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Part 1.   Theory



Motivation:
the Hierarchy Problem

EW precision data from LEP strongly suggest the presence 
of a light Higgs boson, mH~100-300 GeV 

FACT:
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naively, if the Higgs boson is a fundamental scalar, the 
natural value of its mass is of the order of the largest 
scale in the theory (UV instability) :

what is the nature of the Higgs boson ?Q:

is it a fundamental (= elementary) scalar field ?

δm2
H =

3
64π2

(3g2
2 + g2

1)Λ2 δm2
H = − 3

4π2

m2
t

v2
Λ2



possibility #1: all the couplings of the theory remain weak 
up to the Planck scale and the Higgs is an 
elementary scalar (perturbative case)

then there must be a symmetry 
protection (and new particles) 
which ensures a light Higgs 

example: SuperSymmetry

+ =  finite



possibility #2: (a subsector of) the theory becomes 
strongly interacting at a scale Λ and 
the Higgs is a composite bound state 
(strongly-interacting case)

for virtual momenta larger than 
the compositeness scale the Higgs 
couplings switch off (form factors)

=  finite



Problem:
the other resonances of the strongly-interacting 
sector cannot be too light in order not to spoil 
the success of EW precision tests:

m~Λ ≳ a few TeV

can be the composite Higgs be naturally 
lighter than the other resonances ?Q:

☞ yes, if it is a (pseudo) Goldstone boson



an example from QCD:  the Pion

strongly interacting sector = QCD

the pion is a quark-antiquark bound state

QCD has other resonances, with m~1 GeV 

ex: the ρ, mρ = 770 MeV

the pion is lighter (mπ = 135 MeV): it is the 
Goldstone boson of chiral symmetry breaking



consider QCD with 2 flavors in the chiral limit 
(mq=0): it has an SU(2)LxSU(2)R global symmetry 
under rotation of L and R quarks separately:

(
uL

dL

)
−→ UL ·

(
uL

dL

) (
uR

dR

)
−→ UR ·

(
uR

dR

)

the QCD condensate breaks the chiral symmetry 
down to the diagonal (vectorial) subgroup:

〈q̄RqL〉 −→ UL〈q̄RqL〉U†
R SU(2)L × SU(2)R → SU(2)V

the spontaneous breaking implies 3 Goldstones, 
transforming like a triplet under SU(2)V: the pions, π

# Goldstones = [SU(2)L × SU(2)R]/[SU(2)V ] = 3



how a potential (hence a mass) for 
the pion is radiatively generated

QCD

SU(2)L╳SU(2)R

SU(2)V

↓ π

⌇︴
⌇︴

Aµ

let us turn on the photon:

1.  the photon is a field external to 
the QCD sector (= “elementary”) 
which gauges the U(1)V subgroup of 
the QCD flavor symmetry

Q = T 3
L + T 3

R

2.  gauging only a subgroup of 
SU(2)LxSU(2)R is equivalent to 
an explicit breaking



EXPLICIT BREAKING
the (charged) pion will acquire a 

potential through the 
electromagnetic loop corrections

Form factor

A



let us derive the pion potential

we treat the pion as a constant classical background 
field, adopting  a non-linear sigma model description

Σ = exp(iτaπa/fπ)

we use a trick: let us gauge the entire SU(2)LxSU(2)R 
flavor symmetry - not only the subgroup U(1)V - by 
turning on the external sources Lµ , Rµ

Σ→ ULΣU†
R



then, the most general [SU(2)LxSU(2)R]-invariant 
effective action, at the quadratic order in the 
external L, R sources, is: 

Leff =
1
2

(PT )µν

[
ΠL(p2)Tr{LµLν}+ ΠR(p2)Tr{RµRν}−ΠLR(p2)Tr{Σ†LµΣRν}

]

ΠL,ΠR,ΠLR                 are form factors, originating from 
the exchange of the pion and heavier resonances

π ρ

(PT )µν = ηµν −
pµpν

p2



in order to derive a few properties 
of the form factors, it is useful to

Vµ =
1√
2

(Lµ + Rµ) Aµ =
1√
2

(Rµ − Lµ)

hence:

1.  rewrite the action in terms of vectorial and 
axial sources:

2.  work in the vacuum           

Leff =
1
2

(PT )µν

[
ΠV V (p2)Tr{VµVν}+ ΠAA(p2)Tr{AµAν}

−ΠV A(p2)Tr{VµAν + AµVν}
]

〈Σ〉 = 1

ΠV V =
ΠL + ΠR −ΠLR

2
ΠAA =

ΠL + ΠR + ΠLR

2
ΠV A =

ΠR −ΠL

2



now, we know that in the two-point Axial Green 
function          , and only there, there is a pole due to 
the exchange of the pion:

〈AµAν〉

〈AµAν〉 =
(
p2ηµν − pµpν

) [
f2

π
1
p2

+ . . .

