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1 Introduction12

The physics motivation for an e+e− linear collider (LC) has been studied in detail for more than 20 years.13

These studies have provided a compelling case for a LC as the next HEP machine. The unique strengths of a14

LC stem from the clean experimental environment arising from e+e− collisions. In particular, the centre-of-15

mass energy and initial-state polarisations are precisely known and can be adjusted. The low backgrounds16

permit trigger-free readout and the measurements and searches for new phenomena are unbiased and ex-17

haustive. Full event reconstruction is possible, including the determination of the polarisations of top quarks18

and τ leptons in the final state. These favourable experimental conditions will enable the LC to measure19

the properties of physics at the TeV scale with higher precision than is possible at the LHC. If a signal20

compatible with a light Higgs is discovered at the LHC, the physics case for a LC is overwhelmingly strong.21

The main goals of the LC physics programme are: i) precise measurements of the properties of the22

Higgs sector; ii) precise measurements of the top quark and gauge sector; iii) searches for physics beyond23

the Standard Model, where, in particular, the discovery reach of the LC can significantly exceed the one24

of the LHC for the production of colour-neutral states; and iv) sensitivity to new physics through quantum25

effects in high-precision observables. The complementarity of the LC and LHC has been established by a26

dedicated worldwide collaborative effort. It has been shown in many contexts that if new particles are found27

at the LHC, the LC will be instrumental in performing detailed studies of these new particles.28

The development of the Standard Model (SM) was a triumph for modern particle physics. The experi-29

mental confirmation of the SU(2)L × U(1)Y × SU(3)C gauge structure of the SM and the precise knowledge30

of its parameters were achieved through a combination of measurements from hadron and electron–positron31

colliders, such as LEP, SLC and the Tevatron. These precision measurements are compatible with the min-32

imal Higgs mechanism of Electroweak Symmetry Breaking (EWSB), through which the masses of all the33

known fundamental particles are generated. The measurements of electroweak precision observables show a34

pronounced preference for a relatively low mass SM Higgs boson. The recent excess observed in the Higgs35

searches at the LHC at a mass of about 125 GeV is consistent with these indirect predictions.36

If a signal compatible with a Higgs boson of mass ∼125 GeV is confirmed, the discovery of such a37

particle will represent a major breakthrough in particle physics. Given the far-reaching consequences for38

our understanding of the fundamental structure of matter and the basic laws of nature, it will then be of the39

highest priority to probe the properties of this particle to address such questions as:40

• Is it compatible with the SM Higgs boson or is it part of an extended structure such as a two Higgs41

doublet model of Supersymmetric (SUSY) theories?42

• What are its spin, quantum numbers and couplings; are the couplings to other particles proportional43

to their masses, as predicted by the Higgs mechanism?44
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250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV

σ(e
+

e
− → ZH) 250 fb 130 fb 60 fb 20 fb 5 fb 1 fb

σ(e
+

e
− → Hνeνe) 20 fb 40 fb 80 fb 220 fb 320 fb 510 fb

Int. L 250 fb
−1

350 fb
−1

500 fb
−1

1000 fb
−1

1500 fb
−1

2000 fb
−1

# ZH events 62,500 45,500 30,000 20,000 7,500 2,000

# Hνeνe events 5,000 14,000 40,000 200,000 500,000 1,000,000

Table 1: The Higgs cross sections for the Higgsstrahlung and WW-fusion processes at various centre-of-mass energies

and a comparison of the expected number of events accounting for the anticipated luminosities at these energies.
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Figure 1: The recoil mass distribution in simulated e
+
e
− → ZH → µ+µ−H events in the ILD detector concept at the

ILC [10]

of the system recoiling against identified Z → µ+µ− decays at a LC for
√

s = 250 GeV. A clear peak at136

the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of the di-lepton137

system is used in the selection, this method provides an absolute measurement of the Higgsstrahlung cross138

section, regardless of the Higgs boson decay modes, and would be equally valid if the Higgs boson decayed139

to invisible final states. Since the Higgs boson does not enter the event selection for ZH → µ+µ−H and140

