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Why a physics requirements workshop?

• Current physics requirements on detectors for e+e- Circular Colliders mostly 
inherited from Linear Collider studies 

• There have been some discussions/thoughts about them, but no systematic re-analysis of 
their validity 

• Conditions are similar but not exactly the same (energy, backgrounds, …)
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CEPC/FCC-ee



Why a physics requirements workshop?

• Current physics requirements on detectors for e+e- Circular Colliders mostly 
inherited from Linear Collider studies 

• There have been some discussions/thoughts about them, but no systematic re-analysis of 
their validity 

• Idea:  
• Bring together principals from the Linear Collider community, theorists and 

experimentalists from CEPC/FCC-ee to discuss how we got here, and what needs to be re-
evaluated and re-considered. 

• Explore new ideas and consequent detector requirements that were not considered 
before
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Workshop intended to be a kick-off of this work



Agenda

5http://iasprogram.ust.hk/hep/2020/workshop_experiment.php
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Photon benchmark: good angle separation
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Flavor, radiative return and detector forward region
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W Mass determination from WW Scan
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W Mass from Threshold Scan

Similar to LEP technique
Use 3 √s points: 157.5, 161.5 and 162.5 GeV

L =  2.6 ab-1 → ΔMW ~ 1 MeV

Beam energy spread: <0.1%
ECM uncertainty: <0.5 MeV 

Δσ=0.1% ⟶ ΔMW =1.5 MeV 

Experimentally: Δσ = 0.02 % 

Theoretical goal: prediction Δσ = 0.01 % 

Will require the full NNLO-EW calculation 
(2→4 process!) with 3-loop contributions

Considerable theory work required to match 
experimental uncertainties
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TDR 
ILC at 500 GeV

ILC at 250 GeV 
milder 

conditions
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CEPC
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CLIC Detector: Design for physics up to 3 TeV

18



Momentum resolution
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J. Brau  - Hong Kong Univ. S&T - 16 January 2020ILC Detector Requirements

Tracking Performance

28

arXiv:1306.6329

SiD

J. Brau  - Hong Kong Univ. S&T - 16 January 2020ILC Detector Requirements

Tracking Performance

28

arXiv:1306.6329

SiD

SiD ILD CLICdet

4 Tesla5 Tesla 3.5 Tesla

CEPC 
+  

FCC-ee

2 - 3 Tesla
Challenging to achieve same  

momentum resolution
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Jet Energy Resolution

I Reaching 3.5% jet energy resolution for
high energy jets in the barrel [6]

I Endcap region more affected by

gg ! hadron backgrounds, which are

forward peaked
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central jet energy resolution: 
7% (50 GeV jets) 
3.5% (1 TeV jets)
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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 
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Measurements of Higgs branching ratio (H →77)

l Use Impact parameters to separate signal H →77 from WW background from
l 90% efficiency on 7 reconstruction, and 70~90% purity

Zhijun Liang
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REQUIREMENT ON MATERIAL (2)

Vertex & Tracking Detectors for the CEPC 13

CEPC baseline detector Fcc-ee CLD detector

• CEPC study on material of vertex detector�
• Increase material budget by 300%

• 20~30% impact worse on 1GeV track very small impact on 10GeV track (<10%)

• Fcc-ee study on material of vertex detector�
• Increase material budget by 50% , small impact on impact parameter resolution

Material requirement can be relaxed!

Zhijun Liang



Zhijun requirements wishes:

Increase material budget 

Reduce single point resolution, σsp < 3 μm? 

Reduce beam pipe radius: 
FCC-ee reduced beampipe radius from 17mm to 12mm —> Improve d0 resolution by 

30~40%  

Radiation harness: 1 MRad/year (although new studies indicate 6 MRad/year) 

Long barrel detector without endcap design can have good air cooling 

performance
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Yong Liu (liuyong@ihep.ac.cn)

Yong Liu (Institute of High Energy Physics, Beijing)

Calorimetry Requirements
with a focus on circular colliders

HKIAS Mini-Workshop: Experiment/Detector-Software and Physics Requirements 
for e+e- Colliders, Hong Kong, Jan. 16-17, 2020
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Yong Liu (liuyong@ihep.ac.cn)16.01.2020 Mini-Workshop: Experiment/Detector-Software and Physics Requirements for e+e- Colliders 10

