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OUTLINE

• Introduction to CEPC

• CEPC vertex & tracker layout

• Vertex detector design & R&D

• Silicon tracker design & R&D

• Summary & outlook
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CIRCULAR ELECTRON POSITRON COLLIDER (CEPC)
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• Phase I: Circular Electron-Positron Collider (CEPC)
• Higgs Factory, CM energy ~240 GeV (ZH threshold), peak 

luminosity ~3×1034 cm-2s-1, 2 interaction points
→ Higgs precision measurements (mass, width, branching 
ratios, couplings ...)

• Operation at 91/160 GeV → EW precision measurements

• Phase II: Super Proton-Proton Collider (SppC)

• Discovery Machine, center-of-mass energy 50-100 TeV, 
luminosity ~1×1035 cm-2s-1, 2 interaction points → Energy 
Frontier for New Physics

• Other possible collision modes: ep, eA, pA or AA



HIGGS PRECISION MEASUREMENTS
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Model-dependent fit: Model-independent fit:

• Higgs coupling deviations from the Standard Model (SM) 
predictions parameterized as:



MACHINE CONCEPTUAL DESIGN
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DETECTOR CONCEPTUAL DESIGNS
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ILD-Like, Baseline design

Full silicon IDEA



PROJECT TIMELINE
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VERTEX & TRACKER LAYOUT
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• Baseline: Time Projection Chamber (TPC) +“Silicon Envelope” from ILD

• Optional: Full silicon tracker, more suitable to handle high event rates



VERTEX DETECTOR REQUIREMENTS

• High precision vertex detector essential for heavy-flavor and τ-
lepton identification; designed to achieve 

• With the baseline design, this implies:

• Single point resolution < 3 μm  → small pixel pitch, e.g. 16 μm 

• Material budget 0.15%X0 per layer→ thin & low power 50 mW/cm2

• Detector occupancy below 0.5% → small pixel & fast readout

• Radiation tolerance (per year): 1 MRad &2×1012 1 MeV neq/cm2
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𝜎"# = 5 𝜇𝑚⊕
10 𝜇𝑚

𝑝 GeV / sin3/5𝜃



PIXEL SENSOR R&D
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2015
2016

2017
2018

2019
2020

2021

CEPC Pixel Sensor R&D

• JadePix-1：Diode 
optimization; design &
characterization

• JadePix-2：Compact pixel 
design, in-pixel amplification,
digital readout

• JadePix-3：bug-fix 
and improved design
（submitted）

• Taichu-1： Column Drained 
readout (FE-I3), two-stage FIFO

（submitted）

Ultimate Pixel Sensor

2022
2023

2024

• Specifications: spatial resolution~3 μm, 
power consumption<50 mW/cm2, 
radiation tolerance 10 MRad (TID)；



JADEPIX-1 PIXEL DESIGN

• 1st prototype sensor developed with TJ 0.18 μm CIS process
• Primary goal: diode geometry optimization

• Submission in November 2015, test system developed and verified 
in 2016; detailed performance characterization in 2017& 2018

7.88 mm

3.
8 

m
m Pixel size: 

33×33 μm2
Pixel size: 

16×16 μm2

Impacts of electrode size and footprint 
on charge collection performance
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Supported by the State Key Lab of Particle 
Detection and Electronics & IHEP Innovation 
fund, with lots of helps from IPHC



RESPONSE TO 55FE

• Response to low energy X-ray photons for calibration

Calibration peak, X-ray photons hitting 
the electrode area and generated 
charge nearly 100% collected

Collection peak, incomplete charge 
collection when photons hitting at 
other positions

5.9 keV photon generates ~1640 eh pairs
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Seed Pixel



RESPONSE TO MIPS

• Experimental setup to evaluate performance with 90Sr
• Scintillator read out with SiPM to provide trigger signal

13-18 October 2019 Vertex & Tracking Detectors for the CEPC 13

Landau Distribution

Seed Pixel



CHARGE-OVER-CAPACITANCE

• Small electrode and large footprint preferred to achieve high 
Q/C ratio → reduction in analog power consumption
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PERFORMANCE IRRADIATION

• Neutron irradiation at 1012, 5×1012 and 1013 1MeV neq/cm2

• Larger diode size (𝐴1 > 𝐴2 > 𝐴3) more radiation hard
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BEAM TEST @ DESY