ZH → e
+

e
−

H events, a model independent measurement of its coupling to the Z boson can be made,141

providing an absolute measurement of the coupling gHZZ. The precision achievable on the Higgsstrahlung142

cross section and the coupling gHZZ for a Higgs mass of 120 GeV are shown in Table 2.143

The recoil mass analysis provides an absolute measurement of gHZZ and determines the total ZH pro-144

duction cross section. Hence the total number of Higgs bosons produced would be known to 3 − 4 %.145

Subsequently, by identifying the individual final states for different Higgs and Z decay modes, absolute146

measurements of the Higgs boson branching fractions can be made. Due to the clean final states and the147

low levels of machine background at a LC high flavour tagging efficiencies are achievable and the H→ bb,148

H→ cc and H→ gg decays can be separated. Table 3 summarises the branching fraction precisions achiev-149

able at a LC collider operating at either 250 GeV or 350 GeV, model independent measurements of the Higgs150

boson couplings to the b-quark, c-quark, τ-lepton, W-boson and Z-boson can be made to better than 5 %.151

There are ongoing studies of how well the top Yukawa coupling can be measured at 500 GeV and 1 TeV LC.152

Preliminary results indicate accuracies of ∆gttH/gttH ∼ 10% can be achieved.153
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√
s 250 GeV 350 GeV

Int. L 250 fb
−1

350 fb
−1

∆(σ)/σ 3 % 4 %

∆(gHZZ)/gHZZ 1.5 % 1.8 %

Table 2: Precisions measurements of the Higgs coupling to the Z at
√

s = 250 GeVand
√

s = 350 GeV.

250 GeV 350 GeV 3 TeV

B(H→ bb) 2.7 % 2.3 % 2 %

B(H→ cc) 8 % 6 % 3 %

B(H→ gg) 9 % 7 % ?

B(H→ ττ) 6 %
∗

6 % ?

B(H→ µ+µ−) − − 15 %

B(H→WW
∗
) < 13 % < 13 %

∗
?

gHbb 1.6 % 1.4 % < 2 %

gHcc 4 % 3 % 2 %

gHττ 3 % 3 % ?

gHWW < 6 % < 6 % < 2 %

gHZZ 1.5 % 1.8 % ?

gHWW/gHZZ ? ? < 1 %
∗

Table 3: The precision on the Higgs branching ratios and couplings obtainable from studies of the Higgsstrahlung

process at a LC operating at either
√

s = 250 GeV or
√

s = 350 GeV for respective integrated luminosities of 250 fb
−1

and 350 fb
−1

. The uncertainties on the couplings include the uncertainties on gHZZ. Also shown are the precisions

achievable at a LC operating at 3 TeV. The numbers marked with asterisk are estimates, all other numbers come from

full simulation studies. The question marks indicate that the results of ongoing studies are not yet available.

2.3 Higgs Coupling Measurements at
√

s ≥ 500 GeV154

At centre-of-mass energies above 500 GeV the WW fusion process, e
+

e
− → Hνeνe, becomes the largest

single source of Higgs bosons at a future LC, giving rise to event samples of between ∼ 10
5 − 10

6
Higgs

bosons as indicated in Table 1. Although Higgs production via the ZZ fusion process is suppressed by

about one order of magnitude relative the WW fusion process, the cross section is significant. For example,

at CLIC operating at 3 TeV, approximately 10
5

e
+

e
− → He

+
e
−

events would be produced leading to a

measurement of the relative gHZZ/gHWW couplings at the sub per cent level. This would provide a strong

test of the SM prediction

gHZZ/gHWW = cos θW .

