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Abstract. This paper, based on the invited talk given at the 17th Lomonosov Conference of El-
ementary Particle Physics, summarizes the physics program at CLIC, with particular emphasis
on the Higgs physics studies. The physics reach of CLIC operating in three energy stages, at
350 GeV, 1.4 TeV and 3 TeV center-of-mass energies is reviewed. The energy-staged approach
is motivated by the high-precision physics measurements in the Higgs and top sector as well as
by direct and indirect searches for beyond the Standard Model physics. The first stage, at or
above 350 GeV, gives access to precision Higgs physics through the Higgsstrahlung and WW-
fusion production processes, providing absolute values of the Higgs couplings to fermions and
bosons. This stage also addresses precision top physics around the top-pair-production thresh-
old. The second stage, at 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 parti-
cles up to 1.5 TeV mass-scale, and provides the highest sensitivity to new physics models at
much larger mass-scales through indirect searches. The staged implementation of CLIC would
enable a long-term physics program at the energy frontier, providing insight into a wide range
of physics measurements also beyond the capabilities of LHC and its high-luminosity upgrade.

1 Introduction

Future Compact Linear Collider (CLIC) offers excellent potential for precision mea-
surements in the QCD clean environment of e+e− collisions. Over the last years,
the feasibility studies for the CLIC accelerator and detector have addressed the main
technical challenges of the accelerator and detector projects [1], [2].

1.1 CLIC accelerator and detector

The CLIC project is based on a novel two-beam acceleration scheme, where a high-
intensity beam (drive beam) is used to generate RF power to the main beam. Using
normal-conducting accelerator structures, the two-beam acceleration provides gradi-
ents of 100 MV/m as has been demonstrated at the CTF3 test facility [1]. The ma-
chine is foreseen to run at three center-of-mass energies assuming 350 GeV, 1.4 TeV
and 3 TeV, re-using the existing equipment for each new stage. The assumed inte-
grated 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 to four years of operation at each stage, for a fully commissioned ma-
chine running 200 days per year with an effective up-time of 50%. The CLIC design
foresees 80% electron polarization, while positron polarization is an option.

Small (σx=40 nm, σy=1 nm) and dense (∼109 particles) bunches, essential for ob-
taining high luminosity, result also in a strong beamstrahlung induced by the elec-
tromagnetic fields of the opposite bunches. Consequently, 3.2 interactions of the
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beamstrahlung photons producing hadrons are expected per bunch-crossing at 3 TeV
center-of-mass energy. With a small bunch separation of 0.5 ns, the time-stamping of
10 ns is required, in order to cope with the occupancy of the central detectors. The
effect of time-stamping on suppression of hadronic background from beamstrahlung
(γBSγBS → hadrons) is illustrated in Figure 1. In addition, particle-flow algorithm
(PFA) used for event reconstruction [3] provides a powerful tool for the rejection of
beam-induced background [1]. Altough beamstrahlung severely deteriorates luminos-
ity spectrum, in particular at high center-of-mass energies, it has been shown that this
effect can be controlled at a permille level in the peak region above the 80% of the
nominal center-of-mass energies [4].

Figure 1: Reconstruction of the tt̄ event with overlaid background from beamstrahlung (γBSγBS→ hadrons),
at 3 TeV CLIC, before (left) and after (right) applied time-stamping.

CLIC SiD [5] and CLIC ILD [6] detector concepts were used in the CLIC analyses
presented in this paper. Both concepts, optimized to the CLIC running conditions,
have been recently merged into the CLICdet 2015 detector model currently being un-
der development based on the software package DD4hep [7]. Detector performance
is driven by the physics goals requiring:

• jet energy resolution for high-energy jets above 100 GeV better than 3.5%,

• track momentum resolution σpT
/pT

2 ∼10−5 GeV−1,

• impact parameter resolution of the order of a few microns.

Among others, the above requirements come from the need to distinguish between
Z,W or Higgs bosons from the jet invariant mass measurement, to reconstruct the
Higgs boson from the recoil mass of the Z decay products (i.e. muons) and to pro-
vide the flavor separation as in the measurement of the Higgs couplings to beauty
and charm. Detector hermeticity, with the very forward electron tagging down to
10 mrad and high lepton identification efficiency (over 95%) is assumed at all energy
stages. In Figure 2 [8], a schematic view of the CLICdet 2015 detector model is given.



