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Objectives

 To understand the physics landscape & science merits

- ldentify benchmarks & quantify reaches
- Quantify the discovery power, especially NP Smoking guns

- Added values compared to existing facilities

 To maximize the physics output

- To iterate with detector/facility Design & optimization

- To synergies with X-frontier facilities

* To stimulate new ideas/methods
* To actively participate international collaboration & participations
 To be in pace with the project application

 To communicate efficiently with general public & decision maker
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CEPC Physics Study

Individual Theory/Pheno/Simulation Studies

Be general & interact with Detector
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Table 2.1: Precision of the main parameters of interests and observables at the CEPC, from Ref. [1] and the

references therein, where the results of Higgs are estimated with a data sample of 20 ab—!. The HL-LHC

projections of 3000 fh~! data are used for comparison. [2]

Higgs W, Z and top
Observable HL-LHC projections CEPC precision | Observable Current precision CEPC precision
My 20 MeV 3 MeV My 9 MeV 0.5 MeV
Iy 20% 1.7% Iy 49 MeV 2 MeV
o(ZH) 4.2% 0.26% Miop 760 MeV O(10) MeV/
B(H —» bb) 4.4% 0.14% Mz 2.1 MeV 0.1 MeV
B(H — cc) - 2.0% Iy 2.3 MeV 0.025 MeV
B(H — gg) - 0.81% Ry 3x 107° 2x 1074
B(H - WW~) 2.8% 0.53% R. 1.7 %102 1x10°3
B(H — ZZ*) 2.9% 4.2 » 2x10°3 1x10°4
B(H — 7+77) 2.9% 0.42% R, 1.7 x107* 1x10~*
B(H = vv) 2.6% 3.0% A, 1.5 % 10-2 3.5 x 103
B(H — ptp) 8.2% 6.4% A, 43x 1073 7x 1070
B(H — Zv) 20 8.5% Ay 2 x 1072 2% 1074
Bupper(H — inv.) 2.5% 0.07% N, 2.5x10°3 2% 1074

Scientific Significance quantified by CEPC physics studies, via full simulation/phenomenology studies:
* Higgs: Precisions exceed HL-LHC ~ 1 order of magnitude.
* EW: Precision improved from current limit by 1-2 orders.
 Flavor Physics, sensitive to NP of 10 TeV or even higher.

 Sensitive to varies of NP signal.
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Detector & Software
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White papers
Higgs: published in 2019, updated in 2021 Snowmass WP

Flavor:

- Main editors: Lingfeng Li (Brown U), TaoLiu (HKUST), Fengkun Guo (ITP), Lorenzo Calibbi
(Tianjing U), Qiangxin Li (CCNU), Qin Qin (Huazhong S&T), etc)

- Phase-I; submit to ArXiv in a few weeks
- Phase-ll: to enhance the measurement with tautau events and CKM measurements

EW: draft for internal review expected at beginning of 2024 — released at middle 2024

- Main editors: Jiayin Gu (Fudan U), Zhijun Liang (IHEP)
NP: same as EW White paper

- Main editors: Jia Liu (PKU), Liantao Wang(Chicago U), Zhen Liu (Minnesota U), Xuai Zhuang
(IHEP), Yu Gao (IHEP), etc

QCD:
- Main editors: Huaxing Zhu (PKU), Meng Xiao (ZJU), Jun Gao (SJTU), Zhao Li (IHEP), etc

- Very rich physics: strong coupling constant measurement + Form Factor + Hadron
Fragmentation + QCD Phase transition + accurate calculation + interplay to other measurements
especially Flavor & Higgs...

31/10/2023 CEPC IAC@IHEP 8



Higgs white paper

Chinese Physics C Vol. 43, No. 4 (2019) 043002

Mystery Higgs sector :
Snowmass 2021 US Community Study Precision Higgs physics at the CEPC”

on the Future of Particle Physics
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Fundamental

or Composite? Mingrui Zhao(GRA %) Xianghu Zhao(B#E ) Ning Zhou(J#] )

Baryogenesis

Real scalar singlet model

Current

Origin of masses?

Is it unique?

Most Influential Paper Award of Chinese Physics Society

To the paper entitled

Precision Higgs physics at the CEPC

1 By Fenfen An(: % ), Yo B 1), Chunhui Chen(1. 4.5) .
Published in

2019 Chinese Physics C 43 043002
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Snowmass White Paper

The Physics potential of the CEPC

Prepared for the US Snowmass Community Planning Ezercise

(Snowmass 2021)

CEPC Physics Study Group

CONTRIBUTORS

Huajie Cheng, Department of Applied Physics, Naval University of Engineering,
Jiefang Blvd 717, Qiaokou District, Wuhan 430033, China

‘Wen Han Chiu, Department of Physics, University of Chicago, Chicago, IL 60637.
USA

Yaquan Fang, Institute of High Energy Physics, University of Chinese Academy of
Science, Beijing, 100049, China

Yu Gao, Key Laboratory of Particle Astrophysics, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing, 100049, China

Jiayin Gu, Department of Physics, Center for Field Theory and Particle Physics, Key
Laboratory of Nuclear Physics and Ion-beam Application (MOE), Fudan University,
Shanghai 200438, China

Gang Li, Institute of High Energy Physics, University of Chinese Academy of Science,
Beijing, 100049, China

Lingfeng Li, Department of Physics, Brown University, Providence, RI 02912, USA

Tianjun Li, CAS Key Laboratory of Theoretical Physics, Institute of Theoretical

Physics, Chinese Academy of Sciences, Beijing 100190, China

ABSTRACT

The Circular Electron Positron Collider (CEPC) is a large-scale collider facility that can

serve as a factory of the Higgs, Z, and W bosons and is upgradable to run at the ¢ threshold.

