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Overview 
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•  Rich physics program across all centre-of-mass energy stages 
•  Higgs program to investigate electroweak symmetry breaking (and 

probe of new physics beyond SM à see next talks) 
•  High precision model-independent evaluation of Higgs couplings 

(including rare decays), Higgs mass and Higgs width 

CLICdp Advisory Board, Rosa Simoniello 

Eur. Phys. J. C (2017) 77:475
DOI 10.1140/epjc/s10052-017-4968-5

Regular Article - Experimental Physics

Higgs physics at the CLIC electron–positron linear collider

H. Abramowicz1, A. Abusleme2, K. Afanaciev3, N. Alipour Tehrani4, C. Balázs5, Y. Benhammou1, M. Benoit6,
B. Bilki7, J.-J. Blaising8, M. J. Boland9, M. Boronat10, O. Borysov1, I. Božović-Jelisavčić11, M. Buckland12,
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Information on simulation 
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•  All studies in this talk use a full Geant4 detector simulation 
•  Effect of ISR and beamstrahlung taken into account 
•  These studies use the 2 detector models based on ILC concepts and adapted 

to the CLIC operation condition, and the centre-of-mass energies and L as 
documented in the CDR CERN-2012-003 

•  Similar results expected with the recently optimised CLIC detector model and 
centre-of-mass energies baseline (+ profits from the increased L at 3 TeV) 

√s [GeV] Lint [fb−1] 
350 500 

1400 1500 
3000 2000 

√s [GeV] Lint [fb−1] 
380 500 

1500 1500 
3000 3000 

CDR baseline Updated baseline 



Higgs production at CLIC 
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•  Max of Higgsstrahlung at 250 GeV, operation at 350 (380) GeV 
compensates with higher L and boost, and contribution from VBF  

Eur. Phys. J. C (2017) 77 :475 Page 5 of 41 475

Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
polarised beams
√
s = 350 GeV 1.4 TeV 3 TeV

∫ dL
ds′ ds

′ 500 fb−1 1.5 ab−1 2 ab−1

σ (e+e− → ZH) 133 fb 8 fb 2 fb

σ (e+e− → Hνeν̄e) 34 fb 276 fb 477 fb

σ (e+e− → He+e−) 7 fb 28 fb 48 fb

No. ZH events 68,000 20,000 11,000

No. Hνeν̄e events 17,000 370,000 830,000

No. He+e− events 3700 37,000 84,000
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Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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Fig. 4 Leading-order Feynman diagrams of the highest cross section
Higgs production processes at CLIC; Higgsstrahlung (a), WW-fusion
(b) and ZZ-fusion (c)
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Fig. 5 Feynman diagrams of the leading-order processes at CLIC
involving (a) the top Yukawa coupling gHtt , and (b) the Higgs boson
trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-
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Numbers include beamstrahlung and ISR, no beam polarisation 
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strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-

123

 [GeV]s
0 1000 2000 3000

 H
X)

 [f
b]

→ - e+
(e
σ

2−10

1−10

1

10

210

eνeνH

-e+He

ZH

ZHH

Htt

eνeνHH

CLICdp Advisory Board, Rosa Simoniello 

•  Higher energies and luminosity give access to rare Higgs processes 
(production and decay). VBF is the dominant production mode. 
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Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective
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Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung
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production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.
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5 Physics object and event reconstruction

Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:
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= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
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s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Figure 1: Main Feynman diagrams contributing to the double Higgs production. a) is proportional to the
Higgs self coupling, while c) and d) are proportional to the quartic coupling.

real” photons are generated separately. For the “quasi-real” photon initiated processes, the Equivalent
Photon Appproximation (EPA) has been used.

In order to avoid event double counting between signal and background processes, most of the back-
ground samples have been generated with a Higgs mass of 14 TeV. Where not possible, i.e. in case
of interference with Higgs diagrams, double Higgs events are removed at analysis level. Single Higgs
processes are included as separate contributions. Often a cut on the four-quarks invariant mass (mqqqq)
is applied at generator level to ensure enough statistics for the background samples at the end of the
analysis selection.

All samples are generated with WHIZARD 1.95 [4] taking into account the expected CLIC luminosity
spectrum [5]. PYTHIA 6.4 [6] tuned on LEP data [7] is used to describe fragmentation and hadronisation
processes, and Higgs decays. TAUOLA [8] is used for t lepton decays.

Finally, the main beam induced background gg ! hadrons is simulated and overlaid [9] to all samples
according to the integration time of each subdetector.

4 Analysis strategy

Suppression of the beam induced background is necessary for the CLIC environment. A selection at the
particle flow object (PFO) level has been proven to be well effective and three standard levels of quality
cuts with increasing purity have been defined: loose, default, tight [1]. The choice of the PFO selectors
is optimised to give the best final selection efficiency. At 3 TeV the set of tight selection cuts is chosen.

No isolated leptons are expected in the HHnn ! bbbbnn final state. Therefore, the first step of
the analysis is to apply a veto to events with at least one electron, muon or tau. Then a preselection is
applied to target the final state and reject most of the background. Finally a multi-variate analysis (MVA)
is performed to get the best sensitivity for the measurement.

5 Physics object and event reconstruction

The CLIC reconstruction is based on the Marlin package [10] in ILCSoft. Dedicated processors for the
identification of electrons, muons, taus and jet reconstruction already exist, but studies have been carried
out to determine for the specific channel the best set of input parameters in terms of efficiency and fake
rate. More details are reported in the following sections.

5.1 Lepton identification

For the identification of electrons and muons the IsolatedLeptonFinderProcessor [] has been used. The
processor uses a combination of track energy, calorimeter energy, impact parameter, and isolation in-
formation to distinguish between light leptons (electrons and muons) and other objects.

3

5 Physics object and event reconstruction

Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.
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for 1.5ab�1 of data at
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tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
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ttH cross section falls with increasing
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than the result presented here.
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e+e� ! HH�e�e , can occur through the processes shown
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coupling parameter � , that determines the shape of the fun-
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troduce deviations of � from its SM value of up to tens of
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,

32

Figure 1: Main Feynman diagrams contributing to the double Higgs production. a) is proportional to the
Higgs self coupling, while c) and d) are proportional to the quartic coupling.

real” photons are generated separately. For the “quasi-real” photon initiated processes, the Equivalent
Photon Appproximation (EPA) has been used.

In order to avoid event double counting between signal and background processes, most of the back-
ground samples have been generated with a Higgs mass of 14 TeV. Where not possible, i.e. in case
of interference with Higgs diagrams, double Higgs events are removed at analysis level. Single Higgs
processes are included as separate contributions. Often a cut on the four-quarks invariant mass (mqqqq)
is applied at generator level to ensure enough statistics for the background samples at the end of the
analysis selection.

All samples are generated with WHIZARD 1.95 [4] taking into account the expected CLIC luminosity
spectrum [5]. PYTHIA 6.4 [6] tuned on LEP data [7] is used to describe fragmentation and hadronisation
processes, and Higgs decays. TAUOLA [8] is used for t lepton decays.

Finally, the main beam induced background gg ! hadrons is simulated and overlaid [9] to all samples
according to the integration time of each subdetector.

4 Analysis strategy

Suppression of the beam induced background is necessary for the CLIC environment. A selection at the
particle flow object (PFO) level has been proven to be well effective and three standard levels of quality
cuts with increasing purity have been defined: loose, default, tight [1]. The choice of the PFO selectors
is optimised to give the best final selection efficiency. At 3 TeV the set of tight selection cuts is chosen.

No isolated leptons are expected in the HHnn ! bbbbnn final state. Therefore, the first step of
the analysis is to apply a veto to events with at least one electron, muon or tau. Then a preselection is
applied to target the final state and reject most of the background. Finally a multi-variate analysis (MVA)
is performed to get the best sensitivity for the measurement.

5 Physics object and event reconstruction

The CLIC reconstruction is based on the Marlin package [10] in ILCSoft. Dedicated processors for the
identification of electrons, muons, taus and jet reconstruction already exist, but studies have been carried
out to determine for the specific channel the best set of input parameters in terms of efficiency and fake
rate. More details are reported in the following sections.

5.1 Lepton identification

For the identification of electrons and muons the IsolatedLeptonFinderProcessor [] has been used. The
processor uses a combination of track energy, calorimeter energy, impact parameter, and isolation in-
formation to distinguish between light leptons (electrons and muons) and other objects.

3

Numbers include beamstrahlung and ISR, no beam polarisation 



Beam polarisation 

6 17 April 2018 CLICdp Advisory Board, Rosa Simoniello 

Eur. Phys. J. C (2017) 77 :475 Page 7 of 41 475

Table 3 The dependence of the event rates for the s-channel e+e− →
ZH process and the pure t-channel e+e− → Hνeν̄e and e+e− →
He+e− processes for several example beam polarisations. The scale
factors assume an effective weak mixing angle given by sin2 θeff

W =
0.23146 [23]. The numbers are approximate as they do not account for
interference between e+e− → ZH→ νeν̄eH and e+e− → Hνeν̄e

Polarisation Scaling factor

P(e−) : P(e+) e+e− → ZH e+e− → Hνeν̄e e+e− → He+e−

Unpolarised 1.00 1.00 1.00

−80% : 0% 1.12 1.80 1.12

−80% : +30% 1.40 2.34 1.17

−80% : −30% 0.83 1.26 1.07

+80% : 0% 0.88 0.20 0.88

+80% : +30% 0.69 0.26 0.92

+80% : −30% 1.08 0.14 0.84

By selecting different beam polarisations it is possible to
enhance/suppress different physical processes. The chiral
nature of the weak coupling to fermions results in signif-
icant possible enhancements in WW-fusion Higgs produc-
tion, as indicated in Table 3. The potential gains for the s-
channel Higgsstrahlung process, e+e− → ZH, are less sig-
nificant, and the dependence of the e+e− → He+e− cross
section on beam polarisation is even smaller. In practice,
the balance between operation with different beam polarisa-
tions will depend on the CLIC physics programme taken as
a whole, including the searches for and potential measure-
ments of BSM particle production.

