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CEPC physics program
An extremely versatile machine with a ¢
broad spectrum of physics opportunities W‘xL,lH > < :>i£r{i >—<
— Far beyond a Higgs factory

Operation mode Zh Z_|WW < Huge measurement potential for
o |G ~240 | =912 | =160 | =360 | precision tests of SM: Higgs, electroweak
Run time [years] 10 2 1 5 hvsi .
sics, flavor physics, QCD/To
L /1P [x10% cm2sT] 3 32 10 Phy PhYy P
. . :
(35?,:3\’) [Ldt[ab"21Ps] | 56 | 16 | 26 | - [+ Searching for exotic or rare decays of H,
Event yields [2 IPs] | 1x106 | 7x10' | 2x107 | - Z, B and 7, and new physics
Run Time [years] 10 2 1 ~5 % CEPC community joined ECFA Phy focus
34 ~Am-2a-1 o e
(oMW L PRA0Tem™sTl | 50 | 115 | 16 | 05 | ) Aiming towards next ESPPU Updates.
@ L /1P [x10% cm2sT] ¥ 0.8
S|somw | [Ldrlab',21Ps] | 20 | 96 L7 |
Event yields [2 IPs] | 4x106 | 4=10'2 | 5x107 | 5x10°

Both 50 MW and tt modes are currently considered as CEPC upgrades.



Higgs Precision measurements @ ZH runs

Translated the latest accelerator performance into Higgs measurements

Higgs
Observable HL-LHC projections CEPC precision
My 20 MeV 3 MeV
I'y 20% 1.7%
o(ZH) _—42% 0267~
B(H —bb)  \_ 4.4% 0.14%
B(H — cc) - 0%
B(H — gg) 0.81%
B(H - WW™) 2.8% 0.53%
B(H — ZZ*) 2.9% 4.2%
B(H - 71%17) 2.9% 0.42%
B(H — vv) 2.6% 3.0%
B(H — p*tp™) 8.2% 6.4%
B(H — Z~) 20% Yo

Bupper(H — in(f 2.5%

0.07% }

Higgs width measurement benefits
enormously from 360-GeV run

Exploring the full potential of the CEPC with
the latest TDR design for Higgs measurements
by combining 240-GeV and 360-GeV runs.

Precision of Higgs coupling measurement (kappa0 fit)

1

m HL-LHC $1/82

1 0_1 m CEPC 240 GeV @ 20/ab / + 360 GeV @ 1/ab

Relative Error

Kp K¢|Ke Kg Kw K; Kz Ky

Outperforming HL-LHC significantly



Higgs Precision measurements: Jet origin identification

<+ Higgs coupling to quarks can be measured to unpreceded precisions

» Especially for light quarks (strange quarks) ...

< Jet origin identification: 11 categories (5 quarks + 5 anti quarks + gluon)

» Jet Flavor Tagging + Jet Charge measurements + s-tagging + gluon tagging...

. : : 100
» PFA algorithm Arbor + ParticleNet (Deep Learning Tech.) 5 mmm Relative accuray, HL-LHC S2
— : ] B Relative accuray, CEPC
‘ 1.0 1 B 95% CL er limit, CEPC
More details in Mangi ‘s R . - upper limi
Talk in physics section fffavor tagging With £, K*, Kfs id. §
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0.2
Improved by ~3 times

Improved by 1-2 orders of magnitudes

ArXiv:2310.03440
Arxivi2309.13231 "0 . : ¥ ? Presumably... firstly quantified 4




Sensitivity on BR

Flavor physics studies @ Z pole

CEPC provides a unique opportunity to study Z LFV decays,
rare B decays, tests of LFU in tau decays or Bc decays etc.
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EWK precision measurements (ZH, Z pole, WW runs)

Precision Electroweak Measurements at the CEPC

Observable  current precision  CEPC precision (Stat. Unc.)  CEPC runs main systematic
Amy 2.1 MeV [37-41] 0.1 MeV (0.005 MeV) Z threshold Ebeam 0.100f. .. Cusment acoumcy
Al'y 2.3 MeV [37-41] 0.025 MeV (0.005 MeV) Z threshold j O 0.010 sccsieshontonl
Amy 9 MeV [42-46) 0.5 MeV (0.35 MeV) WW threshold Eieam g 0.001

k Al'w 49 MeV [46-49] 2.0 MeV (1.8 MeV) WW threshold Pk y ﬁ

AV U760 Ge v [o0] OT10) Mev Tt threshold ;% 107
AA.  49x1073 [37,51-55] 1.5x107° (1.5x107%)  Z pole (Z — 77) Stat. Unc. ® 405
AA, 0.015 [37, 53] 3.5x107° (3.0 x 107®)  Z pole (Z — pp) point-to-point Unc. 108
AA;, 43x1073 [37,51-55] 7.0x107° (1.2x107%) Z pole (Z = 77) tau decay model
AA, 0.02 [37, 56] 20%10°° (3 X10°") Z pole QCD effects 1077 Mz Tz My R, R. Re R, R: A%s A%s A%s A’rs A'rs N,
AA, 0.027 [37, 56] 30 x 107 (6 x 1077) Z pole QCD effects
Ao had 37 pb [37-41] 2 pb (0.05 pb) Z pole lumiosity CEPC is expected to improve
SR 0.003 [37, 57-61] 0.0002 (5 x 1079) Z pole gluon splitting the cu rrent precision by 1 _2
OR? 0.017 [37, 57, 62-65] 0.001 (2 x 1079) Z pole gluon splitting . .
SR? 0.0012 [37-41] 2x 1074 (3 x 1079) Z pole Epeam and t channel orders Of magnltUde' Offerlng d
SR 0.002 [37-41] 1 x 1074 (3 x 1079) Z pole Ebeam great opportunity to test the
ORY 0.017 [37-41] 1x107% (3 x107%) Z pole j .
ON, 0.0025 (37, 66] 2x107% (3x10°%) ZH run (vvy)  Calo energy scale conSIStency Of the SM.




