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Outline

• CLIC: A future TeV-scale e+e- Collider

!

• The Higgs Program at CLIC


• couplings at 350 GeV, 1.4 TeV and 3 TeV


• the top Yukawa coupling


• the Higgs self-coupling

!

• Global fits

!

• Summary
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CLIC - A Possible Future at CERN
CLIC, a linear e+e- collider at the 
energy frontier


• Based on two-beam acceleration, 
room-temperatur cavities, 
gradients of up to 100 MV/m


• Maximum energy 3 TeV, 
construction in stages


• high luminosity (a few x 1034 cm-2s-1)
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The CLIC accelerator

• Based on 2-beam acceleration scheme
• Operated at room temperature
• Gradient: 100 MV/m
• Staged construction: ≈350 GeV up to 3 TeV
• High luminosity (a few 1034 cm-2s-1) 

CLIC is the most mature option for a future multi-TeV e+e- collider
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First stage luminosity optimised (scenario A)

A Staged Program to maximize Physics Potential

• For optimal luminosity, the energy of a collider 
based on CLIC technology can only be tuned 
within a factor of ~ 3: Staged construction of 
the machine
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• Precise energy of the stages depends on  
physics - with considerations for technical constraints:


• Studied scenario: 


• 350 / 375 GeV (500 fb-1)  
• Higgs (including total width), Top threshold scan


• 1.4 TeV (1.5 ab-1) 
• BSM physics, ttH, Higgs self-coupling, rare Higgs decays


• 3 TeV (2 ab-1) 
• BSM physics, Higgs self-coupling, rare Higgs decays

Provides:

• earlier start of physics

• optimal use of physics potential
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The CLIC Environment
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• The main challenge: High energy and high luminosity leads to high rates of 
photon-induced processes:

�/�� q

q�/��

e+e- pairs drive 

crossing angle  
& vertex detector radius

γγ → hadrons interactions:  
3.2 / bunch crossing @ 3 TeV

Combined with bunch structure 
(0.5 ns between BX):

Pile-up of hadronic background:

~ 19 TeV in HCAL / bunch train

➫ Needs to be rejected by 

    reconstruction
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e+e- pairs drive 

crossing angle  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3.2 / bunch crossing @ 3 TeV

Combined with bunch structure 
(0.5 ns between BX):

Pile-up of hadronic background:
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➫ Needs to be rejected by 

    reconstruction

A further consequence of radiative losses: The 
luminosity spectrum - characterized by a main 
peak and a tail to lower energies

Beamsstrahlung 
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!  Beamsstrahlung results in a distribution of centre-of-mass energies 
"  Large effect at CLIC due to small beam size, √s’ > 99 % √s   

#  77 % at 350 GeV 
#  35 % at 3 TeV 

! Impact on physics – depends on final state 
"  Reduces effective luminosity at nominal centre-of-mass energy 

•  not so important for processes well above threshold 
"  When well above threshold, boost along beam axis 

•  can distort kinematic edges, e.g. in SUSY searches 
"  Not a major issue in itself…   

Mark Thomson CERN, January 28, 2013 11 

√s’ /√s  350 GeV 3 TeV 

 > 99 %  77 % 35 % 

 > 90 %  98 % 54 % 

 > 70 %  ~100 % 76 % 

 > 50 %   100 % 88 % 

77% > 0.99 √s @ 350 GeV

35% > 0.99 √s @ 3 TeV
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Detectors & Event Reconstruction at CLIC
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• CLIC detectors: Low-mass, high resolution vertexing & 
tracking and highly granular calorimeters with time-
stamping capability, all in a large high-field solenoid


• Event reconstruction based on Particle Flow Algorithms


‣ Provides optimal jet energy reconstruction


‣ When combined with ns-level timing in the calorimeters 
and hadron-collider type jet finders: A powerful tool for 
the rejection of γγ → hadrons background
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Detectors & Event Reconstruction at CLIC
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• CLIC detectors: Low-mass, high resolution vertexing & 
tracking and highly granular calorimeters with time-
stamping capability, all in a large high-field solenoid


• Event reconstruction based on Particle Flow Algorithms


‣ Provides optimal jet energy reconstruction


‣ When combined with ns-level timing in the calorimeters 
and hadron-collider type jet finders: A powerful tool for 
the rejection of γγ → hadrons background

e+e� ! tt̄ @ 3 TeV
1.2 TeV of background

Reduction of 
background from

19 TeV to 100 GeV:

Challenging CLIC 
environment under 
control!
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Higgs Physics at CLIC

7

• Now a guaranteed physics program - Profits from the wide energy reach of CLIC
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Higgs Physics at CLIC
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• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

Main production modes - give access to couplings and total width

~ 80k
~ 450k

~ 1 M Higgs bosons per stage (w/o polarization) 
(Polarization (80%, 0%) provides a boost of 1.8 for WW fusion ) 
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Higgs Physics at CLIC
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• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

