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This paper summarizes the physics potential of the CLIC high-energy e+e− linear collider. It provides

input to the Snowmass 2013 process for the energy-frontier working groups on The Higgs Boson (HE1),

Precision Study of Electroweak Interactions (HE2), Fully Understanding the Top Quark (HE3), as well as

The Path Beyond the Standard Model – New Particles, Forces, and Dimensions (HE4). It is accompanied

by a paper describing the CLIC accelerator study, submitted to the Frontier Capabilities group of the

Snowmass process [1].
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1 Introduction

The Compact Linear Collider (CLIC) is a TeV scale high-luminosity linear e+e− collider under devel-

opment. It is based on a novel two-beam acceleration technique providing acceleration gradients at the

level of 100 MV/m. Recent implementation studies for CLIC have converged towards a staged approach

offering a unique physics program spanning several decades. In this scheme, CLIC would provide high-

luminosity e+e− collisions from a few hundred GeV to 3 TeV. The first stage, at or above the 350 GeV

top-pair-production threshold, gives access to precision Higgs physics through the Higgs-strahlung and
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WW-fusion production processes, providing absolute values of Higgs couplings to both fermions and

bosons. This stage also addresses precision top physics. The second stage, around 1.4 TeV, opens the

energy frontier, allowing for the discovery of New Physics phenomena. This stage also gives access to

additional Higgs properties, such as the top-Yukawa coupling, the Higgs potential and rare Higgs decay

branching ratios. The ultimate CLIC energy of 3 TeV enlarges the CLIC physics potential even further,

covering the complete scope for precision Standard Model physics, direct searches for pair-production

of new particles up to 1.5 TeV mass and optimal sensitivity to New Physics at much higher mass-scales

through precision measurements. A staged implementation of CLIC along the lines described would

open the door to an impressive long-term physics program at the energy frontier, beyond the LHC pro-

gram. The machine is therefore considered an important option for a post-LHC facility at CERN, as

emphasized in the recent update of the European Strategy for Particle Physics [2, 3].

Over the last years, the feasibility studies for the CLIC accelerator have systematically and success-

fully addressed the main technical challenges of the accelerator project. Similarly, detailed detector and

physics studies confirm the ability to perform high-precision measurements at CLIC.

For more detailed descriptions we refer to the following documents:

– A Multi-TeV Linear Collider based on CLIC Technology, CLIC Conceptual Design Report, 2012, eds.

M. Aicheler et al. [4];

– Physics and Detectors at CLIC, CLIC Conceptual Design Report, eds. L. Linssen et al. [5];

– The CLIC Programme: towards a staged e+e− Linear Collider exploring the Terascale, CLIC Concep-

tual Design Report, 2012, eds. P. Lebrun et al. [6];

– The Physics Case for an e+e− Linear Collider, eds. J. Brau et al., submitted to the update process of

the European Strategy for Particle Physics, July 2012 [7].

The CLIC Conceptual Design Report (CDR) is supported by more than 1300 signatories1 from the world-

wide particle physics community.

1.1 CLIC Accelerator Parameters and Options for a Staged Implementation

The CLIC accelerator design is based on a novel two-beam acceleration scheme. It uses a high-intensity

drive beam to generate RF power at 12 GHz. The RF is used to accelerate the main particle beam

that runs in parallel to the drive beam. CLIC uses normal-conducting accelerator structures, operated

at room temperature. The initial drive beams and main beams are generated in central complexes and

are then injected at the end of the two-beam linac arms. The feasibility of the CLIC accelerator has

been demonstrated through prototyping, simulations and large-scale tests, as described in the conceptual

design report [4]. In particular, the two-beam acceleration at gradients exceeding 100 MV/m has been

demonstrated in the CLIC test facility CTF3. High luminosities are achieved by very small beam emit-

tances, which are generated in the injector complex and maintained during transport to the interaction

point.

The CLIC accelerator can be built in energy stages, re-using the existing equipment for each new stage.

At each energy stage the center-of-mass energy can be tuned to lower values within a range of approxi-

mately a factor three with limited loss in luminosity performance. The ultimate choice of the CLIC en-

ergy stages will be driven by the physics aims, where further input from LHC data, in particular 14 TeV

data, is expected. The recent LHC Higgs discovery makes an initial energy stage around 350 GeV to

375 GeV very attractive, but final choices will depend on further LHC findings. In the first stage around

350 GeV and second stage around 1.4 TeV a single drive-beam generation complex feeds both linacs,

while in the third stage at 3 TeV each linac is fed by a separate complex. The accelerator parameters

are based on detailed accelerator studies, described in the CDR [4], and are used for the physics studies

1https://edms.cern.ch/document/1183227/

3

https://edms.cern.ch/document/1183227/


Table 1: Center-of-mass energy and assumed integrated luminosity for the different CLIC machine

stages. The integrated luminosities correspond each to four or five years of operation of a fully com-

missioned machine running 200 days per year with an effective up-time of 50%.

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Center-of-mass energy
√

s GeV 350 1400 3000

Integrated luminosity Lint ab−1 0.5 1.5 2.0

Fe Yoke

3
.3

 m
!

Fe Yoke

2
.6

 m
!

Fig. 1: Longitudinal cross section of the top right quadrant of CLIC_ILD (left) and CLIC_SiD (right).

presented in this paper. The assumed integrated luminosities of 0.5 ab−1 at 350 GeV, 1.5 ab−1 at 1.4 TeV,

and 2.0 ab−1 at 3 TeV correspond each to four or five years of operation of a fully commissioned machine

running 200 days per year with an effective up-time of 50% (Table 1). The CLIC design foresees 80%

electron polarization, while space is reserved in the layout for a positron polarization option.

Motivated by the discovery of the 125 GeV Higgs boson, studies for a klystron-based initial stage at

375 GeV are currently being carried out. This option could provide a faster implementation, while still

allowing for the re-use of equipment at the higher energy stages.

1.2 CLIC Detectors

The detector concepts used for the CLIC physics studies are based on the SiD [8, 9] and ILD [9, 10] de-

tector concepts for the International Linear Collider. They were adapted for the CLIC 3 TeV accelerator

stage, which constitutes the most challenging environment for the detectors. In a staged scenario, most

sub-detectors will serve at all center-of-mass energies, while e.g., the inner tracking and vertex detectors

would profit from a version with a smaller inner radius at the lower energies.

1.2.1 Detector Performance Requirements and Detector Concepts

The performance requirements for the CLIC detectors are given by the physics goals. They are:

– Jet energy resolution of σE/E . 3.5% for jet energies from 100 GeV to 1 TeV (. 5% at 50 GeV);

– Track momentum resolution of σpT
/p2

T . 2 ·10−5 GeV−1;

– Impact parameter resolution of σ2
d0
= (5 µm)2 +(15 µm)2/p2 sin3 θ ;
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– Lepton identification efficiency better than 95% over the full range of energies;

– Detector coverage for electrons down to very low angles.

The jet energy resolution is required to distinguish W, Z, or H bosons, for example, to study the decay

chains of charginos and neutralinos. The momentum resolution is driven, for example, by the muon

momentum measurement in HZ recoil events or for measuring the Higgs decay to muons. It is also

motivated by, for example, slepton mass measurements. Efficient vertex reconstruction and flavor tagging

is needed, for example for the measurement of Higgs branching ratios to beauty or charm. The full

coverage is important to suppress Standard Model backgrounds in various physics analyses. In particular,

many physics background processes involve electrons in the forward region.

Vertical cuts through the top-right quadrant of CLIC_ILD (left) and CLIC_SiD (right) are shown in

Figure 1. The jet energy resolution requirement is the main driver of the detector concept designs.

As a result both detector concepts are based on fine-grained calorimeters and optimized for particle-flow

analysis techniques. In the particle-flow approach all visible particles are reconstructed by combining the

information from precise tracking with highly granular calorimetry. The technique achieves an optimal

jet energy resolution through the separation of individual particles within the jet [11, 12]. The detectors

comprise strong central solenoid magnets, with a field of 5 T in CLIC_SiD and 4 T in CLIC_ILD. The

tracking system of CLIC_SiD is fully based on silicon pixel and strip detectors, while the tracker of

CLIC_ILD combines silicon pixels with silicon strips and a large Time Projection Chamber.

CLIC beams will arrive at the detector in bunch trains, occurring every 20 ms. Each bunch train generates

312 bunch crossings at 0.5 ns time separation (3 TeV values). This time structure allows for a trigger-

less readout of the detectors after each bunch train. It also allows for a power-pulsing scheme of the

on-detector electronics, thereby significantly reducing the power dissipation and the tracker mass. On

average less than one physics event per bunch train is expected. However, the high CLIC energies and

small intense beams lead to significant beamstrahlung, resulting in high rates of incoherent electron–

positron pairs and γγ → hadron events. The energy loss through beamstrahlung also generates a tail to

the luminosity spectrum that extends well below the nominal center-of-mass energy.