It comprises the ultra low-mass vertex detector with 0.2% X0 material budget per
layer, all-silicon tracker motivated by very high TPC occupancy at 3 TeV, fine grained
calorimetry to enable best PFA performance on particle identification and kinematic
reconstruction based on the combined tracker and calorimetry information [8], and
extended all-silicon tracker coverage motivated by the forward region measurements
(i.e. Higgs self-coupling). The full coverage is also important to suppress Standard
Model (SM) backgrounds in various physics analyses.

CLIC beams will arrive at the detector in bunch trains, occurring every 20 ms. Each
bunch train gives 312 bunch crossings at 0.5 ns time separation (at 3 TeV center-of-
mass energy). This time structure allows for a triggerless readout of the detectors
after each bunch train. It also allows for a power-pulsing scheme for the powering of
the detector electronics, thereby significantly reducing the power dissipation and the
tracker mass. On average, less than one physics event per bunch train is expected.

Figure 2: Longitudinal cross-section of the CLICdet 2015 detector model.

1.2 Overview of the CLIC physics program

CLIC is foreseen as an energy-staged machine motivated by the high-precision physics
measurements in the Higgs and top sector as well as by beyond the Standard Model
(BSM) searches through direct and indirect measurements. Illustration of the staging
scenario to address various physics processes of interest is given in Figure 3 [9], where
cross-sections are given versus the available center-of-mass energy.

The first stage, at or above 350 GeV, gives access to precision Higgs physics through
the Higgsstrahlung (e+e− → HZ) and WW-fusion production processes (e+e− →
Hνeν̄e), providing absolute values of Higgs couplings to both fermions and bosons.
This stage also addresses precision top physics around the top-pair production thresh-
old (e+e−→ tt̄).



The second stage, around 1.4 TeV, opens possibility to directly produce new par-
ticles e.g. charginos, squarks, neutralinos. 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 fur-
ther, covering the complete scope for precision Standard Model physics, allowing
direct searches for pair-production of new particles up to 1.5 TeV mass and providing
the highest sensitivity to new physics models through indirect searches.

Figure 3: Higgs, top-pair and SUSY production cross-sections in the SUSY model III [10], as a function of
the center-of-mass energy. Every line of a given color corresponds to the production cross-section of one

particle in the legend.

2 Higgs studies

The discovery of a Higgs boson at the LHC [11], [12] provided confirmation of the
electroweak symmetry breaking mechanism, leaving the open questions such as if
the observed Higgs boson is the fundamental singlet scalar of the Standard Model
or it is either a more complex object, or a part of an extended Higgs sector. Being
the Higgs factory, with an overall statistics of ∼106 Higgs bosons from all energy
stages, (assuming four years of nominal detector operation per stage), the CLIC offers
excellent possibilities for precision measurements of the Higgs properties.

Higgsstrahlung and WW-fusion are the dominant production mechanisms of the
Higgs boson at low and high energies, respectively (Figure 4 a) and b)). In addi-
tion, ZZ-fusion gives non-negligible contribution to the Higgs production at high ener-
gies (Fugure 4 c)). Depending on the production mechanism, appropriate polarization
could eventually double the statistics. The impact of the electron (positron) polariza-
tion for various Higgs production mechanisms is given in Table 1 [9]. The expected



number of Higgs bosons produced per energy stage, with unpolarized beams, is given
in Table 2 [9], while Figure 5 illustrates the cross-section dependence on the available
center-of-mass energies for various Higgs production mechanisms.

Figure 4: Feynman diagrams of the Higgsstrahluing (a) ,WW-fusion (b) and ZZ-fusion (c), the leading-order
processes to produce Higgs bosons at low and high energies, respectively.

Polarisation Enhancement factor

P(e−) : P(e+) e+e−→ ZH e+e−→ Hνeν̄e

unpolarised 1.00 1.00
−80% 0% 1.12 1.80
−80% +30% 1.40 2.34
−80% −30% 0.83 1.26

Table 1: The dependence of the event rates for the Higgsstrahlung, WW-fusion and ZZ-fusion respectively,
for several examples of beam polarizations.