3.3 Overview of Higgs measurements at
√
s = 350 GeV

The Higgsstrahlung process, e+e− → ZH, provides an
opportunity to study the couplings of the Higgs boson in
an essentially model-independent manner. Such a model-
independent measurement is unique to a lepton collider.
Higgsstrahlung events can be selected based solely on the
measurement of the four-momentum of the Z boson through
its decay products, while the invariant mass of the system
recoiling against the Z boson peaks at mH. The most dis-
tinct event topologies occur for Z → e+e− and Z → µ+µ−

decays, which can be identified by requiring that the di-lepton
invariant mass is consistent with mZ (see Sect. 5.1.1). SM
background cross sections are relatively low. A slightly less
clean, but more precise, measurement is obtained from the
recoil mass analysis for Z → qq̄ decays (see Sect. 5.1.2).

Recoil-mass studies provide an absolute measurement
of the total ZH production cross section and a model-
independent measurement of the coupling of the Higgs to the
Z boson, gHZZ. The combination of the leptonic and hadronic
decay channels allows gHZZ to be determined with a preci-
sion of 0.8%. In addition, the recoil mass from Z → qq̄

decays provides a direct search for possible Higgs decays to
invisible final states, and can be used to constrain the invisible
decay width of the Higgs, Γinvis.

By identifying the individual final states for different
Higgs decay modes, precise measurements of the Higgs
boson branching fractions can be made. Because of the high
flavour tagging efficiencies [11] achievable at CLIC, the
H → bb̄ and H → cc̄ decays can be cleanly separated.
Neglecting the Higgs decays into light quarks, the branching
ratio of H → gg can also be inferred and H → τ+τ− decays
can be identified.

Although the cross section is lower, the t-channel WW-
fusion process e+e− → Hνeν̄e is an important part of the
CLIC Higgs physics programme at

√
s ≈ 350 GeV. Because

the visible final state consists of the Higgs boson decay prod-
ucts alone, the direct reconstruction of the invariant mass of
the Higgs boson or its decay products plays a central role in
the event selection. The combination of Higgs production and
decay data from Higgsstrahlung and WW-fusion processes
provides a model-independent extraction of Higgs couplings.

3.3.1 Extraction of Higgs couplings

At the LHC, only the ratios of the Higgs boson couplings can
be inferred from the data in a model-independent way.

In contrast, at an electron–positron collider such as CLIC,
absolute measurements of the couplings to the Higgs boson
can be determined using the total e+e− → ZH cross section
determined from recoil mass analyses. This allows the cou-
pling of the Higgs boson to the Z to be determined with a pre-
cision of better than 1% in an essentially model-independent
manner. Once the coupling to the Z is known, the Higgs cou-
pling to the W can be determined from, for example, the
ratios of Higgsstrahlung to WW-fusion cross sections:

σ (e+e− → ZH) × BR(H → bb̄)

σ (e+e− → νeν̄eH) × BR(H → bb̄)
∝

(
gHZZ

gHWW

)2

.

Knowledge of the Higgs total decay width, extracted from
the data, allows absolute measurements of the other Higgs
couplings.

For a Higgs boson mass of around 126 GeV, the total
Higgs decay width in the SM (ΓH) is less than 5 MeV and
cannot be measured directly at an e+e− linear collider. How-
ever, as the absolute couplings of the Higgs boson to the Z
and W can be determined, 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 (Hνeν̄e) × BR(H → WW∗) ∝ g4
HWW

ΓH
,
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Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
polarised beams
√
s = 350 GeV 1.4 TeV 3 TeV

∫ dL
ds′ ds

′ 500 fb−1 1.5 ab−1 2 ab−1

σ (e+e− → ZH) 133 fb 8 fb 2 fb

σ (e+e− → Hνeν̄e) 34 fb 276 fb 477 fb

σ (e+e− → He+e−) 7 fb 28 fb 48 fb

No. ZH events 68,000 20,000 11,000

No. Hνeν̄e events 17,000 370,000 830,000

No. He+e− events 3700 37,000 84,000

 [GeV]s
0 1000 2000 3000

 H
X)

 [f
b]

- e+
(eσ

−210

−110

1

10

210

eνeνH

-e+He

ZH

ZHH

Htt

eνeνHH

Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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Fig. 5 Feynman diagrams of the leading-order processes at CLIC
involving (a) the top Yukawa coupling gHtt , and (b) the Higgs boson
trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-
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Higgsstrahlung: inclusive σ(ZH)
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•  Evaluation of gHZZ from measurement of the 
inclusive σ(ZH) (independently on the Higgs decay) 
exploiting knowledge of the centre-of-mass energy 
for the recoil mass 

•  Lepton channel very clean but small BR (~7%) 
•  Main background: 4 fermions final state 

•   under control with cuts on mll and recoil mass 
•  Fit to extract precisely Higgs mass (~100 MeV) 
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Measurements Higgsstrahlung

Higgsstrahlung at
p
s = 350GeV
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Measurements Higgsstrahlung

Higgsstrahlung at
p
s = 350GeV

Z

e−

e+

H

Z

Measure HZ events from Z recoil mass

Includes invisible Higgs decays

Measurement of gHZZ coupling

Z ! e+e�/µ+µ� decay
BR(Z ! µ+µ�/e+e�)⇡ 7%
Fully model independent
�sHZ /sHZ ⇡ 4.2% ! �(gHZZ )/gHZZ ⇡ 2.1%

Z ! qq̄ decay
BR(Z ! qq̄)⇡ 70%
Challenge: Z ! qq̄ reconstruction may depend
on H decay mode
�sHZ /sHZ ⇡ 1.8% ! �(gHZZ )/gHZZ ⇡ 0.9%

 [GeV]recoilM
100 150 200

Ev
en

ts

0

50

100

150

200

250
Input total
Fitted total
Fitted signal
Fitted background

m2
recoil = s+m2

Z �2Ez
p
s

µ+,e+, q e+e� ! ZH ! µ+µ�H

µ�,e�, q̄

e+e� ! ZH ! qq̄H

Only visible H decays

Preliminary

Eva Sicking (CERN) Higgs Physics at CLIC July 5, 2014 7 / 15

Unique at lepton colliders! 

•  Hadron decays have larger BR (~70%) 
•  Challenge in associating particles to jets, and jets to 

Z and H while keeping the selection independent 
on the Higgs decay mode (order per mille effect on 
the cross section) 

•  Δσ(ZH)/σ(ZH) = 1.65% à ΔgHZZ/gHZZ = 0.8% 
•  Investigation of Higgs invisible decays  

•  constrains down to < 1% 
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Choice of centre-of-mass energy 
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Together with top physics it 
drives the choice of CLIC initial 
energy stage at 380 GeV 

signal 

background 

Eur. Phys. J. C (2016) 76: 72 
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Exclusive σ×BR measurements 
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•  Hadronic Higgs decay (b, c, gluon)  
•  Both Higgsstrahlung and VBF considered (same final 

state for Z to νν) 
•  Global fit accounts for the correlation 

•  Events classified in 2/4 jets  
•  Main backgrounds: WW, ZZ, Zνν

•  Multidimensional template fit with tagging and PT
H info 

to measure 2 production and 3 decay modes 

Eur. Phys. J. C (2017) 77 :475 Page 17 of 41 475
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Fig. 11 bb̄ likelihood versus cc̄ likelihood distributions for e+e− →
ZH events at

√
s = 350 GeV, for (a) all events and for the different

event classes: (b) H→bb̄, (c) H→cc̄, (d) H→gg, background from (e)

other Higgs decays and (f) non-Higgs SM background. All distributions
are normalised to an integrated luminosity of 500 fb−1
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Table 10 Summary of statistical uncertainties for events with a H →
bb̄, H → cc̄ or H → gg decay, where the Higgs boson is produced by
Higgsstrahlung or WW-fusion, at

√
s = 350 GeV derived from the tem-

plate fit as described in the text. All numbers correspond to an integrated
luminosity of 500 fb−1

Decay Statistical uncertainty

Higgsstrahlung (%) WW-fusion (%)

H → bb̄ 0.86 1.9

H → cc̄ 14 26

H → gg 6.1 10

5.2.2 H → τ+τ−

Because of the neutrino(s) produced in τ decays, the sig-
nature for H → τ+τ− is less distinct than that for other
decay modes. The invariant mass of the visible decay prod-
ucts of the τ+τ− system will be less than mH, and it is dif-
ficult to identify H → τ+τ− decays from the WW-fusion
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Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
polarised beams
√
s = 350 GeV 1.4 TeV 3 TeV

∫ dL
ds′ ds

′ 500 fb−1 1.5 ab−1 2 ab−1

σ (e+e− → ZH) 133 fb 8 fb 2 fb

σ (e+e− → Hνeν̄e) 34 fb 276 fb 477 fb

σ (e+e− → He+e−) 7 fb 28 fb 48 fb

No. ZH events 68,000 20,000 11,000

No. Hνeν̄e events 17,000 370,000 830,000

No. He+e− events 3700 37,000 84,000
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Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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Fig. 5 Feynman diagrams of the leading-order processes at CLIC
involving (a) the top Yukawa coupling gHtt , and (b) the Higgs boson
trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-
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•  H to WW*: 
•  Only ZH process considered 
•  Hadronic W decay to have complete mH reconstruction 
•  Precision on σ×BR: 5.1% (gHWW couplings accessible 

also in Higgs production) 

•  H to ττ: 
•  Only ZH process with hadronic τ decays considered 
•  Template fit on BDT output 
•  Precision on σ×BR: 6.2% (Hττ) 
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Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
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and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-
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sample. To improve the precision further, additional high-
statistics Z boson samples would be needed. Generator-
level studies show that e±γ → Ze±;Z → bb̄ with a
cross section about one order of magnitude larger com-
pared to the signal process is a promising channel for this
purpose.

