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Outline	
•  Overview	of	the	experimental	condiFons	and	the	physics	goals	
•  Main	requirements	on	the	detector	

q  Challenges	and	opFmisaFon	for	each	subsystem	
q  Status	of	the	R&D	on	silicon	technologies	and	calorimeters	

à  IntegraFon	between	different	subsystems	
à  Interplay	between	hardware	and	soNware	reconstrucFon	
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same	event	before	cuts	on	

beam-induced	background	

e+e-	è	TH	è	WbWbH	è	qqb	τνb	bb	
-	-	-	 -	 -	

CLIC	1.4	TeV	

e+e- à HZ à qqqq	



Compact	Linear	Collider:	where	we	stand	

	
•  Documents	supporFng	accelerator,	detector	and	physics	program	
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q  Higgs	paper:	https://arxiv.org/abs/1608.07538	
q  Detector	note:	hSp://cds.cern.ch/record/2254048?ln=en	
q  Staging	baseline:	hSp://dx.doi.org/10.5170/CERN-2016-004	
q  CDR:	hSps://arxiv.org/abs/1202.5940	
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Strategy can be adapted to LHC discoveries 
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50	km	at	3	TeV	

3 CLIC post-CDR accelerator optimisation

Table 7: Proposed CLIC energy staging scenario for optimal physics performance, assuming between
5 and 7 years of running including luminosity ramp-up at each of the three energy stages as
described in Section 4.2.

Stage
p

s (GeV) Lint (fb�1)

1 380 500
350 100

2 1500 1500

3 3000 3000

new states previously discovered at LHC or by acting as a discovery machine in its own right. For
new particles produced in pairs direct detection is possible up to the kinematic limit of

p
s/2. Indirect

detection through precision observables profits from high
p

s in many cases as well, as illustrated with
the Z0 and composite Higgs examples of Section 2.5.
Based on our current knowledge, CLIC has its optimal physics physics potential when constructed and
operated in three main energy stages: 380 GeV, 1.5 TeV and 3 TeV. Here, the low energy stage is chosen
as the optimum between Higgs and top physics reach, and 3 TeV is the maximum which can presently
be envisaged. The choice of the intermediate energy stage at 1.5 TeV is driven by the fact that this is the
maximum energy that can be reached with a single CLIC drive-beam complex. Realistically, one can as-
sume that CLIC will operate for the equivalent of 125 days per year at 100% efficiency (see Section 4.3).
A period of luminosity ramp-up will be necessary at each stage of CLIC. Together with the expected
peak luminosity at the different energies (see Section 4) this results in the integrated luminosities listed
in Table 7.

3 CLIC post-CDR accelerator optimisation

3.1 Overview

A first optimisation of the parameters for a 3 TeV CLIC accelerator complex was performed as early as
2008, based on performance and cost models developed at that time. During the years leading to the
CDR in 2012 [3], a large number of simulation studies and R&D tests validated most aspects of the
CLIC design. In parallel, more detailed models of power consumption and cost of a 3 TeV CLIC facility
were developed for the CDR. The results of those studies, together with physics scenarios envisaged at
the time, provided the basis for the proposal to build CLIC in energy stages. In Volume 3 of the CDR [5],
an example of the implementation and operation of CLIC in three energy stages is described. During the
past years more high-gradient tests of the main linac accelerating structures have been made, which allow
a review of the performance limitations that are used in the optimisation. The gradient G which can be
achieved in these structures is largely limited by vacuum arcing, otherwise known as RF breakdowns. For
a reliable operation of CLIC breakdowns must occur during less than 1% of the machine pulses in any
of the installed structures along the entire length of the main linacs. This translates into the specification
of “fewer than 3⇥10�7 breakdowns per pulse and per metre of accelerating structure”.
Designing structures with the required low breakdown rates at the design gradient is done by constrain-
ing certain RF parameters, such as the surface temperature rise during an RF pulse sent to the structures.
Experiments and long-term testing of CLIC RF structures are ongoing. To first approximation, these tests
confirm the assumptions for the RF constraints used for the CDR. For example, an RF structure which
does not have features necessary for higher-order-mode damping (damping will be required for the op-
eration of the structures with intense beam trains) reached a gradient well above the nominal 100 MV/m
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Dedicated	for	top	mass	threshold	scan	

Detector requirements driven by physics goals and experimental environment  

Compact	Linear	Collider		
High	energy	(high	acceleraFon	gradients),		
High	luminosity	(small	beam	size),		
Lepton	collider	
•  High	precision	physics	program:		

measurements	+	eventual	discoveries	
•  Higgs,	top,	BSM	

	



Physics	program	
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2 CLIC physics
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Figure 7: a: tt cross section as a function of centre-of-mass energy for tt production simulated in a scan
of ten data points of 10 fb�1 each in steps around

p
s = 350 GeV [36]. b: Correlation between

the top mass mt and the strong coupling constant as extracted from the threshold scan [36].

however expected that the theoretical as well as the experimental as uncertainties can be reduced in the
future, such that these additional mass uncertainties can be further reduced to approximately 10 MeV.

Invariant mass technique The invariant mass measurement of the top quark has been studied for
CLIC at

p
s = 500 GeV, for an integrated luminosity of 100 fb�1 [36]. With a top pair production cross

section of 530 fb at
p

s = 500 GeV this results in 53000 tt events allowing for a precision measurement.
By using maximum likelihood fits to the reconstructed invariant mass distributions, shown in Figure 8
for fully-hadronic events, and by comparing the measured invariant mass distribution with that predicted
by leading order (LO) event generators, a top mass compatible with the input value can be extracted,
with a statistical precision of 80 MeV [36].
Relevant systematic uncertainties, for instance including the uncertainty on the jet energy scale, are
limited to a similar level as the statistical uncertainty. The extracted top width is compatible with the
input value and it has a statistical uncertainty of 220 MeV.
An advantage of the top quark invariant mass measurement is that it can be performed at any centre-of-
mass energy above the top pair production threshold. A disadvantage is, however, that currently the top
mass is obtained only in the context of the LO event generator used in the comparison to data. Next-to
leading order (NLO) calculations of the decay are expected in time for CLIC operations which could
further reduce the uncertainties in this measurement.
In addition, non-perturbative corrections could be large, resulting in substantial systematic uncertainties
when interpreting the extracted top mass in theoretically well-defined mass schemes. These uncertainties
are expected to be larger than the experimental uncertainties listed above (Add references?).

2.4.2 Top quark as a probe of BSM physics

For top quark measurements as probes of BSM physics, a trade-off has to be made between centre-
of-mass energies optimised for available statistics, or for small uncertainties on theoretical predictions,
or for the expected magnitude of BSM effects on the top sector. Details of these considerations are
described in the following. Example measurements at the first stage of CLIC are described. An outlook
on top physics studies at the subsequent CLIC stages of higher centre-of-mass energy will be given.
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•  Top	mass	measurement	
q  Precision	for	1S	mass	scheme:	50	MeV		

(10x	beSer	than	LHC)	
•  Top	quark	form	factors	looking	at	Ag		

q  Sub-percent	level	(10x	beSer		than	HL-LHC)	
•  ExoFc	top	decays	e.g.	t→cH,	t→cγ

•  High	precision	measurement	of	Higgs	properFes	
q  Couplings:	sub-%	level	(%	level	for	rare	decays)	
q  Higgs	width:	3.4%		

•  Model	independent	couplings	determinaFon	
q  Mass	recoil	method	in		

ee->Z(µµ/ee/qq)H	events	

Δ(σHZ) ~ ±1.8%

March 8, 2017 CLICdp status and plans 5

Higgsstrahlung e+e-àZH @ ~350 GeV
• Benchmark studies for

e+e-àZH @ 350 GeV, 500 fb-1

• Select ZH through recoil mass 
against Z
à model-independent
measurement: ΔσHZ ~ gHZZ

• Combined uncertainty
on Δ(gHZZ) ~ ± 0.8%

• ZH à Hqq gives access to invisible Higgs decays:
BR(Hàinv) < 1% @ 90% CL

√s=350 GeV; HZ (Zàμμ)

Δ(σHZ) ~ ±3.8%

• ZHàZqq studies for 
250, 350, 420 GeV

• Trade-off between
jet-energy resolution and
signal/background

• Best performance at ~350 GeV
à drives choice of 380 GeV
for first energy stage
(together with top physics)•  Direct	and	indirect	BSM	searches	(SUSY,	DM,	Z’,	VV	scaBering,	finite	e	size,	hidden	valley,…)	

q  More	sensiFve	to	electromagneFc	processes	
q  Discovery	potenFal	well	beyond	LEP	and	LHC	
q  In	case	of	discovery,	precision	measurement	of	new	parFcles	
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Machine	environment	
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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
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20	ms	

312	bunches,	156	ns	

0.5	ns	
σx,y:	40	nm,	1	nm	

Most	physics	processes	are	studied	well	
above	producFon	threshold	=>	profit	
from	full	luminosity	

σz:	44	µm	

•  Low	duty	cycle	
q  Power	pulsing		

•  High	lumi	à	very	small	beam	size	at	IP	
à	very	strong	e.m.	field	à	Beamstrahlung	
q  Beam	induced	background	
q  Energy	loss	at	IP	(E	spectrum)	

not	to	scale!	

luminosity	spectrum	
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Frac0on	√s/√snom	 350	GeV	 3	TeV	

>0.99	 68%	 36%	

>0.9	 95%	 57%	

>0.8	 99.1%	 68%	

>0.7	 99.9%	 77%	

>0.5	 ~100%	 88%	

Beamstrahlung	è	important	energy	losses	
right	at	the	interac;on	point	
	

Most	physics	processes	are	studied	well	above	
produc;on	threshold	=>	profit	from	full	spectrum	
	
Luminosity	spectrum	can	be	measured	in	situ		
using	large-angle	Bhabha	scaTering	events,	
to	5%	accuracy	at	3	TeV	
Eur.Phys.J.	C74	(2014)	no.4,	2833	

1%	most	energeFc	part		
36%	at	3	TeV		
68%	at	350	GeV	

Important for physics! 



Beam	induced	background	

àSmall	pixel	and	cell	size,	high	B	field		
àPrecise	2me	stamping:	1-10	ns	
àNo	issue	from	radiaFon	damage:		
				<	1011neq/cm2/y,	except	forward	calos	
			(~104neq/cm2/y	less	than	LHC	experiments)	
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Effect	of	bkg	on	mass	resolu2on	

1.   Pair-background	
§  High	occupancies	
§  Extremely	forward	

(mostly	outside	detector)	
2.   γγ	to	hadrons	

§  Energy	deposits	
§  Main	bkg	in	detector	

CLIC Machine Environment 

Mark Thomson LCWS 2011, Granada 5 

CLIC 0.5 TeV CLIC 3 TeV 
L [cm-2s-1] 2.3×1034 5.9×1034 

BX/train 354 312 
BX sep 0.5 ns 0.5 ns 
Rep. rate 50 Hz 50 Hz 
L/BX [cm-2] 1.1×1030 3.8×1030 

γγ!X  / BX 0.2 3.2 

σx/σy     202 / 2 nm 40 / 1 nm 

"  Beam related background: 
!  Small beam profile at IP leads very high E-field; 

#  Beamsstrahlung 
#  Pair-background 
#  Effects much more pronounced at CLIC 

"  Bunch train structure:  
!  CLIC:  BX separation 0.5 ns 

#  Integrate over multiple BXs of γγ→ hadrons 
#  19 TeV visible energy per 156 ns bunch train  

�/�� q

q�/��

Drives timing 
Requirements 
for CLIC detector  

CLIC Machine Environment 

Mark Thomson LCWS 2011, Granada 5 
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L/BX [cm-2] 1.1×1030 3.8×1030 

γγ!X  / BX 0.2 3.2 

σx/σy     202 / 2 nm 40 / 1 nm 

"  Beam related background: 
!  Small beam profile at IP leads very high E-field; 

#  Beamsstrahlung 
#  Pair-background 
#  Effects much more pronounced at CLIC 

"  Bunch train structure:  
!  CLIC:  BX separation 0.5 ns 

#  Integrate over multiple BXs of γγ→ hadrons 
#  19 TeV visible energy per 156 ns bunch train  

�/�� q

q�/��

Drives timing 
Requirements 
for CLIC detector  

•  Full	156	ns	train	triggerless	readout	

Pairs:	3	·	105	per	BX	à	9.4	·	107	per	train
γγ	to	had:	3.2	per	BX	à	~	1000	per	train	
																		~	O(TeV)	energy	in	calorimeters	
																à	Ime	cuts	(pT	and	θ	dependent)	
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Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

AXer	2me	window:	~1.2	TeV	 AXer	2ming	and	pT	cuts:	~100	GeV	

Forward	WW,	no	background	

8	
Precision physics in a harsh environment 



CLICdet	
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12
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11.4	m	

4T	solenoid	

Final	focusing	(QD0)	
outside	the	detector	

Ultra	light	Vertex	+	Tracker	

Fine	grained	calorimeters	

Return	Yoke	+	muon	ID	

Forward	EM	calorimeters	

Detector optimised for 3 TeV 



A	technical	note:	simula2on	framework	
•  So#ware	framework	extremely	important	for	detector	op5misa5on	work	
•  DD4hep:	a	flexible	and	easy	to	use	geometry	descripFon		

q  single	source	of	informaFon	for	simulaFon,	reconstrucFon,	analysis	
q  supporFng	the	enFre	experimental	lifecycle		

detector	design,	construcIon,	operaIon,	data	taking	
•  On	the	fly	conversion	to	GEANT4	simulaFon	
•  Used	by	different	experiments		

q  CLIC,	ILC,	FCC,	CEPC,	under	invesIgaIon	for	LHCb	
	

▶

Marko Petrič (CERN) marko.petric@cern.ch Detector Simulations with DD4hep

13
14

Recent effort, not used for all 
the studies in this talk 

10	

5. Use cases

The DD4hep toolkit has been adopted by several of conceptual design studies for future high-
energy colliders, including the CLICdp, ILD, SiD and FCC collaborations. The visualization of
each detector concept that is actively developing simulation and reconstruction software based
on DD4hep can be seen in Figure 8.

