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128 EXPERIMENTAL CONDITIONS, PHYSICS REQUIREMENTS AND DETECTOR CONCEPTS

Physics
Measurands

Detector Performance
process subsystem requirement
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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
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Baseline detector
ILD-like 
(3 Tesla)

Final two detectors likely to be a mix and match of different options

Low
magnetic field

concept
(2 Tesla)
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Figure 3.10: Schematic layout of the IDEA detector.

detector [23] and that of the recent MEG experiment upgrade [24]; major R&D work was
done also for the 4th concept detector at ILC [25] and then for the Mu2E tracker [26].

A preshower is located between the solenoid magnet and the calorimeter in the barrel
region and between the drift chamber and the endcap calorimeter in the forward region.
This detector consists of two passive material radiators each followed by a layer of MPGD
detectors. In the barrel region the solenoidal magnet plays the role of the first radiator,
while in all other cases the radiators are made of lead. The actual thickness of the radiators
are still being optimized based on test beams currently in progress. In the extreme case
of using a total of two radiation lengths about 75% of the ⇡0’s can be tagged by having
both �’s from their decay identified by the preshower. Additional ⇡0 identification power
comes from the high granularity of the calorimeter.

A solenoidal magnet surrounds the tracking system. The currently planned dimensions
are 6 m of length and 4.2 m inner diameter. The relatively low two Tesla field and the
small dimensions have important implications on the overall magnet package thickness,
that can be kept at the 30–40 cm level, and on the size of the flux return yoke, which scales
linearly with the field and the square of the coil diameter. With the given dimensions a
yoke thickness of less than 100 cm of iron is sufficient to completely contain the magnetic
flux and provide adquate muon filtering and support for the muon chambers.

A dual readout fiber calorimeter (see Section 5.5) is located behind the second preshower
layer. We assume a total calorimeter depth of 2 m, corresponding to approximately seven
pion interaction lengths. The detector resolution is expected to be about 10.5%/

p
E for

electrons and 35%/
p

E for isolated pions with negligible constant terms, as obtained from
extrapolations from test beam data using GEANT4 without including the preshower. This
detector has very good intrinsic discrimination between muons, electrons/photons and

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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(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).
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274 MACHINE DETECTOR INTERFACE AND LUMINOSITY DETECTORS

10
�3 or better. Tracking disks, labeled as FTD, are designed to measure charged particle

trajectories in the forward region.

Figure 9.1: Layout of the CEPC interaction region. The two beam pipes merge into one at |z| = 70 cm,
with the central part between z = ±7 cm made with Beryllium. The two final focusing magnets (QD0
and QD1) are surrounded with the anti-solenoid magnets ssegmented into 22 sections. The magnets are
placed inside the cryostat. The LumiCal (red) sitting in front of the cryostat provides precise luminosity
measurement. Silicon tracking detectors, VTX and SIT, are in the barrel region, while FTD disks are
covering the forward region.

9.2 FINAL FOCUSING MAGNETS

In the interaction region, compact high gradient quadrupole magnets are designed to focus
the electron and positron beams. The two final focusing quadrupoles (QD0 and QF1), are
placed inside the CEPC detector and must operate in the background field of the detector
solenoid. QD0 is the quadrupole magnet close to the interaction point, with a distance
of 2.2 m to the IP. It is designed as a double aperture superconducting magnet and can
be realized with two layers of Cos-Theta quadrupole coil using NbTi Rutherford cables
without iron yoke. It is designed to deliver a gradient field of 136 T/m and control the field
harmonics in the sensitive area to be below 3 ⇥ 10

�4. Design parameters are summarized
in Table 9.1. The QF1 magnet is similar to the QD0, except that there is an iron yoke
around the quadrupole coil for the QF1.

Additional anti-solenoid magnets are introduced to minimize the disturbance from
the detector solenoid on the incoming and outgoing beams. The anti-solenoid sections in
front of the QD0 are designed to achieve an almost zero integral longitudinal field before
entering the QD0. And the sections right surrounding the QD0 and QF1 are necessary to
screen the detector field. The magnets are based on wound of rectangular NbTi-Cu con-
ductors. To minimize the magnet size and better field quality, the anti-solenoid magnets
are segmented into 22 sections with different inner coil diameters. Inside the first section,
the central field reaches the peak value of 7.2 Tesla. More detailed design of the final
focusing magnets and the compensating magnets can be found in [2].

Interaction region: Machine Detector Interface
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Baseline	parameters:	
• Head-on	collision	crossing	angle:	33	mrad		
• Focal	length	(L*):	2.2	m		
• Solenoid	magnetic	field:	3	T	

One of the most complicated issue in the CEPC detector design

LumiCal

L* = 2.2 m

Lumi unc: 1 × 10-3

(studies lead by Vinca 
and Academia Sinica)

Challenging engineering design

Rates at the inner layer 
                                (16 mm):

Hit density: ~2.5 hits/cm2/BX
TID:                2.5 MRad/year 
NIEL:             1012 1MeV neq/cm2

(Safety factors of 10 applied)



CEPC CDR Alternative Conceptual Detector: IDEA
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Vertex: Similar to CEPC default  
* Drift chamber: 4 m long; Radius ~30-200 cm, 
~ 1.6% X0 , 112 layers
Preshower: ~1 X0

* Dual-readout calorimeter: 2 m/8 λint 
* (yoke) muon chambers 

Magnet: 2 Tesla, 2.1 m radius

    Thin (~ 30 cm), low-mass (~0.8 X0)
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Figure 3.11: Schematic layout of the IDEA detector.

it to be located between the calorimeter and the tracking volume without a significant1

performance loss.2

The innermost detector, surrounding the 1.5 cm radius beam pipe, is a silicon pixel3

detector for the precise determination of the impact parameter of charged particle tracks.4

Recent test beam results on the detectors planned for the ALICE inner tracker system5

(ITS) upgrade, based on the ALPIDE readout chip [21], indicate an excellent resolution,6

⇠5 µm, and high efficiency at low power and dark noise rate [22]. This looks like a good7

starting point for the IDEA vertex detector and a similar approach is proposed for the8

CEPC baseline detector (see Section4.1). The two detector concepts could then share the9

same pixel technology as well as profit from the electronic and mechanical work of the10

ALICE ITS.11

Outside the vertex detector we have a 4 m long cylindrical drift chamber starting from12

a radius of ⇠35 cm and extending until 2 m. The chamber can be made extremely light,13

with low mass wires and operation using 90% helium gas; less than 1% X0 is considered14

feasible for 90� tracks. Additional features of this chamber, which is described in detail in15

Section 4.4, are a good spatial resolution, <100 µm, dE/dx resolution at the 2% level and16

a maximum drift time of only 400 ns. A layer of silicon microstrip detectors surrounds the17

drift chamber in both barrel and forward/backward regions. Track momentum resolution18

of less then 0.5% for 100 GeV tracks is expected when vertex detector and silicon wrapper19

information is included in the track fit. It is worth noting that the design of this chamber is20

the evolution of work done over many years on two existing chambers, that of the KLOE21

detector [23] and that of the recent MEG experiment upgrade [24]; major R&D work was22

done also for the 4th concept detector at ILC [25] and then for the Mu2E tracker [26].23

Inspired on work for 4th detector concept for ILC

Only concept with calorimeter outside the coil



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 - Baseline

Pixels

Tracker material
budget/layer: 

~0.50-0.65% X/X0

25 cm

12 cm Total Silicon area ~ 68 m2

Microstrip sensors
for most of tracker



Baseline Pixel Detector Layout
3-ladders each with two layers of pixel sensors

✦ Innermost layer: σSP = 2.8 μm
✦ Polar angle θ ~ 15 degrees
✦ Material budget ≤ 0.15%X0/layer

Implemented in GEANT4 simulation framework (MOKKA)

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

142 TRACKING SYSTEM

Figure 4.2: Schematic view of pixel detector. Two layers of silicon pixel sensors are mounted on both
sides of each of three ladders to provide six space points. Only the silicon sensor sensitive region (in
orange) is depicted. The vertex detector surrounds the beam pipe (red).

R (mm) |z| (mm) | cos ✓| �( µm)

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

Table 4.1: The baseline design parameters of CEPC vertex detector including position and single-point
resolution. The values of single-point resolution for layer 1 and layer 2 consider a double-sided ladder
concept based on a high resolution sensor on one side, and a faster sensor on the other side to provide
necessary time-stamp for tracking.