– Flavour tagging: Several of the precision measurements
discussed in this paper rely on b-tagging information.
The calibration of the flavour tagging at CLIC is a topic
for future study. To illustrate the impact of a non-perfect
understanding of the mistag rate for charm and light quark
jets, an ad hoc variation of the b-tag distributions for jets
in background events is performed. Even after the BDT
selection, the background contains only very few b-jets
in the σ (Hνeν̄e)× BR(H → bb̄) analysis. First, the b-tag
distributions for both jets were decreased (increased) by
0.5% using event reweighting for values below (above)
the median keeping the overall number of background
events constant. The opposite variation is applied in a
second step. These variations lead to a ±0.25% change
of the result.
As the flavour tagging efficiency mostly affects the event
rate, it is not expected to be a dominant source of sys-
tematic uncertainty for the Higgs mass measurement.

In summary, it seems possible to control the systematic
uncertainties discussed above with similar or better precision
compared to the statistical uncertainty for the measurement
of σ (Hνeν̄e)× BR(H → bb̄). An excellent understanding of
the b-jet energy scale is necessary for a competitive Higgs
mass measurement at CLIC.

Many of the analyses described in this paper, especially
where harmonization is relevant, will require a careful tuning
of the Monte Carlo models using other high-precision pro-

cesses. Such an investigation is beyond the scope of this first
study of Higgs physics at CLIC presented here.

12 Combined fits

The results discussed in the preceding sections are sum-
marised in Tables 30 and 31. From theσ andσ×BR measure-
ments given in the tables the Higgs coupling parameters and
total width are extracted by a global fit as described below.
Here, a −80% electron polarisation is assumed for the 1.4
and the 3 TeV stages. The increase in cross section is taken
into account by multiplying the event rates with a factor of
1.8 for all WW-fusion measurements (see Table 3), result-
ing in a reduction of the uncertainties by a factor of

√
1.8.

This approach is conservative since it assumes that all back-
grounds including those from s-channel processes, which do
not receive the same enhancement by polarisation, scale with
the same factor.

A few of the observables listed in Table 31 were studied
only at

√
s = 1.4 TeV, but not at

√
s = 3 TeV. In cases where

those observables have a significant impact on the com-
bined fits described in this section, the precisions obtained
at

√
s = 1.4 TeV were extrapolated to

√
s = 3 TeV. The

extrapolation is based on the number of signal events within
the detector acceptance at 1.4 and 3 TeV. It is assumed that
the background processes scale in the same way with

√
s as

the signal events. However, in fact the signal Higgs bosons
are produced in vector boson fusion which increases with
increasing

√
s, while several backgrounds are dominated by

s-channel diagrams which decrease with increasing
√
s.

Since the physical observables (σ or σ × BR) typically
depend on several coupling parameters and on the total width,
these parameters are extracted with a combined fit of all

Table 30 Summary of the
precisions obtainable for the
Higgs observables in the first
stage of CLIC for an integrated
luminosity of 500 fb−1 at√
s = 350 GeV, assuming

unpolarised beams. 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 as indicated in the third
column

Channel Measurement Observable Statistical precision
350 GeV
500 fb−1

ZH Recoil mass distribution mH 110 MeV

ZH σ (ZH) × BR(H → invisible) Γinv 0.6%

ZH σ (ZH) × BR(Z → l+l−) g2
HZZ 3.8%

ZH σ (ZH) × BR(Z → qq̄) g2
HZZ 1.8%

ZH σ (ZH) × BR(H → bb̄) g2
HZZg

2
Hbb/ΓH 0.86%

ZH σ (ZH) × BR(H → cc̄) g2
HZZg

2
Hcc/ΓH 14%

ZH σ (ZH) × BR(H → gg) 6.1%

ZH σ (ZH) × BR(H → τ+τ−) g2
HZZg

2
Hττ/ΓH 6.2%

ZH σ (ZH) × BR(H → WW∗) g2
HZZg

2
HWW/ΓH 5.1%

Hνeν̄e σ (Hνeν̄e) × BR(H → bb̄) g2
HWWg2

Hbb/ΓH 1.9%

Hνeν̄e σ (Hνeν̄e) × BR(H → cc̄) g2
HWWg2

Hcc/ΓH 26%

Hνeν̄e σ (Hνeν̄e) × BR(H → gg) 10%
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•  Only statistical precision considered 

•  Compelling results already at 350 (380) GeV ! 
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1.4 TeV and 3 TeV 
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•  At 1.4 and 3 TeV increase precision on Higgs 
couplings and mass measurement 

•  WW fusion production (pT
miss from νs)  

•  H to bb, cc, gg  
•  For couplings: flavour tagging used only in template fit  

 

•  For mass measurement: tagging information used in 
BDT to target H to bb channel (higher BR) 
Δ(mH) = 32 MeV (1.4+3 TeV)  

•  H to ττ
•  σ×BR: 4.2%(1.4TeV), 4.3%(3TeV) 

Eur. Phys. J. C (2017) 77 :475 Page 5 of 41 475

Table 1 Leading-order, unpolarised cross sections for Higgsstrahlung,
WW-fusion, and ZZ-fusion processes for mH = 126 GeV at the three
centre-of-mass energies discussed in this paper.

√
s′ is the effective

centre-of-mass energy of the e+e− collision. The presented cross sec-
tions include the effects of ISR but exclude the effects of beamstrahlung.
Also given are numbers of expected events, including the effects of
ISR and the CLIC beamstrahlung spectrum. The presented cross sec-
tions and event numbers do not include possible enhancements from
polarised beams
√
s = 350 GeV 1.4 TeV 3 TeV

∫ dL
ds′ ds

′ 500 fb−1 1.5 ab−1 2 ab−1

σ (e+e− → ZH) 133 fb 8 fb 2 fb

σ (e+e− → Hνeν̄e) 34 fb 276 fb 477 fb

σ (e+e− → He+e−) 7 fb 28 fb 48 fb

No. ZH events 68,000 20,000 11,000

No. Hνeν̄e events 17,000 370,000 830,000

No. He+e− events 3700 37,000 84,000
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Fig. 3 Cross section as a function of centre-of-mass energy for the
main Higgs production processes at an e+e− collider for a Higgs mass
of mH = 126 GeV. The values shown correspond to unpolarised beams
and do not include the effect of beamstrahlung

has the largest cross section, but the WW-fusion process
(e+e− → Hνeν̄e) is also significant. The combined study of
these two processes probes the Higgs boson properties (width
and branching ratios) in a model-independent manner. In the
higher energy stages of CLIC operation (

√
s = 1.4 TeV and

3 TeV), Higgs production is dominated by the WW-fusion
process, with the ZZ-fusion process (e+e− → He+e−) also
becoming significant. Here the increased WW-fusion cross
section, combined with the high luminosity of CLIC, results
in large data samples, allowing precise O(1%) measure-
ments of the couplings of the Higgs boson to both fermions
and gauge bosons. In addition to the main Higgs produc-
tion channels, rarer processes such as e+e− → tt̄H and
e+e− → HHνeν̄e, provide access to the top Yukawa coupling
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Fig. 4 Leading-order Feynman diagrams of the highest cross section
Higgs production processes at CLIC; Higgsstrahlung (a), WW-fusion
(b) and ZZ-fusion (c)
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Fig. 5 Feynman diagrams of the leading-order processes at CLIC
involving (a) the top Yukawa coupling gHtt , and (b) the Higgs boson
trilinear self-coupling λ

and the Higgs trilinear self-coupling. Feynman diagrams for
these processes are shown in Fig. 5. In all cases, the Higgs
production cross sections can be increased with polarised
electron (and positron) beams as discussed in Sect. 3.2.

Table 1 lists the expected numbers of ZH, Hνeν̄e and
He+e− events for the three main CLIC centre-of-mass energy
stages. These numbers account for the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy√
s′. The impact of beamstrahlung on the expected num-

bers of events is mostly small. For example, it results in an
approximately 10% reduction in the numbers of Hνeν̄e events
at

√
s > 1 TeV (compared to the beam spectrum with ISR

alone), because the cross section rises relatively slowly with√
s. The reduction of the effective centre-of-mass energies

due to ISR and beamstrahlung increases the ZH cross section
at

√
s = 1.4 and 3 TeV.