Figure 8. Visualization of detector models of known DD4hep user collaborations.

5.1. Linear Collider Simulation Extension
Furthermore, the Linear Collider community has developed an extension to DDG4 called DDSim.
It adds an additional layer of abstraction and simplifies simulation, allowing even command line
configuration of the simulation. An Python example of DDSim steering can be seen in Figure 9.

�

� ddsim --dumpSteeringFile > mySteer.py
�

� DD4hepSimulation

�

from DDSim.DD4hepSimulation import DD4hepSimulation
from SystemOfUnits import mm, GeV, MeV, keV
SIM = DD4hepSimulation()
SIM.compactFile = ”CLIC_o3_v06.xml”
SIM.runType = ”batch”
SIM.numberOfEvents = 2
SIM.inputFile = ”electrons.HEPEvt”
SIM.part.minimalKineticEnergy = 1*MeV
SIM.filter.filters [’edep3kev’] =
dict (name=”EnergyDepositMinimumCut/3keV” ,

parameter={”Cut” : 3.0*keV} )

Tab Completion
For automatic completion of command line parameters: bash
bash-completion, python: argcomplete eval

"$(register-python-argcomplete ddsim)"

Much more convenient interactive use
$ ddsim
--action.calo --filter.tracker --part.keepAllParticles
--action.mapActions -G --part.minimalKineticEnergy
--action.tracker --gun.direction --part.printEndTracking
--compactFile --gun.energy --part.printStartTracking
--crossingAngleBoost --gun.isotrop --part.saveProcesses
--dump --gun.multiplicity --physics.decays
--dumpParameter --gun.particle --physics.list
--dumpSteeringFile --gun.position --physicsList
--enableDetailedShowerMode -h --physics.rangecut
--enableGun --help --printLevel
--field.delta_chord -I --random.file
--field.delta_intersection --inputFiles --random.luxury
--field.delta_one_step -M --random.replace_gRandom
--field.eps_max --macroFile --random.seed
--field.eps_min -N --random.type
--field.equation --numberOfEvents --runType
--field.largest_step -O -S
--field.min_chord_step --outputFile --skipNEvents
--field.stepper --output.inputStage --steeringFile
--filter.calo --output.kernel -v
--filter.filters --output.part --vertexOffset
--filter.mapDetFilter --output.random --vertexSigma

ILDSWWS, Feb 2016 A. Sailer: Simulation Steering with DDSim 10/16

Marko Petrič (CERN) marko.petric@cern.ch Detector Simulations with DD4hep

11
14

Figure 9. Example usage of the DDSim Python application.



Vertex	detector	
•  Higgs	physics	(hadronic	Higgs	decays	separaFon),	top	physics,	BSM	
•  Physics	aim:	excellent	iden2fica2on	of	secondary	ver2ces	for	b/c-tagging	

à	excellent	impact	parameter	resolu2on		
	

Affected	by	single	point	
resoluFon	à	3µm	

MulFple	scaSering	
à	0.2%X0	per	detecFon	layer	

Vertex detector

Goal: e�cient tagging of heavy quarks
through a precise determination of
displaced vertices

560 mm

Multi-layer barrel and endcap pixel
detectors

I 560 mm in length
I Barrel radius from

30 mm ≠ 70 mm
I Spiral endcap geometry

I 3 µm single point resolution
I Material budget < 0.2 %X0 per

layer (50 µm silicon sensor +
50 µm ROC)

I No liquid cooling, use forced air
flow cooling

I Limit the power dissipation to
50 mW cm≠2, pulsed power
operation

I Hit time slicing of 10 ns

A. Nürnberg:

A vertex and tracking detector system for CLIC

24. 05. 2017 5
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Fig. 9: bb likelihood versus cc likelihood distributions for e+e� ! ZH events at
p

s = 350GeV, for (a) all events and for
the different event classes: (b) H ! bb, (c) H ! cc, (d) H ! gg, background from (e) other Higgs decays and (f) non-Higgs
SM background. All distributions are normalised to an integrated luminosity of 500fb�1.

the angle between the two quark jets; the polar angle of the
missing momentum vector; the azimuthal angle between the
two t candidates; the azimuthal angle between the two quark
jets; and the visible energy in the event. The resulting BDT
distributions for the signal and the backgrounds are shown
in Figure 11. Events passing a cut on the BDT output max-
imising the significance of the measurement are selected.
The cross sections and numbers of selected events for the
signal and the dominant background processes are listed in
Table 11. The contribution from background processes with
photons in the initial state is negligible after the event se-
lection. A template fit to the BDT output distributions leads
to:

D [s(ZH)⇥BR(H ! t+t�)]
s(ZH)⇥BR(H ! t+t�)

= 6.2% .

5.2.3 H ! WW ⇤

In case the Higgs boson decays to a pair of W bosons, only
the fully hadronic channel, H ! WW⇤ ! qqqq, allows the

Process s/fb epresel eBDT NBDT

e+e� ! ZH; 5.8 18 % 59 % 312
Z ! qq ,H ! t+t�

e+e� ! ZH; 4.6 15 % 2.6 % 9
Z ! t+t�,H ! X
e+e� ! qqtt(non-Higgs) 70 10 % 3.3 % 117
e+e� ! qqttnn 1.6 9.7 % 5.1 % 4
e+e� ! qqqq 5900 0.13 % 0.54 % 21

Table 11: Cross sections and numbers of preselected and se-
lected events with BDT > 0.08 (see Figure 11) for e+e� !
ZH(Z ! qq ,H ! t+t�) signal events and the dominant
backgrounds at

p
s = 350GeV assuming an integrated lu-

minosity of 500fb�1.

reconstruction of the Higgs invariant mass. Two final states
in e+e� ! ZH events have been studied depending on the
Z boson decay mode: Z ! l+l�, where l is an electron or
muon, and Z ! qq.
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Fig. 9: bb likelihood versus cc likelihood distributions for e+e� ! ZH events at
p

s = 350GeV, for (a) all events and for
the different event classes: (b) H ! bb, (c) H ! cc, (d) H ! gg, background from (e) other Higgs decays and (f) non-Higgs
SM background. All distributions are normalised to an integrated luminosity of 500fb�1.

the angle between the two quark jets; the polar angle of the
missing momentum vector; the azimuthal angle between the
two t candidates; the azimuthal angle between the two quark
jets; and the visible energy in the event. The resulting BDT
distributions for the signal and the backgrounds are shown
in Figure 11. Events passing a cut on the BDT output max-
imising the significance of the measurement are selected.
The cross sections and numbers of selected events for the
signal and the dominant background processes are listed in
Table 11. The contribution from background processes with
photons in the initial state is negligible after the event se-
lection. A template fit to the BDT output distributions leads
to:

D [s(ZH)⇥BR(H ! t+t�)]
s(ZH)⇥BR(H ! t+t�)

= 6.2% .

5.2.3 H ! WW ⇤

In case the Higgs boson decays to a pair of W bosons, only
the fully hadronic channel, H ! WW⇤ ! qqqq, allows the

Process s/fb epresel eBDT NBDT

e+e� ! ZH; 5.8 18 % 59 % 312
Z ! qq ,H ! t+t�

e+e� ! ZH; 4.6 15 % 2.6 % 9
Z ! t+t�,H ! X
e+e� ! qqtt(non-Higgs) 70 10 % 3.3 % 117
e+e� ! qqttnn 1.6 9.7 % 5.1 % 4
e+e� ! qqqq 5900 0.13 % 0.54 % 21

Table 11: Cross sections and numbers of preselected and se-
lected events with BDT > 0.08 (see Figure 11) for e+e� !
ZH(Z ! qq ,H ! t+t�) signal events and the dominant
backgrounds at

p
s = 350GeV assuming an integrated lu-

minosity of 500fb�1.

reconstruction of the Higgs invariant mass. Two final states
in e+e� ! ZH events have been studied depending on the
Z boson decay mode: Z ! l+l�, where l is an electron or
muon, and Z ! qq.
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•  Single	point	resolu2on	of	3µm	
q  25x25µm2	pixel	à	~1.5	

billion	channels	

Vertex detector

Goal: e�cient tagging of heavy quarks
through a precise determination of
displaced vertices

560 mm

Multi-layer barrel and endcap pixel
detectors

I 560 mm in length
I Barrel radius from

30 mm ≠ 70 mm
I Spiral endcap geometry

I 3 µm single point resolution
I Material budget < 0.2 %X0 per

layer (50 µm silicon sensor +
50 µm ROC)

I No liquid cooling, use forced air
flow cooling

I Limit the power dissipation to
50 mW cm≠2, pulsed power
operation

I Hit time slicing of 10 ns

A. Nürnberg:

A vertex and tracking detector system for CLIC

24. 05. 2017 5

~ 24x finer than CMS 

~ 10x less than CMS 

12	

Vertex	detector	op2misa2on	

•  Ultra	light	detector:	0.2%X0	
per	detec2on	layer	
q  Ultra	thin	sensor	and	

readout:	0.1%X0	
q  Low	mass	supports	+	

cables:	0.1%X0	
q  No	liquid	cooling	à	spiral	

geometry	to	allow	forced	
air	flow	(combined	with	
power	pulsing)	

q  Double	layers	(3	+	3)	

Flavour	tagging	performance		
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Vertex	occupancy	

Beam Induced Backgrounds and Machine Parameters
Detector Performance

Summary

ILC and CLIC Machine Parameters
Time Structure
Occupancies

Occupancies in Tracking Detectors

Vertex detector layers need to stay clear of
cone of incoherent pairs

Need to increase radius of innermost vertex
layer to ⇠ 30mm to retain ILC-like
occupancies per train

Solenoid field helps to confine incoherent
pairs at low radii

5 Optimisation of the Detector Geometry
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(b) Direct hits, t < 15 ns
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(c) Backscattered hits, t > 15 ns

Figure 5.14: Hit densities from incoherent pairs in the six vertex-barrel layers as function of the
radius of the respective layer for three different values of the magnetic field. Shown
are (a) the total hit density, as well as separately the contributions from (b) direct
and (c) backscattered hits

58

Incoherent pairs in CLIC ILD at
p
s = 3TeV

4 VERTEX DETECTORS

the LumiCal and BeamCal into the vertex detector region (see Chapter 9). The studies have focused on
the CLIC_ILD detector model and the obtained results have been transferred to the CLIC_SiD detector
model and confirmed there.

