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Outline : • Higgs Physics  (ILC + CLIC)  

• Top Physics  (ILC + CLIC)  

• EW + QCD Physics  (mostly ILC) 

Main References

• ILC  TDR  2013 /  CLIC  CDR  2012 

• Snowmass Studies 2013  
(arxiv:1310.0763,1310.8361,1307.8265, 
1307.3962,1311.2028,1310.5189,1310.6708)

• AWLC14, Fermilab, 12-16 May 2014  
http://www.linearcollider.org/awlc14/  

a lot of work  in  
progress  !!! 

http://www.linearcollider.org/awlc14/


e+e- Linear Collider (LC) Projects
ILC  (International Linear Collider) 

superconducting RF Cavities ➜  accelerat. gradient 31.5 MV/m (proven) 
aimed at Ecm = 500 GeV ➜ 31 Km; possible extension to 1 TeV 
RDR in 2007; TDR and Detailed Baseline Designs released in 2013;  
led by Global Design Effort in 2005-2013 

CLIC (Compact Linear Collider) 
normal conducting accelerating structure :  
two-beam scheme (Drive Beam supplies RF power) 
 ➜ gradient 100 MV/m  (in development) 
from Higgs/top threshold up to 3 TeV (upgradable in steps)  
Staged Construction ;    
Ecm = 350 GeV ➜ 10 Km, 1.4 TeV ➜ 25 Km, 3 TeV  ➜ 48 Km 
strong accelerator R&D program at CERN (CTF3) 
currently at CDR stage (Physics and Detectors, http://arxiv.org/abs/1202.5940)

Ecm tunable, beam 
polarization... 
a lot of flexibility !

 L~ a few 1034cm-2s-1

Starting from 2013 new (unified) Linear Collider Collaboration structure 
(➜	
 LCC) has been set up, encompassing both ILC and CLIC. Covers both 

LC accelerator studies and  LC physics and detector studies ! 
( preparing the way for a single linear collider proposal...)

http://arxiv.org/abs/1202.5940


LC potential complementary to LHC / HL LHC
 clean exp conditions!  accurate th predictions! EW σ’s ➜	
 democracy! 
can reconst. any hadronic final state ➜	
 Δmjj  and  flavor-tagging help !!!	
  
precision Higgs physics (SM and BSM) :  
σ’s, absolute BR’s, gHXX (model independent !), gHHH (!), 
mass, total width, inv. width, quantum numbers 
precision top physics (mass,width,asym.s,couplings) 
access to weakly interacting BSM states,  
like sleptons and ew-gauginos 
could detect what is “invisible” at LHC 
(untriggered operation	
 ➜	
 could find unexpected signals that do not pass 
LHC trigger...) 

experimental sensitivities well understood; 
2 detector concepts: ILD and SiD (➜ CLIC-variants for higher E and bkgds) 

full simulation/reconstruction done extensively  
(HL and HE lead to high rates for photon induced processes ➜	
 pile-up of bkgds)
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10!

:     Linear Collider at 250 GeV <  < 1000 GeV ILC e e s+ −
A program of precision Higgs couplings at the 

ILC “~ present schedule” :
• 2013-18 Preparatory Phase  

 ~ 2016 Green Sign -> ILC Lab
• 9 +1 years construction  

       + commission.
• ~ 2028 Physics….
• possibly overlapping with HL-LHC !

Higgs cross sections



Chapter 2. Higgs Boson

Figure 2.19
Production cross sec-
tions for the Higgs-
strahlung, e+e≠ æ Zh,
the W W fusion,
e+e≠ æ ‹‹H, and
ZZ fusion processes
as a function of the
center of mass energy
for mh = 125 GeV
and beam polariza-
tion (Pe≠ , Pe+ ) =

(≠0.8, +0.2).
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of e+e≠ æ Zh followed by Z≠ > qq and h æ µ+µ≠. This corresponds to a statistical significance
of 1.1 ‡. The WW fusion process at

Ô
s = 1000 GeV will provide a higher statistics sample of Higgs

bosons, as discussed above. We thus expect about 100 events for the h æ µ+µ≠ mode. Since the
cross sections for the e+e≠ æ W +W ≠ æ µ+‹µµ≠‹µ and e+e≠ æ ZZ æ µ+µ≠ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would expect a
meaningful measurement of the muon Yukawa coupling. An earlier fast simulation result showed that
a 5 ‡ signal peak would be observed with a 1 ab≠1 sample for mh = 120 GeV [122,123]. More recent
full simulations by SiD and ILD showed that indeed we would be able to measure ‡ ◊BR(h æ µ+µ≠)
to 32% for mh = 125 GeV even with the full beam-induced backgrounds. Together with the tau
Yukawa coupling from the h æ ·+·≠ branching ratio, this measurement will provide an insight into
the physics of lepton mass generation. With the charm Yukawa coupling from the h æ cc branching
fraction, this also will allow us to probe the mass generation mechanism for the second generation
matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measurements for the other
decay modes to be improved. For example, we can achieve �BR(h æ ““)/BR((h æ ““) ƒ 5 % for
mh = 120 GeV with 1 ab≠1 taken at (Pe≠ , Pe+) = (≠0.8, +0.5) [124].