]
π

〈|Aµ(x)|π〉 = −i pµfπe−ipx

hence:

ΠV V (0) = 0

ΠAA(0) = f2
π

ΠV A(0) = 0

ΠLR(0) = f2
π

ΠL(0) = ΠR(0) =
1
2
ΠLR(0)



in general,        is sensitive to the difference between 
axial and vector currents, i.e. it is an order parameter 
of the spontaneous breaking of the chiral symmetry:

ΠLR

ΠLR(p2) = ΠAA(p2)−ΠV V (p2)

we thus expect that it goes to zero at energies much 
larger than the QCD scale (= the scale at which chiral 
symmetry breaking occurs)

for

using the Operator Product Expansion (OPE) of two 
currents, one can prove indeed that:

ΠLR(Q2) ∝ 1
Q4

−p2 = Q2 " Λ2
QCDΠLR(Q2)→ 0



A quick sketch of the OPE argument :

Given any two operators                  , their time-ordered 
product can be expressed as a sum of local operators times   
c-number coefficients that depend on the separation            :

O1(x1), O2(x2)

(x1 − x2)

T{O1(x)O2(0)} =
∑

n

C(n)
12 (x)On(0)

• This is an equality between operators, i.e. it implies the equality of 
any Green function made with them.

• The sum extends over all operators with the same global symmetries 
of the product O1O2

[see Shifman, Vainshtein, Zakharov NPB 147 (1979) 385 for more details]



By dimensional analysis, the larger is the dimension of the 
operator     , the more suppressed will be its coefficient at 
large            :

On

Q2 = −q2

C(n)(Q2) ∼ 1
Q[On]

• In the case of the product of two conserved currents, the OPE reads:

i

∫
d4x eiq·x T{Jµ(x)Jν(0)} =

(
q2ηµν − qµqν

) ∑

n

C(n)(x)On(0)

Hence, to deduce the large-Q2 behavior we can concentrate on 
the lowest-dimension operators.



In the case of QCD, the SU(3)c gauge-invariant (scalar)
operators of dimension 6 or less that contribute to the VEV 
of the product of two axial or vectorial currents are:

1

OM = Ψ̄MΨ

OG = Ga
µνGa µν

Oσ = Ψ̄σµνtaM̃Ψ Ga µν

OΓ =
(
Ψ̄Γ1Ψ

) (
Ψ̄Γ2Ψ

)

Of = fabcGa
µνGb

νγGc
γµ

operator dimension

0

4

6

4

6

6



• The operators            break explicitly the chiral symmetry and thus 
must be proportional to the quark masses. They vanish in the chiral limit

•       is the only chiral-invariant operator whose VEV breaks 
spontaneously the chiral symmetry, distinguishing between axial and 
vectorial currents

OM , Oσ

OΓ

Hence: ΠLR(Q2) = Q2 COΓ(Q2)〈OΓ〉 + . . .

= Q2

[
δ

Q6
+O

(
1

Q8

)]

The coefficient    has been computed in perturbation theory (in 
the large-N limit):

δ

δ = 8π2
(αs

π
+O(α2

s)
) (

〈Ψ̄Ψ〉
)2

[ Shifman, Vainshtein, Zakharov ]



At this point, let us go back to the chiral Lagrangian:

Lµ = Rµ = Qvµ

Q = T 3 =
1
2

(
1 0
0 −1

)

π̂a ≡ πa

π
π ≡

√∑

a

(πa)2

Leff =
1
2

(PT )µν

[
ΠL(p2)Tr{LµLν}+ ΠR(p2)Tr{RµRν}−ΠLR(p2)Tr{Σ†LµΣRν}

]

Let us turn on only the 
photon (setting to zero the 
other source fields):

and use: Σ = exp
(

i
πaτa

fπ

)
= 1 cos (π/fπ) + iπ̂aτa sin (π/fπ)



after a little bit of 
algebra one finds: 

one has:

Tr{Σ†QΣQ} = Tr{Q2}− (π1)2 + (π2)2

π2
sin2 π

fπ

as expected the photon couples only to the charged pion. The neutral 
pion remains an exact Goldstone with no potential. We can thus set

it follows:

Leff =
1
2

(PT )µν vµvν

[
(ΠL(p2) + ΠR(p2))Tr{Q2}−ΠLR(p2)Tr{Σ†QΣQ}

]

Leff =
1
2

(PT )µν vµvν

[
ΠV V (p2) + ΠLR(p2) sin2 π

fπ

]

π0 = 0 π2 = (π1)2 + (π2)2



From the above Lagrangian it follows the 
Coleman-Weinberg effective potential:

V (π) =
3

16π2

∫ ∞

0
dQ2 Q2 log

(
1 +

1
2

ΠLR(Q2)
ΠV V (Q2)

sin2 π

fπ

)

Given that

the integral can be reasonably well 
approximated by expanding the logarithm:

