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Compact Linear Collider: CLIC
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CLIC foreseen as a staged machine: 

• Stage 1: √s = 380 GeV 
➡precision SM physics: top & Higgs 

• Stage 2 & 3 baseline: 1.5 TeV, 3 TeV

e+e− collider with up to 3 TeV collisions

• 100 MV/m accelerating gradient is 
required for compact (~50 km) 
machine. 

• Based on normal-conducting 
accelerating structures and a two-
beam acceleration scheme.

drive beam

main beam
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CLIC Collaborations
• CLIC/CTF3 collaboration:  

• 62 institutes from 28 countries 

• http://clic-study.web.cern.ch/ 

➡ Design & development of CLIC 

➡ Construction & operation of CTF3
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• CLIC detector & physics (CLICdp):  

• 29 institutes from 18 countries 

• http://clicdp.web.cern.ch/ 

➡ CLIC-specific studies of physics prospects  

➡ Detector development & optimisation

http://clic-study.web.cern.ch/
http://clicdp.web.cern.ch/
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CDRs for Machine & Detector (2012)
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CERN-2012-007 CERN-2012-003

arxiv:1202.5940

https://cds.cern.ch/record/1500095
https://arxiv.org/abs/1202.5940
https://arxiv.org/abs/1202.5940
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Updated CLIC Baseline Plan 
(2016)
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arXiv:1608.07537 

Three stages: 380 GeV, 1.5 GeV, 3 TeV

380 GeV 1.5 TeV 3 TeV

http://arXiv.org/1608.07537
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CLIC accelerator parameters
Parameter 380 GeV 1.5 TeV 3 TeV
Luminosity L (1034cm-2sec-1) 1.5 3.7 5.9
L above 99% of √s (1034cm-2sec-1) 0.9 1.4 2.0
Accelerator gradient (MV/m) 72 72/100 72/100
Site length (km) 11.4 29 50
Repetition frequency (Hz) 50 50 50
Bunch separation (ns) 0.5 0.5 0.5
Number of bunches per train 352 312 312
Beam size at IP σx/σy (nm) 150/2.9 ~60/1.5 ~40/1
Beam size at IP σz (µm) 70 44 44
Estimated power consumption* (MW) 252 364 589

*scaled from CDR, actively being improved!

Drives required 
detector timing 

resolution

Very small beam 

7

20 ms

beam structure 
(not to scale!)

312/352 bunches of 0.5 ns
Polarised electron beam, Pe− = ±80% 

Positron polarisation is an upgrade option
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CLIC Layout at 3 TeV
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CLIC Layout at 380 GeV
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CTF3 (CLIC Test Facility 3)
CTF3 test facility at CERN has demonstrated drive beam generation,     
RF power extraction and two-beam acceleration scheme up to 145 MV/m

11

drive beam

main beam
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Accelerator Components
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Mechanical tests of 2-beam module: 
active alignment and stabilisation 

Prototype final-focus quadrupole 

cut through a CLIC acceleration structure 

accelerating 
structure,            

1 disk

Tuneable permanent magnet
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Detector

13



CLIC - V.Martin LP2017

Detector Motivations
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Detector goals: high precision… 

•jet energy resolution 
➡  fine grained calorimetry 

•momentum resolution 

•impact parameter resolution σrφ ~ 5 ⊕ 15/(p[GeV]sin3/2θ) µm 

CALICE 
calorimetry 

CLICdp vertexing & 
tracking programme

Small pixels (~25 µm2) 
ultra-low material

σ(E)/(E) ~ 3.5% for E > 100 GeV 

σ(pT)/pT
2 ~ 2 × 10–5 GeV–1
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Particle flow reconstructionRequirement	on	jet	energy	resolu+on	
•  Excellent	jet	performance	is	crucial	in	the	full	

detector	
q  At	high	energies	à	forward	physics	objects	

•  Jet	energy	resolu<on	important	to	separate	
final	state	decay	products	

•  In	this	example:	hadronic	W	and	Z	decays		
•  3%–5%	jet	energy	resolu+on	gives		
�2.6σ	−	2.1σ	W/Z	separa<on	

Rosa	Simoniello	(CERN)	-	BOOST2016	-	19/07/16	 5	

Introduction Motivation

Detector requirements: Jet energy resolution

Jet energy resolution (JER)
requirements depend on physics goals

Starting point for detector design
! Ability to separate hadronic

W and Z decays

ZW!qqqq

Perfect ! 3.1s W/Z sep. 2% JER ! 2.9s sep. 3% JER ! 2.6s sep. 6% JER ! 1.8s sep.

Minv Minv Minv Minv

3%–4% jet energy resolution gives ⇠ 2.6�2.3s W/Z separation

Eva Sicking (CERN / University of Freiburg) Particle Flow Calorimetry 3 March 2016 3 / 24
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•Relative high level of beam induced background, particularly challenging for CLIC at 3 TeV 
(non-negligible impact on the jet reconstruction performance), arXiv:1209.4039  

• Excellent jet performance is crucial in the full detector to separate final state decay products 
• Highly granular calorimeters with imagining capabilities designed for particle flow (3-5% JER) 
• Pandora: approach to automated pattern recognition (“The Pandora Software Development Kit 

for Pattern Recognition”, EPJC.75.439)

Imaging	calorimeters	
•  Achieve	JER	3%–5%	and	cope	

with	bkg	occupancy			
•  Par<cle	flow	(PFA):	always	use	

best	info	available	
•  High	granularity	calorimeters	

designed	for	PFA:	resolve	
energy	deposits	from	different	
par<cles	
q  W-Si	ECAL,	5×5mm2	cell	size	

Δη×Δφ	=	0.003×0.003	
q  Fe-Sc	HCAL,	30×30mm2	cell	size	

Δη×Δφ	=	0.0015×0.0015	

•  Soqware	(PandoraPFA,		
EPJC.75.439):		iden<fy	energy	
deposits	from	each	par<cle	

Rosa	Simoniello	(CERN)	-	BOOST2016	-	19/07/16	 8	
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

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.

�jet =
q
�2
trk + �2

ECAL + �2
HCAL + �2

conf

60%	 30%	 10%	

Pandora	preliminary	

Z->qq(u,d,s)	

jet	composi<on	

See details: “Jet reconstruction at future e+e− 
colliders” by Rosa Simoniello at BOOST2016
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Figure 6. The reconstructed jet mass distribution for fully hadronic decays of tt̄ events at a 3 TeV CLIC.
No backgrounds are added in the leftmost plot. In the rightmost plot 60 bunch crossings of ! hadrons
background are overlaid on the signal and particle flow objects are selected using the tight selection.

RMS90 of the di↵erence of reconstructed and true jet mass. This excellent result underlines the

potential of the particle flow paradigm for jet substructure measurements.
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Figure 6. The reconstructed jet mass distribution for fully hadronic decays of tt̄ events at a 3 TeV CLIC.
No backgrounds are added in the leftmost plot. In the rightmost plot 60 bunch crossings of �� ! hadrons
background are overlaid on the signal and particle flow objects are selected using the tight selection.

RMS90 of the di↵erence of reconstructed and true jet mass. This excellent result underlines the

potential of the particle flow paradigm for jet substructure measurements.
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fully-hadronic  
e+e- → tt → qqqqqq
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1.2 TeV background in reconstruction 
time window 

85 GeV background after 
tight cuts Cuts depend on particle-type, pT 

and detector region, protect high-pT 
physics objects 

e+e� ! H+H� ! tb̄bt̄ ! 8 jets
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Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

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 numbers
do not account for the possible enhancements from polarised
beams.
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0.03  = 350 GeVs ZH, → -e+e
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 = 1.4 TeVs, eνeν H→ -e+e
 = 3 TeVs, eνeν H→ -e+e

CLICdp single Higgs production

Fig. 5: Generated Higgs polar angle distributions for sin-
gle Higgs events at

p
s = 350GeV, 1.4TeV and 3TeV, in-

cluding the effects of the CLIC beamstrahlung spectrum and
ISR. Distributions are normalised to unity.

the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5

PFO selection - combined pT and timing cuts
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the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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PFO selection - combined pT and timing cuts
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the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18

5

PFO selection - combined pT and timing cuts

Beam-induced background from γγ ➔ hadrons can be efficiently suppressed by 
applying pT cuts and timing cuts on individually reconstructed particles 
(particle flow objects)

e.g.

1.2 TeV background in reconstruction window 
(10 ns) around main physics event

100 GeV background	
after	tight	cuts

Timing resolution 
1 ns in calorimeter 

10 ns in vertex & tracker
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CLICDet
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New CLICdet detector model 
(Most older studies use modified 

versions of ILC ILD & SiD detectors)

Ultra low-mass vertex 
detector with 25µm pixels

Main tracker, silicon-based 
(large pixels and/or strips)

Forward region with 
LumiCal and BeamCal

Fine-grained 
calorimetry for 

Particle Flow Analysis

Solenoid magnet B=4 T 

End coils for 
field-shaping 

Return yoke (iron) with 
detectors for muon ID 
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Physics
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Higgs top BSM
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Higgs
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e+e- ➔ Hνν ➔ bb̅νν̅

- -

CLIC  1.4 TeV
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New Paper on                                  
Higgs physics at CLIC
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Eur. Phys. J. C  (2017) 77:475 
DOI 10.1140/epjc/s10052-017-4968-5

Regular Article - Experimental Physics
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11 Vinča Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia
12 University of Liverpool, Liverpool, UK
13 Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Crakow, Poland
14 Oxford University, Oxford, UK
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Higgs at CLIC380

• Lower ZH production cross section at 380 GeV cf 250 GeV compensated by 
increased luminosity 

• Boost enables discrimination between H→jj and Z→jj production 

• Access to Hνeν̅e production ⇒ increases precision on coupling measurements
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Fig. 3: Cross section as a function of centre-of-mass energy
for the main Higgs production processes at an e+e� collider
for a Higgs mass of mH = 126GeV. The values shown cor-
respond to unpolarised beams and do not include the effect
of beamstrahlung.

sections and integrated luminosities for the three stages are
summarised in Table 1.

3 Overview of Higgs Production at CLIC

A high-energy e+e� collider such as CLIC provides an ex-
perimental environment that allows the study of Higgs bo-
son properties with high precision. The evolution of the leading-
order e+e� Higgs production cross sections with centre-of-
mass energy, as computed using the WHIZARD 1.95 [20]
program, is shown in Figure 3 for a Higgs boson mass of
126GeV [21].

The Feynman diagrams for the three highest cross section
Higgs production processes at CLIC are shown in Figure 4.
At

p
s⇡ 350GeV, the Higgsstrahlung process (e+e�!ZH)

has the largest cross section, but the WW-fusion process
(e+e� ! Hnene ) is also significant. The combined study
of these two processes probes the Higgs boson properties
(width and branching ratios) in a model-independent man-
ner. In the higher energy stages of CLIC operation (

p
s =

1.4TeV and 3TeV), Higgs production is dominated by the
WW-fusion process, with the ZZ-fusion process (e+e� !
He+e�) also becoming significant. Here the increased WW-
fusion cross section, combined with the high luminosity of

measurements of top quark properties as a probe for BSM physics, and
the next stage at 1.5 TeV, has recently been adopted and will be used
for future studies [19].

CLIC, results in large data samples, allowing precise O(1%)
measurements of the couplings of the Higgs boson to both
fermions and gauge bosons. In addition to the main Higgs
production channels, rarer processes such as e+e� ! ttH
and e+e� ! HHnene , provide access to the top Yukawa
coupling and the Higgs trilinear self-coupling. Feynman dia-
grams for these processes are shown in Figure 5. In all cases,
the Higgs production cross sections can be increased with
polarised electron (and positron) beams as discussed in Sec-
tion 3.2.
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Fig. 4: Leading-order Feynman diagrams of the highest
cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).
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Fig. 5: Feynman diagrams of the leading-order processes at
CLIC involving (a) the top Yukawa coupling gHtt , and (b)
the Higgs boson trilinear self-coupling l .

Table 1 lists the expected numbers of ZH, Hnene and He+e�

events for the three main CLIC centre-of-mass energy stages.
These numbers account for the effect of beamstrahlung and
initial state radiation (ISR), which result in a tail in the dis-
tribution of the effective centre-of-mass energy

p
s0. The im-

pact of beamstrahlung on the expected numbers of events is
mostly small. For example, it results in an approximately
10% reduction in the numbers of Hnene events at

p
s >

5
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Fig. 9: Reconstructed di-jet invariant mass versus reconstructed recoil mass distributions for ZH ! qqX candidate events
at

p
s = 350GeV, showing ZH signal events (a) and all background processes (b). In both cases the plots show all events

passing the preselection.