Even at 3 TeV, the impact of beam-induced backgrounds can be reduced by making use of the high spa-

tial and temporal granularity provided by the detectors. The method relies on precise hit timing (10 ns

time-stamping for all silicon tracking elements and 1 ns hit time resolution for all calorimeter hits) com-

bined with offline event reconstruction, including the background particles, with particle flow analysis.

With a tight set of cuts applied to the reconstructed low-pT particles, the average background level can

be reduced from approximately 20 TeV per bunch train to about 100 GeV per reconstructed physics

event. This background rejection, which is exemplified in Figure 2, is achieved without significantly

impacting the physics performance. The remaining background particles can be further rejected by ap-

plying hadron-collider type jet clustering algorithms, which treat the very forward particles similar to the

underlying event in hadronic collisions.

The CLIC CDR studies have demonstrated that the requirements for high-precision physics measure-

ments under CLIC experimental conditions can be fulfilled. This is illustrated in more detail in the

following sections.

1.3 CLIC Physics Optimization with Energy Staging

The main asset and aim of the CLIC acceleration technology is to provide scope for exploring New

Physics at multi-TeV e+e− center-of-mass energies and with very high luminosities. Until now it is the

only technology option on the market that can reach such high energies and for which the feasibility

has been demonstrated in large-scale test facilities and at the level of the design parameters required

for the complete facility, as detailed in the conceptual design report [4]. The CLIC technique requires

5



Fig. 2: Left: Reconstructed particles in a simulated e+e− → tt event at 3 TeV in the CLIC_ILD detec-

tor concept with background from γγ → hadrons overlaid in a broad reconstruction window around the

physics event. Right: The effect of applying tight timing cuts on the reconstructed particles.

large investments in its injector complex, while offering a relatively modest marginal cost per GeV for

the acceleration linac [6]. CLIC is therefore principally justified as an exploration machine for New

Physics at the high-energy frontier. The full physics potential of CLIC, however, also includes known

SM physics, with highly relevant topics like precision Higgs and top physics to be studied from
√

s of

a few hundred GeV onwards. New Physics could already show up at the scale of a few hundred GeV,

as e+e− collisions may give access to states, e.g., electroweak particles, that could remain undetected in

proton-proton collisions at the LHC. At increasing
√

s, additional Higgs production and decay channels

become accessible, while the window for New Physics opens up more and more.

Cross sections for many of the interesting phenomena are low, at the fb level, therefore high integrated

luminosities are essential all along the CLIC energy range. By constructing and operating the machine

in a few energy stages the luminosity performance over the full CLIC energy range can be maximized,

without compromising the re-use of equipment from the earlier stages at the higher energies. At each

stage the energy can be tuned down within a range of a factor ≈ 3 with limited luminosity performance

loss.

Final choices for the CLIC energy stages will depend on the physics results from LHC running at 14 TeV.

For illustration, a possible staging scenario can be inferred from Figure 3, showing cross sections for

Higgs and top production and for a possible SUSY scenario as a function of the center-of-mass energy.

A first CLIC energy stage around 350 GeV to 375 GeV is very well motivated by Higgs and top physics.

A next energy stage, around ≈ 1.4 TeV, would give access to the detection and precise measurements

of gauginos and sleptons in the example SUSY model (labelled model III [6]), while also providing

additional Higgs precision measurements through vector-boson fusion, ttH production and double-Higgs

production. A third stage at the highest CLIC energy of 3 TeV would complement precision Higgs

physics, e.g., for decays with very small branching ratios, while also giving access to heavy Higgs

partners and squarks in the example SUSY scenario.

In the following sections, the CLIC physics capabilities with this staging scenario are elaborated in more

detail. Section 2 describes the potential for precision Higgs physics and its impact on our knowledge of

the underlying Electroweak Symmetry Breaking (EWSB) process and of New Physics scenarios. Sec-

tion 3 gives an overview of top physics at CLIC. The section puts emphasis on top mass measurements,

and illustrates other examples of top physics at CLIC, which will be studied in more detail in the near

future. Section 4 illustrates the CLIC potential for physics searches beyond the standard model. Preci-

sion measurements are mostly already included in the Higgs, top and BSM sections, and are summarized

together in Section 5. Overall conclusions and an outlook are presented in Section 6.
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2 Higgs Physics at CLIC

A high-energy e+e− collider such as CLIC would provide a clean environment to study the properties of

the Higgs boson with very high precision. The different CLIC energy stages will enable measurements of

the properties of a 125 GeV Standard Model like Higgs boson through a number of different production

processes, where those with the highest cross sections are indicated in Figure 4. The sensitivities to Higgs

physics at CLIC have been studied in the context of the staged scenario described previously. The results

from these studies have been obtained using detailed GEANT4 detector simulations, full reconstruction

with the dominant background from γγ → hadrons overlaid and inclusion of all relevant Standard Model

background processes.

Z

e−

e+

H

Z

W

W

e−

e+

νe

H

νe

Z

Z

e−

e+

e−

H

e+

Fig. 4: The three highest cross section Higgs production processes at CLIC. At
√

s ≈ 350 GeV, the

Higgs-strahlung process dominates. Above
√

s ≈ 500 GeV, the WW vector boson fusion process

e+e− → Hνeνe is dominant, with the cross section for the ZZ process being about one order of mag-

nitude lower.

In the initial stage of CLIC operation at
√

s ≈ 350 GeV, the Higgs-strahlung process e+e− → ZH dom-

inates, allowing a precise model-independent measurement of the coupling of the Higgs boson to the Z

and providing precise measurements of the Higgs boson branching ratios to a number of final states. In

the higher energy stages of CLIC operation (1.4 TeV and 3.0 TeV), large samples of Higgs bosons will

be produced primarily through the vector boson fusion process, e+e− → Hνeνe. These large data sam-

ples will allow very precise O(1%) measurements of the couplings of the Higgs boson to both fermions

and the gauge bosons. In addition to the main Higgs production processes, rarer processes such as

e+e− → ttH and e+e− → HHνeνe, shown in Figure 5, provide access to the top quark Yukawa coupling

and the Higgs trilinear self-coupling as determined by the parameter λ in the Higgs potential.

Z

e−

e+

t

H

t

W
W

H

e−

e+

νe

H

H

νe

W

W

e−

e+

νe

H

H

νe

Fig. 5: The main processes at CLIC involving the top-quark Yukawa coupling gHtt, the Higgs boson

trilinear self-coupling λ and the quartic coupling gHHWW.

The raw Higgs production cross sections as a function of center-of-mass energy are shown in Figure 6.

The relatively large Higgs production cross sections, combined with the high integrated luminosities

achievable at CLIC, result in large samples of Higgs bosons (far surpassing the number of W bosons

produced at LEP). Table 2 compares the expected number of ZH and Hνeνe events at the three main

center-of-mass energies considered in a CLIC energy staged scenario. The numbers of events include the

effect of beamstrahlung, which results in a tail in the distribution of the effective center-of-mass energy√
s′. Even at the lowest CLIC energies considered here, large and clean samples of Higgs boson decays
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Fig. 6: The center-of-mass dependencies of the cross sections for the main Higgs production processes

at an e+e− collider. The values shown correspond to unpolarized beams and do not include the effects of

initial-stare radiation (ISR) or beamstrahlung.

Table 2: The leading-order Higgs unpolarized cross sections for the Higgs-strahlung, WW-fusion, and

ZZ-fusion processes for mH = 125 GeV at the three center-of-mass energies 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 beamstrahlung and ISR. The impact of

beamstrahlung on the expected numbers of events is relatively small, leading to an approximately 10%

reduction in the numbers of Hνeνe events at
√

s > 1 TeV. The cross sections and expected numbers do

not account for the enhancements possible from polarized beams.

350 GeV 1.4 TeV 3 TeV

Lint 500 fb−1 1500 fb−1 2000 fb−1

σ(e+e− → ZH) 134 fb 9 fb 2 fb

σ(e+e− → Hνeνe) 52 fb 279 fb 479 fb

σ(e+e− → He+e−) 7 fb 28 fb 49 fb

# ZH events 68,000 20,000 11,000

# Hνeνe events 26,000 370,000 830,000

# He+e− events 3,700 37,000 84,000

can be accumulated. The ZZ fusion process e+e− → He+e− has a cross section that is approximately an

order of magnitude smaller than the WW fusion process, is also a significant source of Higgs bosons.

The measurement of the absolute coupling of the Higgs boson to the Z, which can be obtained from

the recoil mass distribution in HZ → He+e− and HZ → Hµ+µ− (see Section 2.1), plays a central role

in the determination of the absolute Higgs couplings at a linear collider. For this reason, it might seem

surprising that no significant running is considered at
√

s = 250 GeV, which is close to the maximum

of the Higgs-strahlung cross section (see Figure 6). However, the reduction in cross section is, in part,

compensated by the increased instantaneous luminosity achievable at a higher center-of-mass energy; the

instantaneous luminosity is expected to approximately linearly scale with the center-of-mass energy. For

this reason the precision on the coupling gHZZ at 350 GeV is comparable to that achievable at 250 GeV

for the same period of operation, as indicated in Table 3. Furthermore, for the majority of final states, the

measurement σ(HZ)×BR(H → X) would be slightly more precise at
√

s = 350 GeV. Initial operation

at
√

s ≈ 350 GeV also allows access to Higgs production through the WW fusion process, providing

9



Table 3: Precision measurements of the Higgs coupling to the Z at
√

s = 250 GeV and
√

s = 350 GeV

based on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies [13].