Electroweak Fit: S and T Obllque Parameters
0.15F

Currem 68 o)

o [ J [ J CEPC baseline (68%) =
Global fit with SMEFT: new physics constrains 010} -~
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CEPC has potential to reveal new physics @10 TeV by combining
Higgs, EWK and top measurements — power of precision



BSM searches: dark matter, SUSY...

s»*Significantly better detection sensitivity to dark matter and SUSY

: SUSY Dark matter
Higgs-portal Dark matter
J. Gu
= LHC BR(h—>inv) < 24% (3.5%) FCOh (Do)
S "1 CEPC BR(h—inv) < 0.31% ‘
.g. - HL-LHC (Dijet) Dijet  go=1/4 |
h e Tea, / FCC-hh |
- Dark = 7S Rl TSP
H @ NK.... 2 LE-FCC
w .. ..... - - -
) "y L W N HE-LHC Monojet
7)) ~ 289 = onoje
h —> dede O = NON‘TT_(lpfr i { |
) - DM)_ o mmmm=m= ===~ HL-LHC dom=1, go=1/4 |
e 47 B LHC Qe_rm\'ol‘,l ----- j
8 107" =~ - = |CLIC3000 gom*ge=1/4 |
f3) £ —_——— i CLIC380
2 48] = =TT =
T 10 ?C—EPC fermion 5 |i.c Monophoton
c N 200 -
= 1049. N i :zr ﬁoﬁ__; FCC-ee 7\ ‘
% : Coherent Neutrino Scattering 7 [CEPC meened Axial-Vector |
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BSM searches: exotic decays, Dark Sector...

+»*Significantly better detection sensitivity to Higgs/Z exotic decays than HL-LHC

Br[Z]

Dark Sector via exotic Z decay
Z. Liu et al. 1612.09284., J. Liu et al. 1712.07237
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Good sensitivity of exotic Higgs decay
Z. Liu et al 1612.09284.

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

m HL-LHC
m CEPC (20 ab™")
|CEPC* (20 ab™")
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https://arxiv.org/abs/1612.09284
https://arxiv.org/abs/1612.09284

Top quark measurements @ ttbar threshold runs

Choice of the optimal energy point
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N VTS — rerrop — = [op S VE)
342.75 9 MeV 343 MeV 0.00041
344.00 > 50 MeV 26 MeV 0.00047
343.50 15 MeV 40 MeV 0.00040

In the table, 342.75 GeV, 344.00 GeV and 343.50 GeV are optimal
energy points for top quark mass, width and «g, respectively

Top mass uncertainties (MeV)

tt modes are considered as upgrades. Optmistc

Statistics 9
Theory 8
Quick scan 2
ag 17
Width 10
Experimental efficiency 5
Background 2
Beam energy 2
Luminosity spectrum 3

Total 24

cenave | The top quark mass can

be measured with an

> unprecedented precision
© (one order of magnitude
« better than hadron

. colliders can achieve) .

57

CEPC ttbar runs physics potential is competitive
Top mass Vs alpha s likelihood

A NLL of 2D Scan

1714 17142 17144 17146 17148 1715 17152 171

Two energy points

| Sl
54 17156 171.58

8’ Eur. l’h]ys. J. C(2013) 73:2530 ‘
B T PP P
0.118
------ T T
ILC
1 i
173.95 174 174.05
m, [GeV] top mass [GeV] 10
Ten energy points



CEPC Detector Conceptual Designs

CDR (Baseline Design) i IDEA concept
Magnet Particle Flow Approach 2T Magnet | oo - (also proposed for FCC-ee)

(31/2T) Yoke + Muon (RPC or u-RWELL) P Eeer et
wer (u-

Yoke + Muon (u-RWELL)
PFA ECAL Si Pixel Vertex '
The 4t Detector Concept

PFA HCAL
PFA ECAL ’

Si Pixel Vertex

SIT TPC SE
FTD ETD

FST concept
(Full Silicon Tracker)
CDR

Muon+Yoke

Si Tracker Si Vertex Tracker (TPC/DC) 1 1

with outer layer



The 4™ Detector Concept

¢ Silicon combined with TPC or DC and TOF

> better tracking and PID
» Good k/pi separation up to 20GeV

“+4D Crystal ECAL with timing
» For PFA and with better EM resolution

*» Scintillating glass HCAL.:

» Cost effective, better jet resolution

s+ Boson mass resolution (BMR):4% > 3%

A.U. /0.5 (GeV)

Si Tracker Si Vertex

with outer layer

(240 GeV)
T I T T T —_

Muon+Yoke

Tracker (TPC/DC)
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R&D for the baseline detector concept

¢ Silicon detector R & D (vertex, silicon tracker, LGAD TOF detector)
**Gas detector (TPC, drift chamber)
***PFA calorimetry : ECAL and HCAL

“*Solenoid Magnet

13



Silicon Pixel Chips for Vertex Detector

Develop COFFEE for a CEPC tracker

2] / ladd R,,~16 . = i .
ayes adder i mm Goal: o(IP) ~ 5 um for high P track using SMIC 55nm HV-CMOS process

CDR design specifications
= Single point resolution ~ 3um
* Low material (0.15% X, / layer)
= Low power (< 50 mW/cm?)
= Radiation hard (1 Mrad/year)

Silicon pixel sensor develops in 5 series: f .-
JadePix, TaichuPix, CPV, Arcadia, COFFEE |

% @ % % Arcadia by Italian groups

TaichuPix-3, FS 2.5x1.5cm2 CPV4(SOI-3D) 64x64array  for IDEA vertex detector
25x25 pm? pixel size ”21)‘17“"‘2 pixel size LFoundry 110 nm CMOS

JadePix-3 Pixel size ~16x23 um?

e R T T e e e

ool Lisahis |

| e
| AT St - s St Lo

Tower-Jazz 180nm CiS process
Resolution 5 microns, 533mW/cm?