4.1.3 DETECTOR PERFORMANCE STUDIES

The identification of b/c-quark jets (called "flavor-tagging") is essential in physics analy-
sis where signal events with b/c-quark jets in the final state have to be separated from one
another and from light-quark jets. Flavor tagging requires the precise determination of
the trajectory of charged tracks 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
simulation framework, MOKKA [1]. In addition, the LiC Detector TOY fast simula-
tion and reconstruction framework (LDT) [2] have been used for detector performance
evaluation and layout optimization. Preliminary optimization studies have been done to
evaluate the sensitivity of the flavor-tagging performance to the detector geometry and
material budget, resulting in the chosen parameters. The detector simulations include the
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R&D goals and activities
• Sensor R&D targeting: 

• Sensors technologies: 

• Full size prototype by 2023: 

�17

Specs Observations
Single point resolution near IP: < 3-5 μm Need improvement

Power consumption: < 100 mW/cm2 Need to continue trying to lower by a 
factor of 2

Integration readout time: < 10-100 μs Need 1 μs for final detector
Radiation (TID) > 2.5 MRad Need 2.5× higher /year 

Process Smallest pixel 
size

Chips 
designed Observations

CMOS pixel sensor (CPS) TowerJazz CIS 0.18 μm 22 × 22 μm2 2 Founded by MOST and IHEP
SOI pixel sensor LAPIS 0.2 μm 16 × 16 μm2 2 Funded by NSFC

• Institutions: CCNU, NWTU, Shandong, Huazhong Universities and IHEP (IPHC in Strasbourg, KEK)

Explore light material construction 

Full size chip

Double sided ladder Layers 2 and 3 (22 mm x 125 mm) 
Chip size: 11 mm X 20.8 mm

6 X 2 layer = 12 chips125 mm
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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)
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TPC detector concept 

• 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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TPC detector concept 
• 3 Tesla magnetic field —> reduces 

diffusion of drifting electrons 

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

• Problem: Ion Back Flow —> track 
distortion
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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 5 ions backflow from
readout into main gas system

per primary ionization

Hybrid: GEM and Micromegas readout

R&D on-going
Needs further studies
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TPC detector concept 

Hybrid: GEM and Micromegas readout

Small prototype built
R&D on-going
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This hybrid configuration, GEM-MM is currently the baseline readout module for the
CEPC TPC. Figure 4.16 shows a small prototype of 100⇥100 mm2 that has been produced
and tested. The device has a 4 mm drift region GEM, followed by a 1.4 mm transfer region
and a MicroMegas with an avalanche region of 0.128 mm. The preliminary results of this
detector module are described next.

Figure 4.16: Left: Schematic diagram of the GEM-MM hybrid detector module. The device has
a GEM with a 4 mm drift region, followed by a 1.4 mm transfer region and a MicroMegas with
an avalanche region of 0.128 mm. Right: Photo of the detector prototype with 100 cm2 active area
designed based on this concept.

The IBF tests have been carried out with a 55Fe X-ray source and several gas mixtures:
Ar/CO2 (90%/10%), Ar/iC4H10 (95%/5%) and Ar/CF4/iC4H10 (95%/3%/2%) - T2K gas.
The currents on the anode and drift cathode were measured precisely with an electrometer.

The 55Fe X-ray source has a characteristic energy of 5.9 keV. In the Ar/CO2 gas, a typ-
ical pulse height spectrum for a GEM or MicroMegas detector contains one major peak
corresponding to the 5.9 keV X-rays and an escape peak at lower pulse height correspond-
ing to the ionization energy of an electron from the argon K-shell.

Figure 4.17: Energy spectrum of the 55Fe radioactive source in Ar/CO2 (90%/10%) as measured by
the GEM-MM hybrid module. The green curve is the whole energy spectrum from the module. The
last two peaks correspond to the GEM and MicroMegas amplification in tandem. The first two peaks
are from MicroMegas amplification only.

GEM

MM
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results reported here were obtained in the green rectangle area. There is no obvious dis-
charge or spark, and there is no large number of electrons to lead the high space charge to
reduce the value of IBF. No indication of space charge affecting the IBF measurement is
found.

Figure 4.19: Comparison of the IBF with the different X-ray’s voltage and current. The test results of
the GEM-MM detector prototype appear in the green area where there is no space charge effect.

(a) (b)

Figure 4.20: (a) Schematic diagram of the detector module with the 266 nm laser system. The red
lines show the split laser beam injection into drift chamber. (b) There are several laser beam planes,
each composed of 6 downward beams, and 6 upwards beams. Several single horizontal laser beams
also transverse the chamber.

Laser calibration and alignment system
A laser calibration system with narrow beams inside the drift volume to simulate ioniz-

Laser calibration and alignment system

Small prototype with Nd:YAG laster built
R&D on-going

R&D by: IHEP, Tsinghua and Shandong
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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.

Silicon Tracker Detector - Baseline

Pixels

Tracker material
budget/layer: 

~0.50-0.65% X/X0

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

Total Silicon area ~ 68 m2

Extensive opportunities for international participation

Required resolution
σSP < 7 μm 
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expertise. During the preliminary studies, several critical R&D items have been identified
for the CEPC silicon tracker. All of them, as listed below, will be pursued in the R&D
phase of the CEPC project and made available for engineering construction.

Alternative pixelated strip sensors with CMOS technologies;

p+-on-n silicon microstrip sensors with slim-edge structure;

Front-end electronics with low power consumption and low noise, fabricated with
CMOS technologies of small feature size;

Efficient powering and cooling techniques with low material budget;

Lightweight but robust support structure and related mechanics;

Detector layout optimization, particularly in the end regions.

It will be vital to develop necessary instrumentation for the module assembly and to
verify the detector module performance with beam tests. Prototypes of support structures,
including cooling solutions, shall be also built for mechanical and thermal tests.
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Figure 4.22: Transverse momentum resolution for single muon tracks as a function of the track mo-
mentum estimated for the CEPC baseline design with full simulation (dots) and fast simulation (black
lines) compared to the analytical results obtained with Eqs. 4.2 and 4.3 (red line).

4.2.3 TPC AND SILICON TRACKER PERFORMANCE

The performance study described in this section is based on the full tracking system: ver-
tex detector, silicon tracker and TPC. While the tracking performance in the central region
has been studied [47], the performance in the forward region, which has been designed to
cope with the rather short L⇤, requires additional careful evaluation. Figure 4.22 shows
the estimated transverse momentum resolution for single muon tracks at two polar angles

Inclusion of ETD should
improve resolution

FTD+TPC

VTX+FTD+SIT+TPC+SET

Transverse momentum resolution for single muon tracks
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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.
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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.
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Replace TPC with additional silicon layers
Rad length up to 7% FST layout: FST2 layout:

Drawbacks: higher material density, less redundancy 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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Text%in%Word%

Layers: 14 SL × 8 layers = 112
Cell size: 12 - 14 mm

Dri$%Chamber%Prototype%TEST%@%PSI%
Sept.%13J27,%2017%

Dri$%Chamber%Prototype%TEST%@%PSI%
Sept.%13J27,%2017%

MEG2 prototype being tested 

Follows design of the KLOE 
and MEG2 experiments 

Stereo angle: 50-250 mrad

• Length: 4 m
• Radius: 0.3- 2m
• Gas: 90%He − 10%iC4H10 

• Material: 1.6% X0 (barrel)

• Spatial resolution: < 100 μm
• dE/dx resolution: 2%
• Max drift time: <400 nsec
• Cells: 56,448

Low-mass cylindrical drift chamber
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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) 

(*) Dual readout calorimeters (INFN, Italy + Iowa, USA)

Chinese institutions have been
focusing on Particle Flow calorimeters

R&D supported by MOST, NSFC
and IHEP seed funding

Electromagnetic

Hadronic
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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
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Scintillator-Tungsten Sandwich ECAL

 
Scintillator-W option  

 

10 

Plastic scintillator 
5 x 45 mm2 ( 2 mm thick) 

SiPM

Superlayer (7 mm) is made of:
- 3 mm thick: Tungsten plate
- 2 mm thick: 5 x 45 mm2

- 2 mm thick: Readout/service layer

Cell size: 5 x 5 mm2 
       (with ambiguity) 

R&D on-going:
- SiPM dynamic range
- Scintillator strip non-uniformity
- Coupling of SiPM and scintillator

Mini-prototype tested on 
testbeam at the IHEP 
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(a) (b)

Figure 5.9: Response linearity ( the number of photo-electrons detected with a SiPM as a function of
the number of incident photons) of SiPMs with different numbers of pixels [(a): 10000-pixel SiPM,
(b): 1600-pixel SiPM] for light pulses with different widths (blue: 40 ns, red: 80 ns and green: 100 ns).
The linearity of SiPM response with 10000 pixels is better than that with 1600 pixels. And the range
for linear response of SiPM gets larger for a wider light pulse.

Figure 5.10: Three configurations of the SiPM-scintillator coupling explored for the design of
scintillator-tungsten ECAL: (a) a SiPM is embedded in a scintillator strip on one side (side), (b) a
SiPM is embedded in a scintillator strip at the center of the bottom face (bottom-center), (c) a SiPM is
embedded in a scintillator strip at one end of the bottom face (bottom-end).

(a) (b) (c)

Figure 5.11: Light output of a scintillator sensitive unit with three SiPM coupling configurations: (a)
side, (b) bottom-center, (c) bottom-end. The bottom-center configuration gives the best uniformity of
10% without reduction of light output.

Light output of scintillator sensitive unit was also studied with the scintillator strip
wrapped with different reflectors as shown in Figure 5.12. ESR reflector gives much
higher light out than Tyvek reflector.

