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electron-positron collider, offering the potential for a rich precision physics programme,

combined with sensitivity to a wide range of new phenomena. The physics reach of CLIC

has been studied in the context of three distinct centre-of-mass energies,
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s = 350 GeV allows,

on the one hand, for a determination of the couplings and width of the Higgs boson in a

model-independent manner through the study of the Higgsstrahlung process, and on the

other hand, for a study of Higgs bosons produced in W+W− fusion for the most common

Higgs decay modes. Operation at higher centre-of-mass energies,
√

s = 1.4 TeV and 3 TeV,

provides high statistics W+W− fusion samples allowing for high precision measurements

of many Higgs couplings and a study of rare Higgs decay modes, Higgs boson samples

produced in ZZ fusion, and the potential to study the top Yukawa coupling as well as the

Higgs boson self-coupling. We explore the potential of the CLIC Higgs physics programme

based on full simulation studies of a wide range of final states. The evolution of the physics

sensitivity as a function of the centre-of-mass energy is presented in terms of combined fits
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Abstract

The Compact Linear Collider (CLIC) is an attractive option for a future multi-TeV linear electron-positron collider,
offering the potential for a rich precision physics programme, combined with sensitivity to a wide range of new
phenomena. The physics reach of CLIC has been studied in the context of three distinct centre-of-mass energies,√

s = 350 GeV, 1.4 TeV and 3.0 TeV. This staged scenario provides an excellent environment for precise studies of the
properties of the 126 GeV Higgs boson. Operation at

√
s = 350 GeV allows, on the one hand, for a determination of

the couplings and width of the Higgs boson in a model-independent manner through the study of the Higgsstrahlung
process, and on the other hand, for a study of Higgs bosons produced in W+W− fusion for the most common Higgs
decay modes. Operation at higher centre-of-mass energies,

√
s = 1.4 TeV and 3 TeV, provides high statistics W+W−

fusion samples allowing for high precision measurements of many Higgs couplings and a study of rare Higgs decay
modes, Higgs boson samples produced in ZZ fusion, and the potential to study the top Yukawa coupling as well as the
Higgs boson self-coupling. We explore the potential of the CLIC Higgs physics programme based on full simulation
studies of a wide range of final states. The evolution of the physics sensitivity as a function of the centre-of-mass
energy is presented in terms of combined fits to all measurements and their respective statistical uncertainty.
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1. Introduction

The Compact Linear Collider (CLIC) is a mature
option for a future multi-TeV e+e− collider. It
is based on a two-beam acceleration scheme using
normal-conducting cavities which achieve gradients of
100 MV/m [1]. CLIC is planned to be built in a staged
construction with three centre-of-mass (cms) energies
ranging from few hundred GeV to 3 TeV with ener-
gies adapted to known processes and future discover-
ies at the LHC. The currently studied scenario fore-
sees 4–5 years of operation per energy stage with lu-
minosities of the order of 1034 cm−2s−1, resulting in
an integrated luminosity of 500 fb−1at

√
s = 350 GeV,

1.5 ab−1 √s = 1.4 TeV, and 2 ab−1at
√

s = 3 TeV al-
lowing for a rich Higgs physics programme [2, 3].

Email address: eva.sicking@cern.ch (Eva Sicking on behalf
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Table 1: Number of Higgs events expected for the studied CLIC stag-
ing scenario and for the most relevant production processes. The
numbers are estimated for a Higgs mass of mH = 125 GeV using ini-
tial state radiation, the CLIC beam spectrum, and unpolarised beams.
For −80% electron beam polarisation considered for CLIC, the listed
numbers increase by 12% for ZH events and He+e− events, and by
80% for Hνeνe events.

350 GeV 1.4 TeV 3 TeV

500 fb−1 1.5 ab−1 2 ab−1

# ZH events 68 000 20 000 11 000

# Hνeνe events 17 000 370 000 830 000

# He+e− events 3 700 37 000 84 000

# ttH events — 2 400 1 400

# HHνeνe events — 225 1 200

Table 1 lists the number of Higgs events of the most
relevant production processes expected in the studied
CLIC staging scenario.
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Figure 1: Recoil mass distribution for simulated
e+e− → HZ → Hµ

+
µ
− events with mH = 125 GeV and all rel-

evant background events after a pre-selection and a selection based
on a multivariate analysis; measured with the CLIC ILD detector
concept at

√
s = 350 GeV using an integrated luminosity of

500 fb−1 [4].