The numbers assume that the accelerator, in this case the ILC, operates with −80%,+30% electron and

positron beam polarizations.

√
s 250 GeV 350 GeV 350 GeV

Lint 250 fb−1 350 fb−1 500 fb−1

∆(σ)/σ 3% 3.7% 3.1%

∆(gHZZ)/gHZZ 1.5% 1.9% 1.6%

a constraint on the Higgs coupling to the W boson. In addition, operation at
√

s ≈ 350 GeV enables

detailed studies of the top-pair production process. For these reasons,
√

s ≈ 350 GeV is the preferred

option for the first stage of CLIC operation and no running at
√

s ≈ 250 GeV is currently foreseen.

2.1 Higgs Measurements at
√

s = 350 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a

model-independent manner. This is unique to an electron-positron collider. The clean experimental en-

vironment, and the relatively low SM cross sections for background processes, allow e+e− → ZH events

to be selected based solely on the identification of two opposite charged leptons with an invariant mass

consistent with mZ. The remainder of the event, the particles from the Higgs decay, is not considered in

the event selection. For example, Figure 7 shows the simulated invariant mass distribution of the system

recoiling against identified Z → µ+µ− decays at CLIC for
√

s = 350 GeV. A clear peak at the generated

Higgs mass of mH = 125 GeV is observed. Because only the properties of the di-lepton system are used

in the selection, this method provides an absolute measurement of the Higgs-strahlung cross section,

regardless of the Higgs boson decay modes; it would be equally valid if the Higgs boson decayed to

invisible final states. Hence a model-independent measurement of the coupling gHZZ can be made. With

a dedicated analysis using also the hadronic decays of the Z, the sensitivity to invisible decay modes

can be improved significantly. An e+e− linear collider provides unique sensitivity to invisible decay

modes of the Higgs boson, extending down to a branching ratio into invisible states as low as 1%. For

unpolarized beams, the study of the simulated ZH recoil mass distributions for Z → e+e− and Z → µ+µ−

decays at CLIC operating at
√

s = 350 GeV gives a precision on the Higgs-strahlung cross section of

approximately 4% [6] for mH = 125 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section, and

therefore the total number of Higgs bosons produced would be known with a statistical precision of 4%.

The systematic uncertainties from the knowledge of the integrated luminosity and event selection are

expected to be significantly smaller. Subsequently, by identifying the individual final states for different

Higgs and Z decay modes, measurements of the Higgs boson branching fractions can be made. Because

of the high flavor-tagging efficiencies [5] achievable at CLIC, the H → bb and H → cc decays can be

cleanly separated. Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of

H → gg. Table 4 summarizes the branching fraction precisions achievable at CLIC operating at 350 GeV.

This table also lists the measurement sensitivities achievable at CLIC operating above 1 TeV. The values

in Table 4 represent a snapshot of the CLIC Higgs analyses as of September 2013.

2.2 Higgs Measurements at
√

s > 1 TeV

The large samples of events from both WW and ZZ fusion processes that could be accumulated above a

center-of-mass energy of 1 TeV would lead to a measurement of the relative couplings of the Higgs boson
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Table 4: The precisions obtainable for the Higgs observables at CLIC for integrated luminosities of

500 fb−1 at
√

s = 350 GeV, 1.5 ab−1 at
√

s = 1.4 TeV, and 2.0 ab−1 at
√

s = 3.0 TeV. In all cases

unpolarized beams have been assumed. The majority of the results are from the full detector simulation

and reconstruction including overlaid background from γγ → hadrons. The numbers marked by ‘∗’ are

preliminary and the numbers marked by ‘†’ are estimates; these will be updated when full simulation

results are available. The ‘−’ indicates that a measurement is not possible or relevant at this center-of-

mass energy and ‘tbd’ indicates that no results or estimates are yet available. For the branching ratios,

the measurement precision refers to the expected statistical uncertainty on the product of the relevant

cross section and branching ratio; this is equivalent to the expected statistical uncertainty of the product

of couplings divided by ΓH. For the measurements from the ttH and HHνeνe processes, the measurement

precisions give the expected statistical uncertainties on the quantity or quantities listed under the observ-

able heading. In the fits described in Section 2.4, event rates multiplied by a factor 1.8 (see Table 5)

were assumed for measurements of Higgs production in WW-fusion above 1 TeV to simulate the effect

of −80% electron polarization. This approach is conservative, because all backgrounds including those

from s-channel processes were scaled by the same amount as the signals.

Statistical precision

Channel Measurement Observable 350 GeV 1.4 TeV 3.0 TeV

500 fb−1 1.5 ab−1 2.0 ab−1

ZH Recoil mass distribution mH 120 MeV − −
ZH σ(HZ)×BR(H → invisible) Γinv tbd − −
ZH H → bb mass distribution mH tbd − −
Hνeνe H → bb mass distribution mH − 40 MeV∗ 33 MeV∗

ZH σ(HZ)×BR(Z → ℓ+ℓ−) g2
HZZ 4.2% − −

ZH σ(HZ)×BR(H → bb) g2
HZZg2

Hbb/ΓH 1%† − −
ZH σ(HZ)×BR(H → cc) g2

HZZg2
Hcc/ΓH 5%† − −

ZH σ(HZ)×BR(H → gg) 6%† − −
ZH σ(HZ)×BR(H → τ+τ−) g2

HZZg2
Hττ/ΓH 5.7% − −

ZH σ(HZ)×BR(H → WW∗) g2
HZZg2

HWW/ΓH 2%† − −
ZH σ(HZ)×BR(H → ZZ∗) g2

HZZg2
HZZ/ΓH tbd − −

Hνeνe σ(Hνeνe)×BR(H → bb) g2
HWWg2

Hbb/ΓH 3%† 0.3% 0.2%

Hνeνe σ(Hνeνe)×BR(H → cc) g2
HWWg2

Hcc/ΓH − 2.9% 2.7%

Hνeνe σ(Hνeνe)×BR(H → gg) − 1.8% 1.8%

Hνeνe σ(Hνeνe)×BR(H → τ+τ−) g2
HWWg2

Hττ/ΓH − 3.7% tbd

Hνeνe σ(Hνeνe)×BR(H → µ+µ−) g2
HWWg2

Hµµ/ΓH − 29%∗ 16%

Hνeνe σ(Hνeνe)×BR(H → γγ) − 15%∗ tbd

Hνeνe σ(Hνeνe)×BR(H → Zγ) − tbd tbd

Hνeνe σ(Hνeνe)×BR(H → WW∗) g4
HWW/ΓH tbd 1.1%∗ 0.8%∗

Hνeνe σ(Hνeνe)×BR(H → ZZ∗) g2
HWWg2

HZZ/ΓH − 3%† 2%†

He+e− σ(He+e−)×BR(H → bb) g2
HZZg2

Hbb/ΓH − 1%† 0.7%†

ttH σ(ttH)×BR(H → bb) g2
Httg

2
Hbb/ΓH − 8% tbd

HHνeνe σ(HHνeνe) gHHWW − 7%∗ 3%∗

HHνeνe σ(HHνeνe) λ − 28% 16%

HHνeνe with −80% e− polarization λ − 21% 12%
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Fig. 7: The recoil mass distribution for e+e− → ZH → µ+µ−H events with mH = 125 GeV in the

CLIC_ILD detector concept [6]. The numbers of events correspond to 500 fb−1 at
√

s = 350 GeV,

and the error bars show the expected statistical uncertainties on the individual points.

to the W and Z bosons at the O(1%) level, providing a strong test of the Standard Model prediction for

gHWW/gHZZ = cos2 θW.

In addition, the ability for clean flavor tagging combined with the large samples of WW fusion events

allows the production rate of e+e− → Hνeνe → bbνeνe to be determined with a statistical precision of

much better than 1%. In general, the Higgs production cross section multiplied by the appropriate Higgs

boson decay branching ratios can be measured more precisely at high energies, as can be seen from Ta-

ble 4. The uncertainties of the Higgs boson couplings to fermions and gauge bosons can be obtained by

combining the high-energy CLIC results with those from the Higgs-strahlung process at
√

s = 350 GeV.

Furthermore, the high statistics samples from the e+e− → Hνeνe alone would provide precise measure-

ments of relative Higgs branching ratios. For example, CLIC operating at 3 TeV would yield a statistical

precision of 1.5% on the ratio gHcc/gHbb, providing a direct comparison of the Standard Model coupling

predictions for up-type (charge +2/3) and down-type (charge −1/3) quarks.

Finally, CLIC operation at
√

s = 1.4 TeV and above enables a determination of the top Yukawa cou-

pling from the process e+e− → ttH → bW+bW−H. This process has been studied for the cases where

the Higgs boson decays to bb and W+W− decays either fully hadronically (qqqq) or semi-leptonically

(qqℓν). Despite the complex final states of six or eight jets, it has been shown that the top Yukawa

coupling can be measured with a precision of 4%.

