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Introduction
• The Higgs boson has been discovered.

However, a big question still remains.

Is the Higgs boson an Elementary scalar or a Composite state?

Composite state

Technicolor

(Minimal) Composite Higgs Model

Little Higgs 

Elementary scalar

SUSY? GUT over the grand desert?

Simple structure

Rich structure

mh = 126GeV, spin/parity = 0+,

Coupling constants are consistent with SM predictions



Composite Higgs Models
The Higgs boson = pseudo Nambu-Goldstone boson

A global symmetry G is broken down to a subgroup H.

Energy

f

v

H

G

U(1)em

• No. of NGB = dim(G) – dim(H).

• The breaking scale f (the analog of fπ) is higher than 246 GeV.

• The subgroup H contains the SM gauge group, SU(2)L×U(1)Y.

• The loop contributions from 3rd generation quarks 
and SU(2)L gauge bosons are dominant.

• VHiggs is generated by the Coleman-Weinberg mechanism.

• The Higgs boson mass is naturally light.

Strong 
sector



Composite Higgs Models

G H pNGB Ref.

SO(5) SO(4) 4 Agashe et al., NPB 719

SO(6) SO(5) 4+1 Gripaios et al., JHEP0904

SO(6) SO(4)xSO(2) 4+4 Mrazek et al., NPB 853

SO(7) SO(6) 4+1+1 Mrazek et al., NPB 853

・・・ ・・・ ・・・ ・・・

• SO(5)/SO(4) : Minimal, one doublet

• SO(6)/SO(5) : Next to minimal, one doublet and one singlet

• SO(6)/SO(4)xSO(2) : two doublets

(dark matter)

・・・

G/H
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Minimal Composite Higgs Model

 Minimal setup : G/H =  SO(5)/SO(4) (No. of NGB = 10 – 6 = 4)

Contino, 
arXiv.1005.4269

Agashe, Contino, 
Pamarol, 
Nucl.Phys.B719

 Matter fields of the MCHM4

Higgs fields : 

qL, uR, dR : SM quarks
Others    : non-SM quarks

“4” : 4-dimensional rep. of SO(5). 

・・・

Contributions of 3rd generation 
quarks and SU(2)L gauge boson 
loop are dominant.

 Higgs potential : the Coleman-Weinberg mechanism
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The electroweak symmetry is broken.



Minimal Composite Higgs Model Contino, 
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These deviations depend on 
matter representations. 

• Higgs-fermion couplings

• Higgs-self couplings

 Minimal setup : G/H =  SO(5)/SO(4) (No. of NGB = 10 – 6 = 4)
Compositeness parameter :  ξ  = v2/f2 (< 1, ξ  = 0 is the SM limit) 

These deviations don’t 
depend on matter 
representations. 

• Higgs-gauge couplings

These deviations depend on 
matter representations. 



Minimal Composite Higgs Model Contino, 
arXiv.1005.4269

Agashe, Contino, 
Pamarol, 
Nucl.Phys.B719

 Matter fields of the MCHM4 “4” : 4-dimensional rep. of SO(5). 

 Higgs potential : the Coleman-Weinberg mechanism

By using same procedure, 
we can derive Higgs boson 
coupling deviations.
They will be changed.

• Higgs-fermion couplings

 MCHM4 : 4-dimensional rep.
 MCHM5 : 5-dimensional rep.
 MCHM10 : 10-dimensional rep.
 MCHM14 : 14-dimensional rep.
 ・・・ total : 14 models

G/H =  SO(5)/SO(4)

These deviations depend on 
matter representations. 

These deviations depend on 
matter representations. 

• Higgs-self couplings



Minimal Composite Higgs Model Contino, 
arXiv.1005.4269

Agashe, Contino, 
Pamarol, 
Nucl.Phys.B719

 Minimal setup : G/H =  SO(5)/SO(4) (No. of NGB = 10 – 6 = 4)
Compositeness parameter :  ξ  = v2/f2 (< 1, ξ  = 0 is the SM limit) 

These deviations don’t 
depend on matter 
representations. 

• Higgs-gauge couplings

The hVV coupling deviation, , violates perturvative unitarity. 



Perturbative unitarity

Im[al]1

1/2

Re[al]

Kanemura, Kaneta, 
Machida, Shindou, 
arXiv:1410.xxxx 

Compositeness parameter :   
ξ  = v2/f2 (< 1, ξ  = 0 is SM limit)  

Lee, Quigg, Thacker, PRD16

In the MCHM, energy dependence remains.

In the SM, energy dependence vanished.WW scattering



What does the unitarity violation indicate?

Perturbative unitarity

In the MCHM, energy dependence remains.

In the SM, energy dependence vanished.
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A new 
resonance?