The polar angle distributions for single Higgs production
obtained using Whizard 1.95 [20] for the CLIC centre-of-
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Similar precision at 1.4−3 TeV (at 3 TeV more 
forward events, harder flavour/τ tagging) 

√s Hbb Hcc Hgg 
1.4 TeV 0.4% 6.1% 5.0% 

3 TeV 0.3% 6.9% 4.3% 
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•  WW fusion with H to WW*: 
•  Fully hadronic (dominant) and semileptonic WW decays considered 
•  Contamination from other Higgs decays à simultaneous fit  
•  Precision on σ×BR: 1% at 1.4 TeV 

•  WW fusion with H to ZZ: 
•  Semileptonic decays considered  
•  Provide complementary access to gHZZ 
•  Precision on σ×BR: 5.6% at 1.4 TeV 

•  ZZ fusion with H to bb: 
•  Low σ but very characteristic forward electrons  
•  Provide complementary access to gHZZ 

•  Precision on σ×BR: 1.8% at 1.4 TeV 

Results then extrapolated to 3 TeV ηelectron 
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Rare Higgs decays 
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•  H to γγ and H to Zγ  
•  Studied in WW fusion production at 1.4 TeV  
•  Decays via loop à low BR:  

BR(Hγγ)=0.23%, BR(HZγ)=0.16% 
•  Photon final state challenging due  

to ISR and FSR 
•  Precision on σ×BR: 15% (Hγγ), 42% (HZγ) 

•  H to µµ  
•  Studied in WW fusion production at 1.4 and 3TeV  
•  Very low BR: BR(Hµµ)=0.022% 
•  High precision tracking required for mass reconstruction  
•  Precision on σ×BR: 38% (1.4 TeV), 25% (3 TeV) 

•  80% polarisation assumed for the electron beam 
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Top Yukawa coupling 
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•  Higgs radiated from top à ttH cross section related to top Yukawa coupling:  
Δyt/yt = 0.503 Δσ/σ

•  Studied at 1.4 TeV (not the peak of the production σ but the reduction of signal is 
compensated by the reduction of background à similar results) 

•  H in bb + both fully hadronic and semileptonic decays considered (6−8 jets) 
•  Main background from top processes (ttbb, ttZ, tt) 
•  Precision on Yukawa coupling Δyt/yt = 4.2%  

•  Down to 4% with 80% polarisation for the electron beam 
•  No improvement expected at 3 TeV due to the reduction in the cross section 
•  New: with refined analysis, Δyt/yt = 3.8% (3.4%) without (with) polarisation   

more in the next talk! 
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•  Double Higgs production gives access to the Higgs potential  
•  Studied in WW fusion production at 1.4 and 3 TeV 

•  Challenge: small cross section, very forward event topology 

•  Both HH→bbbb (dominant) and hadronic HH→bbWW* studied (4-6 jets) 
•  Main background: ZHνν

•  Jet reconstruction and flavour tagging very challenging 
•  Use of VLC jet algorithms optimised for lepton colliders 

Double Higgs 5 Physics object and event reconstruction

Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Figure 1: Main Feynman diagrams contributing to the double Higgs production. a) is proportional to the
Higgs self coupling, while c) and d) are proportional to the quartic coupling.

real” photons are generated separately. For the “quasi-real” photon initiated processes, the Equivalent
Photon Appproximation (EPA) has been used.

In order to avoid event double counting between signal and background processes, most of the back-
ground samples have been generated with a Higgs mass of 14 TeV. Where not possible, i.e. in case
of interference with Higgs diagrams, double Higgs events are removed at analysis level. Single Higgs
processes are included as separate contributions. Often a cut on the four-quarks invariant mass (mqqqq)
is applied at generator level to ensure enough statistics for the background samples at the end of the
analysis selection.

All samples are generated with WHIZARD 1.95 [4] taking into account the expected CLIC luminosity
spectrum [5]. PYTHIA 6.4 [6] tuned on LEP data [7] is used to describe fragmentation and hadronisation
processes, and Higgs decays. TAUOLA [8] is used for t lepton decays.

Finally, the main beam induced background gg ! hadrons is simulated and overlaid [9] to all samples
according to the integration time of each subdetector.

4 Analysis strategy

Suppression of the beam induced background is necessary for the CLIC environment. A selection at the
particle flow object (PFO) level has been proven to be well effective and three standard levels of quality
cuts with increasing purity have been defined: loose, default, tight [1]. The choice of the PFO selectors
is optimised to give the best final selection efficiency. At 3 TeV the set of tight selection cuts is chosen.

No isolated leptons are expected in the HHnn ! bbbbnn final state. Therefore, the first step of
the analysis is to apply a veto to events with at least one electron, muon or tau. Then a preselection is
applied to target the final state and reject most of the background. Finally a multi-variate analysis (MVA)
is performed to get the best sensitivity for the measurement.

5 Physics object and event reconstruction

The CLIC reconstruction is based on the Marlin package [10] in ILCSoft. Dedicated processors for the
identification of electrons, muons, taus and jet reconstruction already exist, but studies have been carried
out to determine for the specific channel the best set of input parameters in terms of efficiency and fake
rate. More details are reported in the following sections.

5.1 Lepton identification

For the identification of electrons and muons the IsolatedLeptonFinderProcessor [] has been used. The
processor uses a combination of track energy, calorimeter energy, impact parameter, and isolation in-
formation to distinguish between light leptons (electrons and muons) and other objects.

3

5 Physics object and event reconstruction

Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .

a)
W⇤

W⇤

H

e�

e+

�e

H

H

�e

b)
W⇤

W⇤

e�

e+

�e

H

H

�e

c) W⇤

e�

e+

�e

H

H

�e

d) W⇤

e�

e+

�e

H

H

�e

Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Process Events Selected as
in 1.5ab�1 HAD SL

e+e� ! ttH, 6 jet, H ! bb 647 357 9
e+e� ! ttH, 4 jet, H ! bb 623 62 233

e+e� ! ttH, 2 jet, H ! bb 150 1 20
e+e� ! ttH, 6 jet, H �! bb 473 38 8
e+e� ! ttH, 4 jet, H �! bb 455 5 19
e+e� ! ttH, 2 jet, H �! bb 110 0 1
e+e� ! tt bb , 6 jet 824 287 8
e+e� ! tt bb , 4 jet 794 44 175
e+e� ! tt bb , 2 jet 191 1 14
e+e� ! ttZ, 6 jet 2,843 316 12
e+e� ! ttZ, 4 jet 2,738 49 170
e+e� ! ttZ, 2 jet 659 1 13
e+e� ! tt 203,700 1,399 523
e+e� ! qqqql�(non-tt ) 68,300 11 70
e+e� ! qqqq 2.0⇥106 195 0

Table 27: Expected numbers of signal and background
events in the fully-hadronic (HAD) and semi-leptonic (SL)
channels for 1.5ab�1 at

p
s = 1.4TeV. The columns show

the total numbers of events before selection and the num-
bers of events passing the fully-hadronic and semi-leptonic
BDT selections. No preselection is applied in the analysis.

Yukawa coupling, and is found to be:

�yt

yt
= 0.53

�s
s

,

which is slightly larger than the factor of 0.50 expected with-
out the Higgsstrahlung diagram. Thus, the expected preci-
sion on the top Yukawa coupling is:

�yt

yt
= 4.43% ,

for 1.5ab�1 of data at
p

s = 1.4TeV without beam polarisa-
tion. This value is expected to improve to about 4.0% for the
same amount of data collected using the P(e�) = �80% po-
larisation configuration [61]. Since the cross section for the
ttH cross section falls with increasing

p
s (see Figure 2), the

precision with 2ab�1 at 3TeV is not expected to be better
than the result presented here.

9 Double Higgs Production

In e+e� collisions at high energy, double Higgs production,
e+e� ! HH�e�e , can occur through the processes shown
in Figure 23. Despite the small cross section (0.15 fb and
0.59 fb for CLIC operated at

p
s = 1.4TeV and 3TeV, re-

spectively), measurements of the double Higgs production

rate can be used to extract the Higgs boson trilinear self-
coupling parameter � , that determines the shape of the fun-
damental Higgs potential. BSM physics scenarios can in-
troduce deviations of � from its SM value of up to tens of
percent [62]. The physics potential for the measurement of
this coupling has been studied using the CLIC_ILD detector
model for 1.5ab�1 of data at

p
s = 1.4TeV and for 2ab�1

of data at
p

s = 3TeV. The process e+e� ! HHe+e� has
not been included as its cross section is about an order of
magnitude smaller compared to e+e� ! HH�e�e .
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Fig. 23: Feynman diagrams of leading-order processes that
produce two Higgs bosons and missing energy at CLIC atp

s = 1.4TeV and 3TeV. The diagram (a) is sensitive to the
trilinear Higgs self-coupling � . The diagram (b) is sensitive
to the quartic coupling gHHWW. All four diagrams are in-
cluded in the generated e+e� ! HH�e�e signal samples.