To identify candidate invisible Higgs decays, a loose prese-
lection is imposed requiring: i) a clear two-jet topology, de-
fined by log10(y23)<�2.0 and log10(y34)<�3.0, using the
minimal kt distances discussed in Section 4.2; ii) a di-jet in-
variant mass consistent with mZ, 84GeV < mqq < 104GeV;
and iii) the reconstructed momentum of the candidate Z bo-
son pointing away from the beam direction, |cosqZ | < 0.7.
After the preselection, a BDT multivariate analysis tech-
nique is applied using the TMVA package [47] to further
separate the invisible Higgs signal from the SM background.
In addition to mqq , |cosqZ | and log10(y23), four other dis-
criminating variables are employed: mrec, the recoil mass of
the invisible system recoiling against the observed Z boson;
|cosqq |, the decay angle of one of the quarks in the Z rest
frame, relative to the direction of flight of the Z boson; pT,
the magnitude of the transverse momentum of the Z boson;
and Evis, the visible energy in the event. As an example, Fig-
ure 10 shows the recoil mass distribution for the simulated
invisible Higgs decays and the total SM background. The
reconstructed recoil mass for events with invisible Higgs de-
cays peaks near mH. The cut applied on the BDT output is
chosen to minimise the statistical uncertainty on the cross
section for invisible Higgs decays.

In the case where the branching ratio to BSM invisible final
states is zero (or very small), the uncertainty on the invisible
branching ratio is determined by the statistical fluctuations
on the background after the event selection:

DBR(H ! invis.) =
p

b
s(100%)

,
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Fig. 10: Reconstructed recoil mass distributions of e+e� !
ZH events at

p
s = 350GeV, showing the H ! invis. signal,

assuming BR(H ! invis.) = 100%, and SM backgrounds as
stacked histograms. The distributions are normalised to an
integrated luminosity of 500fb�1.

where b is the expected number of selected SM background
events and s(100%) is the expected number of selected Higgs-
strahlung events assuming all Higgs bosons decay invisi-
bly, i.e. BR(H ! invis.) = 100%. Table 7 summarises the
invisible Higgs decay event selection; the dominant back-
ground processes arise from the final states qqln and qqnn.
The resulting one sigma uncertainty on BR(H ! invis.) is

14

 [GeV]recm
100 150 200

Ev
en

ts
 / 

2 
G

eV

0

100

200

300

simulated data
fitted total
fitted signal
fitted background

-µ+µ →ZH; Z

 = 350 GeVsCLICdp a)

 [GeV]recm
100 150 200

Ev
en

ts
 / 

2 
G

eV

0

50

100

150

200

simulated data
fitted total
fitted signal
fitted background

-e+ e→ZH; Z

 = 350 GeVsCLICdp b)
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ZH ! e+e�X with bremsstrahlung recovery (b). All distributions are normalised to an integrated luminosity of 500fb�1.

Channel Quantity Precision

µ+µ�X
mH 122 MeV

s(ZH) 4.72 %

e+e�X
mH 278 MeV

s(ZH) 7.21 %
e+e�X mH 359 MeV

+ bremsstrahlung recovery s(ZH) 6.60 %

Table 5: Summary of measurement precisions from the lep-
tonic recoil mass analyses in the µ+µ�X and e+e�X chan-
nels for an integrated luminosity of 500fb�1 at 350GeV.

four jets and the reconstruction of the Z boson is compli-
cated by ambiguities in associations of particles with jets
and the three-fold ambiguity in associating four jets with
the hadronic decays of the Z and H. For this reason, it is
much more difficult to construct a selection based only on
the reconstructed Z ! qq decay that has a selection effi-
ciency independent of the Higgs decay mode. The strategy
adopted is to first reject events consistent with a number
of clear background topologies using the information from
the whole event; and then to identify e+e� ! (Z ! qq)H
events solely based on the properties from the candidate
Z ! qq decay.

The (Z ! qq)H event selection proceeds in three separate
stages. In the first stage, to allow for possible BSM invisible
Higgs decay modes, events are divided into candidate visible
Higgs decays and candidate invisible Higgs decays, in both
cases produced along with a Z ! qq. Events are categorised

as potential visible Higgs decays if they are not compatible
with a clear two-jet topology:

– log10(y23)>�2.0 or log10(y34)>�3.0 .

All other events are considered as candidates for an invis-
ible Higgs decay analysis, based on that described in Sec-
tion 5.1.3, although with looser requirements to make the
overall analysis more inclusive.

Preselection cuts then reduce the backgrounds from large
cross section processes such as e+e� ! qq and e+e� ! qqqq.
The preselection variables are formed by forcing each event
into three, four and five jets. In each case, the best candidate
for being a hadronically decaying Z boson is chosen as the
jet pair giving the di-jet invariant mass (mqq ) closest to mZ,
considering only jets with more than three charged particles.
The invariant mass of the system recoiling against the Z bo-
son candidate, mrec, is calculated assuming Erec =

p
s�Eqq

and prec = �pqq . In addition, the invariant mass of all the
visible particles not originating from the candidate Z ! qq
decay, mvis, is calculated. It is important to note that mvis
is only used to reject specific background topologies in the
preselection and is not used in the main selection as it de-
pends strongly on the type of Higgs decay. The preselection
cuts are:

– 70GeV<mqq < 110GeV and 80GeV<mrec < 200GeV;

– the background from e+e� ! qq is suppressed by remov-
ing events with overall pT < 20GeV and either |cosqmis|>
0.90 or log10(y34) > �2.5, where qmis is the polar angle
of the missing momentum vector;

– events with little missing transverse momentum (pT <
20GeV) are forced into four jets and are rejected if the

12
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Although the cross section is lower, the t-channel WW-fusion
process e+e� ! Hnene is an important part of the CLIC
Higgs physics programme at

p
s ⇡ 350GeV. Because the

visible final state consists of the Higgs boson decay prod-
ucts alone, the direct reconstruction of the invariant mass of
the Higgs boson or its decay products plays a central role
in the event selection. The combination of Higgs produc-
tion and decay data from Higgsstrahlung and WW-fusion
processes provides a model-independent extraction of Higgs
couplings.

3.3.1 Extraction of Higgs Couplings

At the LHC, only the ratios of the Higgs boson couplings
can be inferred from the data in a model-independent way.

In contrast, at an electron-positron collider such as CLIC,
absolute measurements of the couplings to the Higgs bo-
son can be determined using the total e+e� ! ZH cross
section determined from recoil mass analyses. This allows
the coupling of the Higgs boson to the Z to be determined
with a precision of better than 1% in an essentially model-
independent manner. Once the coupling to the Z is known,
the Higgs coupling to the W can be determined from, for
example, the ratios of Higgsstrahlung to WW-fusion cross
sections:

s(e+e� ! ZH)⇥BR(H ! bb)
s(e+e� ! neneH)⇥BR(H ! bb)

µ

 
gHZZ

gHWW

!2

.

Knowledge of the Higgs total decay width, extracted from
the data, allows absolute measurements of the other Higgs
couplings.

For a Higgs boson mass of around 126GeV, the total Higgs
decay width in the SM (GH) is less than 5MeV and cannot
be measured directly at an e+e� linear collider. However, as
the absolute couplings of the Higgs boson to the Z and W
can be determined, the total decay width of the Higgs boson
can be determined from H ! WW⇤ or H ! ZZ⇤ decays.
For example, the measurement of the Higgs decay to WW⇤

in the WW-fusion process determines:

s(Hnene)⇥BR(H ! WW⇤) µ
g4

HWW

GH
,

and thus the total width can be determined utilising the model-
independent measurement of gHWW. In practice, a fit (see
Section 12) is performed to all of the experimental measure-
ments involving the Higgs boson couplings.

3.4 Overview of Higgs Measurements at
p

s > 1 TeV

For CLIC operation above 1TeV, the large number of Higgs
bosons produced in the WW-fusion process allow relative
couplings of the Higgs boson to the W and Z bosons to be
determined at the O(1%) level. These measurements pro-
vide a strong test of the SM prediction for:

gHWW/gHZZ = cos2 qW,

where qW is the weak-mixing angle. Furthermore, the ex-
clusive Higgs decay modes can be studied with significantly
higher precision than at

p
s = 350GeV. For example, CLIC

operating at 3TeV yields a statistical precision of 2% on
the ratio gHcc/gHbb , providing a direct comparison of the
SM coupling predictions for up-type and down-type quarks.
In the context of the model-independent measurements of
the Higgs branching ratios, the measurement of s(Hnene)⇥
BR(H ! WW⇤) is particularly important. For CLIC oper-
ation at

p
s ⇡ 1.4TeV, the large number of events allows

this cross section to be determined with a precision of 1%
(see Section 6.3). When combined with the measurements
at
p

s ⇡ 350GeV, this places a strong constraint on GH.

Although the WW-fusion process has the largest cross sec-
tion for Higgs production above 1TeV, other processes are
also important. For example, measurements of the ZZ-fusion
process provide further constraints on the gHZZ coupling.
Moreover, CLIC operation at

p
s = 1.4TeV enables a de-

termination of the top Yukawa coupling from the process
e+e� ! ttH ! bW+bW�H with a precision of 4.2% (see
Section 8). Finally, the self-coupling of the Higgs boson at
the HHH vertex is measurable in 1.4TeV and 3TeV opera-
tion.

In the SM, the Higgs boson originates from a doublet of
complex scalar fields f described by the potential:

V (f) = µ2f †f +l (f †f)2 ,

where µ and l are the parameters of the Higgs potential,
with µ2 < 0 and l > 0. The measurement of the strength
of the Higgs self-coupling provides direct access to the cou-
pling l assumed in the Higgs mechanism. For mH of around
126GeV, the measurement of the Higgs boson self-coupling
at the LHC will be extremely challenging, even with 3000fb�1

of data (see for example [24]). At a linear collider, the trilin-
ear Higgs self-coupling can be measured through the e+e�!
ZHH and e+e� ! HHnene processes. The e+e� ! ZHH
process at

p
s = 500GeV has been studied in the context of

the ILC, where the results show that a very large integrated
luminosity is required [25]. However for

p
s � 1TeV, the

sensitivity for the process e+e� ! HHnene increases with
increasing centre-of-mass energy and the measurement of
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Higgs Hadronic BRs
•Aim: resolve H→2 jets signal into H→bb̅, H→cc̅ and H→gg  

•Fit to multivariate-derived templates using flavour tagging info 
e.g. at 350 GeV, HZ→4 jets

24

Process s /fb eBDT, classified as NBDT, classified as
Hnn Hqq Hnn Hqq

e+e� ! Hnn;H ! bb 28.9 55 % 0 % 8000 0
e+e� ! Hnn;H ! cc 1.46 51 % 0 % 372 0
e+e� ! Hnn;H ! gg 4.37 58 % 0 % 1270 0
e+e� ! Hnn;H ! other 16.8 6.1 % 0 % 513 0
e+e� ! Hqq;H ! bb 52.3 0 % 42 % 0 11100
e+e� ! Hqq;H ! cc 2.64 0 % 33 % 0 434
e+e� ! Hqq;H ! gg 7.92 0 % 37 % 0 1480
e+e� ! Hqq;H ! other 30.5 0.12 % 13 % 20 1920

e+e� ! qqnn 325 1.3 % 0 % 2110 0
e+e� ! qq ln 5910 0.07 % 0.002 % 2090 60
e+e� ! qq ll 1700 0.012 % 0.01 % 104 89
e+e� ! qqqq 5530 0.001 % 0.36 % 30 9990
e+e� ! qq 24400 0.01 % 0.093 % 1230 11400

Table 9: Summary of the expected numbers of events for the different Higgs and non-Higgs final states passing the hadronic
Higgs decay signal selection for 500fb�1 at

p
s = 350GeV (unpolarised beams). No preselection is applied in this analysis.
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Fig. 11: 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.
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Table 9: Summary of the expected numbers of events for the different Higgs and non-Higgs final states passing the hadronic
Higgs decay signal selection for 500fb�1 at

p
s = 350GeV (unpolarised beams). No preselection is applied in this analysis.
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Fig. 11: 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.
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Fig. 12: Reconstructed Higgs candidate transverse mo-
mentum distributions for selected Hnn events at

p
s =

350GeV, showing the contributions from Higgsstrahlung,
WW-fusion and non-Higgs background. The distributions
are normalised to an integrated luminosity of 500fb�1.

a bb likelihood and a cc likelihood:

bb likelihood =
b1b2

b1b2 +(1�b1)(1�b2)
,

cc likelihood =
c1c2

c1c2 +(1� c1)(1� c2)
,

where b1 and b2 (c1 and c2) are the b-tag (c-tag) values ob-
tained for the two jets forming the Higgs candidate.

