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High Energy Physics with Colliders

China BEPC II

Russia VEPP-4M

Japan SuperKEKB Europe LHC

Mass 
GeV

LHC
High Energy Frontier

origin of mass, nature of EWSB, new physics with 
Higgs, SUSY, Dark matter, universe evolution …

BEPCII, SKEKB
High Precision Frontier 

hadron structure, exotic states, nature of strong 
interaction, flavor physics & CPV …
In-depth exploration at both precision and energy frontiers is called for more than ever 

in the post Higgs era
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Future HEP Colliders Proposed in China

Z      W+W- ZH               𝒕�̅�

Super Tau-Charm Facility (STCF) Circular Electron Positron Collider (CEPC)

2-7 GeV 90-360 GeV

Both are an e+e- machine

Ring ~1 km
Ecm= 2-7 GeV

L>=0.5×1035 cm-2s-1@4GeV

Ring ~100 km
Ecm= 90-360 GeV

L=0.5×1035 cm-2s-1@240 GeV

High Precision Frontier High Energy Frontier
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CEPC and STCF in International Context
BEPCII

2-5 GeV, 1033 cm-2s-1
SKEKB

~10 GeV, 8×1035 cm-2s-1(target)
SCTF,  STCF

2-7 GeV, ～1035 cm-2s-1

LHC (HL-LHC)
~14 TeV, 1034 cm-2s-1(×5-7)

ILC：0.25-1TeV

CLIC： up to 3TeV

FCC-ee, hh(100TeV)
CEPC(90-360GeV)

SPPS(100TeV)

High
Precision 
Frontier 

High 
Energy 
Frontier 

2020 European Strategy Update：An electron-positron Higgs factory is the highest-priority next collider 
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CEPC and STCF in Historical Context

1st generation
single ring

SKEKB

STCF,  … SCTF

2nd generation 
double ring, low b

CEPC, … FCC-ee

CEPC and STCF：both a 3th generation e+e- collider

3rd generation
double ring,

extremely low b
high current,

large crossing angle
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CEPC

q Proposed in 2012 after the Higgs discovery. 

q Aiming to start operation in 2030s, as a Higgs / Z / W factory.

q Abundant production of Higgs / W / Z bosons for precision measurements 
and new physics searches.

q Upgradable for a pp collider (SppC) of ~ 100 TeV in the future.

100 km
90-360 GeV
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CEPC Physics Program

• The centerpiece: precise measurement of 
the Higgs boson properties

• Huge measurement potential for precision 
tests of SM:  electroweak physics, flavor 
physics, QCD

• Searching for exotic or rare decays of H, Z, 
B and 𝜏, and BSM physics (dark matter, 
EWPT, LLP …)

• Top quark physics

An extremely versatile machine combining precision and discovery capabilities 
with a broad spectrum of physics opportunities → Far beyond a Higgs factory
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CEPC Physics Studies

Higgs White Paper
Flavor Physics White Paper，

More on EWK and NP in 
preparation

2018 2019 2021 2023 

SNOWMASS White Paper

2024

Development and 
Application of Advanced 

Analysis Tools

~100 Journal/arXiv papers

Participation in 
ECFA physics 

studies
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Precision and Discovery @ CEPC
Higgs coupling measurements EWK measurements

BSM：dark matter，EWPT etc. Potential to reveal new physics @10 TeV or higher

Unprecedented precisions or sensitivities:  Orders of magnitude improvement or enhancement

Rare decays 
( model independent )
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CEPC Accelerator Design

n 100 km double-ring (30 MW SR, 
upgradable to 50MW and ttbar)

n Switchable operation for H, Z, W and 
ttbar modes (bypass scheme)

n Common tunnel for CEPC and SppC

Higgs Z W 𝒕�̅�

Number of IPs 2

Circumference (km) 100.0

SR   power per beam (MW) 30

Energy (GeV) 120 45.5 80 180

Bunch number 268 11934 1297 35

Emittance ex/ey (nm/pm) 0.64/1.3 0.27/1.4 0.87/1.7 1.4/4.7

Beam size at IP sx /sy (um/nm) 14/36 6/35 13/42 39/113

Bunch length (natural/total) (mm) 2.3/4.1 2.5/8.7 2.5/4.9 2.2/2.9

Beam-beam parameters xx /xy 0.015/0.11 0.004/0.127 0.012/0.113 0.071/0.1

RF frequency (MHz) 650

Luminosity per IP (1034 cm–2 s–1) 5.0 115 16 0.5
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High Q SRF Cavities

