
Linear	collider	so-ware	from	event	
simula4on	to	reconstruc4on	

Rosa	Simoniello	(CERN)	
On	behalf	of	the	CLICdp	so:ware	group	

CERN-BINP	workshop	for	young		
scienEsts	in	e+e-	colliders	



Introduc4on	

•  CLIC	aims	at	a	new	fronEer	of	precisions	studies	for	a	broad	
spectrum	of	physical	analyses	covering	both	SM	and	BSM	

•  Good	performance	is	obtained	by	a	combinaEon	of	excellent	
hardware	and	so:ware	

Requirement	for	so.ware	programs	and	tools:	
•  Flexible,	generic	and	robust	tools	

à	common	so.ware	development	between	CLIC	and	ILC	
•  Efficient	use	of	resources	

à	in	parAcular	be	able	to	handle	60BX	overlay	

•  In	this	talk:	overview	of	the	so:ware	used	in	the	linear	collider	
community,	from	detector	descripEon,	to	simulaEon,	to	
reconstrucEon	programs		
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GeneraEon	

SimulaEon	

ReconstrucEon	

Analysis	

Typical	HEP	so-ware	chain	
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GeneraEon	

SimulaEon	

ReconstrucEon	

Analysis	

Linear	collider	so-ware	chain	

WHIZARD,	PYTHIA	

Interfaced	with	
GEANT4	

Tracks,	PFOs,	
physics	objects,	…	
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GeneraEon	

SimulaEon	

ReconstrucEon	

Analysis	

Linear	collider	so-ware	chain	
Event	Data	Model	

LCIO	file	

LCIO	file	

LCIO	file	

•  Lightweight	
•  Flexible	
•  Basis	for	common	

so:ware	development	
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GeneraEon	

SimulaEon	

ReconstrucEon	

Analysis	

Linear	collider	so-ware	chain	
Event	Data	Model	

LCIO	file	

LCIO	file	

LCIO	file	

Single	source	of	
geo	informaEon	

DD4hep	
geo	file	

•  Complete	descripEon	
•  Easily	configurable	
•  Based	on	ROOT	TGeo	
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DD4hep	geometry	–	Flexibility	
•  DD4hep	is	intended	for	different	experiments		

q  Linear	colliders	(CLIC,	ILC)	and	test	beam	prototypes,		
under	invesAgaAon	for	FCC	and	CEPC	

•  DD4hep	aims	to	support	the	enEre	experimental	lifecycle	
q  Detector	design	and	opAmizaAon,	construcAon,	operaAon,	data	
taking	and	analysis	

	

Vertex Detector

⌅ Challenging requirements with fast timing, excellent spatial resolution and ultra
low material budget

Û Single point resolution of ≥ 3µm needed for e�cient flavour tagging and
momentum resolution

Û Low material budget of 0.2% X0 per layer that roughly translates to 200
microns of silicon for sensor, readout, cooling and support!

Û Time stamping with <10 ns accuracy for background suppression

22nd August, 2016 The CLIC Detector Concept 9/16

Tracker

⌅ High occupancy requires all-silicon tracker with similar requirements as vertex
Û Single point resolution of ≥ 7 µm in rf will require ≥ 50 µm pitch
Û Lightweight support to meet the total material budget of ≥ 1.5% X0 per

layer
Û Time stamping of <10 ns for background suppression

⌅ Optimised layout to have at least 8 hits from vertex plus tracker for track
reconstruction

Û Keep occupancies below 3% at all times

22nd August, 2016 The CLIC Detector Concept 11/16

Spiral	vertex	geo	 Tracker	Disk	 Sampling	Hadronic	Cal	

Linear Collider Detector Models

SiD, ILD and CLICdp all collecting sub-detector drivers and detector XMLs in lcgeo
Good to have one place where this is located
Tests running simulation in all detector models, must be working, otherwise
something is clearly wrong and needs to be fixed immediately. . .
For sake of simplicity could we all agree to name and store detectors like this
.../compact/MyDetector o2/MyDetector o2.xml

I Makes it easier to pick up all detector models and offer them via iLCDirac
dd.setDetectorModel("MyDetector o2")