The resulting two-dimensional distributions of the bb and
cc likelihoods in Hqq events are shown in Figure 11, where
separation between the different event categories can be seen.
These distributions form the templates used to determine the
contribution of the different signal categories for the Hqq fi-
nal states.

Signal and background templates are also obtained for the
Hnn final state. As Hnn has roughly equal contributions
from the Higgsstrahlung and the WW-fusion process, sepa-
ration into the two production processes is required, in addi-
tion to separation into the different signal and background fi-
nal states. This is achieved by adding the transverse momen-
tum of the Higgs candidate to the templates as a third dimen-
sion. This exploits the fact that the transverse momentum of
the Higgs candidate is substantially different for Higgsstrah-
lung and WW-fusion events, as illustrated in Figure 12 for
events with a high bb likelihood, which provides a high sig-
nal purity.

Contributions from events with H ! bb, H ! cc and H !
gg decays, separated by production mode, are extracted in a

Decay Statistical uncertainty
Higgsstrahlung WW-fusion

H ! bb 0.86 % 1.9 %
H ! cc 14 % 26 %
H ! gg 6.1 % 10 %

Table 10: Summary of statistical uncertainties for events
with a H ! bb, H ! cc or H ! gg decay, where the
Higgs boson is produced by Higgsstrahlung or WW-fusion,
at
p

s = 350GeV derived from the template fit as described
in the text. All numbers correspond to an integrated lumi-
nosity of 500fb�1.

template fit maximizing the combined likelihood of the Hqq
and Hnn templates. It is assumed that the contributions from
other Higgs decay modes are determined from independent
measurements and therefore these contributions are fixed in
the fit.

The results of the above analysis are summarised in Table 10,
giving the statistical uncertainties of the various s ⇥BR mea-
surements. Since the parameters in this analysis are deter-
mined in a combined extraction from overlapping distribu-
tions, the results are correlated. In particular the Higgsstrah-
lung and WW-fusion results for the same final states show
sizeable anti-correlations, as large as �38% for the cases of
H ! cc and H ! gg. These correlations are taken into ac-
count in the global fits described in Section 12.

5.2.2 H ! t+t�

Because of the neutrino(s) produced in t decays, the signa-
ture for H ! t+t� is less distinct than that for other de-
cay modes. The invariant mass of the visible decay products
of the t+t� system will be less than mH, and it is difficult
to identify H ! t+t� decays from the WW-fusion process
or from Higgsstrahlung events where Z ! nn. For this rea-
son, the product of s(ZH)⇥BR(H ! t+t�) is only deter-
mined for the case of hadronic Z decays at

p
s = 350GeV.

In this analysis only hadronic t decays are considered, so
the experimental signature is two hadronic jets from Z !
qq and two isolated low-multiplicity narrow jets from the
two tau decays [52]. Candidate t leptons are identified us-
ing the TAUFINDER algorithm [53], which is a seeded-cone
based jet-clustering algorithm. The algorithm was optimised
to distinguish the tau lepton decay products from hadronic
gluon or quark jets. Tau cones are seeded from single tracks
(pT > 5GeV). The seeds are used to define narrow cones
of 0.05 rad. The cones are required to contain either one or
three charged particles (from one- and three-prong tau de-
cays) and further rejection of background from hadronic jets
is implemented using cuts on isolation-related variables. Tau
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Fig. 22: Event display of a ttH ! bbbbqqt�nt event atp
s = 1.4TeV in the CLIC_SiD detector. The tau lepton de-

cays hadronically.

are clustered into six jets. A semi-leptonic event is shown in
Figure 22. The particles not clustered into jets by the kt al-
gorithm are removed from the event and the remaining parti-
cles are then re-clustered using the e+e� Durham algorithm
in LCFIPLUS, which performs flavour tagging for each jet,
and prevents particles from displaced vertices being split be-
tween two or more jets. The jets are combined to form can-
didate primary particles in such a way so as to minimise a
c2 function expressing the consistency of the reconstructed
di- and tri-jet invariant masses with the tt(H ! bb) hypoth-
esis. For example, in the case of the semi-leptonic channel,
the jet assignment with the minimum of:

c2 =
(mi j �mW)2

s2
W

+
(mi jk �mt)

2

s2
t

+
(mlm �mH)

2

s2
H

,

gives the W, top and Higgs candidates, where mi j is the in-
variant mass of the jet pair used to reconstruct the W can-
didate, mi jk is the invariant mass of the three jets used to
reconstruct the top quark candidate and mlm is the invariant
mass of the jet pair used to reconstruct the Higgs candidate.
The expected invariant mass resolutions sW,t,H were esti-
mated from combinations of two or three reconstructed jets
matched to W, top and Higgs particles on generator level.

Having forced each event into one of the two signal-like
topologies, multivariate BDT classifiers (one for fully-hadronic
events and one for semi-leptonic events) are used to sepa-
rate signal and background. The discriminating variables in-
clude: kinematic quantities such as the reconstructed Higgs
mass, the visible energy in the jets and the missing pT; an-
gular variables such as the angles between the Higgs decay
products in the rest frame of the Higgs candidate with re-
spect to its flight direction and the angle between the mo-
menta of the top and Higgs candidates; event variables such
as thrust, sphericity and the number of particles in the event;
and flavour tag variables for the four most likely b-jets. As
an example, the BDT response distributions for the fully-
hadronic channel are shown in Figure 23. The selection is
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Fig. 23: BDT classifier distributions for fully-hadronic ttH
events at

p
s = 1.4TeV, shown for the ttH signal and main

backgrounds. The distributions are normalised to an inte-
grated luminosity of 1.5ab�1. The vertical arrow shows the
value of the cut, chosen to give the highest significance.

chosen to maximise the signal significance. The expected
numbers of selected events for 1.5ab�1 of

p
s = 1.4TeV

data are listed in Table 27. The contributions from other in-
vestigated background processes were found to be negligi-
ble. The ttH cross section can be measured with an accu-
racy of 12% in the semi-leptonic channel and 11% in the
hadronic channel. The combined precision of the two chan-
nels is 8%.

To translate the measurement of the ttH cross section into
a measurement of the top Yukawa coupling, a correction is
applied to take into account the contribution from the Higgs-
strahlung diagram, where the Higgs boson is radiated off the
intermediate Z boson in e+e� ! tt [62, 63]. To evaluate the
small degradation in sensitivity, the WHIZARD program is
used to calculate the cross section for the inclusive process
e+e� ! ttH as a function of the value of the top Yukawa
coupling. The factor required to translate the measured cross
section uncertainty into a coupling uncertainty is determined
from the slope of the cross section at the SM value of the top
Yukawa coupling, and is found to be:

Dyt

yt
= 0.53

Ds
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

Dyt

yt
= 4.2% ,
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Fig. 22: Event display of a ttH ! bbbbqqt�nt event atp
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are clustered into six jets. A semi-leptonic event is shown in
Figure 22. The particles not clustered into jets by the kt al-
gorithm are removed from the event and the remaining parti-
cles are then re-clustered using the e+e� Durham algorithm
in LCFIPLUS, which performs flavour tagging for each jet,
and prevents particles from displaced vertices being split be-
tween two or more jets. The jets are combined to form can-
didate primary particles in such a way so as to minimise a
c2 function expressing the consistency of the reconstructed
di- and tri-jet invariant masses with the tt(H ! bb) hypoth-
esis. For example, in the case of the semi-leptonic channel,
the jet assignment with the minimum of:
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gives the W, top and Higgs candidates, where mi j is the in-
variant mass of the jet pair used to reconstruct the W can-
didate, mi jk is the invariant mass of the three jets used to
reconstruct the top quark candidate and mlm is the invariant
mass of the jet pair used to reconstruct the Higgs candidate.
The expected invariant mass resolutions sW,t,H were esti-
mated from combinations of two or three reconstructed jets
matched to W, top and Higgs particles on generator level.

Having forced each event into one of the two signal-like
topologies, multivariate BDT classifiers (one for fully-hadronic
events and one for semi-leptonic events) are used to sepa-
rate signal and background. The discriminating variables in-
clude: kinematic quantities such as the reconstructed Higgs
mass, the visible energy in the jets and the missing pT; an-
gular variables such as the angles between the Higgs decay
products in the rest frame of the Higgs candidate with re-
spect to its flight direction and the angle between the mo-
menta of the top and Higgs candidates; event variables such
as thrust, sphericity and the number of particles in the event;
and flavour tag variables for the four most likely b-jets. As
an example, the BDT response distributions for the fully-
hadronic channel are shown in Figure 23. The selection is
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Fig. 23: BDT classifier distributions for fully-hadronic ttH
events at

p
s = 1.4TeV, shown for the ttH signal and main

backgrounds. The distributions are normalised to an inte-
grated luminosity of 1.5ab�1. The vertical arrow shows the
value of the cut, chosen to give the highest significance.

chosen to maximise the signal significance. The expected
numbers of selected events for 1.5ab�1 of

p
s = 1.4TeV

data are listed in Table 27. The contributions from other in-
vestigated background processes were found to be negligi-
ble. The ttH cross section can be measured with an accu-
racy of 12% in the semi-leptonic channel and 11% in the
hadronic channel. The combined precision of the two chan-
nels is 8%.

To translate the measurement of the ttH cross section into
a measurement of the top Yukawa coupling, a correction is
applied to take into account the contribution from the Higgs-
strahlung diagram, where the Higgs boson is radiated off the
intermediate Z boson in e+e� ! tt [62, 63]. To evaluate the
small degradation in sensitivity, the WHIZARD program is
used to calculate the cross section for the inclusive process
e+e� ! ttH as a function of the value of the top Yukawa
coupling. The factor required to translate the measured cross
section uncertainty into a coupling uncertainty is determined
from the slope of the cross section at the SM value of the top
Yukawa coupling, and is found to be:

Dyt

yt
= 0.53

Ds
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

Dyt

yt
= 4.2% ,

31

t t̅H→bb̅bb̅qq̅τντ

νν̅HH production at 1.4 and 3 TeV

Process s/fb epresel eBDT NBDT

HHne ne ; HH ! bbbb 0.047 94 % 24 % 16

HHne ne ; HH ! other 0.102 29 % 0.77 % 0.3
e+e� ! qqqqnn 23 6.2 % 0.38 % 8
e+e� ! qqqq ln 110 16 % 0.03 % 7
e+e� ! qqHnn 1.5 39 % 2.0 % 18
e±g ! nqqqq 154 13 % 0.01 % 3
e±g ! qqHn 30 28 % 0.01 % 1

HHne ne ; HH ! bbWW⇤; 0.018 60 % 8.2 % 1.3
W+W� ! qqqq

HHne ne ; HH ! bbbb 0.047 15 % 0.5 % 0.1
HHne ne ; HH ! other 0.085 20 % 1.7 % 0.5
e+e� ! qqqqnn 23 17 % 0.002 % 0.1
e+e� ! qqqq ln 110 10 % 0.01 % 2
e+e� ! qqHnn 1.5 35 % 0.1 % 0.8
e±g ! nqqqq 154 22 % 0.0045 % 2
e±g ! qqHn 30 27 % 0.02 % 3

Table 28: Preselection and selection efficiencies for the dou-
ble Higgs signal and most important background processes
in both considered decay channels at

p
s = 1.4TeV. The

numbers of events correspond to 1.5ab�1. Contributions
from all other backgrounds are found to be negligibly small.

where mi j and mklmn are the jet combinations used to re-
construct the Higgs candidates, mkl is the invariant mass of
the jet pair used to reconstruct the W candidate and sH!bb ,
sH!WW⇤ , sW are the estimated invariant mass resolutions
for the reconstruction of H ! bb, H !WW⇤ and W decays.
Events with an invariant mass of the two H boson candidates
above 150 GeV are considered further. At 3 TeV a highest
b-tag value of at least 0.7 is required while at 1.4 TeV the
second highest b-tag values has to be larger than 0.2 and the
visible transverse momentum has to be larger than 30 GeV.
After this preselection, BDT classifiers using 32 input vari-
ables are used to suppress the backgrounds further.