V (π) ! 3αem

8π2
sin2 π

fπ

∫ ∞

0
dQ2 ΠLR(Q2)

ΠV V (Q2) =
Q2

e2
+ . . . ΠLR(Q2) ∝ 1

Q4



Let us derive an estimate for the integral 
∫ ∞

0
dQ2 ΠLR(Q2)

in the limit of large number of QCD colors (1/N expansion), 
the product of two vector and axial currents can be 

written in terms of an infinite sum over narrow resonances:

(PT )µνΠV V (q2) = 〈VµVν〉 =(p2ηµν − pµpν)
∑

n

F 2
ρn

p2 − m2
ρn

(PT )µνΠAA(q2) = 〈AµAν〉 =(p2ηµν − pµpν)

[
f2

π

p2
+

∑

n

F 2
an

p2 − m2
an

]



under this assumption, the 
information on the large-momentum 
behavior of            from the OPE ΠLR(q2)

lim
Q2→∞

ΠLR(Q2) = 0

lim
Q2→∞

Q2 ΠLR(Q2) = 0

∑

n

[
F 2

ρn
− F 2

an

]
= f2

π

∑

n

[
m2

ρn
F 2

ρn
−m2

an
F 2

an

]
= 0

can be translated into two sum 
rules (Weinberg’s Sum Rules):

A further simplification comes by 
assuming that the sum is dominated by 
the first vectorial and axial resonances 
(Vector Meson Dominance):

F 2
ρ − F 2

a = f2
π

m2
ρF

2
ρ −m2

aF 2
a = 0



Solving for           and substituting 
into            one obtains:ΠLR(q2)

Fρ , Fa

hence:

ΠLR(Q2) ! f2
π

[
1 +

m2
ρ

m2
a −m2

ρ

Q2

Q2 + m2
a

− m2
a

m2
a −m2

ρ

Q2

Q2 + m2
ρ

]

∫ ∞

0
dQ2 ΠLR(Q2) = f2

π

m2
am2

ρ

m2
a −m2

ρ

log
(

m2
a

m2
ρ

)

Since experimentally              , the integral is positive and the 
potential is minimized for:

ma > mρ

sin
〈π〉
fπ

= 0



In other words, the radiative corrections align the 
vacuum in the U(1)Q-preserving direction, and the photon 
remains massless.

The charged pion acquires a mass, while the neutral one 
stays massless (still an exact Goldstone boson):

m2
π+ −m2

π0 =
3αem

4π

m2
am2

ρ

m2
a −m2

ρ

log
(

m2
a

m2
ρ

)

The above formula is still valid after the explicit 
breaking of chiral symmetry due to the quark masses is 
turned on (i.e. the difference in mass is dominated by 
the e.m. correction). Numerically:

∆mπ

∣∣
TH

= 5.2 MeV ∆mπ

∣∣
EXP

= 4.6 MeV

[  First derived by:   Das et al. PRL 18 (1967) 759  ]



a simple Composite Higgs Model

On the example of QCD, let us consider the 
possibility that a new strongly-interacting sector 
exists (i.e. with new “quarks” and new “gluons”) 
which has a flavor symmetry G broken 
spontaneously down to G’ by the strong dynamics

Strong
Sector

⌇︴
⌇︴

Aµ

G → G’
H

[SU(2)L ×U(1)Y ]



Strong
Sector

⌇︴
⌇︴

Aµ

G → G’
H

[SU(2)L ×U(1)Y ]

we require two conditions:

1.  the SM gauge group must be 
embeddable in the unbroken subgroup G’: G→ G′ ⊂ GSM

2.  G/G’ must contain (at least) one SU(2)L doublet (the Higgs)



Strong
Sector

⌇︴
⌇︴

Aµ

G → G’
H

[SU(2)L ×U(1)Y ]

notice:

in absence of the external gauging of GSM, the Higgs is 
an exact Goldstone boson (hence massless)

the orientation of GSM compared to G’ in the vacuum 
depends on the Higgs potential arising at 1 loop



An explicit (minimal) example:

G = SO(5)xU(1)X

G’ = SO(4)xU(1)X

# Goldstones = [SO(5)/SO(4)] = 10 - 6 = 4

4 real scalars:  a 4 of SO(4) = a doublet of SU(2)L

SO(4)~SU(2)LxSU(2)R

Y=TL3+X



The SO(4)~SU(2)LxSU(2)R  isomorphism can be made explicit by 
associating to any SO(4) vector     a 2x2 matrix              :vâ V ≡ vâσâ

V ≡ vâσâ
vâ → Sâb̂vb̂

S ∈ SO(4)

S
|v|

   preserves the norm 
of the vector, 

V → LV R†

σâ ≡ ("σ,−i1)

L, R
V det V = −|v|2

L,R ∈ SUL,R

       preserve the determinant 
of   , where:

Notice: for each matrix               there are two                       
transformations that act in the same way:         and             .    
Hence, the exact equivalence at the level of group elements is:

S ∈ SO(4) SU(2)L × SU(2)R

(L, R) (−L,−R)

SO(4) =
SU(2)L × SU(2)R

Z2



To derive the Higgs potential, 
let us repeat all the steps we 
made in the QCD example:

1.  The Goldstones can be described in terms of a 
sigma field (transforming like a 5 of SO(5))

Σ = Σ0 eΠ/Fπ

Σ0 = (0, 0, 0, 0, 1)

Π = −i T âhâ
√

2 , â = 1, 2, 3, 4

T â ∈ Alg{SO(5)/SO(4)}

Σ =
1
h

sin
h

Fπ

(
h1, h2, h3, h4, h cot

h

Fπ

)
h ≡

√
(hâ)2

T aL,aR
ij = − i

2

[
1
2
εabc

(
δb
i δ

c
j − δb

jδ
c
i

)
±

(
δa
i δ4

j − δa
j δ4

i

)]

T â
ij = − i√

2

(
δâ
i δ5

j − δâ
j δ5

i

)SO(5) generators:



2.  Gauge all SO(5)xU(1)X generators by means of 
external sources (think of them as classical sources)

The most general [ SO(5)xU(1)X ]-invariant effective Lagrangian 
at the quadratic order in the external sources is:

L =
1
2
(PT )µν

[
ΠX

0 (p2)XµXν + Π0(p2) Tr (AµAν) + Π1(p2) ΣAµAνΣT
]

The form factors                encode the dynamics of 
the strong sector and are generated  by the 
exchange of massive resonances plus the fluctuations 
of the Goldstones around the vacuum

ΠX
0 ,Π0,Π1

Σ

(one can add bare kinetic and gauge-fixing terms for the 
external fields as well)



3.  Extract information on the form factors by 
expanding around the SO(4)-preserving vacuum     :Σ0

L =
1
2
(PT )µν

[
ΠX

0 (p2)XµXν + Π0(p2) AµAν +
(

Π0 +
1
2
Π1

)
Aâ

µAâ
ν

]

SO(4) sources SO(5)/SO(4) sources

hence: Πa = Π0

Πâ =
(

Π0 +
1
2
Π1

)

(PT )µνΠa(p2) =〈Ja
µJa

ν 〉 =
(
p2ηµν − pµpν

) ∑

n

F 2
ρn

p2 − m2
ρn

(PT )µνΠâ(p2) =〈J â
µJ â

ν 〉 =
(
p2ηµν − pµpν

)
[

1
p2

F 2
π

2
+

∑

n

F 2
an

p2 − m2
an

]



we then deduce:

Π1(0) = F 2
π Π0(0) = ΠX

0 (0) = 0

         is sensitive to the difference between currents 
associated with broken and unbroken generators, i.e. it is an 
order parameter of the spontaneous breaking of the SO(5) 
symmetry. 

We thus expect that it goes to zero at energies much 
larger than the compositeness scale:

Π1(q2)

 

Π1(Q2) ∝ 1
(Q2)n

for Q2 " (4πFπ)2



4.  Turn on only the SU(2)LxU(1)Y elementary gauge fields (in 
the    background). The effective Lagrangian reads:Σ

Ĥ ≡ 1
h

[
h1 − ih2

h3 − ih4

]

L =
1
2
(PT )µν

[(
ΠX

0 + Π0 +
Π1

4
sin2 h

Fπ

)
BµBν +

(
Π0 +

Π1

4
sin2 h

Fπ

)
AaL

µ AaL
ν

+ 2 sin2 h

Fπ
Π1(p2) Ĥ†T aLY Ĥ AaL

µ Bν

]

A one-loop exchange of gauge fields then 
leads to the following Coleman-Weinberg 
effective potential for the Higgs (neglecting 
for simplicity the contribution from U(1)Y):

V (h) =
9
2

∫
d4Q

(2π)4
log

(
1 +

1
4

Π1(Q2)
Π0(Q2)

sin2 h

Fπ

)



At this point, without specifying the strong dynamics one can 
not of course proceed further and evaluate the integral.

However, it is reasonable to assume that           will go to 
zero fast enough at energies much higher than the 
compositeness scale, so that the integral will converge:

Π1(q2)

Π1(Q2) ∝ 1
(Q2)n

with n ≥ 2

V (h) =
9

128π2
sin2

(
h

Fπ

) ∫ ∞

0
dQ2 Q2 Π1(Q2)

Π0(Q2)
+ . . .



Then, as in the case of QCD, one can derive two Weinberg’s 
sum rules and compute the integral in terms of the 
resonances’ masses and decay constants assuming a large N 
and Vector Meson Dominance.

Also, if the integral is positive, as in QCD, then the potential is 
minimized for           and the Electroweak symmetry is 
unbroken.

