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• On July 4th, a new particle has been discovered by 
ATLAS and CMS around 125-126GeV

• It’s a boson, and can decay to γγ, ZZ*, WW*

• Couplings to fermions (bb,ττ) are still not very 
constrained
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Outline

• Is it a Higgs or an impostor? Does it 
participate in EWSB?

• If it is an Higgs, is it fundamental or 
composite?

• Implications for specific models?

• ...
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Two ways to proceed
• Top - down:

ex: SUSY (MSSM in particular) → M. Carena’s lecture
     (+ other examples tomorrow)

• Bottom - up: start from effective Lagrangian for 
EWSB (see H. Haber’s lecture)

Model

Look at what data says about the 125GeV particle being an 
impostor or being composite, or ...

DataPredictions

maybe too early to play these games, but we’ve bee waiting for so long...
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Choices for EWSB
Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

En
er

gy
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+ what??
strong dynamics 

(resonances, “ρ”,…)
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125GeV?? En
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125 GeV scalar is an “impostor”
(more on it later)

Strong dynamics takes care of UV problems of 
the Goldstone scattering amplitudes

5



Choices for EWSB

1. Nothing (“Higgsless”) 

2. SU(2)LxU(1)Y linearly realized and 
weakly coupled: (a bunch of) 
fundamental Higgs(es)

Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

En
er

gy

new particles 
(how heavy)?

Ga, W, Z

125GeV higgs

5



Choices for EWSB

1. Nothing (“Higgsless”) 

2. SU(2)LxU(1)Y linearly realized and 
weakly coupled: (a bunch of) 
fundamental Higgs(es)

Higgs takes care of UV problems of the Goldstone 
scattering amplitudes
New particles may be present to fix the hierarchy 
problem (naturalness)

Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

En
er

gy

new particles 
(how heavy)?

Ga, W, Z

125GeV higgs

5



Choices for EWSB

1. Nothing (“Higgsless”) 

2. SU(2)LxU(1)Y linearly realized and 
weakly coupled: (a bunch of) 
fundamental Higgs(es)

3. SU(2)LxU(1)Y linearly realized + strong 
dynamics (“composite Higgs”, etc...)

Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

En
er

gy

strong dynamics 
(resonances, “ρ”,…)

Ga, W, Z

125GeV composite 
Higgs (like a pion)

5



Choices for EWSB

1. Nothing (“Higgsless”) 

2. SU(2)LxU(1)Y linearly realized and 
weakly coupled: (a bunch of) 
fundamental Higgs(es)

3. SU(2)LxU(1)Y linearly realized + strong 
dynamics (“composite Higgs”, etc...)

Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

En
er

gy

strong dynamics 
(resonances, “ρ”,…)

Ga, W, Z

125GeV composite 
Higgs (like a pion)

Higgs only partially takes care of UV problems of 
the Goldstone scattering amplitudes, rest is done 
by strong dynamics
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Choices for EWSB

1. Nothing (“Higgsless”) 

2. SU(2)LxU(1)Y linearly realized and 
weakly coupled: (a bunch of) 
fundamental Higgs(es)

3. SU(2)LxU(1)Y linearly realized + strong 
dynamics (“composite Higgs”, etc...)

Non-linear realization of SU(2)LxU(1)Y (describes 
Goldstone bosons Ga, breaks down around 1TeV)

+ what??

Implication of current data on 1 vs. 2 vs. 3?

En
er

gy

strong dynamics 
(resonances, “ρ”,…)

Ga, W, Z

125GeV composite 
Higgs (like a pion)
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Bottom-up approach

Let’s count parameters to fit to Higgs data...
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Effective (chiral) lagrangian for the Higgs
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(spin-2 unlikely) (story can be adapted to multiple higgses if necessary)
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Effective (chiral) lagrangian for the Higgs
Coleman,Wess, Zumino PRD 117 (1969) 2239
Callan, Coleman,Wess, Zumino PRD 117 (1969) 2247

Take the U(1)e.m.xSU(3)C lagrangian with massive 
W, Z and restore SU(2)LxU(1)Y invariance by using:

⌃(x) = e

i T

a
G

a(x)/v

see H.Haber lecture

example:
W a

µW
µa ! Tr

⇥
(Dµ⌃)

†(Dµ⌃)
⇤

= (W a
µ � @µG

a)(W aµ � @µGa)

+ add the most generic function for the “radial” mode 
(the Higgs boson)
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Effective (chiral) lagrangian for the Higgs
Coleman,Wess, Zumino PRD 117 (1969) 2239
Callan, Coleman,Wess, Zumino PRD 117 (1969) 2247

e.g. Contino, Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089
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O(p2)

Effective (chiral) lagrangian for the Higgs
Coleman,Wess, Zumino PRD 117 (1969) 2239
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SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
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providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
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where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

+
g2

32⇡2

�
kWWW+

µ⌫W
�µ⌫ + kZZZµ⌫Z

µ⌫ + kZ�Zµ⌫F
µ⌫
� h
v
+ . . .