The event selections for both studies at 1.4 TeV and 3 TeV
are summarised in Table 28 and Table 29, respectively. Com-
bining the expected precisions on the cross sections for both
signatures leads to:

D [s(HHnene)]

s(HHnene)
= 44% at 1.4TeV ,

D [s(HHnene)]

s(HHnene)
= 20% at 3TeV .

The double Higgs production cross section is sensitive to
the trilinear Higgs self-coupling l . Since diagrams not in-
volving l also contribute to the e+e� ! HHnene process,
their effect must be taken into account. The relation between

Process s/fb epresel eBDT NBDT

HHne ne ; HH ! bbbb 0.19 66 % 24 % 61

HHne ne ; HH ! other 0.40 5.4 % 3.2 % 1
e+e� ! qqqq 547 0.16 % 0.16 % 3
e+e� ! qqqqnn 72 1.8 % 0.68 % 17
e+e� ! qqqq ln 107 1.8 % 0.15 % 6
e+e� ! qqHnn 4.7 18 % 3.0 % 50
e±g ! nqqqq 523 1.2 % 0.09 % 11
e±g ! qqHn 116 2.7 % 0.14 % 9

HHne ne ; HH ! bbWW⇤; 0.07 62 % 12 % 10
W+W� ! qqqq

HHne ne ; HH ! bbbb 0.19 19 % 1.5 % 1
HHne ne ; HH ! other 0.34 20 % 3.6 % 5
e+e� ! qqqq 547 1.4 % 0.01 % 1
e+e� ! qqqqnn 72 9.0 % 0.05 % 6
e+e� ! qqqq ln 107 7.3 % 0.05 % 8
e+e� ! qqHnn 4.8 32 % 0.6 % 19
e±g ! nqqqq 523 15 % 0.04 % 67
e±g ! qqHn 116 27 % 0.2 % 140

Table 29: Preselection and selection efficiencies for the dou-
ble Higgs signal and most important background processes
in both considered decay channels at

p
s = 3TeV. The num-

bers of events correspond to 2ab�1. Contributions from all
other backgrounds are found to be negligibly small.

the relative uncertainty on the cross section and the relative
uncertainty of the Higgs trilinear coupling can be approxi-
mated as:

Dl
l

⇡ k ·
D [s(HHnene)]

s(HHnene)
.

The value of k can be determined from the WHIZARD gen-
erator by parameterising the e+e� ! HHnene cross sec-
tion as a function of the input value for l , as indicated in
Figure 25. The fact that the slope is negative indicates that
the main dependence on l enters through interference with
other SM diagrams. The value of k is determined from the
derivative of the cross section dependence as a function of l ,
evaluated at its SM value, giving k = 1.22 and k = 1.47 at
1.4 TeV and 3 TeV, respectively. However, this method does
not account for the possibility that the event selection might
preferentially favour some diagrams over others, and hence
change the analysis sensitivity to l .

In the case of zero beam polarisation, the combined cross
sections for double Higgs production give:

Dl/l = 54% at
p

s = 1.4TeV ,

Dl/l = 29% at
p

s = 3TeV .

Because the process involving the trilinear Higgs coupling
involves t-channel WW-fusion, it can be enhanced by oper-
ating with polarised beams. For the case of P(e�) =�80%,
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t t̅H production at 1.4 TeV

Fig. 22: Event display of a ttH ! bbbbqqt�nt event atp
s = 1.4TeV in the CLIC_SiD detector. The tau lepton de-

cays hadronically.

are clustered into six jets. A semi-leptonic event is shown in
Figure 22. The particles not clustered into jets by the kt al-
gorithm are removed from the event and the remaining parti-
cles are then re-clustered using the e+e� Durham algorithm
in LCFIPLUS, which performs flavour tagging for each jet,
and prevents particles from displaced vertices being split be-
tween two or more jets. The jets are combined to form can-
didate primary particles in such a way so as to minimise a
c2 function expressing the consistency of the reconstructed
di- and tri-jet invariant masses with the tt(H ! bb) hypoth-
esis. For example, in the case of the semi-leptonic channel,
the jet assignment with the minimum of:

c2 =
(mi j �mW)2

s2
W

+
(mi jk �mt)

2

s2
t

+
(mlm �mH)

2

s2
H

,

gives the W, top and Higgs candidates, where mi j is the in-
variant mass of the jet pair used to reconstruct the W can-
didate, mi jk is the invariant mass of the three jets used to
reconstruct the top quark candidate and mlm is the invariant
mass of the jet pair used to reconstruct the Higgs candidate.
The expected invariant mass resolutions sW,t,H were esti-
mated from combinations of two or three reconstructed jets
matched to W, top and Higgs particles on generator level.

Having forced each event into one of the two signal-like
topologies, multivariate BDT classifiers (one for fully-hadronic
events and one for semi-leptonic events) are used to sepa-
rate signal and background. The discriminating variables in-
clude: kinematic quantities such as the reconstructed Higgs
mass, the visible energy in the jets and the missing pT; an-
gular variables such as the angles between the Higgs decay
products in the rest frame of the Higgs candidate with re-
spect to its flight direction and the angle between the mo-
menta of the top and Higgs candidates; event variables such
as thrust, sphericity and the number of particles in the event;
and flavour tag variables for the four most likely b-jets. As
an example, the BDT response distributions for the fully-
hadronic channel are shown in Figure 23. The selection is

BDT response
1− 0.5− 0 0.5 1

Ev
en

ts
 / 

0.
04

1−10

1

10

210

310

410

510

t, fully hadronic tb b→H; Htt

 = 1.4 TeVsCLICdp 

signal
Htother t

tt
bbtt

Ztt

Fig. 23: BDT classifier distributions for fully-hadronic ttH
events at

p
s = 1.4TeV, shown for the ttH signal and main

backgrounds. The distributions are normalised to an inte-
grated luminosity of 1.5ab�1. The vertical arrow shows the
value of the cut, chosen to give the highest significance.

chosen to maximise the signal significance. The expected
numbers of selected events for 1.5ab�1 of

p
s = 1.4TeV

data are listed in Table 27. The contributions from other in-
vestigated background processes were found to be negligi-
ble. The ttH cross section can be measured with an accu-
racy of 12% in the semi-leptonic channel and 11% in the
hadronic channel. The combined precision of the two chan-
nels is 8%.

To translate the measurement of the ttH cross section into
a measurement of the top Yukawa coupling, a correction is
applied to take into account the contribution from the Higgs-
strahlung diagram, where the Higgs boson is radiated off the
intermediate Z boson in e+e� ! tt [62, 63]. To evaluate the
small degradation in sensitivity, the WHIZARD program is
used to calculate the cross section for the inclusive process
e+e� ! ttH as a function of the value of the top Yukawa
coupling. The factor required to translate the measured cross
section uncertainty into a coupling uncertainty is determined
from the slope of the cross section at the SM value of the top
Yukawa coupling, and is found to be:

Dyt

yt
= 0.53

Ds
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

Dyt

yt
= 4.2% ,
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νeν̅eHH, 
HH→bb̅bb̅ backgrounds

1.4 TeV 
(1.5/fb) 16 37
3 TeV 
(2/fb) 61 97

• Preliminary results, working on combination and scale to full luminosity 
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and:

CHne ne ,H!bb =
g2

HWWg2
Hbb

GH
,

respectively.

The fit is performed with 11 free parameters: gHZZ, gHWW,
gHbb , gHcc , gHtt , gHµµ , gHtt and GH, as well as the three
effective couplings g†

Hgg , g†
Hg g and g†

HZg . The latter three
parameters are treated in the same way as the physical Higgs
couplings in the fit.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

gHZZ 0.8 % 0.8 % 0.8 %
gHWW 1.4 % 0.9 % 0.9 %
gHbb 3.0 % 1.0 % 0.9 %
gHcc 6.2 % 2.3 % 1.9 %
gHtt 4.3 % 1.7 % 1.4 %
gHµµ � 14.1 % 7.8 %
gHtt � 4.2 % 4.2 %

g†
Hgg 3.7 % 1.8 % 1.4 %

g†
Hg g � 5.7 % 3.2 %

g†
HZg � 15.6 % 9.1 %

GH 6.7 % 3.7 % 3.5 %

Table 32: Results of the model-independent fit. Values
marked "�" can not be measured with sufficient precision at
the given energy. For gHtt , the 3TeV case has not yet been
studied, but is not expected to result in substantial improve-
ment due to the significantly reduced cross section at high
energy. The three effective couplings g†

Hgg , g†
Hg g and g†

HZg
are also included in the fit. Operation with �80% electron
beam polarisation is assumed above 1 TeV.

The fit is performed in three stages, taking the statistical
uncertainties obtainable from CLIC at the three considered
energy stages (350GeV, 1.4TeV, 3TeV) successively into
account. Each new stage also includes all measurements of
the previous stages. Table 32 summarises the results. They
are graphically illustrated in Figure 27. Since the model-
independence of the analysis hinges on the absolute mea-
surement of s(ZH) at 350GeV, which provides the cou-
pling gHZZ, the precision of all other couplings is ultimately
limited by this uncertainty.

12.2 Model-dependent Fit

For the model-dependent fit, it is assumed that the Higgs
decay properties can be described by ten independent pa-
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
independent fit without systematic or theoretical uncertain-
ties. The dotted lines show the relative precisions of 1 % and
5 %.

rameters kHZZ, kHWW, kHbb , kHcc , kHtt , kHµµ , kHtt , kHgg ,
kHg g and kHZg . These factors are defined by the ratio of the
Higgs partial width divided by the partial width expected in
the Standard Model as:

k2
i = Gi/G SM

i .

In this scenario, the total width is given by the sum of the ten
partial widths considered, which is equivalent to assuming
no non-Standard-Model Higgs decays such as decays into
new invisible particles. The ratio of the total width to its SM
value is thus given by:

GH,md

G SM
H

= Â
i

k2
i BRi, (1)

where BRi is the SM branching fraction for the respective fi-
nal state and the subscript “md” stands for “model-dependent”.
To obtain these branching fractions, a fixed value for the
Higgs mass has to be imposed. For the purpose of this study,
126GeV is assumed. The branching ratios are taken from
the LHC Higgs cross section working group [22]. To ex-
clude effects from numerical rounding errors, the total sum
of BR’s is normalised to unity.

With these definitions, the Ci’s in the c2 take the following
forms: for the total e+e� ! ZH cross section:

CZH = k2
HZZ;
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and:

CHne ne ,H!bb =
g2

HWWg2
Hbb

GH
,

respectively.

The fit is performed with 11 free parameters: gHZZ, gHWW,
gHbb , gHcc , gHtt , gHµµ , gHtt and GH, as well as the three
effective couplings g†

Hgg , g†
Hg g and g†

HZg . The latter three
parameters are treated in the same way as the physical Higgs
couplings in the fit.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

gHZZ 0.8 % 0.8 % 0.8 %
gHWW 1.4 % 0.9 % 0.9 %
gHbb 3.0 % 1.0 % 0.9 %
gHcc 6.2 % 2.3 % 1.9 %
gHtt 4.3 % 1.7 % 1.4 %
gHµµ � 14.1 % 7.8 %
gHtt � 4.2 % 4.2 %

g†
Hgg 3.7 % 1.8 % 1.4 %

g†
Hg g � 5.7 % 3.2 %

g†
HZg � 15.6 % 9.1 %

GH 6.7 % 3.7 % 3.5 %

Table 32: Results of the model-independent fit. Values
marked "�" can not be measured with sufficient precision at
the given energy. For gHtt , the 3TeV case has not yet been
studied, but is not expected to result in substantial improve-
ment due to the significantly reduced cross section at high
energy. The three effective couplings g†

Hgg , g†
Hg g and g†

HZg
are also included in the fit. Operation with �80% electron
beam polarisation is assumed above 1 TeV.

The fit is performed in three stages, taking the statistical
uncertainties obtainable from CLIC at the three considered
energy stages (350GeV, 1.4TeV, 3TeV) successively into
account. Each new stage also includes all measurements of
the previous stages. Table 32 summarises the results. They
are graphically illustrated in Figure 27. Since the model-
independence of the analysis hinges on the absolute mea-
surement of s(ZH) at 350GeV, which provides the cou-
pling gHZZ, the precision of all other couplings is ultimately
limited by this uncertainty.