The ability for clean flavour tagging combined with the the large samples of WW fusion events, allow155

the production rate of e
+

e
− → Hνeνe → bbνeνe to be determined with a precision of better than 1 %.156

Furthermore, the couplings to the fermions can be measured even more precisely at high energies, even157

accounting for the uncertainties on the production process. For example, Table 3 shows the branching ratio158

measurement precisions obtained from full simulation studies as presented in [11] and the uncertainties159

on the Higgs couplings that can be obtained by combining the results from the operation of a LC at high160

energies with those obtained from the Higgsstrahlung process.161

2.4 Higgs Self-Coupling162

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(φ) = µ2φ†φ + λ(φ†φ)2 .

5
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500 GeV 1.4 TeV 3.0 TeV
σ(e+e− → ZHH) 0.2 fb − −
σ(e+e− → νeνeHH) − 0.2 fb 0.9 fb
∆λ/λ < 50 % < 20 % < 25 %

Table 4: Current estimates of precision on the Higgs self-coupling achievable at a high energy LC.

After spontaneous symmetry breaking, this form of the potential gives rise to a triple Higgs coupling of163

strength λv, where v is the vacuum expectation value of the Higgs potential. The measurement of the164

strength of the Higgs trilinear self-coupling therefore provides direct access to the quartic potential coupling165

λ assumed in the Higgs mechanism. This measurement is therefore crucial for experimentally establishing166

the Higgs mechanism. For a low mass Higgs boson, the measurement of the Higgs boson self-coupling at167

the LHC will be extremely challenging and may not be possible even with 3000 fb−1 of data. At an e+e−168

LC, the Higgs self-coupling can be measured through the e+e− → ZHH and e+e− → HHνeνe processes.169

The precision to which the Higgs self-coupling which can be measured at a LC is currently being studied170

for the e+e− → ZHH process at
√

s = 500 GeV and for the e+e− → HHνeνe process at 1.4 TeV and 3.0 TeV.171

Given the complexity of the final state, and the smallness of the cross sections, these studies are being172

performed with a full simulation of the LC detector concepts (including pile-up from background). Whilst173

the current results, listed in Table 4 are preliminary, it is clear that a precisions of between 10− 20 % on λ is174

achievable. The ultimate reach will be better understood as the current studies progress.175

2.5 Total Higgs Width176

For Higgs boson masses below 140 GeV, the total Higgs decay width in the SM (ΓH) is less than 10 MeV
and cannot be measured directly. Nevertheless, at a LC ΓH can be determined from the relationship between
the total and partial decay widths, for example

ΓH = Γ(H→WW∗)/B(H→WW∗) .

Here Γ(H → WW∗) can be determined from the measurement of the HWW coupling obtained from the177

fusion process e+e− → Hνeνe. When combined with the direct measurement of B(H → WW∗), this allows178

the Higgs width to be inferred. Alternatively, the measurement of the HZZ coupling from e+e− → HZ,179

which is sensitive to invisible and undetectable decay modes, can be exploited by assuming SU(2) invariance180

(gHZZ/gHWW = cos θW). With either approach a precision on the total decay width of the Higgs boson of181

about 6% at
√

s = 500 GeV can be reached. This improves to better than 4 % at 1 TeV.182

2.6 Impact of the Precision Measurements of the Higgs Couplings183

Whilst the precise measurements of the Higgs couplings to gauge bosons and fermions possible at a LC are184

of interest in their own right, they will be crucial for testing the fundamental SM prediction that the Higgs185

coupling to different particles is proportional to masses, as summarised Figure 2.186

Once the Higgs has been discovered, the precise measurements at a LC will provide a powerful probe187

the structure of the Higgs sector. The SM with a single Higgs doublet is only one of many possibilities.188

The model-independent measurements at a LC will be crucial to distinguish between the different possible189

manifestations of the underlying physics. In many extended Higgs theories the lightest Higgs scalar has190

nearly identical properties to the SM Higgs boson. In this so-called decoupling limit, additional states of the191