The dominant signature for e+e� ! HH�e�e production oc-
curs when both Higgs bosons decay to b quarks, resulting
in an event signature of four b-jets and missing momen-
tum. Consequently, events are first clustered into four jets
using the kt algorithm with a jet size of R = 0.7, which was
found to minimise the overlap between reconstructed W and
Z bosons in the e+e� ! qqqq�� process. Having forced
the event into the four-jet topology, Higgs boson candidates
are formed by combining the reconstructed jets into two jet
pairs. In each event there are three possible jet-pairings to
Higgs bosons. The most likely is selected by dividing the
events into two hemispheres using the sign of the angle be-
tween the jet momentum vector and the event thrust axis. If
exactly two jets are found in each hemisphere, the jets in the
two hemispheres form the two Higgs candidates. Otherwise
the pairing which minimises:

� 2 = (mi j �mH)2 +(mkl �mH)2 ,
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Figure 1: Main Feynman diagrams contributing to the double Higgs production. a) is proportional to the
Higgs self coupling, while c) and d) are proportional to the quartic coupling.

real” photons are generated separately. For the “quasi-real” photon initiated processes, the Equivalent
Photon Appproximation (EPA) has been used.

In order to avoid event double counting between signal and background processes, most of the back-
ground samples have been generated with a Higgs mass of 14 TeV. Where not possible, i.e. in case
of interference with Higgs diagrams, double Higgs events are removed at analysis level. Single Higgs
processes are included as separate contributions. Often a cut on the four-quarks invariant mass (mqqqq)
is applied at generator level to ensure enough statistics for the background samples at the end of the
analysis selection.

All samples are generated with WHIZARD 1.95 [4] taking into account the expected CLIC luminosity
spectrum [5]. PYTHIA 6.4 [6] tuned on LEP data [7] is used to describe fragmentation and hadronisation
processes, and Higgs decays. TAUOLA [8] is used for t lepton decays.

Finally, the main beam induced background gg ! hadrons is simulated and overlaid [9] to all samples
according to the integration time of each subdetector.

4 Analysis strategy

Suppression of the beam induced background is necessary for the CLIC environment. A selection at the
particle flow object (PFO) level has been proven to be well effective and three standard levels of quality
cuts with increasing purity have been defined: loose, default, tight [1]. The choice of the PFO selectors
is optimised to give the best final selection efficiency. At 3 TeV the set of tight selection cuts is chosen.

No isolated leptons are expected in the HHnn ! bbbbnn final state. Therefore, the first step of
the analysis is to apply a veto to events with at least one electron, muon or tau. Then a preselection is
applied to target the final state and reject most of the background. Finally a multi-variate analysis (MVA)
is performed to get the best sensitivity for the measurement.

5 Physics object and event reconstruction

The CLIC reconstruction is based on the Marlin package [10] in ILCSoft. Dedicated processors for the
identification of electrons, muons, taus and jet reconstruction already exist, but studies have been carried
out to determine for the specific channel the best set of input parameters in terms of efficiency and fake
rate. More details are reported in the following sections.

5.1 Lepton identification

For the identification of electrons and muons the IsolatedLeptonFinderProcessor [] has been used. The
processor uses a combination of track energy, calorimeter energy, impact parameter, and isolation in-
formation to distinguish between light leptons (electrons and muons) and other objects.
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Fig. 12 The reconstructed
di-jet mass resolution
(determined as the 34%
inter-quantile range IQR34) for
simulated, fully hadronic decays
of e+e− → νν̄hh, h → bb̄
events produced in 3 TeV e+e−

collisions at CLIC. The nominal
γ γ → hadrons background is
overlaid on the signal event.
Particle-flow objects are selected
using the tight selection
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Fig. 13 The jet energy residuals (reconstructed minus true energy) for
fully hadronic decays of t t̄ events at a 3 TeV CLIC. No backgrounds
are added in the left plot. In the right plot 60 bunch crossings of γ γ →

hadrons background are overlaid on the signal and particle-flow objects
are selected using the tight selection

shown in Fig. 12. The best mass resolution is obtained for
large values of R in both algorithms. The choice of R ∼ 1.3
is close to optimal for both algorithms. Variation of the γ

parameter, which controls the evolution of the VLC jet area
in the forward region, leads to a shift of the optimal value of
R. With γ < 1 the jet area is reduced at a slightly slower rate
and the best resolution is obtained for smaller R. Choosing
γ > 1 the jet area shrinks more rapidly and a larger R is
required to capture the complete energy flow.

6.3 Top quark pair production

The second benchmark we analyse is pair production of
boosted top quarks in multi-TeV operation of the CLIC e+e−

collider. At these energies the top-quark decay products are
so collimated that hadronic top quarks can be reconstructed
as a single large-R top-jet (R ∼ 1). Only the fully hadronic
final state e+e− → t t̄ → bb̄qq̄ ′q ′′q̄ ′′′ is considered. Events
where either the top or anti-top quark is emitted in the for-
ward or backward direction(| cos θ | > 0.7) are discarded to
avoid the incomplete acceptance in that region. To cope with
the increased background at 3 TeV the tight PFO selection is

applied. Jets are reconstructed with exclusive (N = 2) clus-
tering with R = 1.2, which yields an adequate reconstruction
of both the jet energy and the jet mass. For comparison the
same algorithm is also run on all stable Monte Carlo par-
ticles. These include neutrinos, but not the particles from
γ γ → hadrons background.

The jet energy is a fairly good measure of the top-quark
energy. The correction to the top-quark energy is typically
3.5% and the energy resolution is typically 8%. To mea-
sure the performance we compare the jet reconstructed from
particle-flow objects with the jet found by the same algorithm
on the stable particles from the signal event (i.e. excluding
the γ γ → hadrons). The jet energy residual is defined as
the difference of the energy of detector-level and particle-
level jets. The distribution is shown in Fig. 13. The response
is measured as the median of the residual distribution. The
resolution is measured as the IQR34.

Quantitative results are presented in Table 3. The RMS90
is also presented to facilitate comparison to other studies.
In the absence of background, all algorithms reconstruct the
energy of the jet quite precisely, with a bias of less than 1%
and a resolution of 2–4%. The performance of the classical
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•  Fixing quartic coupling: Δλ/λ ≈ κ Δσ/σ, 
κ=1.22 (1.47) at 1.4 (3) TeV 

•  Precision on the Higgs self coupling  
(gWWHH fixed) 
•  After MVA: S/B~1  

(~60 signal events for 2ab−1 at 3 TeV) 

Unique at CLIC  

CLICdp 
Preliminary 

× 

λ/λSM 

g W
W

H
H
/g

W
W

H
H

S
M

 

SMλ/λ
0.4 0.6 0.8 1 1.2 1.4 1.6

 [f
b]

νν
H

H
σ

0

0.2

0.4

0.6

0.8

1  = 1.4 & 3 TeVsCLICdp 
νν HH → -e+e

 = 3 TeVs
 = 1.4 TeVs

Δλ/λ conditions 
19% 1.5ab−1 at 1.4. TeV + 2ab−1 at 3 TeV + P(e−) = -80% 
16% 1.5ab−1 at 1.4. TeV + 3ab−1 at 3 TeV + P(e−) = -80% 

•  Possible simultaneous extraction of Higgs 
self and quartic coupling  
•  Template fit using invariant mass  

•  1D extraction of λ with template fit on BDT 
output (on-going): precision of ≈10%  
•  Result to be finalised (not shown here) 
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•  Only statistical precision considered 
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Table 31 Summary of the precisions obtainable for the Higgs observ-
ables in the higher-energy CLIC stages for integrated luminosities of
1.5 ab−1 at

√
s = 1.4 TeV, and 2.0 ab−1 at

√
s = 3 TeV. In both cases

unpolarised beams have been assumed. For gHtt , the 3 TeV case has not
yet been studied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy. Numbers
marked with ∗ are extrapolated from

√
s = 1.4 TeV to

√
s = 3 TeV as

explained in the text. For the branching ratios, the measurement pre-
cision 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, as indicated in the third column. For the measurements from the
HHνeν̄e process, the measurement precisions give the expected statisti-
cal uncertainties on the self-coupling parameter λ

Channel Measurement Observable Statistical precision

1.4 TeV 3 TeV
1.5 ab−1 2.0 ab−1

Hνeν̄e H → bb̄ mass distribution mH 47 MeV 44 MeV

Hνeν̄e σ (Hνeν̄e) × BR(H → bb̄) g2
HWWg2

Hbb/ΓH 0.4% 0.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → cc̄) g2
HWWg2

Hcc/ΓH 6.1% 6.9%

Hνeν̄e σ (Hνeν̄e) × BR(H → gg) 5.0% 4.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → τ+τ−) g2
HWWg2

Hττ/ΓH 4.2% 4.4%

Hνeν̄e σ (Hνeν̄e) × BR(H → µ+µ−) g2
HWWg2

Hµµ/ΓH 38% 25%

Hνeν̄e σ (Hνeν̄e) × BR(H → γγ) 15% 10%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → Zγ) 42% 30%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → WW∗) g4
HWW/ΓH 1.0% 0.7%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → ZZ∗) g2
HWWg2

HZZ/ΓH 5.6% 3.9%∗

He+e− σ (He+e−) × BR(H → bb̄) g2
HZZg

2
Hbb/ΓH 1.8% 2.3%∗

tt̄H σ (tt̄H) × BR(H → bb̄) g2
Httg

2
Hbb/ΓH 8% −

HHνeν̄e σ (HHνeν̄e) λ 54% 29%

HHνeν̄e with −80% e− polarisation λ 40% 22%

measurements. To provide a first indication of the overall
impact of the CLIC physics programme, simple fits consider-
ing only the statistical uncertainties of the measurements are
performed. Two types of fits are used: A model-independent
fit making minimal theoretical assumptions, and a model-
dependent fit following the strategies used for the interpreta-
tion of LHC Higgs results.

