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• Introduction to the CLIC accelerator* 

• Detector requirements 

• CLIC detector overview 

• Physics program 

• Higgs, top, BSM 

• Conclusions & Summary

Outline

BICEP
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*See talk ‘Status and plans of the Compact Linear Collider project’ 
by Tobias Persson, Monday 11 July (17:45-18:05) 
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CLIC - Compact Linear Collider - e+e-

• Precision top and Higgs physics, deviations from SM 

• Search for new physics, unique sensitivity to electroweak particles

CLIC accelerating structure 
L~20 cm

Why do we need an e+e- collider after HL-LHC?

• Novel two-beam acceleration scheme 

• Provides e+e- collision up to 3 TeV 

• Rich physics program over ~ 20 years

CLIC - Linear e+e-  Collider @ CERN

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - lars.rickard.stroem@cern.ch

5

Centre-of-
mass energy

Main tunnel 
length

380 GeV 11.4 km

1.5 TeV 29.0 km

3.0 TeV 50.1 km

CLIC footprints near CERN, showing a possible construction scenario

CLIC - Compact Linear Collider - e+e-
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Main beams

Drive beams

Electrons Positrons

The beam of electrons are set to collide with the beam of positrons after acceleration

Detector

The electron drive beams supplies RF power
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• Drive beam accelerated to a few GeV using conventional klystrons 

• Frequency increased using a series of delay loops and combiner rings 

• Drive beam decelerated through an RF cavity → high frequency RF 
waves to be used to accelerate main electron/positron beam 

• Concept demonstrated at a dedicated test facility at CERN

Drive beam: 
• Low energy (2.4 GeV → 240 MeV) 
• High current (100 A)

Main beam: 
• High energy (9 GeV → 1.5 TeV) 
• Low current (1.2 A)

RF

CLIC Two-Beam Acceleration Scheme

• Beam only passes once - many accelerating cavities - control breakdown rate 

• High energy → high accelerating gradient (100 MV/m), Room temperature RF cavities 

• High luminosity → small beam size + alignment/stability

CLIC accelerating 
structure; L~20 cm

CLIC challenges

CLIC two-beam approach
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10.5 Impact of the Momentum Resolution
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Figure 10.14: �pT/p2
T resolution of muons depending on the polar angle ✓ and the transverse momentum extracted

from all fully simulated samples (left) and �pT/p2
T resolution in h ! µ+µ� events for di↵erent regions in ✓ (right).
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Figure 10.15: Di-muon invariant mass distribution for di↵erent �pT/p2
T resolutions (left) and relative statistical

uncertainty on the h ! µ+µ� cross section times branching ratio measurement depending on the �pT/p2
T resolu-

tion for an integrated luminosity of 2 and 5 ab�1 (right).

previous sections using the same boosted decision tree. Only the BDT selection cut has been changed
to optimize the significance. The di-muon invariant mass distribution of the signal and background
contributions are fitted to obtain their expected shapes and the cross section times branching ratio is
extracted from 100 toy Monte Carlo experiments. The impact of the �� ! hadrons background is not
included but expected to be similar to the results obtained in Section 10.4.

Fig. 10.15 (right) shows the resulting statistical uncertainty on the cross section times branching ratio
measurement depending on the momentum resolution, assuming a total integrated luminosity of 2 ab�1

and 5 ab�1, respectively. The points corresponding to the result from the full simulation sample obtained
in Section 10.3.3 are consistent with the results obtained from fast simulations. The relative statistical
uncertainty degrades noticeably for momentum resolutions worse than a few times 10�5 GeV�1. The
measurement does not improve for better momentum resolutions because of the intrinsic statistical fluc-
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• Impact parameter resolution - High-resolution pixel 
detector for flavour tagging (displaced vertices) 

• Small cell sizes needed for pattern recognition/background 
rejection 

• Track momentum resolution - σpT / pT
2 ~ 2 x 10-5 GeV-1 

• Need very good jet-energy resolution to distinguish W/Z 
di-jet decays (to be reached with Particle Flow Algorithm 
(PFA) - improve energy resolution by using tracking 
information) 

• σE / E ~ 3.5 % for jet energies in the range 100 GeV - 1 
TeV (5 % down to 50 GeV) 

• Interactions between colliding bunches constitute large 
experimental background (𝛾𝛾 → hadrons / e+e- pairs)  

• Overall need for precise timing to suppress background: 

• ~10 ns hit time-stamping in vertex/tracker detector 

• 1 ns accuracy for calorimeter hits 

• Angular coverage - Lepton identification, missing energy, 
very forward electron tagging

CLIC Detector Requirements
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From Physics Aims to Detector Needs
• Momentum resolution:

Higgs recoil, H → µµ or ℓ from BSM
σ(pT )

p2
T

∼ 2 × 10−5 GeV−1

• Jet energy resolution
W /Z/h di-jet separation
σ(E)

E ∼ 3.5 − 5%
for E = 1000 − 50 GeV

• Impact parameter resolution
b/c tagging, Higgs couplings

σrφ =
√

a2 + b2 · GeV/(p2 sin3 θ)
with a = 5 µm and b = 15 µm

• Angular coverage
very forward electron tagging down to θ = 0.6◦

• CLIC beam structure and beam-induced backgrounds
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Marko Petrič (CERN) The New CLIC Detector Model 3/17
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Higgs mass resolution study 

Jet mass resolution study

arXiv:1202.5940

arXiv:1402:2780

H → μ+μ-

Detector Requirements for performance physics

mH = 120 GeV
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• Optimised through simulation (3 TeV) 

• Ultra low-mass vertex detector; 6 x 0.2% X0  
per layer; 25 𝞵m square pixels, ~2 billion pixels 

• All-silicon tracker; 1.5 m radius, 4.6 m long 

• Fine grained calorimetry (PFA); ECAL/HCAL 

• Enclosed in a 4 T superconducting solenoid 
magnet (Rin = 3.4 m, L = 8.3 m) 

• Iron return yoke instrumented with muon 
chambers, for muon identification 

• Complex forward region: 

• LumiCal (luminosity monitoring) 

• BeamCal (extended coverage)

CLIC Detector Overview
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Detector model for CLIC
8100 tons!

11.4 m

12
.8

 m
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Physics at CLIC - A Staged Program
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1) √s = 380 GeV (500 fb-1) 
• Higgs/Top precision physics 

• Top mass threshold scan (350 GeV) 

2) √s = 1.5 TeV (1.5 ab-1) 
• Target: Precision SUSY, BSM reach 

• Higgs/Top precision physics 

• Rare Higgs decays 

• Top Yukawa coupling 

3) √s = 3 TeV (3.0 ab-1) 
• Target: Precision SUSY, BSM reach 

• Higgs self-coupling 

• Rare Higgs decays

DRAFT

4 CLIC staging baseline
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Figure 21: Integrated luminosity in the considered staging scenario. Years are counted from the start of
beam commissioning. This figure includes luminosity ramp-up of four years (5%, 10%, 25%,
50%) in the first stage and two years (25%, 50%) in subsequent stages.