Rarer Processes - ZZ fusion, direct access to top Yukawa, self-coupling

Main production modes - give access to couplings and total width

~ 80k
~ 450k

~ 1 M Higgs bosons per stage (w/o polarization) 
(Polarization (80%, 0%) provides a boost of 1.8 for WW fusion ) 
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Exploring the Higgs Sector: Couplings

• The measurements at CLIC (and other lepton 
colliders) are:

8

σ x BR (for specific Higgs decays)

σ (for model-independent recoil mass analysis)

Both are sensitive to couplings:

� ⇥ BR(H! ↵) / g2Hiig
2
H↵

�tot

�recoil / g2HZZ
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Exploring the Higgs Sector: Couplings

• The measurements at CLIC (and other lepton 
colliders) are:

8

σ x BR (for specific Higgs decays)

σ (for model-independent recoil mass analysis)

Both are sensitive to couplings:

� ⇥ BR(H! ↵) / g2Hiig
2
H↵

�tot

�recoil / g2HZZ

A crucial ingredient: The total width - best results when combining ZH and VBF

�(H⌫e⌫e)⇥ BR(H ! WW⇤) / g4HWW

�tot

�(e+e� ! ZH)⇥ BR(H ! bb̄)

�(e+e� ! H⌫e⌫e)⇥ BR(H ! bb̄)
/ g2HZZ

g2HWW

gHWW pinned down with model-
independent gHZZ and  
high-BR H->bb decay

➫ Accessible at 350 GeV 
(134 fb for ZH, 52 fb for Hνν)
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Simulation Studies

9

• All based on GEANT4 simulations using detailed detector models and realistic 
event reconstruction including PFA


• Beam-induced and physics backgrounds included


• Statistical uncertainties assume unpolarised beams
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Fig. 7: The recoil mass distribution for e+e� ! ZH ! µ+µ�H events with mH = 125 GeV in the
CLIC_ILD detector concept [6]. The numbers of events correspond to 500 fb�1 at

p
s = 350 GeV,

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

to the W and Z bosons at the O(1%) level, providing a strong test of the Standard Model prediction for
gHWW/gHZZ = cos2

qW.

In addition, the ability for clean flavor tagging combined with the large samples of WW fusion events
allows the production rate of e+e� ! Hnene ! bbnene to be determined with a statistical precision of
much better than 1%. In general, the Higgs production cross section multiplied by the appropriate Higgs
boson decay branching ratios can be measured more precisely at high energies, as can be seen from Ta-
ble 4. The uncertainties of the Higgs boson couplings to fermions and gauge bosons can be obtained by
combining the high-energy CLIC results with those from the Higgs-strahlung process at

p
s = 350 GeV.

Furthermore, the high statistics samples from the e+e� ! Hnene alone would provide precise measure-
ments of relative Higgs branching ratios. For example, CLIC operating at 3 TeV would yield a statistical
precision of 1.5% on the ratio gHcc/gHbb, providing a direct comparison of the Standard Model coupling
predictions for up-type (charge +2/3) and down-type (charge �1/3) quarks.

Finally, CLIC operation at
p

s = 1.4 TeV and above enables a determination of the top Yukawa cou-
pling from the process e+e� ! ttH ! bW+bW�H. This process has been studied for the cases where
the Higgs boson decays to bb and W+W� decays either fully hadronically (qqqq) or semi-leptonically
(qq`n). Despite the complex final states of six or eight jets, it has been shown that the top Yukawa
coupling can be measured with a precision of 4%.

2.2.1 Impact of Beam Polarization

To date, all CLIC Higgs physics studies were performed assuming unpolarized e+ and e� beams. How-
ever, for CLIC the baseline electron polarization is ±80% and there is the possibility of positron polar-
ization at a lower level. For an electron polarization of P� and positron polarization of P+, the relative
fractions of collisions in the different polarization states are

e�Re+R : 1
4(1+P�)(1+P+) e�Re+L : 1

4(1+P�)(1�P+)

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

4(1�P�)(1�P+) .

Consequently, the s-channel e+e� ! ZH process and, in particular, the t-channel e+e� ! Hnene process
can be enhanced by beam polarization, as indicated in Table 5. The chiral nature of the weak coupling to

12

Model-Independent Measurement of Coupling to Z

• A unique feature of lepton colliders: 
model-independent measurement of  
HZZ coupling

10

m2
rec = s+m2

Z � 2EZ
p
s

Z -> µµ

(350 GeV, 500 fb-1)

Absolute measurement of HZ cross section:  
~ 4.2% (stat) for leptonic Z decays at 350 GeV
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Model-Independent Measurement of Coupling to Z

• A unique feature of lepton colliders: 
model-independent measurement of  
HZZ coupling

10

m2
rec = s+m2

Z � 2EZ
p
s

Z -> µµ

(350 GeV, 500 fb-1)

Absolute measurement of HZ cross section:  
~ 4.2% (stat) for leptonic Z decays at 350 GeV

Substantial improvement when using hadronic Z decays

• The challenge: Z->qq reconstruction and  

event identification may depend on H decay mode


‣ Very small bias through optimised analysis

Including hadronic Z decays: Δσ/σ(HZ) = 1.65% (stat)
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Fig. 7: The distributions of mqq versus mrec for events passing the H(Z ! qq): (left) HZ signal and (right) all non-H
background processes.