Light output of scintillator sensitive unit would depend on the pitch size of the SiPM
due to different photon detection efficiency. Figure 5.13 shows the light output of scintil-
lator sensitive units with SiPMs that have the same sensitive area (1 ⇥ 1 mm

2) but with
different pitch sizes ( 25 µm vs. 10 µm). The light output with the 10 µm SiPM is only
about 1/3 of that with the 25 µm SiPM due to its much lower photodetection efficiency.
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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)
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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
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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)

Prototype to be built: MOST (2018-2023)
0.5×0.5 m2 ，35 layer (4λ)，30×30 mm2  module
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Lead by Italian colleagues: based on the DREAM/RD52 collaboration 
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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

Expected resolution:
EM: ~10%/sqrt(E)

Hadronic: 30-40%/sqrt(E)

Several prototypes from RD52
have been built
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3 Tesla Field Solenoid

OperaBng	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 (?)
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Events at 5 ab-1

ZH: 106 events

ννH: 104 events

e+e-H: 103 events

S/B
1:100-1000

Observables: 
Higgs mass, CP, σ(ZH), 

event rates (σ(ZH, vvH)*Br(H→X) ), 
Differential distributions 

Extract:
Absolute Higgs width, 

couplings
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Numerical values of these cross sections at
p

s = 240 GeV are listed in Table 11.2.
Because of the interference effects between e+e� ! ZH and e+e� ! ⌫e⌫̄eH for the
Z ! ⌫e⌫̄e decay and between e+e�! ZH and e+e�! e+e�H for the Z ! e+e� decay,
the cross sections of these processes cannot be separated. The breakdowns in Figure 11.2
and Table 11.2 are for illustration only. The e+e� ! ZH cross section shown is from
Figure 11.1(a) only whereas the e+e� ! ⌫e⌫̄eH and e+e� ! e+e�H cross sections
include contributions from their interferences with the e+e�! ZH process.

Figure 11.2: Production cross sections of e
+
e
�

! ZH and e
+
e
�

! (e+
e
�

/⌫⌫̄)H as functions of
p

s for a 125 GeV SM Higgs boson. The vertical dashed line indicates
p

s = 240 GeV, the nominal
energy of the CEPC running as a Higgs factory.

The CEPC as a Higgs factory is designed to deliver a combined integrated luminosity
of 5.6 ab�1 to two detectors in 7 years. Over 10

6 Higgs boson events will be produced
during this period. The large statistics, well-defined event kinematics and clean collision
environment will enable the CEPC to measure the Higgs boson production cross sections
as well as its properties (mass, decay width and branching ratios, etc.) with precision
far beyond those achievable at the LHC. In contrast to hadron collisions, e+e� collisions
are unaffected by underlying events and pile-up effects. Theoretical calculations are less
dependent on higher order QCD radiative corrections. Therefore, more precise tests of
theoretical predictions can be performed at the CEPC. The tagging of e+e�! ZH events
using the recoil mass method (see Section 11.1.2), independent of the Higgs boson decay,
is unique to lepton colliders. It provides a powerful tool to perform model-independent
measurements of the inclusive e+e� ! ZH production cross section, �(ZH), and of
the Higgs boson decay branching ratios. Combinations of these measurements will allow
for the determination of the total Higgs boson decay width and the extraction of the Higgs
boson couplings to fermions and vector bosons.These measurements will provide sensitive
probes to potential new physics beyond the SM.



Higgs Couplings Measurement
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𝜅 Framework
• Model independent implication

• Detector’s benchmark; Constrain to new physics models;

• In CEPC

• We have 𝜎 𝑍𝐻 = 0.5% constrain 𝜎(𝜅𝑧) < 0.25%.

• For Production, ZH & WW fusion process, all contribute to 𝜅𝑍2; 𝜅𝑤2 ;

• For Partial decay, no top quark 𝜅𝑡 like: 𝜅𝑍2, 𝜅𝑊2 , 𝜅𝑏2, 𝜅𝑐2, 𝜅𝑔2, 𝜅𝜏2, 𝜅𝛾2, 𝜅𝜇2, ……

• For Total width Γ𝐻. Γ𝐻 = Γ𝑆𝑀 + Γ𝐵𝑆𝑀.

• If we assume no exotic decay, Γ𝑆𝑀 can be resolved as: all 𝜅 correlated this way;

Γ𝑆𝑀 = 0.2137𝜅𝑊2 +0.02619𝜅𝑍2+0.5824𝜅𝑏2+0.08187𝜅𝑔2+0.002270𝜅𝛾2+0.06294𝜅𝜏2+0.02891𝜅𝑐2

• Z → μμ, H → ττ channel, the signal will be 𝜅𝑍2𝜅𝜏2/Γ𝐻; For 𝜈𝜈𝐻 → 𝑏𝑏, it’s 𝜅𝑊2 𝜅𝑏2/Γ𝐻

18/5/25 Kaili Zhang 16

𝜅 defined as the ratio of the Higgs coupling to SM expects.

ATL-PHYS-PUB-2014-016 

Precision of Higgs couplings measurement compared to HL-LHC

HL-LHC

CEPC
~1% uncertainty

KZ ~ 0.2 %

CEPC: THE PRECISION FRONTIER 9

surements and electroweak observables attainable by the CEPC are summarized below.
The details of the analysis underpinning these projections are presented in Section 11.1

LHC 300/3000 fb-1

CEPC 240 GeV at 5.6 ab-1 wi/wo HL-LHC
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Figure 2.1: (a) Higgs coupling extraction in the -framework. (b) Projection for the precision of the
Z-pole measurements.

The CEPC will operate primarily at a center-of-mass energy of
p

s ⇠ 240 GeV. The
main mode of Higgs boson production is through e+e� ! ZH process, and with an
integrated luminosity of 5.6 ab�1, over one million Higgs bosons will be produced. At
CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through
a technique known as the recoil mass method without tagging its decay products. This
allows Higgs boson production to be disentangled from Higgs boson decay in a model-
independent way. Moreover, the cleaner environment at a lepton collider allows much
better exclusive measurement of Higgs boson decay channels. All of these give CEPC
impressive reach in probing Higgs boson properties. The resulting precision attainable by
CEPC in measurements of Higgs couplings is shown in the left panel of Figure 2.1(a) in
terms of the  framework [4]. The results can be further improved by including additional
measurements. For example, Z and W would be tightly constrained to be very close to
each other by the electroweak precision measurements.

Several aspects of the precision attainable at CEPC stand out. The CEPC will be able
to measure the Higgs coupling to the Z boson with an accuracy of 0.25%1, about a factor
of 10 better than the reach of the High Luminosity upgrade of the LHC (HL-LHC). Such
a precise measurement gives CEPC unprecedented reach into interesting new physics sce-
narios which are very difficult to probe at the LHC. The CEPC also has strong capability in
detecting invisible decays of the Higgs boson. For example, with 5.6 ab�1, it can improve
the accuracy of the measurement of the Higgs boson invisible branching ratio to 0.3%,
also more than 10 times better than the projected precision achievable by the HL-LHC.
In addition, it is expected to have excellent sensitivity to exotic decay channels which are
swamped by backgrounds at the LHC. It is also important to stress that an e+e� Higgs fac-
tory can perform model independent measurement of the Higgs boson width. This unique
feature in turn allows for the determination of the Higgs couplings without assumptions
about Higgs boson decay channels.

1This is the result from a 10-parameter fit. In particular, it includes the Higgs boson width as a free param-
eter. The result shown in Figure 2.1 is from a more constrained 7-parameter fit. See Section 11.1 for a full
set of results and more detailed explanations.



Electroweak observables at CEPC
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In addition: 2-year run at Z-pole and 1-year run at WW threshold

CEPC: THE PRECISION FRONTIER 9

surements and electroweak observables attainable by the CEPC are summarized below.
The details of the analysis underpinning these projections are presented in Section 11.1
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Figure 2.1: (a) Higgs coupling extraction in the -framework. (b) Projection for the precision of the
Z-pole measurements.

The CEPC will operate primarily at a center-of-mass energy of
p

s ⇠ 240 GeV. The
main mode of Higgs boson production is through e+e� ! ZH process, and with an
integrated luminosity of 5.6 ab�1, over one million Higgs bosons will be produced. At
CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through
a technique known as the recoil mass method without tagging its decay products. This
allows Higgs boson production to be disentangled from Higgs boson decay in a model-
independent way. Moreover, the cleaner environment at a lepton collider allows much
better exclusive measurement of Higgs boson decay channels. All of these give CEPC
impressive reach in probing Higgs boson properties. The resulting precision attainable by
CEPC in measurements of Higgs couplings is shown in the left panel of Figure 2.1(a) in
terms of the  framework [4]. The results can be further improved by including additional
measurements. For example, Z and W would be tightly constrained to be very close to
each other by the electroweak precision measurements.

Several aspects of the precision attainable at CEPC stand out. The CEPC will be able
to measure the Higgs coupling to the Z boson with an accuracy of 0.25%1, about a factor
of 10 better than the reach of the High Luminosity upgrade of the LHC (HL-LHC). Such
a precise measurement gives CEPC unprecedented reach into interesting new physics sce-
narios which are very difficult to probe at the LHC. The CEPC also has strong capability in
detecting invisible decays of the Higgs boson. For example, with 5.6 ab�1, it can improve
the accuracy of the measurement of the Higgs boson invisible branching ratio to 0.3%,
also more than 10 times better than the projected precision achievable by the HL-LHC.
In addition, it is expected to have excellent sensitivity to exotic decay channels which are
swamped by backgrounds at the LHC. It is also important to stress that an e+e� Higgs fac-
tory can perform model independent measurement of the Higgs boson width. This unique
feature in turn allows for the determination of the Higgs couplings without assumptions
about Higgs boson decay channels.

1This is the result from a 10-parameter fit. In particular, it includes the Higgs boson width as a free param-
eter. The result shown in Figure 2.1 is from a more constrained 7-parameter fit. See Section 11.1 for a full
set of results and more detailed explanations.