2. Higgs benchmark studies

In order to estimate the physics potential of CLIC in
terms of Higgs precision measurements, a comprehen-
sive list of Higgs physics benchmark studies is currently
being carried out [5]. The benchmark studies are based
on full Geant4 [6, 7] detector simulations using the de-
tector concepts CLIC SiD and CLIC ILD [2, 3] which
are based on the detector concepts of the International
Linear Collider [8]. In all studies, the software chain
described in the CLIC Conceptual Design Report [2]
is used. The detector simulations include pile-up from
γγ → hadron backgrounds as well as all relevant Stan-
dard Model (SM) background processes from e+e−, e±γ

and γγ collisions taking into account the CLIC beam
spectrum and initial state radiation.
The analysis results are presented in terms of achiev-
able statistical precisions of various Higgs observables.
At this stage, a detailed study of potential systematic
uncertainties has not been performed, but based on the
experience at past e+e− colliders, for example the Large
Electron Positron collider (LEP), we believe that the
statistical uncertainties will dominate the experimental
systematic uncertainties.
For those studies which were completed before and
shortly after the Higgs discovery at the LHC in 2012 [9,
10], a Higgs mass of mH = 120 GeV and 125 GeV has
been used, recent analyses use mH = 126 GeV. It is ex-
pected that this variation of the Higgs mass between the
different studies has only a minor impact on the analysis
results in terms of the achievable precisions.
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Figure 2: Correlation between the Z recoil mass and the recon-
structed Z mass for simulated e+e− → HZ →H qq events with
mH = 126 GeV for visible H decays after a pre-selection; measured
with the CLIC ILD detector concept at

√
s = 350 GeV using an inte-

grated luminosity of 500 fb−1 [11].

2.1. Higgsstrahlung

The measurement of events from the Higgsstrahlung
process e+e− → ZH – the dominant Higgs production
process at cms energies below

√
s = 500 GeV – allows

for a precise measurement of, on the one hand, the cou-
pling of the Higgs boson to the Z, and on the other
hand, the couplings between the Higgs boson and its
final states. A model-independent measurement of the
coupling gHZZ is performed with the reconstruction of
the Z recoil mass

m2
recoil = s + m2

Z − 2EZ ·
√

s (1)

with no reconstruction of the Higgs necessary. Thus it is
possible to also study invisible Higgs decay modes. The
Z recoil mass of events from the Higgsstrahlung process
and all relevant backgrounds at

√
s = 350 GeV is shown

in figure 1 for the Z decay to muons. Due to the clean
reconstruction of the leptonic Z decay, a fully model in-
dependent measurement can be performed. From simu-
lation studies of the Higgsstrahlung process at CLIC at√

s = 350 GeV using only the Z → µ
+

µ
− and Z → e+e−

decay modes, an achievable precision on the cross sec-
tion times branching ratio of ∆σHZ/σHZ ≈ 4.2 % is es-
timated, which results in a precision on the coupling of
∆(gHZZ)/gHZZ ≈ 2.1 % [4].
A higher precision is achieved in simulation studies
of the Higgsstrahlung process analysing the dominant
hadronic Z decay mode with a branching ratio (BR)
of 70% [11]. Even though the hadronic Z reconstruc-
tion depends slightly on the Higgs decay mode, a care-
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Figure 3: Di-jet invariant mass distribution for simulated H → bb and
H → cc events with mH = 120 GeV from the W+W− fusion pro-
cess and events from all relevant background processes after a pre-
selection; measured with the CLIC SiD detector at

√
s = 3 TeV using

an integrated luminosity of 2 ab−1[2, 12].

ful choice of the analysis variables makes the selec-
tion efficiencies almost model independent. As an ex-
ample, the correlation of the Z recoil mass and the Z
mass from the hadronic Z decay is shown in figure 2
for visible Higgs decays only. For the hadronic Z de-
cay mode, the uncertainty of the coupling is estimated
to have a precision of ∆σHZ/σHZ ≈ 1.8 % resulting in
∆(gHZZ)/gHZZ ≈ 0.9 %.

In addition, selected final states of the Higgs decay
are studied directly for the Higgsstrahlung process at√

s = 350 GeV. Table 2 summarises the precisions of
the cross section times branching ratio for theses chan-
nels.