4.1.4 Model Independent HZ cross section

By combining the two analyses for HZ production where
Z ! qq and the Higgs decays either to invisible final states
or to visible final states, it is possible to determine the ab-
solute cross section for e+e� ! HZ in an essentially model
independent manner:

s(HZ) =
svis +sinvis

BR(Z ! qq)
,

and since the fractional uncertainties on the visible and in-
visible cross sections are 1.7 % and 0.6 % respectively, the
fractional uncertainty on the total cross section will be (at
most) the quadrature sum of the two fractional uncertainties,
namely 1.8%. This measurement is only truly model inde-
pendent if the overall selection efficiencies are independent
of the Higgs decay mode. Table 6 summarises the selection
efficiencies for H(Z ! qq) obtained from the visible and
invisible Higgs analyses. The invisible Higgs analysis used
here based on a likelihood selection and uses the same prese-
lection cuts as in the visible Higgs analysis, described in the
previous section. For almost all final states, the combined
selection efficiency lies within the range 19 � 21% regard-
less of the Higgs decay mode. Also shown are the efficiency
breakdowns for the H ! WW⇤ broken down into the dif-
ferent W decay modes, covering a very wide range of event
topologies.

To assess the level of model independence, the Higgs de-
cay modes in the Monte Carlo samples are modified and
the total (visible + invisible) cross section is extracted as-
suming the SM Higgs branching ration. Even for these very

Table 6: Summary of the efficiencies of the H(Z ! qq) anal-
yses at

p
s = 350GeV, giving the overall selection efficiency

for visible analysis (with a likelihood cut of L > 0.65)
and the invisible Higgs analysis (with a likelihood cut of
L > 0.60). Here l refers to either e or µ.

Decay mode evis
L >0.65 evis

L >0.60 evis + e invis

H ! invis. <0.1 % 22.0 % 22.0 %
H ! qq/gg 22.2 % <0.1 % 22.2 %
H ! WW⇤ 21.6 % 0.1 % 21.7 %
H ! ZZ⇤ 20.2 % 1.0 % 21.2 %
H ! t+t� 24.7 % 0.3 % 24.9 %
H ! gg 25.8 % <0.1 % 25.8 %
H ! Zg 18.5 % 0.3 % 18.8 %

H ! WW⇤ ! qqqq 21.3 % <0.1 % 21.3 %
H ! WW⇤ ! qqln 21.9 % <0.1 % 21.9 %
H ! WW⇤ ! qqtn 22.1 % <0.1 % 22.1 %
H ! WW⇤ ! lnln 24.8 % 0.1 % 25.0 %
H ! WW⇤ ! lntn 20.5 % 0.8 % 22.1 %
H ! WW⇤ ! tntn 16.4 % 2.5 % 18.9 %

large modifications of the Higgs BRs, the resulting biases in
the extracted cross section is less than 1 % (compared to the
1.8 % statistical uncertainty). Such large deviations would
have significant observable effects on the exclusive Higgs
branching ratio analyses and thus it is concluded that the
analysis can be considered to give an effectively model in-
dependent measurement of the H(Z ! qq) cross section.

Combining the model-independent measurements of the HZ
cross section from Z ! l+l� and Z ! qq gives an absolute

12



Frank Simon (fsimon@mpp.mpg.de)Higgs Physics at CLIC 
PANIC2014, Hamburg, August 2014

Kelvin Mei - CLIC Conference 2014, CERN - 5 February, 2014 
11 

TMVA Analysis - Δ𝜎௩ 
y The optimal variable 

list/BDT cut was 
determined by finding the 
set of variables which 
minimized: 

Δ𝜎௩ =
𝑁
𝑁௦,ଵ%

 

y In this case: 
BDT cut > .09 

𝚫𝝈𝒊𝒏𝒗 = 𝟎. 𝟓𝟕% 

Coupling Measurements at 350 GeV
• Determine limit to invisible BSM Higgs decays  

based on 2-jet events in HZ, with Z->qq.


• Resolution on fraction of invisible decays is 
limited by physics background fluctuations:  
Δσ x BRinv = 0.57% 

11
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• σ(HZ) x BR(H-> ττ) 

Results: Branching Ratio ⇥ Cross Section
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p
s 350 GeV 1.4 TeV 3 TeV

p
S + B/S (Method 1) 6.9% 4.2% 6.9%p
S + B/S (Method 2) 6.2% 3.6% 5.1%

Systematic error due to binning of BDT values: 0.2%

Expected better result at 3TeV!

