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ØIntroduction to Electron Ion Collider 
ØHighlights of EIC physics
ØUS based EIC accelerators proposals

ØIntroduction to Deep Inelastic Scattering
ØDIS kinematic 

ØEIC detector design
ØTracking
ØVertex
ØCalorimeter
ØMuon detectors
ØParticle Identification detectors 

ØdE/dx
ØTime of flight
ØCherenkov 
ØTransition radiation 

ØDetector simulation and reconstruction 
ØConclusions
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Simulation and reconstruction
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• Simulation chain
• Event Generators: PYTHIA, HERWIG,… 
• Detector simulation

• GEANT4, FLUKA
• Reconstruction

• Tracking reconstruction: GENFIT 
• Vertex reconstruction: RAVE
• Calorimeter energy reconstruction
• ...

• Event Analysis (PAW/Fortran  or ROOT/C++ or etc)  



Physics analysis

4
Yulia Furletova

Physics analysis

Examples: 
• e +p/A -> e’ + X 
• e + p/A -> e’ + 𝜋 +X 
• e+p/A -> e’ + c𝑐̅ + X -> e’ + D0 +X -> e’+(𝜋𝐾)+X   
• e+p -> e’ +  J/𝜓	+ p’
• e+p -> e’ + 𝛾 + p’ 
• …. 



Physics analysis
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Physics analysis

Examples: 
• e +p/A -> e’ + X 
• e + p/A -> e’ + 𝜋 +X 
• e+p/A -> e’ + c𝑐̅ + X -> e’ + D0 +X -> e’+(𝜋𝐾)+X   
• e+p -> e’ +  J/𝜓	+ p’
• e+p -> e’ + 𝛾 + p’ 
• ….

-Estimate cross section (𝜎)
-Estimate background (𝜎)
-Estimate acceptance (detector coverage)
-Estimate efficiency (selection cuts) 
-Get results 

• Number of events: 

𝑁 =
𝐿 - 𝜎
𝑎 - 𝜀

where  a is acceptance
𝜺 is efficiency

Nsignal , Nbackground



Event generators
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Physics model

PYTHIA, 
HERWIG, etc.. 

Physics analysis

• Cross section
• Final state particles
• Kinematics 
• Pure physics (at vertex), 

without detector effects
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• String Model (Lund) : JETSET,  PYTHIA 
(the most used hadronization model, very successfully tested in 
e+e-)

• Cluster Fragmentation Model:   HERWIG
force gluon decays into quarks and antiquarks, q-qbar form colorneutral clusters , 
clusters decay isotropically into 2 hadrons ,  which can decay further into stable 

hadrons.

• Independent model (Field–Feynman model)  quarks and gluons 
fragment independently 

Rainer Fries 

Study hadronization on existing colliders (e+e-), so that it could be used by other communities(ep,pp) 
Note, those models lead to different distributions for low momentum 
particles . For high momentum ( β-> 1) particles the differences vanish.

Event generators and hadronization models 



Event Generators 
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Number of particles or 
intermediate states.

They are all stable? NO

Stable with “1”

Particle Code:

𝜋+   ->  211
K+   ->  321

e ->  11
p ->  2212 

Mothers/other:
D0  -> 421
D+ ->  411

J/𝜓 ->  443
Gamma -> 22 



List	of	colliders
and	their	center
of	mass	energies

Information	about	
event	generator
and	sample	size

Full	detector	
simulations	+
reconstructions

Full	documentation

Database of Event Generators for EIC (in progress) 

Argonne	



Event Generators,
example
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Ø Signal events:    Charm BGF  

Ø Generate  100k events  for Q2> 10 GeV  with 
Pythia or HERWIG  

Ø Get cross section: 𝜎~60 nb

Ø Run your Analysis program for selection
(for example, D0-> 𝜋	K) :

ü Select   events with 2 particles?   => need to 
run your selection

• e+p/A -> e’ + c𝑐̅ + X -> e’ + D0 +X -> e’+(𝜋𝐾)+X   



Event Generators 
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Number of particles or 
intermediate states.

They are all stable? NO

Stable with “1”

Particle Code:

𝜋+   ->  211
K+   ->  321

e ->  11
p ->  2212 

Mothers/other:
D0  -> 421
D+ ->  411

J/𝜓 ->  443
Gamma -> 22 

Select events with D0?  NO  (lifetime of D0  4.1-10-13 sec )
Select only  𝜋 + (211)  and K- (321) emerging  from D0 (421) ?  NO



Event Generators 
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Select stable, charged particles 
Set a cut on minimum PT (10-100MeV).
Set a cut on pseudo-rapidity ( |𝜂| <	3.5) 
Select charged particles with displaced vertex. 
Select pions and Kaons pair
Select 𝜋 and K with opposite charge 
Calculate and plot  invariant mass of all combinations. 

• e+p/A -> e’ + c𝑐̅ + X -> e’ + D0 +X -> e’+(𝜋𝐾)+X   



Event Generators 
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Single mass bin. 
No detector effects.