• JadePix-1 sensors brought to DESY for beam tests last Sept.
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Special acknowledgements to 
the DESY Test Beam Facility

Beam energy 4.4 GeV

• Offline track reconstruction with EUTelescope



JADEPIX-1 RESOLUTIONS & EFFICIENCIES

• Resolutions & efficiencies derived for different diode
geometries before and after neutron irradiation
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Beam telescope resolution to
extracted to derive pixel resolutions

Triggering Track

JadePix-1 Track

Issue with the DAQ, actual
detection efficiency much higher



JADEPIX-2 DESIGN & CHARACTERIZATION

• Basic specifications (sensor prototype design):
• Spatial resolution 3-5 μm
• Power consumption <100 mW/cm2
• Integration time 100 μs

• Pixel size 22×22 μm2 , chip size3×3.3 mm2, 96×112 pixels with 
8 sub-matrices, rolling shutter readout mode

• Measured noise performance measured via S-curve scan
• TN ~ 11 e-, FPN ~29 e- à ENC ~31 e-
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Funded by MOST 1

Differential amplifier + dynamic latch cascaded amplifier (single-
ended) + dynamic latch



JADEPIX-3 DESIGN

• D flip-flop to register a hit, shared column lines
• End of column priority encoder; zero suppression, 64 

columns processed  during readout of one row
• Multiplexer controlled by FPGA, flexible readout control
• Submission made in September
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TAICHU-1: TOWARD FULL FUNCTIONALITIES
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Funded by MOST 2

• Column-drain readout
• Priority based data driven readout; time stamp at EOC 
• Dead time: 2 CLK for each pixel (50ns @40MHz CLK)

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

and interface

• Trigger readout:
• Coincidence by time stamp, matched event read out 



TAICHU-1: IN-PIXEL ELECTRONICS

• Analog design derived from ALPIDE (structure tested in the MIC4 
design supported by MOST1)

• Biasing current increased for short peaking time of ~25ns
• Increased power consumption
• Awaiting for the modified TJ process to achieve fast charge collection

• Digital-in-Pixel scheme: in pixel discrimination & register 
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Amplification Discrimination 

D. Kim et al. DOI 10.1088/1748-0221/11/02/C02042



TAICHU-1 SUBMISSION

• Pixel: 25×25 μm2, 64×192 Pixel array + Periphery + PLL + Serializer

• Submission made in May, chips expected to be back soon;
• Test boards being designed, detailed characterization later
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OTHER VARIANTS
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• MIC4 (MAPS In CCNU4)
• Pixel size: 25×25 μm2
• Matrix: 128 rows× 64 columns
• Zero suppression in columns
• High speed data link 1.2 Gbps

• Front end design: ALPIDE / CSA
• Fast readout: AERD (Address-

Encoder and Reset-Decoder) to

• CPV2 (Compact Pixel for Vertex)
• SOI Process: full depletion→ large

signal→ simplified in-pixel
circuit→small pixel (16×16 μm2)

• Matrix: 64 rows × 64 columns



CMOS TRACKER

• Large tracking area to be covered with silicon sensors
• Not intended to start sensor design from scratch → limited 

R&D time and no need to re-invent the wheel
• CMOS pixel sensors proposed for the ATLAS outer most pixel 

layer (and strip) but not matured enough for construction →
opportunity for the CEPC tracker
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Small fill factor Large fill factor

ATLASPix (AMS/TSI HV-CMOS 0.18 um)
LF-MonoPix (LFoundry HV-CMOS 0.15 um)
CHESS 2 (AMS HV-CMOS 0.35 um)

TJ MALTA/MonoPix ( TJ HR-CMOS 0.18 um)
OverMOS (TJ HR-CMOS 0.18 um)



ATLASPIX PERFORMANCE

13-18 October 2019 Vertex & Tracking Detectors for the CEPC 25

• Fully integrated readout
• Fast charge collection
• Low material budget

Parameter Measured Requirement

Material budget 100 um (50 um 
possible)