MOST 1

4 wEnG maeded vandeac -

MOST 2
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Jadepix3/TaichuPix3 beam test @ DESY

Spatial resolution 4~5um, Efficiency >99%

TaichuPix3 efficiency i i .
0w 1AIChUPiX3 resolution
s | 1 £
& | 4Geve ™ & ETF
2 - 3 = _E - s
e | DUT, 19 3 E 7L 4.GeV.e =s=x-direction
350 |- E = 197 ¢ = i a [ DUT, - y-direction
An open window i o ) © 6'5:
with size of 1.2 cm x0.9 cm Eff. =99.76% 1 .E 6: -
i | 3 F
300 — 2 55F
L 1 =97 s
e =
o E
o Rk S 13, w0 v i 199 o83 403 - —96 b 451 %
250 — E
B af
95 3.5C
175 197 218 260 295 342 367
S 200’_ Threshold éB[e]
. TaichuPix-3 || , : «  JadePix3 resolution
telescope Y | Ry i _
JadeP|x3 i 7 : -_ 93 -é- |
telescope 7/’ i 1 g
___:___j’ /i 3 ; = j/{ 92 = S.Sg— i .
1001~ o = X Direction
i o1 -
L B + Y Direction
450
50- | 1 | | l | 1 | | I 1 1 1 | 90 E
450 500 550 600 4
Column [pixel] B
35 | [} | IR | | | I .| | IR

460 480 500 520 540 560 580 600 620 640

CoIIaboratlon with CNRS and IFAE in Jadeplx/TalchuPlx R&D s



TaichuPix3 vertex detector prototype

New pickup tools Dummy ladder glue automatic dispensing using gantry

The first vertex detector
(prototype) ever built in China

16



TaichuPix3 vertex detector prototype beam test @ DESY

TaichuPix-based prototype
detector tested at DESY in
April 2023

FPGA board FPGA board _ _
Ladder readout system Spatial resolution ~ 4.9 pm

6 double-sided ladders

i

— =
-

11/09/2023
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Silicon Tracker using HV-CMOS: ATLASPix

Q Large area: ~70 m? in TPC+SiTrk = Cost effectiveness

O Focus on MAPS pixel tracker, also started SSD for outer layers
O Joint efforts on an ATLASPix3 based demonstrator

O ATLASPix & MightyPix use TSI 180nm HV process

Q Exploring SMIC 55 nm HV HR proces NexysVideo
FPGA board
=> Smaller feature size & alternative foundry
ATLASPix3
O Other possibilities, e.g. MALTA3, TPSCo-65nm designed by KIT

Pf

[ The 2nd design
| for SMIC 55nm
HV HR process

Hitmap with Fe55 source

Collaboration with UK/Germany/Italy colleague

49 it
OO S S 0 0 0 O 0 e

— CEPCPix

“GECCO”
MAB v2

ATLASPix3
Carrier

Hitmap with electron beam
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Silicon Tracker using HV-CMOS: the SMIC S5Snm chips

< MPW SMIC 55nm HVCMOS (COFFEE?2 chip) < 6oF | w0 E
» CMOS SENOSR IN FIFTY-FIVE NM PROCESS (COFFEE) gﬂ 40;‘ ‘

» Submitted in Aug 2023, Received at the end of 2023. E‘g 22;: :

» High-res wafer of 1k or 2k Qcm available 20 | . ey

» Breakdown voltage up to — 70V (enough depleted depth) :‘6‘3;: i I SRS s ;.T:"'.": 4% :
Cross-section of pixel strucure IV test 80;_ _:i::é : _é

S S e m - A

| -70 -60 -50 —-40 -30 -20 -10 O
P-type substrate E c""“'w""’"“"""“z VOltage [V]

Top view of single pixel

T e-wen
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(W]
]

> 100kH
@ i z
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Capacitance [fF]

COFFEE2 floorplan COFFEE2 photo

2
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Time of tlight detector

“* A new type of TOF detector for CEPC is under R & D

» Based on Low Gain Avalanche Detector (LGAD) technology -

» Synergy with ATLAS high granularity timing detector

Baseline detector concept in CDR

LGAD timing detector in Barrel region

R_. [mml

—
\\
TPC

//

Icost| =
o= /| Fm ‘
- /// 86
= yd B
—=—" 1 Gratp Barrel TOF

/ o e
E 7 : B e - ¢ ~100 modules, - ~100 module groups
a A ez -~ e ~5m
7.~" 1 -=~"T Beampip
e T T o o B S
400 600

» Aim to have good time and spatial resolution( 50ps and 10um)

AC-coupled strip LGAD

DC ((mt act
AC pad n.1

AC pad n.2 AC pad n.3

resistive n* p-gain

»_coupling

oxide

More details in Mei’ s

talk in detector section

___Strip AC-1GAD

A
A
A
A
A"
A
A"

22552575

LGAD based strip silicon sensor prototype by IHEP

Normalized Count

0.05

0.04

0.03

0.02

0.01

2

Spat|al resolution (~ 10um)

-I—|IIIIIIIIIlIIIIIIIIIlIIIIl-I—

Time resolution (30-50ps)

Gap 1150 pm Sigma: 12.8 um 65 F
Gap 2100 pm Sigma: 10.9 um_‘

Gap 350 pum Sigma: 8.3 um :

Timing resolution [ps]
(9]
o

45 F

Iy
o
T

—@—19mm*1mm
e 19mm*0.5mm
== 19mm*0.3mm

160 170 180 190
Voltage [V] o)




R&D for the baseline detector concept

¢ Silicon detector R & D (vertex, silicon tracker, LGAD TOF detector)
**Gas detector (TPC, drift chamber)
***PFA calorimetry : ECAL and HCAL

“*Solenoid Magnet

22



Roadmap of CEPC TPC detector R&D

s CEPC TPC detector prototyping roadmap:

» From TPC module to TPC prototype R&D for Higgs and Tera-Z

» Easy-to-install modular design of Pixelated readout TPC for CEPC TDR
¢ Achievement by far:

» Supression ions hybrid GEM+Micromegas module

* IBFxGain ~1 @ G=2000 validation with hybrid TPC module
» Spatial resolution of 6,,<100 pm and dE/dx resolution of 3.6%
» FEE chip: reach ~3.0mW/ch with ADC and the pixelated readout R&D

Integrated 266nm UV laser

150 | 4~
100

‘‘‘‘‘‘‘

|
‘-
—
|

|

o TR

[wwf
o

@0 SHOTONMLIO 56
O Al ou»a&eru\

Ed = 200V/cm at T2K gas

IBF*Gain VS Ve, Vyeq =420V

p—

IBF*Gain VS Vy, Vgy =340V

.
.
.
P
----
T g o

= +Gain: 2000

Gain: 5000

V(v)

TPC for CEPC reference TDR

. .350. .

