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Introduction 
Why linear, why e+e– ?
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Physics landscape

• What we’ve experimentally seen so far could hold in a wide 

range of BSM scenarios

• Wish list for the next-generation collider: 
• High-precision study of Higgs and top quark 

properties (‘guaranteed physics') + exploration of 

EWSB phenomena 

• Sensitivity to elusive signatures 

• Extended energy/mass reach (direct and indirect)

• What is dark matter, what is the origin of matter-antimatter asymmetry, …? 

• Why are we not seeing new physics around the TeV scale? 

• is the mass scale beyond the LHC reach? 

• is the mass scale within LHC’s reach, but signals elusive? Higgs – a new probe
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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

5
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Hadron vs. lepton colliders

• Protons are compound objects 
• Initial state not known event-by-event 

• Limits achievable precision

• Electrons/positrons are point like 
• Initial state well defined (energy, polarisation) 

• High-precision measurements

• High-energy circular colliders feasible 

• High rates of QCD backgrounds 

• Complex triggering schemes 

• High levels of radiation 

• High cross-sections for coloured states

• High-energy requires linear collider 
• Cleaner experimental environment 

• Trigger-less readout 

• Low radiation levels 

• High sensitivity for electroweak states

mailto:lars.rickard.stroem@cern.ch
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e+e-	events	are	more	“clean”	
collision	energy	

e+e-	CLIC	

CLIC	energy	range	

5	

LHC	total	cross	sec;on	

factor	>	100	million	!!	

collision	energy	

pp	LHC	

at	LHC	much	of	the	interes;ng	physics	needs	to	
be	found	among	a	huge	number	of	collisions	

Lucie	Linssen,	EP	seminar,	January	24,		2017	

pp	collisions	/	e+e-	collisions	Hadron vs. lepton colliders

pp and e+e- collisions  
provide complementary physics 
information! 
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• Circular colliders – bending / focusing / accelerating 
• Acceleration gradual over many revolutions 

• FCC-ee: ~700 super-conducting RF cavities at 10 MV/m, per beam 

• Beams can be reused 

• Synchrotron radiation can be large (limits energy reach) 

• FCC-ee: 7.55 GeV/turn lost for a beam energy of 175 GeV

!7

Circular vs. linear e+e- colliders

• Linear colliders – Bending / focusing / accelerating 
• Full collision energy must be delivered in one passage 

• CLIC at 380 GeV: ~20’500 normal-conducting RF cavities installed on 
2900 modules (optimised for 72 MV/m) 

• Small beam size and high beam power needed to reach luminosity goal

N
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The Compact Linear Collider (CLIC) 
• Electron-positron linear collider at CERN for the 

era beyond HL-LHC (~2035) 

• Novel and unique two-beam accelerating 

technique with high-gradient room temperature 

RF cavities (~20’500 cavities at 380 GeV) 

• Staged programme with collision energies from 

380 GeV up to 3 TeV 

• CDR in 2012 

• Updated overview documents in 2018 

• Cost 5.9 BCHF for 380 GeV 

• Power 168 MW at 380 GeV 

• Key step: European Strategy for Particle Physics in 

May 2020 (deliberations on-going)

Accelerating structure 
prototype for CLIC:  
12 GHz  (L~25 cm)

Proposed e+e– linear colliders – CLIC

mailto:lars.rickard.stroem@cern.ch
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3-volume CDR 2012

4 CERN Yellow Reports 2018

Updated Staging Baseline 2016

2 formal submissions to the ESPPU 2018

Available at: 
clic.cern/european-strategy

Resources

mailto:lars.rickard.stroem@cern.ch
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Proposed e+e– linear colliders – ILC

One of the niobium-
based 1.3 GHz 
superconducting RF 
cavities proposed to be 
used at the ILC

The International Linear Collider (ILC) 
• Electron-positron linear collider in Japan 

• Conventional acceleration with superconducting RF 

cavities 

• Originally 250–350–500 GeV and upgradable to 1 

TeV  

• TDR in 2013 (site selected) 

• Initial stage now changed to 250 GeV  

• Cost ~5 GILCU (1 ILCU ~ 1 USD) 

• Power 129 MW at 250 GeV 

• Evaluation still ongoing by Science Council of Japan 

and ministries 

mailto:lars.rickard.stroem@cern.ch
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Project overview 
Compact Linear Collider (CLIC)
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Collaborations

CLIC accelerator 
• ~50 institutes from 28 countries 

• CLIC accelerator studies 

• CLIC accelerator design and development 

• Construction and operation of CLIC Test Facility, CTF3

CLIC detector and physics (CLICdp) 
• 30 institutes from 18 countries 

• Physics prospects & simulations studies 

• Detector optimisation + R&D for CLIC

+strong participation 
in the CALICE and 
FCAL Collaborations 
and in AIDA-2020

mailto:lars.rickard.stroem@cern.ch
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CLIC accelerator footprint

TECHNOLOGY-DRIVEN SCHEDULE from start of construction  
•First collisions by ~2035 
•Baseline scenario of operation ~30 years

Ramp-up and up-time 
assumptions consistent with 
other future projects arXiv:
1810.13022, Bordry et al.
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Collision energy staging

• To fully exploit physics potential, CLIC would be implemented in 
several energy stages going up to multi-TeV energies 

• 380 GeV / 1.5 TeV / 3.0 TeV 

• Electron beam polarisation at all stages 

• The starting energy of 380 GeV is optimised and provides a 
guaranteed physics programme 

• Emphasis on getting to multi-TeV collisions quickly 

• Benefit of linear machine: length/energy staging plan  
can be updated in response to developing physics landscape 

• E.g. operation at the Z pole “Giga-Z” possible

  √s = 380 GeV (1 ab-1) 
• Higgs/top precision physics 

• Top mass threshold scan 

  √s = 1.5 (2.5 ab-1) and 3 TeV (5.0 ab-1) 
• Expanding Higgs/top studies 
including Higgs self-coupling 

• Higher direct and indirect sensitivity 
to Beyond Standard Model (BSM)

CLIC pushes on both precision and energy 
frontiers, e.g. σ(e+e−→ttbar) to 𝒪(1%) up to 3 TeV

mailto:lars.rickard.stroem@cern.ch
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Physics reach 
Standard Model & beyond
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Dominant Higgs and top production at CLIC

• Higgsstrahlung e+e- → HZ          
allows for absolute 
determination of Higgs 
couplings to SM particles – 
Z-recoil mass analysis

Higgs overview: Eur. Phys. J. C (2017) 
Top overview: JHEP 11 (2019) 003

• Top-quark pair production  
> 2.5 million top-decays, 
detailed study of couplings 
and competitive limits on 
rare decays (FCNC) 

• Dedicated top-pair 
production threshold scan at 
350 GeV – top-quark mass 
with a precision of around 50 
MeV (100 fb-1)
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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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scattering of a particle with spin 1/2 and a given magnetic
moment.

