58 125.0 0.91 4 20
Layer 6 60 125.0 0.90 4 20

Table 4.1: Vertex detector parameters

embedded in the jets. For CEPC operation at the center-of mass energy of 240 GeV, those
tracks are often of low momentum, for which the multiple scattering effect dominates the
tracking performance as illustrated by Eq. 4.1

The CEPC vertex detector layout has been fully implemented in the GEANT4-based
simulations framework MOKKA [2]. In addition, as inspired by the detailed studies for
the CLIC detectors [3], fast simulation with the LiC Detector TOY simulation and re-
construction framework (LDT) [4] has been used for detector performance evaluation and
layout optimisation. The preliminary studies for optimisation to evaluate the sensitivity
of the results on the chosen parameters had been done, for the purpose of assessing the
impact of the detector geometries and material budgets on required flavor-tagging perfor-
mance. However, beam-induced background was not included at the moment.

4.3.1 Performance of the Baseline Configurations

The impact parameter resolution following from the single point resolutions provided in
the table 4.1 is displayed in figure 4.2 as a function of the particle momentum, showing
that the ambitious impact parameter resolution is achievable.

4.3.2 Material Budget

The baseline design includes very small material budget for the beam pipe as well as for
the sensor layers and their support. To assess the sensitivity of the performance on the
amount of material, the material budget for the detection layers of the vertex detector has
been varied. The resulting transverse impact-parameter resolutions for low-momentum
tracks are shown in Figure 4.3. When increasing the material of the detector layers by a
factor of two, the resolution will be degraded by approximately 20%.

4.3.3 Dependence on Single-Point Resolution

The dependence of the transverse impact-parameter resolution on the pixel size was stud-
ied by varying the single-point resolution for the simulation of the vertex layers by worse
of 50% w.r.t. the baseline values. The resulting resolutions for high and low track mo-
menta as function of the polar angle ✓ are shown in Figure 4.4. The resolution for
track momenta of 100GeV is found to change by approximately 50% in the barrel re-
gion. Here they exceed the target value for the high-momentum limit of a⇡5µm for both
pixel sizes, as expected from the corresponding single-point resolutions. For 1GeV, where

Ladder
3

Ping Yang (CCNU ) 13

CMOS pixel sensor & technology 

Epi	

Sub

+
STI

NMOS

STIN+ N	well P+P+

PMOS

Deep	P	well

Minus	voltage	0~	-6V

N	wellN+

Depletion	Region
++

__
_

P+

Integration	diode	N+/epi Reset	diode	P+/Nwell

p	wellN+ N+

Deep	P	well

➢ 	Integrated	sensor	and	readout	electronics	on	the	same	silicon	bulk	with	
“standard”	CMOS	process	:	low	material	budget,	low	power	consumption,			
low	cost	…		

	Ultimate	(Mimosa	28)	installed	for	STAR	PXL,	ALPIDE	for	ALICE	ITS	Upgrade

➢ Selected	TowerJazz	0.18	µm	CIS	technology	for	CEPC	R&D,	featuring:		
• Quadruple	well	process:		deep	PWELL	shields	NWELL	of	PMOS		
• Thick	(18-40	μm)	and	high	resistivity	(≥1	kΩ•cm)	epitaxial	layer:	larger	

depletion		
• Thin	gate	oxide	(<	4	nm):	robust	to	total	ionizing	dose	
• 6	metal	layers

25/1/2017IAS Program on High Energy Physics 2017 

Integrated sensor and readout electronics on the 
same silicon bulk with “standard” CMOS process:
- low material budget, 
- low power consumption, 
- low cost …

CMOS pixel sensor (MAPS)

Ladder
1

Ladder
2

Low material budget
~ 0.15%X0 per layer



Pixel Vertex Detector Prototype

24

• Full size prototype to be  built and tested 2023
Explore light material construction 

Full size chip

• Detector layout optimization required

Engineering design started (including cabling, cooling, installation)



Pixel Vertex Detector Prototype
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• Full size prototype to be  built and tested 2023
Explore light material construction 

Full size chip

• Detector layout optimization required

Engineering design started (including cabling, cooling, installation)