Table 9: CLIC estimated power consumption for the updated staging scenario. Values at the 1.5 TeV and
3 TeV centre-of-mass energy stages are taken from the CDR [3].

p
s [TeV] Pnominal[MW] Pwaiting for beam[MW] Pstop[MW]

0.38 252 168 30
1.5 364 190 42
3.0 589 268 58

operation, of which 55 days are allocated to machine development and tuning runs, thus yielding 1251011

days for physics data taking (“luminosity runs”). This is the assumption used for estimating the build-up1012

of integrated luminosity in Figure 21.1013

For energy consumption, one also has to consider reduced operation in the first years at each energy1014

stage, similar to what was done in the CDR [3]. For example, at 380 GeV centre-of-mass energy a single1015

positron target is used for the first three years (-10 MW with respect to nominal).1016

At each centre-of-mass energy stage and during the first year, we consider the 180 days of operation to1017

be composed of three periods of 60 days each. In the first period, a bunch train is formed in order to1018

commission the drive-beam generation complex, and then to commission each decelerator in turn, one at1019

a time. In the second period, the main linacs are commissioned, one at a time. Nominal operation occurs1020

during the third period at nominal power. The energy is the power integrated over time, including the1021

period without beam. During operation with beam, an additional down-time of 50% is taken into account1022

in the first year.1023

At each centre-of-mass energy stage and during the second year, we consider the 180 days of operation to1024

be composed of two periods of 90 days. In the first period, only one main linac is powered at a time and1025

the additional down-time is taken at 30%. Nominal conditions are assumed in the second period. The1026

third year is nominal in all centre-of-mass energy stages. The build-up of electrical energy consumption1027

over the years is illustrated in Figure 24. For comparison, CERN’s energy consumption in 2015 was1028

approximately 1.3 TWh.1029
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3 CLIC post-CDR accelerator optimisation

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

Stage
p

s (GeV) Lint (fb�1)

1 380 500
350 100

2 1500 1500

3 3000 3000

At the higher CLIC energies, above 1 TeV, Higgs physics and top physics continue to provide guaranteed729

precision physics cases. Profiting from the increased cross sections at higher centre-of-mass energies,730

combined with larger instantaneous luminosities, Higgs production through WW and ZZ fusion yields731

significantly improved statistical accuracies, thereby also giving access to rare Higgs decay modes. The732

measurement of the top Yukawa coupling, through ttH production, provides optimal accuracy in the733

range 1 TeV to 1.5 TeV [43, 44]. The measurement of the Higgs self-coupling profits greatly from734

increasing rates at high
p

s, providing a unique opportunity for CLIC to measure the self coupling down735

to the 10% level at
p

s= 3 TeV. Top pair production at the higher CLIC energies has the potential of being736

a sensitive probe for BSM physics (see Section 2.4). Overall the high energy reach of CLIC provides737

significant potential for studying BSM phenomena, either by allowing for accurate measurements of738

new states previously discovered at LHC or by acting as a discovery machine in its own right. For739

new particles produced in pairs direct detection is possible up to the kinematic limit of
p

s/2. Indirect740

detection through precision observables profits from high
p

s in many cases as well, as illustrated with741

the Z0 and composite Higgs examples of Section 2.5.742

Based on our current knowledge, CLIC has its optimal physics physics potential when constructed and743

operated in three main energy stages: 380 GeV, 1.5 TeV and 3 TeV. Here, the low energy stage is chosen744

as the optimum between Higgs and top physics reach, and 3 TeV is the maximum which can presently745

be envisaged. The choice of the intermediate energy stage at 1.5 TeV is driven by the fact that this is the746

maximum which can be reached with a single CLIC drive-beam complex. Realistically, one can assume747

that CLIC will operate for the equivalent of 125 days per year at 100% efficiency (see Section 4.3). A748

period of luminosity ramp-up will be necessary at each stage of CLIC. Together with the expected peak749

luminosity at the different energies (see Section 4) this results in the integrated luminosities listed in750

Table 7.751

3 CLIC post-CDR accelerator optimisation752

3.1 Overview753

A first optimisation of the parameters for a 3 TeV CLIC accelerator complex was performed as early as754

2008, based on performance and cost models developed at that time. During the years leading to the755

CDR in 2012 [3], a large number of simulation studies and R&D tests validated most aspects of the756

CLIC design. In parallel, more detailed models on power consumption and cost of a 3 TeV CLIC facility757

were developed for the CDR. The results of those studies, together with physics scenarios envisaged758

at the time, provided the basis for the proposal to build CLIC in energy stages. In Volume 3 of the759

CDR [5], an example of the implementation and operation of CLIC in three energy stages is described.760

During the past years more high-gradient tests of the main linac accelerating structures have been made,761

which allows a review of the performance limitations which are used in the optimisation. The gradient762

Draft: 19.05.2016 – 03:01 25

CLIC Integrated luminosity

Dedicated time 
for top mass 
threshold scan

Each stage corresponds to 5-7 years• Optimal use of physics potential  

• Earlier start of physics 

• Defined by physics w. considerations 
for technical constraints

1 2 3
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Higgs Physics at CLIC
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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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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
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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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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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3 Overview of Higgs Production at CLIC1

A high-energy e+e� collider such as CLIC provides a clean2

experimental environment to study the properties of the Higgs3

boson with high precision. The evolution of the leading-4

order e+e� Higgs production cross sections with centre-of-5

mass energy is shown in Figure 2 for a Higgs boson mass of6

126GeV.7

The Feynman diagrams for the three highest cross section8

Higgs production processes at CLIC are shown in Figure 3.9

In the initial stage of operation at
p

s⇡ 350GeV, the Higgsstrahlung10

process (e+e� ! ZH) has the largest cross section, but the11

WW-fusion process (e+e�!Hnene ) is also significant. The12

combined study of these two processes probes the Higgs13

boson properties (width and branching ratios) in a model-14

independent manner. In the higher energy stages of CLIC15

operation (
p

s = 1.4TeV and 3TeV), Higgs production is16

dominated by the WW-fusion process, with the ZZ-fusion17

process (e+e� ! He+e�) also becoming significant. Here18

the relatively large WW-fusion cross section, combined with19

the high luminosity of CLIC, results in large data samples,20

allowing precise O(1%) measurements of the couplings of21

the Higgs boson to both fermions and gauge bosons. In addi-22

tion to the main Higgs production processes, rarer processes23

such as e+e� ! ttH and e+e� ! HHnene , shown in Fig-24

ure 4, provide access to the top Yukawa coupling and the25

Higgs trilinear self-coupling as determined by the parameter26

l in the Higgs potential. In all cases, the Higgs production27

cross sections can be increased with polarised electron (and28

positron) beams.29

Table 1 compares the expected numbers of ZH, Hnene and30

He+e� events for the three main CLIC centre-of-mass en-31

ergy stages. These numbers account for the effect of beam-32

strahlung and initial state radiation (ISR), which result in a33

tail in the distribution of the effective centre-of-mass energy34 p
s0. The impact of beamstrahlung on the expected numbers35

of events is relatively small. For example, it results in an ap-36

proximately 10% reduction in the numbers of Hnene events37

at
p

s > 1TeV (compared to the beam spectrum with ISR38
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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
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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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for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
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• Any deviation from SM Higgs couplings and its properties represents evidence for new physics 

• Precision Higgs physics is the main motivation for CLIC operation at 380 GeV 

• To fully exploit physics case we need several energy stages going up to multi-TeV energies 

• CLIC covers several Higgs production processes, Higgs factory! 