〈h〉 = 0



an example of strong dynamics

A composite Higgs from an warped extra dimension

Consider a 5-dimensional 
theory with one extra spatial 
coordinate,   , compactified on 
an interval (              ):

y

━
━
━

━
━
━

 → → y
xµ

Bulkbrane brane
0 ≤ y ≤ L

y = 0 y = L

Randall and Sundrum have shown 
that a metric of the form ( 5D 
Anti-deSitter spacetime, AdS5 )

is a solution of Einstein’s equations of 
motion if one carefully chooses the 
cosmological constants in the bulk and 
on the branes.

ds2 = e−2ky dxµdxνηµν − dy2



an example of strong dynamics

A composite Higgs from an warped extra dimension

The “warp” factor

━
━
━
━
━

━
━
━

AdS5

UV
brane

IR
brane

implies a rescaling (redshift) of all 
the dimensionful quantities by 
moving along the extra dimension.

In other words:

 translation in y = Weyl rescaling in 4D

ds2 = e−2ky dxµdxνηµν − dy2



an example of strong dynamics

A composite Higgs from an warped extra dimension

━
━
━
━
━

━
━
━

AdS5

UV
brane

IR
brane

From that it follows a possible 
solution of the Hierarchy Problem by 
the geography of wave functions in 
the 5D bulk:

Higgs

graviton &
light fermions

k ∼MPl , k e−2kL ∼ TeV



the Higgs structure along the extra dimension

appears like a form factor

for an observer on the UV brane

Higgs profile

➫

BulkUV
brane

IR
brane

we live here



The 5D theory is a calculable model of the strong dynamics

One can easily build an SO(5)/SO(4) model and compute the 
form factors       analytically. One finds:Π0,1

Π1(Q2)          dies off exponentially 
at large momenta:

Π1(Q2) ∝ e−QMIR

MIR = k e−kL ∼ TeV

The integral                             is positive, so that 
the gauge contribution to the Higgs potential does not 
trigger the Electroweak symmetry breaking

∫ ∞

0
dQ2 Q2 Π1(Q2)/Π0(Q2)

The EW symmetry is broken by the top quark contribution, 
which is larger than the gauge one



Let us assume that the EW symmetry is broken: sin (〈h〉/Fπ) #= 0

L =
1
2
(PT )µν

[(
ΠX

0 + Π0 +
Π1

4
sin2 h

Fπ

)
BµBν +

(
Π0 +

Π1

4
sin2 h

Fπ

)
AaL

µ AaL
ν

+ 2 sin2 h

Fπ
Π1(p2) Ĥ†T aLY Ĥ AaL

µ Bν

]

We can derive the couplings of the Higgs to the gauge fields from 
the Lagrangian

by expanding the form factors at order O(p2) and setting              :Ĥ =
(

0
1

)

elementary VS composite
- how to distinguish an elementary from a composite Higgs -



it follows:

M2
W =

F 2
π

4
sin2 〈h〉

Fπ

Π′
0(0) = − 1

g2
2

,
(
Π′

0(0) + ΠX′
0 (0)

)
= − 1

g2
1

v = Fπ sin
〈h〉
Fπ

ε ≡ v

Fπ
= sin

〈h〉
Fπthe gap between the EW scale and the 

scale      at which the Higgs is formed 
as a bound state is a dynamically-fixed 
fundamental parameter

Fπ

L = (PT )µν

[
1
2

(
F 2

π

4
sin2 〈h〉

Fπ

) (
BµBν + W 3

µW 3
ν − 2W 3

µBν

)
+

(
F 2

π

4
sin2 〈h〉

Fπ

)
W+

µ W−
ν

+
1
2

p2
[
Π′

0(0)W a
µW a

ν +
(
Π′

0(0) + ΠX′
0 (0)

)
BµBν

]
+ . . .

]



the limit           (           ) is a 
decoupling limit in which one recovers 
the SM at low energy 

ε→ 0 Fπ →∞

mρ ∼
4πFπ√

N

━━━━━

━━━━━
━━━━━

…

━━━━━━━━━━
━━━━━

━━━━━

mρ

mh

mW

h

All the corrections to the precision 
observables due to the exchange of the 
heavy resonances will be suppressed by 
powers of    :ε

∆ε1,3,b ∝ ε2

The LEP precision tests will put a 
upper bound on   :ε ε2 ! 0.3− 0.1



By expanding around the Higgs vev one can easily obtain the 
couplings of the composite Higgs to the gauge fields:

L = (PT )µν

[
1
2

(
F 2

π

4
sin2 h

Fπ

) (
BµBν + W 3

µW 3
ν − 2W 3

µBν

)
+

(
F 2

π

4
sin2 h

Fπ

)
W+

µ W−
ν

+
1
2

p2
[
Π′

0(0)W a
µW a

ν +
(
Π′

0(0) + ΠX′
0 (0)

)
BµBν

]
+ . . .