12.2 Model-dependent Fit

For the model-dependent fit, it is assumed that the Higgs
decay properties can be described by ten independent pa-
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
independent fit without systematic or theoretical uncertain-
ties. The dotted lines show the relative precisions of 1 % and
5 %.

rameters kHZZ, kHWW, kHbb , kHcc , kHtt , kHµµ , kHtt , kHgg ,
kHg g and kHZg . These factors are defined by the ratio of the
Higgs partial width divided by the partial width expected in
the Standard Model as:

k2
i = Gi/G SM

i .

In this scenario, the total width is given by the sum of the ten
partial widths considered, which is equivalent to assuming
no non-Standard-Model Higgs decays such as decays into
new invisible particles. The ratio of the total width to its SM
value is thus given by:

GH,md

G SM
H

= Â
i

k2
i BRi, (1)

where BRi is the SM branching fraction for the respective fi-
nal state and the subscript “md” stands for “model-dependent”.
To obtain these branching fractions, a fixed value for the
Higgs mass has to be imposed. For the purpose of this study,
126GeV is assumed. The branching ratios are taken from
the LHC Higgs cross section working group [22]. To ex-
clude effects from numerical rounding errors, the total sum
of BR’s is normalised to unity.

With these definitions, the Ci’s in the c2 take the following
forms: for the total e+e� ! ZH cross section:

CZH = k2
HZZ;

38
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Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.6 % 0.5 % 0.5 %
kHWW 1.2 % 0.5 % 0.5 %
kHbb 2.6 % 1.5 % 1.4 %
kHcc 6.3 % 3.2 % 2.9 %
kHtt 4.2 % 2.1 % 1.8 %
kHµµ � 14.2 % 7.9 %
kHtt � 4.2 % 4.1 %
kHgg 5.1 % 4.0 % 3.9 %
kHg g � 5.9 % 3.5 %
kHZg � 16.0 % 9.8 %

GH,md, derived 2.0 % 1.1 % 1.1 %

Table 34: Results of the model-dependent fit with the current
theoretical uncertainties on the decay branching fractions.
Values marked "�" can not be measured with sufficient pre-
cision at the given energy. For gHtt , the 3TeV case has not
yet been studied, but is not expected to result in substantial
improvement due to the significantly reduced cross section
at high energy. The uncertainty of the total width is calcu-
lated from the fit results following Equation 1, taking the
parameter correlations into account. Operation with �80%
electron beam polarisation is assumed above 1 TeV.

as well as the total width, and combined with the measure-
ment of the self-coupling, will provide a comprehensive pic-
ture of the properties of this recently discovered particle.
Figure 29 illustrates the expected uncertainties of the var-
ious couplings determined in the model-independent fit as
well as the self-coupling as a function of the particle mass.
Combined with the quasi model-independent measurement
of the total width with a precision of 3.5%, this illustrates
the power of the three-stage CLIC programme. Each of the
stages contributes significantly to the total precision, with
the first stage at 350GeV providing the model-independent
"anchor" of the coupling to the Z boson, as well as a first
measurement of the total width and coupling measurements
to most fermions and bosons. The higher-energy stages add
direct measurements of the coupling to top quarks, to muons
and photons as well as overall improvements of the branch-
ing ratio measurements and with that of the total width and
all couplings except the one to the Z already measured in
the first stage. They also provide a measurement of the self-
coupling of the Higgs boson. In a model-dependent analy-
sis, the improvement with increasing energy is even more
significant than in the model-independent fit, since the over-
all limit of all couplings imposed by the model-independent
measurement of the ZH recoil process is removed.

particle mass [GeV]
1−10 1 10 210
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Fig. 29: Illustration of the precision of the model-
independent Higgs couplings and of the self-coupling as a
function of particle mass. The line shows the SM prediction
that the Higgs coupling of each particle is proportional to its
mass.

13 Summary and Conclusions

A detailed study of the Higgs physics reach of CLIC has
been presented in the context of CLIC operating in three en-
ergy stages,

p
s = 350GeV, 1.4TeV and 3TeV. The initial

stage of operation, 500fb�1 at
p

s = 350GeV, allows the
study of Higgs production from both the e+e� ! ZH and
the WW-fusion process. These data yield precise model-
independent measurements of the Higgs boson couplings, in
particular D(gHZZ)= 0.8%, D(gHWW)= 1.4% and D(gHbb)=
3.0%. In addition, the branching ratio to invisible decay
modes is constrained to Ginvis/GH < 0.01 at 90% C.L. and
the total Higgs width is measured to D(GH) = 6.7%. Op-
eration of CLIC at

p
s > 1TeV provides high-statistics sam-

ples of Higgs bosons produced through the WW-fusion pro-
cess and give access to rarer processes such as e+e� ! ttH
and e+e� ! HHnene . Studies of these rare processes pro-
vide measurements of the top Yukawa coupling to 4.2% and
the Higgs boson self-coupling to about 20%. Furthermore,
the full data sample leads to very strong constraints on the
Higgs couplings to vector bosons and fermions. In a model-
independent treatment, many of the accessible couplings are
measured to better than 2%, and the model-dependent k pa-
rameters are determined with a precision of between 0.1%
and 1%.
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and:

CHne ne ,H!bb =
g2

HWWg2
Hbb

GH
,

respectively.

The fit is performed with 11 free parameters: gHZZ, gHWW,
gHbb , gHcc , gHtt , gHµµ , gHtt and GH, as well as the three
effective couplings g†

Hgg , g†
Hg g and g†

HZg . The latter three
parameters are treated in the same way as the physical Higgs
couplings in the fit.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

gHZZ 0.8 % 0.8 % 0.8 %
gHWW 1.4 % 0.9 % 0.9 %
gHbb 3.0 % 1.0 % 0.9 %
gHcc 6.2 % 2.3 % 1.9 %
gHtt 4.3 % 1.7 % 1.4 %
gHµµ � 14.1 % 7.8 %
gHtt � 4.2 % 4.2 %

g†
Hgg 3.7 % 1.8 % 1.4 %

g†
Hg g � 5.7 % 3.2 %

g†
HZg � 15.6 % 9.1 %

GH 6.7 % 3.7 % 3.5 %

Table 32: Results of the model-independent fit. Values
marked "�" can not be measured with sufficient precision at
the given energy. For gHtt , the 3TeV case has not yet been
studied, but is not expected to result in substantial improve-
ment due to the significantly reduced cross section at high
energy. The three effective couplings g†

Hgg , g†
Hg g and g†

HZg
are also included in the fit. Operation with �80% electron
beam polarisation is assumed above 1 TeV.

The fit is performed in three stages, taking the statistical
uncertainties obtainable from CLIC at the three considered
energy stages (350GeV, 1.4TeV, 3TeV) successively into
account. Each new stage also includes all measurements of
the previous stages. Table 32 summarises the results. They
are graphically illustrated in Figure 27. Since the model-
independence of the analysis hinges on the absolute mea-
surement of s(ZH) at 350GeV, which provides the cou-
pling gHZZ, the precision of all other couplings is ultimately
limited by this uncertainty.

12.2 Model-dependent Fit

For the model-dependent fit, it is assumed that the Higgs
decay properties can be described by ten independent pa-
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
independent fit without systematic or theoretical uncertain-
ties. The dotted lines show the relative precisions of 1 % and
5 %.

rameters kHZZ, kHWW, kHbb , kHcc , kHtt , kHµµ , kHtt , kHgg ,
kHg g and kHZg . These factors are defined by the ratio of the
Higgs partial width divided by the partial width expected in
the Standard Model as:

k2
i = Gi/G SM

i .

In this scenario, the total width is given by the sum of the ten
partial widths considered, which is equivalent to assuming
no non-Standard-Model Higgs decays such as decays into
new invisible particles. The ratio of the total width to its SM
value is thus given by:

GH,md

G SM
H

= Â
i

k2
i BRi, (1)

where BRi is the SM branching fraction for the respective fi-
nal state and the subscript “md” stands for “model-dependent”.
To obtain these branching fractions, a fixed value for the
Higgs mass has to be imposed. For the purpose of this study,
126GeV is assumed. The branching ratios are taken from
the LHC Higgs cross section working group [22]. To ex-
clude effects from numerical rounding errors, the total sum
of BR’s is normalised to unity.

With these definitions, the Ci’s in the c2 take the following
forms: for the total e+e� ! ZH cross section:

CZH = k2
HZZ;
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while for specific final states such as e+e� ! ZH; H ! bb
and e+e� ! Hnene ; H ! bb:

CZH,H!bb =
k2

HZZk2
Hbb⇣

GH,md/G SM
H

⌘

and:

CHne ne ,H!bb =
k2

HWWk2
Hbb⇣

GH,md/G SM
H

⌘ ,

respectively.

Since at the first energy stage of CLIC no significant mea-
surements of the H ! µ+µ�, H ! g g and H ! Zg decays
are possible, the fit is reduced to six free parameters (the
coupling to top is also not constrained, but this is without
effect on the total width) by setting H ! µ+µ�, H ! g g and
H ! Zg to zero. These branching ratios are much smaller
than the derived uncertainty on the total width.

Two versions of the model-dependent fit are performed, one
ignoring theoretical uncertainties to illustrate the full poten-
tial of the constrained fit, and one taking the present theoreti-
cal uncertainties of the branching fractions into account [22].
To avoid systematic biases in the fit results, the uncertain-
ties are symmetrised, preserving the overall size of the un-
certainties. Theoretical uncertainties on the production are
assumed to be substantially smaller than in the decay, and
are ignored in the present study. Depending on the concrete
Higgs decay, multiple measurements may enter in the fit,
originating from different centre-of-mass energies, differ-
ent production channels or different signal final states. To
account for this, the theoretical uncertainties are treated as
fully correlated for each given Higgs decay.

As in the model-independent case the fit is performed in
three stages, taking the statistical errors of CLIC at the three
considered energy stages (350GeV, 1.4TeV, 3TeV) succes-
sively into account. Each new stage also includes all mea-
surements of the previous stages. The total width is not a
free parameter of the fit. Instead, its uncertainty, based on
the assumption given in Equation 1, is calculated from the
fit results, taking the full correlation of all parameters into
account. Table 33 summarises the results of the fit without
taking theoretical uncertainties into account, and Figure 28
illustrates the evolution of the precision over the full CLIC
programme. Table 34 summarises the results of the model-
dependent fit with theoretical uncertainties of the branching
fractions.

12.3 Discussion of Fit Results

The full Higgs physics programme of CLIC, interpreted with
a combined fit of the couplings to fermions and gauge bosons

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.6 % 0.4 % 0.3 %
kHWW 1.1 % 0.2 % 0.1 %
kHbb 1.8 % 0.4 % 0.2 %
kHcc 5.8 % 2.1 % 1.7 %
kHtt 3.9 % 1.5 % 1.1 %
kHµµ � 14.1 % 7.8 %
kHtt � 4.1 % 4.1 %
kHgg 3.0 % 1.5 % 1.1 %
kHg g � 5.6 % 3.1 %
kHZg � 15.6 % 9.1 %

GH,md, derived 1.4 % 0.4 % 0.3 %

Table 33: Results of the model-dependent fit without the-
oretical uncertainties. Values marked "�" can not be mea-
sured with sufficient precision at the given energy. For gHtt ,
the 3TeV case has not yet been studied, but is not expected
to result in substantial improvement due to the significantly
reduced cross section at high energy. The uncertainty of the
total width is calculated from the fit results following Equa-
tion 1, taking the parameter correlations into account. Op-
eration with �80% electron beam polarisation is assumed
above 1 TeV.
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Fig. 28: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
dependent fit without systematic or theoretical uncertainties.
The dotted lines show the relative precisions of 0.5 % and
2.5 %.
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Precision significantly better than HL-LHC 

Precision comparable to HL-LHC
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e+e- ➔ tt ➔ 6 jets @ 380 GeV
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Top Production Threshold Scan

30

Top	LC	w/s	

Precision	top	physics	

observe 1S ‘bound state’
Δmt ~ 50 MeV

u Intending threshold scan 
around 350 GeV (10 points, 
~1 year) as well as main 
stage 1 baseline √s=380GeV

sensitive to top mass, width 
and couplings

Aidan	Robson	 26/34	
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0.8  threshold - 1S mass 174.0 GeVtt
TOPPIK NNLO + CLIC350 LS + ISR

/point-1simulated data: 10 fb
 200 MeV±top mass 

CLIC
-> see dedicated 
threshold scan talk 
by Frank Simon

•10 energies with 10/fb 

•≲1 year of data-taking in 
total 

• Resulting uncertainty              
Δmt ~ 50 MeV

•CLIC380 will make a dedicated scan at E ~ 350 GeV to measure top 
pair production 

•Cross section turn on very sensitive to the top quark pole mass.
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Precision Top Physics
•Clean environment at CLIC facilitates precision measurements & search for 

rare phenomena. 

