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Trilogy of event
reconstruction at electron

positron Higgs factory

Manqi
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Outline
● CEPC Physics & Requirements

● Jet origin identification & 
Scaling laws at LLM

● 1-1 correspondence reconstruction

● Color Singlet identification

● Discussion
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White papers +

~300 Journal/AxXiv citables

CEPC Physics: 4 Million Higgs + 4 Tera Z...
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Performance requirements
● To reconstruct all Physics Object, especially Jets 

– Z & W: ~ 70% goes to a pair of jets

– Higgs: ~97% final state with jets (ZH events)

– Top: t → W + b

● Look inside the jet: 1-1 correspondence reco. 

– ~ confusion free PFA

– Larger acceptance...

– Excellent intrinsic resolutions

– Extremely stable...

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

technology, and reconstruction algorithm!
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Jet origin id

● 11 categories (5 quarks + 5 anti quarks + gluon) identification, realized at Full Simulated di-jet events at
CEPC CDR baseline with Arbor + ParticleNet 

● Published in PRL 132, 221802 (2024). Comment from the referee: "demonstrate the world-leading
performance of tagger", "a "game changer" and opens new horizons for precision flavor studies at all
future experiments."

https://arxiv.org/abs/2310.03440           
https://arxiv.org/abs/2309.13231     Hao Liang, Yongfeng, etc

https://arxiv.org/abs/2310.03440
https://arxiv.org/abs/2309.13231
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Impact on Physics: Higgs & W

Improved by ~3 times

Improved by 1-2 orders of magnitudes

Presumably... firstly quantified

● Compared to Conventional : 

– vvH, H→cc: 3% → 1.7%

– Vcb: 0.75% → 0.5% 

– Applicable to Vcs, Vts, etc.
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From specialized Models to LLM

● Comparable result with different scaling behavior

● Para. Numbers: PN 360k, ParT 2.4M, BINBBT(Large
Language Base Model) 150 M 

● More details at: https://arxiv.org/pdf/2412.00129
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1-1 correspondence: ultimate Mapping
between visible & reco

https://arxiv.org/abs/2411.06939 Yuexin, Yongfeng, etc
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Fake particle originated Confusion
reduced by 1 order of magnitude, at
nominal vvH, H→gg event

Ignoring the remaining fragments with
total E < 1 GeV, more than 95% of the
visible energy preserves 1-1
correspondence

Confusion: frag. Identification & veto
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Detector change: BMR 3.7 → 3.4; 

AI enhanced reconstruction: 3.4 → 2.8.

Impact from Beam induced background + impact on objects inside jet reco: to be evaluated.

BMR of 2.75% reached
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Pid: differential performance

Neutral Hadron ID: excellent Calorimetry with ToF capability (δt~100 ps/hit)
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Perspectives with 1-1 correspondence

● ToF enhanced energy measurement: BMR: 2.8 → 2.2-2.4

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

– Assume Low energy neutrons & secondary particles can be tamed... still
very challenge...

● Strongly Boost the light quark ID. 

● Benchmark precision improved... up to nearly two times.  
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Color Singlet Identification

● H→cc & gg measurements at qqH channel is much worse vvH channels, despite the
former has 3.5 times more signal statistic 

● Reason: Failure of Color Singlet Identification – to distinguish the decay products of
each Color Singlet 

– Z & H for 240/250 GeV Higgs factory

– Which Higgs boson for Higgs self-coupling measurements (i.e., at vvHH events at
500 GeV, etc)

JHEP11(2022)100
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CSI: to group the final state particle

Yongfeng, Hao, Yuexin, etc
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Scaling behavior
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● Cut based
● BDT 
● 1-1 correspondence 
● 1-1 correspondence with reconstructed CSI 
● 1-1 correspondence with truth level CSI

● 5.6 iab: 540k ZH + 3.1M ZZ + 47 M WW full
hadronic events

A toy analysis: identify full hadronic ZH
signal from ZZ + WW background
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Comparison of different analysis methods

Optimistic Guesses: 
Applied to Higgs recoil analysis with qqH
channel, sigma(ZH) measurements could 
be improved by more than 2 times... 

Preliminary!

PN ~ holistic event description via 1-1
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Analysis with 1-1 & CSI: Preliminary!
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Meta questions
● Problem categorization

– Identification problem: JoI, Pid, 1-1 correspondence (from Arbor)

– Grouping problem: Color singlet id, tracking, clustering, ... 

– Assessment/regression problem: such as energy/momentum/time
estimation, fitting

– What's the most suited corresponding AI architecture, or general AI, and
Why? 

● AI for HEP, and HEP for AI (HEP → Science)

– HEP, as a mature & vivid field, has the potential to impact the AI
development, i.e., interpretability analysis 

● Be relax, and have fun!...
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Summary
● Higgs factory: extremely rich physics requires excellent performance

● Trilogy: Significantly enhance the discovery power & alter the experiments design 

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

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

– 1-1 correspondence, at least at Higgs factory: Should & Could

● New paradigm for analyses: 

– Forget about artificial variable definition – feed all the reconstructable
– Provide much more detailed info for system monitoring & systematic control

– Color Singlet Id: decently addressed

● Bottleneck Shifts & Lots to be explored

– Confusion → Det. Acceptance

– Clever variable selection → High Quality MC: better QCD modeling, high precision calculation,
detector calibration – monitoring, event building...