10



Effective (chiral) lagrangian for the Higgs

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
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approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃

i

✓

1 + 2 a
h

v
+ b

h2

v2
+ b3

h3

v3
+ · · ·

◆

� vp
2
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couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
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(ūiLd̄

i
L)⌃



1 + c
h

v
+ c2

h2

v2
+ · · ·

�

 

yuij u
j
R

ydij d
j
R

!

+ h.c. + L(4), with

V (h) =
1

2
m2

h h
2 + d3

✓

m2
h

2v

◆

h3 + d4

✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
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couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
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terms in h.
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In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
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Composite Higgs
“Strongly Interacting Light Higgs” (SILH)

most general lagrangian for Higgs boson as a pGB, 
expanded at O(ξ)

Giudice, Grojean, Pomarol, 
Rattazzi arXiv:hep-ph/0703164

Parameters SILH MCHM5, no light resonances

a 1� (cH � cr/2) ⇠/2
p
1� ⇠

b 1 + (cr � 2cH) ⇠ 1� 2⇠

b3 (cr � 2cH)2 ⇠/3 �4
3⇠
p
1� ⇠

c 1� (cH/2 + cy) ⇠
1�2⇠p
1�⇠

c2 �(cH + 3cy + cr/4) ⇠/2 �2⇠

d3 1 + (c6 � cr/4� 3cH/2) ⇠ 1�2⇠p
1�⇠

d4 1 + (6c6 � 25cH/3� 11cr/6) ⇠
1�28⇠(1�⇠)/3

1�⇠

kg = k2g 3cg(y2t /g
2
⇢)⇠ 0

k� 2c�(g2/g2⇢)⇠ 0

Table 1: Values of the couplings of the e↵ective Lagrangian Eq. (6) in the SILH framework (with cT = 0) and
for MCHM5 with no anomalously light fermionic resonances (the latter are taken from Ref. [26]). The values
of the SILH parameters in MCHM5 are, in the ‘natural’ basis for the nonlinear �-model where cr = �4 cH
and neglecting e↵ects of fermion resonances, cH = 1/3, cr = �4/3, cy = 4/3, c6 = �4/3 .

of the cross sections of single and Higgs pair production via gluon fusion at the LHC as well as of
the partial width of the decay h ! �� . We will adopt a model-independent approach and compute
these quantities in terms of the parameters of the e↵ective Lagrangians defined in Section 2, Eqs. (1)
and (6), putting special emphasis on the former, namely the SILH description. Our analysis extends
the results of Refs. [10,27] to Higgs pair production in gluon fusion, and also includes a discussion
of corrections to the LET approximation arising from higher order terms in the 1/M expansion,
where M is the mass of the generic heavy particle running in the loops. Notice that the LET can
be extended to 2-loop order to include the leading QCD corrections, see for example Ref. [7] for
applications in the SM. However, our discussion will be mainly limited to couplings at the leading
1-loop order.

3.1 Higgs interactions with gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by loops
of heavy coloured particles, can be obtained by treating the Higgs H as a background field and
taking the field-dependent mass of each heavy particle as a threshold for the running of the QCD
gauge coupling.1 Assuming the heavy particles to transform in the fundamental representation of
SU(3)c one obtains the following e↵ective Lagrangian

Leff =
g2s

64⇡2
Ga

µ⌫G
aµ⌫

X

pi

�bpi logm
2
pi(H) , (7)

where �b = 2/3 if particle pi is a Dirac fermion, and �b = 1/6 if it is a complex scalar. In this paper
we will focus only on the e↵ects of the heavy fermion sector, which in composite Higgs models

1Throughout the paper, we will denote by H both the Higgs doublet and the scalar field with hHi 6= 0 , as it will
always be clear from the context which one we are referring to. On the other hand, h denotes the physical Higgs
field.
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Composite Higgs
“Strongly Interacting Light Higgs” (SILH)

most general lagrangian for Higgs boson as a pGB, 
expanded at O(ξ)

•2 parameters control 
a,b,b3,c,c2

•+1parameter for higgs 
self interactions

•+2 params for kg,kg2 and 
kγ (parametrically 
suppressed by O(g2/gρ2))

SILH: for Higgs decays still 4 free parameters: ggh, γγh, VVh, ffh
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Rattazzi arXiv:hep-ph/0703164
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of the SILH parameters in MCHM5 are, in the ‘natural’ basis for the nonlinear �-model where cr = �4 cH
and neglecting e↵ects of fermion resonances, cH = 1/3, cr = �4/3, cy = 4/3, c6 = �4/3 .