Within the Standard Model the F1 have the following val-
ues at tree level:

Fγ ,SM
1V = 2

3
, Fγ ,SM

1A = 0, FZ ,SM
1V

= 1
4swcw

(
1 − 8

3
s2
w

)
, FZ ,SM

1A = − 1
4swcw

, (2)

while all the F2 are zero. In Eq. 2 sw and cw are the sine and
the cosine of the Weinberg angle θW . The scale dependence of
the form factors is a consequence of higher order corrections.
The corrections of the vector currents lead to the anomalous
electro-magnetic and weak-magnetic moments represented
by FX

2V that correct the gyromagnetic ratio gt of the t quark.
Typical values for these corrections are in the rangeO(10−3−
10−2) [6]. Corrections to the axial-vector current result in the
Form Factors FX

2A that are related to the dipole moment d X
t =

(e/2mt )FX
2A(0) that in turn violates the combined Charge

and Parity symmetry CP . Otherwise said, all couplings but
FX

2A(k
2) conserve CP .

The Form Factors FZ
1V,A are related to couplings of t

quarks with left and right-handed helicity to the Z0:

g ZL = FZ
1V − FZ

1A, g ZR = FZ
1V + FZ

1A (3)

Trivially, the same equations apply correspondingly to the
photon couplings gγ

L
In this paper the precision of CP conserving form fac-

tors and couplings as introduced above will be derived by
means of a full simulation study of the reaction e+e− →
t t̄ at a centre-of-mass energy of

√
s = 500 GeV with

80 % polarised electron beams and 30 % polarised positron
beams using experimentally well defined observables. Spe-
cial emphasis will be put on the selection efficiency and the
polar angle of the final state t quarks. Both experimental
quantities are suited to monitor carefully experimental sys-
tematics that may occur in the extraction of form factors and
couplings.

The results presented in the following are based on the
studies described in detail in Refs. [7,8].

2 Top quark production at the ILC

The tree level diagram for pair production of t quarks at the
ILC is presented in Fig. 1a.

The decay of the top quarks proceeds predominantly
through t → W ± b. The subsequent decays of theW ± bosons
to a charged lepton and a neutrino or a quark-anti-quark pair
lead to a six-fermion final state. The study presented in this
article focuses on the ’lepton+jets’ final state l± νbb̄q′q̄rep-

γ∗/Z0∗

e−

e+

t

t̄

W+∗

ν∗
e

e−

e+

W−

b̄

t

(a) (b)

Fig. 1 Diagrams that contribute to the e+e− → lνbb̄q′q̄production:
a tree level t t̄ pair production, b single t quark production

resenting a branching fraction of about 43.4 % on all t t̄ pair
decays.

Several other Standard Model processes give rise to the
same final state. The most important source is single t quark
production through the process e+e− → WW ∗ → Wtb̄ →
l± νbb̄q′q̄. One of the diagrams contributing to this pro-
cess is presented in Fig. 1b. Another relevant source is
the Z0W+W− production. Due to the coupling of initial
state electrons or positrons to W bosons both sources con-
tribute nearly exclusively in a configuration with left-handed
polarised electron beams and right-handed polarised positron
beams.

In that case single t quark and Z0W+W− boson produc-
tion can yield a total production rate of up to 10 % of that
of the pair production diagram of Fig. 1a. Experimentally,
Z0W+W− production can be distinguished rather efficiently
from t t̄ pair production, but a clean separation of final states
with a single t quark seems impossible. A realistic experi-
mental strategy must therefore consider the W+bW−b̄ inclu-
sively [9].

2.1 Observables and form factors

In case of polarised beams Ref. [10] suggests to express the
form factors introduced in Sect. 1 in terms of the helicity of
the incoming electrons,

F L
i j = −Fγ

i j +
(

− 1
2 + s2

w

swcw

) (
s

s − m2
Z

)

FZ
i j

F R
i j = −Fγ

i j +
(

s2
w

swcw

) (
s

s − m2
Z

)

FZ
i j , (4)

with i = 1, 2 and j = V, A and mZ being the mass of
the Z0 boson. The tree level cross section for t t̄ quark pair
production for an electron beam polarisation I = L , R reads

σI = 2ANcβ[(1 + 0.5γ −2)(F I
1V )

2 + (F I ′
1A)

2 + 3F I
1VF

I
2V

+(1 + 0.5γ 2)(F I
2V )

2], (5)
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Dominant Higgs and top production at CLIC

• Vector-boson fusion (VBF) 
benefits from high √s 

• Unprecedented precision on 
Higgs couplings to SM 
particles and the trilinear 
Higgs coupling (double Higgs 
production) 

• On-shell W+W−tt production

Higgs overview: Eur. Phys. J. C (2017) 
Top overview: JHEP 11 (2019) 003

• Associated production 
extraction of top Yukawa 
coupling with a precision of 
~2.7% (ttH)
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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 CLIC centre-of-mass energies are shown in Figure 5.4
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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

3 TeV 
5.0 ab-1
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Precision Higgs couplings

κW κZ κg κγ κZγ κb κt κτ κc κμ κλκW κZ κg κγ κZγ κb κt κτ κc κμ κλ

HLLHC S1
HLLHC S2 + CLIC Stage 1 + Stage 2 + Stage 3

0.1

1

10

100

δκ
i[%

]

68% prob. uncertainties

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093

• CLIC enables high-precision 
measurements beyond HL-LHC (≲1% 
for most couplings) 

• Very large improvements for  
• W, Z, b, c 

• BR(H→inv.) < 0.69% at 90% CL (for 350 
GeV CLIC)  

• 𝛤H is extracted with 4.7% (350 GeV) – 
2.5% (3 TeV) precision

HIGGS COUPLINGS 
Combined with HL-LHC projections
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Precision Higgs couplings

CLICdp-Note-2018-006, arXiv:1901.05897

• Direct access to HH production at 1.5 and 3 TeV 
• Challenging measurements – benefits from excellent 

heavy flavour tagging, jet energy resolution 
• Template fit using two variables: M(HH) differential 

distribution and BDT score 
• Unique capability of CLIC: measuring the Higgs self-

coupling to -7%, +11% accuracy (full programme)

HIGGS SELF-COUPLING

dominates 
at high √s 

mailto:lars.rickard.stroem@cern.ch
http://cds.cern.ch/record/2649438
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Top-quark mass from threshold scan

• The cross section and the position and shape of the turn-on curve 
are strongly dependent on the precise value of the top-quark 
mass and width, Yukawa coupling, and strong coupling αs  

• Observe 1S ‘bound state’, Δmt ~ 50 MeV (stat+sys) 

• Dominated by theory N3LO scale uncertainty 

• Theoretical uncertainty ≈10 MeV when transforming 1S mass to 
MS scheme

340 345 350
 [GeV]s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

) [
pb

]
t t

→- e+
(e
σ

 threshold - QQbar_Threshold NNNLOtt
ISR + CLIC LS Nominal

 1.37 GeVtΓ 171.5 GeV, PS
tdefault - m

 0.2 GeV± variations tm
 0.15 GeV± variations tΓ

CLICdp

simulated data points
 total-1100 fb
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scattering of a particle with spin 1/2 and a given magnetic
moment.

