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Arbor & Jet origin id：

Reconstruction at future electron
positron collider

Manqi
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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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Physics study: 2023

White papers +

~300 Journal/AxXiv citables



4/24/2024 Seminar@CCNU 5



4/24/2024 Seminar@CCNU 6



4/24/2024 Seminar@CCNU 7

CEPC Timeline
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CEPC Detector & Reconstruction

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

~ o(10 -100)

~ o(1E5-6)

~ o(1 -10)
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Performance requirements
● Massive Four in Standard Model: 

– Z & W: ~ 70% goes to a pair of jets

– Higgs: ~90% goes to jet final states

– Top: t → W + B

● Arbor: final state particle reconstruction

– Particle flow, Pursuing 1-1 correspondence...

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

● Jet origin id: jet ↔ colored SM particle reconstruction. 

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



4/24/2024 Seminar@CCNU 13

Arbor: principle

20 GeV Klong reconstructed @ ILD Calo
Curves indicating expected particle 

trajectories (from MC-truth)
15cm

Tree Topology
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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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CALICE DHCAL TB & FermiLab, multi-muon
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Connected tree +
small isolated bushes

(Run 714525, 90GeV pi run)

CALICE SDHCAL TB @ CERN: hadronic
pre interaction
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Simulation: nearby particle showers
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Clustering - Separation

Critical energy to separate an evenly decay π
0
: 60/30 GeV with 5/10 mm cell.

10 GeV π
0
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π0: energy range

● π0 energy (rest-mass, 30 GeV – 60 GeV): photon threshold ~ o(100) MeV

● At Z pole: be able to separate photons from Pi-0 decay, up to 30 GeV

Z pole Z poleHiggs pole
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BMR: no significant dependence on #jets...
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BMR < 4% required...

● W, Z, H mass peak separation
● To separate qqH signal from qqX background with recoil mass information
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BMR: impact on critical measurements
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CEPC Baseline: BMR = 3.75%

@ 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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Individual Jet Responses

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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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


4/24/2024 Seminar@CCNU 27

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

● Output: 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

For H->bb, cc, gg: results in 20 – 40% improvement in relative accuracies (preliminary)... 
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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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V.S. Multiplicity

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

vvH @ 240 GeV vvH @ 360 GeV 
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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-jets: dependency on Leading hadron
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c-jets: dependency on Leading hadron



4/24/2024 Seminar@CCNU 41

s-jets: dependency on Leading hadron
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B-charge flip rate: Bs oscillations
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B-charge flip rate: Bs oscillations
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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

● 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 σ (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... 



4/24/2024 Seminar@CCNU 48

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

– Iterate: change geometry constrain, add new connectors, and clean
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Algorithm: connectors → branches

● 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
flagged hits  

= + = + =
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Individual jet: jet clustering - matching

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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W-mass direct reconstruction at 240
GeV. Challenge & interesting

● W mass measurement at 240 GeV: 

– Statistic uncertainty @ 20 iab~ 
● 0.3 MeV using only μvqq final state
● Bias ~ 2.5 MeV once Z mass calibrated

to known value

– Ultimate accuracy?
● Can we better control the systematic

using the differential information?
● Control the jet confusion?...
● Identify & tame ISR? 
● Better calibrate?
● Can we maintain sufficient stability over

7/10 years? ... 

1E7 events @ 5.6 iab

Quasi analysis: JES calibrated to
pure ISR return qq sample
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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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Hadronic system (jet)
● Core of e+e- Higgs factory Physics measurements

– 97% of CEPC Higgs events are hadronic/semi-leptonic

● Identify the hadronic system in semi-leptonic events

– lepton identification & missing energy

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

● 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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Confirmed with benchmark analyses
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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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Taus: isolated or inside jets
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Tau id

eff ~ 25%, purity ~ 30%

eff ~ 65%, purity ~ 70%

eff ~ 80%, purity ~ 85% eff ~ 80%, purity ~ 85%
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Signal strength measurement of qqH,
H→ττ @ 240 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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Bc → τv
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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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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
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