of the cross sections of single and Higgs pair production via gluon fusion at the LHC as well as of
the partial width of the decay h ! �� . We will adopt a model-independent approach and compute
these quantities in terms of the parameters of the e↵ective Lagrangians defined in Section 2, Eqs. (1)
and (6), putting special emphasis on the former, namely the SILH description. Our analysis extends
the results of Refs. [10,27] to Higgs pair production in gluon fusion, and also includes a discussion
of corrections to the LET approximation arising from higher order terms in the 1/M expansion,
where M is the mass of the generic heavy particle running in the loops. Notice that the LET can
be extended to 2-loop order to include the leading QCD corrections, see for example Ref. [7] for
applications in the SM. However, our discussion will be mainly limited to couplings at the leading
1-loop order.

3.1 Higgs interactions with gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by loops
of heavy coloured particles, can be obtained by treating the Higgs H as a background field and
taking the field-dependent mass of each heavy particle as a threshold for the running of the QCD
gauge coupling.1 Assuming the heavy particles to transform in the fundamental representation of
SU(3)c one obtains the following e↵ective Lagrangian

Leff =
g2s

64⇡2
Ga

µ⌫G
aµ⌫

X

pi

�bpi logm
2
pi(H) , (7)

where �b = 2/3 if particle pi is a Dirac fermion, and �b = 1/6 if it is a complex scalar. In this paper
we will focus only on the e↵ects of the heavy fermion sector, which in composite Higgs models

1Throughout the paper, we will denote by H both the Higgs doublet and the scalar field with hHi 6= 0 , as it will
always be clear from the context which one we are referring to. On the other hand, h denotes the physical Higgs
field.

6

Gillioz, Grober, Grojean, Muhlleitner, 
Salvioni arXiv:1206.7120
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• deviation from unity is function of ξ=v2/f2

• In specific models a and c tend to be related 

“MCHM5”: a =
p
1� ⇠, c =

1� 2⇠p
1� ⇠

(also LR Twin Higgs)

“MCHM4”: (also simplest little Higgs 
with (SU(3)/SU(2))2)a =

p
1� ⇠, c =

p
1� ⇠

MCHM = Minimal Composite Higgs Model (w/ SO(5)/SO(4))
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done by theorists, to illustrate the main points

• Higgs data has still large uncertainties and the 
likelihoods are not public → results are approximate
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checked by the experiments (already started)

• Caveat: “sigmas” are “theorist sigmas”, but qualitative 
conclusions should hold
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Looking at the data
• Theorists views at the (a,c) plane after July 4th (ATLAS+CMS+TeVatron)

The second solution is allowed by a 
degeneracy in h→γγ:  ~ |8.3a-1.8c|2

Figure 1: The constraints on the couplings (a, c) of the Higgs candidate h with mass ⇠
125 GeV obtained from our global analysis of the available CMS, ATLAS, CDF and D0
data. The Standard Model is represented by a black star, and the yellow lines represent
various composite Higgs models described in the text, which are disfavoured if they deviate
strongly from the Standard Model.

Figures 1, 2, 3 and 4 display our main results. They quantify the extent to which the h

particle walks like a Higgs and quacks like a Higgs.

Fig. 1 shows the result in the (a, c) plane of our global fit to data on the h couplings from

the Tevatron experiments and from the combined 7 and 8-TeV event samples of ATLAS

and CMS. We see good consistency with the Standard Model prediction, though the best fit

corresponds slightly to a > 1 and c < 1, as seen also in the marginalized one-dimensional

likelihoods of our fit result projected on the a and c axes shown in Fig 2. On the other

hand, the region with c < 0 that was marginally favoured in our previous analysis [21]

is now somewhat disfavoured. As we discuss in more detail below, Figs. 1 and 2 impose

important constraints on composite Higgs models, disfavouring several such models unless

their predictions resemble those of the Standard Model.

Fig. 3 displays the result of our global fit in the (✏,M) plane, where we see excellent

consistency with the Higgs hypothesis: M = v, ✏ = 0. This is also seen in Fig. 4, which

displays the marginalized one-dimensional likelihood projections of our fit result on the M

and ✏ axes. The couplings of the h particle are clearly inconsistent with any mass-independent

2
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FIG. 6: Exclusion limits on the SM(a, c) parameter space derived from a) 95% C.L. upper limits on the

signal strength parameter µ̂ < µupL (solid purple lines towards the right), b) 95% C.L. lower limits µ̂ >

µdwL (solid purple lines close to the origin) and c) ”tension limits” (dashed purple lines) from the presence

of search channels inconsistent with the rest of the dataset at 99.9%C.L. (the most powerful channels in

setting such limits are indicated in parentheses below, for each case). Upper left: CMS-only data (��jj and

⌧⌧ ). Upper right: ATLAS-only data (��, ZZ and ⌧⌧ ). Lower left: Tevatron-only data (bb̄ and ��). Lower

right: Full combined dataset (��jj and bb̄). For comparison, the best-fit regions discussed in previous

sections are also shown. The excluded regions can be readily identified by knowing that the best fit points

are not excluded. The fermiophobic scenario along c = 0 is excluded.

see from Figure 6, that fermiophobic scenarios, along the axis c = 0, are excluded at this level of

confindence.

