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A brief introduction to CEPC

* CEPC: an e*e¢” Higgs factory producing H and W/ Z bosons and top quarks
aims at discovering new physics beyond the Standard Model

* CEPC + SppC complex proposed in 2012 right after the Higgs discovery
* Conceptual Design Report delivered in Nov. 2018, 1st for circular ee Higgs factory
* R&D reaching maturity, accelerator TDR published at 2023, high-impact innovations

* Proposed to commence the construction in ~2026
to deliver Higgs data in 2030s

CEPC circumference ~ 100km

4/24/2024 Seminar@CCNU 2



Yields ~ Xsec * Lumi * Time
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Physics study: 2023

Chinese Phiysies © Vol 43, No. 4 (2019) 043002

Precision Higgs physics at the CEPC”
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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.



Scientific objectives, significance, and strategic value

The scientific importance and strategical value of an electron positron Higgs factory is clearly identified.

Pathways to Innovation and Discovery in Particle Physics

clear consensus in HEP community

Explonng

. ﬁﬁﬁgtr";? Report of the Particle Physics Project Prioritization Panel 2023

2013, 2016: the CEPC is the best approach and a
major historical opportunity for the national
development of accelerator-based high-energy
physics program.

The panel would consider the following:

2020 l \

onqer (e e eamm OOOPEIE i isanares oo, o v s e o oo oo
European Strategy a pro On pro UH CO lder a he r.[ghes aCh E"illab ﬂ energv ACCOmpl '*hnq h€~ 2.p|\;i:;oﬁ.2: large-scale test and demonstrator facilities in the accelerator and collider R&D

Update
Y 4
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3.A plan for the evolution of the Fermilab accelerator complex consistent with the longterm

C'Dmpenmg gOﬂlS “ TEQU[ g ﬂno‘fa ICn ﬂnd cut r[QEdgE EChﬂOlOg )/ ; vision in this report, which may commence construction in the event of a more favorable

budget situation.

In April 2022, the International Committee for Future Accelerators (ICFA) “reconfirmed the international
consensus on the importance of a Higgs factory as the highest priority for realizing the scientific goals of particle
physics”, and expressed support for the above-mentioned Higgs factory proposals. Recently, the United States also
proposed a new linear collider concept based on the cool copper collider (C3) technology [31].




International competition & Comparative advantages

-a- FCC

—s— CEPC

-« - CEPC-Upgrade
ILC
ILC-Upgrade

~4— CLIC

-4-- CLIC-Upgrade

Luminosity [ 103 cm?s]

's [GeV]

» Electron-positron Higgs factories identified as top priority for future collider (ESPPU).

» CEPC has strong advantages among mature electron-positron Higgs factories (design report delivered),
* Earlier data: collision expected in 2030s (vs. FCC-ee ~ 2040s), larger tunnel cross section (ee, pp coexistence)
* Higher precision vs. linear colliders with more Higgs & Z; potential for proton collider upgrade.
* Lower cost vs. FCC-ee, ~1/2 the construction cost with similar luminosity up to 240 GeV.

* CEPC 1s well recognized 1n particle physics world, as a major choice for the future flagship facility.

4/24/2024 Seminar@CCNU 6



CEPC 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

Accelerator

Civil engineering, campus construction

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

4/24/2024 Seminar@CCNU



CEPC Major Milestones

CEPC-SPPC Kickoff (2013.9) M First CEPC IAC Meeting (2015.9)

- . CEPC CDR Released (2018.11)

n S OeTEECCcrT
. s - -
| = = 1
i =Y I'-: s, Patiy Y
T » " s
-

CEPC

CEPC
Conceptnal Design Report !

Conceptual Design Report
Yolume | - Accelerator

Volume I - Physics & Datector

arXiv: 1809.00285 arXiv: 1811.10545

Editorial Team: 43 people / 22 institutions/ 5 countries

4/24/2024 Seminar@CCNU 8



CEPC Major Milestones

CEPC Accelerator TDR
released in December, 2023

. IHEP-CEPC-DR-2023-01
CEPC Accelerator TDR Review

June 12-16, 2023, Hong Kong IHEP-AC-2023-01

CEPC

Technical Design Report Distribution of CEPC Project TDR
cost of 36.4B RMB (~4.7B Euro)

Table 12.1.2: CEPC project cost breakdown, (Unit: 100,000,000 yuan)

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

Total o4 100%%

- Project management 3 0.8%
arX|v:231 2 -1 4363 Accelerator 190 51%
| Conventional facilities 101 8%

1 1 1 4 auth ors | Ganmmna-ray beam lines 3 0.8%

| Experiments - | ._1|} | 1 ]°.u__

278 i nstit utes Contingeney (8%) 27 T 4%

(159 foreign institutes)

Domestic Civil Engineering 38 countries
Cost Review, June 26, 2023, IHEP

™ Project management
u Accelerator

= Cenventional facilities

W Gamma-ray sources
The CEPC Study Group = Experiments
December 2023 u Contingency

