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Imagine the Higgs is a bound 
state of new strong force.

Composite Higgs

m2
H =

Z 1

0
dE

dm2
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dE
(E; pFT)

m⇤ = 1/lHNew sector’s confinement scale
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Higgs mass formula:

Higgs is SM-like 
for 

Higgs is transparent to 
low-wavelength modesE ⌧ m⇤
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Higgs mass generation localised at E ⇠ m⇤
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Compositeness screens sensitivity to very high energy physics
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The Composite Higgs picture for high energy physics

Composite Higgs

E

EW

Two sectors exist at some Very High (>>TeV) scale       :
Elementary Sector Composite Sector
SM minus Higgs
W↵

µ , Bµ, fL,R, . . .

QCD-like confining theory.

No fundamental Higgs. 
No Un-Natural d<4 operators.

⇤VH ⇤VH

m⇤ At     , the CS confines. ``Hadrons’’ form, among which the Higgsm⇤
Below here, the SM is recovered:                 .m⇤ = ⇤SM

According to the general tuning formula …

� �
✓

⇤SM

500GeV

◆2

=
⇣ m⇤
500GeV

⌘2

… Naturalness requires      to be below around the TeV.m⇤
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Composite Higgs

Must be a special hadron: a Nambu-Goldstone Boson.
Global group of CS symmetry…

G ! H
…spontaneously broken by CS…

…to a subgroup H ⇢ G

One massless scalar for each spontaneously broken generator. 

Small mass from small explicit symmetry breaking. E.g. QCD pions

However, the Higgs cannot be a generic CS hadron.

Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.

     Instead, we need                          .

2. Would not have SM-like couplings.

mH⌧m⇤⇠TeV
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Composite Higgs

Must be a special hadron: a Nambu-Goldstone Boson.
A (pseudo) NGB Higgs automatically addresses issue #1

Can also address issue #2, by “Vacuum Misalignment”

However, the Higgs cannot be a generic CS hadron.

Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.

     Instead, we need                          .

2. Would not have SM-like couplings.

mH⌧m⇤⇠TeV

Resonances 

(i.e. non-Goldstone hadrons)

Goldstone Boson Higgs

m⇤
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Vacuum Misalignment:

Composite Higgs

F⃗ ⟨θ⟩

v
H

Spontaneous CS breaking:

The EW group is in    :

G ! H

H H ✓ SU(2)L ⇥U(1)Y
pNGB fields are fluctuations around the 
vacuum along broken symmetry generators:

18 CHAPTER 2. GOLDSTONE BOSON HIGGS

EW group GEW = SU(2)L ⇥ U(1)Y ✓ H and G is assumed to be large
enough for at least one Higgs doublet to be present in the coset. In order
to study this system we must first of all introduce a reference system in the
Lie algebra of G by choosing a basis of linearly independent generators TA

and splitting them into “unbroken” (A = a = 1, . . . , dim[H ]) and “broken”
(A = â = 1̂, . . . , dim[G/H ]) sets as

{TA} = {T a, bT â} . (2.1.1)

The set {T a} generates the Lie algebra of the subgroup H . It is also conve-
nient to introduce a reference vacuum field configuration

#„
F , that describes

one of the degenerate vacua of the composite sector. It is chosen to satisfy

T a #„
F = 0 , bT â #„

F 6= 0 . (2.1.2)

To be precise, what we mean with the second equation is that { bT â #„
F } forms

a linearly independent set of vectors.
Notice that Eq. (2.1.1), and consequently Eq. (2.1.2), is merely a conven-

tional choice of the reference system in the G algebra. From the viewpoint of
the composite sector alone, for which G is an exact symmetry, there is no pre-
ferred system. Any embedding of H in G , obtained by acting on Eq. (2.1.1)
with G elements, is completely equivalent.1 However, G is eventually broken
in our construction by identifying some of its generators with those of the
EW group. In view of this breaking, it is convenient to choose the reference
system in such a way that the embedding of H contains all the GEW gen-
erators. Namely, the SM gauge fields W 1,2,3

µ and Bµ, that gauge the GEW

group, will couple to some of the global currents associated with the {T a}’s
and not to the { bT â}’s. This is our definition of the {T a} set and of the refer-
ence vacuum