– Particle Physics Provides excellent benchmarks to quantify the AI performance &
interpretability study...
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Back up
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Recent update: from specialized
Models to LLM

● New tokenization method to address numeric
problems at LLM
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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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V.S. Hadronization models

● Different hadronization model have significantly different predictions...
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Fast/Full Simulation

● Delphes ~ Perfect PFA (1 – 1 correspondence.. )
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CSI: classical VS AI (Transformer)

Classical: Jet Clustering + Matching with min(Chi-2)
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AI & HEP
● HEP: data intensive + clear,

meaningful & interpretable processing

– Pioneering for neural network
application, i.e., in tracking in 1980s

● An irresistible trend: 

– 17/48 parallel talks of Computing &
Data handling session at ICHEP 2024
are relevant to AI: 11 machine learning,
 3 deep learning, 3 neural network 

– Many domestic discussions & efforts

● CEPC is actively implementing AI to its
data processing:

– Trigger + DAQ... 

– Simulation: Fast sim. 

– Reconstruction: PFA, Jet Origin id, etc

– AnalysisPlot from Javier Mauricio Duarte's talk at ICHEP 2024 



14/01/25 FCC WS@CERN 29

Benchmark analyses: Higgs rare/FCNC

Improved by ~3 times

Improved by 1-2 orders of magnitudes

Presumably... firstly quantified

vvH @ 240 GeV
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● From Jet Flavor Tagging to Jet Origin ID: 

– vvH, H→cc: 3% → 1.7%

– Vcb: 0.75% → 0.5% (other CKM elements on the target list)

More benchmarks 
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1-1 Correspondence 
Holistic description of physics events 

Efficient & interpretable information compression: (o(1E5) Hits → o(100) reco particles)

~ Confusion Free PFA + Excellent Particle identification

~ New method for the detector monitoring & measurements
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Calculable & Measure-able
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Boson Mass Resolution: Key Per. Para

Higgs factory: need BMR < 4% (critical for qqH & qqZ separation using recoil mass to di-jet)
 

Strongly motivated to improve BMR to 3% or even lower, especially for NP & Flavor

CDR baseline (left plot): BMR = 3.75%
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BMR decomposition @ CDR baseline
● 1st HCAL resolution dominant

the uncertainties from intrinsic
detector resolution: need better
HCAL → usage of GSHCAL

● 2nd Leading contribution:
Confusion from shower
Fragments (fake particles),
need better Pattern Reco. 

● CDR baseline - GRPC HCAL 
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Analysis with 1-1 corresponding

● Input all the reconstructed particles... and distinguish ZH,
WW & ZZ events
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● Input all the reconstructed particles, each associated with
one reconstructed CSI index. 

Analysis with 1-1 + CSI (reco) –
Preliminary!
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Analysis with 1-1 + CSI (truth)

● If mark the CSI origin of each final state particle according to truth level
info... almost background free with eff. ~ 1. 

● Left plot: a reconstructed event with perfect CSI, not truth labeled.
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CEPC Detector & Reconstruction

Full simulation reconstruction Chain with Arbor, etc

~ o(10 -100)

~ o(1E5-6)

~ o(1 -10)
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Higgs & Snowmass White Paper
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EW measurements & SMEFT
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Flavor Physics

See the non-seen: i.e, Bc→tauv, Bs→Phivv
Orders of magnitudes improvements (1 – 2.5 orders...). 
Access New Physics with energy scale of 10 TeV, or even above
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New Physics white paper

Contents extends from 40 pages → 200 pages...

2023 2024

● Credit: hanhua Cui,
Yu Gao, Xuai Zhuang
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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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Color Singlet Identification
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Color Singlet Identification

● CSI: identify the color single origin of each final state particle

● Grouping problem: essential for the physics measurements with multi-jet
events, i.e., measurements with full hadronic ZH events

● AI might well strongly enhance its performance: compared to conventional
jet clustering & matching 
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BM-III: full hadronic WW-ZZ separation

WW
● Low energy jets! (20 – 120 GeV)
● Typical multiplicity ~ o(100)
● WW-ZZ Separation: determined by

– Intrinsic boson mass/width

– Jet confusion from color single reconstruction – jet clustering & pairing 

– Detector response
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Jet confusion: the leading term

● Separation be characterized by

● Final state/MC particles are clustered into Reco/Genjet
with ee-kt, and paired according to chi2

● WW-ZZ Separation at the inclusive sample: 

– Intrinsic boson mass/width - lower limit: Overlapping ratio of 13%

– + Jet confusion – Genjet: Overlapping ratio of 53%

– + Detector response – Recojet: Overlapping ratio of 58%
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Reconstructed mass of the two di-jet system

Equal mass condition |M12 – M34| < 10 GeV:  At the cost of half the statistic, 

the overlapping ratio can be reduced from 58%/53% to 40%/27% for the Reco/Genjet
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The CEPC Baseline could separate efficiently the WW-ZZ with full hadronic final state.
Critical to develop color singlet reconstruction: improve from the naive Jet clustering & pairing. 

Quantified by differential overlapping ratio.
Control of ISR photon/neutrinos from heavy flavor jet is important. 

https://arxiv.org/abs/1812.09478

Separation of full hadronic WW-ZZ event
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Fragmentation comparison

Lots to be studied...
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● Jet origin identification: 11 categories (5 quarks + 5 anti quarks + gluon) 

● Full Simulated vvH, Higgs to two jets sample at CEPC baseline configuration: CEPC-v4 detector, reconstructed
with Arbor + ParticleNet (Deep Learning Tech.)

– Input: measurable information of all reconstructed jet particles (~ 10 float)

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

● 1 Million samples each, 60/20/20% for training, validation & test

Geo. & Tools

11
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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. Multiplicity

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

vvH @ 240 GeV vvH @ 360 GeV 
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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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BMR: impact on critical measurements
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s-jets: dependency on Leading hadron
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