√
s = 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−→ Hνeν̄e) 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
#Hνeν̄e events 26,000 370,000 830,000
#He+e− events 3,700 37,000 84,000

Table 2: Assumed integrated luminosities, the leading-order unpolarized Higgs production cross-sections
and the expected numbers of events for the Higgsstrahlung, WW-fusion and ZZ-fusion processes, for sim-

ulated Higgs mass of 126 GeV, at the three centre-of-mass energies.

Combined study of the Higgsstrahlung and WW-fusion can be used to probe the
Higgs width and couplings in a model-independent way. This leads to a determination



of the Higgs couplings at the level of∼1% (except for the rare decays to light particles
such as muons or photons). Assuming that the Higgs total width is constrained by the
SM decays, the statistical precision of the Higgs couplings can be improved to the
sub-percent level. Details of the Higgs measurements at low and high-energy stages,
and the combined fit will be discussed in Section 2.1 and 2.2.

Figure 5: Cross-section dependence on the available center-of-mass energies for various Higgs production
final states.

2.1 Low and high-energy landscape

From the perspective of the Higgs studies, the low-energy phase of CLIC is primarily
motivated by the direct and model-independent measurement of the Higgs coupling to
Z boson (gHZZ). It can be obtained from the recoil mass distribution in Higgsstrahn-
lung (e+e−→ ZH,Z→ f f̄ , f = e,µ,q) with a statistical precision of 0.8% [13]. The
gHZZ determination plays a central role in the model-independent determination of
the Higgs couplings. Using the Z decays to leptons, recoil mass distribution can be
used to extract the Higgs mass and the total ZH production cross-section with the
statistical precision of 120 MeV and 4% [9], respectively. Limitations of these mea-
surements come from the small branching ratios for leptonic Z boson decay channels
and the impact of the CLIC beamstrahlung spectrum producing a tail in the recoil
mass distribution, as illustrated in Figure 6 (left). For hadronic Z decays, the recoil
mass distribution allows for a direct search for invisible Higgs decays, constraining
the branching ratio for H → invisible decays to 0.90% at 95% CL [14]. In Figure
(Figure 6 (right)) recoil mass distribution for HZ,Z→ qq̄ signal is given against the
qq̄ invariant mass [14].

In general, at 350 GeV center-of-mass energy, the main Standard Model back-
ground processes are two- and four-fermion production, while at higher energy stages
background from hard interactions of beamstrahlung photon (γBSγBS and γBSe± ) be-



comes relevant for the Higgs related measurements, as well. Additionally, soft γBSγBS→
hadrons events pile-up with the hard interaction events of interest. However, this back-
ground of relatively low-pT particles can be significantly reduced through timing cuts
and preselecton. In all the CLIC Higgs analyses, the full list of beam-induced and
physics backgrounds is considered and optimally reduced (w.r.t. the signal) through
preselection and multivariate analyses (MVA) used as the signal selection steps.

Figure 6: Recoil mass distribution from HZ,Z→ µ
+

µ
− decays, at 350 GeV center-of-mass energy. The

plot is normalized to the integral luminosity of 500 fb−1 (left). Recoil mass is given against qq̄ invariant
mass, for HZ,Z→ qq̄ decays at 350 GeV center-of-mass energy (right).

With a cross-section σHνν scaling as log(s), WW-fusion becomes the dominant
Higgs production channel at higher energies. The golden channel H→ bb̄ can be ex-
ploited for the Higgs mass measurement, resulting in the statistical precision ∆(mH) =
± 30 MeV achievable at higher energies [9]. Illustration of the Higgs mass distribu-
tion reconstructed from the two b-jets at 3 TeV center-of-mass energy, in the presence
of the Standard Model background, is given in Figure 7 [13].