Manqi Ruan, CEPC Workshop 2019

optimization underway



Resolution of SiW ECAL 
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Yong Liu (liuyong@ihep.ac.cn)

SiW-ECAL: performance with EM showers
• CALICE SiW-ECAL prototype

• Performance with electron data 

Mini-Workshop: Experiment/Detector-Software and Physics Requirements for e+e- Colliders

CALICE Si-W ECAL prototype with 
electron data: NIMA 608 (2009) 372

• CEPC SiW-ECAL
• Higgs mass resolution ~2.2% 

is achieved in H → ##

Photon energy resolution is improved with corrections 
for ECAL geometry defects

16.01.2020 11

Yong Liu (liuyong@ihep.ac.cn)

ECAL longitudinal segmentation

• Jet energy resolution almost 
identical for the 4 ECAL options 

Mini-Workshop: Experiment/Detector-Software and Physics Requirements for e+e- Colliders

• 40 layers best, 20 layers worst 
• 20+10 and 30 layer options similar 

(except at low energies) 
• 20+10 promising for a new CLD 

baseline configuration 

Philipp Roloff, Overview of the CLD detector proposal, Jan. 2020 

16.01.2020 13

FCC CLD studies
CEPC 

Higgs mass resolution ~2.2% in H → γγ
FCC-ee CLD 

Photon resolution vs # layers

Crystal ECAL being consider: 
• Homogeneous structure  

•Optimal intrinsic energy resolution:~3%/ √E ⨁~1%  
• Fine-segmented crystal for PFA under study

New
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30F. Bedeschi, INFN-Pisa

Design guidelines: 
Momentum resolution

FCC Phys. & Det. Workshop, Jan. 2020 21

ZH (Hàµµ) 
Muon pt

ZH (Zàµµ) 
Muon pt



31F. Bedeschi, INFN-Pisa

Design guidelines: 
Momentum resolution

❖ Z or H decay muons in ZH events have rather small pt 

➢Transparency more relevant than asymptotic resolution

FCC Phys. & Det. Workshop, Jan. 2020 21

ZH (Hàµµ) 
Muon pt

ZH (Zàµµ) 
Muon pt

90 degree

MS only



Hadron PID: p/K/π separation

32

16/01/2020 FCC-ee detector requirements - Paolo Giacomelli 30

Drift Chamber: dE/dX

Time of flightTORCH (RICH+TOF)

Clear benchmark still needed

CP violation in Bs → DsK 
Tau physics 

Lepton-flavor violation Z decays



Muon Systems
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Chapter 4
ILD Outer Detector

4.1 The ILD muon system/ tail catcher

A stable, highly e�cient muon identification system with excellent hadron rejection is an important
requirement to meet the physics goals of the ILD detector. The ILD muon system provides a number
of measurement stations outside the solenoid coil, which supplement the measurements taken with
the calorimeter system and the tracker. It is used to identify the muons and to act as a tail catcher, to
recover energy which is leaking out of the back of the calorimeter. However, the barrel part location
behind the coil limits its role to fairly high momentum particles.

The muon system/ tail catcher instruments the iron return yoke in the barrel and in the forward
region. The yoke barrel part is equipped with one sensitive layer in front of the iron yoke, 10 layers
spaced 14 cm apart, followed by three sensitive layers spaced by 60 cm apart. The forward part of the
yoke is equipped with 10 layers spaced by 14 cm, followed by two sensitive layers spaced by 60 cm.
The overall layout of the muon system/ tail catcher is shown in Figure III-4.1.

Two main options are investigated for the sensitive layers, scintillator strips equipped with wave-
length shifting fibres and read out with silicon photomultipliers (SiPM), or resistive plate chambers
(RPC). The main parameters of the system are summarised in Table III-4.1.

Figure III-4.1
Sensitive Layers of ILD
Muon System/Tail
Catcher

245

ILD: 12-14 sensitive layers

Chapter 5. SiD Muon System

level of pion to muon decays. The present design, shown in Figure II-5.2 has ten layers in the barrel
section and nine layers in each endcap. This provides a comfortable level of redundancy (Ø 6 layers)
even in the region between the barrel and endcap. The optimum number of detector layers to cover
the muon identification and tail catching functions was also studied for the CLIC case [129], where
nine layers were found to be su�cient.

Figure II-5.2
Quarter section view
of the SiD steel flux
return.