•e.g. New physics in t t̅V and t t̅γ vertices, measurements with polarised 
beam can disentangle γ and Z form factors

• e.g. Afb(e+e−→t t̅ )  

• Preliminary results at 1.4 TeV: stat. 
precision 2-3% for P(e−) = ±80%
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•Less migration is observed for P(e-) = +80%  
•Backgrounds substantially reduced  
•Relative error on Afb:  

•P(e-) = -80%: ~2% (signal only) 
•P(e-) = +80%: ~3% (signal only) 

•Both methods yield a similar result 
•Interpretation (observables from two beam polarisations):  
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top quark couplings to Z and γ
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M.	Vos	at	ECFA	LC	2016

Expected coupling precision at LHC, ILC (500 GeV) and CLIC (380 GeV)

CP-conserving couplings CP-violating couplings

arXiv:1608.07537 

https://agenda.linearcollider.org/event/7014/contributions/34610/attachments/30170/45093/topLC.pdf
http://www.arxiv.org/1608.07537
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Direct BSM Sensitivity

34

“model I”, 3 TeV: 
• Squarks 
• Heavy Higgs

“model II”, 3 TeV: 
• Smuons, selectrons 
• Gauginos

“model III”, 1.4 TeV: 
• Smuons, selectrons 
• Staus, Gauginos

Wider capability than only SUSY: reconstructed particles can be 
interpreted as “states of given mass, spin and quantum numbers”

In general, O(1%) precision on masses 
and production cross sections found

➔

arxiv:1202.5940

http://arxiv.org/1202.5940
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e.g. Di-jet masses: gauginos at 3 TeV

35

Chargino and neutralino pair production

82 %

17 %

separation using di-jet  

invariant masses (test of PFA)

use slepton study result

result:			Δm/m ≤ 1%
LCD-Note-2011-037

https://cds.cern.ch/record/1443499?ln=en
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SUSY benchmarking
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Large part of the SUSY spectrum measured at <1% level

arxiv:1202.5940

http://arxiv.org/1202.5940
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Precision studies of e+e– –> µ+µ–

Observables: 
u total e+e– –> µ+µ– cross-section
u forward–backward asymmetry
u left–right asymmetry
   (±80% electron polarization)

e+	

e–	

Z’	

µ+	

µ–	

Either: precise measurements of 
effective couplings following multi-
TeV LHC discovery

e.g. minimal anomaly-free Z’ model
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Or: discovery reach  
      up to tens of TeV

Precision studies of e+e– –> γγ
Unique to lepton colliders, 
CLIC at 3TeV around 25 times 
more sensitive than LEP2
Λ > 6 – 6.3TeV (or electron 
size less than 3x10–18cm)
also interpreting as limits on 
contact interactions, extra 
dimensions, ...
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Precision studies of e+e– –> γγ
Unique to lepton colliders, 
CLIC at 3TeV around 25 times 
more sensitive than LEP2
Λ > 6 – 6.3TeV (or electron 
size less than 3x10–18cm)
also interpreting as limits on 
contact interactions, extra 
dimensions, ...

Indirect BSM - some examples

• e.g. minimal anomaly-free Z’ model, look at:  

➡ total e+e− → µ+µ− cross-section 

➡ forward–backward asymmetry 

➡ left–right asymmetry 

• Either: precise measurements of effective 
couplings following multi-TeV LHC discovery 
or: discovery reach up to tens of TeV 
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Precision studies of e+e− → µ+µ− 

Precision studies of e+e− → γγ 

• Set limits on  

• Λ > 6 − 6.3 TeV (or electron size less than 
3x10−18 cm)  

• also interpreting as limits on contact 
interactions, extra dimensions, ... 

CLICdp,	3	TeV,	2	ab-1



CLIC - V.Martin LP2017

Effective Field Theory Interpretations 

•Higgs and W+W− production used to constrain effective field theories.   

•The full CLIC program has sensitivity beyond other proposed e+e− 
colliders due to its higher energy. 

•Dimension-6 Operator Analysis of the CLIC Sensitivity to New Physics 

38

arXiv:1701.04804v1

Figure 5: The estimated sensitivities of CLIC measurements at 350 GeV, 1.4 TeV and
3.0 TeV to the scales of various (combinations of) dimension-6 operator coe�cients: c̄W�
c̄B, c̄HW , c̄HB and c̄3W (left panel) and c̄� and c̄g (right panel). The results of individual
(marginalised) fits are shown as green (red) bars. The lighter (darker) green bars in the
left panel include (omit) the prospective HZ Higgsstrahlung constraint.

5 The Reach of CLIC for Specific UV Scenarios

In order to contextualize the precision achieved by CLIC for the coe�cients of the SM
EFT operators, one may consider some specific models that could source the EFT coe�-
cients. Accordingly we discuss in this Section two archetypical examples of UV comple-
tions of the EFT Lagrangian, specifically theories with more scalar particles beyond the
Higgs boson, namely stops in the MSSM and a dilaton/radion model.

The phenomenology of these models has been widely studied, as well as their potential
LHC signatures: see, e.g., [44] for a discussion of indirect constraints on stops with
an explicit comparison of SM EFT and exact Feynman diagram calculations. In this
connection, we note that direct searches for stops and other new scalars are necessarily
model-dependent in nature, so that their reach is limited to specific assumptions and
areas of parameter space, whereas indirect constraints are insensitive to assumptions
about their production and decay modes. Indirect probes for new physics do not rely on
the same set of assumptions as direct searches, and hence are a source of complementary
information as well as a di↵erent way of finding new physics.

Virtual e↵ects of stops in Higgs production via gluon fusion can be parametrized as
an overall re-scaling of the rate, namely

�(gg ! h)

�(gg ! h)SM
= 2

g . (5.1)

Loops of stops would induce modifications in the production rate of the Higgs as fol-
lows [45]:

g = 1 + Cg(↵s)
F SUSY
g

F SM
g

(5.2)
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Figure 6: Mass reach for scenarios with new scalars. Boundaries correspond to 95%
CL exclusions. (Left panel) Current and expected mass reach for interpretations of c̄g as
limits on stop masses. (Right panel) Limits on the EFT coe�cients interpreted in terms
of the mass and coupling of the dilaton field, where the �-function coe�cient b2 and the
parameter x = f/mr are introduced in the text.

where T is the trace of the stress-energy tensor. The relevant terms in the stress tensor
for the Higgs and gauge bosons are

T ⇢ �2 |Dµ�|2 + 4V (�†�)� bi↵i

8⇡
F i
µ⌫F

iµ⌫ , (5.6)

where V = �m2
h|�|2 + �|�|4 and the bi are the �-function coe�cients, which lead to

anomalous violations of scale invariance. The values of the bi depend on the degree of com-
positeness of fermions in the SM and possible new physics contributions. For example, in
conformal field theories (CFTs) one typically obtains, bCFT

i = 8⇡2/(g2i log(µIR/⇤UV )) [49],
in which case

b2↵2 ' 2⇡ log(µIR/⇤UV ) . (5.7)

One can easily read o↵ the following coe�cients of dimension-6 operators:

c̄HW = �c̄W = �b2↵2

4

m2
hv

2

f 2m2
r

,

c̄HB = �c̄B = �b1↵1

4

m2
hv

2

f 2m2
r

. (5.8)

One could also consider a more general situation with a non-universal dilaton/radion
coupling. This would lead to a prefactor in the coe�cients of the e↵ective operators,
dependent on the degree of overlap of the wavefunctions in the bulk (radion) or par-
ticipation on the composite dynamics of the species (dilaton), but we do not enter into
details here.
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dim-6 effective 
couplings to γ 

and gluon

Sensitivity to 
stop quarks in 

loops

arXiv.org:1701.04804
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When ?
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& how much?
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5 Alternative klystron-based scenario for the first CLIC stage

Table 11: Value estimate of CLIC at 380 GeV centre-of-mass energy.

Value [MCHF of December 2010]

Main beam production 1245
Drive beam production 974
Two-beam accelerators 2038
Interaction region 132
Civil engineering & services 2112
Accelerator control & operational infrastructure 216

Total 6690

paid for other similar supplies or scaled from them after adequate escalation, and from specific industrial
studies when the former were not available. Uncertainties stemming from technical and commercial risks
were also quantified, the latter from a statistical analysis of procurement for the LHC [74]. The value
estimates were expressed in Swiss francs (CHF) of December 2010. “Explicit labour”, i.e. personnel
costs not included in the value of supplied components (e.g. laboratory personnel for production follow-
up, reception, installation and commissioning of equipment), was estimated globally by scaling from the
numbers resulting from LHC construction experience.
As a complete description in the form of a work breakdown structure does not yet exist for the updated
baseline at 380 GeV centre-of-mass energy, the same method cannot be applied and a two-pronged ap-
proach is used. In most cases, value estimates for each subdomain of CLIC at 380 GeV centre-of-mass
energy are interpolated between values for CLIC 500 A and CLIC 500 B using relevant scaling factors.
Examples of such cases include scaling main beam injector costs with main beam current, and utility
infrastructure costs with nominal power consumption. In the specific cases where design changes and
simplifications could be identified from the re-baselining study, updated costs were obtained from the
analytical model described in Section 3.2.3, or else, corresponding cost differentials were applied to the
reference value estimate at 500 GeV centre-of-mass energy. This applies to the suppression of the elec-
tron pre-damping ring, to the new configuration of RF in the drive-beam linac and to the corresponding
downsizing of its klystron gallery. For the sake of comparison with the CDR [5], and in view of the sig-
nificant exchange-rate and purchasing-power-parity fluctuations of the Swiss franc with respect to other
European currencies in the past years, it was decided to stay with value estimates expressed in Swiss
francs of December 2010. Escalation may be applied to these numbers using published Swiss indices or
the CERN material budget index.
The results of this exercise are given in Table 11, yielding a total value of 6690 MCHF for CLIC at
380 GeV centre-of-mass energy. Comparison with CLIC 500 A and CLIC 500 B [5] is shown graphically
in Figure 25.
A complete CLIC cost update is foreseen for 2018–2019, following the establishment of a detailed ma-
chine description and work breakdown structure. Further design improvements, technical developments
and updated industrial quotes will be integrated into the process.

5 Alternative klystron-based scenario for the first CLIC stage

An alternative to the CLIC drive-beam scheme is to produce the RF power for the main linac using
X-band klystrons. At the 1.5 TeV and 3 TeV stages, the drive-beam scheme will be significantly more
efficient and cost effective. At lower energies the difference is however less pronounced or might even
be reversed. Therefore the option to power the first energy stage with klystrons has been investigated.
Such an option would offer advantages. The modules with the accelerating structures could be very
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Cost!
arXiv:1608.07537 

• Baseline scoping document gives a cost estimate for the 380 GeV collider 

• A new, bottom-up, cost estimate, including cost optimisations, is being prepared 

http://arXiv.org/1608.07537
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CLIC: Summary & Outlook
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Design & development of the CLIC accelerator is in advanced state 
Acceleration principle demonstrated at near required values 

The detector concept is mature 
⇒ CLIC is a realistic option for a post-LHC collider

The 380 GeV stage of CLIC is affordable                                           
with a guaranteed physics return   

Can be upgraded later to high energies 1.5 and 3 TeV

CLIC baseline is for three stages: 
380 GeV: precision Higgs measurements, top pole mass to 50 MeV 
1.5 TeV 
3.0 TeV 

The physics is complementary to the LHC program 
CLIC offers a powerful tool to address the open questions in our field

} HH, ttH, precision top couplings, BSM direct/indirect
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Drive Beam supplies RF power 
•12 GHz bunch structure 
•low energy (2.4 GeV – 240 MeV) 
•high current (100A) 
Main beam for physics 
•high energy (9 GeV – 1.5 TeV) 
•current 1.2 A

CLIC 2-beam Acceleration Scheme

45

CLIC uses a 2-beam acceleration scheme at 12 GHz, gradient of 100 MV/m

• High centre-of-mass energy requires high-gradient acceleration 
• High gradients feasible in normal conducting structures with high RF frequency (12 GHz) 
• Initial transfer from wall plug to beam (klystron) is efficient at lower frequency (~1 GHz) 
• To keep power low, apply RF power only at the time when the beam is there.
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CLEAR
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•CTF3 programme ended at the end of 2016  

•Electron beam maintained as new facility: 
CLEAR: CERN Linear Electron Accelerator for 
Research 

➡ Beam test capability for CLIC 
(instrumentation, high gradient studies, 
components)  

➡ Connected to 12 GHz RF for high-gradient 
studies 
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Power Consumption 
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4 CLIC staging baseline

Table 9: Parameters for the CLIC energy stages. The power consumptions for the 1.5 and 3 TeV stages
are from the CDR; depending on the details of the upgrade they can change at the percent level.