• Model-independent Higgsstrahlung process unique to an e+e- collider 

• Higgs couplings can be determined with a sub-percent statistical uncertainty
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Fig. 1: Longitudinal cross section of the top right quadrant of the CLIC_ILD (left) and CLIC_SiD (right) detector concepts.
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3 Overview of Higgs Production at CLIC1

A high-energy e+e� collider such as CLIC provides a clean2

experimental environment to study the properties of the Higgs3

boson with high precision. The evolution of the leading-4

order e+e� Higgs production cross sections with centre-of-5

mass energy is shown in Figure 2 for a Higgs boson mass of6

126GeV.7

The Feynman diagrams for the three highest cross section8

Higgs production processes at CLIC are shown in Figure 3.9

In the initial stage of operation at
p

s⇡ 350GeV, the Higgsstrahlung10

process (e+e� ! ZH) has the largest cross section, but the11

WW-fusion process (e+e�!Hnene ) is also significant. The12

combined study of these two processes probes the Higgs13

boson properties (width and branching ratios) in a model-14

independent manner. In the higher energy stages of CLIC15

operation (
p

s = 1.4TeV and 3TeV), Higgs production is16

dominated by the WW-fusion process, with the ZZ-fusion17

process (e+e� ! He+e�) also becoming significant. Here18

the relatively large WW-fusion cross section, combined with19

the high luminosity of CLIC, results in large data samples,20

allowing precise O(1%) measurements of the couplings of21

the Higgs boson to both fermions and gauge bosons. In addi-22

tion to the main Higgs production processes, rarer processes23

such as e+e� ! ttH and e+e� ! HHnene , shown in Fig-24

ure 4, provide access to the top Yukawa coupling and the25

Higgs trilinear self-coupling as determined by the parameter26

l in the Higgs potential. In all cases, the Higgs production27

cross sections can be increased with polarised electron (and28

positron) beams.29

Table 1 compares the expected numbers of ZH, Hnene and30

He+e� events for the three main CLIC centre-of-mass en-31

ergy stages. These numbers account for the effect of beam-32

strahlung and initial state radiation (ISR), which result in a33

tail in the distribution of the effective centre-of-mass energy34 p
s0. The impact of beamstrahlung on the expected numbers35

of events is relatively small. For example, it results in an ap-36

proximately 10% reduction in the numbers of Hnene events37

at
p

s > 1TeV (compared to the beam spectrum with ISR38
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Fig. 6: Reconstructed recoil mass distributions of e+e� ! ZH events at
p

s = 350GeV, where ZH ! µ+µ�X (a) and
ZH ! e+e�X with bremstrahlung recovery (b). All distributions are normalised to an integrated luminosity of 500fb�1.

cision on the ZH cross section is:1

Ds(ZH)

s(ZH)
= 3.8% .2

3

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

+ bremstrahlung 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.

5.1.2 Invisible Higgs Decays4

The above recoil mass analysis of leptonic decays of the5

Z boson in e+e� ! ZH events provides a measurement of6

the Higgsstrahlung cross section, independent of the Higgs7

boson decay model. The recoil mass technique can also be8

used to search for BSM decay modes of the Higgs boson9

into long-lived neutral “invisible” final states. At an e+e�10

collider a search for invisible Higgs decays is possible by11

identification of e+e� ! ZH events with a visible Z ! qq12

decay and missing energy. Such events would typically pro-13

duce a clear two-jet topology with invariant mass consistent14

with mZ, significant missing energy and a recoil mass corre-15

sponding to the Higgs mass.16

To identify candidate invisible Higgs decays, a loose pre-17

selection is imposed requiring: i) a clear two-jet topology,18

defined by log10(y23)<�2.0 and log10(y34)<�3.0, where19

the y-cut variables are defined in Section 4.2; ii) a di-jet in-20

variant mass consistent with the Z mass, 84GeV < mqq <21

104GeV; and iii) the reconstructed momentum of the candi-22

date Z boson pointing away from the beam direction, |cosqZ |<23

0.7. After the preselection, a BDT multivariate analysis tech-24

nique was applied using the TMVA package [40] to further25

separate the invisible Higgs signal from the SM background.26

In addition to mqq , |cosqZ | and log10(y23), four other dis-27

criminating variables were employed: mrec, the recoil mass28

of the invisible system recoiling against the observed Z bo-29

son; |cosqq |, the decay angle of one of the quarks in the Z30

rest frame, relative to the direction of flight of the Z boson;31

pT, the magnitude of the transverse momentum of the Z bo-32

son; Evis, the visible energy in the event. As an example,33

Figure 7 shows the recoil mass distribution for the simu-34

lated invisible Higgs decays and the total SM background.35

The cut applied on the BDT output was chosen such that it36

minimises the statistical uncertainty on the cross section for37

invisible Higgs decays.38

In the case where the branching ratio to BSM invisible final39

states is zero (or very small), the uncertainty on the invisible40

branching ratio is determined by the statistical fluctuations41

on the background after the event selection:42

DBR(H ! invis.) =
p

b
s(100%)

,43

11

Z → μ+μ-

• Why so important? Sets the absolute scale for all model-independent Higgs 
coupling measurements  

• Model-independent measurements of Higgs properties from Z-recoil mass 

• Independent of the Higgs decay mode  

• Combined analysis, Z→e+e-, Z→µ+µ-, Z→qq: 

• Absolute coupling of the H boson to the Z boson, Δ(gHZZ) = 0.8 % (stat.) 

• Unique sensitivity to invisible decay modes (𝛤invis/𝛤H < 0.01 at 90 % C.L.) 