CEPC “optimistic” Schedule

•		CEPC	data-taking	starts	before	the	LHC	program	ends	
•		Possibly	concurrent	with	the	ILC	program

-	Design	issues		
-	R&D	items	
-	preCDR

-	Design,	funding		
-	R&D	program	
-	Intl.	collaboration	
-	Site	study

-	Seek	approval,	site	decision	
-	Construction	during	14th	5-year	plan	
-	Commissioning
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NowCEPC
20

15

20
20

20
25

20
30

20
35

Pre-studies
(2013-2015)

R&D
Engineering Design

(2016-2022)
Data taking
(2030-2040)

Construction
(2022-2030)



International Review of CEPC CDR - Vol.2

�35

Claudia Cecchi, INFN Perugia, Italy 
Mogens Dam, Niels Bohr Institute, Copenhagen, Denmark 
Sasha Glazov, DESY, Hamburg, Germany 
Christophe Grojean, DESY Hamburg and Humboldt U. Berlin, Germany 
Liang Han, University of Science and Technology, China 
Tao Han, University of Pittsburgh, USA 
Bill Murray, Warwick University and RAL, UK 
Maxim Perelstein, Cornell University, USA 
Marcel Stanitzki, DESY, Hamburg, Germany 
Marcel Vos (chair), IFIC UV/CSIC, Valencia, Spain 
Hitoshi Yamamoto, Tohoku University, Sendai, Japan 

International Review Committee (11 members):

Beijing, September 13-15
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Beijing, September 13-15

The review committee congratulates the CEPC study team with the successful 
completion of the conceptual design report (CDR). The document provides a complete, 
and very readable, description of the project. The scientific goals presented in the report 
are well motivated and aligned with the priorities of the international high-energy physics 
community. The report also presents a conceptual design for the CEPC experiments, with 
plausible solutions to address the main challenges. We believe that the studies reported 
in the CDR fully achieved the goals appropriate at this stage of the project, and we 
strongly encourage the CEPC team to proceed with the preparation of the technical 
design report.

Several challenges are identified, where more work is needed towards a technical design 
report. 
。。。。。。。
59 recommendations for TDR follow

。。。。。



Final remarks
 CEPC Detector CDR completion is a major milestone for the CEPC project 
Two significantly different detector concepts are included 

 High-magnetic field (3 Tesla): PFA-oriented — with TPC or full-silicon tracker 
 Low-magnetic field (2 Tesla): with drift chamber and dual readout calorimeter  

Key technologies are under R&D and put to prototyping: 
 Vertex detector, TPC, calorimeters, magnets 

 International colleagues getting more heavily involved (about 300 foreign CDR authors) 
e.g. Drift chamber, dual readout calorimeter, vertex detector and muon chamber 
INFN, SLAC, Iowa State Univ., Belgrade, LLR, IPNL,  Liverpool, Oxford, Barcelona, etc… 

CEPC funding in China adequate for required R&D program 

Seeking international nominations for new Detector Subgroup structure 

 Move into 2 international collaborations as soon as possible �37

From 2018-2022, R&D towards CEPC TDR

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



Concepts parameter 
comparison

�38

DETECTOR CONCEPTS 129

Concept ILD CEPC baseline IDEA

Tracker TPC/Silicon TPC/Silicon Drift Chamber/Silicon
or FST

Solenoid B-Field (T) 3.5 3 2
Solenoid Inner Radius (m) 3.4 3.2 2.1
Solenoid Length (m) 8.0 7.8 6.0
L* (m) 3.5 2.2 2.2
VTX Inner Radius (mm) 16 16 16
Tracker Outer Radius (m) 1.81 1.81 2.05
Calorimeter PFA PFA Dual readout
Calorimeter �I 6.6 5.6 7.5
ECAL Cell Size (mm) 5 10 -
ECAL Time resolution (ps) - 200 -
ECAL X0 24 24 -
HCAL Layer Number 48 40 -
HCAL Absorber Fe Fe -
HCAL �I 5.9 4.9 -
DRCAL Cell Size (mm) - - 6.0
DRCAL Time resolution (ps) - - 100
DRCAL Absorber - - Pb or Cu or Fe
Overall Height (m) 14.0 14.5 11.0
Overall Length (m) 13.2 14.0 13.0

Table 3.4: Comparison of parameters of the ILD detector and the CEPC detector concepts. L* is the
distance between the IP and the final focusing quadrupole magnet.

3 Tesla solenoid that encloses the entire calorimetry system. Two options for its tracking
system are being considered. The default option is a combination of a silicon tracker and
a Time Projection Chamber (TPC). The other one is a full silicon tracker.

An alternative detector concept, IDEA, uses a dual readout calorimeter to achieve the
excellent energy resolution for both the electromagnetic and hadronic showers. Compar-
ing to the baseline detector, IDEA has a lower solenoidal field of 2 Tesla, but compensates
with a large tracking volume. The IDEA is also been proposed as a reference detector for
FCC-ee studies.

The main detector parameters of both concepts are summarized in Table 3.4.

3.3.1 BASELINE DETECTOR CONCEPT

The baseline detector concept is guided by the particle flow principle of measuring final
state particles in the most suited detector subsystem. The Particle Flow Algorithm (PFA)
reconstructs a list of low-level particles (called PFA particles) and associates every detec-



Challenges in vertex detectors
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Vertex detector design 
driven by needs of flavor tagging

•  Extremely accurate/precise
•  Extremely light

Large surfaces: ~ 1 m2

Single point resolution
σ < 3 – 5 μm

Pixel pitch
 ~ 16 – 25 μm

Low material budget
< 0.1 — 0.3%X0 per layer

Low power dissipation
 ≤ 50 mW/cm2

Thin sensors and ASICs
Light-weight support

Power pulsing (LC)
Air cooling

Time stamping
~10 ns (CLIC)

~300 ns — μs (ILC/CC)  
Circular colliders:  continuous operation → more cooling → more material 



Silicon pixel-detector technologies
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Si	technologies	pursued	in	CLIC	R&D	

EP	R&D	kick-off,	November	20,		2017	 15	

Systematics	R&D	studies	have	focused	on	Pixel	implementation,	with	Pixel	sizes	around	25×25	μm2	

Studies	equally	valid	for	the	main	tracker,	even	though	it	will	have	larger	cell	sizes	

Hybrid:	Si	sensor	+	ASIC	(65	nm)	
Bump	bonded,	thin	50+50	μm	
TSMC	process	

Hybrid:	HV	CMOS	active	sensor	+	ASIC	(65	nm)	
Capacitive	coupling	(glue)	
(recently	also	fully	integrated	HV	CMOS)	
AMS	process	

Fully	integrated:	HR	CMOS	
TowerJazz	process	

Fully	integrated:	SOI	
Lapis	process	

MAPS
HV-CMOS
HR-CMOS
Mimosa CPS

CLICpix
HV-CMOS
hybrid

SOI
Silicon
-On
-Insulator



Monolithic Active Pixel Sensor (MAPS) 
Fully Integrated CMOS Technology 

✦ CMOS Image Pixel Sensors —> benefit from 

industrialization 

➡ Commercial process (8” or 12” wafers) 
➡ Multiple vendors  

➡ Potentially cheaper interconnection processes available  

➡ Thin sensor (50-100 um) have less material  

Early Generations 

✦ Charge collection mainly by diffusion 

✦ Timing limited by rolling-shutter readout (μs) 
Recent advances 

✦ Moving towards smaller feature size 

(TowerJazz 180 nm) 
✦ Promising timing performance 

�41

CMOS Image Pixel Sensors
• While 1980s were dominated by CCDs (camcorder market)

• The 1990s/2000s have shown an increasing demand for CMOS 
imaging sensors due to the camera phone market

February 22, 2018 P.Riedler, CERN | PSI Seminar 12

http://www.eetimes.com/document.asp?doc_id=1325655&image_number=1

Detector R&D Silicon pixel detectors

Monolithic Active Pixel Sensor (MAPS)

Fully integrated CMOS technology

Early generations
Charge collection mainly di↵usion, timing
limited by rolling-shutter r/o (µs)

Recent advances

Moving towards smaller feature size
(180 nm, Tower Jazz) and
higher-resistivity substrates
(few kOhm cm) ! HR-CMOS
Promising timing performance

Successfully deployed in HEP, with
increasingly demanding requirements:

Test-beam telescopes
STAR @ RHIC
CBM MVD @ FAIR
ALICE ITS upgrade
Baseline technology for ILD VTX, under
study for CEPC and CLIC

ALICE ITS upgrade

ALICE HR-CMOS investigator

Talk by Magdalena Münker (Thu.)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 37 / 51



ALPIDE CMOS Pixel Sensor
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•  Chip-to-chip	fluctuaMons	negligible	
•  Non-irradiated	and	TID/NIEL	chips	show	similar	performance	
•  ResoluMon	of	about	6µm	at	a	threshold	of	300	electrons	
•  Sufficient	operaMonal	margin	even	a|er	10x	lifeMme	NIEL	dose	
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•  Large	operaMonal	margin	with	only	10	masked	pixels	(0.002%)	
•  Chip-to-chip	fluctuaMons	negligible	 		
•  Non-irradiated	and	NIEL/TID	chips	show	similar	performance	
•  Sufficient	operaMonal	margin	a|er	10x	lifeMme	NIEL	dose	
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VBB=-3V	
NIEL/TID	

DetecMon	Efficiency	and	Fake	Hit	Rate	

ALPIDE

Pixel dimensions 26.9 μm × 29.2 μm 

Spatial resolution ~ 5 μm

Time resolution 5-10 μs

Hit rate ~ 104/mm2/s

Power consumption < ~20-35 mW/cm2

Radiation tolerance 300kRad 
2×1012 1 MeV neq/cm2

Almost OK specifications
Need lower resolution
Higher radiation tolerance
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Extended goals if manpower 
and support available

International 
Collaboration

Liverpool Univ.
Oxford Univ.