This document describes the latest CEPC nominal operation scenario and particle yields

and updates the corresponding physics potential. A new detector concept is also briefly

described. This submission is for consideration by the Snowmass process.
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Physics reach via Higgs at CEPC

240 GeV, 20 ab™!|  360GeV, 1 ab~!
ZH vvH ZH | vwwH | eeH
inclusive 0.26% 1.40%| \ \
H—bb 0.14%| 1.59% |0.90%|1.10% |4.30%
H—cc 2.02% 8.80%| 16% | 20%
H—gg 0.81% 3.40%(4.50% | 12%
H—-WW 0.53% 2.80% (4.40% 6.50%
H—-ZZ 4.17% 20% | 21%
H— 11 0.42% 2.10%(4.20% |7.50%
H — vy 3.02% 11% | 16%
H — pp 6.36% 41% | 57%
H — Z~ 8.50% 35%
Brypper(H — inv.) |0.07%
Ty 1.65% 1.10%
31/10/2023

Precision of Higgs coupling measurement (kappa0 fit)

Relative Error

m HL-LHC S1/82

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

Precision of Higgs coupling measurement (kappa3 fit)

10"

Relative Error

CEPC IAC@IHEP

10—2_

= CEPC 240 Gev @ 20/ab
m + CEPC 360 GeV @ 1/ab
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EW measurements & SMEFT

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 Epeam 0.100
ATy 2.3 MeV [37-41] 0.025 MeV (0.005 MeV) Z threshold Ebveam
0.010
Amy 9 MeV [42—4 0.5 MeV (0.35 MeV) W threshold Ebeam
ATy 49 MeV  [46-49] 2.0 MeV (1.8 MeV) WW threshold Epeam § 0.001
= 0.
Amy 0.76 GeV [50] O(10) MeV? tF threshold ‘-(‘]J)
AA,  49x107% [37,51-55] 1.5x107° (1.5x 107°)  Z pole (Z — 77) Stat. Unc. % 1074
AA, 0.015 [37, 53] 3.5 x 107 (3.0 x 107°)  Z pole (Z — pp) point-to-point Unc. E "
AA, 43 x1073 [37,51-55] 7.0x107° (1.2x 107®)  Z pole (Z — 77) tau decay model 10
AA, 0.02 [37, 56] 20 x 107° (3 x 107°) Z pole QCD effects 10-6
AA, 0.027 [37, 56] 30 x 1075 (6 x 107°) Z pole QCD effects
AChad 37 pb [37-41] 2 pb (0.05 pb) Z pole lumiosity 1077
SRY 0.003 [37, 57-61] 0.0002 (5 x 107°) Z pole gluon splitting
SR 0.017 [37, 57, 62-65] 0.001 (2 x 1079) Z pole gluon splitting
JRY 0.0012 [37-41] 2 x 107 (3 x 1079) Z pole Ejpeam and t channel
SR, 0.002 [37-41] 1x107* (3 x 1079) Z pole Epeam
SR 0.017 [37-41] 1x107* (3 x 1079) Z pole FEheam
N, 0.0025 [37, 66] 2x1074 (3 x107%) ZH run (vvy)  Calo energy scale
95% CL reach from SMEFT fit
10l HL-LHC S2 LEP/SLD included —
F| @ CEPC for all scenarios 3
[l Z—fnle + WW threshold |
[l +240GeV(20/ab) + 360GeV(1/ab) + HL-LHC I 0]
light shade: individual fit (one operator at a fime) l I I O
_ H_sold shade: lobal I i 1
s | _
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- F O _ B
s [ g T i ] ] 1
: L i | d 14 |
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Flavor Physics White paper

Flavor Physics at CEPC: a General Perspective
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1 Introduction
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31/10/2023 ~ 20+ benchmarks + ... Access to NP at 10 TeV or higher
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Figure 18: Projected sensitivities of measuring the b — s77 [70], b — svv [34] and
b — crv [35, 62] transitions at the Z pole. The sensitivities at Belle IT @ 50 ab™! [6]
and LHCb Upgrade II [17, 71] have also been provided as a reference. Note, the LHCb
sensitivities are generated by combining the analyses of 7+ — 7t n =7~ (7%)v and 7 — pvp.
This plot is adapted from [35].
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Figure 21: Illustrative Feynman diagrams for the B, — ¢v7 transitions in the SM. LEFT:
EW penguin diagram. RIGHT: EW box diagram.
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Figure 22: LEFT: Relative precision for measuring the signal strength of B, — ¢vi at
Tera-Z, as a function of its BR. RIGHT: Constraints on the LEFT coefficients CEP =
Cp,—C3M and C with the measurements of the overall By — ¢v# decay rate (green band)
and the ¢ polarization Fr (orange regions). These plots are taken from [34].
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Abstract: Precise determination of the B; — Tv; branching ratio provides an advantageous opportunity for under- Re [Cy,]
standing the electroweak structure of the Standard Model, measuring the CKM matrix element |Vep|, and probing . - . . .
new physics models. In this paper, we discuss the potential of measuring the process B, — tv; with r decaying Flg‘ 10. (COIOI’ OH]IDC) Constraints on the real and magim-
leptonically at the proposed Circular Electron Positron Collider (CEPC). We conclude that during the Z pole opera- ary parts of CVZ . The red shaded area COlTGSpOHdS to the cur-

tion, the channel signal can achieve five-o- significance with ~ 10° Z decays, and the signal strength accuracies for . . ilabl [ th
B, — 7v; can reach around 1% level at the nominal CEPC Z pole statistics of one trillion Z decays, assuming the rent constraints using aval ab € data on b—ecry dccays. If the

total B, —» 7v, yield is 3.6 106. Our theoretical analysis indicates the accuracy could provide a strong constraint on central values in Eq (9) remain while the unccrtainty in

the general effective Hamiltonian for the b — crv transition. If the total B; yield can be determined to O(1%) level + . o .
of accuracy in the future, these results also imply |V;| could be measured up to O(1%) level of accuracy. r (B:: =TV ) 15 reduced to 1% o, the al].OWﬁd region fOI' CVZ
shrinks to the dark-blue regions.
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cb from W decay