Effort needs to be  
integrated with  

MDI engineering design



Silicon vertex supporting structure 
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Silicon vertex supporting structure 
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LumiCal
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MECHANICAL STRUCTURE IN CDR

Located behind flange 

Large amount of material impossibilities 
precise energy and position 

measurements

LUMICAL DESIGN IN CDR

• LumiCal mounted on the quadrupole and inserted together
into the interaction region via RVC⇾ challenging
• Large amount of material in front⇾ impossible for precise
position determination⇾ additional tracking devices,
LumiCal for particle identification and energy measurement
• More drawbacks: high alignment precision imposed on
tracking devices, not enough space

Ameliorate situation by adding 
a silicon/diamond tracking ring

Si-W Calorimeter: ~ 20 X0, ~10 kg 

Working on new idea whereas
LumiCal is attached to the 

inner tracker structure/beampipe



Moving the LumiCal into the beampipe structure
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Some key R&D topics
• Machine Detector Interface 
• Luminosity meter (LumiCal) 
• Silicon Vertex (material budget versus resolution versus cooling) 

• Services design and integration
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Some key R&D topics
• Machine Detector Interface 
• Luminosity meter (LumiCal) 
• Silicon Vertex (material budget versus resolution versus cooling) 

• Services design and integration 
• Tracker 

• Time Projection Chamber 
• Ion back flow and field distortion is a major problem to operate at the Z pole and 2 Tesla 

• Drift Chamber 
• Can it cope with the high rates at the Z pole? Enough resolution? 

• Full silicon tracker 
• Are we adding too much material? 
• What about particle identification? Does it really matter?

30

Transparency <—> reliability/resolution



Some key R&D topics
• Machine Detector Interface 
• Luminosity meter (LumiCal) 
• Silicon Vertex (material budget versus resolution versus cooling) 

• Services design and integration 
• Tracker 

• Time Projection Chamber 
• Ion back flow and field distortion is a major problem to operate at the Z pole and 2 Tesla 

• Drift Chamber 
• Can it cope with the high rates at the Z pole? Enough resolution? 

• Full silicon tracker 
• Are we adding too much material? 
• What about particle identification? Does it really matter? 

• Do we really need a 3 Tesla solenoid? Why? 
• Trade-off of luminosity versus resolution and particle identification needed?  
• Can the same physics goals be achieved some other way?

31

Transparency <—> reliability/resolution



Some key R&D topics
• Calorimetry 

• ECAL, HCAL, DR 
• cost versus physics performance 
• Cooling of PFA calorimeter? versus performance? 
• PFA ECAL photon resolution rather poor 

• Do we need to improve it for physics purposes? 
• Does it make sense to pay for such expensive detector with poor photon resolution 

• DR: how can we demonstrate it without a large prototype? Timescale?

32
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no need to rush for another document based on full simulation and detailed studies 

First, integrate better detector and physics performance people to study different options



Building prototypes
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ECAL Calorimeter  — Particle Flow Calorimeter
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Scintillator-Tungsten Sandwich ECAL
Prototype to be built and lab test by August 2020 

Test beam at DESY to follow

Designed and developed 
new version of front-end 
PCB with SPIROC-2e chips

Essential collaboration with Japanese Sci-ECal group established: Prototype will be joint effort

Mass production of scintillator 
strips and wrapping established

Mechanical and structural 
design of the prototype

active area: ~ 25 x 25 cm2

30 layers

11

EBU2e single layer
Scintillator side

> 210 channels readout with 6 SP2E chips divided into 5 rows and 42 columns
> Total thickness is controlled under 6mm (< 1mm deviation) excluding DIF
> LED calibration and temperature monitor can achieve
> 106/108 channels can distinguish MIP signal successful



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

aim: 0.5 × 0.5 m2 ，35 layer (4λ)，30×30 mm2  module

Prototype to be built and tested by 2023

Progress in a few key technical aspects 

Design optimization advanced: sampling fraction, number of readout layers, cell-size, transversal area

AHCAL PFA energy resolution  
stable down to 12 layers

Cooling studies
started

Scintillator tile manufacturing and wrapping
Automatic wrapping machine mostly finalized

Yong Liu  (liuyong@ihep.ac.cn)

HCAL: design optimisation in PFA
• Optimisation in PFA

• How fine is the granularity to be good enough?
• Detailed studies on hadronic showers in HCAL