• High flavour-tagging efficiencies → H branching fractions 

• 6.3 % (stat.) precision on the total Higgs decay width
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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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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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Vector Boson Fusion 

• Dominant channel > 450 GeV 

• WW-fusion: Constraint on the H coupling to W, gHWW 

• Precise coupling measurements 

• Rare Higgs decays like H → μ+μ−

• High luminosity and high energy crucial for e+e− → HHνeνe 

• Only 225 (1200) HHνeνe events at 1.4 (3) TeV 

• Sensitive to Higgs tri-linear self-coupling and the quartic 
coupling, direct probe of the Higgs potential 

• Quartic coupling gHHWW: ∼3 % 

• Self-coupling λ: about 10 % (HL-LHC 50 %)
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range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11
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constructed in the central parts of the detectors while good6

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

cial at
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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
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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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Higgs Physics at Higher Energies

Top Yukawa Coupling 

• Determined from direct production where a Higgs boson is 
produced in association with a top quark pair 

• CLIC Precision: 4 % (stat.) for 1.5 TeV including electron 
polarisation (HL-LHC: (7-10) % (stat.) for one experiment)
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Double Higgs Production - Very high precision for CLIC
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account. Each new stage also includes all measurements of1

the previous stages. Table 30 summarises the results. They2

are graphically illustrated in Figure 26. Since the model-3

independence of the analysis hinges on the absolute mea-4

surement of s(ZH) at 350GeV, which provides the cou-5

pling gHZZ, the precision of all other couplings is ultimately6

limited by this uncertainty.7

11.2 Model-dependent Fit8

For the model-dependent fit, it is assumed that the Higgs9

decay properties can be described by ten independent pa-10

rameters kHZZ, kHWW, kHbb , kHcc , kHtt , kHµµ , kHtt , kHgg ,11

kHg g and kHZg . These factors are defined by the ratio of the12

Higgs partial width divided by the partial width expected in13

the Standard Model as:14

k2
i = Gi/G SM

i .15

In this scenario, the total width is given by the sum of the ten16

partial widths considered, which is equivalent to assuming17

no invisible Higgs decays. The variation of the total width18

from its SM value is thus given by:19

GH,md = Â
i

k2
i BRi, (3)20

where BRi is the SM branching fraction for the respective fi-21

nal state and the subscript “md” stands for “model-dependent”.22

To obtain these branching fractions, a fixed value for the23

Higgs mass has to be imposed. For the purpose of this study,24

126GeV is assumed. The branching ratios are taken from the25

LHC Higgs cross section working group, ignoring theoreti-26

cal uncertainties. To exclude effects from numerical round-27

ing errors, the total sum of BR’s is normalised to unity.28

With these definitions, the Ci’s in the c2 take the following29

forms: for the total e+e� ! ZH cross section:30

CZH = k2
HZZ;31

while for specific final states such as e+e� ! ZH; H ! bb32

and e+e� ! Hnene ; H ! bb:33

CZH,H!bb =
k2

HZZk2
Hbb

GH,md
34

and:35

CHne ne ,H!bb =
k2

HWWk2
Hbb

GH,md
,36

respectively.37

co
up

lin
g 

re
la

tiv
e 

to
 S

M

0.9

1

1.1

0.5%

2.5%

HΓ

µ

c τ b

t

W Z g

γ

γZ

H

CLICdp
model dependent

350 GeV
+ 1.4 TeV
+ 3 TeV

Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
dependent fit.

Since at the first energy stage of CLIC no significant mea-38

surements of the H ! µ+µ� and H ! g g decays are possi-39

ble, the fit is reduced to six free parameters (the coupling to40

top is also not constrained, but this is without effect on the41

total width) with an appropriate rescaling of the branching42

ratios used in the total width for 350GeV.43

Parameter Relative precision

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

kHZZ 0.57 % 0.37 % 0.34 %
kHWW 1.1 % 0.21 % 0.14 %
kHbb 2.0 % 0.41 % 0.24 %
kHcc 5.9 % 2.2 % 1.68 %
kHtt 3.9 % 1.5 % 1.1 %
kHµµ � 14.1 % 7.8 %
kHtt � 4.0 % 4.0 %
kHgg 3.2 % 1.6 % 1.2 %
kHg g � 5.6 % 3.1 %
kHZg � 15.6 % 9.1 %

GH,md,derived 1.6 % 0.41 % 0.28 %

Table 31: Results of the model-dependent fit. Values marked
"�" can not be measured with sufficient precision at the
given energy. For gHtt , the 3TeV case has not yet been stud-
ied, 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 Equation 3, taking the parameter correla-
tions into account.

35

13

Higgs Physics at CLIC - Global Fits

Global fit results of full CLIC program, ~5-7 years of running at each stage 
• Model-independent: down to ~2 % for most couplings (only at lepton colliders) 
• Model-dependent: ~0.1-1 % for most couplings 
• Accuracy on Higgs width: ~3.6 % (MI), ~0.3 % (MD, derived) 
• Higgs mass with 24 MeV precision (HL-LHC: ~50 MeV)
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cross section s in the case of the measurement of e+e� !1

ZH via the recoil mass technique or cross section ⇥ branch-2

ing ratio s ⇥BR for specific Higgs production modes and3

decays. To obtain the expected sensitivity for CLIC it is as-4

sumed that for all measurements the value expected in the5

SM has been measured, so only the statistical uncertainties6

of each measurement are used in the c2 calculation. The c2
7

for one individual measurement is then given by:8

c2
i =

(Ci/CSM
i �1)2

DF2
i

,9

where Ci is fitted value of the relevant combination of rele-10

vant Higgs couplings (and total width) describing the partic-11

ular measurement, CSM
i is the SM expectation, and DFi is the12

statistical uncertainty of the measurement of the considered13

process. The full c2 then is given by:14

c2 = Â
i

(Ci/CSM
i �1)2

DF2
i

.15

The Ci’s depend on the particular measurements and on the16

type of fit (model-independent or model-dependent), given17

in detail below. In addition, correlations between measure-18

ments are taken into account in cases where they are ex-19

pected to be large. This applies to the measurements of s ⇥20

BR for H ! bb ,cc ,gg in Higgsstrahlung and WW-fusion21

events at 350 GeV, which are extracted in a combined fitting22

procedure.23

11.1 Model-independent Fit24

The model-independent fit makes minimal assumptions, such25

as the narrow width approximation, to provide the descrip-26

tion of the individual measurements in terms of Higgs cou-27

plings and of the total width, GH. Here, the total cross section28

of e+e� ! ZH depends on:29

CZH = g2
HZZ ,30

while for specific final states such as e+e� ! ZH; H ! bb31

and e+e� ! Hnene ; H ! bb:32

CZH,H!bb =
g2

HZZg2
Hbb

GH
33

and:34

CHne ne ,H!bb =
g2

HWWg2
Hbb

GH
,35

respectively.36

The fit is performed with 11 free parameters: gHZZ, gHWW,37

gHbb , gHcc , gHtt , gHµµ , gHtt and GH, as well as the three38
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Fig. 26: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
independent fit.

effective couplings g†
Hgg , g†

Hg g and g†
HZg . The latter three39

parameters are treated in the same way as the physical Higgs40

couplings in the fit.41

Parameter Relative precision

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

gHZZ 0.8 % 0.8 % 0.8 %
gHWW 1.3 % 0.9 % 0.9 %
gHbb 2.8 % 1.0 % 0.9 %
gHcc 6.0 % 2.3 % 1.9 %
gHtt 4.2 % 1.7 % 1.4 %
gHµµ � 14.1 % 7.8 %
gHtt � 4.1 % 4.1 %

g†
Hgg 3.6 % 1.8 % 1.4 %

g†
Hg g � 5.7 % 3.2 %

g†
HZg � 15.6 % 9.1 %

GH 6.4 % 3.7 % 3.6 %

Table 30: 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.