1.0

b quark @ Z-pole ¢ quark @ Z-pole 10° A uds quark @ Z-pole
1 pvqq E 5 102
106 4 1 Tvgq 0.8
—1 ) ol
 — 206
10° 5 — £
o 10°
G
>
Q”.i 104 5 i
i
c
Q e = £ . Dk
@ 102 4 0.6 i 1.0 o 02 04 06 0B 10 ;
b-likeliness b-likeliness b-likeliness
102 4
quark \ tag by bo c1 ) q1 G2
1
10 b 0.47 0.378 0.0197 | 0.0965 | 0.00397 | 0.0315
: o 00 oo 00 o~ ¢ 0.00042 0.078 0.298 0.373 | 0.0682 | 0.182
Miets uds 0.000104 | 0.00477 | 0.00145 | 0.054 0.538 0.401
wW, W — ()W, W = TVrqq, T —
cb  ub c(d/s)u(d/s)| ¢b ub c(d/s) u(d/s)| e2v had.w;|Trqq ppqq Higgs others
w/o slections 40.3K 363 24.2M 24.2M|7.73K 74 4.2M 4.2M |8.66M 31.4M |2.18M 4.47M 4.07M 2.06G . 0 0 0
ELu > 12GeV 37.9K 330 22.6M 22.6M|[5.59K 56 2.98M 2.97M | 133K 687K | 422K 2.82M 645K 186.3M ¢ Purlty > 99'5 /0 a't Eﬂ" 50 /0 fOf ﬂqu and 34 A) fOI' T(uzv) qu
RLN >0.85 35.3K 302 21.1IM 21.1M|[5.01K 46 2.73M 2.73M |1.55K 43.2K | 266K 1.82M 308K 128.8M
cos(f,;,) 35.3K 302 21.1IM 21.1M|[5.01K 46 2.73M 2.73M |1.55K 43.2K | 266K 1.82M 308K 128.8M . . .
QL COS(9L“§ <0.20 [32.8K 283 19.6M 19.6M|4.7K 42 2.57M 2.57M|1.26K 39.9K | 156K 1.03M 183K 92.6M ¢ Maln baCkgroundS lnCIHde‘
2nd isolation £ veto 32.8K 283 19.5M 19.6M|4.7K 42 2.5™™M 2.57M|1.26K 39.9K | 154K 526K 138K 43.9M
multiplicity > 15 |32.8K 283 19.5M 19.4M | 47K 42 2.56M 2.55M |1.23K 30.6K | 153K 522K 118K 185K e W — C(d/S)

Missing Py > 9.5 GeV/c [31.5K 264 18.7M 18.6M|4.38K 37 2.4M 2.39M |1.18K 37.2K | 136K 118K 92.6K 97.7K
Miogs > 65 GeV/c  |204K 254 18.IM 18.3M [4.15K 32 2.33M 2.35M| 978 360K | 132K 112K 85.3K 24.5K .
Miogs < 88 GeV/c? 241K 193 14.3M 14.1M|3.49K 23 187M 185M| 641 247K |5.62K 115K 6.76K 431K uugqq

Miegs recoil < 115 GeV/c2[20.2K 184 13.0M 13.1M|2.96K 23 172M L73M| 505 22.6K |3.57K 6.86K 536 3.02K
M, < 75 GeV/e?  |19.6K 184 12.9M 13.0M|2.95K 23 172M L1.73M| 505 22.6K [3.56K 5.78K 414 3.0K
My, > 12 GeV/c>  [19.6K 184 12.9M 13.0M|2.7K 18 1.54M 155M | 416 19.5K |2.08K 516K 390 181K

e ms s we o owe 0w mom oo VCD cOUld be measured to a relative uncertainty of

(0.7) (81) (0.0) (0.0) | (1.5) (125) (0.1) (0.1) | (0.0) (0.0) | (0.0) (0.0) (0.0) (0.0)

bre 514K 4 279K 571|632 0 407 65 | 0 14 | 67 28 0 0 04% at CEPC N0m|na| Set up

— 128 13 00 0.0 |82 00 00 00|00 00]00 00 00 00
11,2 (0.4) (1.3) (0.0) (0.0) | (0.7) (0.0) (0.0) (0.0) | (0.0) (0.0) | (0.0) (0.0) (0.0) (0.0)
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Phase Transition in early Universe

How did we
end up here ?

95% C.L. upper limit on selected Higgs Exotic Decay BR
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Synergy with GW detection...
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Low mass Higgs bosons...

The Observation of a 95 GeV Scalar at future et e~

Colliders

Karabo Mosala'2, Anza-Tshilidzi Mulaudzi'-2, Thuso Mathaha!2, Mukesh Kumar!, Bruce

Mellado', and Mangqi Ruan?

!University of the Witwatersrand, 1 Jan Smuts Avenue, Johannesburg, 2050, South Africa
2iThemba LABS, National Research Foundation, PO Box 722, Somerset West 7129, South Africa
3Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

 Assume signal Xsec ~
20 b

« CEPC Higgs operation:
~ 6 fb'/day ~ 2 ab”/year

Turn-key discovery

Events/(250 GeV)

— S+B

— Background

Vs = 250 GeV

L =500 fb"

o

SETTT T[T T[T T[T T[T [T [TTT 7T

L L
a5

105

110

118

M

120
GeV)

Reaoi

3 F
2 250 - —S+B
o L
Z -
e L — Background
E 200? ackgroun
r Vs = 200 GeV
150~ L = 500 b
100
50 :—
- rll Y . Piirrior, N
Ofﬁ 80 85 80 95 100 108 110 115 120
M., (GeV)

‘Recall

Figure 1. Recoil mass distribution for simulated ete™ — HZ — Hut 1~ events with mg = 95,5 GeV and all relevant
background events after a pre-selection described in this section for (a) V'S =250 GeV and (b) V'S =200 GeV both at
integrated luminosity .% = 500 fb~!; measured with the CLIC_ILD detector concept. This is achieved by considering the BSM
signal to be 10% SM Higgs-like.

Prelimi

nary...

| B A |
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Figure 5. The signal significance as a function of Luminosity (.Z) for (left) /s = 250 GeV before (Orange) and after DNN
(Blue), (right) /s = 200 GeV before (Orange) and after DNN (Blue) respectively.
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Detector Requirements & Performance

Suited to the collision environment, especially beam background/MDI

Trigger-less equivalent: Trigger system works as Trigger-less

Extremely stable

Large acceptance: polar angle, energy, time

PFA compatible (in SpaceTime): final state particle separation — pursue 1-1 correspondence

- Physics Objects Identification: Isolated, inside jets & jets

» Single particle objects: Leptons, photons, Charged hadron
« Composited objects: Pi-0, K-short, Lambda, Phi, Tau, D/B hadron, ..., Jets
- Improving the E/M resolution for composited objects, especially jets

BMR (Boson Mass Resolution)

- < 4% for Higgs measurements, ~3% for NP tagging & Flavor Physics Measurements

Pid: Pion & Kaon separation > 30
Jet origin identification: Flavor Tagging, Charge Reconstruction, s-tagging...