Vertical test of 650 MHz 2-cell cavity
Vertical test of 650MHz 1-cell Cavity

Performance exceeded CEPC specifications

Ø 1.3 GHz 9-cell SRF cavity (booster):   Q = 4.9E10 @ 31.0 MV/m
Ø 650 MHz 2-cell SRF cavity (collider):  Q = 6.0E10 @ 22.0 MV/m
Ø 650 MHz 1-cell SRF cavity (collider): Q = 6.3E10 @ 31.0 MV/m

Medium-temperature annealing 
adopted to reach Q0 = 4.9E10 @ 31.0 MV/m

N-infusion adopted to reach 
Q0 = 6.0E10 @ 22.0 MV/m

Cold-EP and Mid-T baking
Q0 = 6.3E10 @ 31 MV/m 
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8 ´ 9-cell High Q Cryomodule
CEPC Booster 1.3 GHz SRF R&D and industrialization in synergy with CW FEL projects

Parameters Horizontal test 
results

CEPC Booster
Higgs  Spec

LCLS-II, SHINE 
Spec

LCLS-II-HE
Spec

Average usable CW Eacc (MV/m) 23.1 3.0×1010 @
21.8 MV/m

2.7×1010 @
16 MV/m

2.7×1010 @
20.8 MV/mAverage Q0 @ 21.8 MV/m 3.4×1010

Performance exceeded CEPC specifications
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High Efficiency Klystrons
High-efficiency klystrons are key technology critical to saving power
q 1st Klystron prototype，efficiency tested ~ 62%
q 2nd Klystron prototype，efficiency tested ~ 77.2%
q 3rd Klystron prototype (MBK)  under fabrication，target ~ 80%

The 3rd multi-beam Klystron 
(MBK) under fabrication

The 1st Klystron (tested) The 2nd Klystron (tested)

Test results of the 2nd

klystron prototype
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CEPC Accelerator R&D Overall Status
Specification MetØ CEPC accelerator key technologies R&D program has covered 

all key components listed in the CDR. 
Ø 90% have met specifications. The remaining 10% to be 

completed by 2026. 

Prototype 
Manufactured
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CEPC Accelerator TDR, and EDR Effort

Domestic Civil Engineering 
Cost Review, June 26, 2023, IHEP

CEPC Accelerator TDR Review
June 12-16, 2023, Hong Kong

CEPC Accelerator TDR Cost Review
Sept. 11-15, 2023, Hong Kong

CEPC Accelerator TDR 
released in December, 2023

arXiv:2312.14363
1114 authors
278 institutes

(159 foreign institutes)
38 countries

CEPC Project cost 
36.4B RMB (~4.7B Euro)

CEPC accelerator EDR effort has 
started in 2024, including 35 WGs 
focusing on designs and 
technologies in engineering aspects 
of the project construction. 
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CEPC Detector：CDR → New Concept 

The 4th Concept

CDR detector 
requirements 

completely driven by 
Higgs physics 
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The 4th Concept Detector

Ø Silicon trackers (outer timing layer) 
combined with TPC/DC
Better tracking & PID

Ø Highly-granular crystal ECAL
PFA & high EM resolution

Ø Scintillating glass sampling HCAL
Better hadron energy resolution

CDR detector（focusing on Higgs） →  The 4th concept (versatile）

Detector World-class level 4th concept
PFA ECAL ～ 15-20% / √E ～ 3% / √E
PFA HCAL ～ 50-60% / √E ～ 40% / √E

• Boson mass resolution 4% è 3%
• EM energy resolution 15% è 3% 
• Hadron PID       3𝝈 up to 20 GeV/c