Barrel  
9 layers + 
1 outside 
solenoid 

Endcap 
9 layers 

≥ 6 layers  
49 o< θ< 62o"

7"*18"cm" 3*36"cm"

5.1 Backgrounds

Backgrounds in the muon system are expected to come primarily from beam losses upstream of the
detector. The muon system is shielded from backgrounds generated at the collision point or along
the internal beam lines by the calorimeters, which are greater than five absorption lengths thick.
Therefore only penetrating backgrounds, such as high-energy muons or neutrons, a�ect the barrel
muon detectors. Calculations [130] of the expected background from muons produced by collimators
near the detector hall predict a rate of 0.8 muons/cm2 per pulse train (1 ms) without muon spoilers,
which is reduced to 3 ◊ 10≠3/cm2 per pulse train with the addition of muon spoilers. Physics
backgrounds from two-photon processes producing hadrons or muon pairs significantly increase the
expected signal rate in the endcap detectors near the beamline. At a radius of 22 cm the expected
rate from hadrons and muons above 2 GeV is Æ 0.04/cm2 per pulse train. The endcap detectors
can also be hit by electromagnetic shower debris from local beam losses and may require additional
shielding

5.2 Detector design

The muon system will start outside of the highly segmented electromagnetic and hadronic calorimeters
and the 5 T solenoid cryostat at a radius of 3.3 m. In the design shown in Figure II-5.2 the barrel
flux return is divided into seven layers of 18 cm steel and three layers of 36 cm steel in an octagonal
barrel geometry. Endcaps of seven 18 cm thick steel octagons plus three 36 cm octagons will cap
both ends of the barrel. The muon detectors will be inserted in the 4 cm gaps between the plates. In
the barrel a detector layer is also inserted between the solenoid and the first steel plate. The size of
the first barrel layer within each octant is approximately 2.9 m by 5.5 m, while the last layer is 4.7 m
by 5.5 m. The total detector area needed in the barrel is ¥ 1600 m2.

The endcap design is shown in Figure II-5.3 (left). Each octagonal layer is made from three steel
plates bolted together. The spacers between layers are staggered as seen in Figure II-5.3 (right) to
reduce projective cracks in the muon detection. The endcap detectors are subdivided by the spacers
into rectangular or trapezoidal modules ¥ 1.8 m by 5.5 m. Each endcap has a total detector area of
¥ 1000 m2.

112 ILC Technical Design Report: Volume 4, Part II

SiD: 9-10 sensitive layers CLICdet: 6 sensitive layers

256 MUON SYSTEM

resolution from the muon detector is relaxed, the number of layers of the RPC solution1

could be greatly reduced. Other gas detectors are also being considered as possible op-2

tions, such as Gas Electron Multiplier (GEM), MicroMegas and Monitored Drift Tubes3

(MDT), although they are not described here.4

7.1 Baseline Design5

BarrelEndcap Endcap

R o
ut

R i
n

Re	×	2Le

Lb

Figure 7.1: The basic layout of the muon system, subdivided in a barrel closed by 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 CEPC muon system is the outermost component of the whole detector. It is di-6

vided into barrel and endcaps, as shown in Figure 7.1. Both the barrel and endcaps consist7

of azimuthal segmented modules. The segmentation is constrained by the maximum sizes8

of the module and sensitive unit (more segments are required for a larger detector), do-9

decagon segmentation is selected for the baseline design of the CEPC muon system. All10

baseline design parameters are summarized in Table 7.1. These parameters will be further11

optimized together with the inner detectors, in particular the ECAL and the HCAL.12

The number of sensitive layers and the thickness of the absorber (in this case iron) are13

two critical parameters for the muon system. For the baseline design, the total thickness14

of iron absorber is chosen to be 6.7� (the nuclear interaction length of iron) distributed in15

8 layers. The depth of the muon system should be sufficient to effectively reduce the pion16

contamination, while providing muon tracking information together with the inner tracker17

CEPC: 8 sensitive layers
CLD detector layout

CLD model

R [m]

Z [m]

2.1

3.5

4.2

6.0

2.3 3.7 5.4

Full silicon tracking system - provides
>12 hits per track

Fine-grained ECAL and HCAL
optimised for particle flow
reconstruction

Superconducting solenoid is outside of
the calorimeter

Steel return yoke with muon chambers

Forward detector region (< 150 mrad)
is reserved for Machine-Detector
Interface (accommodates LumiCal)