Both fits are based on a χ2 minimisation using the Minuit
package [70]. The measurements which serve as input to the
fit, presented in detail in the preceding sections, are either
a total cross section σ in the case of the measurement of
e+e− → ZH via the recoil mass technique, or a cross sec-
tion × branching ratio σ × BR for specific Higgs produc-
tion modes and decays. To obtain the expected sensitivity
for CLIC it is assumed that for all measurements the value
expected in the SM has been measured, so only the statis-
tical uncertainties of each measurement are used in the χ2

calculation. In the absence of correlations, the contribution
of a single measurement is given by

χ2
i = (Ci/CSM

i − 1)2

∆F2
i

,

where Ci is the fitted value of the relevant combination of
relevant Higgs couplings (and total width) describing the par-
ticular measurement, CSM

i is the SM expectation, and ∆Fi

is the statistical uncertainty of the measurement of the con-
sidered process. Since this simplified description does not
allow the accurate treatment of correlations between mea-
surements, nor the inclusion of correlated theory systematics
in the model-dependent fit, the global χ2 of the fit is con-
structed from the covariance matrix of all measurements. It
is given by

χ2 = ζ T V−1ζ,

where V is the covariance matrix and ζ is the vector of devi-
ations of fitted values of the relevant combination of Higgs
couplings and total width describing the particular measure-
ment deviation from the SM expectation as introduced above,
ζi = Ci/CSM

i − 1.
The Ci ’s depend on the particular measurements and on

the type of fit (model-independent or model-dependent),
given in detail below. In the absence of systematic uncertain-
ties, the diagonal elements of V are given by the statistical
uncertainty of the measurement,

Vi i = ∆F2
i ,

while the off-diagonal elements represent the correlations
between measurements. In the fit, correlations are taken into
account in cases where they are expected to be large. This
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Systematic uncertainties 
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•  For detailed study, knowledge of the detector technology is required 
•  Systematics studied in the context of the H to bb analysis at 3 TeV 

•  Channel with smallest statistical uncertainties  
precision on σ×BR: 0.3%, precision on mH: 44 MeV 

•  Luminosity spectrum  
•  Measured from Bhabbha scattering  
•  Uncertainties on the parameter propagated to on σ×BR: 0.15% 

•  Total luminosity 
•  Measured using the CLIC “luminometer”, effect on σ×BR: few per mille 

•  Beam polarisation 
•  It can be controller to level of 0.2% à effect on σ×BR: 0.1% 

•  Jet energy scale  
•  Systematic on mH similar as statistical error for JES precision of 3.5 ⋅ 10−4 

•  Processes useful for calibration: ee→Zνν;Z→bb and eγ→Ze;Z→bb  

•  Flavour tagging 
•  To study effect of mis-tag rate: ad hoc variation of b-tag weight in background 

events (they contain very few b-jets) à effect on event rate for σ×BR: 0.25% 
•  Better understanding of the b-jet energy scale would be beneficial 
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constraints (no invisible decays) 
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Table 31 Summary of the precisions obtainable for the Higgs observ-
ables in the higher-energy CLIC stages for integrated luminosities of
1.5 ab−1 at

√
s = 1.4 TeV, and 2.0 ab−1 at

√
s = 3 TeV. In both cases

unpolarised beams have been assumed. For gHtt , the 3 TeV case has not
yet been studied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy. Numbers
marked with ∗ are extrapolated from

√
s = 1.4 TeV to

√
s = 3 TeV as

explained in the text. For the branching ratios, the measurement pre-
cision 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, as indicated in the third column. For the measurements from the
HHνeν̄e process, the measurement precisions give the expected statisti-
cal uncertainties on the self-coupling parameter λ

Channel Measurement Observable Statistical precision

1.4 TeV 3 TeV
1.5 ab−1 2.0 ab−1

Hνeν̄e H → bb̄ mass distribution mH 47 MeV 44 MeV

Hνeν̄e σ (Hνeν̄e) × BR(H → bb̄) g2
HWWg2

Hbb/ΓH 0.4% 0.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → cc̄) g2
HWWg2

Hcc/ΓH 6.1% 6.9%

Hνeν̄e σ (Hνeν̄e) × BR(H → gg) 5.0% 4.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → τ+τ−) g2
HWWg2

Hττ/ΓH 4.2% 4.4%

Hνeν̄e σ (Hνeν̄e) × BR(H → µ+µ−) g2
HWWg2

Hµµ/ΓH 38% 25%

Hνeν̄e σ (Hνeν̄e) × BR(H → γγ) 15% 10%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → Zγ) 42% 30%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → WW∗) g4
HWW/ΓH 1.0% 0.7%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → ZZ∗) g2
HWWg2

HZZ/ΓH 5.6% 3.9%∗

He+e− σ (He+e−) × BR(H → bb̄) g2
HZZg

2
Hbb/ΓH 1.8% 2.3%∗

tt̄H σ (tt̄H) × BR(H → bb̄) g2
Httg

2
Hbb/ΓH 8% −

HHνeν̄e σ (HHνeν̄e) λ 54% 29%

HHνeν̄e with −80% e− polarisation λ 40% 22%

measurements. To provide a first indication of the overall
impact of the CLIC physics programme, simple fits consider-
ing only the statistical uncertainties of the measurements are
performed. Two types of fits are used: A model-independent
fit making minimal theoretical assumptions, and a model-
dependent fit following the strategies used for the interpreta-
tion of LHC Higgs results.

Both fits are based on a χ2 minimisation using the Minuit
package [70]. The measurements which serve as input to the
fit, presented in detail in the preceding sections, are either
a total cross section σ in the case of the measurement of
e+e− → ZH via the recoil mass technique, or a cross sec-
tion × branching ratio σ × BR for specific Higgs produc-
tion modes and decays. To obtain the expected sensitivity
for CLIC it is assumed that for all measurements the value
expected in the SM has been measured, so only the statis-
tical uncertainties of each measurement are used in the χ2

calculation. In the absence of correlations, the contribution
of a single measurement is given by

χ2
i = (Ci/CSM

i − 1)2

∆F2
i

,

where Ci is the fitted value of the relevant combination of
relevant Higgs couplings (and total width) describing the par-
ticular measurement, CSM

i is the SM expectation, and ∆Fi

is the statistical uncertainty of the measurement of the con-
sidered process. Since this simplified description does not
allow the accurate treatment of correlations between mea-
surements, nor the inclusion of correlated theory systematics
in the model-dependent fit, the global χ2 of the fit is con-
structed from the covariance matrix of all measurements. It
is given by

χ2 = ζ T V−1ζ,

where V is the covariance matrix and ζ is the vector of devi-
ations of fitted values of the relevant combination of Higgs
couplings and total width describing the particular measure-
ment deviation from the SM expectation as introduced above,
ζi = Ci/CSM

i − 1.
The Ci ’s depend on the particular measurements and on

the type of fit (model-independent or model-dependent),
given in detail below. In the absence of systematic uncertain-
ties, the diagonal elements of V are given by the statistical
uncertainty of the measurement,

Vi i = ∆F2
i ,

while the off-diagonal elements represent the correlations
between measurements. In the fit, correlations are taken into
account in cases where they are expected to be large. This
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Unique at lepton colliders! 
different y scale 

Ci : observables (coupling combination, ΓH) 
ΔFi : statistical uncertainties 
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applies to the measurements of σ × BR for H → bb̄, cc̄, gg
in Higgsstrahlung and WW-fusion events at 350 GeV and in
WW-fusion events only at 1.4 and 3 TeV, which are extracted
in a combined fitting procedure at each energy. These mea-
surements show correlation coefficients with absolute values
as large as 0.32.

In signal channels with substantial contaminations from
other Higgs decays, penalty terms were added to the χ2 to
take into account the normalisation of the other channels.
These additional uncertainties, which are also of a statisti-
cal nature, are derived from the statistical uncertainties of
the respective Higgs final state analysis, taking the level of
contamination into account. The channels where this results
in non-negligible effects are the H → WW∗ analyses at all
energies, in particular in the all-hadronic decay modes, with
corrections to the statistical uncertainties as large as 8% at
350 GeV.

12.1 Model-independent fit

The model-independent fit uses the zero-width approxima-
tion to describe the individual measurements in terms of
Higgs couplings and the total width, ΓH. Here, the total cross
section of e+e− → ZH depends on:

CZH = g2
HZZ,

while for specific final states such as e+e− → ZH; H → bb̄
and e+e− → Hνeν̄e; H → bb̄:

CZH,H→bb̄ = g2
HZZg

2
Hbb

ΓH

and:

CHνe ν̄e,H→bb̄ = g2
HWWg2

Hbb

ΓH
,

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

gHbb, gHcc, gHττ, gHµµ, gHtt and ΓH, as well as the three
effective couplings g†

Hgg, g†
Hγγ and g†

HZγ. The latter three
parameters are treated in the same way as the physical Higgs
couplings in the fit.

The fit is performed in three stages, taking the statisti-
cal uncertainties obtainable from CLIC at the three con-
sidered energy stages (350 GeV, 1.4, 3 TeV) successively
into account. Each new stage also includes all measure-
ments of the previous stages. Table 32 summarises the results.
They are graphically illustrated in Fig. 27. Since the model-
independence of the analysis hinges on the absolute mea-
surement of σ (ZH) at 350 GeV, which provides the coupling
gHZZ, the precision of all other couplings is ultimately limited
by this uncertainty.