To fully meet the broad spectrum of physics demands 
from CEPC and fully explore the CEPC physics potential
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Technologies and Requirements

4D Crystal ECAL & Glass HCAL

MAPS and low-mass system 

Large volume TPC or drift chamber 
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MAPS and Detector Prototype

JadePix-3 pixel size ~16´23 um2 ，
Tower-Jazz 180nm CiS process，
sx~5 µm，53mW/cm2

2 layers / ladder Rin~16 mm Goal:  s(IP) ~ 5 µm for high P tracks

CDR design specifications
§ Single point resolution ~ 3μm
§ Low material  (0.15% X0 / layer)
§ Low power (< 50 mW/cm2)
§ Radiation hard (1 Mrad/year)

Silicon pixel sensors developed in 5 series: 
JadePix, CPV, TaichuPix, Arcadia, COFFEE

Arcadia  by Italian groups 
for IDEA vertex detector 
LFoundry 110 nm CMOS

COFFEE for a CEPC 
tracker using SMIC 55nm 
HV-CMOS process

Vertex detector prototype with 
Taichu chips and its beam test

sx~ 5 µm
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TPC, DC, PFA Calorimeters

Sci-W ECAL Prototype (32-layer, 6720 chs) Sci-Fe AHCAL Prototype (40-layer, 12960 chs)

TPC R&D Drift Chamber R&D
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More on Calorimeters
Beam tests of Sci-W ECAL and Sci-Fe AHCAL Prototypes at CERN in 2022 & 2023

CEPC Sci-ECAL

PFA crystal ECAL designs and simulation Crystal ECAL R&D

PFA DHCAL R&D
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Glass Scintillator R&D
Ø A collaboration with 11 institutes has been formed
Ø R&D targets:  ~6g/cm3 , ~1000ph/MeV, ~100ns

An important direction in future 
calorimeter development
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CEPC Reference Detector TDR
Ø A large number of detector technology 

options and R&D activities at different 
levels of maturity.

Ø Need to converge on a set of options to 
produce a CEPC reference detector TDR 
(Ref-TDR)
v Ref-TDR effort started in Jan. 2024
v Ref-TDR draft expected in Dec. 2024
v Official release of Ref-TDR in Jun. 2025
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CEPC Project Planning and Schedule
2012.9        2015.3         2018.11        2023.12        2025.6         2027      15th five year plan (2026-2030)             
proposed  Pre-CDR        CDR          Acc. TDR      Det. TDR     EDR       Start of construction

CEPC EDR Phase: 2024-2027
Ø CEPC Accelerator EDR started with 35 

WGs in 2024, to be completed in 2027
Ø CEPC Reference Detector TDR will be 

released by June, 2025
Ø CEPC proposal will be submitted to the 

national government for approval in 2025
Ø Upon approval, establish at least two 

international experiment collaborations
Ø CEPC construction starts during the 15th

five year plan (2026-2030, e.g. 2027)  
Ø CEPC construction completes around 

2035, at the end of the 16th five year plan

15th FY 16th FY
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STCF

LINAC
400 m

Damping Ring
150 m

Collider Ring
1000 m

• First proposed in 2011 based on China's 
great success and well-established 
international position in tau-charm physics 
(Beijing Electron-Positron Collider / BEPC)

• Energy: 2-7GeV，peak L>=0.5´1035cm-2s-1

• Potential for luminosity upgrade and beam 
polarization 

Candidate Site

STCF can produce an enormous amount of “clean”
tau leptons and charm hadrons, allowing full
exploration of the unique physics potential in the
tau-charm energy region: QCD, exotic hadrons,
flavor physics and CPV, new physics…
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Unique Tau-Charm Energy Region

Opportunities 
in 5~7 GeV

• Hadron form factors
• 𝑌(2170) resonance
• Mutltiquark states 

with s quark
• R value / g-2 related

• Light hadron spectroscopy
• Gluonic and exotic states
• Processes of LFV and CPV
• Rare and forbidden decays
• Physics with t lepton 