The fit is performed in three stages, taking the statistical42

uncertainties obtainable from CLIC at the three considered43

energy stages (350GeV, 1.4TeV, 3TeV) successively into44

34

Model-independent global fits Model-dependent global fits
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Top Physics at 380 GeV

DRAFT

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

p
s = 350GeV [34]. b: Correlation between

the top mass mt and the strong coupling constant as extracted from the threshold scan [34].

Theoretical evaluations of the evolution of the top pair production cross section close to the threshold are588

available to high orders (next-to-next-to leading order, NNLO) allowing for a clean extraction of the top589

mass in the theoretically well-defined 1S mass scheme. The 1S mass is here the first resonance of the tt590

system (from 1S, 2S et cetera) for the case that it would build a quark-antiquark bound state. As the top591

quark decays before building a bound state, its resonances are smeared out.592

Using a two-dimensional template fit to the threshold, the 1S mass of the top quark and the strong593

coupling constant as can be extracted simultaneously (see Figure 7(b)). The statistical uncertainty on the594

measured top mass using this method is 33 MeV. The total uncertainty of the top mass in the threshold595

scan approach, including also the theoretical uncertainty and systematic uncertainties on the beam energy,596

the luminosity spectrum and the background subtraction, amounts to approximately 50 MeV.597

Using as, the 1S mass of the top quark extracted in this threshold scan can be transformed into the MS598

mass scheme commonly used in electroweak precision calculations. Using the current world average of599

the as uncertainty, this results in additional theory uncertainties of the order of 40-100 MeV. It however600

is expected that the theoretical as well as the experimental as uncertainties can be reduced in the near601

future, such that these additional mass uncertainties can be further reduced to approximately 10 MeV.602

Invariant mass technique The invariant mass measurement of the top quark has been studied in terms603

of a CLIC collider at
p

s = 500GeV, for an integrated luminosity of 100 fb�1. With a top pair production604

cross section of 530 fb at
p

s = 500GeV this results in 53000 tt events allowing for a precision meas-605

urement. By using maximum likelihood fits to the reconstructed invariant mass distributions, shown in606

Figure 8 as example for fully-hadronic events, and by comparing the measured invariant mass distribu-607

tion with that predicted by leading order (LO) event generators, a top mass compatible with the input608

value can be extracted, with a statistical precision of 80 MeV [34].609

Relevant systematic uncertainties, for instance including the uncertainty of jet energy scale, are limited610

to a similar level as the statistical uncertainty. The extracted top width is compatible with the input value611

and it has a statistical uncertainty of 220 MeV.612

An advantage of the top quark invariant mass measurement is that it can be performed at any centre-of-613

mass energy above the top pair production threshold. A disadvantage is, however, that currently the top614

mass is obtained only in the context of the LO event generator used in the comparison to data. Next-to615

Draft: 17.05.2016 – 03:02 20

Threshold scan• Threshold scan (analogous to the LEP2 WW mass scan) 

• Shape depends strongly on mass 

• Normalisation sensitive to αS and top Yukawa coupling 

• Extraction of the theoretically well-defined 1S top mass with accuracy 
~50 MeV (order of magnitude beyond HL-LHC)

12CLICdp overview, CERN, january 2016

Top quark physics

Top quark pair production

- ttZ coupling is a sensitive probe that may

present sizeable deviations for BSM at 10-30 TeV

 

LC prospects are an order of magnitude better than LHC
500 GeV: larger boost and smaller theory uncertainty

+top mass to 50 MeV, t → cH to 10-5

Coordinated effort towards a top paper
See talk by I. Garcia

Top mass measurements (run at 350 GeV with 100 fb-1):

Top quark couplings to Z and 𝛾 - high precision:

• Close to maximum of tt production cross section 

• Determining top form factors through measurement of cross-sections 
and forward-backward asymmetries for different polarisations 

• In many BSM models top EW couplings substantially modified 

• CLIC (solid green) an order of magnitude better than HL-LHC (red)

• The top quark is of particular interest - couples strongly to Higgs field 

• May be first place a new particle shows up if strong coupling to mass

Exotic top quark decays (competitive limits on e.g. t → cH, t→ c𝛾)
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Top Physics at High Energy

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

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

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

• Further explore top form factors 

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

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

• Significant improvement going to higher energies

Boosted tops at 1.4 TeV 
Fully hadronic final state 

√s’ > 1350 GeV 
- WORK IN PROGRESS -

Effective D6 operators

“4-fermion” 
operators

“vertex” 
operators

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

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

• Measurement of CKM νtb looks promising

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

Top as a probe for new physics
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Direct production of new particles  

• Possible up to the kinematic limit 

• Precision measurements of new particle masses and 
couplings 

• Complements the HL-LHC program to measure 
heavy SUSY partners
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BSM Physics at CLIC - Introduction

3CLICdp overview, CERN, january 2016

CLIC physics

sparticles in SUSY 
example (not excluded 
by LHC results)

• Examples of benchmark studies shown 
on the following two slides 

• Studies constructed to show the CLIC 
detector capability (not always optimal 
channel for each measurement) 

• In general always able to measure the 
mass and other properties

New territory to explore  

• SUSY particles with strong electro-weak coupling 
might be hidden in the LHC due to the large 
backgrounds

Indirect searches through precision observables 

• Compare couplings/cross-sections to SM 

• Allows discovery of BSM signals beyond the centre-
of-mass energy of the collider
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BSM Physics at CLIC - Direct Measurements

Masses from endpoints of energy spectra Chargino and Neutralino pair-production
• The slepton and gauginos masses are extracted from the 

position of the kinematic edges of the lepton energy 
distribution 

• Slepton mass precision < 1 % for sleptons below 1 TeV

Heavy Higgs bosons
Complex final states!

Single photon + missing ET allow model-
independent searches for dark matter candidates.