This channel-tension analysis is clearly related to the �2 study we have also performed and

the tension exclusion limits tend to exclude regions of parameter space that give a bad fit to the

Giardino, Kannike, Raidal, 
Strumia arXiv:1207.1347

Ellis, You arXiv:1207.1693Espinosa, Grojean, Muhlleitner, 
Trott arXiv:1207.1717
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• Sanity check with experimental fit (CMS):

Giardino, Kannike, Raidal, 
Strumia arXiv:1207.1347
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• The fact that the new particle walks and talks as 
the SM Higgs boson constrains the amount of 
compositeness of the Higgs boson

• ξ<0.3-0.4 is still allowed (and already expected by 
EW precision data) → f > 1.6-1.8 v
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Figure 4: Constraints for the Simplest Higgs model (left) and the Twin Higgs model (right)

assuming mh = 125 GeV. The three bands show the 1� allowed regions for RV H
bb , Rincl.

�� , and Rincl.
ZZ

channels. The three curves show the theoretical predictions as a function of ⇠ for each channel.

Only 3 channels are shown, but all channels are included. The green vertical lines show the 95%

CL experimental preferred region.

the SM W contribution. Only the latter region can overlap with the curve where the partner

exactly cancels the quadratic divergence from the W boson.

To summarize, for all models an enhanced diphoton decay rate can be obtained. In the

scalar and fermionic case one needs a sizable negative coupling ci, while in the vector case a

moderate positive coupling su�ces. The diphoton rate is indicated by the constant contours

shown in Fig. 3. For the top partner case, the fit to data is improved relative to the SM as

��2 = �2
min � �2

SM = 3.8 for only 1 dof.

4.2 Composite Higgs Models

The single fermion partner model described in the previous subsection is a special case of

models with a more general set of couplings of fermions to the Higgs. In particular, consider

a vector-like pair of top partners, T and T c, which interact with a pseudo-Goldstone Higgs.

There are several possibilities for the interactions, depending on the type of model under

16
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Carmi, Falkowski, Kuflik, 
Volansky, Zupan arXiv:1207.1718
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [32], although they can be numerically important when the top or bottom degree of

compositeness becomes large [33]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [34, 32] and explained in Ref. [33]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 35]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [30]. The code will be made public with the next o�cial release of ALPGEN, and it allows

one to compute the total cross section and di↵erential distributions, as well as to generate events for

an arbitrary choice of the Higgs couplings c, d3, c2. The validation of the code has been performed

by means of an independent C++ program linked to the QCDLoop [36] and to the LHAPDF

routines [37]. All the results reported in the following have been derived by use of the ALPGEN

matrix element calculation with CTEQ6l parton distribution functions and renormalization and

factorization scales Q = m(hh). The top quark mass has been set to m
t

= 173 GeV.

The amplitude of each diagram in Fig. 1 is characterized by a di↵erent energy scaling at large
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Figure 6: Isocurves of discovery luminosity (in fb�1) at the 14 TeV LHC in the plane (c2, d3) for c = 1
(on the left) and in the plane (c, c2) for d3 = c (on the right). Outside each contour, the pp ! hh ! ��bb̄
signal can be discovered with the corresponding integrated luminosity. In both plots the Higgs mass is set
to m

h

= 120GeV and the Higgs decay branching ratios are fixed to their SM values. See the Appendix for
the definition of discovery luminosity.

on the left and on the right show the luminosity contours respectively in the plane (c2, d3) for

c = 1, and in the plane (c, c2) for d3 = c. As expected, the sensitivity on c and c2 is stronger than

that on the Higgs trilinear coupling d3. In particular, while a discovery in the SM would require

at least 1200 fb�1, we find that much lower luminosities are su�cient even for moderately small

values of c2. Figure 7 shows the corresponding discovery luminosity in the composite Higgs models

MCHM4 and MCHM5 as a function of ⇠. We find that values of ⇠ as small as 0.15 can be probed

with 300 fb�1 of integrated luminosity. Compared to other processes like double Higgs production

via vector boson fusion [31], these results show that gg ! hh can be extremely powerful to study

the non-linear couplings of a composite Higgs and thus probe its strong interactions.

