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Part 1.   Theory



Mot ivat ion:
the Hie rarchy Problem

EW precision data fr om LEP str ongly suggest the p resence 
of a l ight Hig gs boson, mH~100-300 GeV 
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naively, if the Hig gs boson is a fu ndamental scalar, the 
natu ral value of i ts mass is of the o rder of the l argest 
scale in the theo ry (UV instability ) :

what is the na tu re of the Hig gs boson ?Q:

is it a fu ndamental (= el ementary) scalar Þeld ?
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possibility #1: all the c ouplings of the theo ry r emain weak 
up t o the Pl anck scale and the Hig gs is an 
elementary scalar (p er tu rbat ive case)

then the re must be a sym metr y 
protect ion (and new part icles) 
which ensures a l ight Hig gs 

example: SuperSymmetr y

+ =  Þn it e



possibility #2: (a subsect or of ) the theo ry becomes 
str ongly int eract ing at a s cale Λ and 
the Hig gs is a c omposit e bound state 
(str ongly-interact ing case)

for vir tua l momenta larger than 
the c omposit eness scale the Hig gs 
couplings swit ch of f ( for m fact ors)

=  Þn it e



Problem:
the o the r r esonances of the s tr ongly-interact ing 
sect or c annot be t oo light in o rder n ot t o spoil 
the success of EW p recision t ests:

m�dΛ >  a f ew TeV

can be the c omposit e Higgs be natu rally 
lighter than the o the r r esonances ?Q:

☞ yes, if i t is a (pseu do) Goldst one boson



an example fr om QCD:  the Pio n

str ongly int eract ing sect or = QCD

the pio n is a quark-ant iquark bound state

QCD has othe r r esonances, w ith m ~1 GeV 

ex: the ρ, mρ = 770 MeV

the pio n is l ighter (mπ = 135 MeV): it is the 
Goldst one boson of c hiral symmetr y br eaking



consider QCD with 2 ßa vors in the c hiral l imit 
(mq=0): it ha s an SU(2)LxSU(2)R global symmetr y 
under r otat ion of L an d R quarks separately:

!
uL

dL

"
−→ UL ·

!
uL
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the QCD condensate br eaks the c hiral symmetr y 
down t o the di agonal ( vect or ial) subgroup:

! øqRqL" #$ UL! øqRqL"U†
R SU(2)L × SU(2)R → SU(2)V

the sp ontaneous breaking implies 3 Goldst ones, 
tr ansfor ming l ike a tr iplet u nder SU(2)V: the pio ns, π

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



how a p otent ial (hence a mass) f or 
the pio n is r adiat ively generated

QCD

SU(2)L GSU(2)R

SU(2)V

�­ π

����

Aµ

let u s tu rn on the pho t on:

1.  the pho t on is a Þeld e xt ernal t o 
the QCD sect or (= ÒelementaryÓ) 
which gauges the U(1)V subgroup of 
the QCD ßavor symmetr y

Q = T3
L + T3

R

2.  g auging only a subgroup of 
SU(2)LxSU(2)R is equivalent t o 
an explicit br eaking



EXPLICIT BREAKING
the ( charged) pion wil l acquire a 

potent ial thr ough the 
electr omagnet ic l oop cor rect ions

Form factor

A



let u s der ive the pio n potent ial

we tr eat the pio n as a constant c lassical b ackground 
Þeld, adopt ing  a n on-l inear sigma model descr ipt ion

Σ = exp(i ! a" a/f π)

we use a tr ick: l et u s gauge the en t ire SU(2)LxSU(2)R 
ßavor symmetr y - n ot o nly the subg roup U(1)V - b y 
tu rning on the e xt ernal sources Lµ , Rµ

Σ→ UL ΣU 
R



then, the mo st g eneral [ SU(2)LxSU(2)R]-in var iant 
ef f ect ive act ion, at the qua drat ic order in the 
ext ernal L, R sources, is: 

L eff =
1
2

(PT )µν

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

]

ΠL,ΠR,ΠLR                 a re f or m fact ors, or iginat ing fr om 
the e xchange of the pio n and heavier r esonances

π ρ

(PT )µ! = ηµ! −
pµp!

p2



in order t o der ive a f ew propert ies 
of the f or m fact ors, it is u sefu l t o

Vµ =
1

!
2

(Lµ + Rµ ) Aµ =
1

!
2

(Rµ " Lµ)

hence:

1.  r ewrit e the a ct ion in t er ms of vect or ial an d 
axial sources:

2.  w ork in the v acuum           

Leff =
1
2

(PT )µν

[
ΠV V (p2)Tr{VµVν} + ΠAA(p2)Tr{AµAν}

−ΠV A(p2)Tr{VµAν + AµVν}
]

! ! " = 1

! V V =
! L + ! R − ! LR

2
! AA =

! L + ! R + ! LR

2
! V A =

! R − ! L

2



now, we kn ow tha t in the tw o-point Axial Gr een 
funct ion          , an d only the re, the re is a p ole due t o 
the e xchange of the pio n:

!Aµ Aν"

〈AµA! 〉 =
!
p2! µ! − pµp!

"
#
f 2

"
1
p2

+ . . .
$

π
〈|Aµ(x)|π〉 = −i pµf! e−ipx

hence:

ΠV V (0) = 0

ΠAA(0) = f2
!

ΠV A(0) = 0

! LR(0) = f2
!

! L(0) = ! R(0) =
1
2

! LR(0)



in general,        is sensi t ive t o the di f f erence between 
axial an d vect or cu r rents, i.e. it is an order parameter  
of the sp ontaneous breaking of the c hiral symmetr y:

ΠLR

! LR(p2) = ! AA(p2) ! ! V V (p2)

we thu s expect tha t i t g oes t o zero at en ergies much 
larger than the QC D scale (= the s cale at w hich chiral 
symmetr y br eaking occurs)

for

using the Op erat or Product Ex pansion (OPE) of tw o 
cur rents, one can prove indeed tha t:

ΠLR(Q2) !
1

Q4

−p2 = Q2 " Λ2
QC DΠLR(Q2) → 0



A quick sket ch of the OPE a rgument :

Given any tw o operat ors                  , their t ime-ordered 
product c an be expressed as a sum of l ocal o perat ors t imes   
c-number c oefÞcients tha t de pend on the se parat ion            :

O1(x1), O2(x2)

(x1 − x2)

T{ O1(x)O2(0)} =
!

n

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

¥ This is an equality be tween operat ors, i.e. it impl ies the equa lity of 
any Green funct ion made with them .

¥ The sum ext ends over a ll o perat ors with the sam e global symmetr ies 
of the p roduct O1O2

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



By dimensional analysis, the l arger is the dim ension of the 
operat or     , the mo re suppressed wil l be i ts c oefÞcient a t 
large            :

On

Q2 = −q2

C(n )(Q2) ∼ 1
Q[On ]

¥ In the c ase of the p roduct of tw o conser ved cur rents, the OPE r eads:

i

∫
d4x eiq·x T { Jµ(x)Jν(0)} =

(
q2ηµν − qµqν

) ∑

n

C(n)(x)On(0)

Hence, t o deduce the l arge-Q2 behavior we c an concentr ate on 
the l owest- dimension operat ors.



In the c ase of QCD, the SU(3) c gauge-invar iant ( scalar)
operat ors of dimension 6 o r l ess that c ontr ibute t o the VEV 
of the p roduct of tw o axial o r v ect or ial cu r rents a re:

1

OM = Ψ̄MΨ

OG = Ga
µνGa µν

O! = !̄ σµ" taM̃ ! Ga µ"

OΓ =
!
Ψ̄Γ1Ψ

" !
Ψ̄Γ2Ψ

"

Of = f abcGa
µ! Gb

! " Gc
" µ

operat or dimension

0

4

6

4

6

6



¥ The operat ors            break explicitl y the c hiral symmetr y and thu s 
must be p roport ional t o the qua rk masses. They vanish in the c hiral l imit

¥       is the o nly chiral-in var iant o perat or w hose VEV breaks 
spontaneously the c hiral symmetr y, dist inguishing between ax ial an d 
vect or ial cu r rents

OM , O!

OΓ

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

= Q2
[

δ

Q6 +O
(

1
Q8

)]

The coefÞcient    ha s been computed in per tu rbat ion theo ry (in 
the l arge-N l imit ):

!