• 𝑋𝑌𝑍 particles
• Physics with D mesons
• 𝑓! and 𝑓!!
• 𝐷" − -𝐷" mixing
• Charm baryons 

• Complete 𝑋𝑌𝑍 family  
• Hidden-charm pentaquarks
• Search for di-charmonium states
• More charmed baryons
• Hadron fragmentation

• Transition region between 
perturbative and non-perturbative 
QCD

• Pair production of hadrons and t
leptons at threshold

• Abundant resonances

• Large production X-sec for 
charmonium(-like) states and 
exotic states
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STCF：A Super Factory of Various Particles  

Charmed HadronsLight Hadrons t-leptons

BelleII: 50 ab-1STCF: 1 year (1 ab-1)BESIII 1 year

• STCF is not only a super t-charm factory, but also a super factory of XYZ,
hyperons and light hadrons to unravel the mystery of how quarks form 
matter and the symmetries of fundamental interactions

XYZ
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STCF Physics Program

- Leading role
- Competing with Belle II/LHCb
- Complementary to BelleII/LHCb/Eic/EicC
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Hadron Production
Hadron production at STCF is a key avenue to study the strong interaction

STCF will improve the 
measurement precision by 2 
orders of magnitude, revealing 
the near-threshold cross section 
singularity and mystery of GE

and GM

Nucleons/Baryons EM form factors 

Fragmentation Functions

STCF will provide precise Collins 
FF input for TMD extraction at 
EIC/EicC
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Hadron Spectroscopy and Exotic States

Exotic hadrons

A unique territory for the QCD confinement

Charmonium Decay

Charmonium Transition Fine Scan

A Charmonium(-like) factory (per year): 
• 3T J/y, 0.6T y(3686), 1B Y(4230), 100M Zc(3900) and 5M X(3872)

STCF has an absolute 
advantage in studying 

hadron spectroscopy and 
exotic states, and is 
expected to make 

significant breakthroughs

Physics opportunities :
• Energy dependent structures of Zc(s)
• More XYZ states ® spectroscopy
• Missing charmonium states and their 

transitions 
• Traces of glueballs and hybrid states
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CPV

CP in τ production 
and decay

CP in Hyperon decay

CP in charm mixing CP in kaon mixing 

• CPV observed in K, B, D mesons, all consistent with CKM 
theory in SM

• Baryon asymmetry of the universe indicates the existence of 
non-SM CPV sources

• STCF is capable of searching for CPV in hyperon and t
lepton, as well as CPT violation in Kaon with high sensitivity

• Unique advantages at STCF: Quantum correlated, large 
statistics, clear environment
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Precision Measurements and Rare Decays
• STCF is expected to improve the current precisions of many important 

measurements by ~1 order of magnitude and enhance sensitivities to 
various rare or forbidden decays by ~2 orders of magnitude

• Great potential to reveal new physics

R value
g-2

lepton 
universality  

CPV, CPTV
LFV, BNV, FCNC to probe BSM
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STCF Project Development

2011 2015 2018 2021 2022.42017

Hefei Comprehensive 
National Science and 

Technology center,
STCF listed as a big science 

facility to be promoted

Fragrant Hills Science Forum
Demonstrated its 

importance and necessity,
urging to lauch fesibility 

study and R&D

USTC “double first-class” key 
project

Launched the conceptual design 
study and feasibility study

Conceptual Design report
Released the CDR for the 
physics and Detector, and 

the pre-CDR for accelerator

Governments of Anhui 
Province and Hefei City
Endorsed the STCF Key  

Technology R&D project

Proposed at 
“Workshop for acc. 
based high energy 

physics development 
strategy”
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STCF Conceptual Design Studies

arXiv:2303.15790
82 institutions, 453 authors

Physics & Detector CDR Accelerator Pre-CDR
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Challenges of STCF Accelerator
• Ultra-high luminosity in the tau charm energy region, high-quality beam, stable operation 
• Characterized by extremely small bunch size, high beam current, strong nonlinearity and 

collective effects

Collider Ring and IR Physics Design
IP beam size (Y) nm scale, Crab-
Waist, nonlinear compensation 

extremely difficult

Injection into CR (small DA) 
high Ib and low e e+/e-

sources

IR Technologies
SC magnets, MDI

Other key technologies
Ring RF, beam instrumentation 
and control, beam injection…