Once a discovery is established, one can measure the couplings c2 and d3 by using the value of

c and of the Higgs branching ratios determined in single-Higgs processes. The left plot of Fig. 8

shows the region of 68% probability in the plane (c2, d3) with 300, 600 and 1200 fb�1 (light, medium

and dark blue regions) obtained by injecting the SM signal (c = d3 = 1, c2 = 0). 6 In this case

the precision on c2 is poor even with 1200 fb�1, while d3 is basically unconstrained. A much

6That is: the rate of observed events is assumed to be that predicted in the SM with mh = 120GeV.
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• very high luminosity required

h

h

g

g

t

h

h

h

g

g

t

h

h

g

g

t

Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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What about “impostors”?
here just meant to be a scalar particle 
that couple to WW, ZZ (γγ,gg) but 

has nothing to do with EWSB

if it is an impostor, the Higgs is somewhere 
else or it is an Higgsless scenario
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How to couple a scalar to VV (not Higgs)

• Look at SU(2)LxU(1)Y singlets (need to get couplings to both 
WW and ZZ)

• dim-5 couplings? (i.e. “Φ WμνWμν”) → generic singlet scalarcouplings of a singlet imposter to SM gauge bosons is

LsV1V2
= κW

α

8πmss2w
sW+

µνW
−µν +

(

κW
c2w
s2w

+ κB
s2w
c2w

)

α

16πms
s ZµνZ

µν

+κg
αs

16πms
sGa

µνG
aµν + (κW + κB)

α

16πms
s FµνF

µν

+

(

κW
cw
sw

− κB
sw
cw

)

α

8πms
s FµνZ

µν , (10)

from which we see that, generically, couplings to the massive and massless gauge bosons are

of the same order of magnitude, unlike other cases we considered so far where couplings to

massive gauge bosons are tree level and the dominant decay channels. Expressions for the

partial decay widths of the singlet scalar into SM gauge bosons can be found in Ref. [8].

From Eq. (10) it is also clear that, if there is any change in the decay width in the diphoton

channel, the partial width in the Zγ channel would be modified as well [19].1

As pointed out in Ref. [13] already, the democratic nature of a singlet imposter coupling

to pairs of SM gauge bosons has important implications for phenomenology. First of all,

the phase space factor now plays an important role in its decay patterns. For example, the

phase space factor in the gg channel is a factor of 8 larger than that in the diphoton channel

because of color. Below kinematic thresholds decays into massive gauge bosons like WW

and ZZ are suppressed generically, which is the case for the mass range we are interested

in. Moreover, decays into all four pairs of electroweak gauge bosons, {WW,ZZ, γγ, Zγ},

are correlated with one another, as they are controlled by only two parameters, κW and κB

from Eq. (10). In sharp contrast, decays of h, h5, or χ into γγ and Zγ are controlled by

two free parameters in Eqs. (1) and (2), respectively, and are independent of the decays into

WW and ZZ.

III. INTERPRETING THE DATA

So far data collected at the LHC show the greatest sensitivities and significances in decay

channels into V1V2, while there are also strong hints from decays into bb̄ [20] and, to a less

extent, ττ final states. Before we present our analyses, it is worth recalling that what is being

measured experimentally is the event rate BσX(Y ) for a particular production mechanism

1 This statement is true generically, regardless of the electroweak quantum number of the scalar.
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• Look at SU(2)LxU(1)Y singlets (need to get couplings to both 
WW and ZZ)

• dim-5 couplings? (i.e. “Φ WμνWμν”) → generic singlet scalar

• dim-4 couplings? (i.e. “Φ mW WμWμ”) → “dilaton” or “radion”

considerations. Here we consider two possibilities:
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where ⇠ = v2/f 2. Similarly, for the models above one finds,

cV = cb =
p

1� ⇠/2, (4.13)

Thus we see that the couplings of the pseudo-Goldstone Higgs may exhibit a universal or

non-universal suppression which depends on the single parameter, ⇠, and are independent

on the specific details within the top sector (masses and mixing, for example).

In Fig. 4, we show the production and decay rates of the above models as a function of

⇠. We find that for a 125 GeV Higgs boson, ⇠ is constrained at 95% CL to be ⇠ < 0.4 in the

universal suppression case, and ⇠ < 0.2 in the non-universal case.