A. Münnich h ! ⌧⌧ 8

signal selection  
in hadronic τ decays

precision of  
σ(HZ) x BR(H-> ττ): 5.7% (preliminary) 
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• Ongoing analyses: 


• σ(HZ) x BR(H-> WW*) - estimated precision 2%


• Combined extraction of H -> bb, cc, gg in HZ and Hνν  
- Crucial for the determination of the total width at 350 GeV 
estimated precision 1%, 5%, 6%

conservative 
estimates used in 
global fits at 
present, full studies 
nearing completion

• σ(HZ) x BR(H-> ττ) 

Results: Branching Ratio ⇥ Cross Section
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Measurements in WW fusion at 1.4 & 3 TeV

• One example: H->bb, cc, gg at 3 TeV 
- profits from flavor-tagging 
capability and high statistics

12

• Increasing cross section of WW fusion provides high statistics at high energy:  
~ 430k (750k with e- polarisation) H at 1.4 TeV with 1.5 ab-1 

~ 930k (1.7M with e- polarisation) H at 3 TeV with 2 ab-1 


‣ Possibility to access rare H decays


‣ High-precision measurements of common decays

Measurements WW Fusion

Higgs production in WW fusion

Large Higgs samples from WW fusion at high energies
Precision measurement of s ⇥BR for frequent Higgs decays
Access to rare Higgs decay modes
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Example: Precision measurement at
p
s = 3TeV: 830 000 Hne n̄e events

H ! b̄b (BR⇡ 58%), H ! gg (BR⇡ 8%) and H ! c̄c (BR⇡ 3%)
H ! c̄c and H ! gg are impossible at hadron colliders
Separation of di↵erent hadronic final states using flavour tagging

�(s(Hne n̄e)⇥BR(H ! bb̄)) = 0.2%
�(s(Hne n̄e)⇥BR(H ! gg)) = 1.8%
�(s(Hne n̄e)⇥BR(H ! cc̄)) = 2.7%

p
s = 3TeV

p
s = 3TeV

p
s = 3TeV
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• σ(Hνν) x BR(H->bb): 0.3% 
• σ(Hνν) x BR(H->cc): 2.9% 
• σ(Hνν) x BR(H->gg): 1.8%

Results:
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Measurements in WW fusion at 1.4 & 3 TeV

• H->µ+µ- at 3 TeV:

13

• Measuring rare processes:

σ(Hνν) x BR(H->µ+µ-) with  
16% precision at 3 TeV 
(at 1.4 TeV: 38%)

BR: 2.1 x 10-4

Measurements WW Fusion

Higgs production in WW fusion: Rare decays

s(Hne n̄e)⇥BR(H ! µ+µ�)

BR(H ! µ+µ�) =
0.022%
Requires precision
tracking

) 38% at
p
s = 1.4TeV

) 16% at
p
s = 3TeV

s(Hne n̄e)⇥BR(H ! gg)
BR(H ! gg) = 0.23%

) 15% at
p
s = 1.4TeV

s(Hne n̄e)⇥BR(H ! Zg)
BR(H ! Zg) = 0.16%
Study Z decays to
e+e�, µ+µ�, qq̄

) 42% at
p
s = 1.4TeV
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Statistical precision

Measurement Observable 1.4TeV 3.0TeV

1.5 ab�1 2.0 ab�1

s(Hne n̄e )⇥BR(H ! bb̄) g2HWW g2Hbb/�H 0.3% 0.2%

s(Hne n̄e )⇥BR(H ! cc̄) g2HWW g2Hcc /�H 2.9% 2.7%
s(Hne n̄e )⇥BR(H ! gg) 1.8% 1.8%

s(Hne n̄e )⇥BR(H ! t+t�) g2HWW g2Htt /�H 3.7%(prel.) tbd

s(Hne n̄e )⇥BR(H ! µ+µ�) g2HWW g2Hµµ /�H 38% 16%

s(Hne n̄e )⇥BR(H ! gg) 15% tbd
s(Hne n̄e )⇥BR(H ! Zg) 42% tbd

s(Hne n̄e )⇥BR(H !WW ⇤) g4HWW /�H 1.1%(prel.) 0.8%(prel.)

s(Hne n̄e )⇥BR(H ! ZZ⇤) g2HWW g2HZZ /�H 3%(est.) 2%(est.)

H ! µ+µ�@
p
s = 3TeV
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• H->γγ
σ(Hνν) x BR(H->γγ) with  
15% precision at 1.4 TeV

BR: 2.3 x 10-3

• H->Zγ
σ(Hνν) x BR(H->Zγ) with  
42% precision at 1.4 TeV (Z -> qq, e+e-, µ+µ-)

BR: 1.6 x 10-3
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The Top Yukawa Coupling at 1.4 TeV

• Direct access to the top Yukawa coupling


‣ Reconstruction in H -> bb, with both tops decaying 
hadronically or one top decaying hadronically, one into blν

14

Multivariate signal selection in both channels - combined uncertainty on 
σ(ttH) x BR(H-> bb): 8.1%
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Fig. 17: (a) Candidate H boson mass including all visible H
decays for L > 0.6, and (b) likelihood for H ! bb selec-
tion; both normalised to 1.5ab�1 of data.

for CLIC operated at 1.4 TeV or 3 TeV, respectively. Fig-
ure 20 shows three Feyman diagrams contributing to this
process. The primary physics motivation to measure dou-
ble Higgs production is the extraction of the tri-linear Higgs
self-coupling. New physics scenarios can introduce devia-
tions from its SM value of up to tens of percent [28]. In ad-
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Fig. 18: Invariant mass of the reconstructed Higgs recon-
structed in the fully hadronic channel (see text). All distri-
butions were normalised to unity.