9" CEPC IAC 2023 Meeting
Oct. 30-31, 2023, IHEP

4/24/2024 Seminar@CCNU 9



CEPC Detector & Reconstruction

Physics Physics
Models Parameters
< Whlzard =
~ 0(1-10)
Parton ~ Physics Object
o pythia _ iah-leve
- Fragmentation 0(1 0-1 00) / etrid
i — —— — E‘Stg 79 Reconstructed
MCParticle - Simulaton > Particle
< - MokkaPIus “\\\
- G4- Slmulatlon -
Simulated
Detector Hits Tracks & calorimeter hits

‘&/@

Detector Hits

~ o(1E5-6)

Full simulation reconstruction Chain with Arbor, iterating/validation with hardware studies

4/24/2024 Seminar@CCNU 10



Performance requirements

A

Higgs
» Massive Four in Standard Model:

_ . o . .
Z&W:~70% goes toa pair OfJetS qq Strategy: make all the possible
. . . ’ measurements in each
B H'QQS- ~90% goes to Jet final states % different channel and combine
the result!
- Top:t—-W+B
T, HH
WW, ZZ, i Hanm
. . . 2y,
« Arbor: final state particle reconstruction o
-
. . Il Vv
- Particle flow, Pursuing 1-1 correspondence... i ngggﬁn
Final state

- BMR < 4% for Higgs, much demanding for Flavor Physics/New Physics

e Jetorigin id: jet <> colored SM particle reconstruction.

- Flavor Tagging & Charge Reconstruction, s/light/gluon-tagging...

4/24/2024 Seminar@CCNU 11
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20 GeV Klong reconstructed @ ILD Calo
Curves indicating expected particle

trajectories (from MC-truth) 15
cm

DRUID, RunNum = 0, EventNum = 23
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Arbor branch: sum of distance between neighboring cells
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Validation: Arbor Branch
Length Vs MC Truth

? ' —— Arbor Branches

i lH | —— Charged MCParticle

5 Hll'l'-'.y —— MCParticle, e" and e’

- g :
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Arbor: successfully tag sub-shower structure

Samples: Particle gun event at ILD HCAL (readout granularity 1cm?® & layer thickness 2.65cm)

Length:
Charged MCParticle: spatial distance between generation/end points
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CALICE DHCAL TB & FermiLab, multi-muon
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CALICE SDHCAL TB @ CERN: hadronic
pre interaction

H
-
.,

Connected tree +

small isolated bushes
(Run 714525, 90GeV pi run)



Simulation: nearby particle showers

5 .
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[
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Clustering - Separation

> 1.2
O i
-
5 i
O i
10 GeV = 1
0 L B
0.8f
0.6 | | -
| ¢ CEPC CDR
0'4__ f ~-@--1mm x Tmm ]
: ~-4-- HmMm X Smm
02__ —=— 10mm x 10mm |
0_": A R R R

0 0 20 30 40 50
” Distance [mm]
Critical energy to separate an evenly decay 1 : 60/30 GeV with 5/10 mm cell.
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TT’: energy range

0.06

o 1'5000

—Z-qq
0.05

—Z > t'Tr

0.04

Z pole

)
< 0.03

0.02

0.01

]
-1 05

0
E {GeV]

1 -5| il 2 10_1 : ’ 10-1 1
10° 1 10 10 10° 1 10
E {GeV]

(a) (b)

0 0.5 1
log(E , [GeV)

Fig. 14: The generated 7° distribution as a function of the energies of di-photons from 7° — 4 in inclusive Higgs (a)
and Z — 77 samples (b). E,; is the energy of the leading photon. E.» is the energy of the sub-leading photon. The
red line is the function of E.1 + E,2 = 30 GeV.

« 1° energy (rest-mass, 30 GeV — 60 GeV): photon threshold ~ 0(100) MeV
At Z pole: be able to separate photons from Pi-0 decay, up to 30 GeV
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BMR: no significant dependence on #jets...
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Table 1. Event cumulative efficiency for Higgs boson exclusive de- Table 3.  Higgs boson mass resolution (sigma/Mean) for different de-
cay at the CEPC with /s = 240 GeV. o . .
cay modes with jets as final state particles, after event cleaning.
8g(%) bb(%) cc(®0) WW*(%) ZZ* (%)
H —bb H — cc H—- H—- WW* — 77
Pt ISR <1 GeV 95.15 95.37 9530 95.16 95.24 88 H—-7Z
0 0 0 0 0
Pt_neutrino < 1 GeV 89.33 39.04 66.36 37.46 41.39 3.63% 3.82% 3.75% 3.81% 3.74%
< — .
|Cos(Theta Jet)| <0.85  67.30 28.65 49.31 inar@CCNU 20




BMR < 4% required...