2.2.1 Impact of Beam Polarization

To date, all CLIC Higgs physics studies were performed assuming unpolarized e+ and e− beams. How-

ever, for CLIC the baseline electron polarization is ±80% and there is the possibility of positron polar-

ization at a lower level. For an electron polarization of P− and positron polarization of P+, the relative

fractions of collisions in the different polarization states are

e−Re+R : 1
4
(1+P−)(1+P+) e−Re+L : 1

4
(1+P−)(1−P+)

e−L e+R : 1
4
(1−P−)(1+P+) and e−L e+L : 1

4
(1−P−)(1−P+) .

Consequently, the s-channel e+e− → ZH process and, in particular, the t-channel e+e− → Hνeνe process

can be enhanced by beam polarization, as indicated in Table 5. The chiral nature of the weak coupling to
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Table 5: Increases in the event rates for the s-channel e+e− → ZH process and for e+e− → Hνeνe at 1.4

and 3 TeV (dominated by the t-channel WW-fusion pocesses) for three example beam polarizations.

Polarization Enhancement factor

P(e−) : P(e+) e+e− → ZH e+e− → Hνeνe

unpolarized 1.00 1.00

−80% : 0% 1.18 1.80

−80% : +30% 1.48 2.34

fermions results in significant possible enhancements in the WW-fusion Higgs production mechanism.

The results listed in Table 4 assume no beam polarization, although significant improvements in precision

could be obtained if one were to assume −80% (left-handed) electron beam polarization (and possible

additional positron polarization). For Higgs production in the e+e− → He+e− process the cross-section

dependence on the polarization is only moderate, e.g. an enhancement factor of 1.17 is found for −80%

electron polarization at 1.4 and 3 TeV. In practice, the balance between operation with different beam

polarizations will depend on the CLIC physics program taken as a whole.

2.3 Higgs Self-Coupling

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

V (φ) = µ2φ †φ +λ (φ †φ)2 .

After spontaneous symmetry breaking, this form of the potential gives rise to a trilinear Higgs self-

coupling of strength proportional to λv, where v is the vacuum expectation value of the Higgs poten-

tial. The measurement of the strength of the Higgs self-coupling therefore provides direct access to the

quartic potential coupling λ assumed in the Higgs mechanism. This measurement is therefore an es-

sential part of experimentally establishing the Higgs mechanism as described by the Standard Model.

For mH = 125 GeV, the measurement of the Higgs boson self-coupling at the LHC will be extremely

challenging even with 3000 fb−1 of data.

At a linear collider, the trilinear Higgs coupling can be measured through the e+e− → ZHH and e+e− →
HHνeνe processes. The achievable precision has been studied for the e+e− → ZHH process at

√
s =

500 GeV in the context of the International Linear Collider (ILC), where the results show that a very large

integrated luminosity is required [14]. For this reason, the most favorable channel for the measurement

of the Higgs self-coupling is the e+e− → HHνeνe process at
√

s ≥ 1 TeV. Here the sensitivity increases

with increasing center-of-mass energy. The λ uncertainty is evaluated by measuring the uncertainty of

the e+e−→HHνeνe process cross section and relating this uncertainty to that of λ via a conversion factor,

which amounts to 1.20 and 1.54 at 1.4 TeV and 3 TeV, respectively. An alternative approach employs

template fitting of the neural net classifier response distribution in order to obtain the uncertainty on λ

directly. The latter approach is preferred since it excludes potential dependence of uncertainty-related

factors on the event selection. Results from a detailed study indicate that a precision of 28% and 16%

on λ can be achieved at CLIC operating respectively at
√

s = 1.4 TeV and
√

s = 3 TeV, see Table 4.

These preliminary studies were performed assuming unpolarized beams. With 80% left-handed polarized

electrons and 30% right-handed polarized positrons the signal cross section increases significantly and a

measurement precision of ≈ 10% on λ is attainable with CLIC operation at
√

s = 3 TeV.

The e+e−→ HHνeνe process can proceed through several lowest-order Feynman diagrams. The diagram

involving the coupling λ is shown in Figure 5 (center). The expected precision on λ quoted above

assumes that the contributions to the production cross section from other diagrams take their Standard
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Model values. However, the analysis of the process e+e− → HHνeνe can be interpreted differently, for

example as measurement of the quartic coupling at the HHWW vertex, where the sensitivity comes

from the Feynman diagram shown in Figure 5 (right). A preliminary study indicates that measurement

precisions of 7% and 3% on gHHWW can be achieved at CLIC operating respectively at
√

s = 1.4 TeV

and
√

s = 3 TeV.

2.4 Higgs Boson Couplings and Total Decay Width

In the previous sections, the Higgs boson measurements at CLIC were reviewed. In most cases the

measurements correspond to the product of the Higgs production cross section with the relevant Higgs

branching ratio. The absolute couplings of the Higgs boson can be determined using the total e+e−→ZH

cross section from the recoil mass distribution from Z → e−e+ and, in particular, Z → µ+µ−, measured at√
s = 350 GeV. This allows the coupling of the Higgs boson to the Z to be determined with a precision

of about 2% in a model-independent manner. Once the coupling to the Z is known, the Higgs coupling to

the W can be determined from, for example, the ratios of Higgs-strahlung to WW fusion cross sections,

σ(e+e− → ZH)×BR(H → bb)

σ(e+e− → νeνeH)×BR(H → bb)
∝

(
gHZZ

gHWW

)2

.

In order to determine absolute measurements of the other Higgs couplings, the Higgs total decay width

needs to be inferred from the data. For a Higgs boson mass of 125 GeV, the total Higgs decay width

in the SM (ΓH) is less than 5 MeV and cannot be measured directly. However, given that the absolute

couplings of the Higgs boson to the Z and W can be obtained as described above, the total decay width of

the Higgs boson can be determined from H → WW∗ or H → ZZ∗ decays. For example, the measurement

of the Higgs decay to WW∗ in the WW fusion process determines

σ(Hνeνe)×BR(H → WW∗) ∝
g4

HWW

ΓH

,

and thus the total width can be determined utilizing the model-independent measurement of gHWW. In

practice, a fit would be performed to all of the experimental measurements involving the Higgs boson

couplings. Table 6 lists the results of such a fit [15], applied using the expected statistical measurement

precisions given in Table 4 (scaled to include the benefits of electron polarization). Here it is assumed

that CLIC operation above 1 TeV is primarily with −80% electron polarization to enhance the WW

fusion cross section. These preliminary fit results do not yet include the constraints on the invisible

width that can be obtained from the Higgs-strahlung process at
√

s = 350 GeV, and will be updated

accordingly. The interpretation of the results listed in Table 6 requires some care as the uncertainties on

gHZZ, gHWW, gHbb, gHbb, and gHττ are almost 100% correlated and are fixed by the precision to which

gHZZ can be determined; the uncertainties on the ratios of these couplings are typically much smaller

than the uncertainties on the absolute values of the couplings.

Whilst the precise measurements of the Higgs couplings to gauge bosons, fermions and to itself are

of interest in their own right, they will be crucial for testing the fundamental prediction of the Higgs

mechanism that the Higgs coupling to different particles is proportional to their masses, as summarized

in Figure 8.

As an alternative to the model-independent approach discussed so far, a fit was performed using nine

Higgs coupling scale factors defined as:

κ2
i =

Γi

ΓSM
i

,

where Γi and ΓSM
i are the measurement and SM prediction for the partial width of an individual visible

Higgs decay mode i [15]. Here the total Higgs boson width is given by the sum of the nine considered
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Table 6: The precision Higgs observables at CLIC after (i) an integrated luminosity of 500 fb−1 at√
s = 350 GeV, (ii) after an additional 1.5 ab−1 at

√
s = 1.4 TeV, and (iii) after a further 2.0 ab−1 at√

s = 3.0 TeV. The results were obtained from the statistical measurement precisions quoted in Table 4,

scaled up assuming that operation above 1 TeV is primarily with −80% electron beam polarization. The

uncertainties are statistical only. The entries marked ‘tbd’ indicate that results for
√

s = 3 TeV have yet

to be determined.

Parameter Measurement precision

350 GeV +1.4 TeV +3.0 TeV

500 fb−1 +1.5 ab−1 +2.0 ab−1

mH 120 MeV 30 MeV 20 MeV

ΓH 9.2% 8.5% 8.4%

λ − 21% 10%

gHZZ 2.1% 2.1% 2.1%

gHWW 2.6% 2.1% 2.1%

gHbb 2.7% 2.2% 2.1%

gHcc 3.8% 2.4% 2.2%

gHττ 4.0% 2.5% tbd

gHµµ − 11% 5.6%

gHtt − 4.5% tbd

partial decay widths. This is equivalent to the assumption of no invisible Higgs decays. In this scenario,

the ratio of the fitted total Higgs width to its SM prediction can be calculated as:

ΓH,model = ∑
i

κ2
i ·BRSM

i .