Within the Standard Model the F1 have the following val-
ues at tree level:

Fγ ,SM
1V = 2

3
, Fγ ,SM

1A = 0, FZ ,SM
1V

= 1
4swcw

(
1 − 8

3
s2
w

)
, FZ ,SM

1A = − 1
4swcw

, (2)

while all the F2 are zero. In Eq. 2 sw and cw are the sine and
the cosine of the Weinberg angle θW . The scale dependence of
the form factors is a consequence of higher order corrections.
The corrections of the vector currents lead to the anomalous
electro-magnetic and weak-magnetic moments represented
by FX

2V that correct the gyromagnetic ratio gt of the t quark.
Typical values for these corrections are in the rangeO(10−3−
10−2) [6]. Corrections to the axial-vector current result in the
Form Factors FX

2A that are related to the dipole moment d X
t =

(e/2mt )FX
2A(0) that in turn violates the combined Charge

and Parity symmetry CP . Otherwise said, all couplings but
FX

2A(k
2) conserve CP .

The Form Factors FZ
1V,A are related to couplings of t

quarks with left and right-handed helicity to the Z0:

g ZL = FZ
1V − FZ

1A, g ZR = FZ
1V + FZ

1A (3)

Trivially, the same equations apply correspondingly to the
photon couplings gγ

L
In this paper the precision of CP conserving form fac-

tors and couplings as introduced above will be derived by
means of a full simulation study of the reaction e+e− →
t t̄ at a centre-of-mass energy of

√
s = 500 GeV with

80 % polarised electron beams and 30 % polarised positron
beams using experimentally well defined observables. Spe-
cial emphasis will be put on the selection efficiency and the
polar angle of the final state t quarks. Both experimental
quantities are suited to monitor carefully experimental sys-
tematics that may occur in the extraction of form factors and
couplings.

The results presented in the following are based on the
studies described in detail in Refs. [7,8].

2 Top quark production at the ILC

The tree level diagram for pair production of t quarks at the
ILC is presented in Fig. 1a.

The decay of the top quarks proceeds predominantly
through t → W ± b. The subsequent decays of theW ± bosons
to a charged lepton and a neutrino or a quark-anti-quark pair
lead to a six-fermion final state. The study presented in this
article focuses on the ’lepton+jets’ final state l± νbb̄q′q̄rep-

γ∗/Z0∗

e−

e+

t

t̄

W+∗

ν∗
e

e−

e+

W−

b̄

t

(a) (b)

Fig. 1 Diagrams that contribute to the e+e− → lνbb̄q′q̄production:
a tree level t t̄ pair production, b single t quark production

resenting a branching fraction of about 43.4 % on all t t̄ pair
decays.

Several other Standard Model processes give rise to the
same final state. The most important source is single t quark
production through the process e+e− → WW ∗ → Wtb̄ →
l± νbb̄q′q̄. One of the diagrams contributing to this pro-
cess is presented in Fig. 1b. Another relevant source is
the Z0W+W− production. Due to the coupling of initial
state electrons or positrons to W bosons both sources con-
tribute nearly exclusively in a configuration with left-handed
polarised electron beams and right-handed polarised positron
beams.

In that case single t quark and Z0W+W− boson produc-
tion can yield a total production rate of up to 10 % of that
of the pair production diagram of Fig. 1a. Experimentally,
Z0W+W− production can be distinguished rather efficiently
from t t̄ pair production, but a clean separation of final states
with a single t quark seems impossible. A realistic experi-
mental strategy must therefore consider the W+bW−b̄ inclu-
sively [9].

2.1 Observables and form factors

In case of polarised beams Ref. [10] suggests to express the
form factors introduced in Sect. 1 in terms of the helicity of
the incoming electrons,

F L
i j = −Fγ

i j +
(

− 1
2 + s2

w

swcw

) (
s

s − m2
Z

)

FZ
i j

F R
i j = −Fγ

i j +
(

s2
w

swcw

) (
s

s − m2
Z

)

FZ
i j , (4)

with i = 1, 2 and j = V, A and mZ being the mass of
the Z0 boson. The tree level cross section for t t̄ quark pair
production for an electron beam polarisation I = L , R reads

σI = 2ANcβ[(1 + 0.5γ −2)(F I
1V )

2 + (F I ′
1A)

2 + 3F I
1VF

I
2V

+(1 + 0.5γ 2)(F I
2V )

2], (5)

123

• Intending threshold scan near 
√s=350 GeV (10 points, ~1 year) as 
well as main initial-stage baseline 
√s=380 GeV
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Global sensitivity to SMEFT BSM effects

cH cWW cBB cHW cHB cGG×10 cyf c3W cWB cT c2W ×102 c2B×102 c6
10-3

10-2

10-1

1

10

102
precision reach of the Universal EFT fit

HL-LHC (3/ab, S1) + LEP/SLD
HL-LHC (3/ab, S2) + LEP/SLD
CLIC Stage 1
CLIC Stage 1+2
CLIC Stage 1+2+3

light shade: CLIC + LEP/SLD
solid shade: combined with HL-LHC(S2)
blue line: individual reach

yellow mark: additional result

January 2019

Includes CLIC Higgs, top, WW, and e+e- ➞ ff measurements in global fit
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• Already the initial stage of CLIC is very complementary to the HL-LHC
Wilson coefficients

New physics scale

Standard Model

• The high-energy stages, unique to CLIC among all proposed e+e- 
colliders, are found to be crucial for the precision programme
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Effects that grow with energy

Higgs, top, WW, ff projections
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• Many BSM examples worked out in detail for CLIC 

• CLIC can probe TeV-scale electroweak particles, or 
particles that interact with the SM with electroweak-
sized couplings, well above the HL-LHC reach

✦ Precision Higgs couplings and self-coupling 
✦ Precision electroweak and top-quark analysis 
✦ Sensitivity to BSM effects in the SMEFT 
✦ Higgs and top compositeness 
✦ Baryogenesis 
✦ Direct discoveries of new particles 
✦ Extra Higgs boson searches 
✦ Dark matter searches 
✦ Lepton and flavour violation 
✦ Neutrino properties 
✦ Hidden sector searches 
✦ Exotic Higgs boson decays

Many more studies in CERN Yellow Report:  
“The CLIC Potential for New Physics” 
arXiv:1812.02093 / CERN-2018-009-M

New physics searches

+

mailto:lars.rickard.stroem@cern.ch
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Accelerator complex 
Novel two-beam acceleration
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The two-beam acceleration concept

• Compact accelerator (~tens of km) ➜ High acceleration fields 
➜ High frequency RF is a challenge 

• Klystrons (amplifiers for high radio frequencies) used for particle 
acceleration, but scale unfavourably beyond a few GHz 
(maximum delivered power and efficiency) 

• In the CLIC acceleration scheme, the klystrons are replaced with 
an intense particle beam, called the drive beam  

• Low-frequency klystrons efficiently generate long RF-pulses 
and their energy is stored in a long, high-current drive-beam 
pulse  

• The kinetic energy in the drive beam is converted into short 
high-peak RF pulses, which in turn is used to accelerate the 
main beams for collision

!24

Why?