BMR=2% | BMR=4% | , BMR=2% | : % | ,
1 I r T 1 \ 1# ]
R R
I ] / ] | CEPC CD " G cD p ]
=) 3 ] ) \ =] ]
< 05 < 05 < 05 < 05
U " | J. l\- . - PR 0 i JJ L — TR D _._,_j | N D L 1 n
0 50 100 150 200 0 50 100 150 200 0 50 100 150 0 50 100 150
Mass [GeV] Mass [GeV] Mz [GeV) M [GeV]
(a) (b) (a) (b)
BMR=6% BMR=8% BMR=6% : BMR=8% :
i+ R i+ - 1 o 1+ =
[\ [\ ] | CEPGCDR | | GEPG CDR
) ) 5 S
< 05 < 05 | < 05 < 05
U " j L Pa— PR U " F— F— ) D N N h D - L 1 L n
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Mass [GeV] Mass [GeV] ML;,‘”" [GeV] M[;u‘“" [GeV]
(©) (d) (©) (d)

« W, Z, Hmass peak separation
* To separate qqH signal from qgX background with recoil mass information
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BMR: impact on critical measurements
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CEPC Baseline: BMR = 3.75%

240 GeV

0.0?__' [T T T T T T ( [T T '__:] B [ =TT [ L ] L —— | =TT [ =TT 1 .
- CEPC []zz - vqq (ud) Cleaned ] —S|g —zz )
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® - ] - i ]
S 004 = g | :
1 - . ® 3000 |- —
S - i 2 i g
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) - ] W 2000} -
< 0020 = - 1
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Fig. 7 Distribution of the recoil mass of the ggq, M”’“’o” for Z —

qq, H — vt and each background at /s = 240 GeV aftel the previous
cuts

@ Hadronically decayed Higgs boson: not sensitive to different modes it decays into
BMR 3.6 — 3.8% for H->bb, cc, gg, WW*/ZZ*->4 jets
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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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CMS Experiment at LHC, CERN

Data recorded: Thu Jan 1 01:00:00 1970 CEST
Run/Event: 1 /1201

Lumi section: 13




Jet origin id

Hao Liang, Yongfeng Zhu, Yuzhi Che, Yuexin Wang, Huiling Qu, Cen Zhou, etc

https.//arxiv.org/abs/2310.03440

https.//arxiv.org/abs/2309.13231
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https://arxiv.org/abs/2310.03440
https://arxiv.org/abs/2309.13231
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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.)
27

1 Million samples each, 60/20/20% for training, validation & test
Seminar@CCNU
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cooranates) o

-

EdgeConv Block

——

EdgeConv Block

—

EdgeConv Block

¥

Global Average Pooling

¥

Fully Connected
256, RelLU, Dropout = 0.1

¥
Fully Connected

11
v

Softmax

Particle Net: IO

@ordina@ Qea‘[ureD
1 T

Linear

BatchNorm

RelLU

!

Linear
) ¥
| BatchNorm ]

RelLU

|

Linear

P 2
| BatchNorm ]
\

Aggregation

Variable Definition
Ay difference in pseudorapidity between
the particle and the jet axis
A 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 pr relative to the jet pr
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 + (Ag)?)
do transverse impact parameter of the track
dOerr uncertainty associated with the measurement of the dO
20 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

« Output: likelihoods to different categories

4/24/2024
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Table 3. The input variables used in ParticleNet for jet flavor tagging at the CEPC.
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11-dim migration behavior

0.004 0.003 0.002 0.003 0.002 0.002 0.017

» Let the jet be identified as the
category with highest likelihood:

0.003 0.004 0.003 0.002 0.002 0.002 0.018

0.038 0.030 0.025 0.009 0.010 0.017 0.046

 Pid: ideal Pid — three categories

C - 0.01e 0.018 0.030 0.037 0.010 0.024 0.018 0.009 0.047

- Lepton identification —-
S - 0.003 0.002 0.543 0.096 0.030 0.077 0.063 0.046 0.093
- Charged Kaon identification =g -
=5 S = 0.002 0.003 0.021 0.025 0.079 0.026 0.048 0.060 0.091
. s =
- Neutral Kaon identification
u - 0.002 0.003 0.023 0.012 0.041 0.123 0.057 0.088 0.166 0.111
 Patterns: -
u - 0.003 0.002 0.014 0.022 0.122 0.041 0.064 0.183 0.079 0.113
- ~ Diagonal at quark SeCtor"' d =1 0.003 0.002 0.015 0.022 0.096 0.087 0.086 0.210 . 0.077 DTS

- P(g_)q) < P(q_)g)' - a - 0.002 0.003 0.023 0.013 0.088 0.099 0.222 0.079 0.086 - 0.112

- nght Jet Id' . G - 0.014 0.014 0.027 0.027 0.050 0.051 0.044 0.042 0.036 0.035
1 I | 1 1 1 |

s u d d G

o
Tl 4
[
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)
"
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Prediction
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Performance with different PID scenarios &
H—sSS measurements

1.0 105 10
—— @ = e s e nn s - Upper limit on Uy ss
e'ﬁ:ﬂavortagging with fi; Kir KE/S id. — 10X H-—>ss
--.--+IIII*IIII 104 W_)qq _8 d
081 TERT® BN Z - other X
) pm Z-ss g
3
_, 10 H - bb/cc/gg =
0.6 - = @
S vwH @ 240 GeV 1
un 102 3
.-" C C
...... () o
0.4 1 L|>.| -
10 £
Z
(]
N S
0. 100 =
0.0 1— : . . : 101
b C S u d 0.0 0.2 0.4 0.6 0.8 1.0