No background

Select stable, charged particles 
Set a cut on minimum PT (10-100MeV).
Set a cut on pseudo-rapidity ( |𝜂| <	3.5) 
Select charged particles with displaced vertex. 
Select pions and Kaons pair
Select 𝜋 and K with opposite charge 
Calculate and plot  invariant mass of all combinations. 

D0



Detector effect
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Physics model

PYTHIA, 
HERWIG, etc.. 

Physics analysis Real DATA

Real detectors

• Need to prove that our detectors 
will be able to measure our physics 
before starting a construction.

?

?



Event Generators 
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Smearing
Δ𝑝
𝑝 ~	3%

Without 
momentum  
smearing

Smearing
Δ𝑝
𝑝 ~	0.5%

Select stable, charged particles 
Set a cut on minimum PT (10-100MeV).
Set a cut on pseudo-rapidity ( |𝜂| <	3.5) 
Select charged particles with displaced vertex. 
Select pions and Kaons pair
Select 𝜋 and K with opposite charge 
Calculate and plot  invariant mass of all combinations. 



Event Generators: smearing 
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Smearing
=>
> ~	3%? 

Without 
momentum  
smearing

Smearing
=>
> ~	0.5% ? 

Select stable, charged particles 
Set a cut on minimum PT (10-100MeV).
Set a cut on pseudo-rapidity ( |𝜂| <	3.5) 
Select charged particles with displaced vertex. 
Select pions and Kaons pair
Select 𝜋 and K with opposite charge 
Calculate and plot  invariant mass of all combinations. 

Smearing
=>
> ~	15% ?? 



Simulation chain 
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Physics model

PYTHIA, 
HERWIG, etc.. 

Simulation 
of detector

Physics analysis
(compare data 
and physics 
models)

Real DATA

Real detectors

?
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Simulation tools 
ü GEOMETRY :  GEANT4 simulation of detector

GEANT4

Geometry 
description

You have to provide:

• Geometry of the detector 
(including material)

• Physics processes
• Kinematics of particles 

going into the detector 
(angle, momenta, vertex)

• Magnetic field
• Actions during particle 

transportation
• Actions when particle 

goes through sensitive 
volume of the detector

• Etc. 
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GEANT4 
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How to describe a geometry? 
• Inside GEANT4 (c++): 

ü Beampipe
ü Silicon Vertex  tracker



Yulia Furletova

How to describe a geometry? 
• Inside GEANT4 (c++)

ü Straw tracker 
ü EM calorimeter
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How to describe a geometry? 
GEMC 
• Use a wrapper  around GEANT4 => GEMC (perl)
• https://gemc.jlab.org/gemc/html/index.html
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How to describe a geometry? 
GEMC (JLAB) 

Native
CAD

GDML

Input: Native, CAD, GDML. Arbitrary 
hierarchy, can be mixed and matched. 

Materials, sensitivity assigned at run-time.• https://gemc.jlab.org/gemc/html
/index.html
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GEMC with docker
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GEMC with docker

Event	
generator	
(LUND	file)

Geometry	card

Output	file	
with	hits
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GEMC with docker
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Hits ( docker)



Simulation chain 
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Physics model

PYTHIA, 
HERWIG, etc.. 

Simulation 
of detector

Physics analysis
(compare data 
and physics 
models)

Real DATA

Real detectors

?
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Acceptance coverage 

Beamline elements limit our 
acceptance 

Occupancy in the  detector.. 

Acceptance 
coverage
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Acceptance coverage Beamline elements limit 
our acceptance 
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Occupancy ..With beam related 
background (here 
synchrotron radiation)

Occupancy
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Overlapping volumes
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Calorimeter depth
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Geometry
ü Convert geometry into other format
ü Use different viewer

ü GDML to Root
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Simulation tools 
ü Final state particles ( from event generator)
ü GEOMETRY :  GEANT4 simulation of detector
ü Output file with geometry and hits… 

GEANT4File with 
particles 

Event 
generator

Geometry 
description

File with 
hits (x,y,z)

?



Simulation chain 
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Physics model

PYTHIA, 
HERWIG, etc.. 

Simulation 
of detector

Physics analysis
(compare data 
and physics 
models)

Real DATA

Real detectors

?Reconstruction:
Convert hits and 
deposited Energy into 
p, Vtx, E, charge and 
PID
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Track fitting/vertexing
Ø Fit	hits	to	get	a	track	
Ø Which	hit	belongs	to	which	track?
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Reconstruction
ü Convert hits and energy deposition into Momentum and Energy and PID 

ü Reconstruction chain: Track finding, Track fitting, vertex finding, (alignment),… 
etc 

GEANT4
File with 
particles 

Event 
generator Geometry 

description

File with 
hits, … 

Track 
fit

Vertex 
fit

Track 
resolution, 
Momentum
Reconstruction

Primary and 
secondary 
vertices and 
resolutions

Reconstruction software
File with
Recon-

structed
particles 
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Reconstruction
ü Reconstruction chain: Track finding, Track 

fitting, vertex finding, (alignment)