Barcelona Univ.
University of Mass

RAL
others…..

X-Y viewer of VXD and SIT

SIT

VXD

L1

L2

L3

Re
qu

ire
s 

st
ud

y/
si

m
ul

at
io

n 
of

 n
ew

 la
yo

ut

Double sided ladder Layers 2 and 3 (22 mm x 125 mm) 
Chip size: 11 mm X 20.8 mm

6 X 2 layer = 12 chips125 mm

Mechanical prototype 
with subset of ladders instrumented/readout

62.5 mm

Double sided ladder Layer 1 (11 mm x 62.5 mm) 
Chip size: 11 mm X 20.8 mm

3 X 2 layer = 6 chips

✦ Design full size CMOS sensor with high resolution and good radiation hardness

Minimal goals:
- 3-layer prototype
- Sensor:

- 1 MRad TID sensor
- 3-5μm SP resolution

Integrated electronics 
readout

Design and produce light 
and rigid support structures
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MATERIAL REDUCTION
• Non conventional use of Carbon Fibre 

Reinforced Plastic (CFRP) materials for Vertex 
Detectors to match the requirement of 
minimum material budget, high rigidity, 
thermal management. 

140 µm

High thermal conductive carbon  layup

Carbon Nanotubes
Allotrope of carbon with a cylindrical nanostructure
Very high Therma Conductivity ( TC=3500 W/mK)

Graphene
One atomic-layer thin film of carbon atoms in honeycomb lattice.
Graphene shows outstanding thermal performance, the intrinsic 
TC of a single layer is 3000-5000 W/mK

ATLAS ITK module support 
structure  with copper-Kapton co-
cured tape and embedded CO2 
cooling (1.4 m Long)

29

Mu3e

• 50 μm DMAPS
• 25 μm Kapton 

Flexprint
• 50 μm Kapton support 

frame
• < 1‰ Radiation length

Daniela Bortoletto, ICHEP 2018
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Figure 4.25: The amount of material of the full tracker with the FST option highlighting contributions
from the VXD and SOT in the barrel, and the EIT and EOT in the endcap.

v =
y

x2+y2 , where x and y are hit coordinates in the transverse plane, a track in a uniform
magnetic field becomes a straight line in the (u, v) conformal space. Thus the track finding
is reduced to the search of straight lines, significantly simplifying the pattern recognition.
Currently, a cellular automaton is used as pattern recognition for the straight line search-
ing.

4.3.2.2 FST2 TRACKER

For the FST2 option, event simulation and reconstruction were performed using the soft-
ware developed for the ILC [48, 50]. Tracks were reconstructed with the LCSIM 4.0
package [49] using the “seed tracker” algorithm developed for the SiD detector simula-
tion. Track candidates with at least six hits in the pixel and strip layers were considered.
Only tracks with pT greater than 100 MeV were accepted. The particle-flow algorithms
implemented in the PANDORA package [51, 52] were used to reconstruct PFA objects.

4.3.3 TRACKING PERFORMANCE

Expected resolutions: The semi-analytical program IdRes [53], developed by the AT-
LAS collaboration, was used to calculate the expected tracking resolution as a function of
the track momentum for a given incident angle ✓, taking into account the effect of multiple
scatterings. The results were cross checked using the LDT program [54] and consistent
results were obtained from the two programs. Figure 4.26 shows the expected resolutions
for the transverse momentum, transverse and longitudinal impact parameters (d0 and z0)
as functions of track pT for two incident angles of ✓ = 20

� and ✓ = 80
�, comparing the
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Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout

Talk by Huirong Qi (Thu.)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 40 / 51
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Critical technology challenges of TPC detector1

It will be challenging to design and manufacture the support structure with a relatively2

light material, and at the same time very rigid. It is required to maintain accuracy, ro-3

bustness in all directions, and stability over long time periods. As the field cage is not4

strong enough due to the limited material budget, the end-plates become the only choice,5

where the support structure connects to. In the current stage of design, the TPC end-plate6

support scheme has not yet been finalized. A promising solution is to suspend it from the7

solenoid, in which a number of spokes run radically along the faces of the calorimeter to8

the TPC end-plates.9

Figure 4.13: Ion backflow effects on the TPC tracking within the CEPC beam conditions. Left:
Diagram of the distortion effects on TPC tracks caused by the ion backflow disks. The electrons from
gas ionization originated by a track crossing the TPC (green line), in the absence of ion backflow,
would drift directly towards the end planes following the red dotted lines. The ion disk clouds cause
distortions in their path (blue lines) degrading the track measurement. (The lower part of the diagram
shows the operation in case of the usage of a gating grid, a solution adopted for ILC but that is not
applicable to the CEPC due to the short bunch space.) Right: The profile of the ions disks under the
beam structure of a high-luminosity circular machine such as the CEPC.

Ions in the drift volume of the TPC move towards the cathode at a much lower velocity10

than electrons, and they can accumulate in this volume to build up a significant space11

charge in the form of ‘ion discs’ that distort the trajectory of electrons moving towards the12

anodes.2 In the CEPC TPC, the majority of ions inside the drift volume are created in the13

amplification region and backflow to the drift region. It is therefore important to suppress14

this ion backflow in order to minimize the deteriorating influence on spatial resolution.15

Figure 4.13 shows a diagram of the distortion due to ion backflow and ion disks in16

CEPC. An often used method of backflow suppression is a so-called gating grid;3 however,17

it is not applicable here because the bunch spacing of 25 – 680 ns is short compared with18

2With the electron drift velocity of 5 cm/ µs, it takes ⇠ 40 µs for all the electrons to drift 2 m to reach the
end-plate. On the other hand, ions drift with a velocity of only 5 m/s. This leads to ions from hundreds of
thousands of events overlapping in the TPC volume.
3Early TPCs were equipped with multi-wire proportional chambers (MPWCs) as gas amplification devices.
The IBF ratio in a standard MWPC is 30–40%, so a gating grid is essential to prevent ions from reaching
the drift volume. In the presence of a trigger, the gating grid switches to the open state to allow ionization
electrons to travel into the gas amplification region. After a maximum drift time of about 100 µs the gating
grid is closed to prevent positive ions from drifting back into the drift volume. Since it must remain closed
until the ions have been collected on the grid wires, the ionization electrons are also blocked during this
time and dead time is consequently generated.

Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout
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Figure 4.24: The expected numbers of hits as functions of the cosine of the track polar angle.

FST FST2

VXD R (m) ±z (m) R (m) ±z (m)

Layer 1 0.016 0.078 0.022 0.091
Layer 2 0.025 0.125 0.038 0.091
Layer 3 0.037 0.150 0.058 0.091
Layer 4 0.038 0.150 0.079 0.091
Layer 5 0.058 0.175 0.100 0.091
Layer 6 0.059 0.175

EIT Rin (m) Rout (m) ±z (m) Rin (m) Rout (m) ±z (m)

Disk 1 0.030 0.151 0.221 0.014 0.076 0.129
Disk 2 0.051 0.151 0.368 0.016 0.077 0.162
Disk 3 0.018 0.079 0.212
Disk 4 0.020 0.082 0.306
Disk 5 0.097 0.167 0.308
Disk 6 0.121 0.167 0.792
Disk 7 0.142 0.167 1.207

Table 4.7: Geometric parameters of the silicon pixel detectors of the FST and FST2. The vertex
detector has six layers for the FST option and five layers for the FST2 option. The EIT has two disks
in the FST case, and seven disks in the FST2 case.

FULL SILICON TRACKER 173

FST FST2

SOT R (m) ±z (m) Type R (m) ±z (m) Type

Layer 1 0.153 0.368 D 0.344 0.793 S
Layer 2 0.321 0.644 D 0.718 1.029 S
Layer 3 0.603 0.920 D 1.082 1.391 S
Layer 4 1.000 1.380 D 1.446 1.746 S
Layer 5 1.410 1.840 D 1.820 2.107 S
Layer 6 1.811 2.300 D

EOT Rin (m) Rout (m) ±z (m) Type Rin (m) Rout (m) ±z (m) Type

Disk 1 0.082 0.321 0.644 D 0.207 0.744 1.034 D
Disk 2 0.117 0.610 0.920 D 0.207 1.111 1.424 D
Disk 3 0.176 1.000 1.380 D 0.207 1.477 1.779 D
Disk 4 0.234 1.410 1.840 D 0.207 1.852 2.140 D
Disk 5 0.293 1.811 2.300 D

Table 4.8: Geometric parameters of the silicon strip detectors of the FST and FST2. Types S and D
stand for single- and double-strip layer, respectively. The FST design has six double-strip layers for
the SOT and five double-strip disks for the EOT, whereas the FST2 design has five single-strip layers
for the SOT and four double-strip disks for the EOT.

