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Simulation & Reconstruction

Manqi Ruan



12/07/2016 iStep@Tsinghua 2

Outline
● Physics Motivation

● Simulation & Reconstruction: General picture

● Reconstruction: from hit to objects

– Tracking

– Clustering 

– Matching & Final state particle Reconstruction;

– lepton identification

– Photon reconstruction

– Tau reconstruction

– Jet Reconstruction & Flavor Tagging

● Applied to physics analysis

● Summary
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Higgs...
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Higgs @ LHC

PP collider: High productivity but low finding efficiency
~already 106 Higgs in Run 1 data...

Higgs signal: found via the decay final states. 

σ(AA→H→BB) ~ g2(HAA)g2(HBB)/Γ
total
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Higgs @ CEPC

CEPC: 1 M Higgs boson in a clean environments

Observables: Higgs mass, CP, σ(ZH), event rates ( σ(ZH, vvH)*Br(H->X) )
Derive: Higgs width, branching ratios & absolute value of coupling constants
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Specific Final State...
Overlap with lots of PU events
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Sim Higgs @ CEPC
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● What information brings these detector hits?

● How do I understand the detector response, at 
individual event and at statistic distributions?

● R&D Phase experiments: Is my hardware/detector 
geometry design appropriate/optimized?

● Portal to the Answer: Simulation & Reconstruction 

Questions...
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Objectives

● Explore & Demonstrate 
the Physics Potential

● Deliver the optimized 
detector design

● Develop the mandatory 
simulation/reconstructio
n Chain

Physics 
Performance

Reconstruction
Algorithms

Detector 
Design
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Data flow

Digitized HitsReally Data

Physics models

Generator:
Final state particles

Simulated 
Detector Hits

Trackers
& Clusters

Reconstructed
particles

Generator:
Patrons

Reconstructed
Physics object

Analysis &
Extraction of physics

parameter

Fast

Full Simulation 
Reconstruction
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Generator

● Dedicated CEPC Samples at 250 c.m.s 
& adequate beam parameter setting

● SM sets (4f + 2f + Higgs): Whizard

● Exotics: Madgraph

● Fragmentation: pythia

● etc
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Geant 4 Full Simulation

● Organize the material (sensors, 
absorber, mechanics...) into virtual 
detector

● Calculate the energy deposits at each 
sensor volume, for a physics event

– How different particles, at different 
energy interact with different 
material -> Geant 4
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Digitization

● Digitization: from deposited energy to 
ADC value

– Include geometry defects, noise, 
linearity, saturation...

– Characteristic of hardware 
performance: essential for detector 
optimization

● Trackers: using ILD Software

● Calorimeter: using G2CD

– Modeling of charge deposition & 
spatial distribution 

– Digitize to different cell size
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Reconstruction



12/07/2016 iStep@Tsinghua 15

Reconstruction
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A detector reconstruct all the physics object (lepton, photon, tau, Jet, MET, ...) with high 
efficiency/precision

High Precision VTX located close to IP: b, c, tau tagging
High Precision Tracking system: δ(1/Pt) ~ 2*10-5(GeV-1)

PFA oriented Calorimeter System (~o(108) channels): Tagging, ID, Jet energy resolution, ect

CEPC Conceptual detector, developed 
from ILD 
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Reconstruction:
How the physics objects are

Served to analyzers?
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PFA oriented Detector &
Reconstruction

g jets c jets Jets leptons
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PFA oriented Detector &
Reconstruction

g jets c jets Jets leptons
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Tracking
● Describe the trajectory of a charged particle by a helix

● Find the Helix (Can be challenging)

– Efficiency of finding...

● Measure the Helix: 

– Closest point to the IP: (D0, Z0)

– Theta Angle

– Phi Angle

– Curvature (Omega)

● Objective: for any geometry, produce & understand the track response: 

– Track efficiency & multiplicity

– Differential resolution of D0, Z0, Phi, TanLambda(Theta), Omega(P
T
)
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L. Bo
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L. Bo
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L. Bo
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g jets c jets Jets leptons
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Clustering: ultimate goal ~ 1-1 
correspondence between particles 

incident the calorimeter and the 
reconstructed calorimeter cluster...
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Calorimeter R&D for ILD

Ultra high granularity ~ 1 channel cm-3. 3d, 4d or 5d image... 

