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• Introduction: A staged Higgs physics program at CLIC

!

• Global fits of couplings


• Model-independent and model-dependent fits


• Handling correlations


• Fit results

!

• Summary

2



Frank Simon (fsimon@mpp.mpg.de)Combined Fits of Higgs Couplings at CLIC 
LCWS2014, Belgrade, September 2014

Year
0 5 10 15 20

]
-1

In
te

gr
at

ed
 lu

m
in

os
ity

 [f
b

0

1000

2000

3000
Integrated luminosity

Total
1% peak

0.5 TeV 1.4 TeV 3 TeV

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 varied 
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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Higgs Physics at CLIC
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• Measurement of different processes at different energies
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Higgs Physics at CLIC

4

• Measurement of different processes at different energies

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

4

• Measurement of different processes at different energies

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:

5

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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The total width: A Case for 350 GeV

• A crucial ingredient to obtain the couplings: The total width 


‣ best results when combining ZH and VBF - 350 GeV ideal
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�(H⌫e⌫e)⇥ BR(H ! WW⇤) / g4HWW

�tot

�(e+e� ! ZH)⇥ BR(H ! bb̄)

�(e+e� ! H⌫e⌫e)⇥ BR(H ! bb̄)
/ g2HZZ

g2HWW

At 350 GeV w/o polarisation 
134 fb for ZH

52 fb for Hνν

model-independent determination of gHWW :

connection to model-independent gHZZ  from recoil via 

high-BR H->bb decays in both production modes



Frank Simon (fsimon@mpp.mpg.de)Combined Fits of Higgs Couplings at CLIC 
LCWS2014, Belgrade, September 2014

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:
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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

c2
i

=
(C

i

�1)2

DF

2
i

, (1)

where C

i

is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DF

i

is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by

c2 = Â
i

(C
i

�1)2

DF

2
i

. (2)

The C

i

’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

i

’s take the following form: For the total cross section of e

+
e

� ! ZH, it is given by

CZH = g

2
HZZ, (3)

while for specific final states such as e

+
e

� ! ZH, H ! bb̄ and e

+
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� ! Hn
e

n̄
e
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2
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2
Hbb

GH
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CHn
e

n̄
e
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2
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Hbb

GH
, (5)
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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

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

Two fits:
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A Special Case: H->Jets at 350 GeV

• The 350 GeV analysis of H->Jets (bb, cc, gg) uses all production modes


‣ Hνν final states receive a ~ 1:1 contribution of ZH and VBF, which are 
indistinguishable on an event-by-event basis

8

➫ see talk by Marco Szalay this afternoon

‣ Combined extraction of ZH and VBF contributions (for high-statistics bb final 
state only)

‣ Common event selection for bb, cc, gg final states, separation primarily based 
on flavor tagging

➫ Correlations between measurements
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Handling Correlations / Combinations at 350 GeV

9

��2 = 2⇥ corr(ZH,H ! bb;V BF,H ! bb)⇥ (
g2HZZg

2
Hbb

�H
� 1)⇥ (

g2HWW g2Hbb

�H
� 1)

/((� ⇥BR(ZH,H ! bb))⇥ (� ⇥BR(V BF,H ! bb))

one example:

• Six correlation terms (since the cc and gg final states are treated inclusively in the 
analysis)


‣ bb(ZH)/bb(VBF), bb(ZH)/cc(inclusive), bb(ZH)/gg(inclusive), bb(VBF)/cc(inclusive), 
bb(VBF)/gg(inclusive), cc(inclusive)/gg(inclusive) 
(correlation terms vary between a few % and -45% (H->bb in ZH and VBF) )
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bb(VBF)/gg(inclusive), cc(inclusive)/gg(inclusive) 
(correlation terms vary between a few % and -45% (H->bb in ZH and VBF) )

• Combined measurements of ZH and VBF in H->cc, gg:

• Use ratio of VBF to ZH determined for H->bb final states


• In the fit, the σ x BR of those two channels is expressed as a ZH / VBF combination:

� ⇥ BR(H ! cc) / (1�VBF)
g2HZZg

2
Hcc

�tot
+VBF

g2HWWg2Hcc

�tot
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The Impact of Correlations on the Fit

• Model-independent fit:


• Including the ZH / VBF combination improves gHcc and gHgg by about 3%


• Including correlations in addition:


• gHcc and gHgg are slightly deteriorated again, coming out close to the values w/o 
correlations (within ~ 1%)


• gHbb is deteriorated by ~ 5%


• gHWW is improved by ~3%


• total width is improved by ~1.5%

!

• Model-dependent fit:


• in general no improvement with inclusion of correlations - 
~8% penalty on κHZZ, 3% on κHWW, ~2% on κHcc, κHgg

10
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➫ in general the effects of correlations are small - “nice to have”, but not absolutely 
    necessary for the analysis.
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Measurement Summary

11

work in progress - current status
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correlations for 350 GeV H->bb, cc, gg not included, input measurements include preliminary estimates

work in progress - current status
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➫ model-independent 1% - level determination of most couplings in full program

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

correlations for 350 GeV H->bb, cc, gg not included, input measurements include preliminary estimates

work in progress - current status
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Fit Results

• Model-independent:

13

• Model-dependent:

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

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 3.7 % 1.7 % 1.5 %
gHµµ � 14.1 % 5.6 %
gHtt � 4.1 %  4.1 %

g†
Hgg 3.6 % 1.2 % 1.0 %

g†
Hgg � 5.7 % < 5.7 %

GH 5.0 % 3.6 % 3.4 %

Table 2: 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

kHZZ 0.44 % 0.31 % 0.23 %
kHWW 1.5 % 0.17 % 0.11 %
kHbb 1.7 % 0.37 % 0.22 %
kHcc 3.1 % 1.1 % 0.75 %
kHtt 3.7 % 1.5 % 1.2 %
kHµµ � 14.1 % 5.5 %
kHtt � 4.0 %  4.0 %
kHgg 3.6 % 0.79 % 0.55 %
kHgg � 5.6 % < 5.6 %

GH,md,derived 1.6 % 0.32 % 0.22 %

1
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Fit Results - Fit Drivers

• Understanding the fit drivers: Parameter correlations

14

Model-independent fit, 350 GeV only

very strong correlation between  
gHWW and gHbb : model-independent W coupling 
determined through H->bb final states

very strong correlation between

ΓH, gHWW, gHbb, gHZZ : 

Width determination relies on  
H->bb in ZH and WBF

• Picture remains essentially 
unchanged for higher energies


• For model-dependent fit the 
correlations are substantially 
reduced - significant between 
gHWW and gHbb at 350 GeV, 
moderate at higher energies
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Summary

• CLIC offers the opportunity of a comprehensive Higgs program - three stages at  
350 GeV, 1.4 TeV and 3 TeV provide precise measurements of all relevant processes

!

• The impact of the program is assessed by global fits to all measurements 
Two fit scenarios are studied


• A model-independent fit with minimal assumptions


• A model-dependent fit with “LHC-like” assumptions


• Correlations between measurements are implemented for the 350 GeV H->jets 
measurements - effects are on the few % level 

!

• With the full program, most couplings can be determined


• on the 1% level in a model-independent way


• on the 1% to few ‰ level with “LHC-like” assumptions
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