Higgs sector are heavy and may be difficult to detect both at the LHC and LC. Thus, precision measurements192

are crucial in order to distinguish the the simple Higgs sector of the SM from a more complicated scalar193

sector. Deviations from the SM can arise from an extended structure of the Higgs sector, for instance if there194

are more than one Higgs doublet. Another source of possible deviations from the SM Higgs properties are195

6
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Figure 2: The LC precision on the relation between the Higgs couplings to the masses of the particles.
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Figure 3: Typical deviations of the Higgs couplings to different particles from the SM predictions in a Two-Higgs-

Doublet model. The LC precisions for the various couplings are indicated.

loop effects from BSM particles. The potential for deciphering the physics of EWSB is directly related to196

the sensitivity for verifying deviations from the SM. For example, in Figure 3 the typical deviations from the197

SM predictions for a Two-Higgs-Doublet model are compared to the precision on the couplings achievable198

at a LC. In this particular example, the high-precision measurements at the LC would confirm the non-SM199

nature of the EWSB sector.200

Furthermore, small deviations from SM-like behaviour can arise as a consequence of fundamentally201

different physics of electroweak symmetry breaking, such as the mixing of the Higgs boson with an exotic202

state like a radion or a new strong interaction which causes a composite Higgs boson. In this case, the ratios203

of branching ratios may be unchanged but the total decay rate maybe reduced. Again, the unique model204

independent measurements of couplings from a LC would be essential to establish a deviation from the SM.205

2.7 Higgs Boson Mass, Spin and CP Properties206

A LC is the ideal place to measure the properties of the Higgs boson. For example, the mass of the Higgs207

boson can be determined at an LC with a precision of better than 50 MeV, either from the recoil mass208

distribution at
√

s = 250 GeV or from the direct reconstruction of its decay products. This would improve209

on the precise measurement obtained from the γγ decay mode at the LHC with large statistics.210

Information about the spin of the Higgs boson can be obtained through the Higgsstrahlung process from211
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Figure 4: The e+e− → ZH cross section energy dependence near threshold for different spin states.

the threshold dependence of the cross-section as well as angular distributions of the Z and its decay product.212

For example, for a SM Higgs boson, the energy dependence of the Higgsstrahlung cross section contains a213

factor β, whereas for a CP–odd Higgs boson with J
PC = 0+−, the corresponding factor would be β3. Thus214

the threshold behaviour of the cross-section can differentiate between the two spin-0 cases. A threshold215

scan with just 20 fb−1 luminosity, as shown in Figure 4, is sufficient to establish the spin of the Higgs boson.216

Angular information can further discriminate the J
P = 0+ case against from the spin-parity assignments of217

J
P = 1+, 2+ which would also yield a linear rise with β.218

Angular correlations in e+e− → HZ → 4 f as well as H → τ+τ− decays are also sensitive to the CP219

nature of the Higgs state. Since a priori the observed Higgs state can be an admixture of CP even and CP220

odd states, the determination of the CP properties is experimentally more challenging than the measurement221

of spin of the Higgs boson. For a Higgs boson, Φ, with indefinite CP, the most general model independent222

expression for the ΦVV vertex can be written as223

gΦVV = −gMV

�
αgµν + β

�
p · q gµν/M2

V
− pνqµ

�
+ i γ/M2

V
�µνρσp

ρ
q
σ
�

(1)

where V represents either a W- or Z-boson and p, q are the four momenta of the two vector bosons. For a224