I Just need to know folders with detector models and can automatically get them

CLICdp

ECFA-WS, Santander, May 31, 2016 A. Sailer: DD4hep, Detector Models, and Simulation 10/22

CLIC	detector	model	
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DD4hep	structure	

DD4hep	core	

Geant4	 ReconstrucEon	 Analysis	

Extension	mechanisms	to	interface	to	sim/reco/ana	programs	

Geometry	file		

•  Simple	and	compact	xml	configuraEon	file	with	geo	informaEon:	
q  Dimensions,	layer/module	composiEon	with	materials	and	
thickness	

•  Interfaces	of	DD4hep	to	the	simulaEon	and	reconstrucEon	
programs	are	realised	via	extensions	invisible	to	the	general	users	

	

hcp://test-dd4hep.web.cern.ch/test-dd4hep/doxygen/html/index.html	
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Simula4on	
•  SimulaEon	applicaEons	for	passage	of	parEcles	through	macer		

q  Each	parEcle	provided	by	the	event	generator	is	propagated	
through	a	model	of	the	full	detector	

q  Energy	deposits	in	sensiEve	detector	regions	are	recorded	as	
hits	with	total	energy	deposiEon,	posiEon,	and	Eme		

•  In	HEP,	Geant4	is	usually	used	

•  DD4hep	provides	an	automaAc	translaAon	
between	geometry	representaAons	and		
an	easy	python	configuraAon	of	Geant4	

•  SimulaAon	is	an	intensive	process,	
mulAthreading	available	
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Reconstruc4on	calorimetry'and'PFA'

Lucie'Linssen,'Ljubljana,'Nov'2012' 34'

Jet$energy$resolu<on$and'background$rejec<on$drive'the'overall'detector'design'
'

=>'=>'fine6grained'calorimetry'+'ParFcle'Flow'Analysis'(PFA)''

Typical'jet'composiFon:'
'60%'charged'parFcles''
'30%'photons'
'10%'neutrons'

Always'use'the'best'info'you'have:'
'60%'=>'tracker'
'30%'=>'ECAL'
'10%'=>'HCAL'

('

What'is'PFA?'

Hardware'+'soÖware'!'

•  ReconstrucEon	chain	starts	with	digiEsaEon		
q  Simulate	the	detector	response	including	instrumental	effects	

•  Then	reconstruct	tracks	and	calorimeter	clusters	
q  Basic	inputs	for	physics	objects	idenEficaEon	

•  Geometry	informaEon	available	via	DD4hep	
q  Number	of	layers,	B	field,	…	

•  Provides	library	of	shared	funcAons	
through	a	common	interface,	can	be	
used	by	all	experiments	

•  MARLIN	framework	(Modular	Analysis	&	
ReconstrucAon	for	LINear	colliders)	à	
C++,	configurable	via		xml	steering	file	
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Track	reconstruc4on	

•  Pacern	recogniEon:	associate	hits	that	belong	to	one	parEcle		
q  Several	approaches	available	to	use	also	in	combinaEon	

•  Track	fit:	extract	track	parameters	given	a	set	of	hits:		
momentum,	direcAon	and	impact	parameters		
q  Methods	available	based	on	Kalman	Filter	or	General	Broken	Line	

•  Mix-and-match	different	pacern	recogniEon	algorithms	with	
different	track	ficers		

•  Interface	with	the	DD4hep	geometry		
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DDRec: Interface to Reconstruction
` The user can attach any object that could 

help in reconstruction to a DetElement
` e.g. HCal barrel, ECal endcap, VXD, … 

` DDRec currently offers two main options:
` Simple data structures that get filled by 

the detector constructor at creation time 
` Detector layout, symmetry, extent, ..
` # layers, technology, material properties, …

` Surfaces: special type of extension 
foreseen mainly for tracking
` Measurement directions
` Material effects automatically averaged from the 

detailed model

August 4th, 2016ICHEP 20166

LayeredCalorimeterStruct
+ extent
+ outer_symmetry
+ inner_symmetry
+ outer_phi0
+ layers