#„
F , it does not entail any assumption on the G ! H symmetry

breaking pattern.
As well known, and reviewed in Sect. 2.3, the NGB fields are local trans-

formations in the direction of the { bT â} generators and correspond to the
ansatz

#„
�(x) = ei ✓â(x)bT â #„

F , (2.1.3)

in the space of the field operators
#„
� of the theory. Among the ✓â fields we

identify the four real components of one Higgs doublet, plus possibly other
scalars of an enlarged Higgs sector. The Higgs field taking a Vacuum Expecta-
tion Value (VEV) eventually breaks GEW down to the electromagnetic group
exactly like in the SM. To illustrate how this works, let us first consider the
composite sector in isolation and ignore the G-breaking perturbations that
arise from the coupling with the SM gauge fields.2 In this case the ✓ fields

1This is clearly not the case when H is embeddable in multiple inequivalent ways in
G , namely when di↵erent choices of the H algebra generators are not all related by inner
automorphisms. Which inequivalent embedding is selected is in this case a dynamical
question and depends on the details of the underlying theory.

2The couplings with the SM fermions also break G explicitly, as we will see in Sect. 2.4.
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✓ ⇠ H : get EWSB        , h✓i 6= 0

2.1. VACUUM MISALIGNEMENT 19

F⃗ ⟨θ⟩

v
H

Figure 2.1: A geometrical illustration of EWSB through vacuum misalignment, in
the case of the spatial rotations group G = SO(3) with H = SO(2). The SO(2)
breaking from vacuum misalignment is proportional to the projection of ~F on the
SO(2) plane, v = f sinh✓i.

are exact NGB’s, therefore they have no potential and their VEV’s h✓âi are
completely arbitrary. Moreover the VEV’s are unobservable because any con-
stant ✓ configuration merely corresponds to one equivalent vacuum obtained
by acting on

#„
F with the G transformation exp[�ih✓âi bT â]. Technically, we

will be able to get rid of any h✓âi by a suitable redefinition of the ✓ fields that
induces the transformation

#„
� ! exp[�ih✓âi bT â]

#„
�. In this way it is possible

to set, in full generality, h✓âi = 0. The concept that the composite Higgs
VEV is unobservable in the absence of explicit breaking of G is often useful
in the study of composite Higgs theories.

When we take G-breaking into account and ✓ becomes a pseudo NGB
(pNGB) the situation changes. First of all, ✓ develops a potential and its
VEV is not arbitrary anymore. Moreover, h✓i becomes observable as it can
not be set to zero by an exact symmetry transformation. Its physical e↵ect
is to break GEW, embedded in H , giving rise to EWSB. Geometrically, as
depicted in Fig. 2.1, h✓i measures the angle by which the vacuum is misaligned
with respect to the reference vector

#„
F , which we have chosen to be orthogonal

to the plane of H ◆ GEW. The convenience of this choice should now be clear:
the field ✓ defined by Eq. (2.1.3) behaves exactly like the SM Higgs field in the
sense that its non-vanishing VEV triggers EWSB. More precisely, we expect
all the EWSB e↵ects such as the SM particle masses to be controlled by the
projection of

#„
F on the GEW plane, i.e. we expect the EWSB scale to be set

by v = f sinh✓i where f = | #„F | is the scale of G ! H spontaneous breaking.
This expectation is confirmed by the examples that follow.

The actual value of h✓i depends on the details of the composite sector and
on those of the symmetry-breaking perturbations. It can be obtained, in each
given explicit model, by minimizing the pNGB potential. In the absence of
some special mechanism or of an ad-hoc cancellation, we generically expect

{   symmetry breaking scale: G f=|~F |2

EWSB scale: 

⇠ =
v2

f2
= sin2h✓i ⌧ 1Tuneable parameter:                                     (by tuning in H.pot.)