δ = 8π2
(αs

π
+O(α2

s)
) (

〈Ψ̄Ψ〉
)2

[ Shifman, Vainshtein, Zakharov ]



At th is point, let u s go back t o the c hiral Lagrangian:

Lµ = Rµ = Qvµ

Q = T3 =
1
2

!
1 0
0 −1

"

π̂a ≡ πa

π
π ≡

√∑

a

(πa)2

L eff =
1
2

(PT )µν

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

]

Let u s tu rn on only the 
phot on (set t ing t o zero the 
othe r source Þelds):

and use: ! = exp
(

i
! a" a

f π

)
= 1 cos(! /f π) + i ö! a" a sin(! /f π)



af t er a l it tl e bit of  
algebra one Þnds: 

one has:

Tr{Σ  QΣQ} = Tr{Q2}− (! 1)2 + (! 2)2

! 2 sin2 !
fπ

as expected the pho t on couples only t o the c harged pion. The neutr al 
pion r emains an exact Goldst one with n o potent ial. We can thu s set

it f ollows:

L ef f =
1
2

(PT )µ ! vµ v!
[
(ΠL (p2) + ΠR (p2))Tr{ Q2} −ΠLR (p2)Tr{ Σ†QΣQ}

]

Leff =
1
2

(PT )µν vµvν

[
! V V (p2) + ! LR(p2) sin2 !

f π

]

π0 = 0 π2 = (π1)2 + (π2)2



From the a bove Lagrangian it f ollows the 
Coleman-Weinberg ef f ect ive potent ial:

V (π) =
3

16π2

∫ !

0
dQ2 Q2 log

(
1 +

1
2

ΠLR (Q2)
ΠV V (Q2)

sin2 π

f !

)

Given that

the in tegral c an be r easonably wel l 
approximated by expanding the l ogar ithm:

V (π) !
3αem

8π2 sin2 π

f !

∫ ∞

0
dQ2 ! LR(Q2)

ΠV V (Q2) =
Q2

e2
+ . . . ΠLR (Q2) ∝ 1

Q4



Let u s der ive an est imate f or the in tegral 
∫ ∞

0
dQ2 ! LR(Q2)

in the l imit of l arge number of QC D colors (1/N e xpansion), 
the p roduct of tw o vect or an d axial cu r rents c an be 

wr it t en in t er ms of an inÞnit e sum over na r row r esonances:

(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 th is assumpt ion, the 
infor mat ion on the l arge-momentu m 
behavior of            fr om the OPE ΠLR(q2)

lim
Q2→∞

ΠLR (Q2) = 0

lim
Q2→∞

Q2 ΠLR (Q2) = 0

∑

n

[
F 2

! n
! F 2

an

]
= f2

"

∑

n

[
m2

! n
F 2

! n
! m2

an
F 2

an

]
= 0

can be tr anslated int o tw o sum 
rules (WeinbergÕs Sum Rules):

A fu r the r simpliÞcat ion comes by 
assuming tha t the su m is dominated by 
the Þr st v ect or ial an d axial r esonances 
(Vect or Me son Dominance):

F 2
! − F 2

a = f2
"

m2
! F

2
! −m2

aF 2
a = 0



Solving f or           an d subst itut ing 
int o            o ne 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 ! LR(Q2) = f2

π

m2
am2

ρ

m2
a ! m2

ρ

log
"

m2
a

m2
ρ

#

Since exper imentally              , the in tegral is posit ive and the 
potent ial is m inimized f or:

ma > m!

sin
〈! 〉
fπ

= 0



In o the r w ords, the r adiat ive cor rect ions align the 
vacuum in the U(1)Q-preser ving dir ect ion, and the pho t on 
remains massless.

The charged pion acquires a mass, while the n eutr al one 
stays massless (st il l an e xact Goldst one boson):

m2
π+ −m2

π0 =
3αem

4π

m2
am2

ρ

m2
a −m2

ρ

log
(

m2
a

m2
ρ

)

The above f or mula is st il l valid af t er the e xplicit 
breaking of c hiral symmetr y due t o the qua rk masses is 
tu rned on (i.e. the di f f erence in mass is dominated by 
the e .m. cor rect ion). Numer ically:

∆mπ

!
!
TH

= 5.2 MeV ∆mπ

!
!
EXP

= 4.6 MeV

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



a simple Composit e Higgs Model

On the e xample of QC D, let u s consider the 
possibility tha t a n ew str ongly-interact ing sect or 
exists (i .e. w ith n ew ÒquarksÓ and new ÒgluonsÓ) 
which has a ßa vor symmetr y G br oken 
spontaneously down t o GÕ by the s tr ong dynamics

Strong
Sector

����
Aµ

G���¹ ��GÕ
H

[SU(2)L × U(1)Y ]