4.3 Dilaton

Here we study the hypothesis that the 125 GeV resonance discovered at the LHC is a dilaton

[26, 14], that is to say a (pseudo)-Goldstone boson of the spontaneously broken conformal

symmetry. That implies that it couples to the trace of the energy-momentum tensor of the

SM matter,
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�

v

 
2m2

WW+
µ W�

µ +m2
ZZµZµ �

X

f2SM

mf f̄f

!
⇠ �T µ

µ (4.14)

In other words, the lower-dimension couplings are the same as for the SM Higgs bosons, up

to an arbitrary overall rescaling factor c�. Mapping to the e↵ective Lagrangian (2.1), we

have,

cV = cb = c⌧ = cc = c� . (4.15)
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are correlated with one another, as they are controlled by only two parameters, κW and κB

from Eq. (10). In sharp contrast, decays of h, h5, or χ into γγ and Zγ are controlled by

two free parameters in Eqs. (1) and (2), respectively, and are independent of the decays into
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So far data collected at the LHC show the greatest sensitivities and significances in decay

channels into V1V2, while there are also strong hints from decays into bb̄ [20] and, to a less

extent, ττ final states. Before we present our analyses, it is worth recalling that what is being

measured experimentally is the event rate BσX(Y ) for a particular production mechanism
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How to couple a scalar to VV (not Higgs)

• Dilaton: simplifying assumption: UV is conformal 
invariant and SM is part of the CFT: βUV+βIR(SM) =0 
→ additional contribution proportional to -βSM

The dimension-5 coupling do not however follow the overall rescaling because they are af-

fected by integrating out new heavy degrees of freedom needed to restore conformal invari-

ance at high energy. Using conformal symmetry, these UV contributions to cg and c� can be

related to the QCD and electromagnetic beta functions: cg = �c�3b
QCD
0 /2, c� = �c�bEM0 /8.

Since above the scale of the top mass one has bQCD
0 = �7 and bEM0 = 11/3, integrating out

the top quark one finds

�cg =
21

2
c� + (c� � 1)Af (⌧t) , �c� = �11

24
c� + (c� � 1)Af (⌧t) . (4.16)

Thus, for c� > 0, the e↵ect of the dilaton is to increase the H ! �� width, which is favored

by the data, but at the price of increasing the ggF production rate, which is disfavored. We

therefore find that at the best fit point at c� ' 0.27, the �2 of the dilaton model is larger

by 5.2 units than �2
SM , as can be seen in the left panel of Fig. 5. Thus, the simple dilaton

interpretation of the 125 GeV resonance is not favored by the data. Allowing for negative

c� does not change that conclusion, as the rates are symmetric under c� ! �c�.

More generally, one may consider the dilaton mixed with the SM Higgs boson, with the

mixing angle denoted by ↵. In that case the e↵ective theory parameters are given by

�cg =
21

2
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) ,

�c� = �11

24
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) . (4.17)

The best fit regions in the ↵–c� plane are shown in the right panel of Fig. 5. Again, the best

fit is obtained along the SM line ↵ = 0.

We conclude, therefore, that at the moment, there are no hints of a dilaton nature in

the 125 GeV resonance, although a large Higgs-dilaton mixing angle cannot be excluded at

present.

5 Extended Higgs Sectors

We next turn our attention to extended Higgs sectors with one or more additional scalars

beyond the 125 GeV Higgs. As we show below, several scenarios are possible, allowing for

an enhanced diphoton or ZZ and WW rate.
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How to couple a scalar to VV (not Higgs)

• Dilaton: simplifying assumption: UV is conformal 
invariant and SM is part of the CFT: βUV+βIR(SM) =0 
→ additional contribution proportional to -βSM

• Radion: mode associated to the stabilization of the 
5dim bulk size (distance between the two branes). In 
Randall Sundrum models the bulk is supposed to be 
dual to a conformal field theory in 4D, with the IR 
providing a dynamical breaking of conformal 
invariance: radion is the “dilaton” of the CFT

The dimension-5 coupling do not however follow the overall rescaling because they are af-

fected by integrating out new heavy degrees of freedom needed to restore conformal invari-

ance at high energy. Using conformal symmetry, these UV contributions to cg and c� can be

related to the QCD and electromagnetic beta functions: cg = �c�3b
QCD
0 /2, c� = �c�bEM0 /8.

Since above the scale of the top mass one has bQCD
0 = �7 and bEM0 = 11/3, integrating out

the top quark one finds

�cg =
21

2
c� + (c� � 1)Af (⌧t) , �c� = �11

24
c� + (c� � 1)Af (⌧t) . (4.16)

Thus, for c� > 0, the e↵ect of the dilaton is to increase the H ! �� width, which is favored

by the data, but at the price of increasing the ggF production rate, which is disfavored. We

therefore find that at the best fit point at c� ' 0.27, the �2 of the dilaton model is larger

by 5.2 units than �2
SM , as can be seen in the left panel of Fig. 5. Thus, the simple dilaton

interpretation of the 125 GeV resonance is not favored by the data. Allowing for negative

c� does not change that conclusion, as the rates are symmetric under c� ! �c�.