The high Higgs production cross-section in WW fusion allows to probe rare decays
(BR ≤ 10−3) like H→ µ

+
µ
−, H→ Zγ and H→ γγ already at 1.4 TeV, with a statis-

tical precision of 38%, 42% and 15% respectively [13]. These numbers scale down by
a factor ∼0.7 if electron polarization of 80% is applied. Further gain in precision can
be achieved at 3 TeV center-of-mass energy, where the Higgs production cross-section
is approximately 70% higher than at 1.4 TeV. For example, at 3 TeV center-of-mass
energy, H → µ

+
µ
− decay can be measured with a relative statistical uncertainty on

δ (σHνν ·BR(H → µ
+

µ
−)) of 19.2% [15]. In Figure 8, expected distributions of the

reconstructed di-muon and di-photon invariant masses are shown, for H→ µ
+

µ
− de-

cays (left) [15] and H→ γγ decays (right) [16], at 1.4 TeV center-of-mass energy. The
main limitation in the achievable precision in rare Higgs decays measurements comes
from the signal statistics and irreducible Standard Model background processes (with
the same final state as the signal). This is illustrated in Figure 9 [13], where the mul-



tivariate approach has been employed to optimally separate between the signal and
numerous background procesess with different kinematics.

Figure 7: Di-jet invariant mass reconstructed for H → bb̄ decays and the corresponding SM background,
at 3 TeV center-of-mass energy, normalized to the integral luminosity of 2 ab−1.

Figure 8: Reconstructed di-muon invariant mass in H → µ
+

µ
− decays at 1.4 TeV center-of-mass-energy

(left). Reconstructed di-photon invariant mass in H → γγ decays at 1.4 TeV (right). Distributions are
normalized to the integral luminosity of 1.5 ab−1.

Excellent performance of tagging algorithms allows heavy flavor separation and the
corresponding statistical uncertainty to access σHνν ·BR(H→ b,c,g) at 3 TeV center-
of-mass energy is 0.2%, 2.7% and 1.8% [13], respectively (for the Higgs decays to b,
c and gluons), yielding a statistical precision of 1.5% on the ratio gHcc/gHbb [9]. The
latter provides a direct test of the Standard Model predictions for the up and down-
type of quarks. In Figure 10 [1], flavor-tagging separation power is illustrated for
3 TeV CLIC.



Figure 9: Reconstructed Higgs invariant mass distribution for H → µ
+

µ
− events at 1.4 TeV, showing the

signal and main background as stacked histograms: left) after preselection, and right) after the full event
selection including MVA. Distributions are normalized to the integral luminosity of 1.5ab−1.

Figure 10: Flavor-tagging separation of heavy quarks at 3 TeV CLIC.

Particular relevance of the high energy running lies in the ability to access the Higgs
self-coupling λ and quartic coupling to W bosons (gHHWW ) in a double-Higgs pro-
duction via WW-fusion (e+e− → HHνeν̄e ), as illustrated in Figure 11 a) and b),
respectively.

The double-Higgs production cross-section is sensitive to the trilinear Higgs self-
coupling λ that determines the shape of the fundamental Higgs potential. Since not
only the λ -sensitive diagram (Figure 11 a)) contributes to the double-Higgs produc-
tion, effect of other processes must also be taken into consideration. That can be
done either through generator-based parameterization of the HHνν̄ cross-section as
a function of the input value for λ (Figure 12), or by fitting the neural network out-



put distribution with the Monte Carlo templates of double-Higgs events including the
λ -sensitive Feynman diagram for various assumptions on λ together with the other
contributing processes. The latter method is preferable, as the first method does not
account for the possibility that the event selection might favor some Feynman dia-
grams over others. The cross-section illustrated in Figure 12 [17] is then used as a
cross check.

Figure 11: Feynman diagrams of the leading-order processes (a,b,c,d) that produce two Higgs bosons and
missing energy at CLIC above 1 TeV center-of-mass energies. The diagram (a) is sensitive to the trilinear

Higgs self-coupling λ . The diagram (b) is sensitive to the quartic coupling gHHWW .

Despite the small cross-section for double-Higgs production at 1.4 TeV and 3 TeV
center-of-mass energies (0.15 fb and 0.59 fb respectively), the Higgs boson trilinear
coupling parameter λ can be extracted with a relative statistical uncertainty of 12%,
assuming electron beam polarization of -80% [17]. Beam polarization plays an im-
portant role in this type of measurements due to the increase of the Higgs production
cross-section and the suppression of certain types of background (Table 1). Combi-
nation of both high-energy stages improves the statistical precision on λ by a few
percent.

In addition, double Higgs production provides the potential to extract the quartic
gHHWW coupling using a dominant process that occurs when both Higgs bosons decay
to b-quarks, resulting in four b-jets and missing momentum signature. The quartic
gHHWW coupling can be extracted with a relative statistical uncertainty of 3% at 3 TeV
CLIC [13].