S

Flavor tagging: type that maximize {L_q+ L _q_bar, L _g} Remark: current jet flavor tagging efficiency &
jet charge flip rates are projections of the
If quark jet: jet charge ~ compare {L_q, L _q_bar} 11-dim arrays produced by Jet origin id
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Benchmark analyses: Higgs rare/FCNC

10° -

101 E

1072 -

1073 5

1074 -

Kb KC

I Relative accuray, HL-LHC S2
Bl Relative accuray, CEPC

B 95% CL upper limit, CEPC

Kg Kw Kr

Kz Ky /Bss

Bug Bdd Bsb Bdb Bu

Improved by ~3 times
Improved by 1-2 orders of magnitudes

Presumably... firstly quantified

For H->bb, cc, gg: results in 20 — 40% improvement in relative accuracies (preliminary)...
4/24/2024
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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.
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Performance V.S. Jet Kinematics
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1.0

Performance @ Z and Higgs

0.8 1

0.6

0.4 4

0.2 1

0.0

L R T .
eﬂ:ﬂaugr tagging fOr Z an’d Higgs

M10 instead of M11

4/24/2024

1.2

1.0 A

0.8 1

0.6

0.4 1

0.2 1

- k=g, for H g.forH =—#-g.forH —a—g,forH =—-a-g4forH
=P, for H P.forH —&—P;forH P, forH ——PyforH
-@—¢, for Z g.forZ -—-e-g;forZ -—-e—g,forZ -e-g forZ
0P, for Z P.forZ —e—P;forZ P,forZz —e—PyforZ

e YLl DEL DD b bl Dby DEg TS s
‘55;-—* .‘ ‘ * *.%hk%

’_ VST L SET SEE U T Sy onn o

¢ .

ARy
_._‘_-‘——-‘—— e g AP T T 0N
'&.\.\%

’;:,

=o
= O

1.0 4

—-a=eZ/el! gZ/eh —h-cZ/el
- =~ -
iy St SO Sy CLT SETT ik, SN e
— P e o .:...n_.. __*
‘ \\“
x

0.9

0.9-0.8 0.7 -0.6 -0.4 -0.3-0.1 0.0 0.1 0.3 0.4 0.6 0.7 0.8 0.9
C0SBjet

Seminar@CCNU 33




V.S. Hadronization models

1.0
e ) | e — Kummu:
eﬁ:ﬂavortagging (H7, H7), (PG: P6): (H7; P6)
= ) | s = 5 8 8 Knnmns
0.8 1 Pcharge flip (H7l H7)I (P6I P6)I (H7I P6)
0.6
0.4 -
o

0.0 T

4/24/2024

average number per event

30

25 1

—o-- Pythia6
—4— Herwig

— abs(Pythia — Herwig) 4 100

max(Pythia, Herwig)
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Fast/Full Simulation

Z->pp (91.2 GeV)
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V.S. Multiplicity
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e ...many patterns need further understanding & towards further optimization...
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Events / 0.01

Recent update at more benchmarks

10°
—— Accuracy
e H — CC
104 mmm H- bb/gg
Bl Z-qq
mm W-qq
103

102

10!

10°

1071
0.0 0.2 0.4 0.6 0.8

Combined scores for H—-ccC

5

Relative Accuracy o(ZH) - Bryce (1072)

108
—— Accuracy

— (2uuvyW —= (2v)uvych
10° (2vpvW = (2v)pvycd)s
[

(2u)uv,W = (2v;)pv,ud/s

W-qq
other

104

107

102

0.0 0.2 0.4 0.6 0.8
Combined scores for (2v¢)uvuch

 From Jet Flavor Tagging to Jet Origin ID (Preliminary):

- vH, H—cc: 3% — 1.7%
4/24/2023 Vcb: 0.75% — 0.5%
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Updated result on sin? 6 erf Measurement

Table 2.

Sensitivity § of different final state particles.

Table 3. Cross section of process ¢*e” — (' calculated us-

VS/GeV Sot AYE Sof A, SofAj,

SofAj, SofAs, §

mg the ZFITTER package. Values of the fundamenial paramei-
ers are sel a8 my = 911873 GeV, m, = 1732 GeV, myp = 125 GaV |

a, = 0118 and my = 80.38 GeV.

Ab
of Afy

70 0224
75 0.530
92 1.644
105 0.269
115 0.035
130 0.027

i b el e - VsfGeV  op/mb  oy/mb oy /mb oyfmb e /mb opymb

5.264 2.598 5.269 2.616 5.237 70 0.030 0032 0066 003 0058 0028

5453 4.200 3553 4201 5.549 75 0.039 0.047 0.073 0.046 0.063 0.043

. e o o0 o 92 1196 5386 4228 5366 4222 5268 Verlfy the RG behaVIOr . US|ng
105 0.075 0.271 0.231 0271 0.227 0.265 .