Higgs decay angle (rad)
0 0.5 1 1.5 2 2.5 30

0.01

0.02

0.03

0.04

0.05

0.06
b b→H, fully hadronic, H tt

HtOther t
bbtt

Ztt
tt

Fig. 19: Decay angle of the Higgs decay products recon-
structed in the fully hadronic channel (see text). All distri-
butions were normalised to unity.
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The Higgs Self-Coupling

• The ultimate challenge in Higgs physics: Direct access to the Higgs potential

15

At CLIC: Measurement in WW fusion - increasing  
cross-section at high energies

0.16 fb at 1.4 TeV, 0.63 fb at 3 TeV 
(increases by 1.8 for 80% e- polarization)

Page � 10 

EXTRACTION OF λ FROM σHHνν CROSS SECTION 

� An option was added to Whizard to change the 
Higgs self-coupling parameter.  
  

� Cross section σhhνν calculated with various        
λHHH/ λSM

HHH 

– 3 TeV and 1.4 TeV CLIC beam spectrum, ISR  
   

� Cross section dependence fitted by a 2nd order 
polynomial. 

 

 
� Values  of  “uncertainty  relating  factor  R”  at              
λHHH/ λSM

HHH = 1 : 

 

3.0 TeV 
1.4 TeV 

3.0 TeV 
1.4 TeV 

νΗΗν

νΗΗν

ΗΗΗ

ΗΗΗ

σ
ΔσR

λ
Δλ

 

3.0 TeV:  -1.47 
1.4 TeV:  -1.17 
Smaller values than for previously assumed 120 GeV Higgs. 

Cross section of HHνν final state depends on  
self-coupling (with a “dilution” by other processes)
ΔλHHH ~ 32% (stat) with 1.5 ab-1 at 1.4 TeV

ΔλHHH ~ 16% (stat) with 2 ab-1 at 3 TeV 

ΔλHHH ~ 24% (stat) with 1.5 ab-1 at 1.4 TeV

ΔλHHH ~ 12% (stat) with 2 ab-1 at 3 TeV 

unpolarized

80% e- pol.

~11% accuracy of self-coupling with the full (polarized) CLIC program
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Extracting Results: Global Fits

16

• Each σ x BR measurement alone does not directly provide the underlying 
coupling parameters - A global analysis of all results is required to assess the 
impact of the CLIC program on the understanding of the Higgs sector
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The Full Picture: Global Fits

• From the measurements of σ and σ x BR the couplings and the total width are 
determined by a global fit:

17
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1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e

+
e

� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production 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 statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by
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=
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The C
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’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the C
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...

ΔFi: uncertainty of measurement 
(σ or σxBR)

Model-independent fit - total width as a free parameter

Model-dependent fit - LHC-like constraints
Assumptions: No BSM decays, the total width can be 
described by a few parameters which parametrize deviations 
of partial widths from the SM expectation
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i

=
G

i

G
i

|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i

BR

i

, (7)

where BR

i

is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the C

i

’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e

+
e

� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e

+
e

� ! ZH, H ! bb̄ and e

+
e

� ! Hn
e

n̄
e

, H ! bb̄ it is given by

CZH,H!bb̄

=
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Hbb

GH,md
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and
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e
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e

,H!bb̄

=
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HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

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 TeV, 3 TeV) successively into account.
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a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the C

i

’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e

+
e

� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e

+
e

� ! ZH, H ! bb̄ and e

+
e

� ! Hn
e

n̄
e

, H ! bb̄ it is given by

CZH,H!bb̄

=
k2

HZZk2
Hbb

GH,md
(9)

and

CHn
e

n̄
e

,H!bb̄

=
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

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 TeV, 3 TeV) successively into account.

4

In the fit: replace gHii with κHii, ΓH with ΓH,md

Two fits:
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work in progress - current status

Table 1: Summary of the precisions obtainable for the Higgs observables in the first stage of CLIC for
an integrated luminosity of 500 fb�1 at

p
s = 350 GeV, assuming unpolarized 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 GH.