2.2 Combined fit of the Higgs measurements

The full statistics of data (0.5 ab−1 at 350 GeV, 1.5 ab−1 at 1.4 TeV, 2 ab−1 at 3 TeV)
can be used in a global fit in order to reach the ultimate precision on the Higgs cou-



Figure 12: Cross-section for the double-Higgs production at 1.4 TeV and 3 TeV as a function of the Higgs
self-coupling ratio w.r.t. the Standard Model value (λ / λSM).

plings. Direct access to gHZZ , through Higgstrahlung at the lowest center-of-mass
energy, allows a fit with minimal theoretical assumptions where the Higgs couplings
and the Higgs total width enter as free parameters. For each production and decay
chanell, measured σ ×BR can be related to the corresponding coupling combination,
e.g. for σ(e+e−→ HZ)×BR(H→ bb̄):

CHZ,H→bb̄ =
gHZZ

2 ·gHbb
2

ΓH
(1)

and, similarly for other processes. Then, the overall χ
2 can be built:

χ
2 = ∑

i=1,10

(Ci/Ci
mod−1)2

δFi
2 (2)

where Ci
mod is the model expectation for Ci, and δFi stands for the relative statis-

tical uncertainty of the σ ·BR observable for the considered Higgs decay i. Relative
uncertainty of the Higgs production cross section times the branching ratio (σ ·BR) of
a givven process i is equivalent to the uncertainty of C for that process (Ci).

The above leads to the determination of the Higgs total width with a relative sta-
tistical uncertainty of 3.5% at 3 TeV CLIC [13], while most of the couplings can be
determined at a percent level. The uncertainties are slightly higher for the rare Higgs
decays to µ

+
µ
−, Zγ and γγ as shown in [9].

On the other hand, assuming that the total (model-dependent) width is determined
from the Standard Model branching ratios, a global fit can be performed in a model-



dependent way, with the relative partial widths κi (i=1,9) as free parameters:

Γ
md
H = ∑

i=1,9
κ

2
i BRSM

i κ
2
i = Γi/Γ

SM
i (3)

Then, instead of couplings, the corresponding relative partial widths can be used to
define fitted values e.g. :

CHZ,H→bb̄ =
κ

2
HZZ ·κ

2
Hbb

Γ
md
H

(4)

The above, LHC-style approach, leads to a sub-percent precision for most of the
couplings, as indicated in [9]. Results presented in [9] have been improved through
the refinement and completion of the on-going Higgs analyses, and are to be published
soon as a CLIC Higgs physics summary paper. Each of the stages contributes signif-
icantly to the total precision, where the first stage at 350 GeV provides the model-
independent measurement of the Higgs to Z coupling to which all the other coupling
measurements will be correlated to. The higher-energy stages add direct measure-
ments of the couplings to top quark (that will be discussed in Section 3), to muons and
photons, as well as the overall improvement of the Higgs couplings measurements
except for the one to the Z boson, already measured in the first stage.

In Figure 13 [9], Higgs couplings and their uncertainties, measured above 1 TeV
assuming -80% electron beam polarization, are given as illustration of a test of the
coupling-mass linearity predicted by the Standard model.

Figure 13: Illustration of the CLIC results on the Higgs couplings, above 1 TeV center-of-mass energies
and with -80% beam polarization, as a test of the coupling-mass linearity predicted by the Standard Model.



3 Top studies

Due to its high mass, the top-quark provides leading contributions to higher order
corrections in many processes that can be sensitive to physics beyond the Standard
Model. Also, together with the Higgs mass, the top mass is a key input to studies of
the vacuum stability of the Standard Model. With the current precision of the Higgs
mass provided by the LHC, the uncertainty of the top mass is the leading uncertainty
in this evaluation. Improved measurement of the top-quark mass, possible at a linear
collider, will substantially reduce LHC (CMS) current uncertainties of the top mass
mt = 172.44± 0.13± 0.47 GeV [18]. This is due to the easier reconstruction of the
final state at a lepton collider, as well as to the fact that the theoretical uncertainties
are significantly smaller than at LHC.