4.5.1 Beam-Pipe Layout and Design
The beam pipe should provide good vacuum at the interaction point, remain outside the background
envelope near the interaction region, allow for the placement of silicon elements as close to the beam
line as possible, present a low number of radiation lengths for trajectories of interest, and shield against
backgrounds originating upstream and downstream of the vertex detector region. It should be noted that
the vacuum quality is not critical and that therefore bake-out of the vacuum system is not required inside
the interaction region. The design that was developed for the beam pipes is shown in Figures 4.1, 4.2
and 4.8. A straight, beryllium portion near the interaction region minimises the number of radiation
lengths before vertex detector elements. Stainless steel conical portions with a wall thickness of 4 mm
extend in the forward and backward directions and provide shielding against backscattering upstream and
downstream backgrounds. Figure 4.8 shows the density of direct hits in the 4 T field of the CLIC_ILD
vertex detector region. A cut-off with a parabolic shape can clearly be seen. With a length of 520 mm and
an inner radius of 29.4 mm, the cylindrical section of the beam pipe is located safely outside the region
of high hit density, where the production of secondary hits would lead to unacceptably large occupancies
in the detectors. Similarly, for a magnetic field of 5 T, the inner radius of the CLIC_SiD central beam
pipe was set to 24.5 mm, with a length of 460 mm.
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Fig. 4.8: Density of direct hits from incoherent pairs in a cylindrical projection of the vertex detector
region of the CLIC_ILD detector. The position of the beam pipe and of the innermost barrel and forward
pixel layers are indicated with white lines.

The beryllium wall thickness must be sufficient to address porosity, to resist collapse under vac-
uum, and to resist forces and moments transmitted from the conical portions. A wall thickness of 0.6 mm
was assumed for CLIC_ILD; the corresponding value for CLIC_SiD is 0.5 mm. Those wall thicknesses
are conservatively high for vacuum collapse, which depends primarily on elastic modulus, Poisson’s
ratio, radius, and length. The designs of the Tevatron Run IIb beam pipes demonstrated that a thick-
ness of 0.5 mm is sufficient to address porosity issues [13]. Local stress concentrations will occur at
the transition joints to conical pipe portions if abrupt changes in material thickness are allowed. Those
concentrations can be minimised by an optimised design of the joint region. R&D in conjunction with
potential vendors is expected to be conducted on the transition joints and beam-pipe fabrication methods.
A liner of titanium of thickness 25 to 50 µm, may be required for the ILC central beam pipes [14]. How-
ever, simulation studies for incoherent-synchrotron radiation originating from the beam-delivery system
at CLIC indicate that the radiation envelopes stay within ±5mm for 15�x and 55�y [15]. The impact of
radiation emitted in the beam-delivery system needs further studies.

90

C. Grefe, Energy, Collider Technology and Detector Optimization AWLC 2014, Fermilab, 12.05.2014 10

Conical	and	thick	beampipe	
to	shield	backscaBered	
parIcles	from	forward	calos	

B	=	4	T	
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•  Occupancy	due	to	beam	bkg	<	3	%		
q  Rin	=	31	mm	at	3	TeV	(reduced	R	for	lower	√s)	
q  No	mulF-hits	capability	
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Tracker	detector	
•  Higgs	and	top	leptonic	decays,	BSM	program	(i.e.	smuon	mass)	
•  Physics	aim:	excellent	momentum	resolu2on	for	high	pT	tracks	(>	100	GeV)	

O(10) better than LHC experiments 

Posi2on	
resolu2on	

Mul2ple	
scajering	

σRφ	~	7µm		
~1-2%X0	per	layer	

CLIC�physics aims�=>�detector�needs

Lucie�Linssen,�January�20st�2015 22

� impact parameter resolution:
e.g.�c/bͲtagging,�Higgs BR

� jet energy resolution:
e.g.�W/Z/h�diͲjet�mass separation

� angular�coverage,�very forward electron tagging

� momentum resolution:
e.g.�Smuon endpoint

Higgs recoil mass,�Higgs coupling to muons

WͲZ
jet�reco

smuon
end�point

(for�highͲ
E�jets)

+�requirements�from�CLIC�beam�structure�and�beamͲinduced�background

�pT
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· 1p
N + 4

�pT
pT

/ 1

B · L ·
r

X
tot

X0Physics programme and detector requirements Linear colliders

Linear collider detector needs

Momentum resolution

Higgs recoil mass, smuon endpoint,
Higgs coupling to muons

! �pT/p
2
T ⇠ 2⇥ 10�5GeV�1

Impact parameter resolution

c/b-tagging, Higgs branching ratios

! �r' ⇠ 5� 15/(p[GeV] sin
3
2 q)µm

Jet energy resolution

Separation of W/Z/H di-jets
! �E/E ⇠ 3.5% for jets at 50-1000GeV

Angular coverage

Very forward electron tagging
! Down to q = 10mrad

+ Requirements from beam structure and
beam-induced background
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Example: H! µµ

Example: W/Z separation
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H→µµ	

à	Large	and	light	tracker	with	good	
					single	point	resoluFon,	high	B	field	

15	

Endpoint	to		
get	µ~	mass	



•  Tracker	overall	size	and	B	field	
q  Acceptance	|θ|	>	7°		à	|η|	>		2.8	
q  B	=	4	T	
q  4.4	m	x	3	m	tracker	

47 March 2017

zoom into the ECAL/tracker/vertex region

4.4 m

1.5	m	

16	

Tracker optimization

I Tracker design is outcome of optimization
studies in fast and full detector simulations

I Requirement on momentum resolution for
high momentum tracks lead to B = 4 T,
R = 1.5 m and single point resolution
‡

rÏ = 7 µm
I Good agreement between fast and full

simulation
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Increasing	B	

Tracker	op2misa2on	
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Tracker	material	budget	

•  RealisFc	engineering	model	with	cable	rouFng,	
cooling	and	support	structures	
q  Very	light:	1-1.5%X0	per	layer	
q  Air	cooling	not	feasible	à	liquid	cooling	
q  Space	frame	to	have	light	and	solid	supports		

§  So	far	deformaFon	ok	(Sag	~50	μm)	

Detector R&D Silicon tracker

Silicon tracker R&D
Tracker requirements

⇠100m2 surface area
! integrated sensors w.
large pixels/strips
( 30 µm⇥1mm)

Most challenging:
maintain e�ciency and
good timing, despite
large pixel area

Collaboration with
HL-LHC tracker upgrade
projects

Silicon on Insulator (SOI) test chip ALICE investigator

SiD strip tracker sensor + KPiX
CLICdet tracker support concept

CLICdet tracker support prototype

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 39 / 54

5SiliconTracker

Table4:Mainparametersofthetrackerbarrel
layout,radiusRandhalf-lengthL/2.

LayerNo.NameR[mm]L/2[mm]

1ITB1127482
2ITB2340482
3ITB3554692

4OTB18191264
5OTB211531264
6OTB314861264

Table5:Mainparametersofthetrackerdisks.

DiskNo.NameZ[mm]Rin[mm]Rout[mm]

1ITD152472404
2ITD280899551
3ITD31093131554
4ITD41377164542
5ITD51661197544
6ITD61946231548
7ITD72190250552

8OTD113106181430
9OTD216176181430
10OTD318836181430
11OTD421906181430

Table6:Materialbudgetofthetrackerbarrel
layers-totalperbarrellayer,asim-
plementedinthesimulation.

LayerNameX0[%]

ITB1-30.89

OTB1-31.02

Table7:Materialbudgetofthetrackerdisks-
totalperdisk,asimplementedinthe
simulation.

DiskNameX0[%]

ITD1-71.02

OTD1-41.02
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Figure16:Totalmaterialbudgetofthevertexplustrackersystem,includingbeampipe,supportsand
cables,asafunctionofthepolarangle.
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5 Silicon Tracker

Details of the presently envisaged design can be found in [19].
The main support tube, in its preliminary design, amounts to 1.25% X0. The interlink structure for

the outer barrel layers is estimated to contribute 0.3% X0, while the inner interlink amounts to 0.5% X0.
Cables from the vertex detector, which are to be routed outwards along ITB1 and further out along the
conical vacuum tube, are represented by an additional 0.47% X0 (deemed to be a conservative estimate).
The total material budget for the vertex plus tracker region as a function of polar angle is shown in
Figure 16.

Preliminary results of a first validation of the tracking in CLICdet are shown in Figure 17.
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Figure 13: XZ-view of the tracker as implemented in the simulation model. The black lines indicate the
tracker support structures including cooling and cables, the green lines represent the tracker
sensor layers. The blue lines show the main support tube and the interlink structures. The
orange line indicates the vacuum tube. The vertex detector is shown in the centre (in red).
Cables going outwards from the vertex detector are represented in magenta.
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•  RealisFc	engineering	model	with	cable	rouFng,	
cooling	and	support	structures	
q  Very	light:	1-1.5%X0	per	layer	
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5 Silicon Tracker

Details of the presently envisaged design can be found in [19].
The main support tube, in its preliminary design, amounts to 1.25% X0. The interlink structure for

the outer barrel layers is estimated to contribute 0.3% X0, while the inner interlink amounts to 0.5% X0.
Cables from the vertex detector, which are to be routed outwards along ITB1 and further out along the
conical vacuum tube, are represented by an additional 0.47% X0 (deemed to be a conservative estimate).
The total material budget for the vertex plus tracker region as a function of polar angle is shown in
Figure 16.

Preliminary results of a first validation of the tracking in CLICdet are shown in Figure 17.
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Figure 13: XZ-view of the tracker as implemented in the simulation model. The black lines indicate the
tracker support structures including cooling and cables, the green lines represent the tracker
sensor layers. The blue lines show the main support tube and the interlink structures. The
orange line indicates the vacuum tube. The vertex detector is shown in the centre (in red).
Cables going outwards from the vertex detector are represented in magenta.
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Tracker	occupancy	and	cell	size	

5 Silicon Tracker

Details of the presently envisaged design can be found in [19].
The main support tube, in its preliminary design, amounts to 1.25% X0. The interlink structure for

the outer barrel layers is estimated to contribute 0.3% X0, while the inner interlink amounts to 0.5% X0.
Cables from the vertex detector, which are to be routed outwards along ITB1 and further out along the
conical vacuum tube, are represented by an additional 0.47% X0 (deemed to be a conservative estimate).
The total material budget for the vertex plus tracker region as a function of polar angle is shown in
Figure 16.

Preliminary results of a first validation of the tracking in CLICdet are shown in Figure 17.
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Figure 13: XZ-view of the tracker as implemented in the simulation model. The black lines indicate the
tracker support structures including cooling and cables, the green lines represent the tracker
sensor layers. The blue lines show the main support tube and the interlink structures. The
orange line indicates the vacuum tube. The vertex detector is shown in the centre (in red).
Cables going outwards from the vertex detector are represented in magenta.

15

•  Elongated	pixel	/	Short	strips	
q  Single	point	resoluFon	of	7µm	à	rφ -pitch	of	~50	µm	(t.b.d.)	
q  Occupancies	from	beam-beam	interacFons	define	readout	granularity:			

1-10	mm	maximum	strip	lengths	(increasing	from	in	to	out)	
•  Actual	granularity	will	depend	on	the	chosen	technology		
•  No	mulF-hits	capability	

Beam induced backgrounds

I Granularity of the tracker driven by
background occupancy

I Aim is to limit the occupancy to 3 % over
the bunch train, need short strips/long
pixels

I Full simulation study: strip length for
50 µm rÏ-pitch is limited to 1 mm–10 mm

I Actual granularity will depend on the
chosen technology

Detector layers Strixel
length / mm width / mm

Inner barrel 1–2 1 0.05
Inner barrel 3 5 0.05
Outer barrel 1–3 10 0.05

Inner disc 1 0.025 0.025
Inner discs 2–7 1 0.05
Outer discs 1–4 10 0.05
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Number	of	layers	op2misa2on	
Tracker optimization

I Tracker design is outcome of optimization
studies in fast and full detector simulations

I Requirement on momentum resolution for
high momentum tracks lead to B = 4 T,
R = 1.5 m and single point resolution
‡

rÏ = 7 µm
I Good agreement between fast and full

simulation
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•  Number	of	layers	(3+3,	7+4)	to	minimise	
confusion	in	paSern	recogniFon		

20	

Decay	aNer	
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Calorimeters	
•  Higgs,	top,	BSM	hadronic	decays	or	photon	final	state	

@ ATLAS JER <~ 5% 
for pT

jet > 1 TeV  

•  Good	photon	energy	resolu2on	O(10-1000	GeV)	
�E

E
⇠ 4� 0.4% Similar to ATLAS 

•  Excellent	jet	energy	resolu2on	O(10-1000	GeV)	

•  Large	coverage	

J. S. Marshall Towards a new CLIC detector model 2

Detector Requirements

• Expect interesting physics processes to have multi-
jet final states, with charged leptons or missing pT 

- Reconstruction of invariant masses of two+ jets 
important for event reconstruction and event id.