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Centre-of-mass energy
p

s GeV 380 1500 3000
Repetition frequency frep Hz 50 50 50
Number of bunches per train nb 352 312 312
Bunch separation D t ns 0.5 0.5 0.5
Pulse length tRF ns 244 244 244

Accelerating gradient G MV/m 72 72/100 72/100

Total luminosity L 1034 cm�2s�1 1.5 3.7 5.9
Luminosity above 99% of

p
s L0.01 1034 cm�2s�1 0.9 1.4 2

Main tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 109 5.2 3.7 3.7
Bunch length sz µm 70 44 44
IP beam size sx/sy nm 149/2.9 ⇠ 60/1.5 ⇠ 40/1
Normalised emittance (end of linac) ex/ey nm 920/20 660/20 660/20
Normalised emittance (at IP) ex/ey nm 950/30 — —
Estimated power consumption Pwall MW 252 364 589

Figure 18: Overview of the CLIC layout at
p

s = 380 GeV. Only one drive beam complex is needed for
the first (and second) stage of CLIC.

4.3 Power and energy consumption

The nominal power consumption of CLIC at 380 GeV centre-of-mass energy has been estimated using
the parametric model [70] derived from the estimates of the CDR [3]. This yields a total of 252 MW for
all accelerator systems and services, including experimental area and detectors and taking into account
network losses for transformation and distribution on site. The breakdowns of this value per domain of

28

arXiv:1608.07537 

http://arXiv.org/1608.07537
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Power Consumption: 1.5 TeV
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AC	power	(1.5	TeV)	

24
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Drive Beam Production
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Delay loops create drive beam bunch-structure

Low energy high current drive beam → high energy low current main beam
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Costing

• A full bottom-up costing was done in 2011 for the CDR. 

• A new costing will be made for the project plan in 2019. 

• Several options are actively being researched that could reduce the cost: 
➡Klystrons instead of drive beam for 380 GeV 
➡Using permanent magnets wherever possible 

50
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Adjustable-field Permanent Magnet 
Prototyping

51

High 
Energy 
Quad 

Low 
Energy 
Quad 

Motor

“T-gearbox”

Right	angle	
- gearbox

Ballscrew	Nut

Sideplate	&	Nut	
Plate	Assembly

Permanent	
Magnet

Dipole design
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Klystron Option for 380 GeV
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5 Alternative klystron-based scenario for the first CLIC stage

Common modulator
366 kV, 265 A

2 ×68 MW
1.625 µsec

2 ×213 MW
325 ns

2 ×X-band klystron

2 ×SLED pulse compressor

2.5 m (10 accelerating structures)

Linac tunnel

Service tunnel

Load#1

Load#2

Correction 
cavity chain

Figure 26: Conceptual Design of an RF unit for a klystron-based CLIC main linac. Two klystrons pro-
duce RF pulses, which are combined into a single double-power pulse. The pulse passes the
correction cavities chain, which modifies the pulse shape, and is then split into two pulses of
half the power in order to feed two SLED pulse compressors. Each SLED shortens the pulse
by increasing the power; two compressors are used to limit the final power in each of them.
Finally, the pulses are split and distributed into five accelerating structures.

RF units has been estimated. The pulse-compressor parameters and the number of RF units required to
feed the main linac are determined using the RF input power and the pulse length in each accelerating
structure. A simplified model is then used to estimate the cost of the accelerator complex. It is based on
a specific cost per RF unit and per length of main linac.
Four different parameter sets have been determined and are shown in table Table 12. First, the cheapest
drive beam and klystron-based designs.

• DB: The cheapest design based on the drive beam.

• K: The cheapest design based on klystrons.

Second, only the structures were considered that can be used with a drive beam in the first stage and that
respect the conditions for an energy upgrade using the drive beam, as discussed above. In particular the
RF pulse length has been fixed to 244ns. These structures have the advantage that they could be used
either with a drive beam or with klystrons in the first stage. So only a single design would need to be
developed.

• DB244: The cheapest design if powered by a drive beam with an RF pulse length fixed to 244ns.
This is the new parameter set for 380GeV.

• K244: The cheapest design if powered by klystrons with an RF pulse length fixed to 244ns.

Each of the four structure designs can be powered either with a drive beam or with klystrons. For
these two options the costs are considered. The difference of these costs compared to the new design
(“DB244”, using a drive beam) is given in the table.
The following conclusions can be drawn:

• The structure design “DB” is not consistent with an upgrade using a drive beam. It is only given
for comparision.

35

arXiv:1608.07537 

http://arXiv.org/1608.07537
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CLIC Accelerating Structures
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CLIC	accelerating	structure
Outside

Inside

6	mm	diameter	
beam	aperture

11.994	GHz	X-band
100	MV/m
Input	power	≈50	MW
Pulse	length	≈200	ns
Repetition	rate	50	Hz

Micron–precision	disk

25	cm

HOM	damping
waveguide
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Assembly: towards industrialisation
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Assembly	– towards	industrialization
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CLEAR
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•CTF3 programme ended at the end of 2016  

•Electron beam maintained as new facility: ‘CLEAR’:                                      
CERN Linear Electron Accelerator for Research 

➡ Beam test capability for CLIC (instrumentation, high gradient studies, components)  

➡ Connected to 12 GHz RF for high-gradient studies 
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Detector Optimisation

56Top	LC	w/s	

Detector	opKmizaKon	

Aidan	Robson	 14/34	

Optimizations of detector dimensions, spacings, 
granularities -> also informed by detector 
development, and full-scale cooling mockup and 
support structure development

-> much more in  
CERN Detector Seminar, 
Fri 9th June: ‘A detector 
for CLIC: performance 
optimisation and R&D’  
by Rosa Simoniello
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Vertexing and Tracking R&D
•Very thin materials/sensors: 0.2% X0 material per layer  

•~2 billion pixels, each 25 µm square 

•10 ns time slices 

•CLICpix sensors and readout under development

57
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3 cylindrical double layers 
in the barrel

• No material budget for liquid cooling. Cooling is achieved via: 
• Active air cooling strategy that induces a spiral airflow 
• Power-pulsing of the front-end electronics 

• 10 ns time-tagging resolution to reduce beam-induced backgrounds

The CLIC vertex detector

3 spiral double layers in the 
forward regions

• To reach impact parameter resolution: very thin materials/sensors: 0.2% X0 material per layer (equivalent to 200 μm of Si) 
• Roughly 2 billion pixels, each 25 μm square with a single point resolution of ∼3 μm (needed for efficient flavour tagging)

• Current technology choice assumes 25 μm 
square pixels, using hybrid pixel technology  
• ASIC thickness 50 μm connected to 50 μm 

sensor 
• Slim edge planar sensors and HV-CMOS 

both considered
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CLIC detector requirements (from physics)
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★ impact	parameter	resolution:	
							e.g.	c/b-tagging, Higgs BR        													

★ angular	coverage,	very	forward	electron	tagging	

★ momentum	resolution:		
	 e.g, gHµµ, Smuon endpoint 

W-Z	
jet	reco

smuon 
end point

(for high-E jets, 
light quarks)

★ jet	energy	resolution:		
							e.g,	W/Z/H	di-jet mass separation, ZH	with	Z➔qq̅ 															

H → cc̅ @ 3 TeV
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Valencia Jet Clustering Algorithm
•Combines the good features of lepton collider algorithms:  

➡Durham-like distance criterion  
➡Background robustness of the long. inv. kT algorithm

59
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• Valencia jet clustering algorithm (FastJet plugin) 
• Combines the good features of lepton collider algorithms: 

• Durham-like distance criterion 
• Background robustness of the long. inv. kt algorithm 
• The ! parameter governs the evolution of jet area with polar angle  
• The " parameter allows to change the clustering order  

• More details: DOI: 10.1016/j.physletb.2015.08.055
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expected from the functional form in Equation 5.4, the ratio is flat for e+e� algorithms
(Durham). For the longitudinally invariant kt algorithm, on the other hand, the ratio
rises steeply in the forward region. For the VLC algorithm with � = 1 we obtain very
similar behaviour to the longitudinally invariant kt algorithm.

The steep rise in dij

diB
at cos ✓ ⇠ 1 penalizes relatively isolated particles in the

forward and backward directions, that are likely due to background processes. The
exponent � introduced in the VLC algorithm gives a handle to enhance or diminish
the increase of the dij

diB
ratio in the forward region, as shown in Figure 5.2. Thus, we

have a handle to tune the background rejection that is independent of the parameter
R that governs the jet radius.

Figure 3. The area or footprint of jets reconstructed with R = 0.5 with the three major families of

sequential recombination algorithms. The two shaded areas in each column correspond to a jet in the

central detector (✓ = ⇡/2) and to a forward jet (✓ = 7⇡/8).

energy are indeed found to follow the dependence on the jet area observed in Ref. [14] for other

algorithms. The algorithm has been submitted to the standard tests of the FastJet team and is

found to be IR-safe. A detailed discussion of these properties is left for a future publication.

The VLC algorithm is available as a plug-in for the FastJet [15, 16] package. The code can

be obtained from the “contrib” area [17].

4 Comparison of the distance criteria of sequential recombination algorithms

The distance criteria of the most important families of sequential clustering algorithms are given

in Figure 3. The leftmost column in Figure 3 generalizes the classical e+e�
algorithms for lepton

colliders, such as Durham (n = 1) and Cambridge-Aachen (n = 0), by adding a beam distance

and radius parameter. The formula in the central column presents the longitudinally invariant

algorithms discussed in Section 1: n = 1 corresponds to the pp-collider variants of kt, n = 0 to

Cambridge-Aachen and n = -1 to the anti-kt algorithm. The third column corresponds to the

VLC algorithm with � = � = 1. We proceed to compare this choice with existing algorithms

and discuss the impact of other choices of the parameters later on.

– 6 –

Figure 5.3: The area or footprint of jets reconstructed with R = 0.5 with the three ma-
jor families of sequential recombination algorithms. The two shaded areas in each column
correspond to a jet in the central detector (✓ = ⇡/2) and to a forward jet (✓ = 7⇡/8).

The footprints of jets reconstructed with the most important families of sequential
clustering algorithms are given in Figure 5.3. The leftmost column in Figure 5.3
generalizes the classical e+e� algorithms for lepton colliders, such as Durham (n = 1)
and Cambridge-Aachen (n = 0), by adding a beam distance and radius parameter.
The formula in the central column presents the longitudinally invariant algorithms
discussed before. The third column corresponds to the VLC algorithm with � = � =
1. For each of the algorithms the catchment areas of a central and forward jet with
n = 1 and R = 0.5 are indicated in Figure 5.3. The footprint of the central jet (at ✓
= ⇡/2) is approximately circular for all algorithms. The area of the jet in the forward
detector (at ✓ = 7⇡/8) shrinks considerably for the longitudinally invariant algorithms
and the VLC algorithm. The reduced exposure in this region where backgrounds are
most pronounced is the crucial feature for the enhanced resilience of these algorithms.