For         (          ), CS decouples and the SM is recovered.⇠!0 f!1
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The Minimal Composite Higgs model:
SO(5) ! SO(4)

10 generators  =  6 unbroken + 4 broken

4 real = 2 complex 
Higgs components 

{TA} =

⇢
T a={


t↵L 0
0 0

�
,


t↵R 0
0 0

�
}, bTba=


0 vba

�vba 0

��

(see F. Riva lectures)SO(4) ' SU(2)L ⇥ SU(2)R⇢

GEW = SU(2)L ⇥U(1)Y Y = T 3
R

Higgs emerges as fourplet of          :SO(4) ~⇧ = {⇧1,⇧2,⇧3,⇧4}
Converted to ordinary doublet by:

2.A. THE SO(4) ALGEBRA 65

The generators obey the commutation relations in Eq. (2.A.8) and they are
subject to the normalization and completeness relations

Tr
h
t↵Lt�L

i
= Tr

h
t↵Rt�R

i
= �ab , Tr

h
t↵Lt�R

i
= 0

3P
↵=1

h
(t↵L)ij (t↵L)kl + (t↵R)ij (t↵R)kl

i
= � 1

2 (�ik�jl � �il�jk) ,

3P
↵=1

h
(t↵L)ij (t↵L)kl � (t↵R)ij (t↵R)kl

i
= � 1

2"ijkl , (2.A.12)

where "ijkl is the anti-symmetric Levi-Civita tensor in 4 dimensions.
In composite Higgs models the SU(2)L group is identified with the SM

left-handed group and the hypercharge U(1)Y is the third SU(2)R generator
up to the U(1)X charge (see Sect. 2.4.2),which however vanishes for the Higgs
field. In this case the four real components of the (2,2) representation defined
in Eq. (2.A.2) form one complex SM-like Higgs doublet with 1/2 hypercharge.
This is immediately verified by noticing that ⌃, thanks to pseudo-reality, can
be written as

⌃ = (Hc, H) , (2.A.13)

in terms of the doublet H and of its conjugate Hc = i�2H⇤. By remembering
that Hc is also a doublet but with �1/2 hypercharge it is immediate to verify
that the action of the chiral group in Eq. (2.A.6) matches the expected Higgs
transformation rules under the SU(2)L⇥U(1)Y . By the definition (2.A.2) the
H components are expressed as

H =


hu

hd

�
=

1p
2


⇧2 + i⇧1

⇧4 � i⇧3

�
, (2.A.14)

in terms of the fourplet fields ⇧i. Conversely, one real SO(4) fourplet or,
equivalently, one pseudo-real (2,2), can be rewritten in terms of one complex
Higgs doublet as in Eq. (2.2.24). This is to say that the real SO(4) fourplet
decomposes as

4 = (2,2) ! 21/2 � 2�1/2 , (2.A.15)

under the SU(2)L⇥U(1)Y subgroup.
Similar considerations hold for the complex SO(4) fourplet, which we

will encounter in the main text when dealing with the SM matter fermions.
Its complex components  i can be traded for the elements of a generic
2 ⇥ 2 matrix

 =
1p
2

�
 4 + i�↵ 

↵
�

=
1p
2
�i 

i , (2.A.16)

which transforms in the (2,2) representation as in Eq. (2.A.6). Since it does
not obey the pseudo-reality condition we dub it a complex bidoublet (2,2)c.
Under the SU(2)L⇥U(1)Y subgroup the two columns of  form two doublets
with opposite ±1/2 Y charge, namely

 =
1p
2


 4 + i 3  2 + i 1

� 2 + i 1  4 � i 3

�
⌘ ( �,  +) . (2.A.17)

The Minimal CH Couplings
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The Composite Higgs picture, at ~TeV energies:

Composite Sector

Resonances 

pNGB Higgs

m⇤

“Exact” symmetry          .  
Spontaneously broken to          .

Elementary Sector
SM gauge fields:              .  
Coupled by gauging.

W↵
µ , Bµ

SM fermions:             .  
Coupled by ??.

{tL, bL}, tR, . . .

Low energy dynamics dictated by the spontaneously 
broken (non-linearly realised) symmetry group          .

Let us first focus on the Higgs plus gauge system.

