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Motivations of our study

 better = 
 find new particles, 
 be sensitive to new dynamics, 
 measure new couplings.

 don’t aim to be exhaustive.
 concentrate on models with strong dynamics 

        (since they were not covered in previous studies).

Identify physics cases where CLIC can do better than LHC & ILC

Two directions
 models of strong EW symmetry breaking:

 look at strong dynamics of WL, 
 look at strong dynamics of the Higgs boson, ➲
 discrete symmetries of strong sector. ➲

 search for heavy resonances. ➲

in progre
ss

initial st
age
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Higgs as a PGB

Higgs=Pseudo-Goldstone boson (PGB) 

usual resonances of the strong sector 

UV completion

Higgs = light resonance of the strong sector

10 TeV4πf

mρ = gρf

246 GeVv

3 scales:

not directly 
accessible to LHC}

 indirect
probes

One solution to the hierarchy pb: 
Higgs transforms non-linearly under some global symmetry

Examples:SO(5)/SO(4): 4 PGBs=W±L, ZL, h
Minimal Composite Higgs Model

SO(4)
SO(3)

G
H

SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

spontaneous
breaking by

strong dynamics
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Continuous interpolation between SM and TC 

SM limit Technicolor limit
all resonances of strong sector,

except the Higgs, decouple
Higgs decouple from SM;

vector resonances like in TC

ξ = 0 ξ = 1

ξ =
v2

f2
=

(weak scale)2

(strong coupling scale)2
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General couplings of a composite Higgs
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

 SM: a=b=c=d3=d4=1 & b3=c2=0
 coset model: all these parameters are simple functions of ξ

            for instance:SO(5)/SO(4): 
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LHC (to a certain extent) and ILC are “good” in measuring Higgs anomalous couplings,
ie ‘a’ and ‘c’ in general or ξ if the coset structure is already established,

but no (or very limited) access to strong dynamics

Σ = eiσ
aπa/v

Goldstone of
SU(2)LxSU(2)R/SU(2)V

DµΣ ≈ Wµ

Abdelhak a
nd Andre’s ta

lks
CLIC can improve these measurements 

but we want to look at qualitatively different processes!
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Strong dynamics in ' Higgs sector

➲
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Strong EW symmetry breaking
 WW ➝ WW: strong interactions of WL

Giudice, Grojean, Pomarol, Rattazzi ‘07

 WW ➝ 2h: strong interactions of h
Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

no exact cancellation 
of the growing amplitudes

A
(
W a

LW b
L →W c

LW d
L

)
= A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc

= −(1− ξ)g2 E2

M2
W

A =
(
1− a !

) s

v !

Marginal sensitivity at LHC but need large L 
and not competitive with the measurement of ‘a’ via anomalous couplings

A
(
Z0
LZ

0
L → hh

)
= A

(
W+

L W−
L → hh

)
=

(
b− a2

) s

v2

CLIC has access to a new interaction, ‘b’, almost totally hidden at LHC and ILC

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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WW ➝ 2h: ‘b’ and ‘d3’

V (h) =
1

2
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hh
2 + d3
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W

A ∼
(
b− a2

) 4m2
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asymptotic behavior
sensitive to strong interaction

}
m2

hh ∼ 4m2
h

A ∼ cst. + 3ad3
m2

h

v2

}
threshold effect 

‘anomalous coupling’
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WW ➝ 2h @ CLIC
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress

dσ/dX

dσSM/dX
= a4

(
1 + κ1 δb+ κ2 δd3 + κ3 δb

2 + κ4 δd3
2 + κ5 δb× δd3

)

δb = 1− b/a2 δd3 = 1− d3/a

CLIC @3TeV
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e.g., Barger et al. hep-ph/0301097

cannot break the degeneracy 
between ‘b’ and ‘d3’

 distribution at large mhh2 ➝ δb

 distribution near threshold ➝ δd3
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WW ➝ 2h @ CLIC
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress

CLIC @3TeV, 1ab-1

δb sensitivity
CLIC @3TeV, 1ab-1
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WW ➝ 2h: CLIC vs. ILC
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress
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L=1ab-1without kinematical cut on mhh2

with kinematical cut on mhh2
distinguishes between strong 

dynamics and anomalous couplings }

large ξ ie very strong dynamicslarge E
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Symmet)es of ' *rong dynamics

➲
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W+W- ➝ 3h, Zhh, WWh, WWZ
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress
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W+W- ➝ 3h, Zhh, WWh, WWZ
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress

G
H

symmetric space
invariance under

π ➝ -π

Probe of possible discrete symmetries in the strong dynamics

a process with an odd # of PGBs 
requires a coupling breaking the coset structure

ie cannot be mediated by strong interactions alone

=0 for 
symmetric coset

}AWW→ 3h ∼ 4i
s

v3

(
a(b− a2)− 3

4
b3

)
+ ! s×

(
mW√

s

)2

mediated by
gauge interactions 
(breaking of coset 
structure)

}
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W+W- ➝ 3h, Zhh, WWh, WWZ
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress
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Accessing o!er heavy resonances 

➲
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Exchange of heavy resonances=fermion contact interactions

Heavy resonances

LCI =
∑

i,j=L,R

ηij
g2

Λ2
ij

(ēiγ
µei)

(
f̄jγ

µfj
)

3.. INDIRECT SENSITIVITY TO NEW PHYSICS 165
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Fig. 6.22: Limits on the scaleΛ of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV

LC (filled histogram) for different models and the µ+µ− (left) and bb̄ (right) channels. The polarization of electrons P− is

taken to be 0.8 and that of positrons P+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.

Using the scaling law, the expected gain in reach on Λ for 5 ab−1 and a 5 TeV (10 TeV) e+e−

collider would be 400–800 GeV (500–1000 GeV). This is a very exciting prospect, if for the ‘doomsday’

scenario where in some years from now only a light Higgs has been discovered, and no sign of other

new physics has been revealed by the LHC or a TeV-class LC. Indeed, if the Higgs particle is light,

i.e. below 150 GeV or so, then the SM cannot be stable up to the GUT or Planck scale, and a new

mechanism is needed to stabilize it, as shown in Fig. 6.23 [58]: only a narrow corridor of Higgs masses

around 180 GeV allow an extrapolation of the SM up to the Planck scale without introduction of any new

physics. For example, for a Higgs with a mass in the region of 115–120 GeV, the SM will hit a region

of electroweak unstable vacuum in the range of 100–1000 TeV.Hence, if the theoretical assessment of

Fig. 6.23 remains valid, and the bounds do not change significantly (which could happen following a

change in the top-quark mass from, e.g. new measurements at the Tevatron) and the Higgs is as light as

120 GeV, then the signature of new physics cannot escape precision measurements at CLIC.

Finally, we note that straightforward left–right asymmetry measurements in Møller scattering, as

observed in e−e− interactions, can be used as sensitive probes of new physics effects due to, say, the
existence of higher-mass Z ′ bosons, doubly-charged scalars (which might belong to an extended Higgs

sector), or the presence of extra dimensions [59]. The running of sin2 θW with Q2 can be measured over

a large parameter range to probe for such novel effects, in a single experiment. The added energy reach

of CLIC will be of major importance for the sensitivity of such studies. As an example: assuming 90%

polarized beams at a CLIC energy of 3 TeV, e−e− interactions will be sensitive to interference effects
up to a compositeness scale of∼ 460 TeV, far outdistancing the Bhabha scattering sensitivity even if the
electron (but not the positron) is polarized. For the same integrated luminosity, the sensitivity to Λ is

about a factor 1.6 larger in e−e− scattering, compared with e+e− scattering.

CLIC study ’04

to be updated 
by S. Riemann

g2 = 4!
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Heavy resonances

Many models of strong interactions with new gauge bosons 
with large couplings to third generation of quarks

e+e- ➝ W’/Z’ ➝ tt, bb

Battaglia, Coradeschi  ‘in progress

DY production of W’ with W/Z final states

e+e- ➝ Z’ ➝ WW, ZZ

➲