2.6.2 Top quark Yukawa coupling

The 10% accuracy on the top quark Yukawa coupling expected at
Ô

s = 500 GeV can be significantly
improved by the data taken at 1000 GeV, thanks to the larger cross section and the less background
from e+e≠ æ tt. Fast simulations at

Ô
s = 800 GeV showed that we would be able to determine the

top Yukawa coupling to 6% for mh = 120 GeV, given an integrated luminosity of 1 ab≠1 and residual
background uncertainty of 5% [100, 101]. As described in the Detector Volume, Volume 4 of this
report, full simulations just recently completed by SiD and ILD showed that the top Yukawa coupling
could indeed be measured to a statistical precision of 4.0% for mh = 125 GeV with 1 ab≠1.
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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� � ln
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m2
H
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dominant for √S > 500 GeV

ZZ component easy to 
pin down ! 

Δ(gHZZ/gHWW) <1%

accurate  
reconstruction !

at √S > 1 TeV 
high statistics, 
access to sub-
leading channels !

dominant from ~ threshold  
up to  √S < 400 GeV



 H-strahlung  vs  WW-fusion  ( √S ~ 250 GeV - 3 TeV ) 

250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ⇤ ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ⇤ H�e�e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H�e�e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs cross sections for the Higgs-strahlung and WW-fusion processes at various
centre-of-mass energies for mH = 125 GeV. Also listed the expected number of events accounting for the
anticipated luminosities obtained from approximately 5 years running at these energies.

⌅
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
⌅

s = 250 GeVand
⌅

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies.

with a peak cross section at approximately 30 GeV above the ZH production threshold. At higher centre-129

of-mass energies, the WW fusion process e+e� ⇤ H�e�e becomes increasingly important. For a low mass130

Higgs boson the fusion process dominates above
⌅

s ⇥ 500 GeV. The WW fusion cross section increases131

approximately logarithmically with
⌅

s, allowing large samples of Higgs bosons to be studied at a TeV-132

scale LC. The ZZ fusion process e+e� ⇤ He+e� has a cross section which is approximately an order of133

magnitude smaller than the WW fusion process. Table 1 compares the expected number of ZH and H�e�e at134

the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies135

considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production136

processes, rarer processes such as e+e� ⇤ ttH, e+e� ⇤ ZHH and e+e� ⇤ HH�e�e provide access to the top137

quark Yukawa coupling and the Higgs trilinear self-coupling.138

2.2 Higgs Coupling Measurements at
�

s < 500 GeV139

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-140

independent manner. This is unique to a LC. The clean experimental environment and the relatively low SM141

cross sections for background processes, allow e+e� ⇤ ZH events to be selected based on the identification142

of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the143

Higgs decay, is not considered in the event selection. For example, Figure 1 shows the simulated invariant144

mass distribution of the system recoiling against identified Z ⇤ µ+µ� decays at a LC for
⌅

s = 250 GeV.145

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of146

the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-147

strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs148

boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can149

be made. The precisions achievable on the Higgs-strahlung cross section and the coupling gHZZ are shown150

in Table 2 for mH = 120 GeV .151

The recoil mass study provides an absolute measurement of the total ZH production cross section and152

therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �153

4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection154

are expected to be significantly smaller. Subsequently, by identifying the individual final states for di⇥erent155

Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made. Due156

4

expected # of events

(ILC)



selected by just identifying Z decay products 
➜	
 absolute σtot (~gHZZ2) measurement ➜	
 model indep. gHZZ 
direct access to inv. H decays, H	
 ➜	
 cc, H	
 ➜	
 gg

ee ➜	
 HZ  allows  model-indepen.  gHXX measurementsHIGGS PHYSICS

boson decays mostly into gauge bosons, accuracies of the same order can also be reached.
The reconstructed Higgs mass peaks are shown in Fig. 2.2.3 at a c.m. energy of

√
s = 350

GeV in the channels HZ → bb̄qq̄ and HZ → WW ∗qq̄.
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FIGURE 2.10. The Higgs mass peaks reconstructed in different channels with constrained fits for two
values of MH , a luminosity of 500 fb−1 and

√
s = 350 GeV : HZ → bb̄qq̄ at MH = 120 GeV (left) and

HZ → WW ∗qq̄ at MH = 150 GeV (right); from Ref. [7].

The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ⇤ ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ⇤ H�e�e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H�e�e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs cross sections for the Higgs-strahlung and WW-fusion processes at various
centre-of-mass energies for mH = 125 GeV. Also listed the expected number of events accounting for the
anticipated luminosities obtained from approximately 5 years running at these energies.