𝐿 =
γ𝑛!𝐼!
2𝑒𝑟"𝛽#∗

𝜉#𝐻

Large Piwinski angle + Crab Waist
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STCF Accelerator Conceptual Design
• Two Lattice designs, optimal beam energy: 2 GeV
• Injection energy: 1-3.5 GeV
• Two injection schemes: off-axis, swap-out (baseline)

ü Variable energy: 1-3.5 GeV
ü Damping ring (off-axis) or accumulator ring (swap-out) 

for positrons @1 GeV
ü Total length: ~400 m (+100 m beam transp.)

Parameters Units STCF
Optimal beam energy, E GeV 2
Circumference, C m 871.76
Crossing angle, 2𝜃 mrad 60
Revolution period, 𝑇 𝜇s 2.908 
Horizontal emittance, 𝜀"/𝜀# nm 6.857/0.034
Coupling, k 0.50%
Beta functions at IP, 𝛽"/𝛽# mm 40/0.6
Beam size at IP,𝜎"/𝜎# 𝜇m 16.56/0.143 
Betatron tune, 𝜈" /𝜈# 32.55/29.57
Momentum compaction factor, 𝛼$ 10-4 12.322
Energy spread, 𝜎% 10-4 8.986
Beam current, I A 2
Number of bunches, 𝑛& 726
Particles per bunch, 𝑁& 1010 5.00 
Single-bunch charge nC 8.01 
Energy loss per turn, 𝑈' keV 406.8
Damping time, 𝜏"/ 𝜏#/ 𝜏( ms 28.4/28.6/14.4  
RF frequency, 𝑓)* MHz 499.333
Harmonic number, h 1452 
RF voltage, 𝑉)* MV 1.8
Synchrotron tune, 𝜈( 0.0158 
Bunch length, 𝜎( mm 9.72 
RF bucket height, 𝛿)* % 1.47 
Piwinski angle, 𝜙$+, rad 17.61 
Beam-beam parameter, 𝜉"/𝜉# 0.0027/0.082 
Hour-glass factor, 𝐹- 0.87 
Luminosity, L cm-2s-1 1.0×10./

2-fold lattice 
(baseline)1-IP lattice

Off-axis injection Swap-out injection
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STCF Detector Conceptual Design 

Solid Angle Coverage : 94%•4p (𝜃~200)

v Inner tracker (ITK, two options)
MPGD: cylindrical MPGD

Silicon: CMOS MAPS

v Central tracker (MDC)
Main drift chamber

v PID
Barrel: RICH with CsI-MPGD

Endcaps: DIRC-like TOF (DTOF)

v EMC
pure CsI + APD

v Muon detector (MUD)
RPC + scintillator strips

vMagnet
Super-conducting solenoid, 1 T 

Detector Requirements from Physics
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STCF Detector Conceptual Design 
• Alternative: the same 

technology as the 
endcap PID (DTOF )
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R&D Project Review and Kick-Off Meetings

Kick-off Meeting,  Aug. 2023, USTC 
More than 30 academicians of CAS, as well as
government officials of Anhui province and
Hefei city, along with representatives from
various domestic research institutions, totaling
170 attendees.

R&D Project Review, Dec. 2023, USTC
Organized by Development and Reform
Commissions of Anhui province and Hefei
city. The R&D project was approved for a
total budget of 364 M RMB and is jointly
funded by Anhui, Hefei and USTC.
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STCF Accelerator R&D

IR SC Magnets Room-temperature 
RF cavity

TM020
腔仿真

Low-level RF control system

Bunch by bunch 3D beam 
position measurement Photo-cathode electron gun Positron source

Very constrained Space，50T/m, 
CCT technology
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ITK-MPGD: μRGroove
• μRGroove : A single-stage MPGD involving no stretching or tensioning, 2D strip readout 

without charge sharing (large S/N), high rate with fast grounding, easy to make a cylinder, 
low mass, low production cost.