1. Drive beam accelerated to a few GeV 
using conventional klystrons 

2. Frequency increased using a series of 
delay loops and combiner rings 

3. Drive beam decelerated through Power 
Extraction and Transfer Structures (PETS) 
producing high-RF 

4. Feed high-RF to the less intense main 
beam using waveguides

How?

mailto:lars.rickard.stroem@cern.ch
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CR : Combiner ring
TA : Turnaround
DR : Damping ring
PDR : Predamping ring
BC : Bunch compressor
BDS : Beam delivery system
IP : Interaction point
     : Dump

Booster Linac

Time Delay Line
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CLIC - Scheme of the Compact Linear Collider (CLIC)
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Spin Rotator
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1. Drive beam accelerated to a few GeV using conventional klystrons 

2. Frequency increased using a series of delay loops and combiner rings 

3. Drive beam decelerated and produces high-RF 

4. Feed high-RF to the less intense main beam using waveguides
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◆ Delay loops create drive-beam structure

CLIC at 380 GeV
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Accelerator challenges

• CLIC baseline – a drive-beam based machine with an initial stage at 380 GeV 

• Four main challenges 

1. High-current drive beam bunched at 12 GHz 

2. Power transfer and main-beam acceleration 

3. ~100 MV/m gradient in main-beam cavities 

4. Alignment and stability (“nano-beams”) 

• The CTF3 (CLIC Test Facility at CERN) programme addressed all drive-beam 
production issues 

• Other critical technical systems (alignment, damping rings, beam delivery, etc.) 
addressed via design and/or test-facility demonstrations 

• Two C-band XFELS (SACLA and SwissFEL) now operational: large-scale 
demonstrations of normal-conducting, high-frequency, low-emittance linacs

✔

✔

✔

✔

Details in PIP, DOI: http://dx.doi.org/10.23731/CYRM-2018-004

mailto:lars.rickard.stroem@cern.ch
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Technology applications

SwissFEL: C-band linac

INFN Frascati advanced acceleration facility 
EuPRAXIA@SPARC_LAB

Eindhoven University led 
SMART*LIGHT Compton Source

CLIC technology for 
different applications 
• EU co-funded FEL 

design study 
• SPARC at INFN-LNF 
• …many other small 

systems...
CompactLight

See academic training by W. Wuensch for more details: https://indico.cern.ch/event/668151/

• 104 x 2 m-long C-band (5.7 GHz) 
structures (beam up to 6 GeV at 100 Hz) 

• Similar μm-level tolerance 

• Length ~ 800 CLIC structures 

• Being commissioned 

Photo: SwissFEL/PSI
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Collider environment 
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Collider environment

!33

20 ms
CLIC beam structure at 3 TeV

156 ns

0.5 ns

 (not to scale) 

• High luminosities are achieved by using extremely small beam sizes 
• 3 TeV: bunch size σx;y;z = {40 nm; 1nm; 44 μm} 

• Very high bunch charge density → beam-related backgrounds with impact 
on detector design and physics measurements 

• Small effect at 380 GeV, large effect at high energies 

• Combined pT and timing cuts used to reduce out-of-time background (~ns 
timing required for beam background rejection)

0 0.2 0.4 0.6 0.8 1
s/s'=sx

1−10

1

10

210   
  

s
dxdN  N1

380 GeV

3 TeV

CLIC luminosity spectrum

Energy loss at IP 
leads to energy 

spectrum

• Most physics process studied well above 
production threshold; profit from full luminosity 

• The impact of ISR is similar to that of 
beamstrahlung

50 Hz bunch train 
repetition rate 
Update: 100 Hz 
possible (2*Lumi)
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Without beam-background suppression

!34
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scattering of a particle with spin 1/2 and a given magnetic
moment.

Within the Standard Model the F1 have the following val-
ues at tree level:

Fγ ,SM
1V = 2

3
, Fγ ,SM

1A = 0, FZ ,SM
1V

= 1
4swcw

(
1 − 8

3
s2
w

)
, FZ ,SM

1A = − 1
4swcw

, (2)

while all the F2 are zero. In Eq. 2 sw and cw are the sine and
the cosine of the Weinberg angle θW . The scale dependence of
the form factors is a consequence of higher order corrections.
The corrections of the vector currents lead to the anomalous
electro-magnetic and weak-magnetic moments represented
by FX

2V that correct the gyromagnetic ratio gt of the t quark.
Typical values for these corrections are in the rangeO(10−3−
10−2) [6]. Corrections to the axial-vector current result in the
Form Factors FX

2A that are related to the dipole moment d X
t =

(e/2mt )FX
2A(0) that in turn violates the combined Charge

and Parity symmetry CP . Otherwise said, all couplings but
FX

2A(k
2) conserve CP .

The Form Factors FZ
1V,A are related to couplings of t

quarks with left and right-handed helicity to the Z0:

g ZL = FZ
1V − FZ

1A, g ZR = FZ
1V + FZ

1A (3)

Trivially, the same equations apply correspondingly to the
photon couplings gγ

L
In this paper the precision of CP conserving form fac-

tors and couplings as introduced above will be derived by
means of a full simulation study of the reaction e+e− →
t t̄ at a centre-of-mass energy of

√
s = 500 GeV with

80 % polarised electron beams and 30 % polarised positron
beams using experimentally well defined observables. Spe-
cial emphasis will be put on the selection efficiency and the
polar angle of the final state t quarks. Both experimental
quantities are suited to monitor carefully experimental sys-
tematics that may occur in the extraction of form factors and
couplings.

The results presented in the following are based on the
studies described in detail in Refs. [7,8].

2 Top quark production at the ILC

The tree level diagram for pair production of t quarks at the
ILC is presented in Fig. 1a.

The decay of the top quarks proceeds predominantly
through t → W ± b. The subsequent decays of theW ± bosons
to a charged lepton and a neutrino or a quark-anti-quark pair
lead to a six-fermion final state. The study presented in this
article focuses on the ’lepton+jets’ final state l± νbb̄q′q̄rep-

γ∗/Z0∗

e−

e+

t

t̄

W+∗

ν∗
e

e−

e+

W−

b̄

t

(a) (b)

Fig. 1 Diagrams that contribute to the e+e− → lνbb̄q′q̄production:
a tree level t t̄ pair production, b single t quark production

resenting a branching fraction of about 43.4 % on all t t̄ pair
decays.

Several other Standard Model processes give rise to the
same final state. The most important source is single t quark
production through the process e+e− → WW ∗ → Wtb̄ →
l± νbb̄q′q̄. One of the diagrams contributing to this pro-
cess is presented in Fig. 1b. Another relevant source is
the Z0W+W− production. Due to the coupling of initial
state electrons or positrons to W bosons both sources con-
tribute nearly exclusively in a configuration with left-handed
polarised electron beams and right-handed polarised positron
beams.