• Initiated by pions, kaons and neutrons
• Key parameters

• Transverse granularity: cell size
• Longitudinal sampling frequency: #layers

• Conclusions
• Cell size: 30 mm is a safe option
• #layers

• Performance stays unchanged till 12 layers
• Combined readout of every 2 layers: will 

not affect PFA performance

8/14/2019 CEPC Physics and Detector Plenary Meeting 7

Yukun Shi (USTC)

Simple PFA energy resolution

Reconstruction efficiency:
Pion and Kaon

Yong Liu  (liuyong@ihep.ac.cn)

HCAL: mass production and assembly

• Scintillator via injection moulding
• 8 iterations of prototyping
• Success

• Dimensions, surface properties
• Performance: light yield and uniformity
• Cost effective

• Wrapping machine
• Automated procedure to wrap ESR 

foil around tiles, via a robot arm
• Mostly ready

• Glue dispensing on PCB
• Fix tiles on the readout modules
• Successful tests on small PCBs

8/14/2019 CEPC Physics and Detector Plenary Meeting 9

Jiechen Jiang (IHEP)

Yong Liu  (liuyong@ihep.ac.cn)

HCAL: cooling system

• Material to be determined for cooling plates
• Stainless steel

• High strength, poor heat transmission, difficult to produce, 
few companies, high cost of prototyping

• Aluminum or copper
• Soft, good heat transmission, easy to produce

• Excluded 2 options
• Air cooling: no space
• Heat pipes: long-term maintenance

• Cooling R&D
• Simulation established
• Mockup PCB: with resistors to mimic heating
• 64 temperature sensors testing simultaneously

8/14/2019 CEPC Physics and Detector Plenary Meeting 10

Yifan Zhu (SJTU)



Dual Readout Calorimeter
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Testing new mechanical options 
Prototype in progress 10x10x100 cm3SiPM Readout: RD 52 Test Beam

Using timing for longitudinal 
“segmentation” information 



Dual Readout Calorimeter
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Testing new mechanical options 
Prototype in progress 10x10x100 cm3SiPM Readout: RD 52 Test Beam

Using timing for longitudinal 
“segmentation” information 



TPC Prototype
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Drift Chamber

Assembled field cage

Readout detector 65 nm CMOS ASIC

Power < 2.5 mW/ch

Readout electronics and DAQ



Expanding the Detector Collaboration
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CEPC CDR, Vol. 1 and Vol. 2 — authorship
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The CEPC Study Group 
October 2018 

Australia 3
Belgium 3
Canada 3
Denmark 1
France 18
Germany 11
Indian 1
Israel 4
Italy 95
Japan 6
Korea 14
Mexico 1
Morocco 1
Netherlands 1
Pakistan 2
Russia 11
Serbia 6
South Africa 2
Spain 5
Sweden 2
Switzerland 9
UK 16
US 119

29% from foreign institutions

1149 authors from 
222 institutions

24 countries

http://cepc.ihep.ac.cn/

Released  
November 2018

405 pages



Editorial Team:   43 people / 22 institutions
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Name Chapters Institution
Joao Guimaraes da Costa General, 1, 3, 12 IHEP

Yuanning Gao General Peking Univ.
Shan Jin General Nanjing Univ.

Jianming Qian General, 1, 10, 11 Michigan Univ.
Christopher Tully General, 8 Princeton Univ.
Charles Young General SLAC
Lian-Tao Wang 2 Univ. of Chicago

Manqi Ruan 3, 10, 11 IHEP
Hongbo Zhu 3, 9 IHEP
Mingyi Dong 4.1 IHEP
Yunpeng Lu 4.1 IHEP
Qun Ouyang 4.1 IHEP
Zhigang Wu 4.1 IHEP

Zhi Deng 4.2 Tsinghua Univ.
Yulan Li 4.2 Tsinghua Univ.

Huirong Qi 4.2 IHEP
Meng Wang 4.2 Shandong Univ.