(i )
400

lon suppression TPC module

R&D
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Status of Pixelated readout TPC for CEPC TDR

«¢» Simulation and R&D of Pixelated TPC readout for CEPC TDR

» Macro-Pixel TPC ASIC chip was started to developed and 2nd
prototype wafer has done and tested

e 500umx500um pixel readout designed

* Noise of FEE: 100e

* Time resolution: 14bit (5ns bin)

* Power consumption: ~100mW/cm2 (2 prototype)

¢ Prototyping pixelated TPC detector at IHEP
» Principle of the prototype is no problem for testing
» Developed prototype and aim for beam test (@ DESY in 2024
with LCTPC collaboration
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Activity international collaboration - TPC technology R&D

» Activity collaboration: Pixelated readout and Pad readout from IHEP and LCTPC collaboration ﬁz)l\(/ilv.A((ZZOOZZBZ))Z22320481562
» Large Prototype setup have been built to compare different detector readouts for Tera-Z ArXiv (2022)2006.085
* PCMAG: B < 1.0T, bore @: 85cm, Spatial resolution of 6,4,<100 pm ;:mg 5136( 2(3(135)1)P iéggiB
e Collaboration implement improvements in a pixelated readout TPC for CEPC TDR NIM A608 (2009) 390-396

X [mm]

V:“' e’ i )} l" W"' ‘
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Drift chamber R&D and beam test

£ - Trigger signals (blue and
900~ green)
800{—
700|—
Electron =S
500{—
Scintillato 0200700 s00 800 HochdT‘)"Q(wa}'mloo‘T' '1?;%())
; waveform
Drift tubes (32 .
o fift tubes ($32) Separation: 3. 20 for 20 GeV/c
Scintillator /1t
: o o 3 6.0 1
dN/dx resolution: ~2.5% for pion e e Reconstruction
. dN/dx Resolution | \'\-\ —e-- Truth
<+ Two drift tubes + preamps + ADC - >3 - —
—— Kaon —
(1 GHZ) 0.028 1 —}— Pion Truth g 5.0
0027 J —— Kaon truth Q?
% Two scintillators provide trigger R g4
Signals é 0.025 - g 4.0
& )
(] 0.024 A N
< Tested with electron beam at IHEP \ >
3.0
¢ Clear peaks, low noise, ~ ns rise time \_

— T 5 o o & 50 75 100 125 150 175 200 9¢
Momentum (GeV/c) Momentum (GeV/C)



Drift chamber R&D, Synergy with IDEA

“+ Beam tests organized by INFN group:
» Two muon beam tests performed at CERN-HS (By > 400) in Nov. 2021 and July 2022
» A muon beam test (from 4 to 12 GeV/c) in 2023 performed at CERN
P Ultimate test at FNAL-MT6 in 2024 with © and K (By = 10-140) to fully exploit the
relativistic rise.
¢ Contributions from IHEP group:

» Participate data taking and collaboratively analyze the test beam data

» Develop the machine learning reconstruction algorithm

watpsi R ot CERNHB N\, oom He:lsoB 90/10, .
100 MeV/c 135 Gev/e | 40180 Gev/c . 80/20 . Track f\ngle-
- “ pbeam 1Ml e 0] ofo| © 10pm(MotAu) o i 0 PN ownstream i . I HV distr,
O . == w6y o t5ummorau) | He:1soB(80/20) [ Ciooer oie / die
T8 so SN $ Dy (Wer) 1 3 0.8 drift;480 L e A
\‘ Platea Wepl i * ZmWa ], GW){! Liu :
® Nov.2021 § 2em . ‘ o | CAOumARA IR e, - N e
: £ (———————————————— R TI —.-—»
@ lug.2022 5 N [Katrnar — e V v
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g W@ He:lsoB “
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(40,80, 180GeY) Trgr 15m |, | [ [ o | SSIMARAY e
_E"'""‘ 20 um (W+Au) manifold T _—
He [ ] 25um(weay) 4
, A A lom\[ ¢ ] ¢ J l ‘ e R upstream
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R&D for the baseline detector concept

¢ Silicon detector R & D (vertex, silicon tracker, LGAD TOF detector)
**Gas detector (TPC, Drift chamber)
**PFA calorimetry : ECAL and HCAL

“*Solenoid Magnet
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High granularity Sci-W ECAL and Sci-Fe HCAL (AHCAL)

ECAL.: scintillator(strip)+SiPM, CuW HCAL.: scintillator (tile)+SiPM, steel

@ ~IHgp

il -,

Prototypes R & D Collaboration with CALICE
* China: IHEP, SJTU, USTC

0 ScW-ECAL: transverse ~20x20 cm, 32 sampling layers

= ~6,700 channels, SPIROC2E (192 chips) « Japan: U. Shinshu, U. Tokyo
_ * France: CNRS Omega
O AHCAL: transverse 72x72 cm, 40 sampling layers « Israel: Weizmann

= ~13k channels, SPIROC2E (360 chips) 29



Testbeam of Prototype PFA Calorimeters

100/90) 2 e 1
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Display of hadronic showers : display of the imaging power

® The calorimeter system is able to contain high energy hadronic showers and record their details.
60 GeV 7™~