LayeredCalorimeterStruct::Layer

+ distance
+ cellSize0
+ inner_thickness
+ inner_nIntLengths
+ outer_nRadLengths
+ …

layers

HCalBarrel

DD4hep	interface	with	reconstruc4on	
•  Tracking	needs	a	special	interface	to	geometry	for	track	intersecEon/

extrapolaEon	and	mulEple	scacering/energy	loss	effects	
•  Plugin	mechanism	à	For	each	detector	element	volume	acach	a	

surface	in	the	middle	of	the	sensiEve	layer	with	informaEon	on:	
q  Local	coordinate	system	
q  Volume	thickness	and	material	
à	materials	in	a	compound		
volume	automaEcally	averaged	
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Par4cle	Flow	Analysis:	concept	

Pandora LC Reconstruction

Pattern Recognition 

3

• The calorimeters designed for use at a future e+e- collider can image particle interactions in 
unprecedented detail. Recorded events contain wealth of information for use in physics analyses.

• The human brain is amazing at pattern recognition and can readily reconstruct most event 
topologies. This guides the Pandora approach to automated computer pattern recognition.

HCAL

TPC
EC

AL

n

!+

γ

• Particle flow approach to calorimetry: 
just one key example of the advantages 
of fine granularity, imaging detectors.

Classical	approach	 ParEcle	flow	approach	

calorimetry'and'PFA'

Lucie'Linssen,'Ljubljana,'Nov'2012' 34'

Jet$energy$resolu<on$and'background$rejec<on$drive'the'overall'detector'design'
'

=>'=>'fine6grained'calorimetry'+'ParFcle'Flow'Analysis'(PFA)''

Typical'jet'composiFon:'
'60%'charged'parFcles''
'30%'photons'
'10%'neutrons'

Always'use'the'best'info'you'have:'
'60%'=>'tracker'
'30%'=>'ECAL'
'10%'=>'HCAL'

('

What'is'PFA?'

Hardware'+'soÖware'!'

calorimetry'and'PFA'

Lucie'Linssen,'Ljubljana,'Nov'2012' 34'

Jet$energy$resolu<on$and'background$rejec<on$drive'the'overall'detector'design'
'

=>'=>'fine6grained'calorimetry'+'ParFcle'Flow'Analysis'(PFA)''

Typical'jet'composiFon:'
'60%'charged'parFcles''
'30%'photons'
'10%'neutrons'

Always'use'the'best'info'you'have:'
'60%'=>'tracker'
'30%'=>'ECAL'
'10%'=>'HCAL'

('

What'is'PFA?'

Hardware'+'soÖware'!'•  Requires	highly	granular	calorimeters	to	resolve	deposits	from	different	
parEcle	and	sophisAcated	so.ware	to	make	correct	associaAons	
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Par4cle	Flow	Analysis:	Pandora	
“The	Pandora	So.ware	Development	Kit	for	Pa[ern	RecogniAon”	à	EPJC.75.439	

Pandora LC Reconstruction

Pandora Reclustering Example

16

3. Track momentum much greater than cluster energy – 
bring in nearby clusters and reconfigure.

2. Cluster energy much greater than track 
momentum – split cluster.

1. Multiple tracks associated to single  
cluster – split cluster.

4. If, and only if, no E/p match 
emerges, can force track-cluster 

consistency ⇒ energy flow.

If identify significant discrepancy between cluster energy and associated track momentum, choose 
to recluster. Alter clustering parameters until cluster splits to obtain track-cluster consistency.

•  Pandora:	approach	to	automated	computer	pacern	recogniEon	
•  Exploit	calorimeter	granularity	to	gradually	build-up	picture	of	events		
•  More	than	70	algorithms	to	address	specific	event	topologies,	with	very	

few	mistakes,	and	to	avoid	accidental	merging	of	separate	parEcles		
q  Cone	Clustering,	Topological	AssociaAon,	Track-Cluster	AssociaAon,	

Reclustering	AssociaAon,	Fragment	Removal,	PFO	ConstrucAon	Algorithms	
•  Interface	with	DD4hep	available	
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Conclusions	