Chengdong Fu 4.3 IHEP
Wei-Ming Yao 4.3 Berkeley Lab

Franco Grancagnolo 4.4 Univ. of Lecce, INFN
Jianbei Liu 5.3 USTC

Name Chapters Institution
Tao Hu 5.3 IHEP

Vincent Boudry 5.3 LLR 
Haijun Yang 5.4 SJTU

Imad Laktineh 5.4 IPNL
Franco Bedeschi 5.5 Univ. of Pisa, INFN
Roberto Ferrari 5.5 Univ. of Pavia, INFN

Wei Zhao 6 IHEP
Zian Zhu 6 IHEP

Paolo Giacomelli 7 Univ. of Bologna
Liang Li 7 SJTU
Fei Li 8 IHEP

Zhenan Liu 8 IHEP
Kejun Zhu 8 IHEP
Suen Hou 9 Academia Sinica

Ivanka Bozovic Jelisavcic 9 Univ. of Belgrade 
Gang Li 10 IHEP

Yaquan Fang 11 IHEP
Qiang Li 11 Peking Univ. 

Maarten Boonekamp 11 Paris-Saclay
Zhijun Liang 11 IHEP

Fulvio Piccinini 11 Univ. of Pavia, INFN
Xin Shi 12 IHEP



Particle Flow Calorimeter Collaborations

• CEPC HCAL: 
• Imad Laktineh, IPNL, University of Lyon, France (SDHCAL based on GRPC) 
• Shikma Bressler, Weizmann Institute of Science, Israel (SDHCAL based on RPWELL) 
• Enrique Kajomovitz, Israel Institute of Technology, Israel (SDHCAL based on RPWELL) 
• Hans-Christian Schultz-Coulon and Wei Shen, University of Heidelberg, Germany 

(Scintillator+Steel HCAL) 

• CEPC ECAL: 
• Vincent Boudry, Jean-Claude Brient, LLR, France (Silicon+W ECAL) 
• Tohru Takeshita, Shinshu University, Japan (Scintillator+SiPM ECAL) 
• Wataru Ootani, University of Tokyo, Japan (Scintilator+W ECAL) 
• Christoph Tully, Princeton University, USA (Crystal ECAL) 
• Sarah Eno, University of Maryland, USA (Crystal ECAL) 

• Christophe de la taille, CNRS/IN2P3 Micro-Electronics Design Lab, Ecole Polytechnique Palaiseau, 
France (Readout electronics) 43



Silicon Vertex Detector

• CMOS pixel sensor development: 
• Marc Winter, Christine Hu-Guo, IPHC Strasburg, France 
• Sebastian Grinstein, Raimon Casanova, IFAE, Barcelona, Spain 
• ALICE, indirectly through CCNU 

• SOI pixel sensor development 
• KEK, Japan 

• Vertex Detector Prototype (MOST2): 
• CMOS Pixel Sensor development 

• Barcelona, IFAE 
• Mechanics and services 

• Liverpool, Oxford, RAL, QMU (UK) 
• Univ. Massachusetts (USA)
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Trackers

• Time Projection Chamber 
• Paul Colas, Aleksan Roy, Stephan Anne., CEA-Saclay IRFU group, France (FCPPL) 
• Keisuke Fujii's group, KEK, Japan 
• Joined LC-TPC in Dec 2016 

• DESY test beam in 2018 

• Silicon Tracker 
• Full Silicon Tracker Design 

• Weiming Yao, Berkeley (USA) 
• Sergei Chekanov, Argonne (USA) 

• Tracker Demonstrator 
• Harald Fox (Lancaster), Yanyan Gao (Edinburgh), Roy Lemmon (Daresbury), Tim Jones 

(Liverpool) 
• Ivan Peric (KIT) 
• Based on ALICE and ATLAS technology 45



F. Bedeschi, INFN-Pisa

2020: Silicon

• Active pixel detectors (INFN: Milano, Torino) 
•  SEED and ARCADIA  (1 M€ INFN grant) 

• Low power, high resolution, stitching 
• First prototypes by late 2020 → test on beam 

• DAQ development for test beam 
• Potential collaboration with China (FEST grant supports travel to China) 

• Active and passive CMOS for Si wrapper (INFN: Milano) 
• Continuation of ATLAS phase 2 upgrade work 

• EU grants: 
• FEST (travel 4 yr), AIDA++ (applied) 