4.3.2 DETECTOR SIMULATION AND RECONSTRUCTION

To optimize the detector design, benchmark processes of e+e� ! ZH ! ⌫⌫̄µ+µ� and
e+e� ! ZH ! ⌫⌫̄gg (two gluon jets) as well as single muon events were generated.
These events were simulated with different tracking geometries and reconstructed accord-
ingly. They were then used for the tracking performance studies.

4.3.2.1 FST TRACKER

The performance of the FST tracker was studied using the same Mokka simulation tool as
for the study of the CEPC baseline detector by substituting the baseline tracker with the
FST tracker while keeping all other detector elements unchanged. In the simulation, the
silicon tracker was represented by planar structures with each plane consisting of a silicon
layer of 150 µm thick with a pitch size of 50 µm. Each layer was composed of several
ladders which were further divided into multiple sensors. The stereo angles are 7

� for the
SOT layers and 5

� for the EOT layers.
The amount of material of the whole tracker is about 5% in the barrel and about 8% in

the endcap as shown in Figure 4.25, including breakdowns from individual components of
the tracker. The zigzag structures in the endcap are caused by the alternation and overlap
of layers.

A conformal tracking algorithm developed for CLIC [49] has been adapted for the pat-
tern recognition of the FST. Through the conformal transformation of u =

x

x2+y2 and
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Comparison with CEPC TPC Baseline Tracker
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Figure 4.29: Comparison of the dimuon mass distributions from the ZH ! ⌫⌫̄µ
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Figure 4.30: The tracking efficiencies for the stable charged particles inside the gluon jets from the
ZH ! ⌫⌫̄gg events as functions of track pT for the CEPC baseline and the FST. The loss of efficiency
for track momentum around 10 GeV is under investigation.

deform under the gas pressure without affecting the wire tension, enclose the gas volume.
The angular coverage, for infinite momentum tracks originated at the interaction point and
efficiently reconstructed in space, extends down to approximately 13

�. In order to facili-
tate track finding, the sense wires are read out from both ends to allow for charge division
and time propagation difference measurements. The chamber is operated with a very light
gas mixture, 90%He-10%iC4H10, corresponding to about 400 ns maximum drift time for
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Detector R&D Calorimetry

Calorimetry: Active layer technology: Examples

Silicon PIN diodes (1⇥ 1 cm2 in 6⇥ 6 matrices) Scintillator tiles/strips (here 3⇥ 3 cm2) + SiPMs

Resistive place chambers (1⇥ 1 cm2 signal pads)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 43 / 51
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Detector R&D Calorimetry

CALICE test beam experiment: Examples

Test beam experiments in 2006–2015 at DESY, CERN, FNAL
First physics prototypes of up to ⇠1m3, ⇠2m3 including Tail Catcher Muon Tracker

AHCAL/Si-ECAL: ⇠ 10 000 readout channels DHCAL: ⇠ 500 000 readout channels

Detector challenges:
Compact design of calorimeters
Calibration of all channels

Fe-AHCAL

TCMT &

Si-W-ECAL

TCMT W-DHCAL CERN

 �
beam

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 44 / 51
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Based on the DREAM/RD52 collaboration 

106 CALORIMETRY

Figure 6.63: The energy resolution for electrons in the copper-fibre module (left) and in the lead-fibre
module (right), as a function of the beam energy. Shown are the results for the two types of fibres, and
for the combined signals. The angle of incidence of the beam particles (✓, �) was (1.5�

, 1.0�). The
size of the beam spot was 10⇥ 10 mm

2.

Figure 6.64: Signal distributions for 20 GeV ⇡
� particles. Shown are the measured Čerenkov (a) and

scintillation (b) signal distributions as well as the signal distribution obtained by combining the two
signals according to Equation 4, with � = 0.45 (c).

In Figure 6.63, the electromagnetic resolution is shown for the 2 matrices.

6.4.4.2 Hadronic Performance

The RD52 lead matrix response was studied with pion and proton beams [36]. High-
multiplicity events ("jets") were also generated by means of a target. The energy was
reconstructed with the dual-readout relation (Eq. 4), that restores a gaussian behaviour
and linearity of the response (Figure 6.64 and Figure 6.65).

The comparison of p and ⇡ signals at 80 GeV is shown in Figure 6.66, confirming
that the method largely compensates for the differences in shower composition.

The limited lateral size of the matrix (about 1 �) allows to collect, in average, ⇠ 90%

of the shower energy so that leakage fluctuations dominate the resolution capability. Leak-
age counters were used to select events about fully contained (that of course, tend to have
a higher fem). The resolution improves by a factor of almost 2 in this case (Figure 6.67).
A second effect affecting resolution is the light attenuation in the fibres, that causes early

Energy resolution for electrons 

Expected resolution:
EM: ~10%/sqrt(E)

Hadronic: 30-40%/sqrt(E)
Dual readout (DR) calorimeter measures both:
- Electromagnetic component
- Non-electromagnetic component

�2FCC Week - Amsterdam, 10 April 2018

Hadron showers development

The hadronic showers are made of two components:
Electromagnetic component:  

from neutral meson (π0, η) decays 
Non electromagnetic component:  

charge hadrons π±, K± (20%)
nuclear fragments, p (25%)
n, soft γ’s (15%)
break-up of nuclei (invisible energy) (40%)[a
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The main fluctuations in the event-to-event calorimeter response are due to:
Large non-gaussian fluctuations in energy sharing em/non-em
Large, non-gaussian fluctuations in “invisible” energy losses
Increase of em component with energy

References: 
NIM A 537 (2004)

The calorimetric performance at collider experiments has always been spoiled by the 
 problem of non-compensation, arising from the dual nature of hadronic showers

The Dual-Readout calorimetry aims at solving this problem by measuring, event 
by event, the relative fraction of the em and non-em components

Fluctuations in event-by-event calorimeter 
response affect the energy resolution

Measure simultaneously: 
Cherenkov light (sensitive to relativistic particles)
Scintillator light (sensitive to total deposited energy)

Several prototypes from RD52
have been built
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6.5.2 HTS SOLENOID FOR IDEA DETECTOR

A High Temperature Superconductor (HTS) solenoid is being studied for the IDEA de-
tector. The HTS solenoid is designed to use Yttrium Barium Copper Oxide, YBa2Cu3O7

(YBCO) stacked-tape cable as the conductor. The radiation length of single YBCO tape
coated with 10 µm copper is about 0.004 X0. Each tape carries 700 A at 20 K. The 35
YBCO tapes stacked together allow 24.5 kA. These tapes are embedded in 5 mm pure
aluminum. The radiation length of this YBCO stacked-tape cable is estimated to be 0.2
X0. The radiation length of HTS coil will be less than half of the current "thin" Low
Temperature Superconductor (LTS) coil design. If the operation temperature of the cold
mass is raised to 20 K, the heat conductivity parameters of all components are improved.
In addition, the electricity consumption of cooling station is much lower than that at 4.2
K. Therefore, the YBCO stacked-tape cable and the cryogenics are brought into R&D.

6.5.3 DUAL SOLENOID DESIGN

The dual solenoid design is presented for a conceptual option for CEPC detector magnet,
which contains two series connected superconducting solenoids carrying the current in
opposite directions, based on FCC twin solenoid [7]. The main solenoid provides central
field within the room temperature bore. The outer solenoid provides the stray field shield-
ing and a magnetic field between the two solenoids to facilitate muon tracking. The main
advantage of this dual solenoid is that the system becomes comparatively light-weight and
cost saving without iron yoke. The sketch is shown in Figure 6.8.

Figure 6.8: Sketch of dual solenoid design. The main solenoid provides central field within the room
temperature bore. The outer solenoid provides the stray field shielding and a magnetic field between
the two solenoids to facilitate muon tracking. The inner diameter of the main solenoid is 7.2 m. The
inner diameter of the outer solenoid is 11.2 m.

6.5.4 SUPERCONDUCTING CONDUCTOR

The coil is simulated with an elasto-plastic 2D FEA model. Mechanical analysis requires
the experimental material properties of all conductor components. We have developed a
10 m long NbTi Rutherford cable embedded inside stabilizer which provides Ic 5 kA at
4 T background magnetic field. Meanwhile we measured the material properties and the

Superconductor solenoid development

�52

Updated design done for 3 Tesla field 
Default: Iron Yoke

Dual Solenoid Scenario
Lighter and more compact
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6.3.3 QUENCH PROTECTION AND INSTRUMENTATION

Selected voltage signals from the CEPC detector magnet coil and current leads are moni-
tored by an FPGA board for quench detection. If a quench happens, the power supply will
be switched off and a dump resistor will be switched into the electrical circuit, the huge
stored energy will be extracted mainly by the dump resistor and partially by the coil itself.

6.4 IRON YOKE DESIGN

The iron yoke serves as the magnetic flux return and the main mechanical structure of
the sub-detectors. Therefore high permeability material with high mechanical strength
is required for the yoke material. The gaps between yokes provide room for the muon
detector, data cables, cooling pipes, gas pipes and etc. through the yoke. The yoke is
divided into two main components, one cylindrical barrel yoke and two endcap yokes. The
total weight of the yoke assembly is about 10,000 tons. We are studying the possibility of
reducing the yoke weight due to cost concerns.