Strong
Sector

����
Aµ

G���¹ ��GÕ
H

[SU(2)L × U(1)Y ]

we r equire tw o condit ions:

1.  the SM g auge group must be 
embeddable in the u nbroken subgroup GÕ:

G→ G′ ⊂ GSM

2.  G/ GÕ must c ontain (at l east ) one SU(2)L doublet ( the Hig gs)



Strong
Sector

����
Aµ

G���¹ ��GÕ
H

[SU(2)L × U(1)Y ]

not ice:

in absence of the e xt ernal g auging of G SM, the Hig gs is 
an exact Goldst one boson (hence massless)

the o r ientat ion of G SM compared t o GÕ in the v acuum 
depends on the Hig gs potent ial a r ising at 1 l oop



An explicit (m inimal) example:

G = SO(5)xU(1)X

GÕ = SO(4)xU(1)X

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

4 r eal scalars:  a 4 of SO(4) = a do ublet of SU(2) L

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

Y=TL
3+X



The SO(4)~SU(2)LxSU(2)R  isomorphism can be made explicit b y 

associat ing t o any SO(4) vect or     a 2x2 ma tr ix              :vâ V ≡ vâσâ

V ≡ vâσâ
vâ ! Sâb̂vb̂

S ! SO(4)

S
|v|

   p reser ves the nor m 
of the v ect or, 

V ! LV R†

σöa ! ("σ, " i 1)

L , R
V det V = ! |v|2

L,R ! SUL,R

       p reser ve the deter minant  
of   , w here:

Not ice: f or each matr ix               the re are tw o                       
tr ansfor mat ions that a ct in the sam e way:         an d             .     
Hence, the e xact equi valence at the l evel of g roup 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 der ive the Hig gs potent ial, 
let u s repeat a ll the s teps we 
made in the QC D example:

1.  The Goldst ones can be descr ibed in t er ms of a 
sigma Þeld (tr ansfor ming l ike a 5 of SO(5))

! = ! 0 eΠ/Fπ

Σ0 = (0, 0, 0, 0, 1)

Π = −i T öahöa
√

2 , â = 1, 2, 3, 4

T öa ∈ Alg{SO(5)/SO(4)}

Σ =
1
h

sin
h

Fπ

(
h1, h2, h3, h4, h cot

h
Fπ

)
h ≡

√
(höa)2

TaL ,aR
ij = − i

2

[
1
2

! abc
(
" b
i " c

j − " b
j " c

i

)
±

(
"a
i " 4

j − "a
j " 4

i

)]

T öa
ij = − i√

2

(
" öa
i " 5

j − " öa
j " 5

i

)SO(5) generat ors:



2.  Gauge all SO(5)xU(1)X generat ors by means of 
ext ernal sources (th ink of them a s classical sources)

The most g eneral [  SO(5)xU(1)X ]-in var iant e f f ect ive Lagrangian 
at the qua drat ic order in the e xt ernal sources is:

L =
1
2
(PT )µ!

!
ΠX

0 (p2) X µX ! + Π0(p2) Tr (AµA! ) + Π1(p2) ΣAµA! ΣT
"

The f or m fact ors                enc ode the d ynamics of  
the s tr ong sect or an d are generated  b y the 
exchange of ma ssive r esonances plus the ßuc tuat ions 
of the Golds t ones around the v acuum

! X
0 , ! 0, ! 1

!

(one can add bare kinet ic and gauge-Þx ing t er ms for the 
ext ernal Þelds a s well)



3.  Extr act inf or mat ion on the f or m fact ors by 
expanding around the SO(4)-p reser ving vacuum     :! 0

L =
1
2

(PT )µν

[
! X

0 (p2) Xµ Xν + ! 0(p2) Aµ Aν +
(

! 0 +
1
2

! 1

)
Aöa

µ Aöa
ν

]

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

hence: ! a = ! 0

! â =
(

! 0 +
1
2

! 1

)

(PT )µνΠa(p2) =〈Ja
µJa

ν 〉 =
(
p2! µν − pµpν

) ∑

n

F 2
ρn

p2 − m2
ρn

(PT )µνΠâ(p2) =〈J â
µJ â

ν 〉 =
(
p2! µν − pµpν

)
[

1
p2

F 2
π

2
+

∑

n

F 2
an

p2 − m2
an

]



we then de duce:

! 1(0) = F 2
π ! 0(0) = ! X

0 (0) = 0

         is sensi t ive t o the di f f erence between cu r rents 
associated with br oken and unbroken generat ors, i.e. it is an 
order parameter  of the sp ontaneous breaking of the SO(5) 
symmetr y. 