Table 32 Results of the model-independent fit. Values marked “−”
can not be measured with sufficient precision at the given energy. For
gHtt , the 3 TeV case has not yet been studied, but is not expected to
result in substantial improvement due to the significantly reduced cross
section at high energy. The three effective couplings g†

Hgg, g†
Hγγ and

g†
HZγ are also included in the fit. Operation with −80% electron beam

polarisation is assumed above 1 TeV

Parameter Relative precision

350 GeV + 1.4 TeV + 3 TeV
500 fb−1(%) + 1.5 ab−1 (%) + 2 ab−1 (%)

gHZZ 0.8 0.8 0.8

gHWW 1.4 0.9 0.9

gHbb 3.0 1.0 0.9

gHcc 6.2 2.3 1.9

gHττ 4.3 1.7 1.4

gHµµ − 14.1 7.8

gHtt − 4.2 4.2

g†
Hgg 3.7 1.8 1.4

g†
Hγγ − 5.7 3.2

g†
HZγ − 15.6 9.1

ΓH 6.7 3.7 3.5
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Fig. 27 Illustration of the precision of the Higgs couplings of the three-
stage CLIC programme determined in a model-independent fit without
systematic or theoretical uncertainties. Thedotted lines show the relative
precisions of 1 and 5%

12.2 Model-dependent fit

For the model-dependent fit, it is assumed that the Higgs
decay properties can be described by ten independent param-
eters κHZZ, κHWW, κHbb, κHcc, κHττ, κHµµ, κHtt, κHgg, κHγγ

and κHZγ. These factors are defined by the ratio of the Higgs
partial width divided by the partial width expected in the
Standard Model as:
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κ2
i = Γi/Γ

SM
i .

In this scenario, the total width is given by the sum of the
ten partial widths considered, which is equivalent to assum-
ing no non-Standard-Model Higgs decays such as decays into
new invisible particles. The ratio of the total width to its SM
value is thus given by:

ΓH,md

Γ SM
H

=
∑

i

κ2
i BRi , (1)

where BRi is the SM branching fraction for the respec-
tive final state and the subscript “md” stands for “model-
dependent”. To obtain these branching fractions, a fixed value
for the Higgs mass has to be imposed. For the purpose of this
study, 126 GeV is assumed. The branching ratios are taken
from the LHC Higgs cross section working group [22]. To
exclude effects from numerical rounding errors, the total sum
of BR’s is normalised to unity.

With these definitions, theCi ’s in the χ2 take the following
forms: for the total e+e− → ZH cross section:

CZH = κ2
HZZ;

while for specific final states such as e+e− → ZH; H → bb̄
and e+e− → Hνeν̄e; H → bb̄:

CZH,H→bb̄ = κ2
HZZκ2

Hbb(
ΓH,md/Γ

SM
H

)

and:

CHνe ν̄e,H→bb̄ = κ2
HWWκ2

Hbb(
ΓH,md/Γ

SM
H

) ,

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

surements of the H → µ+µ−, H → γγ and H → Zγ decays
are possible, the fit is reduced to six free parameters (the cou-
pling to top is also not constrained, but this is without effect
on the total width) by setting H → µ+µ−, H → γγ and
H → Zγ to zero. These branching ratios are much smaller
than the derived uncertainty on the total width.

Two versions of the model-dependent fit are performed,
one ignoring theoretical uncertainties to illustrate the full
potential of the constrained fit, and one taking the present
theoretical uncertainties of the branching fractions into
account [22]. To avoid systematic biases in the fit results,
the uncertainties are symmetrised, preserving the overall size
of the uncertainties. Theoretical uncertainties on the produc-
tion are assumed to be substantially smaller than in the decay,
and are ignored in the present study. Depending on the con-
crete Higgs decay, multiple measurements may enter in the

Table 33 Results of the model-dependent fit without theoretical uncer-
tainties. Values marked “−” can not be measured with sufficient pre-
cision at the given energy. For gHtt , the 3 TeV case has not yet been
studied, but is not expected to result in substantial improvement due to
the significantly reduced cross section at high energy. The uncertainty
of the total width is calculated from the fit results following Eq. 1, taking
the parameter correlations into account. Operation with −80% electron
beam polarisation is assumed above 1 TeV

Parameter Relative precision

350 GeV + 1.4 TeV + 3 TeV
500 fb−1(%) + 1.5 ab−1 (%) + 2 ab−1 (%)

κHZZ 0.6 0.4 0.3

κHWW 1.1 0.2 0.1

κHbb 1.8 0.4 0.2

κHcc 5.8 2.1 1.7

κHττ 3.9 1.5 1.1

κHµµ − 14.1 7.8

κHtt − 4.1 4.1

κHgg 3.0 1.5 1.1

κHγγ − 5.6 3.1

κHZγ − 15.6 9.1

ΓH,md, derived 1.4 0.4 0.3

fit, originating from different centre-of-mass energies, dif-
ferent production channels or different signal final states. To
account for this, the theoretical uncertainties are treated as
fully correlated for each given Higgs decay.

As in the model-independent case the fit is performed in
three stages, taking the statistical errors of CLIC at the three
considered energy stages (350 GeV, 1.4, 3 TeV) successively
into account. Each new stage also includes all measurements
of the previous stages. The total width is not a free param-
eter of the fit. Instead, its uncertainty, based on the assump-
tion given in Eq. 1, is calculated from the fit results, taking
the full correlation of all parameters into account. Table 33
summarises the results of the fit without taking theoretical
uncertainties into account, and Fig. 28 illustrates the evolu-
tion of the precision over the full CLIC programme. Table
34 summarises the results of the model-dependent fit with
theoretical uncertainties of the branching fractions.

12.3 Discussion of fit results

The full Higgs physics programme of CLIC, interpreted with
a combined fit of the couplings to fermions and gauge bosons
as well as the total width, and combined with the measure-
ment of the self-coupling, will provide a comprehensive pic-
ture of the properties of this recently discovered particle.
Figure 29 illustrates the expected uncertainties of the var-
ious couplings determined in the model-independent fit as
well as the self-coupling as a function of the particle mass.

123

Model independent fit:  
total width as free parameter 

•  Global fit uses statistical precision of all measurements to estimate Higgs 
couplings and total Higgs width ΓΗ minimizing: 

•  At each energy stage, data from all previous stages are included 

Model dependent fit: LHC-like 
constraints (no invisible decays) 
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Table 31 Summary of the precisions obtainable for the Higgs observ-
ables in the higher-energy CLIC stages for integrated luminosities of
1.5 ab−1 at

√
s = 1.4 TeV, and 2.0 ab−1 at

√
s = 3 TeV. In both cases

unpolarised beams have been assumed. For gHtt , the 3 TeV case has not
yet been studied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy. Numbers
marked with ∗ are extrapolated from

√
s = 1.4 TeV to

√
s = 3 TeV as

explained in the text. For the branching ratios, the measurement pre-
cision 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, as indicated in the third column. For the measurements from the
HHνeν̄e process, the measurement precisions give the expected statisti-
cal uncertainties on the self-coupling parameter λ

Channel Measurement Observable Statistical precision

1.4 TeV 3 TeV
1.5 ab−1 2.0 ab−1

Hνeν̄e H → bb̄ mass distribution mH 47 MeV 44 MeV

Hνeν̄e σ (Hνeν̄e) × BR(H → bb̄) g2
HWWg2

Hbb/ΓH 0.4% 0.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → cc̄) g2
HWWg2

Hcc/ΓH 6.1% 6.9%

Hνeν̄e σ (Hνeν̄e) × BR(H → gg) 5.0% 4.3%

Hνeν̄e σ (Hνeν̄e) × BR(H → τ+τ−) g2
HWWg2

Hττ/ΓH 4.2% 4.4%

Hνeν̄e σ (Hνeν̄e) × BR(H → µ+µ−) g2
HWWg2

Hµµ/ΓH 38% 25%

Hνeν̄e σ (Hνeν̄e) × BR(H → γγ) 15% 10%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → Zγ) 42% 30%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → WW∗) g4
HWW/ΓH 1.0% 0.7%∗

Hνeν̄e σ (Hνeν̄e) × BR(H → ZZ∗) g2
HWWg2

HZZ/ΓH 5.6% 3.9%∗

He+e− σ (He+e−) × BR(H → bb̄) g2
HZZg

2
Hbb/ΓH 1.8% 2.3%∗

tt̄H σ (tt̄H) × BR(H → bb̄) g2
Httg

2
Hbb/ΓH 8% −

HHνeν̄e σ (HHνeν̄e) λ 54% 29%

HHνeν̄e with −80% e− polarisation λ 40% 22%

measurements. To provide a first indication of the overall
impact of the CLIC physics programme, simple fits consider-
ing only the statistical uncertainties of the measurements are
performed. Two types of fits are used: A model-independent
fit making minimal theoretical assumptions, and a model-
dependent fit following the strategies used for the interpreta-
tion of LHC Higgs results.