100 GeV u~ 60 GeV e

pach-
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Y[em]
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AHCAL energy linearity and resolution for pions

s AHCAL preliminary results: data sets with PID selections

» Energy linearity within +1.5%

» Hadronic energy resolution: 56.5%//E(GeV) @ 2.8%

» Consistent with expectation: 60%// E(GeV) @ 3%

0.18 A

0.16

0.14

0.12 -

0.10 +

0.08 -

0.06

CEPC AHCAL

SP5-H2 - Beam

I Data

Preliminary

-—- Target %@ 3%

—— - Resolution %@ 2.8%

-
-
-
——
-

10

T T
20 30 40 30
E [GeV]

ter R&D highlights

Reconstructed E [MeV]

Linearity [%6]

1200 ~

1000 ~

800 ~

600 ~

400 4

200 4

CEPC Test Beam

Energy linearity

Preliminary

 data
—— FHt

T
10

T
20

T
30

T T T
40 50 60
E [GeV]

T T
70 80

T
10

T
20

T
30

T T T
40 50 60

T T
70 80

32



mal Scintillator (eg. B6O, LYSO.) y
4D Orthogonal Crystal Calorimeter ( L I

1x1x40cm* ﬁ
\Phorode‘lectors (eg. FPMT, SiPM...)/'
Goal

==
.

m Comparable BMR resolution as with the Si+W ECAL.

= Much better sensitivity to y/e, EM resolution < 3%/,/E(GeV)
Features:

= Timing at two ends of the crystal bar

m Crossed arrangement in adjacent layers.

» High granularity with reduced readout channels

Key issues:

=  Ambiguity caused by 2D measurements (ghost hit).

= Identification of energy deposits from particles (confusion).

Incident
particles

Recenstructed Mass of Higgs S
a : . : ) | h_te:_masy | cylindrical crystal ECAL
T | | e
o 8 14 , FE—
= J 2000 200¢ §
o~ H - yy i W8 . ) ™ \
) o o e S Reconstruction b T3 Recognized
- : ; ‘ 1266200 183 ; : photon
5:05—--. S T SUST MRS 6 188 : 102 £ - ",'_‘;;;:-,_,_\ Truth £ i ."":"::3"
- s : ) oy o- o
wt. BMR=12% [ | @ s N, photon ) £
o N | IS SO SO W oo B % 1o
H : : i ™ v I \‘_
E 1 R B 2 & O (AP (N I - | W e W=
BMR of SiW ~ 2.3% o Y L) LA g e SRS AN Sk
1:0E, L Jp———— - ' x/mm x/mm
T R Unit  1DCluster ~ 2DCluster ~ 3DCluster Gistering Gl
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4D Crystal ECAL module prototype and beam test

* Module prototype design and developed Event display of test beam
¢ Successful beam test @ DESY 2023

Crystal-module in the IHEP:1ab

|

Beam incidence

10.0 -15

2*2*12cm? crystal barswith3*3m2 SiPMs
Module assembling at CERN PS beam site Tested W|th 10 GeV u and T, and 0.5-5 GeV e

Channelt Layer1 NG Channel7 Layer1 NG
3.-.,, |
5 .
200
o

'''''''

» +
2 . &
ek ’%QZ v vads-vabt il ‘m..« .\ b




A new AHCAL concept with glass scintillator tiles

e Replacing plastic scintillator with Light yield: 1000~2000 ph / MeV
O-OGE (s = 240GeV high density glass scintillator Density: .5~7.g/cm3
005" 7H 7w U sgg E Scintillation time: ~100 ns
p =55 g/cm? s Low cost
g 0.04 _f Tiles in cm scale for PFA HCAL
0w F o o -
S 0.03- DHCAL BMR: 3.68% - e — I
. ~ I 3408 ph/MeV
2 | AHCALBMR:3.78% - 2918 |
< 0.02__ ] 5.9 g/em? |
- GSHCAL BMR: 3.43% 7 GSSH 1154 phMev |
| - 323 ns
~ 7 4.0 g/em
- e L E G54 i?ﬁiﬂl’m" ! GS1 Gd-Al-B-Si-Ce*
%O 70 80 90 100 110 120 130 140 150 160 6.0 glem® | GS2 Gd-Ga-B-Ce*
GeV GS3 Jor9 phvev I GS3 Gd-Ba-Al-B-Si-Ce™
Myisible 676 ns | GS4 Gd-AI-Li-Si-Ce*
ST E-E-E 0 Gof-a-3-1 i-8 A=A ﬂ- 6o g’ | GssGaGasice”
T T IR o s RO L GS2 |s70punev KY.SLCe®
IR T s er e AYESEERAERY 277 ns | GC (.;d K-Y-Si-C
= & == Q ﬂ--'—';._.:rl‘ - R Density—6 g/cm3
NN K u GS1 D | Light yield—1000 ph/Me
473 nl; l Decay time—100 ns Vl

0.0 0.5 1.0 1.5 2.0
Target parameter

35



Introduction of the GS Collaboration o i
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-- Since 2021, the GS collaboration was established and has been devoted to the large-area & high-performance GS meeting the

requirements of nuclear and high energy physics.

-- The GS collaboration was led by the IHEP and the members include 3 Institutes of CAS, 5 Universities, 3 Factories currently.
-- The Experts of the GS in the University, Institute and Industry are still welcomed to join us (gians@ihep.ac.cn).

of GS Jan.2024,



The Scintillator Test Facilities for GS

" ieien |- Transmittance » IHEP--PMT Lab for Scintillator Test
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A new AHCAL concept: Beam test of scintillator glass samples
Tested W|th 10 GeV u @ CERN PS

\V_L.I-—' ‘

: "i:\ﬁ“ e

N \L‘\l

= nght ylelds for MIP (10 GeV muon) Typlcal energy

e P e spectrum for MIP

#1 33.5%27.6%5.1 §2soo,~ oy o
#1ESR 42 : Sow o
#2 30.2x29.5%6.6 1 35 =2k O -
#3 29.9x28.1%10.2 / 6%), 754 66 sso0l- ;: "7:3-0"5'
3 #3 ESR 69 . ™ 66.08 4 0.11
'él;ss" #4 37.2x35.1x5.3 , ), 102 31 o L S
: o D0 aoaited 2 28 : Glass scintillator (#3):
Scintillator Scinti letor #6 30.3%29.8x9.4 : 134 (5%), 1132 67 s00f
#1 #32 #7  34.8x348x75 113 (2 60 ¥i | 66 p e. / MIP
#8 27.8%25.6%5.0 81 136 (23%), 933 41 % 50100 TS0 500250 350 400 450 500
#9  34.6x34.7x7.5 ' | ' 69 -
#10  34.7x35.2x7.4 129 (10%), 81 74
#11  30.5x30.0x8.7 , 73
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Object: single tape core Ic > 100 A@77K; 14-core cable Ic > 830 A@77K, self-field.
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Solenoid Magnet:

HTS stack

Electric field (uV/em)

HTS Cable Development

R&D: high strength HTS cable,
ultra-thin cryostat.
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Other R & D activities

Stereo .
Crystal ECAL Drift

Chamber

a=30°
. 14 layers

ize Gain

2 % C

Normal

HRWELL for PS & Muon

121000
60500

0500

Top Copper (5 MM~ "
Polimide Cathode PCB e, .
room L
DLC fayer (<0.1 pm) g,
p~10+100 MO/ s A
Beampipe Design e . A
-
. }g
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CEPC Reference Detector TDR

¢ A reference detector TDR needed for the proposal of China’s 15th 5-year plan.
» Not the final detector TDR, which is only after international collaboration is formed

» A draft version reference TDR needs to ready by Dec 2024, Final version by middle of 2025

» Converge on baseline technology, baseline design with electronics and mechanics

Comparison To-be-decided
» Physics performance of reference detector Technologles
. Beam pipe
Physics benchmark for reference TDR -
SOl CMOS+Stitching
Processes @ c.m.s. Domain Total Det. Performance
H->ss/cc/sb vH @ 240 GeV Higgs PFA +JOI (Jet origin id)
H->inv qqH Higgs/NP PFA . )
Vcb WW®@ 240/160 GeV Flavor JOI + Particle (lepton) id Tracker Pixelated TPC PID Drift Chamber
W fusion Xsec vwH @ 360 GeV Higgs PFA + )OI & PID
ag Z->tautau @ 91.2 GeV QcD PFA: Tau & Tau final state id SSD OTrk SPD OTrk ACLGAD Otk
B->DK 91.2 GeV Flavor PFA + Particle (Kaon) id LGAD ToF R
Weak mixing angle Z EW JOI 4D Crystal Bar PS+SiPM+W Stereo Crystal Bar
Higgs recoil IIH Higgs Leptons id, track dP/P ECAL - -
H->bb, cc, gg vwH Higgs PFA +JOI SiDet+W. GS+SiPM,
H->di muon qqH Higgs PFA, Leptons id
H->di photon qqH Higgs PFA, Photons id HCAL GS+SiPM+Fe PS+SiPM+Fe RPC+Fe
W mass & Width WW@160 GeV EW Beam energy Muon PS Bar+SiPM RPC
Top mass & Width ttbar@360 GeV EW Beam energy
LumiCal
Bs->vvPhi z Flavor Object in jets; MET TDAQ Software Trigger
Bc->tauv z Flavor -
B0O->2 pi0 Z Flavor Particle/pi-0 in jets BE electr. Independent 41




CEPC Reference Detector TDR activities
» CEPC Phys-Det meetings Wednesday Morning CERN time (bi1-weekly)

* Compare different options of reference TDR detector design

* Bench mark physics topics for combined quality comparisons

» Sub-system meeting every week
* Physics, Software, Electronics, Mechanics, Magnet,
» Vertex, Tracker, Calorimeter, Muon, MDI/Lumical
» For sub-detector meeting

* Work and fill the key specifications that can be used to compare different solutions
* Work with Electronics, software/physics, Mechanics to refine the detector design

“*Your contribution/input is very important

» Please consider to join us

CEPC Phys-Det meetings: https://indico.ihep.ac.cn/category/324/

Sub-system indico page: https://indico.ihep.ac.cn/category/1041/ "



s CEPC physics studies constantly updated, improved and expanded to fully
explore the CEPC physics potential.

** Reference detector TDR under preparation, to be completed by the
mid-2025 for the proposal of China’s 15th S-year plan.

¢ Intense R&D activities are underway on the baseline detector concept targeting
key technologies of all sub detectors. Significant progress has been made and
several R&D projects have reached milestones.

¢ It is important to expand international collaboration and explore synergies with
other international projects.

» Existing collaboration: CALICE Collaboration (PFA calorimeters), LCTPC
Collaboration (TPC), INFN(Drift chamber), CMOS tracker Collaboration (Silicon
tracker), French and Spain institutes (CMOS pixel), DRD1-8 Collaboration
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Detector requirements and R&D status

Sub-detector Specification Requirement CEPC prototype
Pixel detector Spatial resolution ~ 3 pm 3—5pum [14-16]
TPC/drift chamber | dE/dx (dN/dx) resolution ~ 2% ~ 4% [19-21]
Scintillator-W Energy resolution < 15%/+/E(GeV) Prototype built
ECal Granularity ~ 2 x 2 cm? and tested
Prototyping [25]
4D crystal ECal EM energy resolution ~ 3%/ \/m ~ 3%/ \/We\/)
3D Granularity ~2x2x2cm3 ~2x2x2cm?
Scintillator-Steel Support PFA, Prototype built
HCal Single hadron o4 < 60%/+/E(GeV) and tested
Scintillating Support PFA Prototyping
glass HCal Single hadron o4 ~ 40%/+/E(GeV) ~ 40%/\/E(GeV)
Low-mass Magnet field strength 2T-3T Prototyping
Solenoid magnet Thickness < 150 mm
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Highlights of CEPC machine detector interface (MDI)

The design based on Accelerator TDR has been done. The background simulation is performing.