2.2. W+W− fusion

While the W+W− fusion process e+e− → Hνeνe al-
ready contributes a significant number of Higgs bosons
at a cms energy as low as

√
s = 350 GeV, above√

s = 500 GeV it represents the production process with
the largest cross section. Due to the large number
of events, W+W− fusion allows for the study of the
couplings in the most common Higgs decay modes
at the percent level for the CLIC energy stages at√

s = 1.4 TeV and 3 TeV. In addition, rare Higgs decay
channels can be accessed.

As an example for a high precision Higgs mea-
surement using the W+W− fusion process, figure 3
shows the di-jet invariant mass distribution for the
Higgs decays H → bb (BR = 56 %) and H → cc
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Figure 4: Invariant mass distribution of the di-muon system for simu-
lated H → µ

+
µ
− events with mH = 120 GeV from the W+W− fusion

process and events from the two main background processes after a
pre-selection; measured with the CLIC SiD detector at

√
s = 3 TeV

using an integrated luminosity of 2 ab−1[12, 14].

(BR = 3 %), together with all relevant SM back-
grounds. Based on the flavour tagging capabilities
of the CLIC detector concepts and the clean envi-
ronments in e+e− collisions, an efficient separation of
the different hadronic final states of the Higgs de-
cay can be performed resulting in statistical uncertain-
ties of ∆(σ(Hνeνe) × BR(H → bb)) = 0.2 % and
∆(σ(Hνeνe) × BR(H → cc)) = 2.7 % [2, 12].

Figures 4 and 5 show examples of the study of two
rare Higgs decays, H → µ

+
µ
− with a branching ra-

tio of 0.022% and H → Zγ with a branching ratio of
0.16%. Simulation studies of the H → µ

+
µ
− channel

achieve a precision on the cross section times branching
ratio of 38% at

√
s = 1.4 TeV [13] and 16% at 3 TeV

[12, 14]. Simulation studies of the H → Zγ decay chan-
nel including the hadronic Z decay as well as the Z de-
cays to electrons and muons reach a combined preci-
sion of the cross section times branching ratio of 42% at√

s = 1.4 TeV [15].

2.3. ZZ fusion

The ZZ fusion process e+e− → He+e− is the sub-leading
Higgs production process at

√
s = 1.4 and 3 TeV, with

a cross section around 10 times smaller than the one of
the W+W− fusion process. For

√
s = 1.4 TeV, events

from the ZZ fusion process are currently studied in the

most common decay mode H → bb [16]. The precision
of the cross section times branching ratio measurement
is expected to be 1% at the cms energy of

√
s = 1.4 TeV

and 0.7% at 3 TeV. A comparison between the H → bb
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Figure 5: Invariant mass distribution of the di-jet and photon system
for simulated H → Zγ ; Z → qq events with mH = 126 GeV from
the W+W− fusion process and events from all relevant background
processes after a pre-selection; measured with the CLIC SiD detector
at of

√
s = 1.4 TeV using an integrated luminosity of 1.5 ab−1[15].

events produced in the ZZ fusion and in the W+W− fu-
sion process will allow for a precise estimation of the ra-
tio of the H-to-W and H-to-Z couplings, in which most
systematic uncertainties cancel out.

2.4. Top Yukawa coupling

The cms energy stage of
√

s = 1.4 TeV allows for the
study of the e+e− → ttH process, giving sensitivity to
the top Yukawa coupling. Events with the most com-
mon H → bb decay and two tt decay modes – the semi-
leptonic and fully hadronic modes – are analysed [17].
This complex final state, with 6 to 8 jets including four
b-jets, is an excellent detector benchmark process, test-
ing jet reconstruction, flavour tagging, lepton identifica-
tion, and reconstruction of missing energy. As an ex-
ample, figure 6 shows the invariant mass distribution of
the H candidate in the fully hadronic channel for sig-
nal events and events of the most relevant tt(+X)-based
background channels. The combined precision using
these backgrounds is ∆σ(ttH)/σ(ttH) = 8.1% result-
ing in a precision on the top Yukawa coupling of 4.3%.
The impact of backgrounds not based on tt are under
investigation, and are expected to have an effect at the
few-per-mill level.