The CLIC offers two complementary ways of the top mass measurement. One is
by direct reconstruction of the invariant mass of the top decay products, which can
be performed at arbitrary center-of-mass energy, and the other is based on the cross-
section scan around the top-pair production threshold. The latter requires higher-order
theoretical corrections to be taken into account. The invariant mass approach leads
to the top mass statistical uncertainty of 80 MeV at 500 GeV, while the threshold
scan provides 30 MeV statistical uncertainty, for the same total integrated luminosity
of 100 fb−1. The total error from treshold scan of 100 MeV is dominated by the
theoretical uncertainty. In Figure 14 [19], top mass direct reconstruction (left) and the
top threshold scan (right) are illustrated for a 174 GeV simulated top mass.

At an e+e− collider, the top Yukawa coupling can be determined from the event rate
in the process where a Higgs boson is produced in association with a top-quark pair,
(e+e−→ tt̄H) . The top quarks decay almost exclusively to bW , so the event topology
depends on the nature of the W and Higgs boson decays. In either fully hadronic
(both W decays hadronically) or semi-leptonic case (one W decays leptonically), event
reconstruction is demanding due to a multi-jet topology (illustrated in Figure 15). The
jets are combined to form candidates of primary particles (t,W and Higgs) in a way
to minimize a χ

2 function describing the consistency of the reconstructed tri-jet and
di-jet invariant masses.

Excellent flavor tagging as well as the possibility to separate between hadronic
W and H decays based on the di-jet invariant masses enables measurement of the
top Yukawa coupling at 1.4 TeV center-of-mass energy. With electron polarization of
− 80%, it is possible to achieve relative statistical uncertainty of the top Yukawa cou-
pling below 4%. Since the cross-section for the tt̄H production falls with increasing
center-of-mass energy, the precision at 3 TeV is not expected to be better than the
result at 1.4 TeV.



Figure 14: 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 are determined with an unbinned maximum likelihood
fit to the invariant mass distribution, shown by the solid line (left). Illustration of a scan of the top-quark
pair production threshold, with each point corresponding to 10 fb−1 of integrated luminosity (right). The
sensitivity to the top quark mass is illustrated by showing the top pair production cross-section for 200 MeV

changes in the top mass.

Figure 15: Event display of a 6-jet event tt̄H → bb̄bb̄qq̄τ
−

ν̄τ at 1.4 TeV center-of-mass energy in the
CLIC SiD detector. The tau lepton decays hadronically.

4 BSM searches

The fact that the Standard Model of particle physics is an mathematically open the-
ory, as well as the existing questions that cannot be addressed within it, like the quest
for a dark matter candidate, baryon asymmetry of the universe, CP violation, even-
tual unification of fundamental interactions, stability of the SM vacuum, etc., give rise
to a wide spectrum of theories that extend the Standard Model. The CLIC offers a
possibility to test many of these theories with a reach going far beyond the capabil-



ities of LHC and HL-LHC as will be described in the following sections. Potential
signatures of beyond the Standard Mode physics can be searched for either through
direct reconstruction of new particles, with an approximate mass reach of ∼ 1/2

√
s,

or indirectly, by searching for (model dependent) deviations in precision observables
(like cross-sections, FB and LR asymmetries, etc.). Some prominent examples will be
given in the following sections 4.1 through 4.3, while the complementarities with the
LHC and HL-LHC program will be discussed in section 4.4.

4.1 Supersymmetry

Supersymmetry is a very well motivated theory featuring a natural dark matter can-
didate, a possible unification of the forces at high energies, and having the ability to
solve the electroweak scale hierarchy problem. However, results of the LHC Run I
have ruled out the existence of most of the superpartners, up to the mass scale of 1.8
TeV with 95% CL [20]. Supersymmetry is necessarily (at least) a Two-Higgs-Doublet
theory, and a full test of its underlying structure requires measuring the four heavier
Higgs bosons, H±, A and H. As illustrated in Figure 16 [13], the CLIC has the ability
to measure these masses to a percent level and to distinguish the mass splitting among
all of these states, what can be crucial for understanding of the underlying model.
It should be noted that models with two Higgs doublets (2HDM) are not necessarily
restricted to supersymmetry. Particles under consideration can be just described as
states with given mass, spin and quantum numbers. Performed studies serve as an
illustration of CLIC capabilities, independently of a new physics model.