Excellent intrinsic resolution E/M/position: per mille level for track, percentage level for EM...
31/10/2023 CEPC IAC@IHEP
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BMR < 4% for Higgs physics

Accuracy [%]

o(vwvH, H—bb)
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https://arxiv.org/pdf/2201.07374.pdf
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FIG. 1. The penguin and box diagrams of b — svv transition

signal-hemisphere

K+

b thrust

tag-hemisphere

Sensitivity (CEPC)
---- Upper limit (LEP)
B SM prediction

at the leading order. 10.0-
8.07:

* Key ingredient to understand FCNC anomaly... g 6.0
» Critical Physics Objects: Phi (and charged Kaon), E 40
2" VTX, Missing E/P, b-jet at opposite side :
 Percentage level accuracy anticipated at Tera-Z o
0.0-=

10
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Requirements: Pid & MET

1.6 x10°
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Tracker: Pid

K* selection efficiency X purity

10 10
9 of \ """" K/mt dE/dx
o
. BT[]~ - KmToF
7 : 78
: : F \ | — K/mdE/dx+TOF
6 = 6 \ B D
— E m Py E | 17
L 56 3 L 5 \ 3 Q
E = E = Q
4 . 4: . =
3:_ = 3: \\--. =
- - - = — -
2F 2f : ™ - o
F C \\ "‘"-..é ot .'
1E 1E o - Y E X
0" ' s 0" ; i 5 0 10 20 30 20 0
1 10 10 1 10 10
p (GeV/c) p (GeV/c) P (GeV/c)
< 30 Table 3
fx—; The K* identification performance with differe[t factors, of,.u = factor - 6, insics
= - with/without combination of TOF information atfthe Z-pole.
% Factor 1. 1.2 1.5 2.
©” 20 dE/dx ex (%) 95.97 94.09 91.19 87.09
- purityg (%) 81.56 78.17 71.85 61.28
15:— proto itegrale wit 77 laser trac] £ (%) 98.43 97‘41 95‘52 92.3
. G b di/dx & TOF purity (%) 97.89 96.31 93.25 87.33
= O_dE/dx=3'4' i 03%
10?
F « Pid via dEdx or dNdx: < 3%
oL « Current TPC studies using laser reaches 3.4%
o 50 100 150 200 250

# hits in track
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Detector concept studies

Design of experimental facility and technical requirements

Detector
Requirements Challenges = -
boson mass > Support Particle flow with (il ™ =l
resolution —» > High granularity [ P E———— ‘l'
(BMR ~3%) » High precision | ‘
|
Novel detector design based on L e (]
0-07: T TR o 2 o e S L '(2I49('Be'v:) PFA calorimeter. Aim at I S -- S HMH_MH
0,061 s %ﬁw"_f::qq;"(‘:::x:‘::d = improving BMR from 4% to 3% | '
. 0.05; [ ]zH — vvgg Cleaned _;
s
% 0.04- =
e : Detector Key parameter World-class level =~ CEPC design
= PFA based EM shower ~20%/\E <3%/E
g ] EM calorimeter E resolution
0.01 -
. . PFA based Single hadron ~50%/\E ~40%/NE
w0 Hadron calorimeter  E resolution

m, (GeV)
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Detector study: CHLOE design
|
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1.8 . ! !
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31/10/2023 Vin (Vertex inside beam pipe): 20% i.mp. on Vcb
measurements w.r.t. Baseline
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Higgs mass resolution [%]

PFA Fast simulation

7/
- §=240GeV vvH,H— gg To be Updated'
6 B 1: Intrinsic subdetectoy resolytion
B 2: 1+ Photon E > 0.2GeV
. 3! 2+ Charged Pt>0.2GeV
5 . - 19.7%
- 41 3 + Separation confusion u Tracker resolution
- 5! 4+ Neutral Hadron E > 2.0GeV = ECAL resolution
4 - 635+ Apcept et 0 60 * 2.5 HCAL resolution
0. T ACC Ance TCoNulN <ULy e
- + 1.4%  « Photon E > 0.2GeV
| 7% 6 + Charged:Hadron fragments u Charged Pt> 0.2GeV
3_ 8 Full Simulafion Result Neutral Hadron E > 2GeV
L i 9.5% 3a Acceptance |Cos8| < 0.99
- + 1 = Charged Hadron Fragmenis
2 i + u Separation Confusion
B B Unidentified
'b_l [ [ [ [ L1l L1l [ [ | 1
1 2 3 4 5 6 7 8 YX. Wang
Effects

Fast simulation reproduces the full simulation results, factorize/quantifies different
impacts
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AU./0.5 GeV

BMR wi GSHCAL

P. Hu & YX. Wang
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Density ~4.5 g/cm?
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35—
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o
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« Baseline + replace DHCAL to GSHCAL + Simple para. optimization
e ~0(10)% improvement w.r.t. DHCAL
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Recent HL: Jet Origin Identification

1 -
R i
IJI ';' /// / “ 4 A .'4 EdgeConv Block
> 2 T« @! /I r"// //////// /w//j//:‘ .‘ #
o . AN . / /’Ji/ //;///;/_./‘figj:;// % EdgeConv Block
N R £ - :
PN N J A< -
¥ \R-\:‘\\ \\\\ \\\ == H'\ /f/fé/i;!:_‘ \\\\\ ; \\\ *—l
\§‘t-\\\_\_\ \/\/\ I );ﬁf og -~ 5 EdgeConv Block
LN Ve
‘\-»-»éf?’if?k*:‘?‘::_::;Zz-ﬁ f’%"\“’ \ L’
ﬁ:;;éﬁffézzz |’//{F; 7 \\\i\ { Global Average Pooling ]
- . v ZAry B\ ; '
E"‘f?//////// !f&““ /,7 \ \\‘\ Fully Connected
. 4 N AN * 256, ReLU, Dropout = 0.1
<CN A | —
/f/ ’,’ rf \\ /f Fu ed
. f,\ N/ . @
¢ Softmax
¢ &
« Jet origin identification: 11 categories (5 quarks + 5 anti quarks + gluon)
- Jet Flavor Tagging + Jet Charge measurements + s-tagging + gluon tagging...
* Full Simulated vvH, Higgs to two jets sample at CEPC baseline configuration: CEPC-v4
detector, reconstructed with Arbor + ParticleNet (Deep Learning Tech.)
https://arxiv.org/abs/2310.03440
CEPC IAC@IHEP ,
https://arxiv.org/abs/2309.13231
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Jet origin id: 11 categories