In that case single t quark and Z0W+W− boson produc-
tion can yield a total production rate of up to 10 % of that
of the pair production diagram of Fig. 1a. Experimentally,
Z0W+W− production can be distinguished rather efficiently
from t t̄ pair production, but a clean separation of final states
with a single t quark seems impossible. A realistic experi-
mental strategy must therefore consider the W+bW−b̄ inclu-
sively [9].

2.1 Observables and form factors

In case of polarised beams Ref. [10] suggests to express the
form factors introduced in Sect. 1 in terms of the helicity of
the incoming electrons,

F L
i j = −Fγ

i j +
(

− 1
2 + s2

w

swcw

) (
s

s − m2
Z

)

FZ
i j

F R
i j = −Fγ

i j +
(

s2
w

swcw

) (
s

s − m2
Z

)

FZ
i j , (4)

with i = 1, 2 and j = V, A and mZ being the mass of
the Z0 boson. The tree level cross section for t t̄ quark pair
production for an electron beam polarisation I = L , R reads

σI = 2ANcβ[(1 + 0.5γ −2)(F I
1V )

2 + (F I ′
1A)

2 + 3F I
1VF

I
2V

+(1 + 0.5γ 2)(F I
2V )

2], (5)
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√s = 3 TeV 
fully-hadronic
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With beam-background suppression
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scattering of a particle with spin 1/2 and a given magnetic
moment.

Within the Standard Model the F1 have the following val-
ues at tree level:

Fγ ,SM
1V = 2

3
, Fγ ,SM

1A = 0, FZ ,SM
1V

= 1
4swcw

(
1 − 8

3
s2
w

)
, FZ ,SM

1A = − 1
4swcw

, (2)

while all the F2 are zero. In Eq. 2 sw and cw are the sine and
the cosine of the Weinberg angle θW . The scale dependence of
the form factors is a consequence of higher order corrections.
The corrections of the vector currents lead to the anomalous
electro-magnetic and weak-magnetic moments represented
by FX

2V that correct the gyromagnetic ratio gt of the t quark.
Typical values for these corrections are in the rangeO(10−3−
10−2) [6]. Corrections to the axial-vector current result in the
Form Factors FX

2A that are related to the dipole moment d X
t =

(e/2mt )FX
2A(0) that in turn violates the combined Charge

and Parity symmetry CP . Otherwise said, all couplings but
FX

2A(k
2) conserve CP .

The Form Factors FZ
1V,A are related to couplings of t

quarks with left and right-handed helicity to the Z0:

g ZL = FZ
1V − FZ

1A, g ZR = FZ
1V + FZ

1A (3)

Trivially, the same equations apply correspondingly to the
photon couplings gγ

L
In this paper the precision of CP conserving form fac-

tors and couplings as introduced above will be derived by
means of a full simulation study of the reaction e+e− →
t t̄ at a centre-of-mass energy of

√
s = 500 GeV with

80 % polarised electron beams and 30 % polarised positron
beams using experimentally well defined observables. Spe-
cial emphasis will be put on the selection efficiency and the
polar angle of the final state t quarks. Both experimental
quantities are suited to monitor carefully experimental sys-
tematics that may occur in the extraction of form factors and
couplings.

The results presented in the following are based on the
studies described in detail in Refs. [7,8].

2 Top quark production at the ILC

The tree level diagram for pair production of t quarks at the
ILC is presented in Fig. 1a.

The decay of the top quarks proceeds predominantly
through t → W ± b. The subsequent decays of theW ± bosons
to a charged lepton and a neutrino or a quark-anti-quark pair
lead to a six-fermion final state. The study presented in this
article focuses on the ’lepton+jets’ final state l± νbb̄q′q̄rep-

γ∗/Z0∗
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t
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ν∗
e

e−
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W−

b̄

t

(a) (b)

Fig. 1 Diagrams that contribute to the e+e− → lνbb̄q′q̄production:
a tree level t t̄ pair production, b single t quark production

resenting a branching fraction of about 43.4 % on all t t̄ pair
decays.

Several other Standard Model processes give rise to the
same final state. The most important source is single t quark
production through the process e+e− → WW ∗ → Wtb̄ →
l± νbb̄q′q̄. One of the diagrams contributing to this pro-
cess is presented in Fig. 1b. Another relevant source is
the Z0W+W− production. Due to the coupling of initial
state electrons or positrons to W bosons both sources con-
tribute nearly exclusively in a configuration with left-handed
polarised electron beams and right-handed polarised positron
beams.

In that case single t quark and Z0W+W− boson produc-
tion can yield a total production rate of up to 10 % of that
of the pair production diagram of Fig. 1a. Experimentally,
Z0W+W− production can be distinguished rather efficiently
from t t̄ pair production, but a clean separation of final states
with a single t quark seems impossible. A realistic experi-
mental strategy must therefore consider the W+bW−b̄ inclu-
sively [9].

2.1 Observables and form factors

In case of polarised beams Ref. [10] suggests to express the
form factors introduced in Sect. 1 in terms of the helicity of
the incoming electrons,
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i j = −Fγ
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) (
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)
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(
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) (
s
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Z

)

FZ
i j , (4)

with i = 1, 2 and j = V, A and mZ being the mass of
the Z0 boson. The tree level cross section for t t̄ quark pair
production for an electron beam polarisation I = L , R reads

σI = 2ANcβ[(1 + 0.5γ −2)(F I
1V )

2 + (F I ′
1A)

2 + 3F I
1VF

I
2V

+(1 + 0.5γ 2)(F I
2V )

2], (5)

123

√s = 3 TeV 
fully-hadronic
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A detector for CLIC 

mailto:lars.rickard.stroem@cern.ch


• CLIC’s baseline is a single 
interaction point/single experiment 

• Two detectors in push-pull mode 
possible 

• Two beam-delivery systems and 
two interaction points possible at 
380 GeV

Return Yoke
Iron return yoke with
detectors for muon ID

Solenoidal Magnet
Superconducting magnet, 
magnetic field of 4 tesla

Tracking Detector
Silicon pixel detector, 
outer radius 1.5 metres

Vertex Detector
Ultra-low mass silicon pixel
detector, inner radius 
31 millimetres

Forward Region
Electromagnetic calorimeters 
for luminosity measurement and 
extended angular coverage

Fine-grained Calorimeters
Electromagnetic and hadronic calorimeters 
used for particle flow analysis

Tracking detector

Vertex detector

Material: 1–2% X0 / layer
Single-point resolution: 7 micrometres 

25 micrometre pixels
Material: 0.2% X0 / layer
Single-point resolution: 3 micrometres
Forced air-flow cooling 

C
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C
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Electromagnetic calorimeter

Hadronic calorimeter

40 layers (silicon sensors, tungsten plates)
Material: 22 X0 + 1 λl 

60 layers (plastic scintillators, steel plates)
Material: 7.5 λl Height: 12.9 metres; Length: 11.4 metres; Weight: 8100 tonnes  