Mono-photon events

Prospects for BSM Physics at CLIC
Sleptons and Gauginos

• Slepton signature very clean: leptons
and missing energy

e+e− → µ̃+
R µ̃−

R → µ+µ−χ̃0
1χ̃

0
1

• Endpoint of spectra → mass
• Slepton mass precision < 1% for

sleptons below 1 TeV

• Chargino and neutralino → 4 jets
and EMiss

e+e− → χ̃+
1 χ̃−

1 → χ̃0
1χ̃

0
1W +W −

e+e− → χ̃0
2χ̃

0
2 → χ̃0

1χ̃
0
1h+h−

e+e− → χ̃0
2χ̃

0
2 → χ̃0

1χ̃
0
1Zh

• Gaugino mass precision 1 − 1.5%
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CLIC 3 TeV
Prospects for BSM Physics at CLIC
Heavy Higgs Bosons

• Degenerate in mass → complex final state, heavy flavour jets
e+e− → HA → bbbb
e+e− → H+H− → tbbt

• Separation requires heavy-flavour tagging (benchmark for
detector optimisation)

• Precision of 0.3% on heavy Higgs masses
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CLIC 3 TeV  
(2 ab-1)

• Mass precision, Δm/m = 0.3 % 
• H0, A0, H+/- almost degenerate in mass, 

separation requires heavy-flavour 
tagging

• Reconstruct W/Z/H in hadronic decays (4j + missing ET) 
• Precision on the measured gaugino masses (few hundred 

GeV): Δm/m = 1 - 1.5%

Slepton masses 1.0-1.1 TeV 

H0A0

arXiv:1202.5940

arXiv:1202.5940

(82 %)
(17 %)
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BSM Physics at CLIC - Indirect Measurements

Z’ from fermion pair production Vector boson scattering
Precision study of e+e- → μ+μ-

• Hypothetical gauge boson arising from extensions of the 
electroweak symmetry of the SM 

• High-precision measurement of the properties of the SM 
Z boson → model-dependence through Z’ and Z mixing  
(cross-section, FB-asymmetry, LR-asymmetry) 

• Minimal anomaly-free Z’ (AFZ’) model: Discovery up to 
tens of TeV (HL-LHC reaches ~8 TeV with 3ab-1) 
(depending on the couplings) 

• Precision measurement of effective couplings, if LHC 
discovers Z’ (e.g. for MZ’ = 5 TeV)

• Sensitive to new physics in the Higgs sector 
• Search for additional resonances or anomalous 

couplings 
• At first glance, CLIC at 3 (1.5) TeV roughly two 

(one) orders of magnitude more precise than 
LHC at 8 TeV, for anomalous couplings

Anomalous coupling

C. Fleper, ECFA LC2016

1 sigma exclusion contours 
and 90% exclusion sensitivity 

arXiv:1208.1148

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - lars.rickard.stroem@cern.ch

New documents to be published very soon: 

• Staging baseline - ‘Updated baseline for a staged Compact Linear Collider’ 

• Higgs physics paper - ‘Higgs Physics at the CLIC Electron-Positron Linear Collider’

19

• The CLIC accelerator is an attractive option for a future e+e- collider at CERN and 

the only option for an e+e- multi-TeV machine 

• Feasibility demonstrated through extensive simulation and prototyping, accelerator 

and detector R&D 

• CLICdp has a well-established physics program, and can provide an evolving and 

rich physics case over several decades including a staged implementation 

• CLIC opens up the possibility of e+e- collisions with √s >> 1 TeV, giving improved 

precision of many observables and access to rare Higgs decays + discovery machine 

for BSM physics at the energy frontier 

• Close eye is being kept on LHC results, strategy can be adapted to potential LHC/

HL-LHC discoveries

Conclusions & Summary
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Hadron vs. Lepton Colliders
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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.

(H) [deg]θ
0 50 100 150

(H
)

θ
/d
σ

 d
σ

1/

0

0.01

0.02

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

CLICdp single Higgs production

Fig. 5: 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

p-p collisions e+e- collisions
 Protons are compound objects: 
 → Initial state not known event-by-event 
 → Limits achievable precision

 e+e- are point like: 
 → Initial state well defined (√s / polarisation) 
 → High-precision measurements

 Circular colliders feasible  Linear colliders (avoid synchrotron rad.)

 High rates of QCD backgrounds 
 → Complex triggering schemes 
 → High levels of radiation

 Cleaner experimental environment 
 → Trigger-less readout 
 → Low radiation levels

 High cross-sections for coloured states  Superior sensitivity for electroweak states

from discovery to precision
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CLIC (Compact Linear Collider) @ CERN 

• Novel two-beam acceleration scheme, 

• Room temperature RF cavities, 

• Accelerating gradient 100 MV/m, 

• Provides e+e- collision up to 3 TeV 

• Staging baseline*: 380 GeV, 1.5 TeV, 3TeV, 

• Physics + Detector studies for 350 GeV - 3 TeV, 

• CLIC focus is on the energy frontier! 

• Rich physics program over ~ 20 years

ILC (International Linear Collider) 

• ‘Conventional’ superconducting RF cavities, 

• Accelerating gradient 32 MV/m, 

• √s ≤ 500 GeV (1 TeV upgrade option), 

• 30 km length, 

• Focus on ≤ 500 GeV, physics studies also for 1TeV.

CLIC accelerating structure

Linear e+e- Colliders
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Why do we need two-beam acceleration? 

• Compact accelerator (~tens of km) → High acceleration fields → High frequency RF is a challenge → Use 
drive beam powered by conventional klystrons

The challenge with high frequency RF

• Unfortunately it is not easy/efficient/practical to produce high frequency RF 

• Klystrons generally used for particle acceleration, but drop in efficiency beyond a few GHz 

• CLIC approach is to conventionally accelerate a low-frequency particle beam, up the frequency of this beam, 
then using similar structures to the accelerating cavities extract the RF power (use the beam as an RF generator) 
and use this to drive the main beam

• First: Take a high current beam and use 
conventional klystrons to accelerate it to a few GeV 

• Second: Using a series of delay loops and combiner 
rings, interleave the bunches of the beam in order 
to increase the frequency 

• Third: pass this beam (the ‘drive’ beam) through an 
RF cavity to generate the high frequency RF waves 

• Fourth: Use these high frequency RF waves to 
generate the accelerating gradient for the main 
beam

mailto:lars.rickard.stroem@cern.ch?subject=


2013 - 2019 Development Phase 

Development of a Project Plan for a 
staged CLIC implementation in line with 
LHC results; technical developments with 
industry, performance studies for 
accelerator parts and systems, detector 
technology demonstrators

2020-2025 Preparation Phase 

Finalisation of implementation 
parameters, preparation for industrial 
procurement, Drive Beam Facility and 
other system verifications, Technical 
Proposal of the experiment, site 
authorisation

2025 Construction Start 

Ready for construction; 
start of excavations

2035 First Beams 

Getting ready for data taking by 
the time the LHC programme 
reaches completion

2019 - 2020 Decisions 

Update of the European Strategy for 
Particle Physics; decision towards a next 
CERN project at the energy frontier 
(e.g. CLIC, FCC)

2026 - 2034 Construction Phase 

Construction of the first CLIC 
accelerator stage compatible with 
implementation of further stages; 
construction of the experiment; 
hardware commissioning

CLIC Strategy and Objectives



Rickard Ström - lars.rickard.stroem@cern.ch

CLIC Two-Beam Acceleration Scheme
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?

 @ 3TeV
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CLIC Tunnel Layout
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CTF3 - two-beam acceleration module

29

Installed two-beam acceleration module in CTF3 
(according to latest CLIC design) 
First two-beam tests stand reached 145 MV/m (2012)

Drive beam

Main beam

Delay 
Loop

Combiner 
Ring

Drive Beam 
Linac

CLEX
CLIC EXperimental Area

Two-Beam Test Stand (TBTS)
Test Beam Line (TBL)

10 m
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What is the impact of the two-beam acceleration scheme? 