⌅
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
⌅

s = 250 GeVand
⌅

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies.

with a peak cross section at approximately 30 GeV above the ZH production threshold. At higher centre-129

of-mass energies, the WW fusion process e+e� ⇤ H�e�e becomes increasingly important. For a low mass130

Higgs boson the fusion process dominates above
⌅

s ⇥ 500 GeV. The WW fusion cross section increases131

approximately logarithmically with
⌅

s, allowing large samples of Higgs bosons to be studied at a TeV-132

scale LC. The ZZ fusion process e+e� ⇤ He+e� has a cross section which is approximately an order of133

magnitude smaller than the WW fusion process. Table 1 compares the expected number of ZH and H�e�e at134

the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies135

considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production136

processes, rarer processes such as e+e� ⇤ ttH, e+e� ⇤ ZHH and e+e� ⇤ HH�e�e provide access to the top137

quark Yukawa coupling and the Higgs trilinear self-coupling.138

2.2 Higgs Coupling Measurements at
�

s < 500 GeV139

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-140

independent manner. This is unique to a LC. The clean experimental environment and the relatively low SM141

cross sections for background processes, allow e+e� ⇤ ZH events to be selected based on the identification142

of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the143

Higgs decay, is not considered in the event selection. For example, Figure 1 shows the simulated invariant144

mass distribution of the system recoiling against identified Z ⇤ µ+µ� decays at a LC for
⌅

s = 250 GeV.145

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of146

the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-147

strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs148

boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can149

be made. The precisions achievable on the Higgs-strahlung cross section and the coupling gHZZ are shown150

in Table 2 for mH = 120 GeV .151

The recoil mass study provides an absolute measurement of the total ZH production cross section and152

therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �153

4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection154

are expected to be significantly smaller. Subsequently, by identifying the individual final states for di⇥erent155

Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made. Due156
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associated calorimetric information resulting in an event e⇥ciency of 95.4% for identifying
both in µ+µ�X events and 98.8% for both electrons in e+e�X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z ⇥ ⇤+⇤� is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z ⇥ ⇤+⇤� events with initial and final state radiation. The backgrounds from e+e� ⇥ ZZ and
e+e� ⇥ W+W� are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e�X channel. One possible strategy
to mitigate this e�ect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e�X + n� system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e�Xn�) for
mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e� ⇥ HZ in
which a) Z ⇥ µ+µ� and b) Z ⇥ e+e�. The results are shown for a beam polarisation of P (e+, e�) =
(+30%,�80%).
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3.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction.
Jet finding is performed using the Durham algorithm[28] with the hadronic system being
forced into the appropriate number of jets for the event topology. The benchmark physics
analyses[24] are studied at

⇤
s = 250GeV and

⇤
s = 500GeV. Unless otherwise stated, the

results for
⇤
s = 250GeV (

⇤
s = 500GeV) correspond to an integrated luminosity of 250 fb�1

(500 fb�1) and a beam polarisation of P (e+, e�) = (+30%,�80%).

3.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
⇤(e+e� ⇥ HZ), and the Higgs branching ratios. Fits to current electroweak data[29] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb�1 at⇤
s = 250GeV is assumed and mH is taken to be 120GeV. For these values, the dominant

Higgs production process is Higgs-strahlung, e+e� ⇥ ZH.
The Higgs boson mass can be determined precisely from the distribution of the recoil

mass, mrecoil, in ZH ⇥ e+e�X and ZH ⇥ µ+µ�X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
system recoiling against the Z. The µ+µ�X-channel yields the most precise measurement as
the e+e�X-channel su�ers from larger experimental uncertainties due to bremsstrahlung from
the electrons and the larger background from Bhabha scattering events. The study[30, 31]
is performed for two electron/positron beam polarisations: P (e+, e�) = (�30%,+80%) and
P (e+, e�) = (+30%,�80%). In the simulation, Gaussian beam energy spreads of 0.28% and
0.18% are assumed for the incoming electron and positron beams respectively.

The first stage in the event selection is the identification of leptonically decaying Z bosons.
Candidate lepton tracks are required to be well-measured, removing tracks with large un-
certainties on the reconstructed momentum. Lepton identification is performed using the
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Chapter 6
Higgs Couplings, Total Width and
Branching Ratios

6.1 Model Independent Determination of Higgs Couplings

The sigma times branching ratio measurements in the previous chapters imply a very high level of
precision for the various Higgs boson couplings. To quantify this we perform a global fit of the Higgs
boson couplings and total Higgs width using all the available cross section and cross section times
branching ratio data.

Before discussing the global fit in detail, it would be helpful to show an example explaining how
we get the absolute couplings and Higgs total width. Let’s look at the following four independent
measurements:

Y1 = ‡ZH = F1 · g2
HZZ

Y2 = ‡ZH ◊ Br(H æ bb̄) = F2 · g2
HZZg2

Hbb̄

�T

Y3 = ‡‹‹̄H ◊ Br(H æ bb̄) = F3 · g2
HW W g2

Hbb̄

�T

Y4 = ‡‹‹̄H ◊ Br(H æ WW ú) = F4 · g4
HW W

�T
,

where �T is the Higgs total width, gHZZ , gHW W , and gHbb̄ are the couplings of the Higgs to ZZ,
WW , and bb̄, respectively, and F1, F2, F3, F4 are calculable quantities. It is straightforward to get
the couplings with the following steps:

i.) from the measurement Y1 we can get the coupling gHZZ .

ii.) from the ratio Y2/Y3 we can get the coupling ratio gHZZ/gHW W .

iii.) with gHZZ and gHZZ/gHW W , we can get gHW W .

iv.) once we know gHW W , we can get the Higgs total width �T from the measurement Y4

v.) from the ratio Y3/Y4 we get the ratio gHbb/gHW W , from which we obtain gHbb.
This example already gave quite clear synergy between the two main Higgs production channels.