2.5. Higgs self-coupling

The process e+e− → HHνeνe with sufficient cross sec-

tions at the cms energies of
√

s = 1.4 TeV and 3 TeV
gives access to the Higgs trilinear self-coupling λ and
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Figure 6: Invariant mass distribution of reconstructed Higgs candi-
dates for simulated ttH events in the fully hadronic channel in com-
parison to events from all relevant tt (+X)-based background processes
without additional selection; measured with the CLIC SiD detector at√

s = 1.4 TeV using an integrated luminosity of 1.5 ab−1[17]. All his-
tograms are normalised to unity.

the quartic coupling gHHWW at the HHWW vertex.
One possibility to estimate the uncertainty of λ is to
measure the e+e− → HHνeνe cross section and con-
verte its uncertainty to an uncertainty of the trilin-
ear self-coupling with a conversion factor of 1.20 at√

s = 1.4 TeV and 1.54 at 3 TeV. A second possibil-
ity is to perform a template fit of the neural net classifier
response distribution which gives a direct estimation of
the uncertainty of λ.
Simulation studies using the most common Higgs decay
mode HH → bbbb as signal achieve a precision on the
Higgs trilinear self-coupling of 32% at

√
s = 1.4 TeV

and 16% at 3 TeV [5]. For −80% electron beam polari-
sation, this precision further improves to 24% and 12%.
Preliminary studies of the quartic coupling gHHWW re-
sult in an uncertainty of 7% at

√
s = 1.4 TeV and 3% at

3 TeV [5]. In the future, these results could be improved
by adding analyses for other Higgs decay channels such
as HH → bbWW∗. The analysis of these channels rep-
resents a challenge for the forward jet reconstruction.

3. Global fits

As indicated in the third column of table 2, the measured
values of the cross section times branching ratio depend
on the couplings g as well as on the total Higgs width
ΓH. To extract the values of the couplings and the Higgs
width, a combined fit of each independent measurement
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Table 2: Precisions obtainable for the Higgs observables at CLIC in
the studied staging scenario [5, 18]. The numbers are estimated with-
out beam polarisation. Numbers marked as * are preliminary and
numbers marked as † are estimates. The table is a snapshot of the
state of all analyses performed in the CLIC Higgs analysis working
group from July 2014.

Statistical precision

Channel Measurement Observable 350GeV 1.4 TeV 3.0 TeV

500 fb�1 1.5 ab�1 2.0 ab�1

HZ Recoil mass dist. mH 120MeV � �
HZ �HZ ×BRH� invisible �inv 0.6% � �
HZ H � bb mass dist. mH tbd � �
Hνeνe H � bb mass dist. mH � 40MeV� 33MeV�

HZ �HZ ×BRZ� l+l� g2HZZ 4.2% � �
HZ �HZ ×BRZ�qq g2HZZ 1.8% � �
HZ �HZ ×BRH�bb g2HZZg

2
Hbb/�H 1%† � �

HZ �HZ ×BRH�cc g2HZZg
2
Hcc/�H 5%† � �

HZ �HZ ×BRH�gg 6%† � �
HZ �HZ ×BRH� τ+τ� g2HZZg

2
Hττ
/�H 5.7% � �

HZ �HZ ×BRH�WW� g2HZZg
2
HWW/�H 2%† � �

HZ �HZ ×BRH�ZZ� g2HZZg
2
HZZ/�H tbd � �

Hνeνe �Hνeνe
×BRH�bb g2HWWg2Hbb/�H 3%† 0.3% 0.2%

Hνeνe �Hνeνe
×BRH�cc g2HWWg2Hcc/�H � 2.9% 2.7%

Hνeνe �Hνeνe
×BRH�gg � 1.8% 1.8%

Hνeνe �Hνeνe
×BRH� τ+τ� g2HWWg2Hττ

/�H � 3.7%� tbd

Hνeνe �Hνeνe
×BRH�µ+µ� g2HWWg2Hµµ

/�H � 38% 16%

Hνeνe �Hνeνe
×BRH� γγ � 15% tbd

Hνeνe �Hνeνe
×BRH�Zγ � 42% tbd

Hνeνe �Hνeνe
×BRH�WW� g4HWW/�H tbd 1.1%� 0.8%�

Hνeνe �Hνeνe
×BRH�ZZ� g2HWWg2HZZ/�H � 3%† 2%†

He+e� �He+e�×BRH�bb g2HZZg
2
Hbb/�H � 1%† 0.7%†

ttH �ttH ×BRH�bb g2Httg
2
Hbb/�H � 8% tbd

HHνeνe �(HHνeνe) gHHWW � 7%� 3%�

HHνeνe �(HHνeνe) � � 32% 16%

HHνeνe with�80% e�pol. � � 24% 12%

and its respective statistical uncertainty listed in table 2
is used based on a minimisation of