More generally, one may consider the dilaton mixed with the SM Higgs boson, with the

mixing angle denoted by ↵. In that case the e↵ective theory parameters are given by

�cg =
21

2
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) ,

�c� = �11

24
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) . (4.17)

The best fit regions in the ↵–c� plane are shown in the right panel of Fig. 5. Again, the best

fit is obtained along the SM line ↵ = 0.
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FIG. 1: Branching fractions for the Radion as a function of its mass m

�

in the RS1 scenario (dotted

curves) and the Fields in the Bulk scenario (thick curves). The individual curves are very similar

for both scenarios except for the �� channel (blue curve) which drops quickly with the Radion

mass in the RS1 case but becomes flat in the Fields in the Bulk case

will not include them either in the rest of this study1. The figure agrees reasonably well

with [32], the main di↵erence being that we have included here decays into one intermediate

o↵-shell Z or W boson, a process which can still be quite significant below the ZZ and WW

physical thresholds. One observes that the branchings do not vary much between the two

scenarios and we mainly point out for the case of the Fields in the Bulk, a slight increase in

gluon-gluon branchings and an interesting plateau for the �� branchings in the high Radion

mass range.

B. Higgs-Radion mixing

One can still modify this setup since it is always possible to write down localized gravity

kinetic terms in the boundaries,

SBKT

i

= ±M2
i

Z
d4x

p
�g

i

R
i

(10)

1 Brane kinetic terms for photons and/or gluons will actually have interesting e↵ects in both suppressing
or enhancing the gluon-gluon and the �� decays as shown in [32].

6

Toharia, arXiv:0809.5245
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Figure 3: Branching fractions of rm as a function of its mass with εvis = 3, M = 4 TeV, ξ = 0
and mh = 125 GeV. The left and right panels are the same but cover a different range in
mass.
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Figure 4: Branching fractions of rm as a function of its mass with εvis = 3, M = 4 TeV,
ξ = 1/6 and mh = 125 GeV. The left and right panels are the same but cover a different
range in mass.

5.3 Production

In this section we briefly discuss the production of the radion at colliders. At hadronic
colliders, such as the LHC, radion production will be dominated by gluon-gluon fusion. The
production cross section for this process at a hadron collider with centre of mass energy

√
s

is given by

σ(pp→r) =

∫ 1

m2
r/s

dx

x
g(x,mr)g

(

m2
r

sx
,mr

)

m2
r

s
σ̂(gg→r) (5.8)

where g(x, q) is the gluon parton distribution function at momentum fraction x and renor-
malisation scale q, and σ̂(gg→r) is the gluon-gluon fusion subprocess cross section, which is

17
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The dimension-5 coupling do not however follow the overall rescaling because they are af-

fected by integrating out new heavy degrees of freedom needed to restore conformal invari-

ance at high energy. Using conformal symmetry, these UV contributions to cg and c� can be

related to the QCD and electromagnetic beta functions: cg = �c�3b
QCD
0 /2, c� = �c�bEM0 /8.

Since above the scale of the top mass one has bQCD
0 = �7 and bEM0 = 11/3, integrating out

the top quark one finds

�cg =
21

2
c� + (c� � 1)Af (⌧t) , �c� = �11

24
c� + (c� � 1)Af (⌧t) . (4.16)

Thus, for c� > 0, the e↵ect of the dilaton is to increase the H ! �� width, which is favored

by the data, but at the price of increasing the ggF production rate, which is disfavored. We

therefore find that at the best fit point at c� ' 0.27, the �2 of the dilaton model is larger

by 5.2 units than �2
SM , as can be seen in the left panel of Fig. 5. Thus, the simple dilaton

interpretation of the 125 GeV resonance is not favored by the data. Allowing for negative

c� does not change that conclusion, as the rates are symmetric under c� ! �c�.

More generally, one may consider the dilaton mixed with the SM Higgs boson, with the

mixing angle denoted by ↵. In that case the e↵ective theory parameters are given by

�cg =
21

2
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) ,

�c� = �11

24
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) . (4.17)

The best fit regions in the ↵–c� plane are shown in the right panel of Fig. 5. Again, the best

fit is obtained along the SM line ↵ = 0.

We conclude, therefore, that at the moment, there are no hints of a dilaton nature in

the 125 GeV resonance, although a large Higgs-dilaton mixing angle cannot be excluded at

present.

5 Extended Higgs Sectors

We next turn our attention to extended Higgs sectors with one or more additional scalars

beyond the 125 GeV Higgs. As we show below, several scenarios are possible, allowing for

an enhanced diphoton or ZZ and WW rate.
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Figure 5: Left: The di↵erence between the �2 of the dilaton model and the �2 of the SM as a

function of the parameter c�. At the best fit point around c� ' 0.27, the �2 of the dilaton model

is larger by 5.2 units compared with the SM, indicating that the dilaton model always fits the data

worse than the SM. Right: The favored region at 68% CL (Darker) and 95% CL (Lighter) for the

125 GeV resonance being a mixture of the SM Higgs and a dilaton. The best fit occurs along the

line ↵ = 0 corresponding to a pure SM Higgs. The dashed lines show contours of constant R�� .