The SM expectations for the branching ratios assuming a Higgs mass of 126 GeV, BRSM
i , were taken

from [16]. Theoretical uncertainties on the SM predictions were neglected in the fit. Table 7 shows the

obtained preliminary precisions on the Higgs coupling scale factors.

2.5 Impact of the Precision Measurements of the Higgs Couplings

The precise measurements of the Higgs boson properties at CLIC would provide a powerful probe of

the structure of the Higgs sector. The SM with a single Higgs doublet is only one of the possibilities.

The model-independent measurements at CLIC would be crucial to distinguish between the different

possible manifestations of the underlying physics. In many extended Higgs theories the lightest Higgs

scalar can have nearly identical properties to the SM Higgs boson. In this decoupling limit, additional

states of the Higgs sector are heavy and it may be difficult to detect them at the LHC. CLIC would

provide sensitivity to new Higgs bosons beyond that achievable at the LHC, with states of masses up to

essentially half the e+e− center-of-mass energy (see Section 4.2) being directly detectable. Nevertheless,

if these massive states were very heavy, and therefore beyond the reach of the LHC and even CLIC,

precision measurements would be crucial in order to distinguish the simple Higgs sector of the SM from

a more complicated scalar sector.

Deviations from the SM can arise from an extended structure of the Higgs sector, for instance if there is

more than one Higgs doublet. Another source of possible deviations from the SM Higgs properties are

loop effects from BSM particles. The potential for probing the physics of EWSB is directly related to

the sensitivity for verifying deviations from the SM.
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Table 7: The Higgs coupling scale factors at CLIC after (i) an integrated luminosity of 500 fb−1 at√
s= 350 GeV, (ii) after an additional 1.5 ab−1 at

√
s= 1.4 TeV, and (iii) after a further 2.0 ab−1 at

√
s=

3.0 TeV. The assumptions used for the determination of these parameters are explained in the text. All

results were obtained from the statistical measurement precisions quoted in Table 4, scaled up assuming

that operation above 1 TeV is primarily with −80% electron beam polarization. The uncertainties are

statistical only. The entries marked ‘tbd’ indicate that results for
√

s = 3 TeV have yet to be determined.

Parameter Measurement precision

350 GeV +1.4 TeV +3.0 TeV

500 fb−1 +1.5 ab−1 +2.0 ab−1

ΓH,model 1.6% 0.29% 0.22%

κHZZ 0.49% 0.33% 0.24%

κHWW 1.5% 0.15% 0.11%

κHbb 1.7% 0.33% 0.21%

κHcc 3.1% 1.1% 0.75%

κHττ 3.5% 1.4% tbd

κHµµ − 11% 5.2%

κHtt − 4.0% tbd

κHgg 3.6% 0.79% 0.56%

κHγγ − 5.5% tbd

Furthermore, small deviations from SM-like behavior can arise as a consequence of fundamentally differ-

ent physics of EWSB. For example, if an additional fundamental scalar such as the radion mixes with the

Higgs boson, the possibly small shifts in the branching ratios and overall decay width relative to the SM

Higgs boson may only be discernible through the high-precision and model-independent measurements

of couplings available at a future linear collider.

2.6 Higgs Boson Mass, Spin and CP Properties

Detailed studies of the properties of the Higgs boson are possible at a high-luminosity e+e− linear col-

lider. For example the Higgs boson mass can be determined to better than 100 MeV at CLIC operating at√
s = 350 GeV from either the Z recoil mass distribution or from the direct reconstruction of the decay

products. At higher center-of-mass energies the large samples of H → bb decays would allow the Higgs

mass to be determined with a statistical precision of about ±30 MeV. At this stage the potential size

of systematic uncertainties, such as the b-quark jet-energy scale, have not been assessed yet, although

potential systematic biases could be mitigated using Z → bb decays.

CLIC also provides the possibility of detecting CP violation in the Higgs sector, where a priori the

observed Higgs state with mH = 125 GeV can be an admixture of CP even and CP odd states. The most

general model-independent expression for the HVV coupling can be written as

gHVV =−gMV

[
αgµν +β

(
(p ·q)gµν

M2
V

− pνqµ

)
+ iγ

εµνρσ pρqσ

M2
V

]
,

where V represents either a W or Z boson, p and q are the four momenta of the two vector bosons, and

εµνρσ is the totally antisymmetric tensor. For the SM Higgs boson, α = 1 and β = γ = 0. In contrast,

for a pure CP odd Higgs boson, α = β = 0, and γ is expected to be small. Dedicated studies of the

CP properties of the light Higgs boson have not yet been performed in the context of the CLIC study.

Nevertheless, such studies have been performed for a e+e− linear collider operating at
√

s = 350 GeV.

For example, by utilizing the angular correlations in e+e−→ HZ → 4f it was demonstrated that η , which
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Fig. 8: An illustration of the typical precisions to which the relation between the Higgs couplings to

the masses of the particles can be tested at CLIC. The left plot shows the precision achievable at CLIC

after (i) an integrated luminosity of 500 fb−1 at
√

s = 350 GeV, (ii) after an additional 1.5 ab−1 at√
s = 1.4 TeV, and (iii) after a further 2.0 ab−1 at

√
s= 3.0 TeV. The listed values assume SM couplings.

The right plot summarizes the precision of the test of the prediction of the proportionality of the Higgs

coupling to mass (after the three assumed stages of CLIC operation). The sensitivities assume that

operation above 1 TeV is primarily with −80% beam polarization.

parameterizes the mixing between a CP-even and a CP-odd Higgs state, could be measured with an

accuracy of 3% – 4% [17]. As part of the future CLIC study, it is intended to extend these studies to

CLIC operating above 1 TeV.
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3 Top Physics

3.1 Introduction

As the heaviest elementary particle known to date, the top quark is of particular interest. It couples most

strongly to the Higgs field, and due to its high mass also provides leading contributions in higher order

corrections to many processes and may provide high sensitivity to physics beyond the SM. Together

with the Higgs mass, the top mass is a key input to studies of the stability of the SM vacuum, which can

be seen as an upper validity bound of the SM. With the precision of the Higgs mass provided by the

LHC today, the uncertainty of the top mass is the leading uncertainty in this evaluation. Improvements

in the measurement of the top quark mass, possible at a linear collider, will substantially reduce these

uncertainties. At the same time, the precise measurement of couplings of the top quark to the Higgs and

to gauge bosons will provide the possibilities for precision tests of SM predictions and a corresponding

sensitivity to New Physics at higher scales.

3.2 Top Quark Mass Measurements at CLIC

An e+e− collider offers two complementary ways of measuring the top quark mass; by direct reconstruc-

tion of the invariant mass of the decay products, and through a scan of the top pair production threshold.

While the former measurement can be performed at essentially arbitrary energies above threshold, the

latter requires collider operations at several closely-spaced energies around the pair production thresh-

old. The theoretical interpretation of the two measurements differ considerably. The invariant mass is

interpreted by comparing the measured distribution with that predicted by MC simulations, and as such

is obtained in the context of the used event generator and is thus not defined in a theoretically rigorous

way. Progress has been made in the calculation of non-perturbative effects which affect the final state of

tt decays, but uncertainties remain substantial. The cross section evolution around threshold is calculated

to higher orders in theoretically well-defined mass schemes, providing a clean interpretation of the top

quark mass obtained from a threshold scan.

The prospects for top mass measurements at CLIC using both techniques have been studied in full sim-

ulations, taking beam-induced and non-tt physics background as well as realistic luminosity spectra into

account [18]. With tt cross sections of 450 fb at 350 GeV and 530 fb at 500 GeV, integrated luminosities

of 100 fb−1 result in several ten thousand tt pairs, enabling measurements with high statistical precision.

For both techniques, the two dominating decay modes of the tt pair are considered, the fully-hadronic

decay tt → W+bW−b → qqbqqb and the semi-leptonic decay tt → W+bW−b → qqb lνb, where τ final

states are rejected. Together, these decays account for a branching fraction of 75% and provide events

that can be precisely identified and reconstructed. Top pair identification and reconstruction is performed

by a combination of flavor tagging, kinematic fitting and multivariate background rejection, resulting in

highly pure signal samples. Figure 9 (left) shows the reconstructed invariant mass of fully-hadronic top

pair decays, together with the remaining non-tt background for an integrated luminosity of 100 fb−1

at an energy of 500 GeV. The mass is determined with a maximum likelihood fit also shown in the

figure. Figure 9 (right) illustrates a ten-point scan of the tt production threshold corresponding to a to-

tal integrated luminosity of 100 fb−1. The sensitivity to the 1S top mass is illustrated by showing the

variations of the threshold behavior for different masses. The top quark mass and the strong coupling

constant are extracted simultaneously from a two-dimensional template fit of the measured cross section.