11
DHCAL SDHCALAHCALSi-W ECAL
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Arbor: principle

20 GeV Klong reconstructed @ ILD Calo
Curves indicating expected particle 

trajectories (from MC-truth)
15cm

●Arbor

Except some branches 
might be invisible
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Algorithm: 
hits→connector set

● 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:
connector → branch

● 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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Algorithm:
branch→tree

● Link branches to trees according to spatial distances

– Point distance, curve distance, projective distances...
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Validation: Arbor Branch 
Length (ABL) Vs MC Truth

40GeV 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 neighbouring cells
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Separation: 
multiple muon
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Separation: 
overlay showers
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Test beam data

Connected tree +
small isolated bushes

(Run 714525, 90GeV pi run)
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g jets c jets Jets leptons
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Track Cluster Matching

● <Track, Cluster>: Charged particle

● <Track, Multiple Clusters>: The Cluster is artificially split, Or it's a charged 
particle with pre-interactions before reaching the calorimeter

● <Track, No Cluster>: Wrongly constructed track, detector dead zone, or Low 
energy tracks

● <No Track, Cluster>: Neutral Particle

● ...

● Straight forward idea – lots of efforts in implementation...
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Arbor @ single particle

Charged Neutral 

B. Ma
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Arbor @ single particle

B. Ma
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Separation

2 cm

10 cm

Tiny inefficiency: bridging 
effect by fragments

B. Ma
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g jets c jets Jets leptons
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Lepton ID

ll vv qq Z boson 
decay 

Final state

qq, 
gg

ττ

WW, ZZ, 
Zγ

Higgs 

μμ, γγ

Essential

Signal Classification & Background 
rejection.

Almost everything you want to measure at 
electron-positron collider...

Higgs: 
Even for H->bb, cc, gg measurement, 

the lepton number provides useful 
information for b/c tagging
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D. Yu
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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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Application: PID, etc

FD: transverse information

Promising PID over full energy range
Event classification at test beamSDHCAL Test beam
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D. Yu
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D. Yu
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D. Yu
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D. Yu
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Result

● At E > 3GeV && Non Overlap region, Lepton Id efficiency ~ 99.9%, Pion Id 
efficiency ~ 98.5%

P_udf negligible...

D. Yu
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Bremsstrahlung photon recovery of 
electron/positron

● Developed by Zhenxing, Binsong, Wanglei, etc
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Arbor: photon reconstruction

ECAL Barrel of ILD/CEPC_v1

Angular Correlation of EM Shower energy responseF. Wang, etc



12/07/2016 iStep@Tsinghua 53

Arbor: photon reconstruction

F. Wang
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Photon conversion & recovery

Save ~ 10% of
 the H->di photon

statistic
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g jets c jets Jets leptons
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Arbor: Tau reconstruction

● In no-jet environment: counting number of charged particle – (pions & leptons), photons (pi0s) + 
restrict impact parameters leads to very high efficiency in Tau finding: 

– At inclusive Higgs decay sample: Efficiency ~ 98% for of H→tautau event finding, with llH 
and vvH  final state. The remaining bkgrds are H→WW/ZZ→leptonic/tau final state

– More detail: see Gang's talk

To be covered soon...

Dan. Y
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Arbor: JER/MET

● MET: usually no ambiguity; 

● Jet: Highly depending on Jet clustering if #Jet > 2...

H→gg, Z→inv
Liao libo, H→WW*→lvqq, Z→ll

Moxin, 
H→inv, Z→qq
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Jet Clustering

Distance definition & Thresholds; 

Two strategy: Fix the threshold and let Number of Jets floating; 
Force the events into given number of jets.  
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Flavor Tagging

TMVA based method from ILC Study:
http://indico.ihep.ac.cn/event/5592/contribution/16/material/slides/0.pdf 

G. Li, etc, using
LCFIPlus packages
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Applied to physics analysis...
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Z→2 jet, 
H→2 tau

Z→2 muon, 
H→2 b

ZH→4 jets 

Z→2 muon
H→WW*→eevv
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Model-independent measurement of σ(ZH)

