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Higgs=Pseudo-Goldstone boson (PGB) 

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

SO(4)
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Higgs=Pseudo-Goldstone boson (PGB) 

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

SO(4)
SO(3)

W±L & ZL

SM

3

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

Agashe, Contino, Pomarol  ’04SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

Gripaios, Pomarol, Riva, Serra  ’09
SU(4)/Sp(4,ℂ): 5 PGBs=H, s

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2
Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

Minimal Composite 
Two Higgs Doublets

Higgs as a PGB: a natural extension of SM

3 Goldstone’s

G
H

W±L & ZL & h

BSM

at least a 4th Goldstone

Chacko, Batra  ’08
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I. Anomal!s c!plings

"
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How to probe " composite nature of " Higgs?
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)L 

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

growth cancelled for 
a = 1

restoration of 
perturbative unitarity

5

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

A =
1
v2

�
s− a2s2

s−m2
h

�

h
W+ W+

W- W-

Cornwall, Levin, Tiktopoulos  ’73 Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011


Christophe Grojean Composite Higgs Physics at a LC Granada, 27th September 2o11

What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)L 

6

b a
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For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW
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For ac=1: perturbative unitarity in inelastic WW → ψ ψ 
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For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

‘a=1’, ‘b=1’ & ‘c=1’ define the SM Higgs

Higgs properties depend on a single unknown parameter (mH)

can be rewritten as 

h and ! a (ie WL andZL) combine to form a linear representation of SU(2)LxU(1)Y
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What is a composite Higgs?
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SU(2)LxU(1)Y linearly realized   ⇔   Standard Model   ⇔   a=b=c=1
renormalizable level = uniqueness

A σ  particle that combines with WL and ZL to form a SU(2) doublet
that acquires a vev
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SU(2)LxU(1)Y linearly realized   ⇔   Standard Model   ⇔   a=b=c=1
renormalizable level = uniqueness

deviations of Higgs couplings originate from higher dimensional operators

!
∂µ |H|2

"2 |H|2ψ̄Hψ |H|2BµνB
µν |H|2GµνG
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SU(2)LxU(1)Y linearly realized  &  a, b, c ≠ 1   ⇔   Composite Higgs

non-renormalizable level

A σ  particle that combines with WL and ZL to form a SU(2) doublet
that acquires a vev

irrelevant if Higgs is a Goldstone

}
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Modified 
Higgs propagator

Higgs couplings 

rescaled by ~

Giudice, Grojean, Pomarol, Rattazzi ‘07
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Anomalous composite-Higgs couplings
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PGB Higgs: Strong EWSB with 2 Scales

SM limit Technicolor limit
all resonances of strong sector,

except the Higgs, decouple
Higgs decouple from SM;

vector resonances like in TC

Composite Higgs 
vs. 

Dilaton Higgs
a

1

1
SM

Composite Higgs
universal behavior for large f

a=1-v2/2f2  b=1-2v2/f2

b

Dilaton
b=a2

9
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4
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! = 0 ! = 1
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Effective Lagrangian
Giudice, Grojean, Pomarol, Rattazzi ‘07

extra derivative: extra Higgs leg:  

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Goldstone sym.

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ)

10
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1-
a2

1-
a2

11

fermiophobic
 Higgs

gaugephobic Higgs
MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner  ’10

Deformation of the SM Higgs: current constraints

SM ‘a=1’, ‘b=1’ & ‘c=1’
Current EW data constrain only ‘a’ (and marginally ‘c’)

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

LEWSB =
v2

4
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  DµΣ
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Dµ! ≈ Wµ! = eiσ
aπa/v

SM limits

http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251


Christophe Grojean Composite Higgs Physics at a LC Granada, 27th September 2o11

Deformation of the SM Higgs: LHC constraints
1-

a2

1-
a2

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

the SM exclusion bounds are easily rescaled in the (mH,a) plane

LHC is now a Higgs exploring machine 
(and it has quickly surpassed Tevatron)

mailto:christophe.grojean@cern.ch,%20jose.espinosa@cern.ch?subject=Tevatron%20constraints%20on%20composite%20Higgs
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled in the (mH,a) plane

Be careful
 rescaling combination ≠ combination of the rescaled channels

(can be particularly important far away from SM)

 effeciency of the cuts may also depends on ξ

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

1-
a2

1-
a2

mailto:christophe.grojean@cern.ch,%20jose.espinosa@cern.ch?subject=Tevatron%20constraints%20on%20composite%20Higgs
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Christophe Grojean Composite Higgs Physics at a LC Granada, 27th September 2o11

Fermions embedded in 5+10 of SO(5)

Anomalous Higgs BRs

cc

BRs remain SM like except 
for very large values of v/f

h    WW can dominate 
even for low Higgs mass
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Higgs anomalous couplings @ LHC

Figure 1: The deviations from the SM predictions of Higgs production cross sections (σ) and
decay branching ratios (BR) defined as ∆(σ BR)/(σ BR) = (σ BR)SILH/(σ BR)SM − 1.
The predictions are shown for some of the main Higgs discovery channels at the LHC with
production via vector-boson fusion (VBF), gluon fusion (h), and topstrahlung (tth). The
SILH Lagrangian parameters are set by cHξ = 1/4, cy/cH = 1 and we have included also the
terms quadratic in ξ, not explicitly shown in eqs. (78)–(83).

a pseudo-Goldstone boson, and therefore relatively light. However, for a light Higgs, LHC

experiments can measure the product σh × BRh in many different channels: production

through gluon, gauge-boson fusion, and top-strahlung; decay into b, τ , γ and (virtual) weak

gauge bosons. At the LHC with about 300 fb! 1, it is possible to measure Higgs production

rate times branching ratio in the various channels with 20–40 % precision [27], although a

determination of the b coupling is quite challenging [28]. This will translate into a sensitivity

on |cHξ| and |cyξ| up to 0.2–0.4.