SO(5)
SO(4)

SO(5)

The Minimal CH Couplings

Lg
int=gWµJ

µ
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General theory of Goldstone Bosons (in a nutshell)

~� = ei✓ba bT ba
· ~F ⌘ ei

p
2

f ⇧ba bT ba
· ~F ⌘ U [⇧] · ~F

NGB definition:

where                    under ~� ! g·~� g 2 SO(5)=G

important definition

The Goldstone Matrix: (basic object to construct Lagrangians)
U [⇧] = ei

p
2

f ⇧ba bT ba

The Minimal CH Couplings
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General theory of Goldstone Bosons (in a nutshell)

~� = ei✓ba bT ba
· ~F ⌘ ei

p
2

f ⇧ba bT ba
· ~F ⌘ U [⇧] · ~F

NGB definition:

where                    under ~� ! g·~� g 2 SO(5)=G

important definition

In the Minimal Model:

22 CHAPTER 2. GOLDSTONE BOSON HIGGS

reads

#„
F =

2

4
0
0
f

3

5 . (2.2.4)

In order to study the fluctuations around the vacuum it is convenient to
perform a field redefinition and to trade the three ~� components for one
radial coordinate � plus two “angular” variables ⇧1,2 (the Goldstone fields)
describing the fluctuations around the broken generators as in Eq. (2.1.3).
We write

#„
� = ei

p
2

f ⇧i(x)bTi

2

4
0
0

f + �(x)

3

5 , (2.2.5)

where the normalization factor has been chosen (see below) to obtain a canon-
ical kinetic term for the Goldstone boson fields ⇧i. The exponential matrix
in the above equation is a space-time dependent element of SO(3) which we
call the “Goldstone matrix” U [⇧]. It can be defined for any G ! H breaking
and it ubiquitously appears in composite Higgs.

The Goldstone matrix can be computed explicitly in this simple case and
it is given by

U [⇧] = ei
p

2
f ⇧i(x)bT i

=

"
1 �

�
1 � cos ⇧

f

� #„
⇧

#„
⇧T

⇧2 sin ⇧
f

#„
⇧
⇧

� sin ⇧
f

#„
⇧T

⇧ cos ⇧
f

#
, (2.2.6)

where ⇧ =
p

#„
⇧T

#„
⇧. Actually, the expression above is more general and holds

for any SO(N) ! SO(N � 1) breaking provided the N �1 broken generators
are chosen, in analogy with Eq. (2.2.3), to have one non-vanishing entry in
the last line and column. The field redefinition (2.2.5) becomes

#„
� = (f + �)

"
sin ⇧

f

#„
⇧
⇧

cos ⇧
f

#
. (2.2.7)

We see that the new variables furnish a full one-to-one parametrization of
the field space, aside from the singular point

#„
� = 0, provided f + � is taken

to be positive and the Goldstones are restricted to the region ⇧ 2 [0, ⇡f).
By substituting in the Lagrangian we straightforwardly obtain

LC =
1

2
@µ�@µ� � (g⇤f)2

2
�2 � g2

⇤f

2
�3 � g2

⇤
8

�4 (2.2.8)

+
1

2

✓
1 +

�

f

◆2  f2

⇧2
sin2 ⇧

f
@µ

#„
⇧T @µ #„

⇧ +
f2

4⇧4

✓
⇧2

f2
� sin2 ⇧

f

◆
@µ⇧2@µ⇧2

�
.

Many interesting and generic properties of the composite Higgs scenario
are well illustrated by the expression above. First, by Taylor-expanding
around ⇧ = 0 (which is a perfectly regular point) we see that the Lagrangian
contains an infinite set of local interactions involving an arbitrary number

Notice the dependence on        .

Makes high order terms vanish for          (        ).

⇧/f
f!1 ⇠!0

The Goldstone Matrix: (basic object to construct Lagrangians)
U [⇧] = ei

p
2

f ⇧ba bT ba

The Minimal CH Couplings
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General theory of Goldstone Bosons (in a nutshell)

~� = ei✓ba bT ba
· ~F ⌘ ei

p
2

f ⇧ba bT ba
· ~F ⌘ U [⇧] · ~F

NGB definition:

where                    under ~� ! g·~� g 2 SO(5)=G
The Goldstone Matrix: (basic object to construct Lagrangians)

U [⇧] = ei
p

2
f ⇧ba bT ba

Goldstone Matrix transformation:  
(under which Lagrangian is invariant)

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧]