The barrel yoke is a dodecagonal shape structure with a length of 8,206 mm (Fig-
ure 6.6). The outer diameter of the dodecagon and the inner diameter are 14,480 mm and
8,800 mm respectively. The barrel yoke is subdivided along the beam axis into 3 rings,
with 11 radial layers in each ring. Each ring of the barrel yoke is composed of 12 az-
imuthal segments. 40 mm gap is designed between the rings and the layers for placing
the muon detector and the electronics cables and services. From the inner to the outer, the
layer thicknesses are 80 mm, 80 mm, 120 mm, 120 mm, 160 mm, 160 mm, 200 mm, 200
mm, 240 mm, 540 mm, 540 mm, respectively.

Figure 6.6: Barrel yoke of CEPC detector magnet. The barrel yoke is a dodecagonal shape structure
with a length of 8,206 mm. The outer diameter of the dodecagon and the inner diameter are 14,480
mm and 8,800 mm respectively. The barrel yoke is subdivided along the beam axis into 3 rings, with
11 radial layers in each ring. Each ring of the barrel yoke is composed of 12 azimuthal segments. 40
mm gap is designed between the rings and the layers for placing the muon detector and the electronics
cables and services. From the inner to the outer, the layer thicknesses are 80 mm, 80 mm, 120 mm,
120 mm, 160 mm, 160 mm, 200 mm, 200 mm, 240 mm, 540 mm, 540 mm, respectively.
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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.

Figure 6.2: Field map of magnet in 2D FEA model. The magnetic field at IP is 3.0 T. The maximum
field on superconducting cable is 3.5 T. The color scale is in Tesla.

6.2 SUPERCONDUCTING COIL SYSTEM

The CEPC solenoid conductor baseline design is the box configuration, based on the self-
supporting conductor design of the CMS detector magnet, composed of NbTi Rutherford
cable, pure aluminum stabilizer and aluminum alloy reinforcement.

The CMS conductor is fabricated by ebeam welding aluminum alloy to the coex-
truded high purity Al/superconducting cable insert, whereas the CEPC conductor is fab-
ricated by coextrusion of all components. The configuration is shown in Figure 6.4. The
Rutherford cable contains 32 NbTi strands. All magnet finite element analysis has been
with this conductor with overall dimensions of 22 mm ⇥ 56 mm.

The coil is wound by inner winding technique on the support aluminum-alloy cylin-
der, as an external supporting mandrel. The support cylinder also takes away the heat
energy induced by quench. The superconducting coil in the cryostat requires cooling at
liquid helium temperature. The total weight of cold mass is about 120t. The energy over
mass density is about 10.8kJ/kg. The cold mass will be indirectly cooled by a network of
LHe tubes. These tubes are welded to the support cylinder. The indirect cooling method is
designed in a thermosiphon process. The siphon cooling circulation loop operates under
a suitable filling amount 50% to 85% with high efficient heat transfer properties. In addi-
tion, it is optimized to minimize the temperature difference throughout the whole magnet.
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In the GEM-MM detector, the situation is different. There are two amplification stages1

inside the detector. The primary ionization created by photon absorption can be in the2

drift region or in the transfer region (Figure 4.16). Photoelectrons starting from the drift3

region get amplified by both the GEM detector and the MicroMegas detector before they4

are collected in the anode. If the photons are absorbed in the transfer region, the primary5

electrons will be amplified only once (by the MicroMegas).6

Figure 4.16 depicts a typical 55Fe pulse height spectrum obtained by the GEM-MM7

detector. Four peaks are seen in the pulse height spectrum. From left, the first peak and the8

second peak are the escape peak and the full energy peak of the stand alone MicroMegas.9

The last two peaks are created by photons with their energy deposited in the drift region.10

These primary electrons show combination amplification. The pre-amplification effect of11

GEM foil has been thus demonstrated in this energy spectrum measurement. The effective12

gain of the GEM can be measured even when it is relatively low. The energy resolution13

of the GEM-MM detector is measured to be 27% (FWHM). The gain properties of the14

device were also measured. A gain up to about 5000 can be achieved without any apparent15

discharge behavior. Finally, the IBF was measured to be reduced to ⇠ 0.1% at this gain.16

Figure 4.17: IBF Result of the GEM-MM module operating in two different gas mixtures: T2K gas
and Ar/iC4H10. The nominal gain of 5000 is reached at different GEM operating voltage for the two
gas mixtures. At that nominal gain, the Gain⇥IBF is about 5 for T2K gas, and about 7 for Ar/iC4H10

gas. Thus the T2K gas mixture has lower ion backflow for the same operational gain.

Different operational parameters are being investigated, including different gas mix-17

tures, with the goal of optimizing the TPC functionality. The gas Gain ⇥ IBF for the T2K18

and Ar/iC4H10 (95/5) gas mixtures are shown in Figure 4.17. The T2K gas reaches the19

nominal gain of 5000 at a lower GEM amplification voltage, corresponding also to a lower20

Gain ⇥ IBF value, when compared with the Ar/iC4H10 gas mixture. Thus, T2K results in21

lower ion backflow and it is therefore considered the baseline gas for the hybrid module.22

Space charge effects could disturb the IBF measurement and result in reduced IBF23

measured values. To quantify these one can study the IBF value as a function of the space-24

charge density by varying the X-ray’s voltage and current as shown in Figure 4.18. The25

IBF results reported here were obtained in the green rectangle area. There is no obvious26

Ion backflow

160 TRACKING SYSTEM

discharge or spark, and there is no large number of electrons to lead the high space charge1

to reduce the value of IBF. We conclude the measurements should not be affected by this2

issue.3

Figure 4.18: Comparison of the IBF with the different X-ray’s voltage and current. The test results of
the GEM-MM detector prototype appear in the green area where there is no space charge effect.

(a) (b)

Figure 4.19: (a) Schematic diagram of the detector module with the 266 nm laser system. The red
lines show the split laser beam injection into drift chamber; There are several laser beam planes (b),
each composed of 6 downward beams, and 6 upwards beams. Several single horizontal laser beams
also transverse the chamber.

Laser calibration and alignment system4

A laser calibration system with narrow laser beams inside the drift volume to simulate5

Laser calibration system
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Figure 4.15: Left: Schematic diagram of the GEM-MM hybrid detector module. The device has
a GEM with 4 mm drift region, followed by a 1.4 mm transfer region and a MicroMegas with an
avalanche region of 0.128 mm. Right: Photo of the detector prototype with 100 cm2 active area de-
signed based on this concept.

Figure 4.16: Energy spectrum of the 55Fe radioactive source in Ar/CO2 (90/10) as measured by the
GEM-MM hybrid module. The green curve is the whole energy spectrum from the module. The last
two peaks correspond to the GEM and MicroMegas amplification in tandem. The first two peaks are
from MicroMegas amplification only.)

Readout module (GEM+MM) 

TPC readout with micro-pattern gaseous detectors (MPGDs) 

IBF: Ion Back Flow reduced to ~0.1%

Indication that TPC operation would be feasible at high-luminosity Z factory

Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout

Talk by Huirong Qi (Thu.)
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Beam-induced backgrounds
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Experimental conditions

Beam-induced backgrounds

Linear collider: Achieve high luminosities by using extremly small beam sizes
! 3TeV CLIC: Bunch size: sx;y;z = {40 nm; 1 nm; 44 µm} ! beam-beam interactions

gg ! hadrons

Main backgrounds (pT > 20MeV, q > 7.3�)

Incoherent e+e� pairs:

19k particles / bunch train at 3TeV
High occupancies
! Impact on detector granularity

gg ! hadrons

17k particles / bunch train at 3TeV
Main background in calorimeters
and trackers
! Impact on detector

granularity and physics

————————————————————————————————–

Circular colliders: Same processes + synchroton radiation
Background yields depend strongly on beam energy ! currently under study

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 10 / 51

Linear collider: Achieve high luminosities by using extremely small beam sizes
 
3 TeV CLIC: Bunch size: σx:y:z = {40 nm; 1 nm; 44 μm} → beam-beam interactions 

Main Backgrounds (pT > 20 MeV, θ > 7.3o)

Incoherent e+e- pairs:
• 19k particles/bunch train at 3 TeV
• High occupancies
→ Impact on detector granularity

γγ → hadrons:
• 17k particles/bunch train at 3 TeV
• Main background in calorimeters and trackers
→ Impact on detector granularity and physics

Circular collider: same processes but to much low extent, plus synchrotron radiation



Synchrotron radiation in circular colliders (2)

�55

Property FCC-ee (100 km) CEPC (100 km)

Beam energy (GeV) 45.6 80 120 175 45.6 80 120

Energy loss/turn (GeV) 0.03 0.33 1.67 7.55 0.036 0.34 1.73

∼
E4

beam

M4 × r

Synchrotron radiation:

2.75 GeV/turn lost at LEP at 
E = 105 GeV 

(0.09 GeV/turn at E = 45 GeV)



High luminosities in circular colliders
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Property FCC-ee (100 km) CEPC (100 km)

Beam energy (GeV) 45.6 80 120 175 45.6 80 120

Luminosity/IP (1034cm-2s-1) 230 28 8.5 1.5 32 10 3

Bunches/beam 16640 2000 393 48 12000 1524 242

Bunch separation (ns) 20 160 830 8300 25 260 680

Experimental conditions

High luminosities in circular colliders

Property

Unit

FCC-ee (100 km)