In fig. 1, we show our prediction for the relative deviation from the SM expectation in

the main channels for Higgs discovery at the LHC, in the case cHξ = 1/4 and cy/cH = 1

(as in the Holographic Higgs). For cy/cH = 0, the deviation is universal in every production

channel and is given by ∆(σ BR)/(σ BR) = −cHξ.

Cleaner experimental information can be extracted from ratios between the rates of

processes with the same Higgs production mechanism, but different decay modes. In mea-

surements of these ratios of decay rates, many systematic uncertainties drop out. Our

27

a=7/8
c=5/8

LHC can probe
Δa & Δc

up to ~ 0.1÷0.2
i.e. 4πf ~ 5÷7 TeV

compositeness scale of the Higgs

Minimal composite Higgs model (MCHM): SO(5)/SO(4)

Γ(h → ff̄) = (2c− 1)Γ(h → ff̄)SM ! (h → ZZ) = (2a− 1) ! (h → ZZ)SM

a =
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ILC/CLIC 
could go to few %, ie, test 

composite Higgs up to 4πf ~ 30/60 TeV

15
Giudice, Grojean, Pomarol, Rattazzi ‘07
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2. Strong scattering

"

16

How to probe the composite nature of the Higgs?
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How to probe the strong dynamics?
Look at pair production of strong states

Giudice, Grojean, Pomarol, Rattazzi ‘07

large Lint needed 
not competitive with the measurement of ‘a’ via anomalous couplings

 strong WW scattering 

h
W W

W W no exact cancellation 
of the growing amplitudes= −(1 − ! )g2 E2

M2
W

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 A =

�
1− a2

� s

v2
s

f 2

}
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How to probe the strong dynamics?
Look at pair production of strong states

Giudice, Grojean, Pomarol, Rattazzi ‘07

large Lint needed 
not competitive with the measurement of ‘a’ via anomalous couplings

 strong WW scattering 

h
W W

W W no exact cancellation 
of the growing amplitudes= −(1 − ! )g2 E2
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d
L

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

v2

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

access to a new interaction, ‘b’

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

 strong double Higgs production 

A
�
Z0
LZ

0
L → hh
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= (W+

L W−
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� s
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}
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Double Higgs production: ‘b’ and ‘d3’ couplings

asymptotic behavior
sensitive to strong interaction

}
threshold effect

‘anomalous coupling’

}
SM: a=b=d3=d4=1
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Strong Higgs production: (3L+jets) analysis

l+

l+

l-h

h

W+

W-

W+

W+

W-

W-

ν

ν

ν

jets leptons
acceptance cuts

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

fermions in spinorial
cH=1

strong boson scattering <{ strong Higgs production

Dominant backgrounds: Wll4j, ttW2j, tt2W(j), 3W4j...
forward jet-tag, back-to-back lepton, central jet-veto

good motivation to SLHC!
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A
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cHs
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mh = 180 GeV

pT ≥ 30 GeV
δRjj > 0.7

|! j | ≤ 5

pT ≥ 20 GeV
δRlj(ll) > 0.4(0.2)

|! j | ≤ 2.4

v/f 1
!
0.8

!
0.5

significance @ 300 fb−1 4.0 2.9 1.3

luminisity for 5σ (fb−1) 450 850 3500
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Measuring the non-linearities of the Higgs

20

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress
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 (S)LHC is barely sensitive to d3 and b
 ILC has a sensitivity on d3 but not on b
 CLIC can probe both d3 and b

CLIC seems a unique machine to 
testing strong EWSB
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3. Identifying discrete symmetries of strong sector

"

21

How to probe the composite nature of the Higgs?
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Geometry of Coset from W+W- #  3h
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

}

mediated by SM gauge 
interactions (breaking of 
coset structure)

}
SMStrong 
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W+W- #  3h @ CLIC
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress

non-symmetric coset
=03=d

3
mass a=1, b=b

Entries  10000
Mean     1478
RMS     473.1

 (GeV)HHHm
0 500 1000 1500 2000 2500 3000 3500 4000 4500 50000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

=03=d
3

mass a=1, b=b

Entries  10000
Mean     1478
RMS     473.1

E = 3 TeV

E = 5 TeV

  -> hhh -e+invariant mass distribution for e

σ≈34fb

σ≈4fb (σSM≈3ab)

(σSM≈22ab)PRELIM
IN

ARY

23

mailto:christophe.grojean@cern.ch?subject=Triple%20Higgs%20production
mailto:christophe.grojean@cern.ch?subject=Triple%20Higgs%20production
mailto:christophe.grojean@cern.ch?subject=Triple%20Higgs%20production


Christophe Grojean Composite Higgs Physics at a LC Granada, 27th September 2o11

Conclusions
EW interactions need Goldstone bosons to provide mass to W, Z

EW interactions also need a UV moderator/new physics 
to unitarize WW scattering amplitude

! !! !! !

weak NC ⇔ gauge principle
Higgs NC ⇔ ?

We’ll need another Gargamelle experiment
to discover the still missing neutral current of the SM: the Higgs

24

Strong EWSB w/o an elementary Higgs can be very similar to SM
it might take some time to decipher the true dynamics of EWSB!