3956 1091 3958 1087 3.94 Hs o ope omw o a1 oS oms erm ~1 month of data taking

3.279 0.531 3.280 0.520 3.261 130 0.026 0.071 0.068 0.071 0.066 0.069

Expected statistical uncertainties on sin? 9 ef f Measurement.
(Using one-month data collection, ~ 4e12/24 Z events at Z pole)
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hadron

mm 0.1%<BR<1%

ing

dependency on Leadi

b-jets

flavor tagging efficiency for b quarks

mm 10%<BR<20% mem 1% <BR<10%

Branching Ratio of b/b to b hadrons
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hadron

mm 0.1%<BR<1%

ing

Branching Ratio of ¢/C to c hadrons mmm 10%<BR<20% me= 1%<BR<10%

B 10%<BR<20%

B 0.1%<BR<1%
I 1%<BR<10%

charge flip rate for c quarks

(9
Branching Ratio (BR) of ¢/C to ¢ hadrons

flavor tagging efficiency for c quarks
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dependency on Lead
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B-charge flip rate: Bs oscillations

Opposite side B, - DIK~ or B, —» Din~

* p charged Leptons with impact param.

I

* p charged Kaons with impact param. S k-
* p charged pions with impact param. u
* p protons with impact param. ? 3 pt > .
i;‘% éd 0 +. -
@ p'-on'm
d
B* - DOty }
no +p—
D= K™7v u” Same side
T ud_ * pcharged Kaons with impact param
o+ o 0 uﬁ * pcharged pions with impact param.
_— d
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charge flip rate

B-charge flip rate: Bs oscillations

0.6
0.51 Branching Ratio (BR) of b/b to b hadrons
B 0.1%<BR<1%
0.4 BN 1%<BR<10%
BB 10%<BR<20%
0.3 - . . . =
left: from b/b,  right: from opposite side of BY/B?
0.2
0.1
00 g0 £, £ & XA R Ly /R A AL R 2L By BR 0 e A e g S
% * * 1 *
%%h%%$§%h§1§§o§§5!§%woow <N Q:;Q:,
~ % ~
% @ @ Lo 2 686
*Q Q}W {bw %"'-t Y
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Summary

 Final State Particles

- Abb. Layer of information: High energy processes at collider interaction point is in
principle independent of Shower development

- Successful reco, i.e., separation - identification & measurements are critical for HEP
experiments

 Arbor: Backbone of CEPC reconstruction.

- Particle Flow algorithm that interpret detector hits into final state particles

e CalorimeterHits — Clusters,
» Clusters + Tracks — Reconstructed Final state particles)
- Resolve shower tree topology, emphasize on separation & identification

- Applied to multiple cases: TB, electron positron & pp colliders
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Summary

« Jet origin id: realized using Arbor + PN/Transformer

- Efficiently separate different species of colored SM particle
- Stable & Health

« Jet kinematic & Physics Processes: Calibration
« Hadronization models
« Det. Geometry, Fast & Full Sim: reference for det. Optimization

« Significantly impact on physics
- Higgs: boost precision on hadronic, especially rare/exotic final state (3 — 100 times)
- EW: Weak mixing angle
- Flavor: Time dependent CP measurements...

-  QCD: Quark Fragmentation

* Long term version: identify quark & gluons... as lepton & photons.
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Back up: related physics
performance studies
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Performance requirements

A clear separation of the final state particles: Identification of Physics Objects, and
Improving the E/P resolution for composited objects, especially jets

- Leptons, especially these inside jets
- Composited objects:

« Two/three body objects: Pi-0, K-short, Lambda, Phi, Tau, D meson...
 More bodies: Tau & Jets
- PFA: pursuing 1-1 correspondence...

BMR (Boson Mass Resolution): mass resolution of Hadronic decayed Higgs/Z/W

- < 4% for Higgs measurements
- Much demanding for Flavor Physics/New Physics Hunting

Pid: Pion & Kaon separation > 3 o (eff*purity of Kaon at Key processes > 60%...)
Jet origin id: Flavor Tagging & Charge Reconstruction, s/light/gluon-tagging...

Intrinsic accuracies: momentum, energy, VTX positions...
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Algorithm: hits — connectors

Preparation: hits cleaning, pre-clustering, etc

Create connector set between hits

- Create all possible connectors (according to geometry constrains)
- Clean: keep at most one connector end at a given hit

- lterate: change geometry constrain, add new connectors, and clean
A A

4/24/2024 Seminar(@CCNU
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Algorithm: connectors — branches

ry ry ry ry

D, . 0 m 0 r "

=1 4+ = ' + /'/ — T/'//
" r r

: : : ; :

e Tag the unique branch set from connectors

- Create all the possible branches (from leaves to seed)

- Loop the branches with length order, flag hit, end the branch at the
4/24/2024 ﬂagged hits Seminar@CCNU 49



