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to-one correspondence PFA
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Yields ~ Xsec * Lumi * Time

● 4 Million Higgs (10 years)

● ~ 1 Giga W (1 year) + 4 Tera Z (2 years)

● Upgradable: Top factory (500 k ttbar) 
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CEPC Physics study

White papers +

~300 Journal/AxXiv citables
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Higgs & Snowmass White Paper
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EW measurements & SMEFT
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Flavor Physics White paper

40+ benchmarks + ... Access to NP at 10 TeV or higher
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New Physics White paper
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Phase Transition in early Universe, LLP,
exotic Higgs decays...
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Performance requirements
● To reconstruct all kinds of Physics Object

– Identification & Measurements

– Objects: 

● Lepton, Photons, Kaon, 

● pi-0, Tau, Lambda, Kshort,

● Heavy flavor hadrons,

● Jets 

● Missing energy/momentum

● Exotics...

● Massive Four in Standard Model: 

– Z & W: ~ 70% goes to a pair of jets

– Higgs: ~90% final state with jets (ZH events)

– Top: t → W + b

● Requirements: 

– Excellent pattern. Reco. & Object id

– Larger acceptance...

– Excellent intrinsic resolutions

– Extremely stable...

● Be addressed by state-of-art detector design,

technology, and reconstruction algorithm!



10/06/2004 FCPPN/L@Bordeaux 10

Hadronic events: the main course
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CEPC Detector & Reconstruction

Full simulation reconstruction Chain with Arbor, JoI, etc

~ o(10 -100)

~ o(1E5-6)

~ o(1 -10)
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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     

https://arxiv.org/abs/2310.03440
https://arxiv.org/abs/2309.13231
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Geo. & Tools

● 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.)

● 1 Million samples each, 60/20/20% for training, validation & test
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Particle Net: IO

● Input: measurable information of all reconstructed jet particles

● Output: 10(11)-likelihoods to different categories

11
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11-dim migration behavior

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

●  Pid: ideal Pid – three categories

– Lepton identification

– Charged Kaon identification

– Neutral Kaon identification

● Patterns:

– ~ Diagonal at quark sector...

– P(g→q) < P(q→g)...

– Light jet id...
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Performance with different PID scenarios &
H→ss measurements

vvH @ 240 GeV

Flavor tagging: type that maximize {L_q + L_q_bar, L_g}

If quark jet: jet charge ~ compare {L_q, L_q_bar}

Remark: current jet flavor tagging efficiency & 
jet charge flip rates are projections of the 
11-dim arrays produced by Jet origin id
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Benchmark analyses: Higgs rare/FCNC

Improved by ~3 times

Improved by 1-2 orders of magnitudes

Presumably... firstly quantified
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Performance V.S. Jet Kinematics
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Performance @ Z and Higgs

● M10 instead of M11
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V.S. Hadronization models
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Fast/Full Simulation

● Delphes ~ Perfect PFA (1 – 1 correspondence.. )
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● From Jet Flavor Tagging to Jet Origin ID (Preliminary): 

– vvH, H→cc: 3% → 1.7%

– Vcb: 0.75% → 0.5%

Recent update at more benchmarks 
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B-charge flip rate: Bs oscillations

● Using all reco P (exc. Bs
decay final state):

● Flip rate ~ 15%, Eff. Tagging
power > 40%
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Arbor: Towards
one-to-one

correspondence
(TOTORO)
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Arbor: principle

20 GeV Klong reconstructed @ ILD Calo
Curves indicating expected particle 

trajectories (from MC-truth)

15cm

Arbor
● Tree topology of

particle shower
Ori. Idea from Henri Videau @ ALEPH
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Validation: Arbor Branch 
Length Vs MC Truth

40 GeV Pion

Arbor: successfully tag sub-shower structure

Samples: Particle gun event at ILD HCAL (readout granularity 1cm2 & layer thickness 2.65cm)
Length: 
Charged MCParticle: spatial distance between generation/end points
Arbor branch: sum of distance between neighboring cells
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Z→2 jet, 
H→2 tau

~5%

Z→2 muon, 
H→2 b
~2%

ZH→4 jets
~50% 

Z→2 muon
H→WW*→eevv

~1%
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Boson Mass Resolution: Key Per. Para
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BMR: impact on critical measurements
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BMR decomposition @ CDR baseline

● 1st, Ultimate Precision ~ 2.8
with CDR baseline3rd, HCAL 

● 2nd, HCAL resolution dominant
the uncertainties from intrinsic
detector resolution: need better
HCAL

● 3rd Leading contribution:
Confusion from shower
Fragments (fake particles),
need better Pattern Reco. 
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Digital HCAL → GS HCAL
BMR 3.67% → 3.35%

Reminder: Not only larger sampling (0.2)... but also thicker (0.1)!
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Preliminary: Identify & veto charged
shower fragments using AI

Trained at 12E4 events, 

Test & Applied at 4E4 events
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Frag Veto: BMR 3.35 → 2.89%
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... At Bosons ...
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Inc. Reco. Particle id: Preliminary & in
progress
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Physics Benchmarks for the Det. Ref. TDR
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Summary
● Electron positron Higgs factory: extremely rich physics program requires excellent physics

performance

– Excellent Pattern, reco → high eff/purity & precision reco. of all physics objects

– Large acceptance, Extremely stable & excellent intrinsic det performance

● AI: the trends & indispensable tool towards this requirements

– Significantly enhance the physics reach & alters the detector design/optimization 

– Jet Origin ID: 'see' quark & gluon as lepton & photon 

● ...A “game changer” and opens new horizon for precise flavor studies at all future
experiments...