Support structures, cables and
services are included in the model

Oleksandr Viazlo CLD detector model overview 5/ 18

FCC-ee - CLD: 6 sensitive layers IDEA: 6 sensitive layers

(CLIC: Efficiency 99.8% for > 200 MeV muons)



Plans and Future Activities

• Need to identify all relevant physics benchmark channels 
• Higgs decays and coupling measurements well identified 
• Special needs for high-statistics measurements, especially at the Z peak  
• Flavour physics processes Particularly interesting exotic channels  
• Unique channels, e.g. long-lived particles that could arise from beyond SM physics  

• Many physics channels and consequences on detector requirements can be 
studied using fast simulations 

• Some channels will need to use full simulation of detectors and will therefore take more 
time to be studied  

• A complete optimisation of proposed detectors should wait for the proper 
validation of the detector requirements 

34

Adapted from Paolo’s slides



Plans and Future Activities

• The FCC-ee and CEPC physics landscape is huge  

• Detector requirements are partly similar to ILC and CLIC, but are different in several 
aspects (lower centre-of-mass-energy, lower momentum, higher luminosity and 
statistics, no power pulsing, etc.)  

• Detector requirements for FCC-ee and CEPC are identical, apart from ttbar (not 
excluded from a possible CEPC physics program upgrade)  

• It seems very natural, from a scientific point of view, to study and define the 
detector requirements with a joint FCC-CEPC effort! 

35

Adapted from Paolo’s slides



Challenges in tracking detectors

36

Goal: very good momentum resolution

Different detector, each with large B × R2

•  SiD, CLICdet, CEPC: all silicon tracker
•  ILD, IDEA, CEPC: silicon + gaseous tracking 

Silicon tracker challenges

ILD TPC

TPC challenges

Large surface area of O(100 m2)
Solution: Integrated sensors with large 

pixels/strips (~ 30 μm × 1-10 mm) 

Maintain efficiency and good timing
(despite large detector area)

Mechanical stiffness 
with low-mass materials

Light-weight cooling methods

Ion backflow → affects resolution
Solution: Gating concepts and new 

readout modules under study 

Hit timing and momentum resolution
Solution: Silicon wrapper around TPC 

Occupancies at high event rates
Meets requirements for ILC

Under study for Z-pole running at CEPC 
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Track Reconstruction

I Full silicon tracking due to timing and
occupancy

I Momentum resolution of 2⇥10�5/GeV for
central high momentum tracks
I Needed for, e.g., slepton

measurements [4], Higgs to muons [1]
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A. Sailer Detector Requirements and Software for CLIC - HK DetSoft, Jan 16, 2020 11 / 29



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

Beam energy (GeV) 120 - 45.5 -
Synchrotron radiation loss/turn (GeV) 1.73 1.68 0.036 -
Piwinski angle 2.58 3.78 23.8 33

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

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

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

Cell number/cavity 2 - 2 1

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

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

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

Bunch length σz (mm) 3.26 3.93 8.5 11.8

Lifetime (hour) 0.67 0.22 2.1 1.8

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

× 1.8Luminosity increase factor: × 3.2

These possible luminosity increases 
have not yet been absorbed into 

physics and detector studies



Physics requirements (from benchmark processes)

40

128 EXPERIMENTAL CONDITIONS, PHYSICS REQUIREMENTS AND DETECTOR CONCEPTS

Physics
Measurands

Detector Performance
process subsystem requirement

ZH, Z ! e
+
e
�

, µ
+
µ

�
mH , �(ZH)

Tracker
�(1/pT ) =

H ! µ
+
µ

� BR(H ! µ
+
µ

�) 2 ⇥ 10�5
�

0.001
p(GeV) sin3/2 ✓

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

5 �
10

p(GeV)⇥sin3/2 ✓
( µm)

H ! qq̄, WW
⇤
, ZZ

⇤ BR(H ! qq̄, WW
⇤
, ZZ

⇤)
ECAL �

jet
E

/E =

HCAL 3 ⇠ 4% at 100 GeV

H ! �� BR(H ! ��) ECAL
�E/E =
0.20p

E(GeV)
� 0.01

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

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

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

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

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

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

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

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

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

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

3.3 DETECTOR CONCEPTS

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

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

under discussion → started yesterday (QCD+performance session) → aim at workshop in Hong Kong