300 CEF:C Intera'ctlon Region | | . i o
T 7 \ | | le—2 Beam Lost Particle Distribution
Detector 40t 1 1 1 [ BGB_CDR_Higgs
200 Central | Extended I Extended 1 Extend?d 161 1 BTH_CDR_Higgs
Beampipe | Beampipe 1 Beampipe 1 Beampipe 7 BGB_TDR_Higgs
2k 1 1 [ 1.41 1 BGC_TDR_Higgs
1o00p ! ! ] 1 BTH_TDR_Higgs
t t ] e 1.24
B E o 1 i §
E 0 £ N 1.0
= < T -
< I | =
| 1 1 ERYE
-100F -20r ge ! Al 1 Al (I 2
’ \ v "]
/ \ O | 1 | 2 0.6
\ yllﬂdleal 1 CyllndrlFaI 1 Racetrack Cone Racelra.(.k ]
—200F \ ~ Inner Diameter Inner Diamet Inner Diameter at Y Axis: 20mm linner Dipmeter at Y
\ —40 F20mm I 20mm 1 Inner Diameter at X Axis: 20-35mm J20mm 0.4
/ \ Thickness | | Inner Dipmeter at X :
i \ 0.15%X,(CDR) \ . L L f«—20mm »—3514&3“—'“
_300L—— . £ . A . . 0.0 20mm T o2 0.3 0.4 05 I o7 021
~6 —4 -2 0 2 4 6 1 1 Z(m) 1
Z(m) ' ' '
. S 2.5 5.0 7.5

o
)

We are also checking the elliptical cross-section ~10.0 _7l 5 —5‘.0 _2| 5 0.0 10|.0

Position in Interaction Region/meter

The experiment at BEPCII has been done several times to validate the code. The collaboration on beam induced
background study between different
groups has been formed.
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GSHCAL Simulation Studies

0

7
@ 4500

@ 4400
@300

) Y g I 7

© n
Endcap — T—

Barrel T S—

Based on Pre TDR Based on TDR

Based on CDR

(Finished) (Ongoing) (To do)
AHCAL 3.77% 3mm+20mm 5lambda  4x4 cm? 1 g/cm? 931 mm 14m3 + 91m? 2.8x10°
CDR GSHCALI1 GS 3.7% 40 3mm+18.8mm  5lambda  4x4 cm? 6 g/cm? 873 mm 13m3 + 81m? 2.7x10°
CDR GSHCAL2 GS 3.59% 40 10mm+13.8mm  5lambda  4x4 cm? 6 g/cm? 962 mm 46m3 + 64m3 2.9x10°
CDR GSHCAL3 GS 3.37% 40 29.7mm GS 5lambda  4x4 cm? 6 g/cm? 1218 mm 159m3 (GS) 5.4x107
Pre-TDR GSHCAL4 GS 3.49% 48 10mm+13.8mm 6 lambda 2x2cm? 6 g/cm? 1170 mm 62m3 + 86m3 3.9x10°
TDR GSHCALS GS ? ? ? 6 lambda ? ? ? ? ?



LTS cable R&D

cables.

»Development of 32 strands and 16 strands NbTi Rutherford

»1 km 16 strands aluminum stabilized superconducting cable
used In the superconducting magnet prototype of the China

cec ceec  spallation neutron source EMuS project.

Option A Option B

»Long Dummy cable and dummy coil, 6061 + copper, 22*5
» Continue the research of secondary aluminum coati

B NbTi/Cu cable

[ | Pure Aluminum

|1 High Strength and High RRR Aluminum Alloy
[ High Strength Aluminum Alloy

NbTi Rutherford Small size Al stabilized
cable cable 4.7*15mm?2

size cable

Long small

| Dummy cable
22*56mm?

\_

Lon43;ummy cable
(22*56mm?)
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Prototype Coil R&D

Winding platform of Dummy coill

» Dummy cable: 6061 Aluminum alloy,
Cross section 56mm=*22mm

» Dummy coil: 4 layers, 10 turns per
layer.

: i

Leak detection before coil after vacuum epoxy
vacuum impregnation impregnation




CEPC Reference Detector TDR

CEPC SW

Technology Technology
» JadePix Crystal ECAL
§ TaichuPix Stereo Crystal ECAL
> |CPV(SOI) L |Scint+W ECAL
_i_<’ Stitching *é Si+W ECAL
Arcadia = |Scint+Fe AHCAL
CEPCPix § ScintGlass AHCAL
2 silicon Strip RPC SDHCAL
% \TPC MPGD SDHCAL
% Drift chamber DR Calorimeter
E PID drift chamber - Scintillation Bar
LGAD ToF é RPC
‘e |SiTrk+Crystal ECAL H-Rwell
3 |SiTrk+SiW ECAL HTS / LTS Magnet

MDI & Integration

TDAQ

» Large number of detector technology
options and R&D projects on-going,
they are not at similar level of maturity.

> Ne

ed to converge technology options

towards a CEPC reference detector TDR

o

(R )

.0

@

L)

*

> Int

L)

*

L)

*%

Start preparation in Jan. 2024
A draft version of TDR in Dec. 2024
Official release of TDR in Jun. 2025

. detector collaborative efforts
DRD proto-collaboration (DRD1-8),
more than 130 colleagues from 11
Chinese institutes joined so far.
HL-LHC detector R&D efforts help to
prepare teams for CEPC detectors.
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CMOS MAPS sensors development

All developed with TowerJazz CIS 180 nm process

Architecture

Pitch (um?)
Power con.
(mW/cm?2)

Integration time
(us)*

Prototype size
(mm?)

Main goals

JadePix1

Roll. Shutter + Roll. Shutter + Data-driven r.o. enl(?jo(l)lf. (s;lun?i:ity
Analog output M In pixel discri.  + In pixel discri. gyl
33 x33 22 x 22 25 % 25 ‘ 16 x 26
/16 x 16 16 x 23.11
= = 150 m) ~55/<100
- 40-50 ~3 ~100
39x79
(36 individual o) 3x3.3 31x46 EEp 10.4x6.1
; Small pixel + Smaller pixel +
o tSiriri‘zs:t:on Smal:xt:Inary Fast readout+ Low power +
g P nearly full functional fully functional

* Assuming a matrix of 512 X 1024 pixels

JadePix1 (IHEP)

JadePix2 (IHEP)

12017

JadePix2 MIC4

2019 |

All prototypes in TowerJazz 180 nm process

MIC4 (CCNU & IHEP) JadePix3 (IHEP, CCNU, Dalian Minzu Unv., SDU)

8.6 mm

S.P. Integration Average
resolution time power
JadePix-4 <5 pum ~1 ps < 100 mW/cm?