•  Effort	to	have	as	much	as	possible	possible	common	and	flexible	
so:ware	in	the	linear	collider	community	and	outside		
à	iLCSo:	hcp://ilcso:.desy.de/portal	
q  DD4hep	is	a	new	concept	for	detector	geometry	descripEon	
shared	by	different	experiments	(also	outside	the	linear	colliders)	

q  Track	reconstrucEon	programs	may	rely	on	some	specifics	of	the	
experiment	but	they	share	a	set	of	common	funcEons	(discussion	
on-going	for	a	possible	inter-experimental	shared	library)		

q  Pandora	(parEcle	flow	analysis)	is	a	standalone	package	used	by	
linear	colliders	community,	LAr	neutrino	experiments,	CEPC,	FCC	
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Beam	structure	

3 The Compact Linear Collider

ILC: 200 ms / CLIC: 20 ms ILC: 199 ms / CLIC: 19.844 ms

ILC: 2625 bunches, 1 ms / CLIC: 312 bunches, 156 ns

ILC: 300 µm / CLIC: 44 µm ILC: 369 ns / CLIC: 0.5 ns

Figure 3.5: Schematic view of the time structure of a beam at the ILC at
p

s = 500 GeV (black numbers) and at
CLIC at

p
s = 3 TeV (red numbers). The beam is split into trains with a large gap in between (top). Each train

consists of several bunches as indicated in the lower two sketches. Pictures are not to scale. Numbers for CLIC
from [20]. Numbers for ILC correspond to the nominal design in [18].

3.1.5 Luminosity Spectrum

In any particle accelerator the energy of the colliding particles is subject to an intrinsic spread. At CLIC
this energy spread is expected to be 0.35% around the nominal beam energy of 1.5 TeV. In addition,
the mean beam energy is expected to fluctuate by approximately 0.1% [23]. The biggest e↵ect on the
center-of-mass energy at CLIC originates from the beamstrahlung introduced above. The potentially
large energy loss of one or both of the colliding particles at the interaction point leads to long tails to low
energies in the distribution of the e↵ective center-of-mass energy: the luminosity spectrum. This e↵ect
is illustrated in Fig. 3.6. For the nominal CLIC parameters, shown in Table 3.1, the fraction of collisions
within the highest 1% of the nominal energy corresponds only to 35% of the total luminosity. This
mostly a↵ects the measurement of processes with production thresholds close to the nominal center-
of-mass energy. On the other hand, processes which can be produced at lower

p
s will benefit from a

significantly larger fraction of the total luminosity. In any case this luminosity spectrum has to be taken
into account when calculating production cross sections at CLIC.

We want to stress that the long tail in the luminosity spectrum is mostly caused by the beam-beam
e↵ects which can not be avoided if a high total luminosity is desired. A CLIC accelerator at lower
center-of-mass energies of

p
s = 500 GeV would have a much narrower luminosity spectrum with

almost 75% of the luminosity within the highest 1% of the energy, but with a lower total luminosity of
only 2.0 ⇥ 1034 cm�2s�1 [23].

3.1.6 Staged Construction

The configuration of the accelerator and especially the beam delivery system is chosen to optimize
the available luminosity for the nominal center-of-mass energy. Although the accelerator can also be
operated at lower

p
s this will result in a significantly lower total luminosity. For certain scenarios,

e.g. a threshold scan, the accelerator will need to be operated far from its nominal energy. It is thus
beneficial to construct CLIC in several stages with increasing center-of-mass energies. The chosen
energy stages will depend strongly on the new physics scenarios discovered at the LHC. One possible
scenario involving three energy stages is investigated in [70]. There, the first stage is designed for a

22

For:	ILC	at	500	GeV	and	CLIC	at	3	TeV	centre-of-mass	energy	
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DD4hep	

Geometry 
Display  

(Via ROOT OGL Viewer) 
teveDisplay	

Extensions 
where 
required 

Geometry 
Display  

(Via ROOT OpenGL Viewer) 
geoDisplay	

Analysis 
Extensions 

Analysis 
Program 
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DDAlign 
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DDCond 
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converters 
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Geant4 
Program 
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Detector  
constructors 

python 
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description 

xml 

Generic Detector  
Description 

Model 
Based on ROOT TGeo 

c++ 

Detector  
constructors 

c++ 

Reconstruction 
Extensions 
DDRec	

Reconstruction 
Program 

Marlin	

Event Display 
(less geometry detail) 

 

CED	
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Geometry	file	

•  Simple	and	compact	xml	configuraEon	file	with	geo	informaEon:	
q  Dimensions,	layer/module	composiEon	with	materials	and	
thickness	