Footprint of jets reconstructed with R = 0.5 

5.2. The VLC algorithm 84

The beam distance of the VLC algorithm is:

diB = E2�sin2�✓iB
3 (5.6)

where ✓iB is the angle with respect to the beam axis, i.e. the polar angle. In the
default settings the two exponents � and � are equal. For � = � = 1 the expression
simplifies to diB = E2�sin2�✓iB = p2

ti, i.e. the beam distance is given by the transverse
momentum. The � parameter governs the evolution of jet area with polar angle and is
therefore a crucial parameter for the resilience to the forward-peaked �� ! hadrons
background (a more extensive discussion is found in Section 5.3). For application at
the linear collider � should be chosen equal to |�|. The � parameter allows to change
the clustering order.

Figure 5.1: Diagram of the parameter space spanned by exponents � and � of the
VLC algorithm.

For � = 1 clustering starts with soft, collinear radiation. Choosing � = 0 yields
purely angular clustering, while � = -1 corresponds to clustering starting from hard,
collinear radiation. These integer choices of � correspond to kt, Cambridge-Aachen
and anti-kt clustering. Non-integer values of � allow to interpolate smoothly between
these three schemes. The exponent � in the exponent of the beam distance of the
VLC algorithm provides a handle to control the shrinking of the jet catchment area in
the forward and backward regions of the experiment. We have seen that � = 1 yields
forward jets with a similar size of those of the longitudinally invariant algorithms for
hadron colliders. Values of � greater than 1 further enhance the rise of the dij ratio
in the forward region, causing the jet footprint to shrink faster. Values between 0
and 1 yield a slower decrease of the area when the polar angle goes to 0 or ⇡. For

3For � = 1 this combination of inter-particle and beam distance metrics is similar to that of the
k? algorithm proposed in Reference [97], with the difference that diB = p2

ti = E2
i sin

2 ✓iB , whereas
in Reference [97] it was given by 2E2

i (1 � cos ✓iB).

5.2. The VLC algorithm 83

The second important modification of the algorithms is the addition of so-called
beam jets, introduced in Reference [97]. Any particle with a beam distance diB = p2n

Ti

smaller than any dij is not merged with any other particle, but is associated to the
beam jet. These are not considered part of the visible final state. Thus, the soft,
collinear radiation emitted by the incoming hadrons and the hadron remnant travelling
in the very forward and backward direction is discarded.

Finally, one can add beam beam jets to the kt algorithm for e+e� experiments.
This yields an algorithm referred to as the generic e+e� kt algorithm, with inter-
particle distance:

dij = min(E2
i , E2

j )(1 � cos ✓ij)/(1 � cos R) (5.4)

and beam distance given by diB = E2
i .

5.2 The VLC algorithm

Background levels at hadron colliders form an important consideration in the design
of jet algorithms. The pile-up of several tens of minimum bias events on each bunch
crossing at the LHC is a serious challenge that has led to a large body of work on
mitigation and correction methods. In comparison, previous lepton colliders, such as
LEP or SLD, presented an environment with essentially negligible background. Future
lepton colliders are in between these two extremes. While very far from the background
levels of the LHC, detailed studies of the �� ! hadrons background at the ILC or CLIC
have shown a non-negligible impact on the jet reconstruction performance [53, 85].
Among several proposals to mitigate its effect, the use of the longitudinally invariant
kt algorithm, intended for hadron colliders, has led to the greatest improvement of the
robustness [53].

The VLC jet algorithm maintains a Durham-like distance criterion based on energy
and polar angle and can compete with the background resilience of the longitudinally
invariant kt algorithm. The algorithm has the following inter-particle distance:

dij = min(E2�
i , E2�

j )(1 � cos ✓ij)/R2 (5.5)

For � =1 the distance is given by the transverse momentum squared of the softer of
the two particles relative to the harder one, as in the Durham algorithm. A distance
based on energy and angle, as opposed to the transverse momentum and �R distance
of hadron collider algorithms, remains the most natural choice for the e+e� colliders
of the foreseeable future. Equation 5.5 provides a uniform inter-particle distance over
the central and forward detectors and is in line with the natural choice of basis for
the analyses at such a machine. Note that the meaning of the radius parameter R is
redefined with respect to the generalized e+e� algorithm with beam jets. The R2 in
the numerator yields greater freedom than the 1�cos R, that is limited to the interval
[0, 2].
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• Combines the good features of lepton collider algorithms: 

• Durham-like distance criterion 
• Background robustness of the long. inv. kt algorithm 
• The ! parameter governs the evolution of jet area with polar angle  
• The " parameter allows to change the clustering order  
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expected from the functional form in Equation 5.4, the ratio is flat for e+e� algorithms
(Durham). For the longitudinally invariant kt algorithm, on the other hand, the ratio
rises steeply in the forward region. For the VLC algorithm with � = 1 we obtain very
similar behaviour to the longitudinally invariant kt algorithm.

The steep rise in dij

diB
at cos ✓ ⇠ 1 penalizes relatively isolated particles in the

forward and backward directions, that are likely due to background processes. The
exponent � introduced in the VLC algorithm gives a handle to enhance or diminish
the increase of the dij

diB
ratio in the forward region, as shown in Figure 5.2. Thus, we

have a handle to tune the background rejection that is independent of the parameter
R that governs the jet radius.

Figure 3. The area or footprint of jets reconstructed with R = 0.5 with the three major families of

sequential recombination algorithms. The two shaded areas in each column correspond to a jet in the

central detector (✓ = ⇡/2) and to a forward jet (✓ = 7⇡/8).

energy are indeed found to follow the dependence on the jet area observed in Ref. [14] for other

algorithms. The algorithm has been submitted to the standard tests of the FastJet team and is

found to be IR-safe. A detailed discussion of these properties is left for a future publication.

The VLC algorithm is available as a plug-in for the FastJet [15, 16] package. The code can

be obtained from the “contrib” area [17].

4 Comparison of the distance criteria of sequential recombination algorithms

The distance criteria of the most important families of sequential clustering algorithms are given

in Figure 3. The leftmost column in Figure 3 generalizes the classical e+e�
algorithms for lepton

colliders, such as Durham (n = 1) and Cambridge-Aachen (n = 0), by adding a beam distance

and radius parameter. The formula in the central column presents the longitudinally invariant

algorithms discussed in Section 1: n = 1 corresponds to the pp-collider variants of kt, n = 0 to

Cambridge-Aachen and n = -1 to the anti-kt algorithm. The third column corresponds to the

VLC algorithm with � = � = 1. We proceed to compare this choice with existing algorithms

and discuss the impact of other choices of the parameters later on.
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Figure 5.3: The area or footprint of jets reconstructed with R = 0.5 with the three ma-
jor families of sequential recombination algorithms. The two shaded areas in each column
correspond to a jet in the central detector (✓ = ⇡/2) and to a forward jet (✓ = 7⇡/8).

The footprints of jets reconstructed with the most important families of sequential
clustering algorithms are given in Figure 5.3. The leftmost column in Figure 5.3
generalizes the classical e+e� algorithms for lepton colliders, such as Durham (n = 1)
and Cambridge-Aachen (n = 0), by adding a beam distance and radius parameter.
The formula in the central column presents the longitudinally invariant algorithms
discussed before. The third column corresponds to the VLC algorithm with � = � =
1. For each of the algorithms the catchment areas of a central and forward jet with
n = 1 and R = 0.5 are indicated in Figure 5.3. The footprint of the central jet (at ✓
= ⇡/2) is approximately circular for all algorithms. The area of the jet in the forward
detector (at ✓ = 7⇡/8) shrinks considerably for the longitudinally invariant algorithms
and the VLC algorithm. The reduced exposure in this region where backgrounds are
most pronounced is the crucial feature for the enhanced resilience of these algorithms.

Footprint of jets reconstructed with R = 0.5 

5.2. The VLC algorithm 84

The beam distance of the VLC algorithm is:

diB = E2�sin2�✓iB
3 (5.6)

where ✓iB is the angle with respect to the beam axis, i.e. the polar angle. In the
default settings the two exponents � and � are equal. For � = � = 1 the expression
simplifies to diB = E2�sin2�✓iB = p2

ti, i.e. the beam distance is given by the transverse
momentum. The � parameter governs the evolution of jet area with polar angle and is
therefore a crucial parameter for the resilience to the forward-peaked �� ! hadrons
background (a more extensive discussion is found in Section 5.3). For application at
the linear collider � should be chosen equal to |�|. The � parameter allows to change
the clustering order.

Figure 5.1: Diagram of the parameter space spanned by exponents � and � of the
VLC algorithm.

For � = 1 clustering starts with soft, collinear radiation. Choosing � = 0 yields
purely angular clustering, while � = -1 corresponds to clustering starting from hard,
collinear radiation. These integer choices of � correspond to kt, Cambridge-Aachen
and anti-kt clustering. Non-integer values of � allow to interpolate smoothly between
these three schemes. The exponent � in the exponent of the beam distance of the
VLC algorithm provides a handle to control the shrinking of the jet catchment area in
the forward and backward regions of the experiment. We have seen that � = 1 yields
forward jets with a similar size of those of the longitudinally invariant algorithms for
hadron colliders. Values of � greater than 1 further enhance the rise of the dij ratio
in the forward region, causing the jet footprint to shrink faster. Values between 0
and 1 yield a slower decrease of the area when the polar angle goes to 0 or ⇡. For

3For � = 1 this combination of inter-particle and beam distance metrics is similar to that of the
k? algorithm proposed in Reference [97], with the difference that diB = p2

ti = E2
i sin

2 ✓iB , whereas
in Reference [97] it was given by 2E2

i (1 � cos ✓iB).

5.2. The VLC algorithm 83

The second important modification of the algorithms is the addition of so-called
beam jets, introduced in Reference [97]. Any particle with a beam distance diB = p2n

Ti

smaller than any dij is not merged with any other particle, but is associated to the
beam jet. These are not considered part of the visible final state. Thus, the soft,
collinear radiation emitted by the incoming hadrons and the hadron remnant travelling
in the very forward and backward direction is discarded.

Finally, one can add beam beam jets to the kt algorithm for e+e� experiments.
This yields an algorithm referred to as the generic e+e� kt algorithm, with inter-
particle distance:

dij = min(E2
i , E2

j )(1 � cos ✓ij)/(1 � cos R) (5.4)

and beam distance given by diB = E2
i .

5.2 The VLC algorithm

Background levels at hadron colliders form an important consideration in the design
of jet algorithms. The pile-up of several tens of minimum bias events on each bunch
crossing at the LHC is a serious challenge that has led to a large body of work on
mitigation and correction methods. In comparison, previous lepton colliders, such as
LEP or SLD, presented an environment with essentially negligible background. Future
lepton colliders are in between these two extremes. While very far from the background
levels of the LHC, detailed studies of the �� ! hadrons background at the ILC or CLIC
have shown a non-negligible impact on the jet reconstruction performance [53, 85].
Among several proposals to mitigate its effect, the use of the longitudinally invariant
kt algorithm, intended for hadron colliders, has led to the greatest improvement of the
robustness [53].

The VLC jet algorithm maintains a Durham-like distance criterion based on energy
and polar angle and can compete with the background resilience of the longitudinally
invariant kt algorithm. The algorithm has the following inter-particle distance:

dij = min(E2�
i , E2�

j )(1 � cos ✓ij)/R2 (5.5)

For � =1 the distance is given by the transverse momentum squared of the softer of
the two particles relative to the harder one, as in the Durham algorithm. A distance
based on energy and angle, as opposed to the transverse momentum and �R distance
of hadron collider algorithms, remains the most natural choice for the e+e� colliders
of the foreseeable future. Equation 5.5 provides a uniform inter-particle distance over
the central and forward detectors and is in line with the natural choice of basis for
the analyses at such a machine. Note that the meaning of the radius parameter R is
redefined with respect to the generalized e+e� algorithm with beam jets. The R2 in
the numerator yields greater freedom than the 1�cos R, that is limited to the interval
[0, 2].
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Top Reconstruction at high √s
•Under active study!   

• t→Wb→3 jets.  Due to large boost, three jets will be close together 

•Reconstruct one large jet, and look for subjets. 

•e.g. using Valencia clustering algorithm developed for high-energy 
e+e− with R=1.5 
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•Jet de-clustering (FastJet extension), DOI: 10.1103/PhysRevLett.101.142001 
•Valencia jet clustering algorithm (R=1.5, β=1, !=1) + trimming 
•“JHTopTagger” + kinematic cuts (mt ∈ [145,205] GeV, mW ∈ [65,95] GeV) 
•Top quark mass recovered for sufficiently large jet radius (efficiency drop for R < 1.3) 
•Good discrepancy towards background processes without top
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