~�=U [~⇧] · ~F ! g · U [~⇧] · h† · ~F=g · (U · ~F )=g · ~�

Easy to understand why: produces symmetry transformation on    .   ~�

h=


h4⇥4 0
0 1

�
2 SO(4)=H

The Minimal CH Couplings
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The Higgs-only low-energy Lagrangian:

Straightforward to include gauge interactions …

… obtaining the Higgs plus gauge Lagrangian:

LHiggs=
f2

2

⇥
U †@µU

⇤2
ba

@µ ! Dµ=@µ�igW↵
µ T

↵
L�ig0BµT

3
R

LHiggs+gauge=
f2

2

⇥
U †DµU

⇤2
ba

H=

"
0

V+h(x)p
2

#

Finally, going to the Unitary Gauge

=
1

2
(@µh)

2+
g2

4
f2sin2

V + h

f


|W |2+ 1

c2w
Z2

�
LHiggs+gauge=

The Minimal CH Couplings
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Let’s see what we got
=
1

2
(@µh)

2+
g2

4
f2sin2

V + h

f


|W |2+ 1

c2w
Z2

�
LHiggs+gauge=

1. EW boson masses: (with custodial         relation)

mW =cwmZ=
1

2
gf sin

V

f
=
1

2
gv v=f sin

V

f
=246GeV

2. SM-like couplings:  (                               )

=(1� 2⇠)⇥ SMhhV V=
p

1� ⇠ ⇥ SMhV V
h

V

V

V

V

h

h

Predicted Higgs coupling deviations, e.g.                      . V =
p

1� ⇠

As expected, SM is recovered for         . ⇠ = 0

⇢=1

The Minimal CH Couplings

3. Non-SM vertices:                                 + …⇠ ⇠g2/v

⇠=v2/f2=sin2 V/f
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We now turn to Higgs plus fermions

Composite Sector

Resonances 

pNGB Higgs

m⇤

“Exact” symmetry          .  
Spontaneously broken to          .

Elementary Sector
SM gauge fields:              .  
Coupled by gauging.

W↵
µ , Bµ

SM fermions:               
Coupled by ??.

{tL, bL}, tR, . . .

Partial Fermion Compositeness:

with     a Composite Sector fermionic operator.

SO(5)
SO(4)

Lf
int=�fO

O

The Minimal CH Couplings

Lg
int=gWµJ

µ

15



More precisely (focusing on the top quark sector)
Lf
int=�RtROL + �LqLOR

with         (being CS op.s) in some           representation.OL,R SO(5)

Lf
int=�RT

I
ROI

L + �LQ
I
LOI

R

“Embeddings”     and      pick up the right components:TR QL

54 CHAPTER 2. GOLDSTONE BOSON HIGGS

dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete

2.4. PARTIAL FERMION COMPOSITENESS 55

multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =

Symmetries:                  , QL!g·QLTR!g·TR

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧] h=


h4⇥4 0
0 1

�
2 SO(4)=H

The Minimal CH Couplings

Simplest choice is           :     (CAVEAT: extra          for hypercharge)O 2 5 U(1)X
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Result:
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dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete
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multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =

Symmetries:                  , QL!g·QLTR!g·TR

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧] h=


h4⇥4 0
0 1

�
2 SO(4)=H

LHiggs+Top=�
p
2mtp

⇠(1� ⇠)
(QL)

I(U)5I (U
†)I5(TR)I( . . . )

(QL)
I(U)5I

g! (QL)
J(g†) I

J g J
I (U) k

I h 5
k = (QL)

I(U) 5
I

=

�5k

The Minimal CH Couplings

Under the symmetry …         … is invariant 
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Result: (in the Unitary Gauge)
LHiggs+Top=�

p
2mtp

⇠(1� ⇠)
(QL)

I(U)5I (U
†)I5(TR)I

=�
p
2mtp

⇠(1� ⇠)

1

2
p
2
sin

2(V + h(x))

f

tt

2. Couplings:  

SM-Like: 

We get:
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set to its VEV, Eq. (2.4.31) becomes the top mass term with

mt = ct �tL�tR

g⇤
m⇤

p
⇠(1 � ⇠)p

2
. (2.4.32)

By trading the prefactor for mt and going to the unitary gauge the generalized
Yukawa Lagrangian in Eq. (2.4.31) becomes