A new 
theory?

Kanemura, Kaneta, 
Machida, Shindou, 
arXiv:1410.xxxx 

Lee, Quigg, Thacker, PRD16

WW scattering
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resonance!
A new 
theory?

We know the existence of such 
a pseudo scalar, pion.
By using the analogy of pion 
physics, we can estimate          
a new resonance scale.

Lee, Quigg, Thacker, PRD16

In the MCHM, energy dependence remains.

In the SM, energy dependence vanished.WW scattering



Murayama, et al. arXiv :1401. 3761
δ of  WL WL -> WL WL

in the MCHM 

δ

Im[al]1

1/2

Re[al]

It is well known that the 
phase shift occurs in π-π 
scattering. Then, we take 
phase into account for 
the WW scattering 
amplitude of the MCHM.

π-π scattering
black dots : 
measured values

=

Assumption

New resonance scale



Murayama, et al. arXiv :1401. 3761
δ of  WL WL -> WL WL

in the MCHM It is well known that the 
phase shift occurs in π-π 
scattering. Then, we take 
phase into account for 
the WW scattering 
amplitude of the MCHM.

π-π scattering
black dots : 
measured values

=

Assumption

New resonance scale

LHC bound~ 1.5 TeV

How to measure 
the phase δ ?

δ

Im[al]1

1/2

Re[al]



λW and λZ are W and Z helicity eigenvalues.
0 is longitudinal mode.

Measurement at LHC and Higher-energy Colliders
Murayama et al 
arXiv: 1401. 3761

The phase δ is extracted by 

Asymmetry

The asymmetry with 14 TeV becomes 
maximum at δ=0.24 .

This asymmetry can be observed if we 
accumulate 3000 fb-1 with HL-LHC.

+ : Above production plane, -- : Below production plane

Azimuthal angle of the  
charged lepton from W

Kanemura, Kaneta, 
Machida, Shindou, 
arXiv:1410.xxxx 



Matter sector of the MCHM
Many variations depending on matter representations

ex) MCHM4

MCHM variations  (Introducing qL, uR, dR) 

MCHM5
MCHM14-5-10 (qL, uR, dR)=(14,5,10) rep.

(qL, uR, dR)=5 rep.

We investigate 14 variation models of MCHMs.

1, 4, 5, 10, 14-dimensional representations

qL, uR, dR : SM quarks
Others    : non-SM quarks



Coupling deviations from the SM Kanemura, Kaneta, Machida, 
Shindou, arXiv:1410.xxxx 

Depends on Matter representation

Higgs-gauge couplings are universal.
They do not depend on matter 
representations. 

Depends on G/H

The Higgs-fermion and Higgs-self  couplings 
are not universal. They depend on matter 
representations. We can distinguish models 
by correlations among several coupling 
deviations.

Carena et al. JHEP 1406 (2014)



If measured value 
is on this line,

ILC Higgs White paper

(A, D, E, F, F’) 
are still 
degenerate.

Kanemura, Kaneta, Machida, Shindou, arXiv:x1410.xxxx 

Fingerprint identification of MCHMs : κV vs. κb

ILC 500
ILC 1000



(A, E) 
or
(D, F’)
or
F

F

Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx 

ILC Higgs White paper

Fingerprint identification of MCHMs : κV vs. κt

ILC 500
ILC 1000



We may 
distinguish
A
and
E.

Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx 

ILC Higgs White paper

Fingerprint identification of MCHMs : κV vs. λhhh/ λSM
hhh

We may distinguish
A, E, (D, F’) and F.

ILC 500
ILC 1000



Summary
The Composite Higgs model is one of the promising 
candidates of the essence of the Higgs sector.

By using phase shift information, we can explore new 
resonance scale above the LHC direct reach .

We have discussed how to distinguish various models of 
MCHM by using the precise measurement of Higgs boson 
couplings.
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Compositeness parameter : ξ



Coupling deviation from the SM
Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx 



Coupling deviation from the SM



Matter sector of MCHM
Many variations depending on matter representations

ex) MCHM4 SM quarks
(other fields 
are non-
dynamical)

MCHM variations  (Introducing qL, uR, dR) 

MCHM5
MCHM14-5-10 (qL, uR, dR)=(14,5,10) rep.

(qL, uR, dR)=5 rep.

We discuss 14 variation models of MCHMs.

1, 4, 5, 10, 14 representations



Matter sector

 MCHM5

 MCHM4



Matter sector

 MCHM14

 MCHM10



SO(5) generators & eigenvectors
 ５-representation



SO(5) generators & eigenvectors
 １０-representation

Anti-symmetric



SO(5) generators & eigenvectors
 １４-representation

Symmetric