Table 8 summarizes the achieved statistical precision. In addition to these statistical uncertainties, pos-

sible systematic uncertainties have been evaluated. For the invariant mass it was found that jet energy

scale systematics can be constrained to a level comparable to the statistical uncertainty. However, since

the measurement itself is performed in the context of a leading order event generator, the interpretation

of the result in theoretically well-defined mass schemes results in substantial additional uncertainties,

expected to be larger than the purely experimental uncertainties quoted here. For the threshold scan, a
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Fig. 9: Left: Reconstructed top quark mass in the all-hadronic decay channel for an integrated luminosity

of 100 fb−1 at 500 GeV. The top mass and width is determined with an unbinned maximum likelihood

fit to the invariant mass distribution, shown by the solid line. Right: Illustration of a scan of the top

quark pair production threshold, with each point corresponding to 10 fb−1 of integrated luminosity. The

sensitivity to the top quark mass is illustrated by showing the cross section also for 200 MeV changes in

mass.

Table 8: Summary of full detector simulation results obtained under realistic CLIC beam conditions in

the top quark studies.

√
s

Technique
Measured Integrated

Unit
Generator Stat.

(GeV) quantity luminosity (fb−1) value error

350 Threshold scan
Mass

10×10
GeV 174 0.033

αS 0.118 0.0009

500 Invariant mass Mass 100 GeV 174 0.080

statistical uncertainty of the top quark mass in the 1S scheme of 33 MeV is obtained, resulting in a total

uncertainty of approximately 100 MeV when including theoretical normalisation uncertainties as well as

analysis-related and beam energy systematics. Additional theory uncertainties on the order of 100 MeV

enter when transforming the 1S mass used in the threshold scan analysis to the MS mass scheme com-

monly used in electroweak precision calculations. Given the dominance of systematic uncertainties in

the mass determination via a threshold scan, the difference between different e+e− collider options is not

expected to impact visibly on the total uncertainty [18].

3.3 Top as a Probe for New Physics

The high mass of the top quark and its correspondingly strong coupling to the mechanism of electroweak

symmetry breaking make it a promising probe for New Physics. For example, the measurement of

forward–backward and left–right asymmetries, where the latter makes use of polarized beams provided

by a linear collider, provides a high sensitivity to extra-dimensional models and new heavy gauge bosons

by probing the ttZ and ttγ vertices with high precision. The fact that the top quark decays before it

hadronizes, allowing access to its polarization by the analysis of angular distributions of the decay prod-

ucts, makes it a sensitive probe for the couplings to gauge bosons and provides the possibility to search

for CP violation in the top sector.
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So far, no full simulation studies on these topics have been carried out in the context of CLIC, but the

sensitivity of asymmetry measurements to different New Physics models has been studied extensively for

the ILC [19]. These studies achieve a 1% precision on the couplings, providing sensitivity for example

to Kaluza–Klein particles up to masses of tens of TeV. The higher energy at CLIC will allow one to

eliminate uncertainties in the assignment of b jets to W bosons due to the higher boost of the quarks and

the corresponding better separation of the decay products of the t and t, one of dominating experimental

challenges at the ILC at 500 GeV. This may result in an increased physics reach, but still requires

dedicated studies. Another benefit of the high center-of-mass energy of CLIC is that in most approaches

to New Physics affecting the top quark observables, the relative contribution from New Physics increases

with the interaction energy E as E2/Λ2, where Λ represents the scale of New Physics. Examples for this

are the Kaluza–Klein excitation scale, the mass of an extra gauge boson, or the suppression scale of a

higher-dimensional operator contributing to tt production.

The high granularity of the detectors together with the particle flow event reconstruction enables the clean

reconstruction also of highly boosted top quarks, with a measurement of the individual decay products

from an analysis of the jet substructure. The availability of these techniques forms the basis for precision

physics with top quarks in the multi-TeV regime. Topics to be investigated in detail in the future include

the study of top production asymmetries, the couplings to γ , Z, W and H bosons, the sensitivity to CP

violation in the top sector and flavor changing top decays.

3.4 Conclusion

Top physics is an integral part of the CLIC physics program. The first stage will provide a precise

measurement of the top quark mass on the 100 MeV level and measurements of other top properties

such as the width, while higher energy stages give access to various measurements sensitive to New

Physics. The achievable precision for the mass measurements has already been investigated in detail in

full simulations, including incomplete studies of systematic uncertainties. The potential to use top quarks

as a probe for New Physics will be the subject of studies in the near future, which will include:

– top quark production asymmetries;

– top couplings to γ , Z, W and H bosons;

– CP violation in the top sector;

– flavor changing top decays.
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4 BSM Searches

4.1 Introduction

It is generally acknowledged that the Standard Model is not the complete picture of particle physics. The

quest for a deeper understanding of dark matter, baryon asymmetry of the universe, CP violation, the

flavor problem, unification, and stability of the Higgs sector gives rise to a wide spectrum of ideas that

extend our theories beyond what the Standard Model can provide.

In this section we give a few examples of how a high-energy e+e− CLIC machine can discover and

study physics beyond the Standard Model. In Section 4.2 we discuss the discovery potential and study

prospects for supersymmetry, which remains a leading idea of physics beyond the Standard Model. In

Section 4.3 we consider the possibility of a composite Higgs boson, and compare the search sensitivities

for its composite nature at CLIC versus LHC. In Section 4.4 we briefly discuss how additional exotic

physics cases can be discerned through careful measurements of high-energy final states. Our primary

example is that of a Z′ boson.

4.2 Supersymmetry

Supersymmetry was posited many years ago as a natural extension of the spacetime structure bearing

a symmetry between bosons and fermions. Over time it was recognized that there are many other fea-

tures that speak for its existence, including having a natural dark matter candidate, revealing a possible

unification of the forces at high energies, and having the ability to solve the electroweak scale hierarchy

problem. This latter consideration has been under some strain given that the LHC has not yet found

superpartners, and it has found a Higgs boson mass of 125 GeV, which may appear to be unnaturally

heavy for the minimal model. Nevertheless, these two facts are mutually compatible and higher energy

LHC runs are needed to cover more ground in the supersymmetry parameter space.

If supersymmetry is found it will be of primary importance to study all the masses and couplings to high

precision to test the many ideas of how supersymmetry can be composed. CLIC offers this opportunity.

Table 9 shows the excellent precision by which one can measure the superpartner mass spectrum at CLIC.

The table includes results from the example models I, II, and III which are detailed in the CDR [5, 6, 20,

21]. Accessible states are measured to better than a few percent uncertainty with standard assumptions

on the energy and luminosity of CLIC. See the table caption for more details.

CLIC allows one to perform precise measurements of the superpartners even using fully hadronic final

states which are very difficult at hadron colliders. Figure 10 shows an example for a final state with

four jets and missing energy. This figure also demonstrates the suppression of pileup from beam-induced

backgrounds as introduced in Section 1. The mass and pair production cross section for the lightest

chargino were extracted from the reconstructed W energy distribution in e+e− → χ̃
+

χ̃
− → qqqqW+W−

events at 1.4 TeV. Statistical precisions of 0.2% for the mass of 487 GeV and 1.3% for the pair production

cross section of 15.3 fb were obtained assuming an integrated luminosity of 1.5 ab−1.

Supersymmetry is necessarily (at least) a Two-Higgs-Doublet theory, and a full demonstration of the

theory and a full test of its underlying structure requires measuring the four heavier Higgs degrees of

freedom, H±, A and H. Figure 11 shows the ability to measure these masses to the percent level, and

to distinguish the mass splitting among all of these states, which can be crucial for understanding the

underlying model.

It should be noted also that two Higgs doublet theories are not necessarily restricted to supersymmetry,

therefore this study has a much broader implication than just supersymmetric Higgs boson searches.

Indeed, in a broader sense all of these searches have wider applicability than only supersymmetry, since

the particles under consideration can be classified simply as states with given mass, spin and quantum

numbers, which can show up in any theory, supersymmetric or not.
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Fig. 10: Left: Reconstructed mass of W± candidates in e+e−→ χ̃
+
1 χ̃

−
1 → qqqqW+W− events at 1.4 TeV

without overlay of γγ → hadrons (black histogram), with overlay of γγ → hadrons (red histogram) and

using selected reconstructed particles (blue histogram). Right: Di-jet invariant mass distribution for the

selected signal and background events in the same channel. A full simulation of the CLIC_SiD detector

is used. All distributions are scaled to an integrated luminosity of 1.5 ab−1.

]Di-Jet Invariant Mass [GeV
600 800 1000 1200 1400

-1
E

n
tr

ie
s
 /

 2
 a

b

0

20

40

60

80

100

120
HA

-
H

+
H

WW

ZZ

tt+4b

WWZ+ZZZ

]Di-Jet Invariant Mass [GeV
600 800 1000 1200 1400

-1
E

n
tr

ie
s
 /

 2
 a

b

0

50

100

150
-

H
+

H

HA

WW

ZZ

tt+4b

WWZ+ZZZ

Fig. 11: Di-jet invariant mass distributions for the bbbb (left) and tbbt (right) final states at 3 TeV

for model I. The distributions for the e+e− → HA and e+e− → H+H− processes and for the individual

backgrounds are shown separately. A full simulation of the CLIC_ILD detector is used. All distributions

are scaled to an integrated luminosity of 2 ab−1.