SM Higgs α = 1 and β = γ = 0. In contrast, for a pure CP odd Higgs boson, α = β = 0, and γ is expected225

to be small. A LC provides a unique laboratory to probe the CP structure of the Higgs boson. For example,226

if the mixing between a CP-even and a CP-odd Higgs state is parameterised by η, it has been shown that227

angular observables can be used to measure η to an accuracy of 3− 4 % [2], provided the coupling strengths228

of the CP-even and CP-odd components to Z are of similar order of magnitude. On the other hand, the229

tt̄ couples to a scalar and a pseudoscalar in a democratic manner, i.e., for the model independent form of230

gtt̄Φ = −i
e

sW

mt

2MW

(a + ibγ5), a and b can be of similar order of magnitude. Hence a study of the process231

e
+

e
− → tt̄H, affords the most unambigious determination of the CP of the Higgs boson and also a precision232

measurement of CP mixing even when it is small.233

3 Top Physics and the Gauge Sector234

The top quark plays a special role in the SM, being the heaviest of the fundamental fermions. Its mass235

affects a number of SM parameters, including the Higgs mass and the W and Z couplings, through radiative236

corrections. The exact value of mt can also impact the lower bound on mH consistent with positivity of the237

potential at a given scale Λ. Should the 125 GeV Higgs signal be confirmed, precision knowledge of mt will238

play a crucial role in determining the scale Λ up to which the SM can be valid without needing any new239
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Higgs	
  Physics	
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  Mhiggs	
  =	
  120	
  GeV	
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Δ(σ	
  x	
  Br(µ+µ-))	
  =	
  15%	
  stat.	
  unc.	
   Δ(σ	
  x	
  Br(bb))	
  =	
  0.2%	
  stat.	
  unc.	
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mA	
  =	
  743.7	
  +-­‐	
  1.7	
  GeV	
   mH+	
  =	
  746.9	
  +-­‐	
  2.1	
  GeV	
  

Extremely	
  good	
  resolu-on	
  on	
  the	
  heavy	
  Higgs	
  masses	
  and	
  widths.	
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At	
  the	
  LHC	
  the	
  heavy	
  Higgs	
  are	
  not	
  expected	
  to	
  be	
  discovered	
  in	
  this	
  case.	
  
	
  
At	
  CLIC	
  3	
  TeV,	
  they	
  can	
  be	
  discovered,	
  and	
  can	
  help	
  resolve	
  between	
  models.	
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Supersymmetry	
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Aler	
  the	
  LHC,	
  there	
  may	
  be	
  much	
  to	
  discover	
  and	
  measure	
  within	
  SUSY	
  at	
  CLIC.	
  
	
  
Electroweak	
  states	
  (e.g.,	
  sleptons	
  and	
  charginos)	
  par-cularly	
  difficult	
  at	
  LHC.	
  
	
  
There	
  is	
  even	
  the	
  prospect	
  of	
  no	
  sign	
  of	
  SUSY	
  at	
  LHC	
  but	
  discovery	
  at	
  CLIC.	
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Also,	
  Dark	
  MaUer	
  relic	
  
abundance	
  can	
  be	
  
inferred	
  sta-s-cally	
  to	
  
Ωh2	
  =	
  0.10	
  +-­‐	
  0.02	
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Higgs	
  Strong	
  Interac-on	
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Z’	
  and	
  Contact	
  Interac-ons	
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LHC	
  

Extreme	
  sensi-vity	
  (>>	
  LHC)	
  to	
  
higher	
  dimensional	
  operators.	
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Z’	
  physics:	
  Extraordinary	
  discovery	
  reach	
  (well	
  beyond	
  LHC),	
  and	
  
simultaneous	
  capability	
  to	
  determine	
  couplings	
  and	
  discern	
  models.	
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Conclusions	
  

-­‐  Precise	
  physics	
  poten-al	
  condi-oned	
  on	
  LHC	
  results	
  
-­‐  Excellent	
  capabili-es	
  for	
  Higgs	
  precision	
  measurements	
  
-­‐  Excellent	
  capabili-es	
  for	
  discovering	
  electroweak	
  states	
  
-­‐  Excellent	
  reach	
  in	
  composite/higher	
  dimensional	
  operators	
  

Near	
  future:	
  Respond	
  to	
  LHC	
  results.	
  Mo-vate	
  and	
  define	
  energy	
  staging	
  
op-ons.	
  