The best energy to investigate the Higgsstrahlung production e+e≠ æ ZH is around 250 GeV,
however the e+e≠ æ ‹‹̄H at 250 GeV is very small. WW-fusion production will be fully open at 500
GeV with cross section one order of magnitude larger. This is one essential motivation to go to higher
energy after running at 250 GeV.

We discuss in detail the model independent fit of the Higgs couplings for the ILC(1000) luminosity
scenario. For this scenario the 33 independent ‡ ◊ Br measurements in Table 5.4 are used as
experimental input. The ‡◊Br measurements are labelled with with Yi, i = 1, 2, ..., 33. The predicted
values of these measurements as a function of the Higgs couplings are given by Y

Õ

i = Fi · g2

HZZ g2

HXX

�T
,
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HIGGS PHYSICS

threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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Fig. 1.1: Production mechanisms of the SM Higgs boson at CLIC (top); the total cross sections as
a function of MH for

⌅
s = 0.5 TeV (middle-left), and 3 TeV (middle-right), and cross sections as a

function of
⌅

s for MH = 120 GeV (bottom).

resonances at colliders [16]. Within MSSM extensions the Stueckelberg sector mixes with the Higgs
sector, and the neutralino sector is extended to include additional mass mixing and kinetic mixings [17].
Extensions of the SM with a Higgs singlet and kinetic mixing lead to narrow resonances [18] and can
have significant impact on the Higgs sector [19]. CLIC would have the unprecedented ability to precisely
probe the predictions of the models above. In the situation in which these new states have masses below
the CLIC centre-of-mass energy, new Higgs production channels such as decays Z⇤ ⇥ HZ0, could occur
and would allow the simultaneous study of the Higgs and new gauge bosons.

In this Section, we will briefly summarise the potential of CLIC with a centre-of-mass energy up
to 3 TeV and with a few ab�1 integrated luminosity to study the Higgs sector in the SM and some of its
extensions. Some features have been discussed in an earlier CLIC report [20] while for some specific
topics, more details will appear in a companion report [21].
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• ΔgHtt/gHtt ~ 10%  √S ~ 500 GeV

√S > 1 TeV 
(more sensitive !) 

√S ~ 500 GeV
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e+e≠ æ tth process with and without the non-relativistic QCD correction.
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contain the top Yukawa coupling while the h-o�-Z diagram (c) does not.

2.5 Higgs measurements at ILC at 500 GeV

The two very important processes will become accessible for the first time at
Ô

s = 500 GeV. The
first is the e+e≠ æ tth process [98, 99], in which the top Yukawa coupling will appear in the tree
level for the first time at the ILC. The top quark, being the heaviest matter fermion in the Standard
Model, would be crucial to understand the fermion mass generation mechanism. The second is
the e+e≠ æ Zhh process, to which the triple Higgs coupling contributes in the tree level. The
self-coupling is the key ingredient of the Higgs potential and its measurement is indispensable for
understanding the electroweak symmetry breaking.

2.5.1 Top quark Yukawa coupling

Past simulation studies for the e+e≠ æ tth process were mostly made at around
Ô

s = 800 GeV,
since the cross section attains its maximum there for mh ƒ 120 GeV [100–102]. It was pointed
out, however, that the cross section would be significantly enhanced near the threshold due to the
bound-state e�ects between t and t [103–109]. The e�ect is made obvious in the right-hand plot of
Fig. 2.14. This enhancement implies that the measurement of the top Yukawa coupling might be
possible already at

Ô
s = 500 GeV [110]. A serious simulation study at

Ô
s = 500 GeV was performed

for the first time, with the QCD bound-state e�ects consistently taken into account for both signal
and background cross sections, in [111].

The e+e≠ æ tth reaction takes place through the three diagrams shown in Fig. 2.15 As shown
in Fig. 2.14 (left), the contribution from the irrelevant h-o�-Z diagram is negligible at

Ô
s = 500 GeV,

thereby allowing us to extract the top Yukawa coupling gt by just counting the number of signal
events. By combining the 8-jet and 6-jet-plus-lepton modes of e+e≠ æ tth followed by h æ bb, the
analysis of [111] showed that a measurement of the top Yukawa coupling to �gt/gt = 10% is possible
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1.3 Double Higgs production and the Higgs self-coupling 29

Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013

2.5. Higgs measurements at ILC at 500 GeV

Figure 2.16
Relevant diagrams
containing the triple
Higgs coupling for
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for mh = 120 GeV with polarized electron and positron beams of (Pe≠ , Pe+) = (≠0, 8, +0.3) and an
integrated luminosity of 1 ab≠1. This result obtained with a fast Monte Carlo simulation has just
recently been corroborated by a full simulation [112,113].