]

F 2
π sin2 h

Fπ
= v2 + 2v

√
1− ε2 ĥ +

(
1− 2ε2

)
ĥ2 + . . .hâ =





0
0

〈h〉 + ĥ
0





gV V h = gSM
V V h

√
1− ε2

gV V hh = gSM
V V hh

(
1− 2ε2

)

Prediction:

             shifts in the 
couplings of the Higgs
O(ε2)



hence: A precise measurement of its couplings will tell if the Higgs 
is composite or elementary, and determine the scale Fπ

example:  prediction of an SO(5)/SO(4) 
model for 

ATLAS
L = 300 fb−1

ε2 = 0.25

[ Giudice et al.   JHEP 0706:045, 2007 ]

LHC sensitive up to 

[ Duhrssen  2003 ]

ε2 = 0.4− 0.2



The Higgs compositeness also reflects into an only partial 
unitarization of the WW scattering:

In absence of the physical Higgs boson the 
scattering of longitudinal W’s violates unitarity 
at energies higher than Λ0 ∼ 1.2 TeV

WL

WL

WL

WL

h

An elementary (SM-like) Higgs fully unitarizes 
the scattering [ the SM is complete, i.e. 
renormalizable up to arbitrary high energies ]

A
(
W+

L W−
L →W+

L W−
L

)
=

g2
2

4M2
W

[s + t]− g2
2

4M2
W

[
s2

s−m2
h

+
t

t−m2
h

]

+ +



A composite Higgs had modified couplings and 
only partly unitarizes the WW scattering.

Unitarity is lost at a scale:

h

A
(
W+

L W−
L →W+

L W−
L

)
=

g2
2

4M2
W

[
s− s2 (1− ε2)

s−m2
h

+ t− t (1− ε2)
t−m2

h

]

Λ =
Λ0

ε

Full unitarity is recovered thanks to the 
exchange of the heavy vectorial resonances

ρn∑

n
+



hence: An excess of events in the WW scattering compared to the 
SM prediction will be the signal Higgs compositeness

experimentally difficult at the LHC:

with                the LHC should be 
sensitive up to 

L = 200 fb−1

ε2 ! 0.5− 0.7

[ Giudice et al.   JHEP 0706:045, 2007 ]
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Part 2. 

Phenomenology



An effective theory for the 
lightest resonances

Let us consider the case in which the elementary 
fields are linearly coupled to the strong sector:

strong
sector

G → G’⌇︴
	
 
⌇︴ ⌇︴
━━━━━━

W a
µ , Bµ

Ψ

Lint = AµJµ + Ψ̄O + h.c.

H



This is for example the case for the class of 5D composite 
Higgs models from a warped extra dimension.

As we will see, linear couplings are also motivated by the 
absence of large Flavor-Changing Neutral Currents.

〈0|Jµ|ρ〉 = εr
µ fρ mρ 〈0|O|χ〉 = ∆

As in QCD, the composite operators will have the right 
quantum numbers to excite a tower of bound  states

vectorial resonance fermionic resonance



━━━━━ ━━━━━

━━━━━

━━━━━

━━━━━
━━━━━

━━━━━

━━━━━

…

━━━━━
━━━━━

↕
mass mixing

Ψ

χn

Lmix =
∑

n

∆n Ψ̄χn + h.c.

elementary

composites

Hence, linear couplings imply mass mixings to the composites:



☞  Keep only the first resonance of each tower

━━━━━ ━━━━━↕
mass mixing

Ψ

Lmix = ∆ Ψ̄χ + h.c.

χ

To build a low-energy effective theory:



Motivation:

At the LHC we will most probably discover only 
the first resonance of each tower, if any (!)

Keeping only one resonance greatly simplifies 
the mathematics

Even this rough truncation of the spectrum fully 
captures the low-energy phenomenology 



━━━━━ ━━━━━↕

mass mixing

Aµ ρµ

Lmix =
M2

∗
2

(
gel

g∗
Aµ − ρµ

)2

=
M2

∗
2

ρ2
µ −M2

∗
gel

g∗
Aµρµ +

M2
∗

2

(
gel

g∗

)2

A2
µ

GSM G (→ G′)

Linear Mixings for vector fields:

same as ρ-photon 
mixing in QCD



Cutoff scale of the effective theory

M2
∗

2
(ρµ)2 M∗ =

g∗F∗
2

Λ ∼ 4πF∗ = M∗
8π

g∗

The truncated theory is not just an approximation to the complete one; 
like all effective theories, it is valid up to a cutoff energy:



RULES

•Elementary sector:
{SM - Higgs}

inter-elementary coupling:  gel ~ 1

•Composite sector:

{ρ,χ+ Higgs}
[ ⊃excited massive copy of the SM]

inter-composite coupling:  4π≫ g∗ ≫ 1

•Mixing: only mass mixings allowed

•Higgs: H couples only to ρ andχ 



A simple Two-sites SO(5)/SO(4) model

qL

tR

52/3 of SO(5)×U(1)X

SO(5)×U(1)X → SO(4)×U(1)X

SO(4) ∼ SU(2)L × SU(2)R

━━

━━
elementary
sector

composite sector

4 Goldstones

[5 = (2,2)⊕ (1,1)]

Σ = Σ0 eT âhâ/Fπ

χ =





(
Q′

Q

)

T̃





1 Heavy composite
fermion multiplet

━━ {WL
µ , Bµ }ρµ1 Heavy SO❨5❩xU❨1❩X adjoint 

of composite vectors
[10 = (3,1)⊕ (1,3)⊕ (2,2)]

For simplicity: we focus on just 
the 3rd-generation up quarks



Q =
[
T
B

]
Q′ =

[
T5/3

T2/3

]

Y [Q] = 1/6 Y [Q′] = 7/6

χ =





(
Q′

Q

)

T̃





[5 = (2,2)⊕ (1,1)]

Spectrum of Composite Fermions

Spectrum of Composite Vectors

[10 = (3,1)⊕ (1,3)⊕ (2,2)]ρµ = {W ∗L
µ , B∗

µ, B̃µ, W̃±
µ , Ãµ }

1±11030 10 2 1
2

under SU(2)LxU(1)Y:



The Lagrangian: L = Lelementary + Lcomposite + Lmixing

Lmixing =−M2
∗

g2,el

g∗
W aL

µ W ∗aL
µ +

M2
∗

2

(
g2,el

g∗
W aL

µ

)2

−M2
∗

g1,el

g∗
BµB∗

µ +
M2

∗
2

(
g1,el

g∗
Bµ

)2

+ ∆q q̄LQR + ∆tR t̄RT̃L + h.c.

Lcomposite =− 1
4
(ρA

µν)2 +
M2

∗
2

(ρA
µ )2 +

F 2
π

2
(DµΣ) (DµΣ)T

+ χ̄(i "D −m)χ−mΣ χ̄iΣiΣjχj

Lelementary = −1
4
(W aL

µν )2 − 1
4
(Bµν)2 + q̄Li "DqL + t̄Ri "DtR



LmixingThe  mass mixings in                 break explicitly the SO(5) symmetry, 
though in a soft way (soft breaking terms). The Higgs potential is still 
calculable:

WL
µ

W ∗L
µW ∗L

µ
W ∗L

µ

WL
µ

W ∗L
µ

ΣΣ Σ Σ Σ

there are enough propagators to have a finite result



The exchange of the composite states is 
in fact a way to model the form factors:

+ =

(PT )µν Π1(p2)
sin2(h/Fπ)

4

+ + =...

Π1(p2) =
F 2

π M4
∗

(p2 −M2
∗ )2

Π0(p2) =
M2

∗
g2
∗

p2

p2 −M2
∗

−i

p2

g2
el

−Π0(p2)

(
ηµν −

pµpν

p2

)



Diagonalization:

(
qL

QL

)
→

(
cos ϕL − sinϕL

sinϕL cos ϕL

) (
qL

QL

)

(
tR
T̃R

)
→

(
cos ϕtR − sinϕtR

sinϕtR cos ϕtR

) (
tR
T̃R

)

tanϕL =
∆qL

m

elementary/composite → light/heavy

tanϕtR =
∆tR

m̃

|SM〉 = cos ϕ |Ψ〉+ sinϕ |χ〉

|heavy〉 = − sinϕ |Ψ〉+ cos ϕ |χ〉

☞  θ,φ parametrize the degree of partial compositeness

(
Aµ

ρµ

)
→

(
cos θ sin θ
sin θ cos θ

) (
Aµ

ρµ

)
tan θ =

gel

g∗
, gSM =

gelg∗√
g2

el + g2
∗
! gel



In the mass-eigenstate basis, the finiteness of the Higgs potential 
comes from a cancellation among divergent diagrams:

+ + = finite

WL
µ , Bµ W ∗L

µ , B∗
µ B̃µ, W̃±

µ , Ãµ

g2
SM g2

SM
cos2 θ

sin2 θ
− g2

SM

sin2 θ



the largerφ the more “composite” will be a SM particle

the Higgs is a full composite (= solution to the Hierarchy Problem)

heavier SM particles = more composites
    light SM particles = almost elementary

|SM〉 = cos ϕ |Ψ〉 + sinϕ |χ〉

consequences of partial compositeness

yt = Y∗ sinϕL sinϕtR

induced Yukawa 
coupling



Flavor-Changing Neutral Currents :  a sort of GIM mechanism

(
Ψ̄Ψ

)2
(

sin4 ϕ

M2
∗

)

small enough for light fermions

FCNC :  generated (only) after rotating to the SM mass eigenbasis

dL,i

d̄L,i d̄R,j

dR,j

LFCNC = Aijmn

(
d̄L,iγ

µdL,j

) (
d̄R,mγµdR,n

)