- Impact of Beamstrahlung on kinematic fits means 
rely on intrinsic jet energy resolution of detector.

From the perspective of the likely physics measurements at CLIC, the requirements are:  

• Jet energy resolution !E / E ≲ 3.5−5 % for jet energies in the range 50 GeV−1 TeV 

• Track momentum resolution !pT / pT ≲ 2·10-5 GeV-1 

• Impact parameter resolution !d0 ≲ 5 ⊕ 15 / (p [GeV] sin3/2") μm 

• Lepton identification efficiency > 95% over full range of energies 

• Detector coverage for electrons down to very low angles

2

• Aim: discriminate between W and Z hadronic decays

• Require: !E / E ≲ 3.5%, providing 2.5σ W/Z separation

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected event
numbers do not account for the possible enhancements from
polarised beams.
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(H
)

θ
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 d
σ

1/
0
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0.03  = 350 GeVs ZH, → -e+e
 = 350 GeVs, eνeν H→ -e+e
 = 1.4 TeVs, eνeν H→ -e+e
 = 3 TeVs, eνeν H→ -e+e

CLICdp single Higgs production

Fig. 5: Polar angle distributions for single Higgs events atp
s = 350GeV, 1.4TeV and 3TeV, including the effects of

the CLIC beamstrahlung spectrum and ISR. The distribu-
tions are normalised to unity.

3.1 Motivation for
p

s = 350 GeV CLIC Operation

The choice of the CLIC energy stages is motivated by the
desire to pursue a programme of precision Higgs physics
and to operate the machine above 1TeV at the earliest pos-
sible time; no CLIC operation is foreseen below the top-
pair production threshold. From the perspective of Higgs
physics, lower-energy operation is partly motivated by the
direct and model-independent measurement of the coupling
of the Higgs boson to the Z, which can be obtained from the

Decay mode Branching ratio

H ! bb 56.1 %
H ! WW⇤ 23.1 %
H ! gg 8.5 %
H ! t+t� 6.2 %
H ! cc 2.8 %
H ! ZZ⇤ 2.9 %
H ! g g 0.23 %
H ! Zg 0.16 %
H ! µ+µ� 0.021 %

GH 4.2 MeV

Table 2: The investigated SM Higgs decay modes and their
branching ratios as well as the total Higgs width for mH =
126GeV [20].

recoil mass distribution in ZH ! e+e�H, ZH ! µ+µ�H
and ZH ! qqH production (see Section 5.1.1 and Section 5.1.3).
These measurements play a central role in the determination
of the Higgs couplings at a linear collider. Thus, it might
seem surprising that no significant CLIC running is consid-
ered at

p
s = 250GeV, which is close to the maximum of

the Higgsstrahlung cross section (see Figure 2).

There are three reasons why 250GeV operation is not con-
sidered a priority. Firstly, the reduction in cross section in
going to

p
s = 350GeV is compensated, in part, by the in-

creased instantaneous luminosity achievable at a higher centre-
of-mass energy. The instantaneous luminosity scales approx-
imately linearly with the centre-of-mass energy, L µ ge ,
where ge is the Lorentz factor for the beam electrons/positrons.
For this reason the precision on the coupling gHZZ at 350GeV
is comparable to that achievable at 250GeV for the same
period of operation. Secondly, the additional boost of the Z
and H at

p
s= 350GeV provides greater separation between

the final-state jets from Z and H decays. Consequently, the
measurements of s(ZH)⇥BR(H ! X) can be more pre-
cise at

p
s = 350GeV. Thirdly, and most importantly, mea-

surements of the Higgsstrahlung cross section alone are not
sufficient to provide truly model-independent measurements
of the Higgs boson couplings; knowledge of the total de-
cay width GH is also required. This can be inferred from the
measurements of the cross sections for the WW-fusion pro-
cesses. Initial operation of CLIC at

p
s ⇡ 350GeV, where

the e+e� ! Hnene fusion cross section is significant, pro-
vides constraints on the Higgs coupling to the W boson and,
by inference, provides a determination of the Higgs width
GH. For the above reasons, the preferred option for the first
stage of CLIC operation is

p
s ⇡ 350GeV.

Another advantage of
p

s ⇡ 350GeV is that detailed stud-
ies of the top-pair production process can be performed in
the initial stage of CLIC operation. Finally, it is worth not-
ing that a similar Higgs boson mass precision can be ob-
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Fig. 16: Reconstructed di-photon invariant mass distribu-
tion of preselected signal H ! g g events at

p
s = 1.4TeV.

The distribution is normalised to an integrated luminosity
of 1.5ab�1. The statistical uncertainties correspond to the
size of the simulated event sample. The line shows the fit
described in the text.

s(e+e� ! Hnene)⇥BR(H ! Zg) at CLIC has been stud-
ied at

p
s = 1.4TeV with the CLIC_SiD detector model,

where 585 H ! Zg events would be expected in 1.5 ab�1

of data [54]. For the purpose of the event selection, only
Z ! qq and Z ! l+l� (with l = e,µ) are useful, giving
small event samples of 409 qqg , 21 e+e�g and 21 µ+µ�g
events from H ! Zg in 1.5 ab�1 at

p
s = 1.4TeV. A typical

event display is shown in Figure 17.

The visible final states of the signal channels qqg or l+l�g
are also produced in several background processes, some of
which have much larger cross sections than the signal. In
addition to background with photons from the hard process,
e+e� ! qq or e+e� ! l+l� events with a FSR or ISR pho-
ton can mimic the signal.

The H ! Zg event selection requires at least one identified
high-pT photon and either two electrons, muons or quarks
consistent with a Z decay. The reconstructed photon with
the highest energy in the event is identified. Events are then
considered as either e+e�g , µ+µ�g or qqg candidates. In
the case where a e+e� or µ+µ� pair is found, photons nearly
collinear with the lepton trajectories (within 0.3�) are com-
bined with the leptons under the assumption that these pho-
tons originate from bremsstrahlung. If neither a e+e� nor a
µ+µ� pair is found, all reconstructed particles except for the
photon of highest energy are clustered into two jets assum-
ing that the Z decayed into two quarks, using a jet radius of
R = 1.2. In all cases, the selected Z decay candidate and the

Fig. 17: Event display of a H ! Zg ! qqg event at
p

s =
1.4TeV in the CLIC_SiD detector. Both jets are visible. The
photon creates a cluster in the central part of the electromag-
netic calorimeter (blue).

highest energy photon are combined to form the H candi-
date.

In order to reduce the number of background process events,
two selection steps are performed. First, preselection cuts
are applied: the Higgs candidate daughter photon and jets,
electrons, or muons are only accepted if they have an en-
ergy of E > 20GeV and pT > 15GeV. In the qqg channel,
only jets with at least 5 particles are considered in order to
suppress hadronic t decays. In addition, the reconstructed
Z and H masses in the event are required to be consistent
with a H ! Zg decay. The second step in the event selec-
tion is three BDT selections (one for each signal final state).
The input variables are the properties of the reconstructed
H, Z, and g such as mass, energy, momentum, and polar an-
gle, event shapes such as sphericity and aplanarity, as well
as missing energy distributions and particle multiplicity dis-
tributions.

For the optimal BDT cuts expected statistical significances
of 2.2, 0.54 and 0.78 are found for the qqg , e+e�g and
µ+µ�g channels respectively. The signal selection efficien-
cies and contributions from the most important backgrounds
are summarised in Table 24. When the results from all three
channels are combined, the achieved statistical precision atp

s = 1.4TeV for an integrated luminosity of 1.5 ab�1 is:

D [s(Hnene)⇥BR(H ! Zg)]
s(Hnene)⇥BR(H ! Zg)

= 42% .

With electron and/or positron polarisation the statistical pre-
cision can be increased, for example with �80% electron
polarisation, D [s(e+e� ! Hnene)⇥BR(H ! Zg)]⇡ 31%.
Further gains are expected from going to higher centre-of-
mass energies, as the Higgs production cross section at

p
s=

3TeV is 70 % higher than at 1.4 TeV.
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03/06/2016 Philipp Roloff BSM at √s > 500 GeV 6

Reconstruction of SUSY particles
Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈ 0.3% precision on 
heavy Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CLIC
3 TeV

CLIC
3TeV

CLIC
3 TeV

CLIC
3 TeV

slepton masses:
1.0 - 1.1 TeV

�E

E
⇠ 5� 3.5%



Par2cle	Flow	Calorimeters	

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	 ParFcle	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'!'

Requires	highly	granular	calorimeters	to	
resolve	deposits	from	different	parFcles	and	
sophisIcated	soVware	to	make	correct	
associaFons	

Calorimeter%system%
•  Physics%aim:%excellent%jet%resoluFon%
•  Typical%Jet%composi/on:%%

!  60%%charged%par/cles%
!  30%%photons%
!  10%%longKlived%neutral%hadrons%

•  Employment%of%parFcle%flow%techniques%%
"%large%impact%on%the%detector%design%

•  High%granularity%calorimeter%
•  Forward%acceptance%

J. S. Marshall Towards a new CLIC detector model 4

Particle Flow Calorimetry

HCAL

TRACKEREC
AL

n

#+

γ

Traditional  
calorimetry

Particle flow  
calorimetry

Traditional calorimetry:
• Measure all energy in ECAL/HCAL
• 70 % of jet energy measured in HCAL

Particle Flow Calorimetry:
• Charged particle momentum: Tracker
• Photon energies: ECAL
• Only neutral hadron energies: HCAL

Particle Flow requires pattern recognition
• High-granularity calorimeters 
• Sophisticated software algorithms

Typical jet composition: 
• 60 % charged particles
• 30 % photons
• 10 % long-lived neutral hadrons

Jet energy resolution requirements led 
to adoption of particle flow calorimetry 

 Significant impact for detector design

J. S. Marshall Towards a new CLIC detector model 11

ECAL Optimisation

10 GeV photons 
in barrel region

• Sc (2mm thick; Si 0.5mm) offers better 
intrinsic E resolution. Side-mounted MPPC 
affects performance for small Sc cells.

• With same size cells, SiW and ScW yield 
similar performance. Cost arguments not 
yet conclusive, so stick with Si.

• Performance vs. nLayers: very flat, change 
mostly due to varying intrinsic E-resolution.

• Performance vs. ECAL cell size: intuitive 
and driven by photon confusion.

Select 
5x5mm2 cells
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S. Green, Cambridge

• Using  a  7.5  λ  HCal  model
• 30 mm x 30 mm (Currently used) is a reasonable option for the simulation model
• Note: suspicions for bias towards 30 mm case under investigation

𝒁 → 𝒖𝒅𝒔

30x30mm2%cells%

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'
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What'is'PFA?'
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Par2cle	Flow	Analysis:	Pandora	
“The	Pandora	SoVware	Development	Kit	for	PaBern	RecogniIon”	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.

•  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	parFcles	 		
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62 Photon Reconstruction in PandoraPFA
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Figure 5.3: Two 500 GeV photons (yellow and blue), just resolved in a transverse plane
orthogonal to the direction of the flight by projecting their energy deposition in
the electromagnetic calorimeter. U and V are orthogonal axes. Z axis is the sum
of the calorimeter hit energy in GeV.

dimensional peak finding is a collection of Shower Peak objects. Each Shower Peak
object corresponds to a photon candidate and contains associated calorimeter hits.

5.3.3 Photon ID test

Shower Peak objects are tested for photon tagging. A set of discriminating variables
that exploit features of electromagnetic showers are calculated. A multidimensional
likelihood classifier is implemented, which needs to be trained before applying. The
response from the classifier determines if a Shower Peak object is a photon. If it is
a photon, it would be tagged and separated from the event. If it is not a photon, the
calorimeter hits of the Shower Peak object will be passed on to the next stage of the
reconstruction (see figure 5.2). Because the classifier is complicated, it is discussed in a
separate section 5.5.

5.3.4 Photon Fragment removal

The optional photon fragment removal algorithm aims to merge small photon fragment
to identified photons. Since this step shares the same logic as the fragment removal
algorithm in section 5.6, this step is described in details in section 5.6.

This step marks the end of the photon reconstruction algorithm. The output are a
collection of reconstructed photons, separated from non-photon calorimeter hits. Figure
5.2 summarises key steps in the Photon Reconstruction algorithm.