Statistical precision

Channel Measurement Observable 350 GeV
500 fb�1

ZH Recoil mass distribution mH 120 MeV
ZH s(HZ)⇥BR(H ! invisible) Ginv 0.6%
ZH H ! bb mass distribution mH tbd

ZH s(HZ)⇥BR(Z ! `+`�) g2
HZZ 4.2%

ZH s(HZ)⇥BR(Z ! qq) g2
HZZ 1.8%

ZH s(HZ)⇥BR(H ! bb) g2
HZZg2

Hbb/GH 1%†

ZH s(HZ)⇥BR(H ! cc) g2
HZZg2

Hcc/GH 5%†

ZH s(HZ)⇥BR(H ! gg) 6%†

ZH s(HZ)⇥BR(H ! t+t�) g2
HZZg2

Htt/GH 5.7%
ZH s(HZ)⇥BR(H ! WW⇤) g2

HZZg2
HWW/GH 2%†

ZH s(HZ)⇥BR(H ! ZZ⇤) g2
HZZg2

HZZ/GH tbd
Hnene s(Hnene)⇥BR(H ! bb) g2

HWWg2
Hbb/GH 3%†

1

Table 2: Summary of the precisions obtainable for the Higgs observables in the higher-energy CLIC
stages for integrated luminosities of 1.5 ab�1 at

p
s = 1.4 TeV, and 2.0 ab�1 at

p
s = 3.0 TeV. In both

cases unpolarized beams have been assumed. The ‘�’ indicates that a measurement is not possible or
relevant at this center-of-mass energy and ‘tbd’ indicates that no results or estimates are yet available.
For the branching ratios, the measurement precision refers to the expected statistical uncertainty on the
product of the relevant cross section and branching ratio; this is equivalent to the expected statistical
uncertainty of the product of couplings divided by GH. For the measurements from the ttH and HHnene
processes, the measurement precisions give the expected statistical uncertainties on the quantity or quan-
tities listed under the observable heading.

Statistical precision

Channel Measurement Observable 1.4 TeV 3.0 TeV
1.5 ab�1 2.0 ab�1

Hnene H ! bb mass distribution mH 40 MeV⇤ 33 MeV⇤

Hnene s(Hnene)⇥BR(H ! bb) g2
HWWg2

Hbb/GH 0.3% 0.2%
Hnene s(Hnene)⇥BR(H ! cc) g2

HWWg2
Hcc/GH 2.9% 2.7%

Hnene s(Hnene)⇥BR(H ! gg) 1.8% 1.8%
Hnene s(Hnene)⇥BR(H ! t+t�) g2

HWWg2
Htt/GH 3.7%⇤ tbd

Hnene s(Hnene)⇥BR(H ! µ+µ�) g2
HWWg2

Hµµ/GH 38% 16%
Hnene s(Hnene)⇥BR(H ! gg) 15% tbd
Hnene s(Hnene)⇥BR(H ! Zg) 42% tbd
Hnene s(Hnene)⇥BR(H ! WW⇤) g4

HWW/GH 1.1%⇤ 0.8%⇤

Hnene s(Hnene)⇥BR(H ! ZZ⇤) g2
HWWg2

HZZ/GH 3%† 2%†

He+e� s(He+e�)⇥BR(H ! bb) g2
HZZg2

Hbb/GH 1%† 0.7%†

ttH s(ttH)⇥BR(H ! bb) g2
Httg

2
Hbb/GH 8% �

HHnene s(HHnene) gHHWW 7%⇤ 3%⇤

HHnene s(HHnene) l 32% 16%
HHnene with �80% e� polarization l 24% 12%

2

• Full summary of CLIC Higgs studies - 
all results show expected statistical 
uncertainties assuming SM values and 
unpolarised beams

• Some analyses are still in progress “*”- 
missing results are labelled “tbd” 
estimates from preliminary studies “†”
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correlations of measurements not included in fit, input measurements include preliminary estimates
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➫ model-independent 1% - level determination of most couplings in full program

    (all limited by the model-independent measurement of the ZH coupling)

➫ 1% to few ‰  with LHC-like model-dependence

correlations of measurements not included in fit, input measurements include preliminary estimates
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Summary

• CLIC is a possible future energy frontier machine at CERN - and currently the only 
mature option for multi-TeV e+e- collisions

!

• It offers the opportunity for a comprehensive Higgs program:


• A first stage at 350 GeV provides a model-independent determination of most 
couplings and of invisible decays


• Subsequent running at higher energy (here: 1.4 TeV and 3 TeV) 


• improves the precision of most observables due to higher statistics


• enables a direct measurement of the ttH coupling


• provides the potential to measure the Higgs self coupling on the ~10% level


• Combined fits to all measurements at all three energy stages were performed to 
determine the expected precision of all relevant couplings and of the total width


• model-independent measurements of most couplings on the 1% level, a few 
per mille with LHC-like constraints

20

!
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7 STRATEGY AND OBJECTIVES FOR THE CLIC PROGRAMME

2012$16&Development&Phase&
Develop'a'Project'Plan'for'a'
staged'implementa5on'in'
agreement'with'LHC'findings;'
further'technical'developments'
with'industry,'performance'
studies'for'accelerator'parts'and'
systems,'as'well'as'for'detectors.''
'

&2016$17&Decisions&
On'the'basis'of'LHC'data'

and'Project'Plans'(for'
CLIC'and'other'poten5al'
projects),'take'decisions'
about'next'project(s)'at'

the'Energy'Fron5er.'