* vvH sample, with Higgs decays into
different SpeCieS Of Colored particle: b 0.033 0.022 0.004 0003 0002 0003 0002 0002 0017
5 quark, 5 antiquark & gluon bH 0172 BEREEE 0022 0032 0003 0004 0003 0002 0002 0002 0.018
c q o018 0.732 .o.oso 0.038 0030 0.025 0009 0010 0017 0.046
- 1 Million of each type . E
C { o016 [REZRN 0030 0037 0010 0024 0018 0.009 0.047
- 60/20/20% for training, 5 - o.003 0026  0.021 JRGETE] 0.030 0077 0063 0046 0.093
Validating! and teStingi reSUIt f:;“; S 40002 0003 0021 0.025 (EEVAN 0079 0.026 0048 0.060 0.091
Corresponding to teSting Sample g U o 0002 0003 0023 0012 0041 0123 0.057 0.088 0166 0.111
e Pid: ideal Pid — three scenarios 7 oo oo oo ooz [ ooa ﬂ. 0183 0079 o113
. . . d- 0.003 0.002 0.015 0.022 0.096 0.087 0.086 0.210 0.077 0.115
- Lepton identification . ..
d - 0.002 0.003 0.023 0.013 0.088 0.099 0.222 0.079 0.086 0.112
- + Charged hadron identiﬁcation G H 0014 0014 0027 0027 0050 0051 0044 0042 0036 0.035 ﬂ
-+ Neutral Kaons identification . - =
« Patterns:

- P(g—q) < P(g—g)...

- Lightjetid...
31/10/2023 CEPC IAC@IHEP 29
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Performance with different PID scenarios

Loy 1.0
@) = o s = w wn g nn
eﬂ:ﬂavor tagging with Zi. Ki, KI?/S id.
| \\i 1 | IIII*IIII
0.8 A . Pcharge flip with £*, K*, KI?/S id.

U or D jet tagging efficiency

0.0 =

31/10/2023
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S vs. U with £*, K=, K id.

S jet tagging efficiency
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Benchmark analyses using Jet origin ID

100 -
] mm Relative accuray, HL-LHC S2
Bl Relative accuray, CEPC
B 95% CL upper limit, CEPC
1071 -
1072 -
1073 5
104 -
Kb Kc Kg Kw Kr Kz Ky /Bsg Bug Bdd Bsb Bab But Bds

Improved by ~3 times
Improved by 1-2 orders of magnitudes
Presumably... firstly quantified

TABLE I: Summary of background events of
H — bb/cc/qgg, Z, and W prior to flavor-based event
selection, along with the expected upper limits on Higgs
decay branching ratios at 95% CL. Expectations are
derived based on the background-only hypothesis.

Bkg. (10%) Upper limit (107°)

H Z W| ss uwuu dd sb db we ds
vvH |151 20 2.1[0.81 0.95 0.99 0.26 0.27 0.46 0.93
ptpTH| 50 25 0 (26 3.0 32 05 06 1.0 3.0
Te"H |26 16 0 |41 46 48 07 09 16 4.3
Comb. | - - - 10.75 0.91 0.95 0.22 0.23 0.39 0.86

(28] J. Duarte-Campderros, G. Perez, M. Schlaffer, and
A. Soffer. Probing the Higgs-strange-quark coupling at
eTe™ colliders using light-jet flavor tagging. Phys. Rev.
D, 101(11):115005, 2020.

[50] Alexander Albert et al. Strange quark as a probe for new
physics in the Higgs sector. In Snowmass 2021, 3 2022.

[59] J. de Blas et al. Higgs Boson Studies at Future Particle
Colliders. JHEP, 01:139, 2020.

[60] Jorge De Blas, Gauthier Durieux, Christophe Grojean,
Jiayin Gu, and Ayan Paul. On the future of Higgs, elec-
troweak and diboson measurements at lepton colliders.
JHEP, 12:117, 2019.

For H->bb, cc, gg: results in 20 — 40% improvement in relative accuracies (preliminary)...
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Collaborations & Communications

Multiple workshops

- HKIAS working month (Jan. every year)
- Phy/Det Workshops (Duality to Nov. Annual Meeting)

e i.e., Fudan Phy/Det WS Aug. 2024, with ~ 120 talks in 1 weeks
- Topical Workshops (i.e., with FOPT & GW detection)

Actively participate international workshop/conferences

- LCWS, eeFACTs, FCC workshops, ECFA Workshops, etc

- Hosting relevant conference, i.e., Higgs2023

In Snowmass/ESPPU Studies

- Actively provide input (~ 30 citables at Snowmass studies + Snowmass WP)
-  ESPPU input

- Joins the discussions

31/10/2023 CEPC IAC@IHEP
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WS @ Fudan

ysics

Ph

9.!'!'][.,"\1&.& 1

Many new faces & new ideas!

//indico.ihep.ac.cn/event/19839

https
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|JAC recommendation & response

ltem 26. Aim at having a stronger involvement of Chinese universities to strengthen the simulation effort. Explore
avenues to engage international software experts for short-term, targeted visits.

ltem 28. Articulate the unique features of the CEPC physics program in the context of the global high-energy physics
program and consider submission of a separate whitepaper on this topic.

(o=l la)

MQ:

Community interests arises.

Organization + Services works is critical to facilitate the collaboration & enhance the output.
Central team, especially algorithm/software/computing part need to be strengthened.