2.5.2 Higgs self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes e+e≠ æ Zhh and
e+e≠ æ ‹e‹ehh. The relevant Feynman diagrams are shown in Fig. 2.16 [114]. The cross sections
for the two processes are plotted as a function of

Ô
s for mh = 120 GeV in Fig. 2.17. The cross

section reaches its maximum of about 0.18 fb at around
Ô

s = 500 GeV, which is dominated by the
former process. A full simulation study of the process e+e≠ æ Zhh followed by h æ bb has recently
been carried out in [115], making use of a new flavor tagging package (LCFIplus) [116] together with
the conventional Durham jet clustering algorithm.

From the combined result of the three channels corresponding to di�erent Z decay modes,
Z æ l+l≠, ‹‹, and qq, it was found that the process can be detected with an excess significance of
5-‡ and the cross section can be measured to �‡/‡ = 0.27 for an integrated luminosity of 2 ab≠1

with beam polarization (Pe≠ , Pe+) = (≠0, 8, +0.3). Unlike the e+e≠ æ tth case, however, the
contribution from the background diagrams without the self-coupling is significant and the relative
error on the self-coupling ⁄ is �⁄/⁄ = 0.44 with a proper event weighting to enhance the contribution
from the self-coupling diagram. The result is not yet very satisfactory compared to the results from
earlier fast simulation studies [117–121]. The major problem in the analysis is mis-clustering of
color-singlet groups. Figure 2.18 compares the reconstructed invariant masses for the two Higgs
candidates with Durham jet clustering (a) and with perfect jet clustering using Monte Carlo truth (b).
We can see that the separation between the signal and the background is significantly improved if
there is no mis-jet-clustering. A new jet clustering algorithm is now being developed.
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Summary of expected accuracies Δgi/gi and ΓT  for model  
independent determinations of the Higgs boson couplings 

The theory errors are ΔFi/Fi=0.5%.  For the invisible branching ratio,  
the numbers quoted are 95% confidence upper limits.  

Mode ILC(250) ILC(500) ILC(1000) ILC(LumUp)p
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb

�1
) 250 250+500 250+500+1000 1150+1600+2500

�� 18 % 8.4 % 4.0 % 2.4 %

gg 6.4 % 2.3 % 1.6 % 0.9 %

WW 4.9 % 1.2 % 1.1 % 0.6 %

ZZ 1.3 % 1.0 % 1.0 % 0.5 %

t¯t – 14 % 3.2 % 2.0 %

b¯b 5.3 % 1.7 % 1.3 % 0.8 %

⌧+⌧� 5.8 % 2.4 % 1.8 % 1.0 %

cc̄ 6.8 % 2.8 % 1.8 % 1.1 %

µ+µ�
91 % 91 % 16 % 10 %

�T 12 % 5.0 % 4.6 % 2.5 %

hhh – 83 % 21 % 13 %

BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are � , g, W ,
Z , u, d and `. In this parameter set, � and g parametrize potential new physics in the loops of
the H�� and Hgg couplings. u ⌘ t = c, d ⌘ b = s and ` ⌘ ⌧ = µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to u is derived from
the tt̄H production process and only H ! �� and H ! bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (W ,Z  1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H ! invisible.

Also listed in the Table 1-14 are the expected precisions on Z� and µ, coupling scale factors for H ! Z�
and H ! µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di↵erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
with 300 fb�1 and 3000 fb�1 integrated luminosity at the LHC. The 7-parameter fit assumes the SM
productions and decays as well as the generation universality of the couplings (u ⌘ t = c, d ⌘ b = s

and ` ⌘ ⌧ = µ). The precision on the total width �H is derived from the precisions on the couplings.
The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb�1 3000 fb�1

Coupling parameter 7-parameter fit

� 5� 7% 2� 5%

g 6� 8% 3� 5%

W 4� 6% 2� 5%

Z 4� 6% 2� 4%

u 14� 15% 7� 10%

d 10� 13% 4� 7%

` 6� 8% 2� 5%

�H 12� 15% 5� 8%

additional parameters (see text)

Z� 41� 41% 10� 12%

µ 23� 23% 8� 8%

BRBSM < 14� 18% < 7� 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H ! WW ⇤ decay. It is estimated that the t can be measured with a precision of 14� 16% and 6� 9%

Community Planning Study: Snowmass 2013

LHC, 7 param.s fit

This paper is organized as follows: In Section 2, I present my methodology for
estimating Higgs boson coupling accuracies. In Section 3, I present an interpretation
of the CMS results in this framework. In Section 4, I discuss the e↵ect on the LHC fits
of including invisible modes of Higgs decay. In Section 5, I carry out a 10-parameter
fit similar to that proposed in [9] to quantify the accuracies of model-independent
ILC Higgs coupling determinations at the various ILC stages. In Section 6, I present
joint fits that make use of LHC and ILC results. In Section 7, I give some editorial
comments.

The opinions expressed in this paper are strictly my own. They should not be mis-
taken for opinions of the Snowmass Higgs working group or opinions of the Snowmass
Energy Frontier conveners.

2 Methodology

In this paper, I will parametrize deviations of the couplings of the 125 GeV Higgs
boson as


A

= g(hAA)/(SM) , (1)

where g(hAA) is the coupling of the Higgs boson to the AA final state defined on
the Higgs mass shell and, always in this paper, (SM) indicates the Standard Model
expectation. I will treat the Higgs boson in the narrow resonance approximation.
This is a very good approximation, since the Standard Model expectation for the
width of the Higgs boson is about 4 MeV.