GEANT4
File with 
particles 

Event 
generator Geometry 

description

File with 
hits, … 

Track 
fit

Vertex 
fit

Track 
resolution, 
Momentum
Reconstruction

Primary and 
secondary 
vertices and 
resolutions

Track 
finding

Hits
associated 
to the track

Reconstruction software

File with
Recon-

structed
particles 

Alignment

Cluster 
finder

Noise/
pedestals
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Simulation tools 
ü Reconstruction chain: Track finding, Track 

fitting, vertex finding, (alignment)

GEANT4File with 
particles 

Event 
generator

Geometry 
description

File with 
hits, … 

Track 
fit

Vertex 
fit

Track 
resolution, 
Momentum
Reconstruction

Primary and 
secondary 
vertices and 
resolutions

Track 
finding

Hits
associated 
to the track

Reconstruction software

File with
Recon-

structed
particles 

Alignment

File 
reader/

converter

CAL Hits Trk Hits … Rec Trk Rec vtx

CAL reconstruction 

PID  
reconstruction 

x ,y, Q2
Reconstruction 

….

Jet 
reconstruction



Many options for reconstruction
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JLEIC

eRHIC Detector : “EICROOT”
JLEIC  Detector:  “GEMC/ JANA”

ePhenix “Day 1” Detector:
“FunForAll”

TOPSiDE by ANL: “ILC based”



Simulation
Generic	Geant4 GEMC Fun4all eicROOT

dR
IC
H

planned

m
RI
CH in	progress

DI
RC planned planned

straightforward
(from	FairROOT)

ps
TO

F

single	module

for	JLEIC

for	sPHENIX

prototype

Full	
setup

for	JLEIC	and	PHENIX

for	sPHENIX
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RECONSTRUCTION CHAIN (FOR LDRD)

Vertex

Outer 
tracker

Calorimeter

• Geometry created/described inside GEANT4, and 
then distributed via Root TGEO

• All parts are connected via intermediate Root 
files (ntuples) 

• Event generators (Pythia6, Herwig 6 and 7) 
HEPMC, Lund  format.

• Original (MC) tracks are traced down to analysis
• No pattern recognition !  Only track fit and vtx! 

GEANT4

Geometry 
description

(TGEO, 
GDML…) 

File with 
hits, orig. 

tracks
(ROOT)

GENFIT
Track fit

RAVE
Vertex 

fit

Track and 
momentum
reconstruction

Primary and 
secondary 
vertices

File with hits, 
orig. MC tracks

and 
reconstructed 

tracks and 
vertex
(ROOT)

Your
physics 
analysis

mass spectra
Decay length

Event 
Generator

(Full)

(Fast) Smearing
Momentum,vertex

This chain has been developed to validate tracking and vertex parameters  and was used 
for JLAB LDRD- 1601/1701 project (“Nuclear gluons with charm at EIC”) to estimate a 
detector effect on a  charm reconstruction. (Many thanks to Whitney Armstrong, Alexander Kiselev and 
“software consortium” for ideas and discussions)
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JANA based reconstruction (in progress)

RAW data Reader

RAVE

GEMC 
Root: flux

File with 
Reconstru
cted 
events

File writer

JANA 
framework

GENFIT

Event display 

Trk Hits

Rec Tracks

True Tracks

Rec Tracks

David Lawrence
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Tracking

Yulia Furletova

Ø Event generator (Pythia /HERWIG) 
-> GEANT4 ->Genfit ->RAVE

Ø Position and granularity of first 
layers in vertex det. defines  
vertex resolution

Ø Benchmarks of tracking and 
vertex performance are ongoing

𝜋	𝑖𝑛	𝑏𝑎𝑟𝑟𝑒𝑙
1.5	T

𝜎~20𝜇𝑚

.  

Momentum resolution

vertex resolution

𝜎~25𝜇𝑚



Simulation chain 
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Physics model

PYTHIA, 
HERWIG, etc.. 

Simulation 
of detector

Reconstruction 
of detector 
response

Physics analysis
(compare data 
and physics 
models)

Real DATA

Real detectors

Ø Use validated detector response for smearing 
Ø Or use full reconstruction chain
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Analysis
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ü Process charm (BGF)-only events 
ü Process and add all “background” events ( all other non –BGF DIS events )
ü Estimate efficiency and  set a requirements for detector  (PID, vertex, etc) 

D0 on top of DIS background 6%

Charm efficiency 
for exclusive decays 
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Analysis
ü Process charm (BGF)-only events 
ü Process and add all “background” events ( all other non –BGF DIS events )
ü Estimate efficiency and  set a requirements for detector  (PID, vertex, etc) 
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List	of	colliders
and	their	center
of	mass	energies

Information	about	
event	generator
and	sample	size

Full	detector	
simulations	+
reconstructions

Full	documentation

Next step: Database of Reconstructed events
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Ø Pattern recognition (track finding).
Ø Global PID ( information from all detectors):Machine learning? 
Ø Jet finding (jet identification : gluon vs quark vs tau?): machine learning ? 
Ø add “non-physics” background (synchrotron, cosmic, halo, etc ) 

Ø Move part of reconstruction into online event processing (FPGA, trigger)

Next steps



EIC offers lots of 
opportunities for you!
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Thank you! 
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