Energy	of	2	γ	in	transverse	plane	
to	the	direcFon	of	the	flight		



Calorimeter	op2misa2on	
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Physics performance for different HCAL EC radii

March 8, 2017 CLICdp status and plans

Optimization of CLIC detector model
CLICdet design based on optimization studies, e.g.:
• Forward HCAL inner radius
• Large impact on jet reconstruction 
à Ri reduced from 500 mm to 250 mm, 
implies that QD0 had to move outside detector, 
longer L* of 6 m à reduced luminosity

• ECAL depth and segmentation
à 40 layers, 22 X0 needed for good photon resol.

• Tracker radius and B-field
• Trade-off between coil radius and B-field
à tracker radius 1.5 m and B=4 T

11

Tracker performance for different radii and B-fields

100 GeV
photons

ECAL photon resolution

•  ECAL	
q  40	layers	SiW	(Sc	invesFgated	but	Si	

allows	for	higher	granularity)	
q  22	X0	(1	λI)	

•  HCAL	
q  60	layers	FeSc	
q  7.5	λI	
q  Acceptance	down	to	~5°	à	|η|~	3.1	

6 Electromagnetic Calorimeter

Table 8: List of the different ECAL models studied.

Label of the model Layer structure Thickness Space for Total thickness
tungsten alloy sensor and electronics per layer

[mm] [mm] [mm]

CLICdet_17_8 17 thin + 8 thick 2.4 + 4.8 2 4.4 + 6.8
CLICdet_20_10 20 thin + 10 thick 2 + 4 2 4 + 6
CLICdet_30 30 uniform 2.65 2 4.65
CLICdet_40_a 40 uniform 1.9 2 3.9
CLICdet_40_b 40 uniform 1.9 3.15 5.05

Table 9: Photon energy resolution for different ECAL configurations as defined in Table 8, for photons
hitting the central region of the ECAL barrel (q=90�, f=0�) . The sigma (from a fit to a Gaussian
distribution) of the distribution (EECAL+EHCAL)/E is given in [%].

Energy [GeV] 10 50 200 500 1000 1500

CLICdet_17_8 5.90±0.05 2.89±0.02 1.64±0.01 1.14±0.01 0.816±0.006 0.675±0.005
CLICdet_20_10 5.36±0.04 2.66±0.02 1.46±0.01 0.981±0.007 0.711±0.005 0.600±0.004
CLICdet_30 5.43±0.04 2.44±0.02 1.230±0.009 0.790±0.006 0.572±0.004 0.485±0.004
CLICdet_40_a 4.58±0.03 2.07±0.02 1.050±0.008 0.673±0.005 0.491±0.004 0.403±0.003
CLICdet_40_b 4.72±0.03 2.11±0.02 1.077±0.008 0.707±0.005 0.537±0.004 0.438±0.003

higher energies the peak of the distribution is located deeper inside the ECAL, i.e. in the region with
thicker tungsten plates in the model CLICdet_20_10. The detector models with uniform fine sampling
and 40 layers with 1.9 mm tungsten plates were found to perform best. A slightly larger (but more
realistic) space reserved for sensor and electronics slightly reduces the performance, as shown by the
comparison of CLICdet_40_a and _b.
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Figure 20: Resolution for high energy photons of the total ECAL plus HCAL energy, for different ECAL
models as defined in Table 8. Photons are incident at q=90� and f=0�.
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6.1 A PARTICLE FLOW CALORIMETER FOR TEV ENERGIES
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Fig. 6.2: PANDORAPFA jet energy resolution in the barrel HCAL for different jet energies as a function
of the tungsten HCAL depth.

To optimise the depth of the calorimeter for the expected particle energy spectrum of CLIC events,
the jet energy performance was studied using full simulations of di-jet events and the PANDORAPFA
reconstruction algorithm. The result as a function of depth is shown in Figure 6.2, where the HCAL
depth is shown as measured in addition to a 1.0 lI deep ECAL. To guarantee a resolution at or below the
required 3.5% for the whole CLIC jet energy range, an HCAL depth of at least 7.5 lI is required.

6.1.2 Time Stamping Considerations
For the calorimeters, gg events and, possibly, beam halo muons are the most critical sources of back-
ground. Many of the halo muon induced showers can be recognised and suppressed using their topo-
logical signature in the finely segmented calorimeters. However, large so-called "catastrophic" energy
depositions by muons may occur and could form an irreducible background if they coincide with a
physics event. Hadronic gg final state particles originate from the collision point and produce showers
as in e+e� events. PYTHIA based simulations [9] predict a rate of 3.2 background events per bunch
crossing, which leads to an energy deposition of 6 GeV per bunch crossing in the barrel system, and ten
times as much in the endcaps. For a whole bunch train this sums up to about 19 TeV over the entire
detector, see 2.5.

Separating this large background from the wanted physics signal is mandatory. This is achieved by
topological and timing cuts on fully reconstructed particles (see Section 12.1.4) combined with optimised
jet-clustering algorithms. Together, they minimise the impact of the background, while preserving the
physics signatures. This puts severe constraints on the readout electronics of the calorimetry systems
at CLIC, as a 1 ns time resolution for determining the starting time of the showers is required (see also
Section 2.5.1). In addition, multiple hits per cell and per bunch train can be expected in the endcap
regions. Forthcoming simulation studies will address the high occupancy in the endcap regions, for
example by improved mask design and by adapting the cell sizes in the most forward part of the HCAL.
It is therefore expected that final occupancies will not exceed 5 hits per bunch train, including a safety
factor of five for incoherent pairs and a factor of two for gg events. As described in Section 10.2.4,
the required calorimetry readout performance can be anticipated through continuous fast (40–100 MHz)
signal sampling combined with digital filtering techniques.

For hadronic showers, the intrinsic time structure of the shower evolution itself also needs to be
considered. Excited nuclei release their energy with de-excitation times extending into the microsecond
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Tracker + vertex simulation geometry

ultra low-mass
vertex detector,
~25 μm2 pixels

silicon tracker,
Small strips/
large pixels

fine grained (PFA) 
calorimetry, 1 + 7.5 Λi,
Si-W ECAL, Sc-FE HCAL

Superconducting 
solenoid, 4 Tesla

return yoke (Fe) with
muon-ID detectors

forward region with compact 
forward calorimeters

end-coils for
field shaping

11.4 m
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New CLIC detector model
New CLIC detector model CLICdet finalised:
• Optimized layout (simulation studies)
• Incorporates results from hardware R&D
• Implemented in new software framework
• Documented in CLICdp-Note-2017-001

Major changes w.r.t. CDR models:
• Only one detector
• Last beam magnet QD0 outside detector,

to increase HCALforward acceptance
à slight luminosity loss (increased L*) 

• Fe absorber for HCAL
• More layers and more realistic material

budget for tracker

10

Ri=250 mm

-	Rin	=	120	mm		
-	Rin	=	240	mm		
-	Rin	=	360	mm		

24	

ZZ	events	

Photon	energy		
resoluFon	



Calorimeter	cell	size	

ECAL	cell	size:	5×5mm2			
à	Δη×Δφ	=	0.003×0.003	
HCAL	cell	size:	30×30mm2			
à	Δη×Δφ	=	0.0015×0.0015	

Pandora LC Reconstruction 21

Pandora JER Studies

S. 
G

re
en

• With adoption of a clear calibration scheme, able to investigate jet energy resolutions for a 
range of digitisation and detector configurations, and perform detector optimisation studies.

• Studies performed very carefully and fully described in S. Green’s talk: Sim/Reco, 13:30, Wed.

• iLCSo'_v01_17_07	
-PandoraPFA	v02-00-00	

• Digi9sa9on:	ILDCaloDigi	
-Realis9c	ECal	and	HCal	op9ons	
-100	ns	ECAL	and	HCAL	Timing	Cuts	

• 1	GeV	HCAL	cell	EHAD	trunca9on	

• PandoraAnalysis	Calibra9on	Tools

�jet =
q
�2
trk + �2

ECAL + �2
HCAL + �2

conf

•  Small	cell	size	to	minimize	confusion	and	to	
cope	with	bkg	occupancy	

100 Tau Lepton Decay Modes Classification

Figure 6.4 shows "had as a function of ECAL cell sizes with di�erent
Ô
s. The general

trend for the "had is that "had decreases with increase of
Ô
s and increase of ECAL cell

sizes for the same reasons stated in the previous section. As the
Ô
s increases, tau decay

products are boosted and it is challenging to separate identical decay products. Similarly,
increasing ECAL cell sizes makes particle separation more di�cult.

For "had at
Ô
s = 100 GeV, the e�ciency decreases from 94% at 3 mm cell size, to

91% at 20 mm cell size. The decrease is approximately proportional to the increase in
the cell size.

For "had at
Ô
s = 200 GeV, the e�ciency decreases from 94% at 3 mm cell size, to

86% at 20 mm cell size.

For "had at
Ô
s = 500 GeV, the e�ciency decreases from 92% at 3 mm cell size, to

78% at 20 mm cell size. Most significant decrease occurs at this
Ô
s.

For "had at
Ô
s = 1000 GeV, the e�ciency decreases from 85% at 3 mm cell size, to

75% at 20 mm cell size.

The increase in ECAL cell sizes has a larger impact on high
Ô
s. With decay products

spatially close at high
Ô
s, it is more beneficial to have a smaller ECAL cell size to

reconstruct individual particle.
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Figure 6.4: The tau hadronic decay e�ciency, "had, as a function of the ECAL cell sizes at
di�erent

Ô
s with the nominal ILD detector model. The blue, orange, green and

red lines are representing the
Ô
s = 100, 200, 500 and 1000 GeV respectively.
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Figure 18: Silicon-tungsten (SiW) ECAL energy resolution in the ILD detector for 10 GeV and 100 GeV
photons in the barrel, as a function of the number of ECAL layers. Error bars indicate the
statistical accuracy of the simulation results. The total thickness of the ECAL is about 23 X0,
for all the cases shown (from [22], see Appendix II 14 for software details).
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Figure 19: Jet energy resolution in the ILD detector for jets of different energies, as a function of the SiW
ECAL cell size and number of ECAL layers (keeping a constant depth of about 23 X0). Error
bars indicate the statistical accuracy of the simulation results (from [22], see Appendix II 14
for software details).

leakage into the HCAL was observed for high energy photons, a simultaneous ECAL and HCAL calib-
ration using high energy photons was performed. A selection of simulation results, shown in Table 9,
illustrates the main findings. The total energy resolution (from ECAL plus HCAL) as a function of
photon energy is shown in Figure 20, for photons hitting the ECAL in the centre of the barrel (q=90�,
f=0�).

It is noted that CLICdet_17_8 indeed performs worse than an ECAL with 30 layers. Moreover, a
30-layer ECAL with uniform layer thickness (CLICdet_30) was found to give better resolution than the
previous 30-layer ECAL assembled in two groups (CLICdet_20_10), with thinner layers first and thicker
layers later. This is readily understood from the evolution of shower depth as a function of energy: At
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7 Hadronic Calorimeter
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Figure 24: Jet energy resolution in the ILD detector for jets of different energies, as a function of the
HCAL cell size. The cells are squared.

Table 13: HCAL overall layout as implemented in the simulation model.

HCAL barrel rmin [mm] 1740
HCAL barrel rmax [mm] 3330
HCAL barrel zmax [mm] 2210
HCAL endcap zmin [mm] 2539
HCAL endcap zmax [mm] 4129
HCAL endcap rmin [mm] 250
HCAL endcap rmax [mm] 3246
HCAL ring zmin [mm] 2360
HCAL ring zmax [mm] 2539
HCAL ring rmin [mm] 1730
HCAL ring rmax [mm] 3246
LumiCal cutout in HCAL rmax [mm] 180
LumiCal cutout in HCAL ztot [mm] 200

A larger overlap corresponds to a poorer separation between the W and Z invariant mass peaks which
suggests a reduced JER. Since the performance of the two calorimeter options is very similar, steel was
chosen as absorber material, for reasons of cost and complexity of machining and assembling of the
tungsten plates.

Moving the QD0 outside of the detector region reduces the diameter of the support tube w.r.t. the
CDR detector models. This in turn allows one to improve the forward coverage of the HCAL, which in
CLICdet has an endcap inner radius of 250 mm.