CEPC CDR: Particle Flow Conceptual Detector

41
Magnetic Field: 3 Tesla  

Major concerns being addressed

1. MDI region highly constrained
L* = 2.2 m

Compensating magnets

3. TPC as tracker in high-luminosity
Z-pole scenario

4. ECAL/HCAL granularity needs
Passive versus active cooling

Electromagnetic resolution

2. Low-material Inner Tracker design

DETECTOR CONCEPTS 131

(a)

(b)

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

Yoke+muons

3T solenoid

HCAL
ECAL

VTX

Silicon
TPC

Silicon
wrapper



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

* (yoke) muon chambers 

Magnet: 2 Tesla, 2.1 m radius 

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

Inspired on work for 4th detector concept for ILC

Calorimeter outside the coil

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

Vertex: Similar to CEPC default  



Time Projection Chamber (TPC) - Challenges

43

• 3 Tesla magnetic field —> reduces 
diffusion of drifting electrons  

• Problem: Ion Back Flow —> track 
distortion

160 TRACKING SYSTEM

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

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

1. Better ion backflow control technology;

2. Dedicated distortion correction algorithms;

3. Global optimization of the TPC parameters.

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

4.2.1.4 FEASIBILITY STUDY OF TPC DETECTOR MODULE AND FUTURE
WORK

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

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

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

40 μm @ Z-pole

~5 μm @ ZH

B = 3 Tesla

Assumes, for each primary ionization, 
5 ions backflow from 

readout into main gas system

Hybrid: GEM and Micromegas readout
Needs further studies

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

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



FULL SILICON TRACKER 171
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Figure 4.23: R�Z views of the full-silicon tracker options, FST (top) and FST2 (bottom). In the FST
layout, the full strip detector (SOT and EOT) is composed of double silicon strip layers. In the FST2
layout, the SOT consists of single layers, while the EOT consists of double-strip layers.

FULL SILICON TRACKER 171
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Figure 4.23: R�Z views of the full-silicon tracker options, FST (top) and FST2 (bottom). In the FST
layout, the full strip detector (SOT and EOT) is composed of double silicon strip layers. In the FST2
layout, the SOT consists of single layers, while the EOT consists of double-strip layers.

Full Silicon Tracker Concept

44

Replace TPC with additional silicon layers

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

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

Radius 
~ 1.8 m

Length: ~ 2.1 mLength: ~ 2.3 m

Proposed by Berkeley and Argonne

Rad length up to 10% 

6 barrel double strip layers 5 barrel single strip layers



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

320 PHYSICS PERFORMANCE WITH BENCHMARK PROCESSES

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

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

(a) (b)

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

! ZX candidates of (a) Z ! µ
+
µ

� and (b)
Z ! e

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

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

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

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

s and WW production.

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

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

Physics motivations: 
- Electrons’ Bremsstrahlung: energy recovery 
- Improve angular resolution, and gamma counting 
- Recoil photons: new physics and neutrino counting 

Concern:   Electromagnetic resolution of PFA calorimeter not optimal

Z boson recoil mass

Muons Electrons
0.9% 1.5%
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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-
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=-3VBB  @ VCluster SizeResolution      
     W7-R10 Non Irradiated
     W7-R7 Non Irradiated
     W7-R17 TID Irradiated, 206 krad
     W7-R5 TID Irradiated, 205 krad
     W7-R38 TID Irradiated, 462 krad
     W7-R41 TID Irradiated, 509 krad
  3 / cmeq   W8-R5 NIEL, 1.7e+13 1MeV n
  3 / cmeq   W8-R7 NIEL, 1.7e+13 1MeV n

	
	
	
	
	

•  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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VBB=-3V	

PosiMon	resoluMon	and	cluster	size	
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Sensitivity Limit
10 Pixels masked

=-3VBB  @ VFake-hit RateEfficiency     
     W7-R10 Non Irradiated
     W7-R7 Non Irradiated
     W7-R17 TID Irradiated, 206 krad
     W7-R5 TID Irradiated, 205 krad
     W7-R38 TID Irradiated, 462 krad
     W7-R41 TID Irradiated, 509 krad
  3 / cmeq   W8-R5 NIEL, 1.7e+13 1MeV n
  3 / cmeq   W8-R7 NIEL, 1.7e+13 1MeV n

	
	
	
	
	
	

•  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	

16	

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