0.9% 0.65%

● M. McCullough, 1312.3322 

● Recoil mass method. Combined 
precision: 
δσ(ZH)/σ(ZH) = 0.5% - 
δg(HZZ)/g(HZZ) = 0.25% 

● In-direct measurement on g(HHH): 
~60% in 7 para fit and ~ 70% in 10 
para fit 

0.9% 1.5%

Zhenxing Chen
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Workflow for Br(H->bb, cc, gg) measurements

vvH 
events

Yu Bai, 
Boyang, 

Hao Liang, 
Shuyang Hu, 

Zhenxing Chen,
etc
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Br(H->ZZ)

Yuqian Wei@IHEP

Accuracies
μμ + qq + vv: 7.0%
ee + qq + vv: 12.7%

Combined accuracies: 6.1%
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Br(H->WW)
Full Simulation: Z->di muon; H->WW*

4q: ~3%
eevv; 17.6%, eμvv: 9.8%, μμvv: 14.7%

μvqq: 4.1%, evqq: 4.0%

Z->di electron on processing

Fast Extrapolation:  1.6%
Total Combination: ~ 1.0%

Libo Liao, etc
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Higgs width measurement

● g2(HXX) ~ Γ
H→XX

  =  Γ
total

*Br(H→XX)

● Branching ratios: determined simply by 

– σ(ZH) and σ(ZH)*Br(H→XX)

● Γ
total 

: determined from: 

– From σ(ZH) (~g2(HZZ)) and σ(ZH)*Br(H→ZZ) (~g4(HZZ)/Γ
total

)

– From σ(ZH)*Br(H→bb), σ(vvH)*Br(H→bb), σ(ZH)*Br(H→WW), σ(ZH)

● Would be good to have some data at E > 250 GeV 

● Therefore: at CEPC Higgs program (240-250 GeV operation), Γ
total 

become 

the bottle neck of the coupling fit once Br(H→XX) is measured more 
precisely: Br(H→tautau, WW, bb,cc, gg)
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Yuqian Wei
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Dan Yu
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Higgs rare decay

Br(H→γγ): 
photon identification efficiency 
& ECAL intrinsic resolution

Br(H→μμ): 
Muon identification & Track 
Momentum resolution

Feng Wang, Jianhuan Xiang, etc Binlong Wang, Zhenwei Cui



10/07/2016 KITPC@Beijing 72

Uplimit of Br(H->ee) & Br(H->emu)

95% up limit: Br(H->ee) = 1.7e-4;
Br(H->emu) = 1.2e-4; 

Lei Wang
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Higgs invisible/exotic decays

Constrain the final state recoil to Z boson: probe the Higgs 
invisible/exotic decays
Br(H->inv) are limited to 0.28% at 95% CL

Several benchmark exotic decay verified: 5-sigma deviation 
expected at Br(H->exo) of 0.1% 

Invisible

Semi-Invisible Visible

Zhenxing Chen
Xin Mo

Jiawei Wang
Kevin, etc
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Sim & Recon

● Indispensable tool 

– Interpret the experimental data

– Explore the physics potential

– Design-optimize the detector/facility

● Bridge between Theory/Pheno, Accelerator & Detector 
Hardware

● Intelligence of the detector 
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Summary

Digitized HitsReally Data

Physics models

Generator:
Final state particles

Simulated 
Detector Hits

Trackers
& Clusters

Reconstructed
particles

Generator:
Patrons

Reconstructed
Physics object

Analysis &
Extraction of physics

parameter

Full Simulation 
Reconstruction

Faithful representation,
Precise interpretation

...Indistinguishable...
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Backup
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CEPC-SPPC

● Electron-positron collision phase

– Higgs factory: collision at ~240 - 250 GeV center-of-mass energy, Instant luminosity ~ 2*1034 cm-2s-1 , 
1M clean Higgs event at 2 IP over 10 years

– Z pole operation for precise EW measurement

● Proton-Proton collision phase

– center-of-mass energy constrained by tunnel circumference and high-field dipole 

– Peak luminosity ~ 1*1035 cm-2s-1 (ArXiv: 1504.06108, discussion on needed Luminosity)

● Tunnel circumference: 54 km in the baseline design. Longer tunnel to be evaluated. 
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KD algorithm boost: N2 → Nlog(N)

CEPC Event: speed up by 1 order of magnitude
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