• The beam (and bunch) structure is rather distinct 

• Very small beam size at IP leads to very high E-field 

• Interactions between colliding bunches, even in the absence of a ‘hard’ 
interaction (~1 interesting event per bunch train), constitute large 
experimental background (𝛾𝛾 → hadrons / e+e- pairs), 

• Reduced to manageable level by combined pT and timing cuts in the 
subdetectors 

• Energy losses right at the interaction point leads to luminosity spectrum 
(compare ISR), but most physics processes are studied well above 
production threshold and profit from full luminosity

The CLIC beam structure

30

2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

coherent process consists of the interaction of the real beamstrahlung photons with the collective elec-
tromagnetic field of the opposite beam. The coherent production of e+e� pairs will increase the total
number of colliding electrons and positrons by about 9%. The production of coherent pairs from the
virtual photons associated with the beam particles (trident pairs) is roughly an order of magnitude lower
than the production of coherent pairs [9]. The incoherent production of pairs arises from the interaction
of both real or virtual photons with individual particles of the other beam. There are three main physical
processes responsible for the production of incoherent pairs: the Breit-Wheeler (BW) process which is
the interaction between two real photons from beamstrahlung; the Bethe-Heitler (BH) process of the
interaction of a real photon and a virtual photon associated with a beam particle; and the Landau-Lifshitz
(LL) process of the interaction between two virtual photons. The GUINEAPIG calculation for the BH
and LL processes uses a Weizsäcker-Williams approach, known as the Equivalent Photon Approximation
(EPA). In the EPA, the equivalent spectrum of virtual photons is convolved with the real photon interac-
tion cross sections. The production of incoherent pairs in GUINEAPIG has been compared to other codes
in [5] and [10].

Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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Fig. 2.2: The distributions of the beam related backgrounds: (left) Fraction of energies for the particles of
each background source. (right) Angular distribution of the produced background particles. Both plots
are for CLIC at

p
s = 3 TeV.
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2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

coherent process consists of the interaction of the real beamstrahlung photons with the collective elec-
tromagnetic field of the opposite beam. The coherent production of e+e� pairs will increase the total
number of colliding electrons and positrons by about 9%. The production of coherent pairs from the
virtual photons associated with the beam particles (trident pairs) is roughly an order of magnitude lower
than the production of coherent pairs [9]. The incoherent production of pairs arises from the interaction
of both real or virtual photons with individual particles of the other beam. There are three main physical
processes responsible for the production of incoherent pairs: the Breit-Wheeler (BW) process which is
the interaction between two real photons from beamstrahlung; the Bethe-Heitler (BH) process of the
interaction of a real photon and a virtual photon associated with a beam particle; and the Landau-Lifshitz
(LL) process of the interaction between two virtual photons. The GUINEAPIG calculation for the BH
and LL processes uses a Weizsäcker-Williams approach, known as the Equivalent Photon Approximation
(EPA). In the EPA, the equivalent spectrum of virtual photons is convolved with the real photon interac-
tion cross sections. The production of incoherent pairs in GUINEAPIG has been compared to other codes
in [5] and [10].

Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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CLIC$machine$environment$

Lucie$Linssen,$CLIC$for$high>school$teachers,$24$July$2014$ 27$

CLIC$machine$environment$
Beam#related#background:#
% $Small$beam$profile$at$IP$leads$very$high$E>field$
$

& $Beamstrahlung#
& $Pair>background$

& High$occupancies$
& $γγ$to$hadrons$

& Energy$deposits$

�/�� q

q�/��

Beamstrahlung$'$important$energy$losses$
right$at$the$interacEon$point$
$

E.g.$full$luminosity$at$3$TeV:$$
$5.9$×$1034$cm>2s>1$

Of$which$in$the$1%$most$energeEc$part:$
$2.0$×$1034$cm>2s>1$

$

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

3$TeV$
√s$
energy$spectrum$

Train repetition rate 50 Hz

1 train = 312 bunches, bunch spacing 0.5 ns, N=109

20 ms gaps

arXiv:1202.5940

arXiv:1202.5940

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - lars.rickard.stroem@cern.ch

Combined pT and timing cuts 
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e+e- → H+H- → tbbt → 8 jets

1.2 TeV background in reconstruction 
time window 

85 GeV background after tight cuts 

Apply cluster-based timing cuts: 
• Cuts depend on particle-type, pT and detector region, 
• Allows to protect high-pT physics objects. 
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Vertex Detector
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1 Introduction

Figure 1: Schematic view from the physics simulation model of the CLIC vertex detector (from [1]).

1 Introduction

The vertex detector in the CLICdet_2015 detector model is composed of 3 double layers in the barrel
and 3 double spirals in the forward region. Its main parameters are presented in [1]. A schematic view
from the physics simulation model is shown in Figure 1.

Strict requirements are set in terms of material budget for the detectors in the inner region of the CLIC
detector concept, especially for the vertex detector where a goal of 0.40% X/X0 per double-sided layer
is set (of which 0.21% correspond to the 200 µm of silicon required for the sensors and readout chips).
This puts severe constraints on the amount of material that can be used for support, services and cooling
of the detectors.

To fulfil the material budget requirements, solutions can be found using, for example, lightweight
materials like carbon fibre reinforced composites or specialized structural foams for the supports, and
aluminium cables for power delivery and data transmission. However, the use of conventional liquid/two-
phase cooling solutions would result in a significant increase in material budget from both the cooling
medium and its tubing. Therefore, the use of a dry gas (air or N2) as a coolant has been proposed for the
inner region detectors as a means to achieve the specified material budget.

The initial studies on the feasibility of this cooling solution have been performed using Computa-
tional Fluid Dynamics (CFD) models and the results are documented in [2]. Due to the difficulty in
accurately modelling all the details that influence the performance of the cooling system, experimental
tests are required in order to validate the results of the CFD simulations. This note presents the two ex-
perimental set-ups that have been built to check the feasibility of air cooling for the CLIC vertex detector.

In order to better understand how a single vertex detector stave would behave under the action of an
air cooling stream, a benchtop wind tunnel was built as a first step in the validation of the air cooling
solution. The results obtained with this wind tunnel are presented in Chapter 2. As a second step, a 1:1
scale thermal mock-up of the vertex detector was built and tested, with the first results documented in
Chapter 3.

2

Vertex Detector
• Using flavour tagging, occupancy and resolution to optimise

◦ Material Budget
(most important)

◦ Layer positions
◦ Spiral geometry
◦ Single vs. double layer
◦ Coverage θ > 7◦

Parameters
Double layers (0.2%X0 detection layer)
Rin = 31 mm
Spiral geometry in endcaps (airflow)
∼ 1 m2 area
∼ 2G pixels (25 µm pixel)

Marko Petrič (CERN) The New CLIC Detector Model 4/17
4/17

3 spiral double layers 
in the forward region

3 cylindrical double 
layers in the barrel

• Very thin materials/sensors: 0.2% X0 material 
per layer (equivalent to 200 𝞵m of Si), 

• Low-power design (no material budget for 
cooling components): 

• power pulsing at 50 Hz,  

• air cooling strategy (spiral airflow), 

• ~2 billion pixels, 

• 25 𝞵m square pixels (charge + time). 