The CLIC detector model

Learn more about the CLIC detector at clic.cern



• Detector development is 
performed in collaboration with 
other projects studying future 
collider detector concepts + 
dedicated detector R&D 
collaborations: CALICE and FCAL

Return Yoke
Iron return yoke with
detectors for muon ID

Solenoidal Magnet
Superconducting magnet, 
magnetic field of 4 tesla

Tracking Detector
Silicon pixel detector, 
outer radius 1.5 metres

Vertex Detector
Ultra-low mass silicon pixel
detector, inner radius 
31 millimetres

Forward Region
Electromagnetic calorimeters 
for luminosity measurement and 
extended angular coverage

Fine-grained Calorimeters
Electromagnetic and hadronic calorimeters 
used for particle flow analysis

Tracking detector

Vertex detector

Material: 1–2% X0 / layer
Single-point resolution: 7 micrometres 

25 micrometre pixels
Material: 0.2% X0 / layer
Single-point resolution: 3 micrometres
Forced air-flow cooling 

C
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C
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Electromagnetic calorimeter

Hadronic calorimeter

40 layers (silicon sensors, tungsten plates)
Material: 22 X0 + 1 λl 

60 layers (plastic scintillators, steel plates)
Material: 7.5 λl Height: 12.9 metres; Length: 11.4 metres; Weight: 8100 tonnes  

The CLIC detector model

Learn more about the CLIC detector at clic.cern
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CLICdet Performance

Achieve jet energy resolution 
target in presence of beam 

backgrounds

Full characterisation of the detector model in arXiv:1812.07337

performance 
goal: 2x10-5

Software tools developed/ 
maintained by the CERN 
group and widely used

vertex R [mm]
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Displaced track 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Vertex and tracking R&D

!40!40

Planar sensor + CLICpix

Hybrid assemblies

Active HV-CMOS + CLICpix2 HV-CMOS ATLASPix

C3PD + CLICpix2 
capacitively coupled 

pitch: 25x25 μm2 

thickness: 50 μm 

HR-CMOS Investigator

HV-CMOS 
pitch: 40x130 μm2

Monolithic assemblies

HR-CMOS R&D chip 
Standard and modified process 

pitch: 20x20 ➞ 50x50 μm2 

thickness: >50 μm 

SOI

Planar sensor + CLICpix 
bump bonded 

pitch: 25x25 μm2 

thickness: 50 μm 

CLICTD

Monolithic CMOS 
sub-pixels of 37.5 x 30 μm2

• Stringent requirements for CLIC inspired broad and integrated technology R&D programme 

• Sensors, readout, powering, interconnects, mechanical integration, cooling, … 
• Benefit from rapid progress in Silicon industry and synergies with R&D for HL-LHC 

• Feasibility of power-pulsing demonstrated 

• Feasibility of air cooling demonstrated in simulation & full vertex detector mockup 

Highlights

mailto:lars.rickard.stroem@cern.ch
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Vertex and tracking R&D

!41!41

• Full efficiency from hybrid assemblies of 50 μm thin sensors that satisfy CLIC time-stamping 

• Sensor design with enhanced charge-sharing is underway to reach required spatial resolution with thin sensors 

• Good progress towards reducing detector mass with active-edge sensors and through-Si interconnects 

• Promising results from fully integrated technologies 

• CLIC-specific designs underway  

• Developed advanced simulation/analysis tools for detector performance optimisation (Allpix2)

Highlights

Planar sensor + CLICpix

Hybrid assemblies

Active HV-CMOS + CLICpix2 HV-CMOS ATLASPix

C3PD + CLICpix2 
capacitively coupled 

pitch: 25x25 μm2 

thickness: 50 μm 

HR-CMOS Investigator

HV-CMOS 
pitch: 40x130 μm2

Monolithic assemblies

HR-CMOS R&D chip 
Standard and modified process 

pitch: 20x20 ➞ 50x50 μm2 

thickness: >50 μm 

SOI

Planar sensor + CLICpix 
bump bonded 

pitch: 25x25 μm2 

thickness: 50 μm 

CLICTD

Monolithic CMOS 
sub-pixels of 37.5 x 30 μm2
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Project realisation 
What’s next?
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Possible scenarios

Image from the supporting note for the Briefing Book 2020 
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Strategy and timeline

• CLIC is now a mature project, 
ready to start construction in 
~2026, with first collisions ~2035 

• CLIC perspective: 
• Invest in CLIC380 now 

• Keep a close eye on the 
development in wakefield 
acceleration techniques and 
high-field magnets 

• Re-evaluate the physics and 
R&D landscape after the initial 
CLIC stage and decide whether 
to continue towards CLIC3000 
or move to e.g. a hadron 
machine

Strategy-making needs to 
consider cost, timelines, 
technological readiness…

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 2026 2035
Update of the European 

Strategy for Particle Physics
Ready for construction First collisions

2013 – 2019 2020 – 2025 2026 – 2034
Preparation Phase
Finalisation of implementation 
parameters, preparation for 
industrial procurement, pre-series 
and system optimisation studies, 
technical proposal of the 
experiment, site authorisation

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

mailto:lars.rickard.stroem@cern.ch
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Summary 
and outlook
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• ILC500, CLIC1500, FCCee365 
perform broadly similarly for 
Higgs couplings

ESPPU Briefing Book 2020 
http://cds.cern.ch/record/2691414

EFT fit results

Im
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t w
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H
L-

LH
C

Projections from Higgs production
CLIC input: ZH, VBF, ttH, ff 

mailto:lars.rickard.stroem@cern.ch
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EFT fit results

• Highlighted where 
CLIC1500 more 
sensitive than FCC-ee 
– benefit of high 
energy

ESPPU Briefing Book 2020 
http://cds.cern.ch/record/2691414

Projections from Higgs production

Higher 
precision

CLIC input: ZH, VBF, ttH, ff 

Marginalised 68% probability reach  

mailto:lars.rickard.stroem@cern.ch
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polarisation + detailed diff. analysis

Projections from di-fermion final states

desirable

ESPPU Briefing Book 2020 
http://cds.cern.ch/record/2691414

EFT fit results

• O2W and O2B describe the leading higher-derivative 
corrections to the SM gauge boson propagators 

mailto:lars.rickard.stroem@cern.ch
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Projections from di-boson production 

ESPPU Briefing Book 2020 
http://cds.cern.ch/record/2691414

EFT fit results

desirable

• OW and OB describe new-physics effects in the 
interaction between the gauge and Higgs sectors

detailed diff. analysis on ZH

mailto:lars.rickard.stroem@cern.ch
http://cds.cern.ch/record/2691414
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Summary 1/2

• CLIC is an attractive post-LHC facility for CERN 

• Ready to start construction in ~2026 

• First collisions by ~2035 

• Physics programme ~30 years 

• The advantages of lepton collider precision AND multi-TeV 
energies gives a physics case that is broad and profound, 
from precision Higgs and top measurements, and their 
interpretation in new physics scenarios, to direct BSM 
searches 