CEPC (54km)

Beam
energy

GeV
45.6

80
120

175

120

Luminosity/IP

10 34
cm �2

s �1

90
19

5.1
1.3

2.0

Bunches / beam

91500
5260

780
81

50

Bunch separation

ns
2.5

50
400

4000

-

Luminosities of up to ⇠
10 36

cm �2
s �1

Large number of bunches

Consequences for detector design

Crossing angle of qc =
30mrad †

to

avoid parasitic collisions

Bunch separation impacts on detector

designNo power pulsing of detectors

FCC-ee beam
pipe proposal

†
CLIC: qc =

20mrad

Vertex det. &
Beam

pipes &

Eva Sicking
(CERN)

Detector challenges for high-energy e +
e�

colliders

May 22, 2017

12 / 51

Luminosity up to ~ 1036 cm-2s-1 

Large number of bunches

Crossing angle of θc ~ 30 mrad
to avoid parasitic collisions

FCC-ee

Consequences for detector design
Crossing angle at IP

Bunch separation impacts overall designs
No power pulsing of detectors



Machine-detector interface (MDI) in circular colliders

�57

High luminosities Final focusing quadrupole (QD0) needs to be very close to IP 
L* = 2.2 m at FCC-ee and CEPC

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

Solenoid magnetic 
field limited:

2-3 Tesla
due to beam emittance 

blow up



Synchroton radiation in circular colliders: Shielding
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Experimental conditions

Synchrotron radiation in circular colliders: Shielding

Close to the detector region, additional shielding to prevent synchrotron
radiation/secondary radiation to enter the detector

Cooling of beam pipe needed ! increased material budget at the IP

Z
o
o
m

2
0
ti
m
es

st
ro
n
g
er

Central detector
Luminometer
QD0
HOM absorber
Pumps
SR shielding

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 15 / 51

Shielding added to prevent synchrotron radiation/secondary radiation to enter the detector 

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

FCC-ee



Higgs Couplings Measurement
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𝜅 Framework
• Model independent implication

• Detector’s benchmark; Constrain to new physics models;

• In CEPC

• We have 𝜎 𝑍𝐻 = 0.5% constrain 𝜎(𝜅𝑧) < 0.25%.

• For Production, ZH & WW fusion process, all contribute to 𝜅𝑍2; 𝜅𝑤2 ;

• For Partial decay, no top quark 𝜅𝑡 like: 𝜅𝑍2, 𝜅𝑊2 , 𝜅𝑏2, 𝜅𝑐2, 𝜅𝑔2, 𝜅𝜏2, 𝜅𝛾2, 𝜅𝜇2, ……

• For Total width Γ𝐻. Γ𝐻 = Γ𝑆𝑀 + Γ𝐵𝑆𝑀.

• If we assume no exotic decay, Γ𝑆𝑀 can be resolved as: all 𝜅 correlated this way;

Γ𝑆𝑀 = 0.2137𝜅𝑊2 +0.02619𝜅𝑍2+0.5824𝜅𝑏2+0.08187𝜅𝑔2+0.002270𝜅𝛾2+0.06294𝜅𝜏2+0.02891𝜅𝑐2

• Z → μμ, H → ττ channel, the signal will be 𝜅𝑍2𝜅𝜏2/Γ𝐻; For 𝜈𝜈𝐻 → 𝑏𝑏, it’s 𝜅𝑊2 𝜅𝑏2/Γ𝐻

18/5/25 Kaili Zhang 16

𝜅 defined as the ratio of the Higgs coupling to SM expects.

ATL-PHYS-PUB-2014-016 

Precision of Higgs couplings measurement compared to ILC

ILC
CEPC

~1% uncertainty

KZ ~ 0.2 %

Compared to ILC(1710.07621)

18/5/25 Kaili Zhang 19

ILC used more aggressive 𝜅𝛾 , by ratio ൗ𝐵𝑟𝑍𝑍
𝐵𝑟𝛾𝛾 = 2%



Many BSM models impact Higgs couplings at percentage level
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Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the

25

LHC not likely to be sensitive to these models even with full HL-LHC dataset
arXiv: 1710.07621

CEPC will be sensitive to these



BSM Physics through Exotic Higgs Decays
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Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12

Z. Liu, H. Zhang, LT Wang, 1612.09284

Chinese Physics C Vol. 41, No. 6 (2017) 063102

sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2

e+e- collider better than HL-LHC for 
MET+hadronic activity final states

General search for BSM



Electroweak observables at CEPC
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Expect to have >1011 Z boson for electroweak precision physics 

W AND Z BOSON PHYSICS 345

LEP experiments for various measurements. Details about the estimation of these uncer-
tainties are described in the following.

Observable LEP precision CEPC precision CEPC runs CEPC
R

Ldt

mZ 2.1 MeV 0.5 MeV Z pole 8 ab�1

�Z 2.3 MeV 0.5 MeV Z pole 8 ab�1

A0,b

FB
0.0016 0.0001 Z pole 8 ab�1

A0,µ

FB
0.0013 0.00005 Z pole 8 ab�1

A0,e

FB
0.0025 0.00008 Z pole 8 ab�1

sin
2 ✓e↵

W
0.00016 0.00001 Z pole 8 ab�1

R0
b

0.00066 0.00004 Z pole 8 ab�1

R0
µ

0.025 0.002 Z pole 8 ab�1

mW 33 MeV 1 MeV WW threshold 2.6 ab�1

mW 33 MeV 2–3 MeV ZH run 5.6 ab�1

N⌫ 1.7% 0.05% ZH run 5.6 ab�1

Table 11.9: The expected precision in a selected set of EW precision measurements at the CEPC and
the comparison with the precision from the LEP experiments. The CEPC accelerator running mode
and total integrated luminosity expected for each measurement are also listed. Relative uncertainties
are quoted for N⌫ measurements.

11.2.1 Z POLE MEASUREMENTS

The CEPC offers the possibility of dedicated low-energy runs at the Z pole for at least two
years with a high instantaneous luminosity (1.6⇥10

35 cm�2s�1). The expected integrated
luminosity for the CEPC Z pole runs is more than 8 ab�1, corresponding to 10

11–10
12 Z

bosons. These runs allow for high precision electroweak measurements of the Z boson
properties, such as mass, total width and partial widths, and the parameters like the ratios
Rb = �Z!bb̄/�had and R` = �had/�Z!`¯̀.6 It would also perform high precision measure-
ments of the forward-backward charge asymmetry (AFB) and polarization asymmetries,
which allow the determination of the effective weak mixing angle (sin2 ✓e↵

W
). Another im-

portant quantity, which can be determined from the hadronic cross section measurement
at the Z peak, is the number of light neutrino species (N⌫). It is also possible to perform
some measurements with the Z boson without these dedicated low-energy runs near or at
the Z pole. For example, the direct measurement of the number of light neutrino species
can also be performed in ZH run at 240 GeV.

11.2.1.1 Z BOSON MASS AND WIDTH MEASUREMENTS

The mass mZ , together with its total width �Z , is a fundamental parameter in the SM and
was determined with an overall uncertainty of 2 MeV by the four LEP experiments [109–
112]. The lineshape scan around the Z boson peak was performed from 87.9 GeV to 94.3

6Here R` is defined as the ratio to any one charged lepton flavor, assuming lepton universality, not the ratio
to the sum of all lepton flavors.
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Multiple funding sources

Ministery of Sciences and Technology (MOST)
National Science Foundation of China

- Major project funds
- Individual funds

Industry cooperation funds
IHEP Seed Funding
Others

Detector Funding (M RMB)
Silicon 18.2

TPC 7.0
Calorimeter 21.3

Magnet 8.7
Total 55.2

{
Currently secured funding



Cost of project
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Figure 12.1: Relative cost of the CEPC project constituents. 

 
 

 
Figure 12.2: Cost breakdown of the CEPC major accelerator components. 
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Figure 12.1: Relative cost of the CEPC project constituents. 

 
 

 
Figure 12.2: Cost breakdown of the CEPC major accelerator components. 

Cost of detectors not evaluated in detail and not part of the Conceptual Design Report
Careful costing estimates will be done moving forward towards the TDR

General evaluation of the relative cost of the project provided in the accelerator CDR



Cross sections: pp versus e+e-
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Cross Sections and Initial S/B’s 
 cross sectionse e+ −

1010S B −� 310S B −�

(fb)(nb)

In pp collisions
interesting events 

need to be extracted
from underneath a huge
number of background

events

S/B ~ 10-10

S/B ~ 10-3

In ee collisions



Generic detector requirements for high-energy e+e- colliders
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Precision measurements
Require excellent momentum resolution and flavor tagging

Low-mass vertex and tracking detectors, high granularity
Require excellent energy resolution

Employ excellent calorimeters (particle flow, dual readout)

Subsystem Measurement

Vertex detector
vertex position

impact parameter → helps determine flavor
track momenta of charged particles

Tracking detector track momenta of charged particles
ECAL: electromagnetic calorimeter energy of γ, e± and hadrons 

HCAL: hadronic calorimeter energy of hadrons (including neutrals)
Magnet system bend charged particles → momentum measurement
Muon system identify muons

Hermicity missing energy (e.g. ν )
Luminosity detectors luminosity

Complementary subsystems

No major concerns about radiation hardness,
unless for very forward detectors and 
inner most layer of vertex detector