– PFA: reduces significantly the leading confusion, 

● BMR improved from 3.7% to 2.9%, save ~o(10)% of luminosity for all physics
measurements with hadronic events

● Towards One-to-one correspondence Reco.

● Lots to be explored
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One to one correspondence reco. at Higgs factory 

The should, and we could

Via state-of-art det. Design & technology + AI
enhanced algorithms

Aglaia, Thalia, Euphrosyne

Grouping, Identification, Measurement

PFA, Pid, JoI
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Back up
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Inc. Reco. Particle id: Preliminary & in
progress
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Summary
● Jet origin id: efficiently separate different species of colored SM particle

– Stable & Smooth... 

– World leading performance of the tagger with strongest expected constrains...

– A “game changer” and opens new horizon for precise flavor studies at all future experiments

● Significantly impact on physics 

– Higgs: Boost the access to g(Hss) and Higgs exotic/FCNC with jet final state (3 – 100 times),
and H→cc precision by 2 times

– Flavor: Improve Vcb precision by ~50%, effective tagging power for b > 40%...

– EW: Weak mixing angle 

● Reach  1E-6 level precision (at 92 GeV) using 1 month data taking with different flavors. 

● Verify RG behavior 

– QCD: Fragmentation, etc.

– NP: ... 

● Long term version: 'see' gluon + quarks, as we see photon + leptons 
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Summary
● Arbor + AI: Towards Toolkits of One To One correspondence RecOnstruction: TOTORO

 

● BMR of 2.9% reached:  

– Using A4 (AI Assistant Arbor Algorithm) + SiW ECAL + GS HCAL

– Compared to 4% BMR, BMR ~ 3% saves ~ 10% machine time for key physics
benchmarks... benefit all physics measurements

● A4 significantly eliminates the shower fragment confusions: Transformer provides
unprecedented identification capability (same methodology as Jet Origin ID)

– SiW ECAL + GS HCAL: BMR ~ 2.5% @ no confusion limit

– Similar improvements observed at other geometry

● High Granularity Calorimeter with high precision timing: Further improvements anticipated
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Improving HCAL: 

RPC Digital HCAL → GSHCAL

Remarks:

– 1st, what matters is not only intrinsic HCAL resolution... but hadron
resolution at ECAL + HCAL: Dedicated development towards 
shower energy estimator is needed

– 2nd, performance dependents on Energy threshold, timing cut, etc:
digitization study need to be enhanced    
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● Jet Origin identification

– Identify quark & gluons jets

● Particle Flow Algorithm: Arbor

– 1-1 correspondence between visible final
state particle and reconstructed ones

● Particle identification: 

– Identify reconstructed particle  

Trinity

Aglaia, Thalia, Euphrosyne
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BMR Comparison

Detector  Arbor A4: AI
Assistant Arbor

Improvement

SiW ECAL + RPC DHCAL 3.67 3.31 0.4

SiW ECAL +  GSHCAL 3.35 2.88 0.5

Xstal ECAL + GSHCAL 3.53 3.27 0.3

@ Xstal ECAL: ...to be optimized...
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Higgs white paper
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Snowmass White Paper

● Summarize ~ 20 citables for CEPC Snowmass studies
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/

Three detector models
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V.S. Multiplicity

● ...many patterns need further understanding & towards further optimization...

vvH @ 240 GeV vvH @ 360 GeV 
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Higgs Signals 

Reconstructed Higgs Signatures

Clear Higgs Signature in all SM decay modes

Massive production of the SM background (2 fermion and 4 fermions) at the full Simulation level

Right corner: di-tau mass distribution at qqH events using collinear approximation 
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Particle identification
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Fractal dimension of 
particle shower

Ultimate cell size: 1mm
Resize cell: 2 – 10, 20, 30, 50, 60, 90, 120, 150 mm.
Sample: particle gun events at ILD SDHCAL
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Lepton: isolated

BDT method using 4 classes of 24 input discrimination variables.

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%

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

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

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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Kaon

Highly appreciated in flavor physics @ CEPC Z pole
TPC dEdx + ToF of 50 ps

At inclusive Z pole sample:
Conservative estimation gives efficiency/purity of 91%/94% (2-20 GeV, 50% degrading +50 ps ToF)
Could be improved to 96%/96% by better detector/DAQ performance (20% degrading + 50 ps ToF)

Eur. Phys. J. C (2018) 78:464 
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Pid performance

3% of dE/dx & dN/dx + 50 ps ToF: eff/purity of Kaon reco > 95%
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Neutral Particle id: Very Preliminary

● Fast Sim Prediction: BMR: 2.9 → 2.6

– Need excellent CALO + ToF ~ o(10 ps)

– Need high efficiency neutral hadron reco (1-1 correspondence)
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2-body decay particles and tau leptons

 
π

0
: 60/30 GeV 

with 5/10 mm cell.

Kshort, Lambda, 
Phi, Tau, D meson...

10 GeV π
0
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b-jets: dependency on Leading hadron
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c-jets: dependency on Leading hadron
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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), Xinqiang Li (CCNU), Qin Qin (Huazhong S&T), etc)

● 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... 
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s-jets: dependency on Leading hadron
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Fragmentation comparison

Lots to be studied...
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Reco. Particle id: Preliminary 
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Inc. Reco. Particle id: Preliminary & in
progress
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CDR baseline (SiW + RPC): BMR
3.67 → 3.31%

Truth level veto prediction: 3.70 -> 3.33%
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M2(Xstal + GS): BMR 3.53 → 3.27%
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Key figures of the CEPC-SPPC
● 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...
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