• International collaboration: 
• UK-Oxford, ETH, Zurich university, (IHEP-China?)
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F. Bedeschi, INFN-Pisa

2020: Drift Chamber

• Drift chamber  (INFN: Lecce, Bari) 
•  Full length prototype 

• C-fiber wires 
• Cluster counting electronics 
• Non-flammable gases 

• EU grants:  
• CREMLIN2, AIDA++ (Applied) 

• International collaboration: 
•  (BINP, Novosibirsk)
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F. Bedeschi, INFN-Pisa

2020: DR calorimeter

• Full EM containment prototype (INFN: Pavia, Milano, Pisa) 
• 10 cm x 10 cm x 100 cm  

• Mechanics with metal capillaries 2 mm OD, 1.1 mm ID  
• 9 towers. Central tower read out with SiPM. Remaining with PMT. 
• Alpha-tester compact CAEN electronics (FERS system) 

• EU grants:  
• AIDA++ (applied) 

• Cofunded by INFN, UK, Croatia 
• International collaboration: 

• UK: University of Sussex, RBI - Croatia, South Korea

48



F. Bedeschi, INFN-Pisa

2020: μRwell chambers

• Development of large area chambers with industrial partners ELTOS and 
TECHTRA  (INFN: Bologna, Ferrara, Frascati) 
• μRwell technology 
• Test μRwell 2D  readout 
• R&D on DLC+Cu sputtering with USTC (China) 

• EU grants: 
• ATTRACT, CREMILN2, AIDA++(Applied) 

• International collaboration: 
• USTC – China, BINP-Novosibirsk 

49



ATLAS Detector Involvement
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Institutions
ITK Pixel 65
ITK Strip 62

Muon 60
Tile Calorimeter 34
LAr Calorimeter 29

Trigger/DAQ 101
New Small Wheel 59

HGTD 18

Number of institutions involved in Phase II Upgrades in ATLAS

Expanding the collaboration is essential!!



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



Integrated optimization effort needed
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CEPC Detector Working Group Exists

Need to better integrate:  

Detector and physics performance people 

International Colleagues

Plenary meetings, Wednesday, 3 pm Beijing time

Aiming for a document sometime before collaborations are proposed is reasonable 
(end of 2021?) 



Final remarks

53

From 2019 - 2022, R&D towards CEPC Detector Collaborations

CEPC CDR: http://cepc.ihep.ac.cn/

Need to expand international collaboration

2023: Decision on Experimental Detectors and TDR 

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

PFA-oriented — with TPC or full-silicon tracker
High-magnetic field (3 Tesla)

Drift chamber and dual readout calorimeter
Low-magnetic field (2 Tesla)

Two significantly different detector concepts developed

CEPC Detector CDR completion was a major milestone for the CEPC project

Big Science Cultivation project starting —> Key technology demonstration

Now is time to explore alternatives and test new ideas 
Work needs however to be coherent and organized

Need to coordinate with engineers to study real detector feasibility



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  



DEVELOPED CMOS PIXEL SENSOR PROTOTYPES FOR CEPC 
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TowerJazz  
CIS 0.18 μm 



New large CMOS Pixel Sensor for Vertex Prototype

• Evolution from previous design 

• Aiming at full-size sensor by 2021

57

For Vertex Specs For High rate 
Vertex  

Specs For Ladder 
Prototype 

Specs

Pixel pitch < 25 µm Hit rate 120 MHz/chip Pixel array 512 row×1024 col
TID > 1 Mrad Date rate 3.84 Gbps 

--triggerless 
~110 Mbps 
--trigger

Power 
Density

< 200 mW/cm2  
(air cooling)

Dead time < 500 ns 
--for 98% 
efficiency

Chip size ~1.4 cm×2.56 cm

None of the existing CMOS sensors can fully satisfy the requirement of the  
high-rate CEPC Vertex Detector (operating at the Z pole)

First MPW chip back this month

TowerJazz CIS 0.18 μm 

Collaboration with Barcelona, IFAE
(Engineer plus student)