Figure 16: Di-jet invariant mass distributions for Model I [1], for bb̄, b̄b forming HA states (left) and tb̄,bt̄
forming H+H− states (right), at 3 TeV CLIC. The CLIC ILD detector is fully simulated assuming the

integrated luminosity of 2 ab−1.

In principle, direct searches provide sensitivity to the mass range of ∼ 1/2
√

s, that
can be determined at a percent level, assuming range of masses of ≈ 350 GeV for



the lightest neutralino, ≈ 480 - 650 GeV for heavier neutralinos (charginos), approx-
imately 550 GeV - 1.1 TeV for charged sleptons, and ≈ 1.1 TeV for light-flavored
squarks, depending on a SUSY model (Model I, II, III [1]). Final state particles en-
ergy spectrum, such as W bosons or muons from e+e−→ χ̃

+
1 χ̃
−
1 →W+W−χ̃

0
1χ̃

0
1 or

e+e−→ µ̃
+
R µ̃
−
R → µ

+
µ
−

χ̃
0
1χ̃

0
1 can be used to measure masses of χ̃

±
1 or µ̃

±
1 , as well as

of neutralino (LSP). Ideal ”box shape” energy distribution as shown in Figure 17 [21],
is distorted by the luminosity spectrum giving the systematic contribution to the un-
certainty of masses of about 40 MeV. For a smuon mass around 1 TeV and a 340 GeV
neutralino mass, the statistical uncertainty in mass determination is of the order of
5-6 GeV at 3 TeV CLIC.

Figure 17: Muon energy spectrum expected from smuon production and decays at 3 TeV CLIC. End-points
are used to determine smuon and neutralino masses.

Very good jet energy resolution is crucial for proper reconstruction of gaugino de-
cays to Higgs, W or Z bosons enabling statistical precision at a percent level or better,
achievable at 3 TeV CLIC . Illustration of gaugino event reconstruction for three pos-
sible decay channels is given in Figure 18 [22].

4.2 Higgs compositeness

The fact that scalar masses receive higher-order corrections resulting in a quadratic
divergence of a scalar mass at a higher scale, remains an open question in the absence
of supersymmetry. A BSM option that is not yet excluded by the current LHC data
is that the Higgs boson is not a fundamental scalar, but rather a composite state of
fermions. In that case, every observable receives relative correction to it that is pro-
portional to ξ = ( v

f )
2, where v ≈246 GeV is the vacuum expectation value and 4π f

is the scale of compositeness. Using the combined fit of single and double Higgs pro-
duction, with 2 ab−1 of data at 3 TeV CLIC, it should be possible to exclude coupling



Figure 18: Gaugino event reconstruction at 3 TeV CLIC for different decay channels.

values down to ξ ≈ 0.002 that corresponds to the scale of compositeness of 70 TeV.
In Figure 19 [23], the reach in ξ is given for different experiments as a function of mρ ,
where ρ stands for the vector resonance of the composite theory.

Figure 19: Summary plot of the current constraints on the Higgs compositeness from CLIC and LHC. 300
fb−1 of integrated luminosity is assumed for double (single) Higgs production at LHC. The ’CLIC Double
Higgs’ band corresponds to a double Higgs production alone, at 3 TeV CLIC with 1 ab−1 of integrated

luminosity. The final CLIC reach includes the single Higgs production, in addition.

It is interesting to note that with an integrated luminosity of 1 ab−1 accumulated



at 3 TeV, CLIC can reach ξ ≈ 0.03 independently of mρ , due to the relatively clean
environment for studying double Higgs boson production in e+e− collisions. For
comparison, the LHC running at 14 TeV center-of-mass energy, with an integrated
luminosity of 300 fb−1 can reach only down to ξ ≈ 0.1 (Figure 19).

4.3 Extended gauge theories

At e+e− colliders, and in particular at high energies, fermion pair-production can be
used to probe higher order corrections coming from the extended gauge theories. The
sensitive observables include the total cross-section, forward-backward asymmetry,
and polarization asymmetries. As an example, sensitivity to a new Z bozon (Z′) that
couples to leptons in e+e− → µ

+
µ
− is shown in Figure 20 [24]. Discovery limits

(5σ intervals) of the Z′ gauge boson mass are shown as a function of the integrated
luminosity, assuming the measured cross-section and asymmetries are the considered
observables. The sensitivity reaches masses of several tens of TeV (depending on the
coupling assumptions), what is well beyond the available center-of-mass energy, and
well beyond what the reach of LHC or its conceived upgrades (see Section 4.4).