Couplings induced at the loop level in the Standard Model may receive contribu-
tions from the heavy particles of the Standard Model, and also from new particles
that are not yet known. In this analysis, I will consider the couplings of the Higgs
boson to gg and �� to be parametrized by  values that are independent of those
for t and W , which give the largest contributions to the purely Standard Model loop
e↵ects. In this paper, I will ignore the minor modes h ! Z� and h ! µ+µ�.

Total cross sections and ratios of branching ratios have a simple dependence on
the 

A

, for example,

�(e+e� ! Zh)/(SM) = 2
Z

,
BR(h ! ZZ⇤)/(SM)

BR(h ! ��)/(SM)
= 2

Z

/2
�

. (2)

However, collider experiments more typically measure the rate for a complete process
of Higgs production and decay to a particular final state. The ratio of this rate to
the Standard Model expectation is given by

�(AA ! h)BR(h ! BB)/(SM) =
2
A

2
B

2
h

, (3)

2

ILC  versus  LHC
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FIG. 7: Fit to the coupling scale factors with (left) and without the theory assumptoin of κW,Z ≤

1 [32].

III. THE HIGGS IN SUPERSYMMETRY

A. Why SUSY?

Theories based on Supersymmetry (SUSY) [8] are widely considered as the theoretically

most appealing extension of the SM. They are consistent with the approximate unification

of the gauge coupling constants at the GUT scale and provide a way to cancel the quadratic

divergences in the Higgs sector hence stabilizing the huge hierarchy between the GUT and

the electroweak (EW) scale. Furthermore, in SUSY theories the breaking of the electroweak

symmetry is naturally induced at the EW scale, and the lightest supersymmetric particle can

be neutral, weakly interacting and absolutely stable, providing therefore a natural solution

for the dark matter problem.

The Minimal Supersymmetric Standard Model (MSSM) constitutes, hence its name, the

minimal supersymmetric extension of the SM. the number of SUSY generators is N = 1,

the smallest possible value. In order to keep anomaly cancellation, contrary to the SM a

second Higgs doublet is needed [34]. All SM multiplets, including the two Higgs doublets, are

Heinemeyer, 1405.3781ILC  vs  HL-LHC + ILC
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Figure 1: Estimates of the ILC measurement accuracies for the Higgs boson couplings to
WW and ZZ. These estimates are based on the 10-parameter fit described in the text.
The successive entries correspond to the stages of the ILC program shown in Table 4. The
CMS Scenario 1 and Scenario 2 estimates for 3000 fb�1, from [7], are shown on the left.
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Figure 2: Estimates of the ILC measurement accuracies for the Higgs boson couplings to bb
and ⌧+⌧�. These estimates are based on the 10-parameter fit described in the text. The
successive entries correspond to the stages of the ILC program shown in Table 4. The CMS
Scenario 1 and Scenario 2 estimates for 3000 fb�1, from [7], are shown on the left.
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Figure 3: Estimates of the ILC measurement accuracies for the Higgs boson couplings to
invisible modes and to ��. These estimates are based on the 10-parameter fit described
in the text. The successive entries correspond to the stages of the ILC program shown in
Table 4. The CMS Scenario 1 and Scenario 2 estimates for 3000 fb�1, from [7], are shown
on the left.

results combined with the single result from the High-Luminoisity LHC that the ratio
of branching ratios BR(��)/BR(ZZ⇤) is measured to 3.6%. These are the results
given in the second column for each entry in Table 6. The combined results in this
case are comparable to those obtained from the combination with the full set of CMS
projections.

The revised estimates for the uncertainties in the Higgs coupling to �� from the
various ILC stages are displayed in Fig. 4. The eventual error on the �� coupling is
somewhat better than 1.8% in the 500 GeV ILC era and becomes significantly better,
even below 1%, using the statistics from the WW fusion reaction at the ILC in the
1000 GeV era. In comparing the results from CMS and the combined ILC/LHC
analysis, it is important to remember that the former is based on a model-dependent
fit while the latter is model-independent and dominated by statistical errors.

7 Editorial comments

A number of aspects of this analysis deserve further comment:

1. If we compare the ATLAS and CMS projections of Higgs rate measurement

14
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Figure 4: Estimates of the ILC measurement accuracies for the Higgs boson couplings to
�� when combined with the measurement of BR(��)/BR(ZZ⇤) projected by ATLAS [6].
The successive entries correspond to the stages of the ILC program shown in Table 4. The
CMS Scenario 1 and Scenario 2 estimates for 3000 fb�1, from [7], are shown on the left.

accuracies side by side, as is done in Table 1, it is di�cult not to conclude that
the CMS projections are quite aggressive, even for Scenario 1. One aspect of
this comparison especially deserves comment.