2017$22&Prepara8on&Phase&
Finalise'implementa5on'parameters,'
Drive'Beam'Facility'and'other'system'
verifica5ons,'site'authorisa5on'and'
prepara5on'for'industrial'
procurement.'''
Prepare'detailed'Technical'Proposals'
for'the'detectorLsystems.'''

2022$23&Construc8on&Start&
Ready'for'full'construc5on'

'and'main'tunnel'excava5on.''

2023$2030&Construc8on&
Phase&&
Stage'1'construc5on'of'a''
500'GeV'CLIC,'in'parallel'with'
detector'construc5on.'
Prepara5on'for'implementa5on'
of'further'stages.'

&&2030&Commissioning&&
From'2030,'becoming'ready'
for'dataLtaking'as'the'LHC'

programme'reaches'
comple5on.''
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Fig. 7.1: Top row: An outline of the CLIC project time line with main activities leading up to and
including the first stage construction. Middle row: illustrations of the CTF3 facility (one of several
testing facilities of importance to the project development), a new large drive beam facility with final
CLIC elements which is also needed for acceptance tests, and a 500 GeV implementation. Bottom row:
Main decision points and activities.

In a similar way specific physics and detector studies are foreseen. They focus on three areas:
physics studies, detector optimisation and technology demonstrators.

Both the CLIC accelerator study and the CLIC physics and detector study are organised as Collab-
orations governed by Collaboration/Institute Boards, and coordinated by Steering Groups and an overall
CLIC Steering Committee, and are hosted by CERN.

7.2.1 Accelerator Activities
During the past years objectives for the CLIC programme in the post-CDR phase were extensively
discussed within the CLIC/CTF3 collaboration. The goals for the CLIC programme for the period
2012–2016 were laid down in the CERN Medium Term Plan (MTP) and approved by the CERN Council
in 2010. While representing a scale back on previous plans to produce a TDR already by 2016, the MTP
foresees sufficient funding from CERN to cover the development towards a complete Project Implemen-
tation Plan by 2016. The CLIC programme objectives are also compatible with the estimated availability
of resources among the collaboration partners during this period. This will put the CLIC project in a
position to be ready by 2016, i.e. after two years of LHC data-taking at full energy, for a decision on a
future facility at the energy frontier. The main input to this plan is:

– The evolution of the physics findings at LHC and other relevant data;
– Findings from the CDR and further technical studies for key elements or during system tests;
– Results of detailed implementation studies for a staged project including costing, power, site-studies

and schedules;
– A Governance Model as developed with partners.
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4 CLIC DETECTOR CONCEPTS

6.5 m

ultra low−mass
vertex detector
with 20   m pixelsµ

complex forward
region with final
beam focusing

return yoke with 
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for muon ID

4 T and 5 T
strong solenoids

main trackers:
TPC+silicon (CLIC_ILD)
all−silicon (CLIC_SiD)

λ Ι

e−

e+

fine grained (PFA)
calorimetry,
1 + 7.5 

Fig. 4.1: Schematic overview of the CLIC detector concepts.

The beamstrahlung effects, which are largest at the highest centre-of-mass energy, also have a ma-
jor impact on the effective luminosity spectrum, resulting in a peak at the nominal centre-of-mass energy
and a long tail towards lower energies. For 3 TeV operation at a total luminosity of 5.9 · 1034 cm�2s�1,
the luminosity in the most energetic 1% fraction of the spectrum is 2.0 · 1034 cm�2s�1. At 500 GeV the
ratio between the most energetic 1% fraction of the spectrum and the total spectrum exceeds 50%. Most
physics measurements at CLIC will be significantly above production threshold and will therefore profit
from the major part of the total luminosity produced.

4.3 The Detector Concepts CLIC_ILD and CLIC_SiD
A schematic overview of a CLIC detector concept is presented in Figure 4.1, whereas longitudinal cross
sections showing the major detector components of CLIC_ILD and CLIC_SiD are shown in Figure 4.2.
Some key parameters of the two CLIC detector concepts are given in Table 4.1.

The Vertex Detector (VTX) consists of pixelated silicon detector layers integrated into the track-
ing system. In the case of CLIC_ILD, this detector has mainly a role of achieving optimal vertex re-
construction and flavour tagging. Therefore, as also proposed for the ILC, a geometry with three double
layers was chosen, since with double layers one can reduce the material for the supports and exploit
spatial correlations of hits to improve robustness against beamstrahlung background. In the CLIC_SiD
case, the Vertex Detector provides additional space points for the track finding, hence the choice of 5 sin-
gle vertex layers as part of the barrel tracking system with 10 layers in total. The inner radius of the
beam pipes and vertex detectors is constrained by the rate of direct hits from e+e� pair background to
31 mm for CLIC_ILD and to 27 mm for CLIC_SiD. For running at lower centre-of-mass energies, where
background rates will be reduced, modified vertex-detector geometries are envisaged with smaller inner
radii [4].