Figure 20: Expected 5σ discovery limit for Z’ mass from measurement of e+e− → µ
+

µ
−, given as a

function of the integrated luminosity.

4.4 Complementarities with the LHC program

In this section we would like to emphasize a necessity of building a lepton collider,
in this case CLIC, as a precision tool to complement the experimental program of the
LHC and its high-luminosity extension, HL-LHC. This comes from the fact that the
relatively clean environment of e+e− collisions is maintained even at the highest en-
ergy, while at HL-LHC the increase of the instantaneous luminosity results in pile-up
of ∼200 events (pile-up of ∼60 is expected already at 14 TeV LHC Phase 2 [20]),



deteriorating experimental conditions despite the increase of statistics. Several exam-
ples are given below where estimated ATLAS results [25] are taken to illustrate the
HL-LHC potential.

At CLIC, most of the Higgs couplings can be determined with a sub-percent statisti-
cal uncertainty (as shown in [9]), while at HL-LHC the corresponding uncertainties are
of the order of 5-20% [25]. Percent-level precision may be necessary to distinguish
the light Higgs boson of an extended theory from a Standard Model Higgs boson.
In addition, at an e+e− collider, the Higgsstrahlung production mechanism enables
model-independent determination of the Higgs properties.

The CLIC capabilities to address beyond the Standard Model physics are also il-
lustrated in Figure 19, where the single and double Higgs production at 3 TeV center-
of-mass energies enables to probe the Higgs compositeness scale up to 70 TeV. At
HL-LHC, depending on the model of compositeness, a scale of several TeV can be
reached [15].

In addition, to study new particles directly, CLIC provides sensitivity to BSM
physics through the precision measurements of sensitive observables, where, for ex-
ample, Z′ boson mass can be probed with 5σ confidence level up to a mass scale
of 50 TeV (Figure 20), while the HL-LHC (ATLAS) can reach only ≈8 TeV with
3000 fb−1 of data (Figure 21 [25]).

Furthermore, high-energy CLIC operation allows measuring of the Higgs trilinear
self-coupling parameter λ at≈10% level, what would be probably difficult to reach at
HL-LHC, where e.g. only 8.4 signal events are expected in the cleanest HH → bb̄γγ

double-Higgs decay channel [25].

Figure 21: Expected 1σ and 2σ sigma HL-LHC ATLAS sensitivity to Z′ mass scale.



Concerning BSM, CLIC would be able to measure masses of pair-produced gaug-
inos, sleptons and heavy Higgs bosons with O(1%) precision, with sensitivity ex-
tending up to the kinematic mass limit of 1.5 TeV, what complements the HL-LHC
program to measure heavier supersymmetric partners (Figure 22 [25]).

Figure 22: Illustration of HL-LHC capability to probe SUSY processes. Cross-sections are given versus the
kinematic mass scale.

5 Summary and conclusion

The CLIC accelerator is an attractive option of a future e+e− collider, with the feasi-
bility demonstrated through the extensive simulation and prototyping, accelerator and
detector R&D. Staged implementation offers a broad physics program, from preci-
sion studies of the Higgs sector to BSM probes. Most of the Higgs couplings can be
probed at a percent or sub-percent level, with the Higgs production via Higgsstrahlung
enabling model-independent extraction. Rare decays can be accessed with a statistical
precision of several percent, and the Higgs self-coupling to ≤12%. Composite Higgs
can be indirectly probed up to the compositness scale of 70 TeV. Scan of the top mass
threshold allows for top mass determination with a statistical uncertainty smaller than
the theoretical one. Employment of the beam polarization enables determination of
the top Yukawa coupling below 4%. Beyond the Standard Model physics can be ac-
cessed through direct and indirect searches. Direct observation of SUSY particles
production allows for determination of their masses at a percent level, in most of the
available scenarios, while the indirect searches extend the energy scale far beyond the
kinematic reach of the machine (as in the case of the extended gauge theories).

The foreseen physics program at CLIC extends and complements the physics stud-
ies planned for LHC and HL-LHC, providing research opportunities at the forefront
of particle physics for several decades.
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