As an illustration of the advantage of better forward coverage, a di-jet invariant mass measurement
for jets in the forward region in ZZ ! nn j j events for three HCAL models featuring different HCAL
endcap inner radii has been performed in full simulations for several jet energies. For example, Figure 27
shows the results for physics events overlaid with 60 bunch crossings of gg ! hadrons beam induced
background. For reasons of computational efficiency, the ZZ were generated at

p
s = 1 TeV while

26

Plot	not	produced	with	the	CLIC	calo	
parameters	à	similar	result	expected	

25	

~ 33x finer than CMS 

~ 3000x finer than CMS 

•  Further	improvements	could	be	
achieved	with	soNware	compensaFon	

Dijets	 Dijets	 Tau	efficiency	

- Pandora	PFA	
- Perfect	Pandora	
- Confusion	



A	calorimeter	for	boosted	objects?	
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Zoom	in	a	large	jet	

•  Excellent	calorimeter	granularity	
•  At	√s	=	1.4	TeV	boosted	top	topology			

q  Johns	Hopkins	top	tagger		
à	W-decays	contribuFons	tagged	
thanks	to	finer	calorimeter	granularity	

•  Explore	more	cluster	based	variables	



Forward	calorimeters	

FCAL
5 GeV e-
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Calorimetry: FCAL

Lumical sensor plane

FCAL beam test
FCAL e- shower depth profile

40-100 mrad

10-45  mrad

• R&D on compact sampling calorimeters for 
forward regions is performed within FCAL
collaboration
• LumiCal for luminosity measurement

(<±1% accuracy)
• BeamCal for very forward electron tagging

• Evaluating different technologies
• Radiation hardness
• Beam tests

•  LumiCal	for	luminosity	measurement		
(per	mille	accuracy)		

•  BeamCal	for	very	forward	tagging	of	
high	E	electromagneFc	objects	

q  No	track	informaFon		
à	no	e/γ	idenFficaFon	

q  Centered	at	outgoing	beamline	
(rotaFon	of	10	mrad)	

•  R&D	on	compact	sampling	calorimeters	
within	FCAL	collaboraFon	

q  RadiaFon	hardness		
(maximum	dose	~100	MRad/yr)	

BeamCal	
10-45	mrad	à	η	~	5.3		

LumiCal	
40-100	mrad	

118 Double Higgs Bosons Production Analysis
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Figure 7.2: Figure 7.2a shows BeamCAL 500 GeV electron tagging e�ciency as a function
of polar angle with di�erent methods to model backgrounds and fittings, taken
from [75]. Figure 7.2b shows the LumiCAL electron tagging e�ciency as a function
of the electron energy, for polar angle ✓ = 50mrad, taken from [76].

Assuming that the LumiCAL electron tagging e�ciency is the same as in figure 7.2
for all polar angles and for

Ô
s = 1.4 TeV and 3 TeV, LumiCAL electron tagging e�ciency,

" is parameterised as

" =

8
<

:
0, if E < 50GeV,

0.99◊ (erf(E-100)+1)
2

, otherwise,
(7.1)

where E is the energy of the electron or the photon and erf is the error function. For
each MC electron in the LumiCAL a random number between 0 and 1 is generated. If
the random number is less than " the MC electron is tagged.

Due to lack of tracking ability in the forward region, electrons and photons would
have the same electromagnetic shower profile (see section 5.2) for the ECAL spatial
resolution. Therefore, photons and electrons appear indistinguishable to the BeamCAL
and LumiCAL and both photons and electrons are tagged by the above algorithms.

7.3.4 Lepton identification performance

The performance of all lepton finding processors on the signal and selected background
samples is shown in table 7.6. The percentages represent the events remaining. Iso-
latedLeptonIdentifer and IsolatedTauIdentifer are more aggressive at re-

Suppress	bkg	with	very	
forward	electrons,	i.e.:	
•  Mono-γ:			

sig:	e+e−→ETmiss	γ 
bkg: e+e−→e+e−	γ		

•  HH:			
sig:	e+e−→bbbbνν	
bkg: qqqqlν / qqqqe± 
à	~65%	rejecFon	

27	

BeamCal	
efficiency	

LumiCal	
efficiency	



Silicon	R&D	overview	

28	

•  CLICpix	first	pixel	chip	in	65	nm	technology	
at	CERN	
q  Synergy	with	LHC	upgrades		

•  Two	lines	of	hybridizaFon	studied	
1.  Bump	bonded	to	planar	sensor		
2.  CapaciFvely	coupled	to	acFve	sensor		

(HV-CMOS)	
•  For	tracker	less	strict	requirements:		

larger	pixel,	more	material	budget	
•  Monolithic	technology	promising:	

1.  HR-CMOS	chips	
2.  Silicon	on	Insulator	(SoI)	

Detector R&D Vertex detector

Vertex detector R&D (selection II)

25 µm-pitch sensors (here planar)

UBM and Indium bonds

CLICpix with 50um sensor CLICpix2

Capacitively coupled assembly
Glue-assembly metrology

Sensor simulations

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 34 / 54

Detector R&D Vertex detector

Vertex detector R&D (selection II)

25 µm-pitch sensors (here planar)

UBM and Indium bonds

CLICpix with 50um sensor CLICpix2

Capacitively coupled assembly
Glue-assembly metrology

Sensor simulations

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 34 / 54

Detector R&D Silicon tracker

Silicon tracker R&D
Tracker requirements

⇠100m2 surface area
! integrated sensors w.
large pixels/strips
( 30 µm⇥1mm)

Most challenging:
maintain e�ciency and
good timing, despite
large pixel area

Collaboration with
HL-LHC tracker upgrade
projects

Silicon on Insulator (SOI) test chip ALICE investigator

SiD strip tracker sensor + KPiX
CLICdet tracker support concept

CLICdet tracker support prototype

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 39 / 54



Hybrid	pixels		

29	

σSP ~	3-4	μm,	200	µm	thick	
à	SaFsfy	σSP	but	not	m.b.	

CLICpix	chip	(25µm	pitch)	bump	bonded	to	200-50	μm	
thick	planar	sensors	or	glued	to	acFve	sensors	CLICpix with thin planar sensor: Analysis results

I 5V bias, ≥ 1300 e≠ (lowest possible threshold for this assembly)
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4 pixel

I DUT performance as expected from 50 µm thin sensor at this threshold
I Telescope pointing resolution of ≥ 2 µm allows for in-pixel studies even

with 25 µm small pixels

A. Nürnberg: Planar sensor studies for CLIC 09. 03. 2017 15

σSP ~	7.7	μm,	50	µm	thick	
à	SaFsfy	m.b.	but	not		σSP	

Expected	improvements	with	
CLICpix2,	e.g.	beSer	noise	isolaFon	

σSP ~	6	μm,	<	50	µm	acFve	thick	
à	SaFsfy	m.b.	but	not		σSP	

7.4 Summary
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Figure 7.14: (a) Cluster-size distribution and (b) hit residuals, comparing the hit and the MC truth position, for the
extrapolation of the simulation to small pixel sizes with a 50µm thick sensor and a threshold of ⇠ 500 electrons.
Binary readout refers to the geometric resolution of pitch/

p
12.

77

From	simula2on	(50µm	thick):	
15µm	pitch	à	challenging	for	
chip	design	

HV-CMOS	

Planar	sensors	

CLICpix 25 μm pitch planar sensor assemblies
• CLICpix demonstrator chip with 64x64 pixel matrix bump 

bonded to 200, 150 and 50 μm thick planar sensors
• 4-bit Time over Threshold (ToT) and Time of Arrivel (ToA) readout: 

ToT     Energy measurement, ToA      timing measurement
• Single-chip bump-bonding process for 25 μm pitch developed at 

SLAC (C. Kenney, A. Tomada) 

• Single point resolution ~ 3 - 4 μm, efficiency ~ 99 % 

Test beam results, 200 μm assembly:

p. 6Magdalena Munker (CERN / University of Bonn), 24 August 2016

CLICpix assembly:

• Higher bias voltage leads to thicker depletion zone 
Resolution improves with higher bias voltage until 
the sensor is fully depleted

• Higher bias voltage leads to higher / more 
homogeneous  field in sensor
Less charge sharing 
Resolution degrades for over depletion

Ongoing validation of assembly with 50 μm thick active edge sensor
Promising results but too thick sensor to reach low material budget

Detector R&D Vertex detector

Vertex detector R&D (selection II)

25 µm-pitch sensors (here planar)

UBM and Indium bonds

CLICpix with 50um sensor CLICpix2

Capacitively coupled assembly
Glue-assembly metrology

Sensor simulations

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 34 / 54
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Timing / standard & modified process
Standard process: Modified process:

• Faster timing for modified process, as expected from full depletion 
• Measured timing resolution limited by readout sampling frequency of 65 MHz

Timing resolution matching well requirement of 10 ns for CLIC tracker (t.b.c. with fully integrated chip). 
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σ ~ 5 ns σ ~ 7 ns 

• Pitch = 28 µm 
• Bias voltage = 6 V,   
• Epi thickness = 18 µm 
• Neighbour threshold ~ 70 e- 

• Seed threshold ~ 200 e-

• Pitch = 28 µm 
• Bias voltage = 6 V 
• Epi thickness = 25 µm 
• Neighbour threshold = 50 e- 

• Seed threshold ~ 150 e-

CLICdp
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Cluster size & resolution / standard & modified process

Standard process:

Modified process:
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• Pitch = 28 µm 
• Bias voltage = 6 V,   
• Epi thickness = 18 µm 
• Neighbour threshold ~ 70 e-

• Pitch = 28 µm 
• Bias voltage = 6 V 
• Epi thickness = 25 µm 
• Neighbour threshold = 50 e-

Despite thinner epi and larger threshold for standard process: 
• Larger cluster size and better resolution, as expected from more diffusion

X residual [mm]
-0.04 -0.02 0 0.02 0.04

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

Gauss fit
CLICdp
work in 

progress

Position resolution matching well requirement of 7 µm for CLIC tracker (t.b.c. with fully integrated chip). 
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μ ~ 1.3 

μ ~ 1.5

σ ~ 5 μm 

σ ~ 6 μm 

         xDUT - xTrack [mm]

         xDUT - xTrack [mm]

q  Developed	for	ALICE	ITS	
upgrade		

q  Pitch	28µm,	15-40	μm	
thick	epitaxial	

q  Readout	with	external	
sampling	ADCs	

Detector R&D Silicon tracker

Example: Silicon on Insulator (SOI)

Monolithic pixel detectors in SOI
Thin 200nm SOI CMOS and thick sensor bulk
Pixel pitch down to 10 µm
Thickness down to 50 µm
Cheaper than hybrid pixel detectors
! interesting for vertex and tracking detectors
Double SOI available ! radiation hardness

Recent test beam with 30 µm pitch SOI pixels
Spatial resolution down to ⇠ 4 µm
Telescope resoltion of ⇠ 2 µm

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 40 / 54
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Spatial resolution down to ⇠ 4 µm
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Test	chip	with	integrated	
readout	in	200	nm	SoI	process	
q  30	µm	pitch	
q  500	µm	thickness		

•  foreseen	for	large	area	tracker	
•  can	saFsfy:	σSP	<	7	µm,	Fme	stamping	<	10	ns	

Monolithic	technology		

• Different mini-matrixes with 8x8 pixels
• Various pixel layouts to optimise the collection-diode geometry:

• Minimise capacitance (~ 2 fF)       fast timing (~ ns)

• External readout board (designed by K. M. Sielewicz)
• 64 ADCs to read out full waveform of 8x8 pixel matrix

• 65 MHz sampling clock limits achievable timing resolution

The ALICE Investigator chip (W. Snoeys, J.W. van Hoorne et. al.)