Aijmn =
(
− g2

∗
M2

∗

)
(D†

L)ki(DL)kj

(
sin2ϕL,k sin2ϕR,l

)
(D†

R)lm(DR)ln

A∗
µ



Discovering the new 

resonances at the LHC



vectorial resonances

if  SM1,2  are light fermions
g∗ more than compensated 

by φ1φ2  suppression

might be cheaper to proceed
via the elementary component

of the heavy state

A [SM1 + SM2 → heavy] ∝ g∗ sinϕ1 sinϕ2 cos ϕheavy − gel cos ϕ1 cos ϕ2 sinϕheavy

|SM〉 = cos ϕ |Ψ〉+ sinϕ |χ〉

|heavy〉 = − sinϕ |Ψ〉+ cos ϕ |χ〉

Single production of the heavy vectors can 
proceeds either through their composite or 
its elementary component:



Example: Z* single production

+Z∗ Z∗

ϕ1

ϕ2

g∗

⤴highly suppressed

q1

q̄2 gel2 sin θ2 = g2 tan θ2

tan θ2 =
gel2

g∗
! 1

• Drell-Yan production through the elementary component of the Z*:



• vector-boson fusion production through the composite component of the Z*:

q

q′

Z∗

g∗ cos θ = gSM
1

tan θ

despite the larger coupling, vector-boson fusion is 
subdominant compared to Drell-Yan because of:

- low luminosity of longitudinal W’s, Z’s in the proton

WL, ZL

WL, ZL

- 3 body final state vs 1 body



[ From Burdman, Perelstein, Pierce hep-ph/0212228 ]

Drell-Yan production cross sections 
of  SU(2)L  heavy vectors

W ∗3

W ∗±

tan θ = 1



Once produced the heavy resonances will decay 
mostly to the SM particles with the largest 
mixing angle: H, Wlong, Zlong, top, bottom

Z∗ Z∗ Z∗

Zlong W+long

W-longH

decays to e+e-, µ+µ- 

SUPPRESSED

e+ / µ+ 

e- / µ- 

t̄ / b̄

t / b

g∗ sin2ϕt/b

g2 tan θ2

g∗ cos θ2 = g2 cot θ2 g2 cot θ2



Γ(W ∗ 3 → qq̄) = 3 Γ(W ∗ 3 → ll̄) " g2
2 tan2 θ2

32π
M∗

Γ(W ∗ 3 → tt̄) = Γ(W ∗ 3 → bb̄) =
(
sin2 ϕtL cot θ2 − cos2 ϕtL tan θ2

)2 g2
2

32π
M∗

Γ(W ∗ 3 → ZH) = Γ(W ∗ 3 →W+W−) =
g2
2 cot2 θ2

192π
M∗

Example:  the case of W ∗3

for






M∗ = 3 TeV
tan θ2 = 1/6
sinϕtL = 0.4

Γtot = 170 GeV

BR(ee, µµ) = 0.1%

BR(tt, bb) = 5%



t / b

T/B

χ

χg∗g∗ sinϕt/b

[
χ→ ψSM + Wlong/Zlong/H

]

spectacular events if χ= lepton KK  !

Other decay channels (when kinematically allowed):



G∗

q

q̄ t̄ / b̄

t / b

g3 tan θ3
g∗ sin2ϕt/b

• Also possible: G∗ → tT̄ , T T̄ , bB̄, BB̄

Production and decay of the heavy gluon G*



heavy partners of the top

T5/3

T2/3

T

B

T̃

+ 5/3

+ 2/3

+ 2/3

− 1/3

+ 2/3

charge

partner of tR

SU(2)R partners of qL

partners of qL

}

}



 pair production

+
g3

any of T, B, T5/3, T2/3, T̃

When the fermionic resonances are not too heavy, the 
easiest way to produce them is via pair production:



decays

T̃

tR

ZL, h /W+
L

tL /bL

tR

ZL, h /W−
L

T /B

W+
L /ZL, h

T5/3 /T2/3

λQ = Y∗ sinϕtR cos ϕLλQ′ = Y∗ sinϕtR

λT̃ = Y∗ sinϕL cos ϕtR



 single production

Single production becomes important for large masses of 
the heavy fermions. It proceeds via the same couplings 
that appear in the decay processes:

W+
L

bL T̃

ZL

T

g tR

tR

λT̃ = Y∗ sinϕL cos ϕtR ! Ytop

λT = Y∗ sinϕtR cos ϕL ! Ytop



[ From Azuelos et al. hep-ph/0402037 ]

     production cross section at the LCH

λT = 1
λT = 0.5

λT = 2

T̃



Discovering the exotic T5/3 

T5/3

T̄5/3

t̄R

tR

b

b̄

W+

W−

W+

W−
j j j j

l+ l+ + !ET
same-sign 

leptons

invariant 
mass
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