• Single point resolution of ~3 𝞵m (needed for 
flavour tagging), 

• Coverage 𝛉>7°, 

• Radiation level <1011 neqcm-2year-1                       

(104 lower than LHC!).

Ultra low-mass vertex detector:
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DRAFT

5 Silicon Tracker

5 Silicon Tracker197

(FIXME - The text of this chapter needs to be revised - the first figure is ok now).198

The tracking systems for the two CDR detector models were (a) a TPC for CLIC_ILD and (b) a full199

silicon tracker for CLIC_SiD. Occupancy studies using the CLIC 3 TeV beam conditions [5] [6] found200

about 30% occupancy in the TPC pads (without safety factors), caused mainly by the long readout time of201

the TPC and the fact that background hits are integrated over the full CLIC bunchtrain. It was concluded202

that the next CLIC detector model would have a full silicon tracker. It should be noted that, therefore,203

vertex and tracker are dealt with, in the reconstruction, as one tracking system.204

The overall layout of the silicon tracker in CLICdet_2015 is shown in Figure 10. The tracking volume205

has a radius of 1.5 m and a half-length of 2.3 m. The tracker is built from five barrel layers, closed off206

by forward tracker disks. The system is completed by two additional large tracker disks on either side of207

the barrel.208

For installation and maintenance reasons, a conceptual design for supporting the vertex detector and209

beam vacuum tube in a support cylinder had been proposed [14]. This support cylinder had a diameter210

just large enough to fit around the conical vacuum pipe. However, such a layout would prevent the211

forward tracker disks to cover the smallest possible angles, thus penalising tracking in a region which is212

already suffering from the small
R

B dl. A support cylinder at a larger radius helps avoiding this issue.213

In conclusion, combining the needs for vertex and tracker, it turned out to be an advantage to enlarge214

the diameter of this support cylinder such that it encompasses the vertex detector, the vacuum pipe and215

the two inner layers of the barrel tracker. As a consequence, the tracker system is divided by the support216

tube into an "inner" and "outer" tracker region 1.217

Figure 10: Overall layout of the tracking system: the area in darker red illustrates the support tube for
the inner tracking region and the vertex detector. The central grey area is the envelope for the
air cooling of the vertex detector.

The CLICdet_2015 model has an extended tracking system when compared to the CDR detector mod-218

els, in particular in the forward region. This is naturally reflected in the number of expected hits as a219

function of polar angle q , as shown in Figure 11.220

1Ideas on the engineering design for a support of the outer tracker elements are still evolving

Draft: 23.02.2016 – 13:07 11

All-silicon tracker in 4T field: 

• Low material budget 1-2%X0 per layer, 

• Single point resolution of ~7 𝞵m, 

• Large occupancy for pattern recognition (at least 8 
hits for 𝛉>8°), 

• Ongoing optimisation of the track layout, number of 
layers, material budget, etc. 

• Inner tracker: 3 barrel layers and 7 forward disks. 

• Outer tracker: 3 barrel layers and 4 forward disks

4.6 m

3 
m

Fine-grained calorimeters 
• ECAL - 40 layers of tungsten absorbers interleaved with 

silicon sensors of 5x5 mm2 (corresponding to 23 X0), 

• Configuration re-optimised to ensure good resolution of 
high energetic photons, 

• HCAL - 60 layers of steel absorbers interleaved with 
scintillator tiles of 30x30 mm2 

• The CLICdp collaboration contributes to the CALICE 
and FCAL R&D collaborations, which have constructed 
and tested fine-grained SiW ECALs, a 1m3 prototype 
ScW HCAL and forward calorimeter prototypes.

210 GeV 𝜋-
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Particle Flow Calorimetry

• Typical jet contains 60 % charged hadrons, 30 % photons and 10 % neutral hadrons 

• Intrinsically “poor” HCAL energy resolution typically limits jet energy resolution 

• Identify contributions which come from charged hadrons and use information from the tracking system instead 

• Apply corrections for different identified deposits

• Particle flow algorithms (PFA) not a new concept 
→ first used by ALEPH 

• Currently planned for the CMS end-cap 
calorimeter upgrade 

• New application to high grain calorimeters 

• Most popular algorithm ‘PandoraPFA’ 
developed at Cambridge, initially for use at 
linear collider 

• Complicated multi-variate analysis using 
information from full detector
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Top Physics at 380 GeV

Determination of top quark couplings to Z and 𝛾 with high precision 

• Close to maximum of tt production cross section 

• Determining top form factors through measurement of 
cross-sections and forward-backward asymmetries for 
different polarisations 

• In many BSM models the top couplings to the electroweak 
interaction are substantially modified 

• CLIC (green) prospects an order of magnitude better than 
HL-LHC (red) at √s = 380 GeV

12CLICdp overview, CERN, january 2016

Top quark physics

Top quark pair production

- ttZ coupling is a sensitive probe that may

present sizeable deviations for BSM at 10-30 TeV

 

LC prospects are an order of magnitude better than LHC
500 GeV: larger boost and smaller theory uncertainty

+top mass to 50 MeV, t → cH to 10-5

Coordinated effort towards a top paper
See talk by I. Garcia

Uncertainties of the top quark form factors 

Assume production is dominated by SM and NP scale is beyond direct reach, express in 
terms of form factors in general Lagrangian:

Rare decays at √s = 380 GeV 

• e.g. t → cH, t→ c𝛾 (competitive)
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How much will CLIC cost? 
To build the first stage of the accelerator is estimated to cost about 50% more than the 
cost for the LHC, ~6690 MCHF. Most of this cost is in excavating the tunnels and 
caverns, and in the two-beam modules. The LHC construction cost was comparatively 
cheap because it used, to a large extent, the pre-existing LEP tunnels and 
infrastructure. To build a detector for CLIC is estimated to cost approximately the same 
as each of the LHC experiments ATLAS or CMS, ~500 MCHF. Most of the detector 
cost is in the calorimeters, the superconducting coil and the yoke. 

How much power will CLIC use? 
Designed to be a high luminosity, high energy linear collider, CLIC will inevitably need high power. Compared to an accelerator using 
superconducting technology, CLIC nevertheless has very low power consumption in stand-by or "waiting-for-beam" mode. A preliminary 
analysis of the overall CLIC energy consumption per year for the various stages shows that the first stage of CLIC would be similar 
to LHC, and the second stage similar to the total CERN energy consumption. However, work is on-going in several domains (overall re-
baselining, permanent magnets, air-handling etc.) to further reduce the anticipated power consumption of CLIC.

arXiv:1202.5940

http://clicdp.web.cern.ch/content/faq
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