For the WP studies, lacking of senior editing power, need to have good theorists/phenologists/experimentalists
working together.
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|JAC recommendation & response

Iltem 27. Strengthen the physics case as much as possible through targeted, full simulations of the key physics
processes and complete the set of whitepapers, addressing the five science areas, well before the CEPC proposal is
due.

ltem 29. The flow-down of the physics requirements should be based on the detector performance as a whole and
the detector treated as an integrated system rather than a set of subdetectors.

ltem 31. For the moment, narrow the number of concept detectors to two and advance the level of maturity of the
most promising candidate baseline technologies for the various subdetectors, maximising the complementarity
between the two detectors.

(o=l lad

MQ: | fully agree that full sim. studies towards the reference detector design with adequate
simulation/reconstruction is essential. Should be composed of both top-down & bottom-up approaches. From
Physics reach/detector requirement to the final design of reference detector. Those efforts include reco. Algorithm
development, prototype commissioning & test, Digitization & Validation studies, Fast simulation Validation from Full
Simulation, Benchmark studies, Pheno-studies, etc.

Manpower & coordination is essential, while | think the current efforts — especially the manpower is a bit worrisome.
...recruitment, collaboration (esp. International collaboration), training...
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Summary

» Electron Positron Higgs factories: a gigantic boost from LHC

 CEPC physics studies: composed of physics reach/pheno and detector requirement
optimization, aims at White papers to be released according to the project paces

- Community activated, results in multiple new ideas/results
- Good international communication/collaboration
- Lots of raw material available, visionary summarization/interpretation is needed

* Incentives/supports to young people, especially young Pls at China
« Editing help from senior & visionary experts

« Extremely rich physics program results in stringent requirements on the detector
performance, to be addressed by intensive study on detector design, key tech R&D, and
algorithms development

- Significant efforts towards the RDR (reference detector design TDR)
- Manpower/resource is an issue. Especially the service & communication

* New tools, especially Al, could significantly alter the physics study/detector design.
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Physics reach via EFT

95% CL reach from SMEFT fit

10°H  HL-LHC S2 LEP/SLD included

Il CEPC for all scenarios
Z-pole + WW threshold
+ 240GeV(20/ab) + 360GeV(1/ab) + HL-LHC

light shade: individual fit (one operator at a time)

solid shade: global fit
| ﬁ i i i i
0.1 i i i | | | | | | | | | | | | |

Onv Oww O Onw Onus OGG O, Oy Oy, O, Oy, Osw Ows Or One Onq Ohg Onu Ona O

| ci| [TeV]
| |||||||

N
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Challenges

* Physics: To be addressed by Physics studies & Summarized into White papers

|dentify the Smoking gun for discovery -
Physics landscape & Synergies @ X-frontier (i.e., GW + Collider)
Interpretations

High precision calculation

» Accelerator: Engineering Design Report & Feasibility studied

Prototype & commissioning at integrated level (large scale test facility, test with beam load)
Integration & alignments

Civil Engineering

e Detector: Innovative detector design + A3 (Al Assistant Algorithms) + Key tech R&D

PFA oriented
Extremely stable
Trigger-less equivalent at Tera Z

Sub-detectors — state of art + pursue excellent intrinsic resolutions

 International collaboration!
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Benchmark analyses using Jet origin 1D

105 10 105 3 200
= Upper limit on Uy ss 1 —— Upper limit on Br
— 10X H-ss ; ——— H-=5sb, Br = 10_3 L 1.75
104 s W-qq i O 10* 4 mm W-qq
B Z - other NS : N Z-qq - 1.50
pm Z-ss g : ] H - bb/cc/gg
103 H - bb/cc/gg - 103 5
— © 3 B
o . 8 ] 1.25
o 1 o
~ I ~
«n 102 3 g 107 -1.00
- -+
C C c
(1)) o ()
> +~ >
L = Lt 0.75
10! £ 10!
]
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10_1 10—1 0.00
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g™ A H — ss: be limited to 3*SM using vvH + lIH at 20 iab
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L }Q CEPC IAC@IHEP 40

RL AT s e e RERARRETE FRRT!
80 90 100 110 120 130 140 150 160 170
invariant mass [GeV]

Upper limit on Bry_, s, at 95% CL (1073)



Circular Electron Positron Collider: Status

* 11 years of endeavor: Technologically ready to construct (TDR) ey Higes sector -
« CEPC, via multiple observation window especially the Higgs
Thermal History of

Universe

- Explore two new interactions beyond Gauge + Gravity
Stability of Universe

- Could identify new ingredient of matter, discover New Physics,
and reveal the known unknowns of SM r

or Composite?

Is it unique?
Origin of Flavor?

 Boost technologies: High Field Super Conducting, RF, Medical
technologies, Al, ...

« A platform for profound International Collaboration

The SM Higgs Lagrangian  (schematically)

LHiggs = |D¢‘2 g ()G'k’lr//’j"r/)kqﬁ +h.c.) - V(g/)%ﬁ)
\\,—/ [ - _ \H/—/
gauge interactions, Yukawa interactions, Higgs potential,
HWW /HZZ couplings Hff, CKM matrix, .CF HHH /HHHH coupl.
— well tested after LHC < studied since ~ 2018 < not yet tested
“Bth force” “6th force"

« The immense science merit & profound influence on mankind, we hope Higgs
factories could be approved for construction soon
6/11/2023 41



Challenges

« Manpower and resources is worrisome.

 From the physics requirement to its resolution as in a detector TDR, requires

Reliable quantification of boundary condition (Beam induced bkg, etc)
Detector hardware R&D

Detector prototype testing + modeling of Digitization

Full Detector Simulation & Modeling in fast simulation

Software:

 framework,
 full simulation,
« algorithm development
Active user community, training program

 Profound international collaborations

* Recruitments + Visitings

31/10/2023
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CEPC Physics Study

« Contacts

- NP: Xuai, Jia Liu...

- EW: Jiayin, Zhijun...
White

Paper - Flavor: Lingfeng, Lorenzo...

- QCD: Huaxing, Meng Xiao...

- Higgs: Yaquan, Gang...
- Manaqi, Liantao

Topical Review
« Topical reviews

- PFA
-  EWPT & Early Universe
Individual Theory/Pheno/Simulation Studies - Mono photon
Be general & interact with Detector - LLP

- Exotica (in. With Flavor)
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Impact of CSI

~ 102 =10’
10
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e Wl o . "
. o L e L - o
| AP AR I . - | PP IPIPREITY FYAPERE IPSREPEr APPAArS FRrArr ]

-25 -2 <15 -1 -05 0 05 1

25 2 15 1 05 0 05 1
signal, log_ (o) backgrounds, log_ (a,)

If we find an observable that evaluates the performance
of CSl — and eventually veto events with bad CSI, we
can improve the accuracy on H->bb, cc, gg by ~ 2 times
at qgqH channel.