Monolithic HR-CMOS process:

• Developed as part of ALPIDE development for ALICE ITS upgrade
• 180 nm High Resistivity (HR) CMOS process, 15-40 μm thick epitaxial layer (1-8 kΩcm)

• Two different submissions, changes in 2nd submission to achieve full depletion of epitaxial layer:

Test chip:

Schematic of process cross section 
of modified process:

Investigator & external readout board:

p. 2

Investigator Readout 
board

Schematic of process cross section 
of standard process:

P-

P++ backside

Deep	P-well

N-well P-MOSN-MOS

N-

P

Deep	P-well
N-well P-MOSN-MOS

Tracker R&D
August 2016 test-beam setup in SPS-H6

ALICE Investigator

7 Timepix3 telescope planes

Cracow SOI SPS beam

March 8, 2017 CLICdp status and plans 17

• Tracker requirements:
• Material budget 1-1.5% X0 / layer
• Spatial resolution ~7 μm
• fast timing (~10 ns)
• Has to cover ~100 m2 surface area
à integrated sensors w. large pixels (� 30 μm × 1 mm)

• Evaluating prototypes in different technologies: 
SOI; depleted monolithic CMOS
• Most challenging: maintain efficiency and good timing,

despite large pixel area
• Collaboration with HL-LHC tracker upgrade projects

• Mechanical integration and cooling concept for full tracker 
• Prototypes for support frames constructed

More in presentation
by D. Hynds later in this 
session

Prototype of outer barrel tracker support structure

AGH SOI test chip ALICE InvestigatorInvesFgator	analog	test	chip	in	180	nm	HR-CMOS	process	
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PFA calorimetry at CLIC 

Lucie Linssen, detector R&D talk, CLIC workshop, 3/2/2014 24 

ECAL 
Si or Scint. (active) + Tungsten (absorber) 
cell sizes 13 mm2 or 25 mm2  
30 layers in depth 
 

HCAL 
Several technology options: scint. + gas 
Tungsten (barrel), steel (endcap) 
cell sizes 9 cm2 (analog) or 1 cm2 (digital)  
60-75 layers in depth (HCAL depth ~7 Λi) 

many technologies 
pursued 

Many	technologies	pursued	by	CALICE	

•  CollaboraFon	between	Linear	Colliders	
•  Recent:	collaboraFon	with	CMS	upgrade	

Calorimetry R&D

• R&D in CALICE collaboration
• Jet energy resolution goal 3.5% above

100GeV → high-granularity sampling
calorimeters
→ readout cell size of few cm2

• CALICE test beam experiments +
analysis:
◦ Electromagnetic/Hadronic

calorimeters with: scintillator, silicon
or gas

◦ W and Fe as absorbers
◦ Analogue and digital readout

Example: Scintillator tiles+SiPM

CALICE test beam
experiments

Scintillator (20mm×20mm)
SiPM

Scintillator tile

Support
structure

Lab setup
Marko Petrič (CERN) Overview of the CLIC detector and its physics potential 19/21

19/21

Test	beam	to	test	and	
characterise	prototypes	

Comparison	with	Geant4	

Detector R&D Calorimetry

CALICE example results

Time structure: W vs. Fe HCAL
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Shower sub-structure: Ntracks in Si-W-ECAL

Beam energy [GeV]
1 2 3 4 5 6 7 8 9 10 11

>
tra

ck
s

<N

1

1.5

2

2.5

3

3.5

 FNAL 2008-π

QGSP_BERT

FTFP_BERT

CALICE PRELIMINARY

Pion energy resolution: ECAL+HCAL

1) Validate new calorimeter technologies
! identify suitable technologies

2) Validate Geant4 simulation

3) Use Geant4 simulations to optimise
detector concept

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 49 / 54

See	CALICE	seminar:	hSps://indico.cern.ch/event/563768/	

Si-W-ECAL	

AHCAL	
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•  Finalizing	analyses	for	data	with	1st	generaFon	
prototypes	(“physics”)	
q  comprehensive	comparison	of	the	various	

technologies		
•  2nd	generaFon	prototypes	(“technology”)	under	

construcFon:		
q  improved	r/o	technologies	
q  establish	scalability	(embedded	electronics)		
q  system	tests	with	other	sub-detectors		
à	first	beam	tests	of	full	prototypes	foreseen	in	2017	March 8, 2017 CLICdp status and plans 18

Calorimetry: CALICE
• R&D on HCAL/ECAL technologies for CLIC is performed within

the CALICE collaboration for fine-grained calorimetry
• Finalizing analyses for data with 1st generation “physics” prototypes
à aim for comprehensive comparison of the various technologies
• 2nd generation prototypes under construction:
• improved r/o technologies
• establish scalability (embedded electronics)
• system tests with other sub-detectors
• first beam tests of full prototypes foreseen in 2017

• CALICE developments now in other detector (upgrade) projects, e.g.:
• CMS-HGCAL (600m2 Si sensors, 500 m2 scintillators)
• Belle II (CALICE tiles for beam monitoring)

Recent result with 
physics prototypes

Mass production 
of AHCAL modules

Improved MPPC sensors

W-A-HCAL beam test in SPS

March 8, 2017 CLICdp status and plans 18
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• system tests with other sub-detectors
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• CALICE developments now in other detector (upgrade) projects, e.g.:
• CMS-HGCAL (600m2 Si sensors, 500 m2 scintillators)
• Belle II (CALICE tiles for beam monitoring)

Recent result with 
physics prototypes

Mass production 
of AHCAL modules

Improved MPPC sensors
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W-A-HCAL	beam	test	in	SPS		

Mass	producFon	of	
AHCAL	modules		

Improved	MPPC	sensors		
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Conclusions	

•  The	CLIC	accelerator	provides	
q  unique	potenFal	for	precision	and	discovery	physics	at	the	TeV	scale	
q  challenging	requirements	for	the	detector	

•  Developed	detector	concept	opFmised	for	physics	performance	and	
taking	into	account	constraints	from	engineering	studies	

•  Ongoing	broad	R&D	program	on	detector	technologies	meeFng	the	
requirements	
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Thank	you!	



BACK-UP	
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Test	beam	results	
•  Test	beam	experiments	in	2006–2015	at	

DESY,	CERN,	FNAL	
•  First	physics	prototypes	of	up	to	∼1m3,	
∼2m3	with	Tail	Catcher	Muon	Tracker		
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SDHCAL Layer

0 5 10 15 20 25 30 35 40 45 50

X (cm)

0102030405060708090

Y 
(c

m
)

0
10
20
30
40
50
60
70
80
90

Figure 10: 50 GeV hadronic shower illustrating that connection between clusters could be done
with the reconstructed tracks.

Another advantage one may have in extracting the segments is to use them for a better energy
reconstruction. In the SDHCAL energy reconstruction method, each of the thresholds has a differ-
ent weight [1]. Tracks of low energy that stop inside the calorimeter may have hits of second or
third threshold. This may biais the energy estimation. Therefore giving the same weight for all the
hits belonging to these tracks should improve on the energy reconstruction.

7. Conclusion

The Hough Transform is a simple and powerful method for finding tracks within a noisy environ-
ment. The technique to use this method to extract tracks in hadronic showers was applied to events
produced by the exposure of the SDHCAL to hadron beams. The parameters of this technique have
been detailed and allowed to have an efficient extraction. This method was also applied to simu-
lated hadronic showers. Comparison with data allows to discriminate the different hadronic shower
models used in the simulation. The advantages of using Hough Transform tracks to calibrate the
hadronic calorimeter in situ are presented. In addition these tracks can be a useful tool in the PFA
techniques. The extension of this technique to hadronic showers in the presence of magnetic field
is being worked out. For high energy tracks whose trajectory is weakly affected by the magnetic
field the same method could be used. For those of low energy, their trajectory is well characterized.
The projection of these trajectories to the plane perpendicular to the magnetic field is a circle-like.
Hough Transform method can be then used to find those circles in an appropriate way.

References

[1] The CALICE Collaboration, First results of the CALICE SDHCAL technological prototype, CALICE
Analysis Note CAN-037, 30th November 2012
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Fe-SDHCAL,	1x1cm2,		
pions	10-80	GeV,	CAN-047	
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Figure 4. Time of first hit distribution of muon data with steel absorbers and hadron data with steel and
tungsten absorbers in a time range of �10ns to 200ns (top). The histograms are normalized to the number
of events in which at least one first hit could be identified and show the number of hits per T3B DAQ time
bin of 0.8 ns. The same distributions are shown in a time range from 8ns up to 2000ns on a logarithmic time
scale (bottom). Here, the peak of the distributions was excluded for better visibility. The lines show fits to
the data, as described in the text.

6.2 Hadronic Shower Timing in Different Absorber Materials

Within a hadronic cascade, absorber materials with high atomic number Z and higher neutron con-
tent are expected to release an increased number of evaporation neutrons. Such neutrons contribute
substantially to delayed energy depositions predominantly by two mechanisms relevant at different
times relative to the first interaction. The elastic scattering of evaporation neutrons with the active

– 12 –

CALICE&Tungsten&Analogue&Hcal&&

Rosa%Simoniello%A%SiD%workshop%A%12/01/2015% 20%

CALICE Tungsten Analogue HCAL

I Analysis of test beam data of highly granular scintillator tungsten HCAL
I e, p, K and p at 1-300GeV
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I Study of linearity of detector response and energy resolution
I Comparison of data and Geant4, overall good agreement, but

room for improvements in shower shape description
I New: Comprehensiv study of all relevant systematic uncertainties

! Publication including beam momenta up to 150 GeV in early 2015
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QD0	and	return	yoke	
8 Magnet System

Figure 29: The longitudinal magnetic field on axis, with and without end coils (RCs). Note that the yoke
endcap extends to z = 5.7 m.

muon system with 6 instead of 9 layers (as in the CDR) should therefore be sufficient, with an additional
7th layer in the barrel as close as possible to the coil. Similarly, [32] states that the performance for
equidistant muon detection layers is very similar to the model chosen for the CDR, where three groups
of three layers were proposed. The muon system layout in CLICdet is shown in Figure 30.

As in the CDR, the muon detection layers are proposed to be built as RPCs with cells of 30⇥30 mm2

(alternatively, crossed scintillator bars could be envisaged). The free space between yoke steel layers is
40 mm, which is considered generous given present-day technologies for building RPCs. In analogy to
CMS, the yoke layers and thus the muon detectors are staggered to avoid gaps (see Figure 2).

31

detector	end	

8 Magnet System

Figure 30: Schematic cross section of the muon system layout in the yoke of CLICdet. The staggering
of the the layers is not visible in this cross section.

32

7th	layer	just	
aNer	coil	

RPCs	with	cells		
of	30	×	30	mm2		

•  Final	focusing	(QD0)	outside	the	detector	à	L*	=	6m	
q  Acceptable	L	reducFon	w.r.t.	L*	=	4.5m	(QD0	inside	the	detector)	
q  Space	to	increase	calorimeter	acceptance		
q  Shallow	yoke	endcap	of	1.4m		
q  Add	(copper)	ring	coils	to	reduce	the	stray	field	

§  Power	of	ring	coils:	2	x	2260	kW	
37	



Power	pulsing	and	air	flow	
•  Power	pulse	CLICpix	ASIC	for	dissipaFon	<	50	mW/cm2	in	the	sensor	area		

q  Analog	electronics	turned	off	
q  Digital	electronics	in	idle	except	during	readout	

Tested	in	1.5T	magne2c	field	
q  electronics	keep	working	
q  forces	due	to	power	pulsing	

too	small	to	be	seen	

•  Air	flow	
q  Total	heat	load	aNer	power-pulsing	~470	W		
q  Blow	dry	air	cooling	at	0°C	at	5-10	m/s	
q  VibraFons:	1-2	μm	RMS	amplitude		

à	Tested	in	real	size	thermal	mock-up		

&&&&&Forcedlair&and&thermal&mocklup&
•  RealAsize%mockAup%to%verify%simula;on%and%study%airAflow%feasibility,%

vibra;ons%and%temperature%%
!  ~500%W%heat%load%to%extract%(50mW/cm2)%%"%TSi%<%40°C%aVer%power%pulsing%%
!  Vibra;on%acceptable%at%1A2%μm%RMS%amplitude%%

•  Bending/s;ffness%of%low%mass%supports%(0.05%X0)%

18%

Barrel�assembly

13

(Top�half)

11/12/2014 Update��on�the�thermal�mockup

Installed!

2411/12/2014 Update��on�the�thermal�mockup

Rosa%Simoniello%A%SiD%workshop%A%12/01/2015%

8 

Airflow tests 

Inlet Outlet 

06/11/2014 First airflow tests 

8 

Airflow tests 

Inlet Outlet 

06/11/2014 First airflow tests 
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A	calorimeter	for	boosted	objects?	

•  Excellent	calorimeter	granularity	
•  Boosted	top	at	1.4	TeV		(Rlargejet	=	1.0-1.5)	

q  Trimming	as	first	step	to	reduce	beam	bkg	contaminaFon	(Rsubjet	=0.2)	
q  Johns	Hopkins	top	tagger	à	W-decays	contribuFons	tagged	thanks	to	

finer	calorimeter	granularity 		
•  In	Z/W	events,	exploit	full	granularity	with	use	of	D2/C2	variables?		

(make	use	of	clusters	instead	of	subjets)	
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Zoom	in	large	jet	



Martín Perelló, IFIC CLIC Workshop 2017 - CERN - 08/03/17

Top reconstruction at high energies
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BEFORE TRIMMING AFTER TRIMMING

1) Trimming techniqueDrawing by I. Garcia

Subjets reconstruction
• ee_genkt_algorithm
• Rsubjets = 0.4
• Ethreshold = 5 GeV

Remove background. Inclusive 
reconstruction of subjets with high activity 

removing the soft stuff.