Individual jet: jet clustering - matching

cE Pc Z7—vvqq (240 GeV) CEPC ZZ—-vwvqq (240 GeV) -
Thrust, GendJet Thrust, RecodJet 1800 :Z.Z_.)\.wﬁq. LA B e e e .(271'9 (I;e};_:,
r CEPC —MC ]
< 40 <30 1600 & L Gaussian
S o & 20 - — DBCB :
o w 10 1400:_ -1.00<cos6,<-0.90 E
30 30 & 1200 E
2 2 S 1000 3
0 - ]
& 0 e 0 2 800F .
i r ]
w600 —
400F =
0 ) 200F =
el | ,1;. P I"r- 3

%% 204 02 0 02 04 06
(c) (d) (E. -Eged/E
Reco Gen Gen
CEPC ZZ—qaqq (240 GeV) CEPC ZZ-qqqq (240 GeV)

ee-kt, GenJet ee-ki, RecoJet

Fig. 7: ¢ and ¥ from the core of the DBCB fit to R are de-

< 154 < 153 fined as JER/S, respectively. The cos8; indicates the specific
% ° % " polar angle of the jets.
30 3%
2 2

N A\ 1P, Jet Clustering & Matching is critical:
7 g | eo) ' . ee-kt is used as CEPC baseline

| ' > = Relative difference between Gen/Recojet
is define to be the detector jet response
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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

4/24/2024

Seminar@CCNU
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Key figures of the CEPC-SPPC

e  Tunnel ~100 km

« CEPC (90 — 240 GeV)

Higgs factory: 4M Higgs boson

» Absolute measurements of Higgs boson width and couplings
« Searching for exotic Higgs decay modes (New Physics)
Z & W factory: ~ 4 Tera Z boson

» Precision test of the SM
* Rare decay

* Flavor factory: b, c, tau
* QCD studies

 Upgradable to ttbar threshold (360 GeV)

.« SPPC (~ 100 TeV)

Direct search for new physics

Complementary Higgs measurements to CEPC g(HHH), g(Htt)

« Heavy ion, e-p collision...

4/24/2024

Seminar@CCNU
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Hadronic system (jet)

Core of e+e- Higgs factory Physics measurements Higgs |

- 97% of CEPC Higgs events are hadronic/semi-leptonic
qq Strategy: make all the possible
gg’ measurements in each

Identify the hadronic system in semi-leptonic events pifierent channel and combine

the result!

- lepton identification & missing energy

TT, U
. WW, 22,
4-momentum measurement of the hadronic system Zy, vy
- BMR: Invariant Mass Resolution of Hadronic system >
I W a9 Z boson
decay
Final state

Jet response: essential for differential measurements with jets

- Applied to events with more than one color singlet fragment into jets: WW/ZZ/ZH
event separation in 4-jet final state

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

Confirmed with benchmark analyses

B L™ = [ ]
: | 15
_ 1.2 _'—' I _j:
% | o(qqH, H—inv) ? 1 o(qgH, H—1r)
:td 08 | ] g : . | _
[ Assuming ] 0sh )
BR(H—inv) = 10%] ! P
.-i'""""""""'-—- 0_...§.|E...|....|....|
0 10 20 0 40 0 5 10 15 20
BMR [%] BMR([%)] BMR[%]
Boson Mass Resolution: relative mass | MR = 2% T P
resolution of vwH, H—gg events e v 0 0
- Free of Jet Clustering o(vwH, H—bb) 2.3% 26% | 3.0% | 3.4%
. . . H H_;- 0 0 0, 0
- Be applied directly to the Higgs analyses o(wHh, nv) 0.38% 0.4% | 0.5% | 0.6%
. H‘ H— ] 0 ) 0 ) 0 . 0
The CEPC baseline reaches 3.8% o(q9 m | 085% [0.9%|1.0% 1.1%
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logl0(ELike)

15 bt
15

-10 -

BDT method using 4 classes of 24 input discrimination variables.

+ Electron
Muon

= Pion

-10

-5
log10(MuLike)

Lepton: isolated

)

—_
o
A}

o
o

tagged eff(%
> &

©
~

O
N

90

- electron
= muon
: pion
:I | R
1 10 10°
Energy

Test performance at: Electron = E_likeness > 0.5 ;
Muon = Mu_likeness > 0.5
Single charged reconstructed particle, for E > 2 GeV:
lepton efficiency > 99.5% && Pion mis id rate ~ 1%

4/24/2024

Entries/0.25 GeV

Entries/0.25 GeV

CEPC Preliminary
AT j Ldt=5ab"
—4— CEPC Simulation
4000+ — S+BFit
—— Signal
Background
2000
S
120 125 u*p.'130 135 140
Mrecoil[GeV]
CEPC Preliminary
F Z— e*e’; J-Ldlz.'s'nh'l
1500
| #— CEPC Simulation
——— S+B Fit
—— Signal
Background
1000 -

0
120

125 130

Ml GeV]

135 140

https.//link.springer.com/article/10.1140/epjc/s10052-017-5146-5
CEPC-DocDB-id:148, Eur. Phys. J. C (2017) 77: 591
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I_
D