18

Giardino, Kannike, Raidal, 
Strumia arXiv:1207.1347

Carmi, Falkowski, Kuflik, 
Volansky, Zupan arXiv:1207.1718

28



Looking at the data
The “minimal” dilaton is still allowed, although not preferred

The dimension-5 coupling do not however follow the overall rescaling because they are af-

fected by integrating out new heavy degrees of freedom needed to restore conformal invari-

ance at high energy. Using conformal symmetry, these UV contributions to cg and c� can be

related to the QCD and electromagnetic beta functions: cg = �c�3b
QCD
0 /2, c� = �c�bEM0 /8.

Since above the scale of the top mass one has bQCD
0 = �7 and bEM0 = 11/3, integrating out

the top quark one finds

�cg =
21

2
c� + (c� � 1)Af (⌧t) , �c� = �11

24
c� + (c� � 1)Af (⌧t) . (4.16)

Thus, for c� > 0, the e↵ect of the dilaton is to increase the H ! �� width, which is favored

by the data, but at the price of increasing the ggF production rate, which is disfavored. We

therefore find that at the best fit point at c� ' 0.27, the �2 of the dilaton model is larger

by 5.2 units than �2
SM , as can be seen in the left panel of Fig. 5. Thus, the simple dilaton

interpretation of the 125 GeV resonance is not favored by the data. Allowing for negative

c� does not change that conclusion, as the rates are symmetric under c� ! �c�.

More generally, one may consider the dilaton mixed with the SM Higgs boson, with the

mixing angle denoted by ↵. In that case the e↵ective theory parameters are given by

�cg =
21

2
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) ,

�c� = �11

24
c� sin↵ + (c� sin↵ + cos↵� 1)Af (⌧t) . (4.17)

The best fit regions in the ↵–c� plane are shown in the right panel of Fig. 5. Again, the best

fit is obtained along the SM line ↵ = 0.

We conclude, therefore, that at the moment, there are no hints of a dilaton nature in

the 125 GeV resonance, although a large Higgs-dilaton mixing angle cannot be excluded at

present.

5 Extended Higgs Sectors

We next turn our attention to extended Higgs sectors with one or more additional scalars

beyond the 125 GeV Higgs. As we show below, several scenarios are possible, allowing for

an enhanced diphoton or ZZ and WW rate.

19

also allowing higgs-dilaton mixing:

non-dilaton singlet “impostor” 
is excluded by γZ/ZZ

(a) (b)

FIG. 1: (a) χ2 from fitting Dγ/Z and DW/Z using one single parameter κW /κB, which is above

the 95% C.L. limit. (b) The predicted DZγ/Z using current data. The 95% C.L. exclusion limit is

derived from measurements of SM diboson production in the Zγ channel, while the 95% C.L. band

for κW /κB is derived from comparing ∆χ2 with the best-fit value in (a).

V BF channel making up only about 10% of the inclusive rate [25], which will not have

a large impact on our fits given the large uncertainties in current data set.

• Ratios of event rates with different production mechanisms but the same decay chan-

nel. Since at the LHC the dominant production mechanisms are the gg channel and,

to a much lesser extent, the VBF channel, we only consider one ratio in this class:

Pg/V ≡
Bσgg(γγ)

BσVBF(γγ)
=

σ(gg → S)

σ(VBF → S)
. (15)

When more data becomes available it will also be useful to form this ratio for the other

three diboson channels.

For a 125 GeV singlet imposter the decays into all four pairs of electroweak gauge bosons

are controlled by only two free parameters, κW and κB in Eq. (10). Therefore the three

ratios in the first class depend only on one number: κW/κB. In Fig. 1(a) we show the χ2 of

using one parameter κW/κB to fit the measured Dγ/Z and DW/Z from ATLAS and CMS at
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Figure 5: Left: The di↵erence between the �2 of the dilaton model and the �2 of the SM as a

function of the parameter c�. At the best fit point around c� ' 0.27, the �2 of the dilaton model

is larger by 5.2 units compared with the SM, indicating that the dilaton model always fits the data

worse than the SM. Right: The favored region at 68% CL (Darker) and 95% CL (Lighter) for the

125 GeV resonance being a mixture of the SM Higgs and a dilaton. The best fit occurs along the

line ↵ = 0 corresponding to a pure SM Higgs. The dashed lines show contours of constant R�� .
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