JadePix-3 <3 um <100 ps < 100 mW/cm?

Optimized for fast readout

14.8mm

Full-size Taichupix

i Sl i B el B Al -

159 mm
—

CHIERE R R R AR TR R B R
Ll Rl dh Gh e b N e

TR IR T IR AR

25.7 mm

_______

OF B SR

TaichuPix3

1024*512 pixel array, FE-I3-like
High speed, deadtime~50ns@40MHz,
time stamp precision 25/50ns

Full-size chips produced and tested

Chip size: 5mm X 5§ mm
Pixel size: 25 pym X 25 pm
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Drift chamber full simulation and updated parameters

Experimental measurement

— Transfer Function| |Freq. Response
___________________________________________________ W beam of Preamplifier of Noise Events
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I
I
1
I [
4 &L I
! Analog breamolifier Noise ' Digital
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]
I
I
I
I
I
I
d

DC Heed Amplification
I
|
. . Pulse templatey 1+ STTT T T T T T T T T T T T T T T T T T T !
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R extension 600-1800mm S PR
| . . eparation: 3.20 for 20 GeV/c
Length of outermost wires (cos8=0.855800mm dN/dx resolution: ~2.5% for pion /.,I.D[
Thickness of inner CF cylinder: (for gas 02 — Pion R R ——— e Reconstruction
tightness, without load) 200pm 0.028 i o . TS_ —e- Truth
Thickness of outer CF cylinder: (for gas 0027 | — Keontruth |} '
tightness, without load) 300pm %5'0'
. c 0.026 - [
Outer CF frame structure: Equwalent cf g \\———\—"\ g 4o
thickness: 1.8 mm g 0.025 =
Thickness of end Al plate: 20mm / 25mm 0.024 - §4'0
5 (M)
Cell size: ~ 18 mm x 18 mm voss ] ® 35
Cell number 27623 a0
Ratio of field wires to sense wires 2. 0227 \_ '
Gas mixture He/iC,H,,=90:10 A 50 7.5 10.0 125 150 17.5 20.0

Momentum (GeV/c) Momentum (GeV/c)



Machine learning reconstruction algorithm

s LSTM-based peak finding and DGCNN-based clusterization

¢ ~10% improvement of PID performance with ML

Long Short-Term Memory (LSTM)-based peak
finding
higher efficiency than the derivative-based algorithm,

D2 algorithm Ove ry
5
4 b
N\ |
g
N
g Y
= (Il | ROC Curve
=)
52 1.0
.
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I \ ]
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[
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s —— LSTM (AUC=99.03%)
4 . 0.2 Vi o
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Dynamic Graph CNN (DGCNN)-based
clusterization
higher efficiency, and lower fake rate

ROC Curve
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Optimized mechanical design and FEA

* Frame CF support
structure

* stepped end plates

* Inner and outer CF

cylinders
<Cos6=0.85" Cos6=0.95

S, Mises —

SNEG, (fraction = -1.0) > U, U2+0 000e+00

SPOS, (fraction = 1.0) : -6.085e-04 :

(Avg: 75%) -2.057e-04 -7.270e-04 * FEA with loads of
+2.088e+07 = ‘ -4.114e-04 -8.454e-04 ) . .
+1.914e407 -6.172e-04 -9.63%-04 wire tension and
o e |
+1.566e+ -1.029%e- § i :
+1.392e+07 -1.234e-03 Ll e ' self Welg ht
+1.218e+07 -1.319e-03
+1.044e+07 -1.440e-03 -1.438e-03 ~ o
+8.699¢+06 -1.646e-03 -1.556e-03 Small
H . -
+5.220e+ “L. e- - -
+3.480e+06 -2.263e-03 -1.793e-03 deformation
+1.740e+06 ‘. 1.911e-03
+2.057e-24 ‘ 246960 §2:0308:03° [ * Stable structure
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Vertex detector sensor R&D timeline

2015 2017 2019 2020 2021

sttt
4
151

JadePlx-

JadePix-4/MIC5

JadePix-2/MIC4 “JadePix-3

180nm CIS process

200nm SOI proce
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Crystal ECAL R&D

Light Yield vs Stochastic Term

6 “
- v Study of crystal-SiPM units
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High granularity crystal ECAL with long bars

y/mm

transverse size: 1-2 cm
length 40-60cm

i 7
I

k\ﬁmodumors (eg. FPMT, SPM..)/
g™

oduke
Crystal Sc'um'llcf‘or (eg. B6O, LYSO)}

Full detector geometry Reconstruction

EY) .

Unit 1DCluster  2DCluster 3DCluster

Reconstructed Mass of Higgs

[ Ertries R 56
5 o . Rt
rooh— H —_ YY | f-”m' eesis
module iE ; : [ Corenare 19.65 135
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Photon identification efficiency > 95%

when E > 0.7 GeV
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TOF detector options

i8] %% © <35ps
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The 4" Detector Concept

Advantage: Cost efficient, high density sg';’\:g:ﬂ“‘:g:ﬂg; é :I )

Scint Glass
PFA HCAL Challenges: Light yield, transparency,

massive production.

Advantage: the HCAL absorbers act as part
of the magnet return yoke.

ﬁiii Challenges: thin enough not to affect the jet

"” Advantage: better n%y reconstruction.

Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

resolution (e.g. BMR); stability.
J I —r Crystal ECAL «
|

l e Emec—= ——Tameam

Hl A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
enough not to affect the moment resolution.

Muon+Yoke Si Tracker Si Vertex

w/TOF outer layer

Excellent e/gamma
energy resolution;

PID capability;

Better hadronic
energy resolution;

Magnet in much
reduced size.

BMR: 4% — 3%
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