©
i
O
-

. Inside jet

102 ¢ I I I 4y T T T T
........ ] : mis-id to muon(single) :
—_ 3 __ mis-id to electron(single_}_
1 X iy .
~— mis-id to muon(jet)
Q
E mis-id to electron(jet) ]
°
04 '_‘ electron eff (single) N E i ]
: muon eff (single) ] ' [ ] l H
. S 92 N slectron eff (jet) ] i Y~y ]
LT \ i muon eff (jet) i i : ’><:\‘\'
.II I 90 | TR TR TN TN T TN SN NN [N TN SN TN SN N |- 0 —‘—-"'"'/r"ll L1 1 PRI I —— I
0 10 20 30 0 10 20 30 40
E[GeV] E[GeV]

Compared the single particle sample, the jet lepton (at Z->bb sample at sqrt = 91.2 GeV)
Performance will be slightly degraded — Due to the limited clustering performance (splitting
& contaimination).

At the same working point, the efficiency can be reduced by up to 3%; while mis-id rate
increases up to 1%. Marginal Impact on Flavor Physics measurements as Bc->tauv.
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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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@ af CEPC 2020 > af CEPC 2020
o °f o I
> Z—qd; Hott o> | WW-tvqq
<28 <o5f
52.5i 2] B ' [ ERec EMC=1'06
DC_) 21 ERecolEmc=1 D_C_) 21
1.5 - 1.5}
Eneus/Eye=1.02 B MC Truth
1 1 arraggea
- | ® MC Truth i
0.5: i Fagged 0.5:
0-3 -2 -1 0 N 2 3 0-3 -2 -1 0o 1 2 3
Azimuth Angle ¢ Azimuth Angle ¢
(a) Z — gq,H — 77, efficiency=1, purity=1 (b) WW — tvgqq, efficiency=1, purity=1
D T f
° 3_ CEPC 2020 Py 3_ CEPC 2020
o> F B.—tv 5 F Bt
€ c I A
<L2.5( " <L2.5 ‘.
2 | S [ | = MC Truth
o i o i
2; || 2: A Tagged
i Erecd/ Enc=1
1.5} 1.5
1t 1
B MC Truth ! A A
0.5 x Tagged 0.5} W
[ i Eroc/Enc=0-99
-3 -2 -1 0 1 2 3 -3 -2 -1 o 1 2 3
Azimuth Angle ¢ Azimuth Angle ¢
(c) Z — bb, B, — 1v, efficiency=1, purity=0.5 (d) Z — bb, By — T, efficiency=0.5, purity=0.167

4/24/2024 Seminar@CCNU 58



Q
-

—

> 1 GEFozom ]| 2 & 1 GeFozoz0 ]| = Py 1 Cerczom || 2 & ! GEPC 2020 2
H qgH;H — 1t E & qgH:H — T E & WW — i E & WW-—tvaq DS_
] 8 — i3] ]
= 0.9 £0.9 /_C 0.9 £0.9 09 209 0.9
] <
0.8 0.8 0.8 0.8 0.8f < 2% g 0.8 e
.v/ - Eﬂicikﬁ — Efficiency / - Eﬁiciemx — Effici encyI
0.7 \ 0.7 0.7 0.7 0.7 / \ 0.7 0.7 0.7
/ — Purity \ ~ Purity H — Purity . — Purity
06 ' q ﬂcy clj t QIS 0/ 0.6 0.6 f Qf 0/ st QK 0/ 0.6
et ~ o, pUrity ~ 6907 et ~ o7, pUFuy ~ 0970
[~ =
057 0.5 0.5 1 0° 95730 40 80 05 0577 0.5 0 0.5 1 02 05" %0 40 0 80 0.5
cos(8) Evisinel GeV] cos(8) Eiisoe[GeV]

(b) Efliciency and purity performance along with vis-
ible energy

(a) Efficiency and purity performance along with polar
angle 6, parameters fixed.

(b) Efficiency and purity performance along with vis-

(a) Efficiency and purity performance along with polar
ible energy. The performance above 80 GeV falls as a

angle @, parameters fixed.

result of stringent cone selection.

Py 1 CErG 2050 || = > 1 cEPcade0 |1 .E.‘ = 1 Sercaoao 11 = > 1 e >
g B, > 5 % B, - v > 5 B, —» 11 5 S B,—btT E]
© - ° - S ) a G ’ a
S B - S 08 gos 08 e 08
) ; A
e —— ~re . y.
0.6 0.6 0.6 - 0.6 0.6 ££ _Q/ P YN0/ 06
/ X ~— T~ 2370, PUfity ~oU7%
— Efficiendy — Efficiency — Effici — Etfici
0.4 0.4 0.4 0.4 Efficiency ' Efficiency
/ 0.4 0.4 0.4 e 0.4
— Purity — Purity . . — Purity—+_ / — F;urits;
—— = :
~f E(y R N0/ — T TR > —
0.2t - K 0.2 A ~—
cll =~ 0OV /o, p Nty = o 0.2 0.2 0.2 02
0 0 0 0
-1 -0.5 0 0.5 1 5 10 15 20 0 0 0 0
-1 -0.5 0.5 1 5 10 15 20
cos(6) E el GeV] c05(0) E,.[GoV]

(b) Efficiency and purity performance along with vis-
ible energy

(a) Efficiency and purity performance along with polar
angle 6, parameters fixed.