Need profound understanding of QCD picture, and
developments of new tools
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c-likeliness

Vcb from W decay

Vip| = (41.0 £ 1.4) x 1073

Via

(O’O) Figure 12.1: Sketch of the unitarity triangle. (1 ’O) b 1 b 2 c 1 C2 g 1 g 2
0.47 0.378 0.0197  0.0965 0.00397 0.0315

M =Q 0.00042 0.078 (0.298 0.373  0.0682  0.182

Flavour tagging at Z-pole ud40.000104  0.00477 0.00145 0.054  0.538  0.401

flavour tag of c quark

flavour tag of b quark

flavour tag of uds quark

08 08
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06 E
i <
£ =
< 04 “ 04
02 02
a0 00
0.0 02 04 06 08 blikeli
IKeliness

b-likeliness

b-likeliness
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Individual jet: jet clustering - matching

CEPC 7Z-swqq (240 GeV) CEPC 77w (240 GeV)

Thrust, GendJet Thrust, RecodJet 1800 :Z.Z_.W.wﬁa. T L .(271'9 (I;e};_:,
_ _ r CEPC = MC
< 40 s gg 1600 & L Gaussian
9 o9 g a3 — DBCB 3
w w 10 1400: 1 _00-:1:059].<—0.90 b
30 30 & 1200 E
2 2 S 1000F =
g C ]
e 0 e 0 2 800 3
c C ]
w600 =
400F -
0 0 200F -
L |l ,1;. P I"r-
© ) %% —04 02 0 02 04 06
(Eﬂeco - Egen) / EGen
CEPC ZZ—qaqq (240 GeV) CEPC ZZ-qqqq (240 GeV)

ee-kt, Genet _ Fig. 7: ¢ and ¥ from the core of the DBCB fit to R are de-
fined as JER/S, respectively. The cos6; indicates the specific

polar angle of the jets.

—_ =

E (GeV)
[\v] O o w;m

Jet Clustering & Matching is critical:
ee-kt is used as CEPC baseline

Relative difference between Gen/Recojet
is define to be the detector jet response
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Jet Energy Resolution Jet Energy Resolution

Jet Energy Resolution

Individual Jet Responses
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Jet Energy Response: 2.5 — 4 times better than LHC in the same Pt range,

Jet Energy Scale: 3 times better before sophisticated calibration
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W-mass direct reconstruction at 240

GeV. Challenge & interesting

* W mass measurement at 240 GeV:

WW-—uvqg (240 GeV)
L _ _ 90000F " L T
- Statistic uncertainty @ 20 iab~ - CEPC 1y~ 000543 0.00411 -
80000F == i Gpgoa= 343677 +0.00727
* 0.3 MeV using only uvqq final state 70000E — m ®DBCB -
 Bias ~ 2.5 MeV once Z mass calibrated E 5000(};_ _
to known value 2, 500002_ 1
- Ultimate accuracy? § 400005 1E7 everts @ 5.6 iab
« Can we better control the systematic [ 300001 E
using the differential information? 20000 =
« Control the jet confusion?... 10000 s
 Identify & tame ISR? % 65 70 75 80 85 90 95 100
» Better calibrate? m; (GeV)
» Can we maintain sufficient stability over Quasi analysis: JES calibrated to
7/10 years? ... pure ISR return qq sample
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Flavor Physics @ Z pole

« Extremely rich physics & strong competition from Belle-ll & LHCb

 Comparative advantages of a Tera-Z

- V.S. Bellell, Access to particles heavier than Bs, large boost

- V.S. LHCb, much lower yields (2 orders of magnitudes) Better
Acceptance, better reconstruction of neutral final state (photon, missing
energy, and even Klong, neutron) and Jet Charge

 (Observations

- For CP measurement, a Tera-Z can compete with LHCb @ HL-LHC
thanks to the capability of precise Jet Charge measurements...

- Brings lots of critical information on measurements with neutral final
states...

- Yet, Pid is essential.
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Timeline

CEPC Project Timeline 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Technical Design Report (TDR)

Engineering Design Report (EDR)
R&D of a series of key technologies
Prepare for mass production of devices though CIPC

Civil engineering, campus construction

Accelerator

Construction and installation of accelerator

New detector system design &
Technical Design Report (TDR)

Detector construction, installation &
joint commissioning with accelerator

Detector

Experiments operation

Further strengthen international cooperation in the
filed of Physics, detector and collider design

Sign formal agreements, establish at least two
international experiment collaborations, finalize
details of international contributions in accelerator

International
Cooperation
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Taus: isolated or inside jets

Va
(a) Z — qq.H — vt with two hadronic decay. (b) WW — tvgq with one leptonic decay.
(¢c) Z — bb, B, — tv with one hadronic dacay. (d) Z — bb, By — 71 with two hadronic decay mixed

together.
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(a) Efficiency and purity performance along with polar
angle 6, parameters fixed.
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Measurement of a using BO — 2pi0

* B = 1w [JHEP12(2022)135] 106:65;3-?;'% v on 1°3§Epjb:::"mm .
« Z-factory advantages ol _:ﬁ ) :: _::
* Lower bkg level & better Neutral final state = | Combatotaitky| S b - Compinatorta Bhg
reconstruction (vs LHQ) S 1ot PR
* Larger boost of b-hadrons (vs B-factory) g g 1)
» Complementary with B-factory in 103? 10
* extracting S2p S

48 5 52 54 56 58
* reducing mirror solutions in a My [GeV]

* Tera-Z precisions [p Tera-Z Proiecti
aramet(()e;s era rojection _ - Bosnn data (WA) e CKM fit
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Bs—J/po

Y L S e

: —— Theory predictin 3 LHCb(HL-LHC) CEPC(TeraZ) CEPC/LHCb
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Lepton: isolated & Inside jet
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mis-id rate(%)