•  Actual	volume	building	in	C++:	general	and	simple	to	allow	
maximum	flexibility	but	users	can	easily	add	more	level	of	details	
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Interface	with	simula4on	
•  DD4hep	supports	simulaEon	acEviEes	with	Geant4	providing	an	

automaEc	in	memory	translaEon	mechanism	between	geometry	
representaEons	

•  Easy	configuraEon	of	Geant4	applicaEons	provided	via	python	
executable	with	command-line/steering-file	arguments	

ddsim --compactFile myGeo.xml --enableGun  
--gun.particle mu- --gun.energy 10*GeV --numberOfEvents 10

•  Many	more	opEons	available!		
q  Physics	lists,	generator	file,	filters,	range	cuts,	etc…	

•  AutomaEc	compleEon	available	à	Just	tab	to	see	all	the	opEons!		

•  ValidaAon	OK,	ready	for	large	scale	producAon	
•  OpAmised	for	Ame	performance,	mulAthreading	available	
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Tracking	so-ware	in	ILCSOFT	

F.Gaede, DESY, Track Reconstruction Forum 6

IMarlinTrk - LC Tracking Tools 

● IMarlinTrk: interface that separates pattern recognition code from actual fitter 
implementation

● only dependencies LCIO, DDRec (DD4hep) - NB: no Marlin dependency !

● pattern recognition algorithms have been written to a large extend in plain 
vanilla C++ (no LCIO, geometry, etc.), e.g.

● topological clustering, CA libraries, conformal mapping,...

● currently code lives in iLCSoft libraries - could be extracted to standalone 
libraries

MarlinTrk	

PaVern	recogni4on:	
Event	Data	

Model	
Extension	of	the	DD4hep	geometry	
descripEon	à	surfaces	for	tracking	

•  Requirements:	modularity	and	flexibility	à	used	by	different	experiments		
•  C++	implementaEon	
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Cellular	Automaton	(CA)	

•  Based	on	the	creaEon	of	cells:	
à	a	cell	is	a	connecEon	
between	two	hits	
à	every	cell	has	a	weight	

•  Local	method	à	used	local	
criteria	(like	angle	between	two	
cells)	to	connect	cells	

•  Update	cell	weight:	increase	cell	
weight	by	1	for	each	previous	
cell	that	passed	criteria		

•  Track	candidates:	start	from	
high	weights	and	follow	the	
connecEons	

•  Choose	best	tracks	according	to	
the	χ2	probability,	number	of	
tracker	hits	

August 25th, 2015 Analysis Meeting

! CA can be implemented in many ways, but all feature the same basic blocks!
" A cell is a line connecting two points!
" Each cell contains a weight. Starting from some seeding point, all succeeding cells which pass 

the given criteria are incremented!
!

! In principle each point may be connected to any other, but combinatorics explode => criteria 
added (such as only to hits nearby in next detector layer)

Cellular automaton (CA)

5
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! CA can be implemented in many ways, but all feature the same basic blocks!
" A cell is a line connecting two points!
" Each cell contains a weight. Starting from some seeding point, all succeeding cells which pass 

the given criteria are incremented!
!

! In principle each point may be connected to any other, but combinatorics explode => criteria 
added (such as only to hits nearby in next detector layer)!
!

! Weight increased for cells which have an angle < θ to the previous cell

Cellular automaton (CA)

6

Weight 1!
Weight 2!
Weight 3!
Weight 4

August 25th, 2015 Analysis Meeting

! CA can be implemented in many ways, but all feature the same basic blocks!
" A cell is a line connecting two points!
" Each cell contains a weight. Starting from some seeding point, all succeeding cells which pass 

the given criteria are incremented!
!

! In principle each point may be connected to any other, but combinatorics explode => criteria 
added (such as only to hits nearby in next detector layer)!
!

! Weight increased for cells which have an angle < θ to the previous cell!
!

! Create valid tracks (typically start with highest weight)

Cellular automaton (CA)

7

Weight 1!
Weight 2!
Weight 3!
Weight 4

Cells 

Tracks candidates 

Tracks 

Weight	1	
Weight	2	
Weight	3	
Weight	4	
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