Lt
Yuk = �mt

2

1p
⇠(1 � ⇠)

sin
2(V + h)

f
tt

= �mttt � kt
mt

v
h tt � c2

mt

v2
h2tt + . . . (2.4.33)

It provides the top mass term, plus a set of top interactions with the physical
Higgs. The first one is a SM-like coupling, but with a modified strength

k5
t ⌘ gcomp

htt

gSM
htt

=
1 � 2 ⇠p

1 � ⇠
. (2.4.34)

The result is labeled by the superscript “ 5” because it relies on our choice
of embedding the operators in the fiveplet. The second interaction is a di-
mension 5 vertex with two Higgs bosons, obviously absent in the SM, with
coe�cient

c52 = �2⇠ . (2.4.35)

As expected on general grounds, the couplings reduce to the SM ones in the
limit ⇠ ! 0. Namely k5

t ! 1 and c52 ! 0.
The bottom quark sector, namely the interactions needed to generate

the bottom mass and Yukawa couplings, are introduced in complete analogy
with the top ones. We consider, on top of Eq. (2.4.10), two further elemen-
tary/composite couplings

Lb
Int =

�bL

⇤
db

L�5/2
UV

qLObL

F +
�bR

⇤
db

R�5/2
UV

bRObR

F , (2.4.36)

where ObL
F and ObR

F are, respectively, in the 21/6 and 1�1/3 of the SM group.

Notice that ObL
F has the same SM quantum numbers of the corresponding

operator in the top sector. In spite of this, the two are independent objects,
a priori. The bottom sector operator can be embedded in a 5�1/3 of SO(5)⇥
U(1)X , which decomposes as

5�1/3 ! 4�1/3 � 1�1/3 ! 21/6 � 25/6 � 1�1/3 , (2.4.37)

under GEW. The interaction (2.4.36) is rewritten as

Lb
int = �bL

�
QbL

�I
⇣
ObL

F

⌘

I
+ �bR

�
BR

�I
⇣
ObR

F

⌘

I
, (2.4.38)

L=

=
1� 2⇠p
1� ⇠

⇥SMhtt = �⇠
4mt

v2

Non-SM-Like: 

(visible in HH prod?)

t=(1� 2⇠)/
p

1� ⇠

The Minimal CH Couplings

1. Top mass, sets normalisation  (                               )⇠=v2/f2=sin2 V/f
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Same result for the bottom: (if again in the 5)

Different results for different representations:

MCHM5�5

MCHM4�4

MCHM14�1

kF =
1� 2⇠p
1� ⇠

kF =
p

1� ⇠

kF =
1� 2⇠p
1� ⇠

The Minimal CH Couplings

For the vectors the result is universal:
V =

p
1� ⇠

b = t = F =

p
1� 2⇠p
1� ⇠
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The Minimal CH Couplings

Current bound (from ATLAS) is              .

Expected LHC-300 reach (with SM central value):            .      
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The Minimal CH Couplings

Current bound (from ATLAS) is              .⇠ . 0.15

CAVEATS: 1) Easy to encounter 

2) Easy to find extra Goldstone 

scalars that contribute by mixing

t 6= b
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Composite Higgs signatures: (classified by robustness)
More robust, i.e. more 
discovery chance or 
more effective exclusion

Less robust, but maybe 
easier to make prog.s

• Higgs coupling modifications 
    robustly predicted by symmetries.

     But hard (and long) to improve at LHC  


• Vector resonances 
    reasonable compromise. 

     To be discussed in Lecture 4.


• Top Partners  
    To be discussed in Lecture 4. “Naturally”

     light, but smart (crappy?) model-building  

     might make them heavy.   • Light quarks Partners 
    relevant in some models. 

CH Signatures Overview
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Summary

The Composite Higgs idea has been with us since before 
the standard Higgs model (theory of superconductors).

Continuous “underground” development over the past 
decades:

                pNGB Higgs: Kaplan, Georgi, 1984

                Partial Compositeness: Kaplan, 1991

                5d models: Agashe, Contino, Pomarol, 2004

Comprehensive LHC search program is currently being 
developed. Room for big improvements with 13 TeV run.
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Summary

In short … Go and search for it!
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