• FCC-hh has (unsurprisingly) the best mass reach for new 
resonances, but CLIC is highly competitive for new physics 
via contact interactions

mailto:lars.rickard.stroem@cern.ch
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• Accelerator staging brings cost staging, and 
accompanying affordability 

• The main accelerator technologies have been 
demonstrated – performance goals can be met 

• A linear machine provides flexibility to adapt the 
staging scenario to a developing physics landscape 

• The linear tunnel also provides a natural infrastructure 
for the future beyond CLIC 

• Project status summarised in a series of reports for 
the European Strategy for Particle Physics Update 
(ESPPU)

!51

Summary 2/2
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Resources 
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Resources

Compact Linear Collider Portal  
https://clic.cern/ 

CLIC input to the European Strategy for Particle 
Physics Update 2018-2020  
https://clic.cern/european-strategy  

mailto:lars.rickard.stroem@cern.ch
https://clic.cern/
https://clic.cern/european-strategy
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3-volume CDR 2012

4 CERN Yellow Reports 2018

Updated Staging Baseline 2016

2 formal submissions to the ESPPU 2018

Available at: 
clic.cern/european-strategy

Resources

mailto:lars.rickard.stroem@cern.ch
http://clic.cern/european-strategy
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Additional material 
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Precision Higgs couplings
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CLICdp 
model dependent

November 2018

-1350 GeV, 1 ab
-1+ 1.4 TeV, 2.5 ab

-1+ 3 TeV, 5 ab
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CLICdp
model independent

November 2018

-1350 GeV, 1 ab
-1+ 1.4 TeV, 2.5 ab

-1+ 3 TeV, 5 ab

no assumptions on 
additional Higgs decays

Higgs width is a free parameter, allows for additional non-SM decaysLHC-like fit, assuming SM decays only. Fit to deviations from SM BR’s

Full CLIC program: 
• Model-independent: down to ±1% for most couplings 
• Model-dependent: ±1% down to ± few ‰ for most couplings
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Top-quark mass from threshold scan
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Example: sensitivity of 
total ttbar cross-section to 
various dim-6 operators 
JHEP 10 (2018) 168

10−4 10−3 10−2 10−1 100 TeV−2

Clq,B

Clq,W

Clt,B

CtB

CtW

C−

ϕq

Cϕt

0.00032
/2

0.00021
/2.1

0.00017
/1.1

0.0075
/2.3

0.011
/3.1

0.057
/1.8

0.059
/1.8

P (e+, e−) = (0, ∓80%)
semileptonic final state

statistically optimal observables
e+e− → tt̄ → bW +b̄W −

380+1400+3000 GeV
380+1400 GeV

380 GeV

Top-philic global fit 
bars: global, dots: individual

Higher precision

• Top-philic scenario – Universal + BSM/3rd family 

• Can be more efficient indirect probes of new 
physics than universal effects 

• 2-fermion “vertex operators” – sensitivity flat in 
energy → high precision already at 380 GeV 

• 4-fermion “contact operators” – represent a 
massive, new mediator beyond direct reach – 
sensitivity rises steeply with energy

Global sensitivity to SMEFT BSM effects
Top-quark pair production measurements

mailto:lars.rickard.stroem@cern.ch
https://link.springer.com/article/10.1007/JHEP10(2018)168
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Physics reach 
Examples of BSM signatures
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Higgs and top compositeness

HL-LHC
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CLIC
● hνν, hZ, WW, tth

● ee→ff
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Discovery (5σ) reach on composite Higgs

Discovery (5σ) reach on composite top-quark 

• Composite Higgs or top would appear through SM-EFT operators – 
translate EFT limits into composite sector 

• Canonical scenario: Higgs as bound state 

• Pseudo-Nambu-Goldstone boson of underlying strongly-interacting 
composite sector (responsible for EWSB) 

• Characterised by mass scale m* and coupling strength g* 

• SM fermions masses by mixing with the composite states 

• Total tR top compositeness scenario: the right-handed component is a 
fully composite state and the left-handed one is mostly elementary
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CLICdp
●semi-leptonic tt

●ttH
s =380 GeV, 1.4 TeV, 3 TeV
eL :eR =50:50, 80:20, 80:20

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093
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• CLIC will discover Higgs and top compositeness if 
the compositeness mass scale is below 8 TeV 

• Scales up to 40 TeV, in favourable conditions, 
above what HL-LHC can exclude

HL-LHC: 95% C.L. exclusion

mailto:lars.rickard.stroem@cern.ch
http://dx.doi.org/10.23731/CYRM-2018-003
https://arxiv.org/abs/1812.02093
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Extended Higgs sector – Heavy Scalar Singlets

• Extended scalar sector with new states that are not charged 
under the Standard Model gauge group (singlet) 

• Appear in many BSM scenarios 

• Interactions for example through mixing with Higgs 

• Example: heavy mɸ > 2mH
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Higgsino reach from stub tracks

380 GeV
1.5 TeV
3.0 TeV

0 200 400 600 800 1000 1200

2 stub+γ(200)

2 stub+γ(100)

2 stub+γ(50)

≥1 stub+γ(200)

≥1 stub+γ(100)

≥1 stub+γ(50)

2 stub

≥1 stub

95% Exclusion Reach

mχ [GeV]

Direct Higgsino reach 
from stub tracks

• Benefit from the clean environment of e+e− collisions 
and excellent tracking detectors 

• Reach Higgsino mass of 1.1TeV, required for DM relic 
mass density – even with some level of background

Roberto Franceschini - CLIC Week 2019 - https://indico.cern.ch/event/753671/

Challenges for detectors
S U B T L E  I S  T H E  L O R DLong-Lived Signatures

9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

Growing effort at LHC, where detectors are fixed; almost no study yet 
for future colliders*, where detectors are malleable. Now is the time!

*Fantastic exception: CLIC [Kucharczyk & Wojton ’18]  5

Current “general purpose” experiments were 

really designed for pretty standard signals, e.g. 

H→ γ γ or jets+mET

• Now is the time to think about what can be 

done in future detectors.  