New proposed architecture for MOST2

• Similar to the ATLAS ITK readout architecture: “column-
drain” readout
– Priority based data driven readout 
– Modification: time stamp is added at EOC whenever a new fast-or 

busy signal is received
– Dead time: 2 clk for each pixel (50ns @40MHz clk), negligible 

compared to the average hit rate 

• 2-level FIFO architecture
– L1 FIFO: In column level, to de-randomize the injecting charge
– L2 FIFO: Chip level, to match the in/out data rate between the core 

and interface

• Trigger readout 
– Make the data rate in a reasonable range
– Data coincidence by time stamp, only matched event will be readout 4

From Tianya Wu in User Manual 

FE-I3-like Pixel

ALPIDE-like Pixel

Full functionality implemented 
Two readout architectures

• First MPW tapeout was submitted in June
– Thanks IFAE for their tunnel for submission to TJ

• Expected to be delivered on Sep. 26
– With 60 chips

• One block area of 5mm×5mm was fully 
occupied
– A full functional pixel array (small scale) 

¾ 85% of the block area
¾ A 64×192 Pixel array + Periphery + PLL + Serializer
¾ Bias generation included
¾ I/O arranged in one edge, as the final chip

– other independent test blocks (less critical)
¾ LDO + PLL 

• It was supposed that we can use both 
standard and modified TJ process to make 
two parallel chip fabrications, but we failed at 
last, due to the too complicated paperwork
– At least we see the chance to use modified TJ

Chip Status

5
Chip size：5mm×5mm
Pixel size：25μm×25μm

Chip size: 
5 mm × 5 mm 

Pixel size: 
25 μm × 25 μm  

TaichuPix1 



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 ~ 휌 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



MDI Assembly and Installation
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Engineering studies started                       Different scenarios under study

Silicon tracker assembly pushed from one side

Vacuum connections closed remotely



MDI Assembly and Installation
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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



TIME PROJECTION CHAMBER AND SILICON TRACKER 151

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)

61

• 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% 

152 TRACKING SYSTEM

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

- 35 -

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) 



Time Projection Chamber (TPC) - Challenges
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• 3 Tesla magnetic field —> reduces 
diffusion of drifting electrons  

• Problem: Ion Back Flow —> track 
distortion

160 TRACKING SYSTEM

Figure 4.15: Distortion on the hit position reconstruction, as a function of the hit (primary ionization)
radial position r for different TPC parameters. Gain⇥IBF refers to the number of ions that will escape
the end-plate readout modules per primary ionization, obtained by the multiplication of the readout
modules gain and the ion backflow rate (IBF). The ion drift velocity is v = 5 m/s.

the CEPC, the ion distortion would not prohibit the TPC usage, but it start to limit its
performance. A few options could be applied to mitigate the ion charge distortion effects,
and require further studies:

1. Better ion backflow control technology;

2. Dedicated distortion correction algorithms;

3. Global optimization of the TPC parameters.

To conclude, the pad occupancy and distortion posses little pressure on the TPC opera-
tion if the Gain⇥IBF can be controlled to a value smaller than 5.

4.2.1.4 FEASIBILITY STUDY OF TPC DETECTOR MODULE AND FUTURE
WORK

Hybrid structure TPC detector module
TPC readout with MPGDs, especially GEM and MicroMegas, is very attractive, be-

cause the IBF of those detectors is intrinsically low, usually around a few percent. GEM
detectors have been extensively investigated in the last decade and are considered to be
the prime candidate, as they offer excellent results for spatial resolution and low IBF. Nu-
merous GEM foils can be cascaded, allowing multilayer GEM detectors to be operated at
an overall gas gain above 10

4 in the presence of highly ionized particles. MicroMegas is
another kind of MPGD that is likely to be used as endcap detectors for the TPC readout.
It is a parallel plate device, composed of a very thin metallic micromesh which separates
the detector region into a drift and amplification volumes. The IBF of this detector is
equal to the inverse of the field ratio between the amplification and the drift electric fields.
Low IBF, therefore, favors high gain. However, the high gain will make it particularly
vulnerable to sparking. The idea of combining GEM with MicroMegas was first proposed
with the goal of reducing the spark rate of MicroMegas detectors. Pre-amplification using
GEMs also extends the maximum achievable gain.