There are three types of theoretical uncertainties that contribute to the uncer-
tainty in Higgs rates. The first is the uncertainty in the total cross section.
The second is the uncertainty in the probability of finding a particular event
property used to search for the Higgs events (for example, a jet veto). The third
is the modeling uncertainty involved in determining the background in a signal
region by extrapolation from a control region. It is typical in LHC Higgs anal-
yses that the Higgs contributes only 10% of the total number of events in the
signal region. The rest is SM background that must be subtracted. To measure
the Higgs rate to 5%, it is necessary to normalize the background to 0.5%. It is
often assumed that data from a control region determines the background with
precision that increases indefinitely with the statistics. But, at some level, the
uncertainties from the model used for the extrapolation must be included.

In the CMS Scenario 2, only the first of these three types of theoretical uncer-
tainty is treated as an error that will be reduced by a factor 1/2. The other
uncertainties are put into a category that is decreased as

p
N , a factor of 1/11

between the current LHC data set and the end of the HL-LHC running. This
prescription seems to overstate the value of the large statistics that the HL-LHC
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(ATLAS)

22!

Peskin notes that by combining one 
LHC observable, namely 

�
BR(H ! ��)

BR(H ! ZZ⇤)
= 3.6%

as projected by ATLAS in their high 
luminosity LHC analysis, with the ILC 
precision measurement of the ZZH 
coupling,  one is able to obtain a very 
precise determination of the γγH coupling. 
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To be presented 
and discussed 
by Ivanka, Frank 
and colleagues 
at this workshop 
 
 
 
 
 
 
 
(Roloff et al) 

OVERVIEW OF ALL
CLIC HIGGS STUDIES

24    I. Bozovic Jelisavcic        CLIC Detector & Physics Status         AWLC 2014, Fermilab, 12-16 May 2014

o ZH, absolute determination 
of the production x-section 
O(2%), sensibility to invisible 
decay modes to BRinv~1%
o ZH, Zoee,PP, qq absolute 
determination  gHZZ O(1.8%)

o WW fusion, relative 
couplings to gHWW / gHZZ can 
be determined at O(1%) – SM 
test
o WW fusion, other relative 
BR measurements i.e.        
gHcc / gHbb O(1.5%), Higgs rare 
decays

* preliminary
gestimates

Several updates from the 
Snowmass paper, 
comprehensive Higgs paper in 
preparation
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM

production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges

shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers

assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers

assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Vector Boson Fusion Processes 
A stress test for W/Z separation at high energies
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In multi-jet environment, however, MJJ resolution is often 
controlled by confusion in jet-clustering but by PFA! 



Top mass

• The top quark mass is not a physical observable: must 
know what scheme it is measured in.

• At hadron colliders, tension between kinematic 
reconstruction (excellent sensitivity, poorly defined) and 
cross-section (well-defined theoretically, poor sensitivity).

• New ideas may push
LHC measurement
of MS-bar top mass to
an uncertainty < 1 GeV

• e.g. σ(tt+jet) vs. m(tt+jet)
better sensitivity than σ(tt).

S. Mantry

At the ILC: unique possibility [ILC TDR ’13]

threshold scan ⇒ threshold mass ⇒ SAFE!

transition to other mass definitions possible ⇒ δmexp+theo
t ∼ 0.1 GeV

Sven Heinemeyer (CSIC, Spain) ILC TDR Launch, CERN, 12.06.2013 19



Threshold scan

• Dedicated running at threshold for ultimate precision.

• Important effects from ISR and luminosity spectrum.

F. Simon

CLICILC

• Statistical uncertainty ~ 30 MeV.

• 10-20% difference ILC/CLIC < systematic O(100 MeV)



Top width, Yukawa coupling

• Sensitivity to top
Yukawa coupling
through virtual
Higgs exchange.

• Simultaneous extraction of mass, width, Yukawa 
coupling by a fit to threshold cross-section.

T. Horiguchi



EW corrections

• Goal of luminosity measurement: O(0.1%) uncertainty

• theory should be known at least as well, but NLO EW 
corrections to e+e- → e+e- are >1%:  need NNLO.

• Step towards NNLO is NLO EW for e+e- → e+e-γ

• recently computed in GRACE-LOOP 

Y. Kurihara

20% correction 
at 1 TeV



Strong coupling

• Measurements of αs a staple of lepton colliders.

• pQCD NNLO+NNLL, extractions limited by understanding 
of hadronization corrections (generators/analytic). 

• automatic gain at future LC, scale as 1/√s

G. Luisoni



Outlook
 Higgs resonance at 126 GeV  opened up  
the stage of particle-properties determination, and made  
the Physics Case for future accelerators stronger than ever ! 

 theoretical arguments supporting the importance of sub-percent  
Higgs coupling precision continues to grow …  

 HL-LHC can improve gHXX  accuracy at the 2%-14% level 
(modulo actual detector performance in HL experimental environment) 

 ILC and CLIC can reach model independent 0.5 - 3% precision on Higgs 
couplings and 0.2 - 1% precision assuming same model dependence as LHC  

 great potential on top mass and couplings (Δmtop ~ 100 MeV) 

 same on EWPO (did not cover GigaZ option…) 

 theory uncertainties can be reduced (with some effort) to a level well-
matched to the ILC precision 

 lot of activity toward more realistic  ILC/CLIC analysis techniques and 
simulations ongoing.



!
Series of meetings and workshops on physics at Linear Colliders, organized 
in Italy every year since 2006 to stimulate and gather together the Italian 
community interested in Linear Colliders.  