ASIC Specs Demands

Charge Range 40 fC

Charge precision ～ 1 fC RMS

Time precision < 10 ns RMS

Max. event rate 4 MHz

~0.23%X0

Development of low mass electrodes

Fabricating cylindrical structure
ASIC development
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Cylindrical μRGroove Prototype 
• Built a cylindrical μRGroove prototype for the ITK inner most layer
• Tested the prototype with 55Fe source in lab and SPS muon beam at CERN 
• Effective gain~5000-10000 for most sectors
• Spatial resolution<100 um and efficiency > 95%
• The detector design and fabrication will be optimized 

in many aspects based on the prototyping experience
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ITK-MAPS: Sensor Design
• Aiming for a low-power MAPS chip design (required for a low-mass system) with 

timing and charge measurement capability:  position, time and charge (TOT)
• Low mass outweighs position resolution:  exploring large pixel size to reduce power 

density

Super Pixel Design 

Providing both high position 
and high time resolutions for 
low power consumption
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MDC, EMC
Main Drift Chamber Electro-Magnetic Calorimeter

Pileup removal (~1 MHz/channel)
waveform digitization + waveform fitting

5×5 ECAL protype 

Enhancing light yield using wave length shifterlow mass(helium-based gas, aluminum wires), 
super-small cell (5mm´5mm), high rate 
(~100kHz/cell), spatial resolution <130µm

Readout electronics 
development
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PID
Barrel PID: RICH

Radiator Purification CsI Coating

Endcap PID: DTOF

Development of fast MCP-
maPMT with long life time ASIC development

Readout ASIC Development

Nph too low (under 
investigation)

σspe=59 ps ,  σtrack=21 ps

Full-sized prototype 

MCP-PMT AMP CMP

Threshold Set

FEE Chip
TDC chip GBTx

To DAQ
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MUD, Trigger, DAQ, Clock, Data Link
Muon Detector
R&D of scintillator strips

R&D of large area high-rate glass-RPC

Readout ASIC

Trigger, DAQ, Clock, Data link

Trigger algorithms and electronics

DAQ software design and electronics

Clock distribution,  GBT-like ASIC, Opto-driver ASIC
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Combined Beam Test
A test beam campaign for a combined system (DTOF, EMC, DAQ)

CERN PS T9 beam line (July 31 – August 14)

DTOF Prototype
EMC Prototype

DTOF: σt~25 ps EMC: σE/E ~2.5%
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STCF Project Schedule 

20182019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033-3048

CDR

Key Technology 
R&D and TDR

⭐

Construction
(~5 B RMB）

Operation

14th five-year plan 15th five-year plan

Submit project proposal to 
central government:
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• SM has been "standard physics" for too long, and we know it's far from being the end of 
particle physics. We are desperate for new paradigms in our field and to break through the 
"standard", particularly in the post-Higgs era. 

• Colliders have been and will continue to be one of the most powerful tools to explore 
particle physics and fundamental laws of nature. With no more definite guidance from 
theory, we need colliders at complementary frontiers for particle physics more than ever.

• CEPC and STCF are excellent examples of this complementarity, although they are at very 
much different scales in many ways. 

• Tremendous progress has been made and many milestones have been achieved in both 
projects, demonstrating the passion, aspiration, strength and potential of Chinese HEP 
community.  China should and could play a more important role in the course to HEP future.

• International collaboration is always essential or indispensable

• We should work together to ensure our future colliders be realized wherever the colliders 
will be in the world. 

Final Remarks
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The 2024 International Workshop on CEPC
Oct. 23-27, 2024,  Hangzhou, China

https://indico.ihep.ac.cn/event/22089/

https://indico.ihep.ac.cn/event/22089/
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The 6th International Workshop on Future Tau Charm Facilities

Dates：Nov. 17-21, 2024
Place： Sun Yat-sen University，Guangzhou
https://indico.pnp.ustc.edu.cn/event/1948

The 6th International Workshop on Future 
Tau Charm Facilities (FTCF 2024）

https://indico.pnp.ustc.edu.cn/event/1948