4.3 Composite Higgs Boson Theories

Since a fundamental scalar boson has quadratic sensitivities to higher scales it is susceptible to quadrat-

ically divergent corrections that can destabilize its potential and small mass. Supersymmetry solves this

problem via a symmetry, but there are other ways to attempt to solve the problem. A favored option

that is not excluded by current LHC data is that the Higgs boson is not a fundamental scalar, but rather

a composite state of fermions. In this way electroweak symmetry breaking and mass generation are at

their essence a condensation of multiple fields together, whose composite nature mimics a condensing

scalar boson – the Higgs boson.
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Fig. 12: Summary plot of the current constraints and prospects for direct and indirect probes of the strong

interactions triggering electroweak symmetry breaking. mρ is the mass of the vector resonances and

ξ = (v/ f )2 measures the strengths of the Higgs interactions. The dark brown region on the left shows the

current combined limit from direct production of the charged ρ± at the LHC decaying to ℓν and WZ →
3ℓν final states. The dark (medium light) horizontal purple bands indicate the sensitivity on ξ expected

at the LHC from double (single) Higgs production with 300 fb−1 of integrated luminosity. The pink

horizontal band reports the sensitivity reach on ξ from the study of double Higgs processes alone at CLIC

with 1 ab−1 of integrated luminosity at 3 TeV while the light blue horizontal band shows the sensitivity

reach on ξ when considering single Higgs processes. Finally, experimental electroweak precision tests

(EWPT) favor the region below the orange thick line with and without additional contribution to ε1.

The Higgs mass is assumed to be 125 GeV and the vector resonance contribution to ε3 is taken to

be ∆ε3 = m2
W/m2

ρ . The domain of validity of our predictions, gρ < 4π , is below the upper red line

(From [22]).

The phenomenology of composite Higgs theories is very similar to the phenomenology of the SM Higgs

boson. The only difference is that every observable has relative corrections to it that are proportional to

ξ = (v/ f )2, where v ≃ 246 GeV is the normal vacuum expectation value of the “Higgs”, and 4π f is the

(higher) scale of compositeness. The scale f cannot be too small otherwise corrections to normal Higgs

production and decay are ξ = O(1) which is forbidden by current data. Therefore, ξ ≪ 1 is required.

Exactly how low needs to be derived carefully from data.

Figure 12 (from [22]) shows the sensitivities at LHC and CLIC for observing non-SM signatures from

the composite nature of the Higgs boson in the plane of ξ and mρ , where ρ is the vector resonance of the

composite theory, in direct analogy to the ρ of QCD which regularizes composite pion phenomenology.

A detailed description of Figure 12 is given in the caption. With an integrated luminosity of 1 ab−1 ac-

cumulated at 3 TeV, CLIC can reach ξ ≈ 0.03 independent of mρ due to the relatively clean environment

for studying double Higgs boson production. Note that the reach on ξ is improved by about one order

of magnitude, down to ξ ≈ 0.002, thanks to the precise measurement of Higgs couplings in single Higgs

processes, as reported in Table 7 of this document. This will be an indirect but powerful probe of a Higgs

composite scale up to 70 TeV. For comparison, the LHC with an integrated luminosity of 300 fb−1 at

14 TeV can reach only down to ξ ≈ 0.1, given the most recent estimates.
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Fig. 13: 5σ limit for a MZ′ discovery as function of the integrated luminosity for different values of the

couplings g′Y and g′BL. The limits shown are determined from the combined observables σ and AFB at√
s = 3 TeV and 1.4 TeV.

4.4 Search for Exotic Physics through Direct Production and Precision Studies

CLIC is a precision e+e− machine, and as such it is able to study many different observables with sub-

percent accuracy. For example e+e−→ f f observables can be key to seeing small deviations with respect

to the SM when lepton scattering energies are in the TeV region. The observables include total cross

section, forward–backward asymmetry, and polarization asymmetries. In general one can put strong

constraints on higher-dimensional operators that connect electrons to muons, for example, from these

precision studies of e+e− → µ+µ−. A concrete case of this impressive general capacity is sensitivity to

a new Z′ that couples to leptons [23]. The new Z′ is the most general U(1)′ gauge symmetry that is

anomaly-free with respect to the SM particle content. Under this U(1)′ the SM fermions have charge

g′Y(Yf)+ g′BL(B− L)f. Figure 13 shows 5σ discovery limits for Z′ gauge boson mass as a function of

the achieved integrated luminosity of the machine using the measured cross section and asymmetries. It

was found, for example, that there are regions of parameter space for this anomaly free Z′ theory where

sensitivity of the mass reaches into several tens of TeV, well beyond the center-of-mass energy of the

machine, and well beyond what the LHC or its conceived upgrades can achieve. This impressive result

is characteristic of many such studies that can be mapped to a non-renormalizable operator that connects

the electrons to any “clean” final state, such as muons or gauge bosons.

4.5 Conclusion

In our discussion of some of the leading ideas of physics beyond the SM we have found significant

discovery potential. In addition, Table 10 gives a brief survey of discovery reach of the CLIC collider

compared to the LHC and its possible high-luminosity upgrades in various other beyond the SM theories.

It is adapted from the CLIC CDR [5]. As illustrated in our examples earlier in the text and in Table 10,

some indirect precision studies allow the discovery of signals beyond the SM originating from scales

well beyond the center-of-mass energy of the collider. We have also seen that if particles are discovered

at CLIC or the LHC, CLIC has the ability to measure the masses and couplings at the percent level or
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better. This is generally far more precise than what a hadron collider can do alone. The precision studies

complementary to the LHC and the stand-alone discovery and precision capacity of CLIC makes it an

ideal machine for extending our search for physics beyond the SM. Future effort in beyond the SM

physics will include

– Searches for dark matter missing energy signatures in a model-independent way;

– Searches and study of resonances associated with composite Higgs theory;

– Generalization of higher-dimensional effective operator searches at the various stages of CLIC run-

ning;

– Searches for very weakly interacting exotic particles;

– Searches for vectorlike particles charged under electroweak group;

– Responding to theory guidance for New Physics that is compatible and explains LHC data in the

future.

Table 9: Summary table of the CLIC SUSY benchmark analyses results obtained with full-detector

simulations with background overlaid. All studies are performed at a center-of-mass energy of 3 TeV

(1.4 TeV) and for an integrated luminosity of 2 ab−1 (1.5 ab−1) [24, 25, 26, 27, 28, 29, 30].

√
s Process Decay mode SUSY Measured Generator Stat.

(TeV) model quantity value (GeV) uncertainty

3.0 Sleptons

µ̃
+
R µ̃

−
R → µ+µ− χ̃

0
1χ̃

0
1

II

ℓ̃ mass 1010.8 0.6%

χ̃
0
1 mass 340.3 1.9%

ẽ
+
R ẽ

−
R → e+e− χ̃

0
1χ̃

0
1

ℓ̃ mass 1010.8 0.3%

χ̃
0
1 mass 340.3 1.0%

ν̃eν̃e → χ̃
0
1χ̃

0
1e+e−W+W− ℓ̃ mass 1097.2 0.4%

χ̃
±
1 mass 643.2 0.6%

3.0
Chargino χ̃

+
1 χ̃

−
1 → χ̃

0
1χ̃

0
1W+W−

II
χ̃
±
1 mass 643.2 1.1%

Neutralino χ̃
0
2χ̃

0
2 → h/Z0 h/Z0 χ̃

0
1χ̃

0
1 χ̃

0
2 mass 643.1 1.5%

3.0 Squarks q̃Rq̃R → qqχ̃
0
1χ̃

0
1 I q̃R mass 1123.7 0.52%

3.0 Heavy Higgs
H0A0 → bbbb

I
H0/A0 mass 902.4/902.6 0.3%

H+H− → tbbt H± mass 906.3 0.3%

1.4 Sleptons

µ̃
+
R µ̃

−
R → µ+µ− χ̃

0
1χ̃

0
1

III

ℓ̃ mass 560.8 0.1%

χ̃
0
1 mass 357.8 0.1%

ẽ
+
R ẽ

−
R → e+e− χ̃

0
1χ̃

0
1

ℓ̃ mass 558.1 0.1%

χ̃
0
1 mass 357.1 0.1%

ν̃eν̃e → χ̃
0
1χ̃

0
1e+e−W+W− ℓ̃ mass 644.3 2.5%

χ̃
±
1 mass 487.6 2.7%

1.4 Stau τ̃
+
1 τ̃

−
1 → τ+τ−χ̃

0
1χ̃

0
1 III τ̃1 mass 517 2.0%

1.4
Chargino χ̃

+
1 χ̃

−
1 → χ̃

0
1χ̃

0
1W+W−

III
χ̃
±
1 mass 487 0.2%

Neutralino χ̃
0
2χ̃

0
2 → h/Z0 h/Z0 χ̃

0
1χ̃

0
1 χ̃

0
2 mass 487 0.1%
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Table 10: Discovery reach of various theory models for different colliders [5]. LHC at
√

s = 14 TeV

assumes 100 fb−1 of integrated luminosity, while HL-LHC is with 1 ab−1, and CLIC3 is
√

s = 3 TeV

with up to 2 ab−1. TGC is short for Triple Gauge Coupling, and “µ contact scale” is short for LL µ

contact interaction scale Λ with g = 1.