The workshops invite scientists from everywhere in the world to discuss 
together topical arguments related to e+e- colliders. 
!
!

Working Group on the Physics of a	


 Future e+e- Linear Collider 

Promoters:  G. Pancheri,  S. De Curtis,  S. Moretti	



!
Workshop Organizers:  P. Ciafaloni,  A. De Roeck, D. 
Dominici, G. Corcella, R. Godbole, M. Piccolo, O. Panella, F. Richard	


!
Conveners:  E.  Accomando, M. Antonelli, M. Battaglia, F. Borzumati,   
C. Carloni Calame, D. Comelli, R. Contino,  A. Deandrea,  G.Degrassi,          
E. Gabrielli,  E. Maina, M. Moretti, M. Passera, F. Piccinini, M. Ricci



LC06 Kick-Off: Meeting in Frascati http://www.lnf.infn.it/theory/ilc/frascati.html

LC07 Firenze: ILC Physics in Florence http://www.ggi.fi.infn.it//index.php?p=events.inc&id=15

LC08 Frascati: e+e- Physics at the TeV Scale http://www.lnf.infn.it/conference/lc08/

LC09 Perugia: e+e- Physics at the TeV Scale and the Dark Matter Connection www.pg.infn.it/lc09  - Proceedings 
Published in Il Nuovo Cimento C, vol. 33C, p. 1-223, BOLOGNA SIF Edizioni Scientifiche ISSN: 2037-4909. 	



LC10 Frascati: New Physics: Complementarities Between Direct and Indirect Searches !
http://www.lnf.infn.it/conference/lc10/   Proceedings Published in Il Nuovo Cimento C, vol. 34C, p. 1-146, BOLOGNA SIF 
Edizioni Scientifiche ISSN: 2037-4909. !

LC11 ECT*: Understanding QCD at linear Colliders in Searching for Old and New Physics !
http://www.lnf.infn.it/conference/2011/lc11/   -  Proceedings Published in Frascati Phys.Ser. 54 (2012) pp.1-392 
ISBN:978-88-86409-60-5

LC13 ECT*: Exploring QCD from the IR Regime to Heavy Flavour Scales at B-factories, the LHC and a Linear 
Collider http://www.lnf.infn.it/conference/LC13/  - Proceedings to be published in Il Nuovo Cimento C

Our activity of Meetings, Conferences 
and Workshops

Presently preparing the proposal for:!
LFC2015:  Workshop on prospects for  Linear and Future Colliders!

http://www.lnf.infn.it/theory/ilc/frascati.html
http://www.ggi.fi.infn.it//index.php?p=events.inc&id=15
http://www.lnf.infn.it/conference/lc08/
http://www.pg.infn.it/lc09
http://www.lnf.infn.it/conference/lc10/
http://www.lnf.infn.it/conference/2011/lc11/
http://www.lnf.infn.it/conference/LC13/


http://ggi-www.fi.infn.it/activities/conferences/ILC/ILC_conf.html

GGI: http://ggi-www.fi.infn.it

The Galileo Galilei Institute for Theoretical Physics

Arcetri, Florence

Review talks by:

M. Battaglia, M. Caccia, S. Dittmaier, A. Djouadi,
R.M. Godbole, E. Gross, W. Hollik, J. Kalinowski,
M. Krawczyk, L.H. Orr, P. Osland, F. Richard, P.M. Zerwas.

The complete list of the speakers can be found on 
http://ggi-www.fi.infn.it/activities/conferences/ILC/ILC_conf.html

Conveners of the Conveners of the Working Group Sessions:

E. Accomando, F. Borzumati, D. Comelli, G. Corcella,
E. Gabrielli, E. Maina, M. Passera, F. Piccinini.

The deadline for registration is July 31, 2007.

Organizing Committee:

Paolo Ciafaloni (INFN and Univ. Lecce)
Stefania De Curtis,  Daniele Dominici (INFN and Univ. Florence)

Stefano Moretti (NExT Institute, Southampton/RAL)
Giulia Pancheri (INFN Nat. Lab. Frascati)

Conference  Secretary:

Mrs. Antonella Mrs. Antonella Pagliai - Tel: +39 055 4572074 - mail: pagliai@fi.infn.it

in connection with the program: Advancing Collider Physics: from Twistors to Monte Carlos

at the Galileo Galilei Institute of Theoretical Physics, Arcetri, Florence,
August 27, 2007 - October 26, 2007

The aim of the event is to gather together the italian particle physics community involved The aim of the event is to gather together the italian particle physics community involved 
in theoretical and phenomenological studies of the physics potential of an International 

Linear Collider, ILC, in order to assess how it can best contribute during the crucial 
upcoming years to obtaining final approval of this machine.

The meeting will be organised in plenaThe meeting will be organised in plenary sessions with both review and topical 
presentations, the latter scheduled according to working group activities on Higgs, 

QCD&Top, LoopVerein, Electroweak, Monte Carlo, Vector Boson Fusion, SUSY, 
Physics Beyond the SM.

ILC Physics in Florence
September 12-14, 2007 

ILC Physics in Florence
September 12-14, 2007 