Clustering the subjets 
into a big boosted jet.
• VLC algorithm.
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A	successful	test:	the	CLIC	Test	Facility	3	

41	

CLIC collaboration and CTF3 status

5

DELAY 
LOOP

COMBINER  
RING

DRIVE 
BEAM 
LINAC

       CLEX 
CLIC EXperimental Area !
Two-Beam Test Stand 

(TBTS) 

10
 m

TBTS

CLIC is a global, multi-lateral collaboration 
of more than 70 institutes from 30 countries 
Find out more: http://clic-study.web.cern.ch/

CTF3: The CLIC Test Facility 3 at CERN 

• a scaled version of the drive beam complex 

• produces a high current drive beam 

• generates power for the accelerating structures 

• CTF3 has successfully demonstrated drive 
beam generation, the production of the CLIC RF 
power, and two-beam acceleration up to a 
gradient of 145 MeV/m 

• current tests with two-beam test stand

•  CTF3	successfully	demonstrated		
ü  drive	beam	generaFon		
ü  RF	power	extracFon	
ü  two-beam	acceleraFon	up	to	

a	gradient	of	145	MeV/m		

Image	credit:	Maximilien	Brice	



Background	rejec2on	
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Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background 

Backup: Forward WW 

Mark Thomson LCWS 2011, Granada 42 

No background •  Triggerless	readout		

Mark Thomson LCWS 2011, Granada 18 

CLIC Timing Strategy 
"  Based on trigger-free readout of detector hits all with time-stamps 

!  assume multi-hit capability of 5 hits per bunch train 
"  Assume can identify t0 of physics event in offline trigger/event filter 

!  define “reconstruction” window around t0 

…. …. 

"  Hits within window passed to track and particle flow reconstruction 

Subdetector Reco Window Hit Resolution 
ECAL 10 ns 1 ns 
HCAL Endcap 10 ns 1 ns 
HCAL Barrel 100 ns 1 ns 
Silicon Detectors 10 ns 10/√12 
TPC (CLIC_ILD) Entire train n/a 

Sufficient calorimeter 
  integration window 

"  Still 1.2 TeV reconstructed background per event 

CLIC hardware  
requirements 

•  Find	the	t0	physics	event	offline	and	pass	a	window	
around	t0	to	the	reconstrucFon	

q  Compromise	between	calorimeter	integraFon	Fme	
and	bkg	minimisaFon	à	10	ns	(100	ns	for	W)	

à	Energy	in	calorimeters:	from	~19	TeV	to	~1.2	TeV	
	

•  Apply	pT	and	Fming	cuts	on	PFOs		
(loose,	default	and	Fght	selecFons	available)	

q  Calorimeter	Fme	stamp	resoluFon:	1	ns	
q  Time	corrected	for	shower	development	and	TOF	
q  Cuts	depend	on	parFcle	type,	pT	and	θ

§  Allow	to	protect	high	pT	object	
à	Energy	in	calorimeters:	from	~1.2	TeV	to	~100	GeV	

AXer	2me	window:	~1.2	TeV	

AXer	2ming	and	pT	cuts:	~100	GeV	

Forward	WW,	no	background	



Decay	aNer	
last	vertex	
barrel	layer	
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Tracker optimization

I Tracker design is outcome of optimization
studies in fast and full detector simulations

I Requirement on momentum resolution for
high momentum tracks lead to B = 4 T,
R = 1.5 m and single point resolution
‡

rÏ = 7 µm
I Good agreement between fast and full

simulation
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7 Hadronic Calorimeter

Typical Jet Energies [GeV]
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Figure 26: Overlap, in percent, of mW and mZ measurements from the invariant mass of the two jets in
WW ! n` j j and ZZ ! nn j j events, respectively, as a function of the typical energy of the
jets in the events. Solid lines show results without background events, dashed lines results
with 60 bunch-crossings of gg ! hadrons background overlaid.

detector model, it was decided not to include such a shielding. At a later stage, smaller sensor cell sizes
in the forward HCAL, possibly combined with shielding, may have to be introduced.
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Figure 27: Di-jet invariant mass measurement for jets in the forward region in ZZ ! nn j j events for
three HCAL models featuring different HCAL endcap radii.
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8 Variations of the HCal endcap tile size

8. Variations of the HCal endcap tile size

Besides variations of the support tube geometry, the scintillating tile size in the HCal endcap also in-
fluences the occupancy. Here it is studied how much the occupancy can additionally be reduced by a
reduction of the tile size. In the CDR design of the HCal endcap, the tile size is 30 ⇥ 30 mm2. The
occupancy is here additionally estimated for square tiles with sides of 10 mm, 15 mm, 20 mm and 25
mm, with the standard polyethylene–tungsten support tube. The results are shown in Figure 18. The
relation between the maximum occupancy in the inner radius of the HCal endcap and the tile area is
approximately linear. Accordingly there is no saturation reached in this case. A reduction of the tile size
from 30 ⇥ 30 mm2 to 10 ⇥ 10 mm2 thus yield a factor 9 reduction, proportional to the decrease in area
per tile.
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Figure 18: The occupancy in the inner radius of the HCal endcap, averaged over azimuthal angle and
layers 20 to 30 for the standard polyethylene–tungsten support tube, versus the length of the
tile sides. The x-axis is quadratic.
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5 Silicon Tracker

Details of the presently envisaged design can be found in [19].
The main support tube, in its preliminary design, amounts to 1.25% X0. The interlink structure for

the outer barrel layers is estimated to contribute 0.3% X0, while the inner interlink amounts to 0.5% X0.
Cables from the vertex detector, which are to be routed outwards along ITB1 and further out along the
conical vacuum tube, are represented by an additional 0.47% X0 (deemed to be a conservative estimate).
The total material budget for the vertex plus tracker region as a function of polar angle is shown in
Figure 16.

Preliminary results of a first validation of the tracking in CLICdet are shown in Figure 17.
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Figure 13: XZ-view of the tracker as implemented in the simulation model. The black lines indicate the
tracker support structures including cooling and cables, the green lines represent the tracker
sensor layers. The blue lines show the main support tube and the interlink structures. The
orange line indicates the vacuum tube. The vertex detector is shown in the centre (in red).
Cables going outwards from the vertex detector are represented in magenta.
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Top	physics	

48	
Rickard Ström - lars.rickard.stroem@cern.ch
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Top Physics at High Energy

• Relative contribution from new physics may increase with 
centre-of-mass energy 

• Increased boost → better separation between the decay 
products of the two top quarks 

• Benefit from software development at LHC, top tagger 
algorithm, etc. 

• Further explore top form factors 

• The sub-percent precision on anomalous electroweak 
couplings yields sensitivity to new physics at scales well 
beyond the direct reach of the machine 

• Alternative: Integrate out explicit mediators and describe 
BSM effect through effective D6 operators 

• Significant improvement going to higher energies

Boosted tops at 1.4 TeV 
Fully hadronic final state 

√s’ > 1350 GeV 
- WORK IN PROGRESS -

Effective D6 operators

“4-fermion” 
operators

“vertex” 
operators

from Marcel Vos’ talk ‘Top quark physics’ 
at ECFA LC2016, Santander

• e.g. e+! → t+b+ν has no background from tt 

• Measurement of CKM νtb looks promising

Single top production at √s = 3 TeV (2ab-1)

Top as a probe for new physics

22/08/2016 Philipp Roloff Physics at high-energy e+e− colliders 39

Top quark couplings
• Top quark pairs are produced via Z/γ* in 
electron-positron collisions

• The general form of the coupling can be described as:

• New physics would modify the ttV vertex

• At a linear collider, the γ and Z form factors can be 
disentangled using beam polarisation
→ Measure for different beam polarisations:

- production cross section
- forward-backward asymmetry

• Expected precisions typically an order of magnitude 
better than HL-LHC

arXiv:hep-ph/0601112
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22/08/2016 Philipp Roloff Physics at high-energy e+e− colliders 39

Top quark couplings
• Top quark pairs are produced via Z/γ* in 
electron-positron collisions

• The general form of the coupling can be described as:

• New physics would modify the ttV vertex

• At a linear collider, the γ and Z form factors can be 
disentangled using beam polarisation
→ Measure for different beam polarisations:

- production cross section
- forward-backward asymmetry

• Expected precisions typically an order of magnitude 
better than HL-LHC

arXiv:hep-ph/0601112



Pandora	LC	algorithms	

49	Pandora LC Reconstruction 35

ConeClustering 
Algorithm

Topological 
Association 
Algorithms

Track-Cluster 
Association 
Algorithms

Reclustering 
Algorithms

Fragment 
Removal 

Algorithms

PFO Construction 
Algorithms

Looping 
tracks

Cone  
associations

Back-scattered 
tracks

Neutral hadron Charged hadronPhoton

9 GeV

6 GeV 

3 GeV 

Layers in close 
contact

9 GeV

6 GeV 

3 GeV 

Fraction of energy 
in cone

Projected track 
position

Cluster first  
layer position

12 GeV 32 GeV

18 GeV

30 GeV Track

38 GeV

Pandora LC Algorithms
from	J.	Marshall’s	talk	at	LCWS15	
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Comparison of different options

Linear colliders:
• Can reach the
highest energies
• Luminosity rises
with energy
• Beam polarisation 
at all energies

Circular colliders:
• Large luminosity at 
lower energies
• Luminosity decreases
with energy
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decay has a b-tag value > 0.4 preserves 80 % of the remain-
ing signal and rejects 80 % of the remaining background.

A relative likelihood classifier L1, which treats ZZ-fusion
events with H ! bb as signal and H ! WW⇤ and H ! ZZ⇤

as background, is used to reduce contributions from other
Higgs decays. Seven variables are used to construct the like-
lihood: the jet clustering variable y45; the invariant mass
of the two jets associated with the Higgs decay; the visi-
ble mass of the event with the scattered beam electrons re-
moved; the higher of the b-tag values of the two jets asso-
ciated with the Higgs decay; the c-tag value corresponding
to the same jet; and the b-c-separation returned by the tag-
ger, for both Higgs decay jets. Requiring a high signal like-
lihood, L1 > 0.8, reduces the H ! bb signal to 3000 events
but leaves only 90 events from other Higgs decays, while
also reducing the non-Higgs backgrounds to 4700 events.

Finally, to separate the signal from all backgrounds, a fur-
ther relative likelihood classifier L2 is constructed using
four variables that provide separation power between sig-
nal and background: the opening between the reconstructed
electrons DR; the recoil mass of the event determined from
the momenta of the reconstructed electrons, mrec; the jet
clustering variable y34; and the invariant mass of the two
jets associated with the Higgs decay.

The resulting likelihood is shown in Figure 20 and gives
good separation between signal and background. The likeli-
hood distribution is fitted by signal and background compo-
nents (where the normalisation is allowed to vary), giving:

D [s(He+e�)⇥BR(H ! bb)]
s(He+e�)⇥BR(H ! bb)

= 1.8%

for 1.5ab�1 at
p

s = 1.4TeV.

8 Top Yukawa Coupling

At an e+e� collider the top Yukawa coupling, yt , can be
determined from the production rate in the process where
a Higgs boson is produced in association with a top quark
pair, e+e� ! ttH. The top quarks decay almost exclusively
by t ! bW. The signal event topology thus depends on the
nature of the W and Higgs boson decays. Here H ! bb
decays have been studied for two ttH decay channels atp

s = 1.4TeV using the CLIC_SiD detector model [57, 58]:

– the fully-hadronic channel (where both W bosons decay
hadronically), giving a ttH final state of eight jets, includ-
ing four b jets;

– the semi-leptonic channel (where one W boson decays
leptonically), giving a ttH final state of six jets (four b
jets), one lepton and one neutrino,
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Fig. 19: Generated electron pseudorapidity distributions for
e+e� ! He+e� events at

p
s = 1.4TeV and 3TeV. The dis-

tributions are normalised to 1.5ab�1 and 2ab�1 respectively.
The vertical arrows show the detector acceptance.
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Fig. 20: Likelihood distributions for H ! bb events in the
ZZ-fusion analysis at

p
s = 1.4TeV, shown for the signal

and main background. The distributions are normalised to
an integrated luminosity of 1.5ab�1.

The two channels are distinguished by first searching for iso-
lated leptons (muons and electrons with an energy of at least
15GeV and tau candidates from TAUFINDER containing a
track with pT > 10GeV). If zero leptons are found, the event
is classified as fully-hadronic. If one lepton is found, the
event is classified as semi-leptonic. Events in which more
than one lepton is found are not analysed further. The kt al-
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