The CLIC vertex detector must have excellent spatial resolution, full geometrical coverage ex-
tending to low polar angles q , low occupancy, time-tagging at the 10 ns level, extremely low mass, and
sufficient heat removal from sensors and readout. As none of the existing technologies is able to fulfil all
these challenging goals, several options are being pursued. One approach is the so-called hybrid solution,
composed of a thinned high-resistivity sensor bonded to an ultra compact and thinned readout ASIC in

32
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4.3 THE DETECTOR CONCEPTS CLIC_ILD AND CLIC_SID

Fe Yoke

3.
3 

m
!

Fe Yoke

2.
6 

m
!

Fig. 4.2: Longitudinal cross section of the top quadrant of CLIC_ILD (left) and CLIC_SiD (right).

Table 4.1: Key parameters of the CLIC detector concepts. The inner radius of the electromagnetic
calorimeter is given by the smallest distance of the calorimeter to the main detector axis.

Concept CLIC_ILD CLIC_SiD

Material or Technology options Material or Technology options
dimension dimension

VTX Inner radius: Hybrid, integrated Inner radius: Hybrid, integrated
31 mm CMOS, SOI or 3D 27 mm CMOS, SOI or

integrated silicon 3D integrated silicon
pixel technologies pixel technologies

Tracker TPC/Silicon Silicon micro- Silicon Silicon micro-
strips/pixels and TPC strips/pixels
with MPGD readout

ECAL rmin = 1.8 m Silicon, scintillator rmin = 1.3 m Silicon
Dr = 172 mm Dr = 135 mm

HCAL Absorber Scintillator, Absorber Glass RPC,
barrel: W glass RPC barrel: W scintillator,
endcap: Fe endcap: Fe MPGD
7.5 lI 7.5 lI

Solenoid Field: 4 T Field: 5 T
Free bore: 3.4 m Free bore: 2.7 m
Length: 8.3 m Length: 6.5 m

Muon system Glass RPC, Glass RPC,
scintillator scintillator

Overall height 14.0 m 14.0 m
Overall length 12.8 m 12.8 m
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The Studies

• Full simulations with beam-induced ad physics background in 
CLIC_ILD and CLIC_SiD detector concepts


• Particle flow event reconstruction with PandoraPFA
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12/11/2013 Philipp Roloff Higgs physics at CLIC 5

Assumptions and numbers

Unpolarised 
cross sections 
for m

H
 = 125 GeV 

including ISR:

350 GeV 1.4 TeV 3 TeV

σ(e+e- → ZH) 134 fb 9 fb 2 fb

σ(e+e- → Hv
e
v

e
) 52 fb 279 fb 479 fb

σ(e+e- → He+e-) 7 fb 28 fb 49 fb

Numbers of 
events including 
ISR & Beam- 
strahlung:

350 GeV 1.4 TeV 3 TeV

L
int

500 fb-1 1500 fb-1 2000 fb-1

# ZH events 68 000 20 000 11 000

# Hv
e
v

e
 events 26 000 370 000 830 000

# He+e- events 3 700 37 000 84 000

Number of e+e- → Hvv
events significantly
enhanced with
polarisation
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• Events generated with WHIZARD 
Cross sections including ISR and luminosity spectrum:

• Additional gain by polarization: substantial for WW fusion
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Table 1: Model independent fits

Parameter Measurement precision

350 GeV + 1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

mH 120 MeV 30 MeV 20 MeV
l � 24% 11%

GH [%] 5.0 3.6 3.4
gHZZ [%] 0.8 0.8 0.8
gHWW [%] 1.8 0.9 0.9
gHbb [%] 2.0 1.0 0.9
gHcc [%] 3.2 1.4 1.1
gHtt [%] � 4.1 4.1
gHtt [%] 3.5 1.6 < 1.5
gHµµ [%] � 14 5.6
gHgg [%] 3.6 1.1 1.0
gHgg [%] � 5.7 < 5.7

Table 2: The 7 kappa fit results

Parameter Measurement precision

350 GeV + 1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

GH,model [%] 1.6 0.29 0.22
kHZZ [%] 0.43 0.31 0.23
kHWW [%] 1.5 0.15 0.11
kHbb [%] 1.7 0.33 0.21
kHtt [%] 3.1 1.0 0.74
kHtt [%] 3.4 1.3 < 1.3
kHgg [%] 3.6 0.76 0.56
kHgg [%] � 5.6 < 5.6

Table 3: The 9 kappa fit results

Parameter Measurement precision

350 GeV + 1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

GH,model [%] 1.6 0.29 0.22
kHZZ [%] 0.43 0.31 0.23
kHWW [%] 1.5 0.15 0.11
kHbb [%] 1.7 0.33 0.21
kHcc [%] 3.1 1.1 0.75
kHtt [%] � 4.0 4.0
kHtt [%] 3.4 1.3 < 1.3
kHµµ [%] � 14 5.5
kHgg [%] 3.6 0.76 0.54
kHgg [%] � 5.6 < 5.6
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Model-independent:
Model-dependent (9/7 parameters):