New particle LHC (14 TeV) HL-LHC CLIC3

squarks [TeV] 2.5 3 .1.5

sleptons [TeV] 0.3 - .1.5

Z′ (SM couplings) [TeV] 5 7 20

2 extra dims MD [TeV] 9 12 20–30

TGC (95%) (λγ coupling) 0.001 0.0006 0.0001

µ contact scale [TeV] 15 - 60

Higgs composite scale [TeV] 5–7 9–12 70
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5 Precision Study of Electroweak Interactions

One of the tasks of an e+e− collider is to test the Standard Model electroweak predictions with high

precision. In Section 2 we have detailed the expectations of precision measurements for the Higgs boson

sector, which is the most pressing electroweak precision program of the linear collider.

Likewise, we have seen that the precision measurement capabilities of CLIC in the presence of New

Physics are well supported by recent analyses briefly described earlier in Section 4. In the example case

of supersymmetry, we see that superpartner masses can be measured to sub-percent accuracy. The masses

of exotic heavy Higgs bosons also can be measured to this precision, as demonstrated in Section 4. This

excellent precision will reflect itself in whatever New Physics may be found in the high-energy frontier.

Another aspect of the precision electroweak program is to measure Standard Model processes to un-

precedented levels to test self-consistency of the Standard Model framework. The observables most

often considered in this context are the mass of the W boson, the weak mixing angle sin2 θW measured at

various energies for various final state particles, and anomalous triple and quartic gauge boson couplings.

There have been few CLIC studies up to this point on these pure electroweak precision processes in the

context of the CLIC collider. However, as is the case with other measurements, we expect the results for

lower-energy stages of CLIC to be comparable to the results found for the ILC, and we expect that some

improvement can arise at the higher-energy and higher-luminosity phases of CLIC.

Large numbers of W bosons will be produced in ee → eWν events at a high-energy CLIC collider.

Including the effects from ISR and Beamstrahlung, 22× 106 events for 1.5 ab−1 of data collected at

1.4 TeV and 45× 106 events for 2 ab−1 of data collected at 3 TeV are expected assuming unpolarized

beams. It was found in a generator-level study that the number of hadronic W decays expected is 9×106

at 1.4 TeV and 15×106 at 3 TeV. Both jets from the W decay were requested to be in the central region

(i.e., |cos(θ jet)| < 0.94). These samples provide the potential for a competitive measurement of the

W boson mass using its hadronic decays. A full simulation study is foreseen to study the impact of

systematic effects like uncertainty of the jet energy scale on this measurement.

Regarding the anomalous triple gauge boson vertices, the CP-even couplings are defined in [31, 32] to

arise from operators in the Lagrangian

∆L = igV
1 (W

†
µνW µV ν −W †

µVνW µν)+ iκVW †
µWνV µν +

iλV

M2
W

W
†
λ µW

µ
ν V vλ (1)

−gV
4 W †

µWν(∂
µV ν +∂ νV µ)+gV

5 εµνρσ (W †
µ ∂ρWν +∂ρW †

µWν)Vσ (2)

with the normalization gV
1 = κV = 1 and λV = gV

4 = gV
5 = 0 in the Standard Model at tree level. ∆gV

1 ≡
gV

1 −1 and ∆κV = κV −1 define shifts away from the Standard Model values.

The anomalous triple gauge couplings have been studied for CLIC in the past [33]. These studies are

not at the same mature full-simulation level that the more recent CLIC studies engage; however, they

are expected to be reasonable estimates of what can be achieved in the high-energy CLIC environment.

Table 11 reproduces the results from [33] from precision e+e− → W+W− analysis, where the various

couplings are defined in [31, 33]. The superscripts L (R) refer to the values obtained for amplitudes with

left (right) handed electrons and right (left) handed positrons. The definition for g1 for example is from

the combinations

gL
1 = 4sin2 θWg

γ
1 +(2−4sin2 θW)gZ

1 ξ (3)

gR
2 = 4sin2 θWg

γ
1 −4sin2 θWgZ

1 ξ (4)

where ξ = s/(s−m2
Z). For more details, see [33].

The improvements in the sensitivity of these couplings can be derived from statistical arguments and

analysis of the cross section scaling. One finds that for the couplings that derive from gauge-invariant
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Table 11: Sensitivity of the real parts of CP-even couplings in units of 10−3, defined and expounded

upon in [33]. The integrated luminosities for the 500 GeV, 800 GeV and 3000 GeV stages are assumed

here to be 500 fb−1, 1 ab−1 and 3 ab−1 respectively.

√
s [GeV] Re(∆gL

1) Re(∆κL) Re(λL) Re(gL
5) Re(gR

1 ) Re(∆κR) Re(λR) Re(gR
5 )

500 2.6 0.85 0.59 2.0 10 2.4 3.6 6.7

800 1.6 0.35 0.24 1.4 6.2 0.92 1.8 4.8

3000 0.93 0.051 0.036 0.88 3.1 0.12 0.36 3.2

dimension-six operators with two derivatives, such as the λi couplings, the improvement in sensitivity to

the anomalous couplings scales as
√

sLint, where s is the center-of-mass energy squared of the collision

and Lint is the integrated luminosity. The strength of this improvement derives from the fact that the

higher dimension operator has derivatives that turn to energy factors in the numerator of the correction

factor. Numerically, this implies that the value of 0.59 obtained for Re(λL) at
√

s = 500 GeV becomes

0.26 for the 800 GeV stage and 0.04 for the 3000 GeV stage, which is close to the 0.24 and 0.036 actual

values found in [33] and shown here in Table 11. The significant improvements of the sensitivity to

these couplings with increased energy, as can be seen in this study, has been recognized for some time

now [32].

There is not necessarily an equivalently simple statistical scaling argument for the gi and ∆κ couplings,

as their definition is to disrupt the gauge-invariant renormalizable couplings of the Standard Model. A

calculation of the energy dependence of the cross section is needed for each stage in these cases. The

energy scaling for ∆κ turns out to be similar to that of the λi couplings, and so significant improvement

takes place. The anomalous gi couplings do not have the same scaling; nevertheless, the analysis of [33]

as shown in the table shows that modest improvements of their sensitivities occur with increased energy

and luminosity.

The precision electroweak measurements program at CLIC will proceed in the future with full simula-

tions of relevant observables. This activity includes

– Simulations of triple and quartic gauge boson vertex corrections to e+e− → W+W−(νν/e+e−);

– Simulations of the forward–backward and left–right asymmetries of fermion production to achieve

precision measurements of sin2 θ eff
f at various energy stages;

– Simulations of W boson mass determination at high energy and high luminosity;

– Simulations of total e+e− → f f cross sections at high energy with various electron–positron polariza-

tions in search of form-factor suppressions or enhancements.
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6 Summary and Conclusions

The CLIC accelerator is an attractive option for a future high-energy e+e− linear collider operating at

center-of-mass energies up to 3 TeV. The feasibility of the CLIC accelerator was demonstrated through

extensive prototyping, simulations and large-scale tests, as described in the conceptual design report [4].

The physics reach of CLIC was studied in detail and the majority of the results described in this docu-

ment are based on full detector simulation and event reconstruction, taking into account the pile-up of

background from γγ → hadrons.

This report summarises the physics potential of CLIC operating in three distinct energy stages. The

first stage at
√

s ≈ 350 GeV provides precise measurements of the properties of the Higgs boson and

the top quark. Subsequent high-energy running, here taken to be at
√

s = 1.4 TeV and
√

s = 3.0 TeV,

provides the potential to accumulate large samples of Higgs boson decays providing a range of Higgs

boson couplings at the O(2%) level, going significantly beyond what is achievable at the HL-LHC.

This level of precision may be necessary to distinguish the light Higgs boson of an extended theory

from a Standard Model Higgs boson. Furthermore, high-energy CLIC operation allows to measure

the Higgs trilinear self-coupling parameter λ at the 10% level. In addition to probing the electroweak

symmetry breaking mechanism, the operation of CLIC at
√

s> 1 TeV would provide sensitivity to a wide

range of phenomena beyond the Standard Model, complementary to that achievable at the HL-LHC. For

example, CLIC could provide precise measurements of the non-colored TeV-scale particles of SUSY.

In particular, CLIC would enable pair-produced gaugino, slepton and heavy Higgs boson masses to be

measured with O(1%) precision, with sensitivity extending up to the kinematic limit of m ≈ 1.5 TeV. In

addition to studying new particles directly, CLIC provides sensitivity to New Physics through precision

measurements, where, for example, Z′ and Higgs compositeness models can be probed up to scales of

approximately 20 TeV and 30 TeV respectively.

Given its feasibility, staged implementation and its broad physics program beyond and complementary

to HL-LHC, there is a strong case for CLIC being the next energy-frontier accelerator operating above

1 TeV. It will provide exciting research opportunities at the forefront of particle physics for several

decades.
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