Isolated: for E > 2 GeV:
lepton efficiency > 99.5% &&
Pion mis id rate ~ 1%

Inside Jet: percentage level
degrading

— mis-id to muon(single) A

— mis-id to electron(single)|

— mis-id to muon(jet)

mis-id to electron(jet) 7



https://link.springer.com/article/10.1140/epjc/s10052-017-5146-5

Eur. Phys. J. Plus

Kshort & Lambda

(2020) 135:274

v
%} | L R D
E = Reconstructed mass .
LT; 0000 L Background iy
I —— Fit reconstructed data -

40000

20000

490

Fig. 7 All reconstructed mass distributions of Kg and A. They are fitted with double-sided crystal ball

functions

495 500 505
MeV

(a) K3

Table3 K g and A reconstruction performance

Page 9of 14 274
> 0.4 Ll T Ll Ll I T T L T I T Ll T L] I Ll T 1 1
Q -
4 T | L 7 U s 0 9
E  Reconstructed mass | 1 e L
= 8000 Background 7 S
— Fit reconstructed data -
6000 n
4000 N
2000 .

ppeseespecsteted

1 -

1116 1118
MeV

(b) A

Particle K3 (%) A (%) _ _
N o e High eff/purity reco. of charged
o 406 27.3 Final states at least...
P 92.4% 86.4%
ep- P 0.751 0.606
er- P 0.375 0.236
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Impact on benchmark: vwH, H—jets

VS+B
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Three categories: b, c, & light
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Figure 7. The migration matrix of ParticleNet (left) and LCFIPlus (right) at the CEPC.



Dependence on polar angle
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SN

]
E
/
/

i/

EN

R (mm) sigle-point resolution (um) material budget
Layer 1 16 2.8 0.15% /X0
Layer 2 18 6 0.15% /Xy
Layer 3 37 4 0.15% /Xy
Layer 4 39 4 0.15% /X0
Layer 5 58 4 0.15% /X0
Layer 6 60 4 0.15% /Xy
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Comparison on Det. Optimization

2.8 2.8
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Entries/(.2 GeV

Model-independent measurement of o(ZH)

Zhenxing Chen & Yacine Haddad

. 210’
: CEPC Preliminary CEPC Preliminary g i '[' I|2IHI|nl1'_=I1£5.E.|I:U; Ip::tlie_l. ‘;*]' =Ii.'llll.{'.|ihl T
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1 - 1 = “ | . I | I .
120 125 Jﬂl_l.’n[ll 135 140 120 125 130 135 140 100 110 120 130 140 150
M, ol G€V] M; 5 [GeV] MyecoilGEV]

2

* Recoil mass method. Combined © P2 . AN 7 “ P4
precision: o s + 9 Re Nz A S W
50(ZH)/o(ZH) = 0.5% - n >” \ 2 VAR ( VA )

5g(HZZ)/g(HZZ) = 0.25% e “h Sho !

5240 = 100 (207 + 0.0148,) %

 Indirect Access to g(HHH)
M. McCullough, 1312.3322
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Higgs benchmark analyses
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Hadronic system (jet)

Core of e+e- Higgs factory Physics measurements

- 97% of CEPC Higgs events are hadronic/semi-
leptonic
|dentify the hadronic system in semi-leptonic events

- lepton identification & missing energy

4-momentum measurement of the hadronic system:
BMR: Invariant Mass Resolution

Jet response: essential for differential measurements

- Color-singlet identification Identify the origin of each
final state particle: Jet Clustering & Matching, or
beyond?

31/10/2023 CEPC IAC@IHEP

Higgs 4

qq,
99

T, H

Ww, 77,
2y, YY

A

Strategy: make all the possible
measurements in each
different channel and combine

the resultl

-

|

w aq Z boson
decay
Final state
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Test beam at CERN
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c-likeliness

b quark @ Z-pole

0.2 0.4
b-likeliness

0.6 ﬂ:E

c-likeliness

Vcb from W decay

¢ quark @ Z-pole

b-likeliness

c-likeliness

uds quark @ Z-pole

0.4
b-likeliness

o
0.6

quark \ tag by by c1 o q 2
b 0.47 0.378 0.0197 | 0.0965 | 0.00397 | 0.0315
c 0.00042 0.078 0.298 0.373 | 0.0682 | 0.182
uds 0.000104 | 0.00477 | 0.00145 | 0.054 0.538 0.401
* wvqq

» Statistical (relative) error: 1.5%, 3.4E-4, 3.4E-4
* |V.p| Statistical error: 0.75%

* evqq

* statistical (relative) error: 1.7%, 3.7E-4, 3.7E-4
* |V,p| Statistical error: 0.85%
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Detector study

Vertex detector R & D ( 3- 5 um reso.)
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coordinates features

-

EdgeConv Block

—

EdgeConv Block

——

EdgeConv Block

¥
Global Average Pooling
¥

Fully Connected
256, RelLU, Dropout = 0.1

¥
Fully Connected

>
v

Softmax

11

@ordina@ QeatureD
1 T

Particle Net: IO

Linear

| BatchNorm

RelLU

!

Linear

§ ¥
| BatchNorm ]

RelLU

|

Linear
R
| BatechNorm |
\ J

Variable Definition
Ay difference in pseudorapidity between
the particle and the jet axis
Ad difference in azimuthal angle between
the particle and the jet axis
logpr logarithm of the particle’s pp
logE logarithm of the particle’s energy
Iog% logarithm of the particle’s py relative to the jet pp
Eog% logarithm of the particle’s energy relative to the jet energy
AR angular separation between the particle
: and the jet axis (1/(An)2 + (Ad)?)
do transverse impact parameter of the track
dOerr uncertainty associated with the measurement of the d0
z0 longitudinal impact parameter of the track
z0err uncertainty associated with the measurement of the z0
charge electric charge of the particle
isElectron if the particle is an electron
isMuon if the particle is a muon
isChragedKaon if the particle is a charged Kaon
isChragedPion if the particle is a charged Pion
isProton if the particle is a proton
isNeutralHadron if the particle is a neutral hadron
isPhoton if the particle is a photon

* Input: reco particles corresponding to 1 jet...

Table 3. The input variables used in ParticleNet for jet flavor tagging at the CEPC.

e Output: likelihoods to 11 different categories (sum =1)
CEPC IAC@IHEP
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