• CLIC (and ILC) can exploit full detector 

simulation

Please note these signals are not necessarily a 

way to “jump off the ship”. Most of them, if not 

all(!), can arise in the MSSM if one relaxes some 

(motivated?) UV assumptions.
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• Higgsino: WIMP dark matter candidate, connected to weak 
scale naturalness, and gauge coupling unification 

• Long-lived charged particles – Disappearing/stub tracks 

• Such signature may be realised in models with a small mass 
splitting between dark sector particles, e.g. Chargino–
Neutralino in SUSY models (other superpartners decoupled) 

• Travels a macroscopic distance (of order 1 cm) 

• At least 4 hits (from tracking performance studies)

380 GeV
1.5 TeV
3.0 TeV

0 200 400 600 800 1000 1200

2 stub+γ(200)

2 stub+γ(100)

2 stub+γ(50)

≥1 stub+γ(200)

≥1 stub+γ(100)

≥1 stub+γ(50)

2 stub

≥1 stub

95% Exclusion Reach

mχ [GeV]

Thermal DM 
m𝛘 ≃ 1.1 TeV

Strategies 
– 𝜸ISR [GeV]

 soft SM Particle
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Accelerator challenges

FOUR MAIN CHALLENGES:  

• High-current drive beam 
bunched at 12 GHz 

• Power transfer +  
main-beam acceleration 

• ~100 MV/m gradient in 
main-beam cavities 

• Alignment & stability     

Drive beam arrival time  
stabilised to CLIC specification 

of 50 fs 

28A

Drive beam quality: 
Produced high-current drive beam bunched at 12 GHz

Current in combiner ring

Examples of measurements 
from CLIC Test Facility, 
CTF3, at CERN
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FOUR MAIN CHALLENGES:  

• High-current drive beam 
bunched at 12 GHz 

• Power transfer +  
main-beam acceleration 

• ~100 MV/m gradient in 
main-beam cavities 

• Alignment & stability     

31 MeV = 145 MV/m

Demonstrated 2-beam acceleration

Accelerator challenges
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FOUR MAIN CHALLENGES:  

• High-current drive beam 
bunched at 12 GHz 

• Power transfer +  
main-beam acceleration 

• ~100 MV/m gradient in 
main-beam cavities 

• Alignment & stability     

X-band performance: achieved 100 MV/m 
gradient in main-beam RF cavities

XBox test 
facility, at 
CERN

Disk

Structure

Accelerator challenges
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FOUR MAIN CHALLENGES:  

• High-current drive beam 
bunched at 12 GHz 

• Power transfer +  
main-beam acceleration 

• ~100 MV/m gradient in 
main-beam cavities 

• Alignment & stability     
2008

CLIC emittance at damping rings

Nano-beams

• The CLIC strategy 

• Align components (10 μm over 200 m) 

• Control/damp vibrations (from ground to accelerator) 

• Measure beams well (allow to steer beam and optimise positions) 

• Algorithms for measurements, beam and component optimisation, 
feedbacks 

• Test in small accelerators of equipment and algorithm (FACET at 
Stanford, ATF2 at KEK, CTF3 at CERN, light-sources)

Accelerator challenges
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Accelerator challenges

FOUR MAIN CHALLENGES:  

• High-current drive beam 
bunched at 12 GHz 

• Power transfer +  
main-beam acceleration 

• ~100 MV/m gradient in 
main-beam cavities 

• Alignment & stability     
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CLIC emittance at damping rings

Nano-beams

• The CLIC strategy 

• Align components (10 μm over 200 m) 

• Control/damp vibrations (from ground to accelerator) 

• Measure beams well (allow to steer beam and optimise positions) 

• Algorithms for measurements, beam and component optimisation, 
feedbacks 

• Test in small accelerators of equipment and algorithm (FACET at 
Stanford, ATF2 at KEK, CTF3 at CERN, light-sources)

mailto:lars.rickard.stroem@cern.ch


Spåtind 2020 / Rickard Ström lars.rickard.stroem@cern.ch !68

Towards industrialisation

• Investigating paths to industrialisation 
• Target: low-cost and easy-to-

manufacture structures 
• Baseline manufacturing technique: 

bonding and brazing  
• Alternatives:  

• Brazing as for SwissFEL 
• Machining halves

mailto:lars.rickard.stroem@cern.ch
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Cost and power

Cost 
• CLIC380: 5.9 BCHF 
• CLIC1500, add 5.1 BCHF 
• CLIC3000, add 7.3 BCHF

Power 
• Total power 168 MW at 380 GeV 

• (Klystron-based option: 164 MW)

(CERN currently consuming 
~1.2 TWh per year)

mailto:lars.rickard.stroem@cern.ch
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Overview of CLIC parameters
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CLIC detector requirements

!71

Vertex detector requirements 
• Driven by displayed vertices resolution + increased precision for low-pT tracks 

• High single-point resolution: ~3 μm  
• Ultra-thin: ⪅ 0.2% X0 / layer (50 μm active silicon) 

• Air cooling, low-power ASICs 

Tracker detector requirements  
• Driven by momentum resolution: σpT / pT2 ~ 2 x 10-5 GeV-1 

• Single-point resolution: ~7 μm (large pixels / small strips) 

• Material budget 1-2% X0 / layer 
• Many layers, large outer radius ➞ has to cover ~100 m2 surface area ➞ 

integrated sensors w. large pixels (≲ 30 μm × 1 mm) + low-mass supports, 
cabling and cooling 

Calorimeter detector requirements 
• Need very good jet-energy resolution (Particle Flow Algorithm (PFA)) 

• σE / E ~ 3.5% in the range 100 GeV - 1 TeV

Transverse-momentum resolution in 
the CLIC tracking detector for various 

single-point resolution

CLICdp-Note-2017-002

mailto:lars.rickard.stroem@cern.ch
https://cds.cern.ch/record/2261066/
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260 mm
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Vertex detector

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 

• ~5 ns precise time stamping

3 spiral double layers in 
the forward regions

• Design driven by flavour tagging performance (minimal scattering, high-resolution) 

• To reach impact parameter resolution: very thin materials/sensors: 0.2% X0 material per layer (equivalent to 200 μm of Si) 

• ~1.3 billion pixels, each 25 μm square with a single point resolution of ∼3 μm 

• ~0.84 m2

• 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

mailto:lars.rickard.stroem@cern.ch
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Tracking detector

• Design optimised for good efficiency and momentum 
resolution (many layers, large lever arm) 

• To provide the required track momentum resolution of σpT / pT2 
~ 2 x 10-5 GeV-1 build a large Silicon tracking volume in a 4 T 
magnetic field 

• ~140 m2 surface, ~600 million channels 

• Single point resolution of ~7 μm 

• Large occupancy from beam-induced background - short 
strips/long pixels  

• Low material budget 1-2% X0 per layer 

• Larger radius than CMS tracker, same material budget as ALICE 
(mechanically a great challenge)

• Inner tracker with 3 barrel layers and 7 forward disks 

• Outer tracker with 3 barrel layers and 4 forward disks 

• Support shell separating inner and outer trackers 

• Monolithic detector with (elongated) pixels, 200 μm 
sensor, including electronics

mailto:lars.rickard.stroem@cern.ch
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Calorimeters

• Jet energy resolution of σE /E ~ 5 − 3.5%  

• Highly granular calorimeters required 

• Electromagnetic Calorimeter: Si-W  
• 2 mm tungsten plates, 500 μm silicon sensors  

• 40 layers 22 X0 or 1 λl , 5 × 5 mm2 cell size  

• ~2500 m2 silicon, 100 million channels  

• Hadronic Calorimeter: Scint-Fe  
• 19 mm thick steel plates, interleaved with 3 mm thick 

plastic scintillator + SiPMs  

• 60 layers: 7.5 λl , 30 × 30 mm2 scintillator cell size  

• ~ 9000 m2 scintillator, 10 million channels / SiPMs
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