χ2 =
∑

i

( Ci

Ci,SM
− 1)2

∆F2
i

. (2)

Here, Ci is the combination of Higgs couplings and to-
tal width, if applicable, for example, CZH = g2

HZZ and

CZH,H→bb = (g2
HZZ · g

2
Hbb)/ΓH, and ∆Fi is the statistical

uncertainty of the measurement, for example, ∆FZH =

δ(σe+e−→ZH) and ∆FZH,H→bb = δ(σe+e−→ZH × BRH→bb ).

The fit procedure assumes that for all observables the
SM expectation of the value is measured.
The resulting precisions of the Higgs observables are
listed in table 3. They are obtained in a fully model in-
dependent approach, which is unique for lepton collid-
ers and stems from the model independent ZH measure-
ment at

√
s = 350 GeV. As an example, a model inde-

pendent Higgs width ΓH can be extracted with a preci-
sion of 5.0% using only the measurements performed at√

s = 350 GeV. This precision can be further improved
to 3.4% when combining the information from all stud-
ied CLIC energy stages assuming −80% electron beam

Table 3: The precisions of the Higgs observables at CLIC extracted
using a model independent global fit based on the precisions listed in
table 2 [5, 18] assuming −80% electron polarisation at

√
s = 1.4 TeV

and 3 TeV.

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

λ − 24% 11%

ΓH [%] 5.0 3.6 3.4

gHZZ [%] 0.8 0.8 0.8

gHWW [%] 1.8 0.9 0.9

gHbb [%] 2.0 1.0 0.9

gHcc [%] 3.2 1.4 1.1

gHtt [%] — 4.1 4.1

gHττ [%] 3.5 1.6 < 1.5

gHµµ [%] — 14 5.6

gHgg [%] 3.6 1.1 1.0

gHγ γ [%] — 5.7 < 5.7

Table 4: The precisions of the Higgs observables at CLIC extracted
using a model dependent global fit with nine free parameters based
on the precisions listed in table 2 [5, 18] assuming −80% electron
polarisation at

√
s = 1.4 TeV and 3 TeV.

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 [%] 0.43 0.31 0.23

κHWW [%] 1.5 0.15 0.11

κHbb [%] 1.7 0.33 0.21

κHcc [%] 3.1 1.1 0.75

κHtt [%] — 4.0 4.0

κHττ [%] 3.4 1.3 < 1.3

κHµµ [%] — 14 5.5

κHgg [%] 3.6 0.76 0.54

κHγ γ [%] — 5.6 < 5.6

polarisation for
√

s = 1.4 TeV and 3 TeV.
When performing the global fit using LHC-like con-
straints – for instance assuming that there are no invis-
ible Higgs decays and a fixed total Higgs width – sub-
percent precision of ΓH,model and κi are achieved as listed
in table 4. Here, the κi are defined as the square root of
the ratio of a Higgs partial width and its SM expectation

κi =

√

Γi

Γi,SM
(3)
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and the model-dependent Higgs total width is given by

ΓH,model =
∑

i

κ2i · BRi,SM, (4)

where the BRi,SM are the SM branching ratios for
the respective final states. However, these results de-
pend strongly on the fit assumptions. As an exam-
ple, the model dependent Higgs width extraction has
an improved precision of 1.6% for the measurements
at
√

s = 350 GeV and of 0.22% when using all CLIC
energy stages.

4. Summary

We presented the physics potential in terms of Higgs
precision measurements of CLIC operating at three dif-
ferent energy stages. Measurements at

√
s = 350 GeV

allow for a precise determination of the absolute values
of a large variety of Higgs boson couplings. The en-
ergy stages

√
s = 1.4 TeV and 3 TeV increase the pre-

cision on these Higgs observables, and moreover give
access to rare Higgs processes and decay modes and en-
able to study the Higgs self-coupling. A combined fit
to all measurements performed in simulation has been
presented which allows for a model independent extrac-
tion of the Higgs couplings and Higgs total width on
the percent level. Higgs physics at CLIC is an active
area with ongoing work and follow-up publications are
in preparation.
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