Both fits are based on a χ2 minimisation using the Minuit
package [70]. The measurements which serve as input to the
fit, presented in detail in the preceding sections, are either
a total cross section σ in the case of the measurement of
e+e− → ZH via the recoil mass technique, or a cross sec-
tion × branching ratio σ × BR for specific Higgs produc-
tion modes and decays. To obtain the expected sensitivity
for CLIC it is assumed that for all measurements the value
expected in the SM has been measured, so only the statis-
tical uncertainties of each measurement are used in the χ2

calculation. In the absence of correlations, the contribution
of a single measurement is given by

χ2
i = (Ci/CSM

i − 1)2

∆F2
i

,

where Ci is the fitted value of the relevant combination of
relevant Higgs couplings (and total width) describing the par-
ticular measurement, CSM

i is the SM expectation, and ∆Fi

is the statistical uncertainty of the measurement of the con-
sidered process. Since this simplified description does not
allow the accurate treatment of correlations between mea-
surements, nor the inclusion of correlated theory systematics
in the model-dependent fit, the global χ2 of the fit is con-
structed from the covariance matrix of all measurements. It
is given by

χ2 = ζ T V−1ζ,

where V is the covariance matrix and ζ is the vector of devi-
ations of fitted values of the relevant combination of Higgs
couplings and total width describing the particular measure-
ment deviation from the SM expectation as introduced above,
ζi = Ci/CSM

i − 1.
The Ci ’s depend on the particular measurements and on

the type of fit (model-independent or model-dependent),
given in detail below. In the absence of systematic uncertain-
ties, the diagonal elements of V are given by the statistical
uncertainty of the measurement,

Vi i = ∆F2
i ,

while the off-diagonal elements represent the correlations
between measurements. In the fit, correlations are taken into
account in cases where they are expected to be large. This
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Ci : observables (coupling combination, ΓH) 
ΔFi : statistical uncertainties 
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•  Competitive Higgs physics program already at the initial energy stage 
•  Precise model independent estimation of many Higgs couplings 

•  At higher energies and luminosities 
•  Increase precision on Higgs couplings and mass  
•  Access to rare Higgs processes (including Higgs self coupling) 
 

Precision measurement of  Higgs coupling can probe new physics !!  (see next talks)  
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CLICdp single Higgs production

Fig. 6 Polar angle distributions for single Higgs events at
√
s =

350 GeV, 1.4 and 3 TeV, including the effects of the CLIC beam-
strahlung spectrum and ISR. The distributions are normalised to unity

Table 2 The investigated SM Higgs decay modes and their branching
ratios as well as the total Higgs width for mH = 126 GeV [22]

Decay mode Branching ratio

H → bb̄ 56.1%

H → WW∗ 23.1%

H → gg 8.5%

H → τ+τ− 6.2%

H → cc̄ 2.8%

H → ZZ∗ 2.9%

H → γγ 0.23%

H → Zγ 0.16%

H → µ+µ− 0.021%

ΓH 4.2 MeV

mass energies are shown in Fig. 6. Most Higgs bosons pro-
duced at

√
s = 350 GeV can be reconstructed in the central

parts of the detectors while Higgs bosons produced in the
WW-fusion process and their decay products tend towards
the beam axis with increasing energy. Hence good detector
capabilities in the forward regions are crucial at

√
s = 1.4

and 3 TeV.
A SM Higgs boson with mass of mH = 126 GeV has a

wide range of decay modes, as listed in Table 2, providing
the possibility to test the SM predictions for the couplings of
the Higgs to both gauge bosons and to fermions [22]. All the
modes listed in Table 2 are accessible at CLIC.

3.1 Motivation for
√
s = 350 GeV CLIC operation

The choice of the CLIC energy stages is motivated by the
desire to pursue a programme of precision Higgs physics

and to operate the machine above 1 TeV at the earliest pos-
sible time; no CLIC operation is foreseen below the top-pair
production threshold.

From the Higgs physics perspective, operation at energies
much below 1 TeV is motivated by the direct and model-
independent measurement of the coupling of the Higgs boson
to the Z, which can be obtained from the recoil mass distribu-
tion in ZH → e+e−H, ZH → µ+µ−H and ZH → qq̄H pro-
duction (see Sects. 5.1.1, 5.1.2). These measurements play a
central role in the determination of the Higgs couplings at an
e+e− collider.

However, from a Higgs physics perspective, there is no
advantage to running CLIC at around

√
s = 250 GeV

where the ZH production cross section is larger, compared
to running at

√
s = 350 GeV. Firstly, the reduction in

cross section at
√
s = 350 GeV is compensated, in part,

by the increased instantaneous luminosity achievable at a
higher centre-of-mass energy. The instantaneous luminosity
scales approximately linearly with the centre-of-mass energy,
L ∝ γe, where γe is the Lorentz factor for the beam elec-
trons/positrons. 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. Secondly, the additional
boost of the Z and H at

√
s = 350 GeV provides greater

separation between the final-state jets from Z and H decays.
Consequently, the measurements of σ (ZH) × BR(H → X)
are more precise at

√
s = 350 GeV. Thirdly, and most impor-

tantly, operation of CLIC at
√
s ≈ 350 GeV provides access

to the e+e− → Hνeν̄e fusion process; this improves the preci-
sion with which the total decay width ΓH can be determined
at CLIC. For the above reasons, the preferred option for the
first stage of CLIC operation is

√
s ≈ 350 GeV.

Another advantage of
√
s ≈ 350 GeV is that detailed stud-

ies of the top-pair production process can be performed in
the initial stage of CLIC operation. Finally, the Higgs boson
mass can be measured at

√
s = 350 GeV with similar preci-

sion as at
√
s = 250 GeV.

3.2 Impact of beam polarisation

The majority of CLIC Higgs physics studies presented in this
paper are performed assuming unpolarised e+ and e− beams.
However, in the baseline CLIC design, the electron beam
can be polarised up to ±80%. There is also the possibility
of positron polarisation at a lower level, although positron
polarisation is not part of the baseline CLIC design. For an
electron polarisation of P− and positron polarisation of P+,
the relative fractions of collisions in the different helicity
states are:

e−
R e+R : 1

4
(1 + P−)(1 + P+), e−

R e+L : 1
4
(1 + P−)(1 − P+),

e−
L e+R : 1

4
(1 − P−)(1 + P+), e−

L e+L : 1
4
(1 − P−)(1 − P+).
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Fig. 2 Longitudinal cross section of the top right quadrant of the CLIC_ILD (a) and CLIC_SiD (b) detector concepts

provide accurate vertex reconstruction, enabling flavour
tagging with clean b-, c- and light-quark jet separation;

– jet-energy resolution σE/E ! 3.5% for light-quark jet
energies in the range 100 GeV to 1 TeV, required for the
reconstruction of hadronic Z decays in ZH events and
the separation of Z → qq̄ and H → qq̄ based on the
reconstructed di-jet invariant mass;

– detector coverage for electrons extending to very low
angles with respect to the beam axis, to maximise back-
ground rejection for WW-fusion events.

The main design driver for the CLIC (and ILC) detec-
tor concepts is the required jet-energy resolution. As a result,
the CLIC detector concepts [11],CLIC_SiD and CLIC_ILD,
are based on fine-grained electromagnetic and hadronic calo-
rimeters (ECAL and HCAL), optimised for particle-flow
reconstruction techniques. In the particle-flow approach, the
aim is to reconstruct the individual final-state particles within
a jet using information from the tracking detectors com-
bined with that from the highly granular calorimeters [15–
18]. In addition, particle-flow event reconstruction provides
a powerful tool for the rejection of beam-induced back-
grounds [11]. The CLIC detector concepts employ strong
central solenoid magnets, located outside the HCAL, pro-
viding an axial magnetic field of 5 T in CLIC_SiD and 4 T in
CLIC_ILD. The CLIC_SiD concept employs central silicon-
strip tracking detectors, whereas CLIC_ILD assumes a large
central gaseous Time Projection Chamber. In both con-
cepts, the central tracking system is augmented with silicon-
based inner tracking detectors. The two detector concepts
are shown schematically in Fig. 2 and are described in detail
in [11].

2.3 Assumed staged running scenario

The studies presented in this paper are based on a scenario
in which CLIC runs at three energy stages. The first stage is
at

√
s = 350 GeV, around the top-pair production threshold.

The second stage is at
√
s = 1.4 TeV; this energy is chosen

because it can be reached with a single CLIC drive-beam
complex. The third stage is at

√
s = 3 TeV; the ultimate

energy of CLIC. At each stage, four to five years of running
with a fully commissioned accelerator is foreseen, provid-
ing integrated luminosities of 500 fb−1, 1.5 and 2 ab−1 at
350 GeV, 1.4 and 3 TeV, respectively.1 Cross sections and
integrated luminosities for the three stages are summarised
in Table 1.

3 Overview of Higgs production at CLIC

A high-energy e+e− collider such as CLIC provides an exper-
imental environment that allows the study of Higgs boson
properties with high precision. The evolution of the leading-
order e+e− Higgs production cross sections with centre-of-
mass energy, as computed using the Whizard 1.95 [20]
program, is shown in Fig. 3 for a Higgs boson mass of
126 GeV [21].

The Feynman diagrams for the three highest cross section
Higgs production processes at CLIC are shown in Fig. 4. At√
s ≈ 350 GeV, the Higgsstrahlung process (e+e− → ZH)

1 As a result of this paper and other studies, a slightly different staging
scenario for CLIC, with a first stage at

√
s = 380 GeV to include precise

measurements of top quark properties as a probe for BSM physics, and
the next stage at 1.5 TeV, has recently been adopted and will be used for
future studies [19].
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