(b) Efficiency and purity performance along with vis-
ible energy

(a) Efficiency and purity performance along with polar
angle 6, parameters fixed.

4/24/2024 Seminar@CCNU 59



Signal strength measurement of qqH,
H-1T @ 240 GeV

1062!IIII!IIII!IIII!IIII!IIIISE

10°
10°

10° -

Entries/3GeV
Entries/3GeV

| 1 | | i 1 1 1 | | 1 | | | | | | | |
1 0 50 100 150 200 250 1
M. {GeV]

||||| I'I|||1

0 50 100 150 200 250
Myo[GeV]

Invariant mass of di-tau: collinear approximation that assumes the neutrinos aligns with the
direction of visible tau decay product
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| R R
Signal hemisphere l N N T T T ITrrr ™TTTTTTT 0.4 4 J ’
v = - . S S
b § ¢
b - i £ 4
v < P S
é 10F — B, > 1v = 0.2 -SSR
Impact C ] L A
N - ] —_ o
% barameter > L - 3 i i
% S B —B -1V . = 00— —
< Lk 1 E L .
3 E Looes L
= 3 _02 [ i ".
T4 : -04F '
A non-b jet/soft tracks 10 E ] Y A
R 9 C - 075 -
b-hadron jet thrust axis - = (') 3 (; PRy
Tag hemisphere 102 L1l R 0.4r 1
-2 -1
10 10 1 10
RBC/B 0.2 p
Chinese Physics C  Vol. 45, No. 2 (2uz1)
=
S 00
. . E
Analysis of B, — v, at CEPC
Taifan Zheng(FATE)'  Ji Xu(fh#%)  Lu Cao(EH)’ Dan Yu(FFH'  Wei Wang(E4l)’  Soeren Prell’ -0.2¢ 1
Yeuk-Kwan E. Cheung(3#%)'  Manqi Ruan(Bi & 7"
'School of Physics, Nanjing University, Nanjing 210023, China
IINPAC, SKLPPC, MOE KLPPC, School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China =-0.4F 4
*Physikalisches Institut der Rheinischen Friedrich-Wilhelms-Universitit Bonn, 53115 Bonn, Germany
“Institute of High Energy Physics, Beijing 100049, China L 1
5Departrnem of Physics and Astronomy, lowa State University, Ames, 1A, USA -0.2 -0.1 0.0 0.1 0.2
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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Full hadronic WW-ZZ separation

10°
108
10
10°
210°
> 10
10° [
102
10 b

DRUID, RunNum = 0, EventNum = 7 & 4

L] T T T T
CIJPC CDR
J Ldt=5ab"
ZH inclusive
— WW inclusive

— ZZ inclusive
—e'e > qq

/2

Event

PR TR TR [ TN TN TN N TN TR TR [N TN TN S A S S
0 20 40 60 80 100
NTrk Multiplicity

 Low energy jets! (20 — 120 GeV)

« Typical multiplicity ~ 0(100)

o« WW-ZZ Separation: determined by
- Intrinsic boson mass/width

- Jet confusion from color single reconstruction — jet clustering & pairing

- Detector response
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Visible mass of hadronic system

« Quantified by BMR (Boson Mass Resolution): the relative mass resolution on
fully hadronic decay Higgs

At CEPC, the BMR is determined on vvH event, with a standard cleaning
procedure to control the effect of ISR photon, neutrinos generated in Higgs
decay, and detector acceptance

200 [T 200 T 17 20 200
- 18
, 150 » 16
150 * 150 - 150
_— M. ] ) i 7 14 P~
S 40 5 1, =
S .t S S
= 100] 30 = 100F 10 =100}
& 20 & 6 & I
50 50 50 - 10
I 10 I 4 I
) I 5
0 PRSI NT R W S N S S S S MR SR L 0 0 —. IR BT T R R MR SR 0 0 L ] ! L . " | ! ! ! ! ] 0
-20 —-15 -10 -5 0 5 -3 -2 -1 0 1 2 0 0.5 1.0
logIO(PtISR [Gev]) logIO(Ptneutri.uo [Gev]) |Cos(ekt)|

Fig. 4. (color online) Correlation between the reconstructed Higgs boson mass and the sum of the transverse momentum of the ISR
photons (Prsr) (left); the sum of the transverse momentum of the neutrinos generated by the Higgs bosons decay products (Prpeutrino)
(center); and the minimum angle between jets and the beam pipe (|cosfyel) (right). These plots are based on the H — gg events, and
similar conclusions are obtamed with H — bb and cc events. The red lines in the plots are the cut values used for event cleaning.
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