40 μm @ Z-pole

~5 μm @ ZH

B = 3 Tesla

Assumes, for each primary ionization, 
5 ions backflow from 

readout into main gas system

Hybrid: GEM and Micromegas readout
Needs further studies

• Position resolution: ~100 µm in rφ
• dE/dx resolution: 5%

Mini-workshop, Hong Kong, IAS Jan 2019: http://iasprogram.ust.hk/hep/2019/workshop_cc.php



Drift Chamber Option - IDEA Concept
Lead by Italian Colleagues

63

Text%in%Word%

Layers: 14 SL × 8 layers = 112 
Cell size: 12 - 14 mm MEG2 chamber (naked) 

Follows design of the KLOE 
and MEG2 experiments 

Stereo angle: 50-250 mrad

• 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



Drift Chamber Considerations
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Particle Identification Wire tension, 25 g, T > 0.32 N 

Aluminium and Tungsten wires marginal

Exploring 35 μm Carbon monofilaments



FULL SILICON TRACKER 171
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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

65

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



Calorimeter options
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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

67

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

68

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)



Dual Readout Calorimeter

69

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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Topical Workshop on CEPC Calorimetry at IHEP • March 11-14, 2019
https://indico.ihep.ac.cn/event/9195/

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%
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Crystals: LYSO:Ce, PbWO, BGO Cost is an issue

Three new segmented calorimeter proposals based on crystals

Long crystal bars with optical 
readout at both ends 

Long crystal bars with
optical readout at single ends 

Thin crystal tiles with
optical readout at single ends 

Yuexin Wang (IHEP), et al Tully (Princeton), Eno (UMD), et al Yong Liu (IHEP), et al

Yong Liu  (liuyong@ihep.ac.cn)

ECAL with crystal bars

• Find the seed (max. energy in crystal)
• Reconstruct the hit positions based 

on the timing information
• Connections of sub-clusters into a 

complete shower

8/16/2019 CEPC Working Day 4

Yuexin Wang (IHEP)

Yong Liu  (liuyong@ihep.ac.cn)

Overview: designs of crystal ECAL

• 3 major designs being pursued
• Long crystal bars with optical readout at both ends (Y. Wang, et al.)

• Use timing information for hit positions; less #channels
• Long crystal bars with optical readout at single ends (C. Tully, et al.)

• Less segmentation in the longitudinal direction; space for cooling
• Thin crystal tiles with optical readout at single ends (Y. Liu, et al.)

• Started with ultra-fine segmentation (both longitudinal and transverse)
• Seeking trade-off between #channels and performance

8/16/2019 CEPC Working Day 3

Yong Liu  (liuyong@ihep.ac.cn)

Simulation for ECAL+HCAL

• Combined setup ECAL+HCAL

• Established stand-alone Geant4 simulation (no 

optical photons at this large scale)

• Crystal ECAL: 30 layers (30X0)

• BGO/PbWO crystal tiles, 1X0 thick

• Transverse granularity: 20mm (~Moliere radius)

• HCAL: scintillator + steel plates

• 48 layers in total

• Plastic scintillator: 3mm thick, 30x30mm²

• Steel: 20 mm

• Digitization in simulation: crucial 

• For scintillator: crystal (ECAL), plastic (HCAL)

• Energy depositions (hits) → scintillation photons 
→ SiPM pixels → ADC signals in electronics

8/16/2019 CEPC Working Day 12

Calibration runs: 120 GeV mu-

Geant4 version 10.5.0

ECAL: 30 layers
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3 Tesla Field Solenoid

Opera*ng	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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CDR New Proposal

CMS CEPC	
original

CEPC 
New	

version
Central	field	(T) 4 3 3

OperaAng	current	
(A) 19600 15779 16796

Inner	diameter	of	
coil	(mm) 6360 7200 7200

Length	of	coil	(mm) 12480 7606 7600

Barrel	yoke	inner	
diameter	(mm) 9180 8800 9200

Barrel	yoke	outer	
diameter	(mm) 14000 14480 12120

Total	length	of	yoke	
(mm) 20040 13966 12020

Weight	of	barrel	
yoke	(t) 6000 5940 3137

Weight	of	each	end	
cap	(t) 2000 3316.6 1144

Total	weight	of	
yoke	(t) 10000 12573 5425

Stray field similar to CMS but it will 
require shielding of Booster along 

a few hundred meters
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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 (?)