100 um

Spatial resolution σx/y = 11.3/37.0 um 7/X um

Time resolution 6.8 ns 10 ns

Efficiency >99.7% 99.5% or higher

Power consumption 2-300 mW/cm2 200 mW/cm2

Pixel size
40um×130um

AMS 180 nm HV-CMOS, substrate resistivity 20 –
1000 Ω,  100 um thick (can be thinned to 50 um)

ATLASPix-3

ATLASPix-1

ATLASPix-1

TSI 180 nm HV-CMOS



SUPPORTING STRUCTURE
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ATLAS-ITK: 0.5% X0 ITK alpine stave (+module)
ATLAS IBL: 0.7% X0  IBL stave, (+module) CEPC design target: 

0.65% X0 for stave + modules
Crucial elements:
• Light-weighted carbon truss structure 
• Al based flex (prototype with Cu) 

To build a demonstrator with components “at hand”

ALICE Outer Layer Stave ~0.8% X0 ALICE Inner Layer Stave ~0.3% X0

More discussion in Daniel Muenstermann’s
talk at the Oxford CEPC workshop

https://indico.cern.ch/event/783429/contributions/3379826/attachments/1831027/2998576/Muenstermann_CMOS-for-CEPC.pdf


BEYOND DEMONSTRATOR
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• Pixel sensor design optimization toward the requirements of 
the CEPC silicon tracker

• Pixel size: 50×150 → 25×300
• Lower power consumption: less demanding if active cooling applied
• Powering scheme: serial powering to save material budget ?
• Other functionalities to be discussed
• Migrate to SMIC or other foundry that we have access to 

• Light weighted support structure (stave core)
• Improved design inspired by ALICE/ATLAS truss structure, longer 

extension and higher rigidity/stability (challenging to align detector 
elements with less tracks) 

• Tracking system design
• Not much discussed yet but definitely needed 

Initiated by UK institutions, but needs to involve more partners



SUMMARY & OUTLOOK

• Circular Electron Positron Collider (CEPC) proposed for Higgs
and electroweak precision measurements

• Baseline tracker layout derived from ILD but subject to
optimization and/or re-design toward TDR

• Vertex: R&D carried out on CMOS pixel sensors to achieve
high spatial resolution, fast readout, low power
consumption …

• Prototype sensors: JadePix-1/2/3, MIC4, Taichu-1

• Tracker: effort started on the CMOS tracker
• To build small stave demonstrator with available components
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THANK YOU VERY MUCH FOR YOUR ATTENTION!

13-18 October 2019 Vertex & Tracking Detectors for the CEPC 29



PERFORMANCE AFTER NEUTRON IRRADIATION

• Samples sent to a pulsed reactor for neutron irradiation to 
the fluence levels of 1012, 5×1012 and 1013 1MeV neq/cm2

• Larger diode size (𝐴1 > 𝐴2 > 𝐴3) more radiation hard
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RESOLUTION CALCULATION

• JadePix-1 resolution derived as follows:
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𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑧 = 𝑈𝑛𝑏𝑖𝑎𝑠𝑒𝑑_𝑇𝑟𝑘 𝑧 − 𝐿𝑜𝑐𝑎𝑙_𝐿𝑜𝑐𝑎𝑙(𝑧)

𝜎"QRSTUVW(X)5 = 𝜎UYZSVRQT_["\5 + 𝜎W^_VW_`Sa(X)5

𝜎W^_VW_`Sa(X) = 𝜎"QRSTUVW(X)5 − 𝜎W^_VW_`Sa(X)5

Derived from unbiased track fit with 
EUTelescope track reconstruction

Taken from the resolution estimator 
developed by S. Spannagel and H. Jansen

Or http://skulis.web.cern.ch/skulis/telescope/
https://github.com/simonspa/resolution-simulator

http://skulis.web.cern.ch/skulis/telescope/
https://github.com/simonspa/resolution-simulator


TAICHU-1
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ACCESSIBLE CMOS TECHNOLOGIES

1. TowerJazz 0.18 um CIS (already used for JadePix, modified 
process required for fast charge collection) 

2. LFoundry 0.15 um HV-CMOS (NDA signed)
3. SMIC HV-CMOS processes New

SMIC sold LFoundry to JIANGSU CAS-IGBT Co. LTD. 
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SMIC HV-CMOS PROCESSES

New processes to be tried out (test structures to be submitted) …
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