We thu s expect tha t i t g oes t o zero at en ergies much 
larger than the c omposit eness scale:

! 1(q2)

 

Π1(Q2) ∝ 1
(Q2)n

for Q2 " (4πFπ)2



4.  Turn on only the SU(2) LxU(1)Y elementary gauge Þelds (in 
the    b ackground). The ef f ect ive Lagrangian reads:Σ

Ĥ ≡ 1
h

[
h1 − ih 2

h3 − ih 4

]

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 †TaL Y Ĥ AaL
µ Bν

$

A one-l oop exchange of g auge Þelds then 
leads t o the f ollowing Coleman-Weinberg 
ef f ect ive potent ial f or the Hig gs (neglect ing 
for simplicity the c ontr ibut ion fr om U(1)Y):

V (h) =
9
2

!
d4Q
(2! )4 log

"
1 +

1
4

Π1(Q2)
Π0(Q2)

sin2 h
Fπ

#



At th is point, w ithout sp ecifyin g the s tr ong dynamics one can 
not of c ourse proceed fu r the r an d evaluate the in tegral.

However, it is r easonable t o assume tha t           w il l g o t o 
zero f ast en ough at en ergies much higher than the 
composit eness scale, so tha t the in tegral w il l c onverge:

! 1(q2)

! 1(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 c ase of QCD, one can der ive tw o WeinbergÕs 
sum rules and compute the in tegral in t er ms of the 
resonancesÕ masses and decay constants a ssuming a large N 
and Vect or Me son Dominance.

Also, if the in tegral is p osit ive, as in QCD, then the p otent ial is  
minimized f or           an d the El ectr oweak symmetr y is 
unbroken.

〈h〉 = 0



an example of s tr ong dynamics

A composit e Higgs fr om an warped extr a dimension

Consider a 5- dimensional 
theory w ith o ne extr a spat ial 
coordinate,   , c ompact iÞed on 
an inter val (              ):

y

━
━
━

━
━
━

 �ª �
ª y

xµ

Bulkbrane brane
0 ≤ y ≤ L

y = 0 y = L

Randall an d Sundrum have shown 
that a m etr ic of the f or m ( 5D 
Ant i- deSit t er  spacet ime, AdS5 )

is a solut ion of EinsteinÕs equat ions of 
mot ion if o ne carefu lly chooses the 
cosmological c onstants in the b ulk an d 
on the br anes.

ds2 = e−2ky dxµ dx! ! µ ! − dy2



an example of s tr ong dynamics

A composit e Higgs fr om an warped extr a dimension

The ÒwarpÓ f act or

━
━
━
━
━

━
━
━

AdS5

UV
brane

IR
brane

implies a r escaling (redshif t ) of a ll 
the dim ensionful quant it ies by 
moving along the e xtr a dimension.

In o the r w ords:

 translation in y = Weyl rescaling in 4D

ds2 = e−2ky dxµ dx! ! µ ! − dy2



an example of s tr ong dynamics

A composit e Higgs fr om an warped extr a dimension

━
━
━
━
━

━
━
━

AdS5

UV
brane

IR
brane

From that i t f ollows a possible 
solut ion of the Hie rarchy Problem by 
the g eography of wa ve fu nct ions in 
the 5D b ulk:

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 theo ry is a calculable model of the s tr ong dynamics

One can easily b uild an SO(5)/ SO(4) model and compute the 
for m fact ors       ana lyt ically. One Þnds:Π0,1

Π1(Q2)          die s off exponent ially 
at l arge momenta:

Π1(Q2) ∝ e−QMIR

MIR = k e−kL ! TeV

The integral                             is posit ive, so tha t 

the g auge contr ibut ion t o the Hig gs potent ial does not 

tr igger the El ectr oweak symmetr y br eaking

∫ !

0
dQ2 Q2 Π1(Q2)/Π0(Q2)

The EW symmetr y is br oken by the t op quark contr ibut ion, 
which is l arger than the g auge one



Let u s assume tha t the EW sym metr y is br oken: sin(〈h〉/F π) #= 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 †TaL Y Ĥ AaL
µ Bν

$

We can der ive the couplings of the Hig gs t o the g auge Þelds fr om 
the L agrangian

by expanding the f or m fact ors at o rder O(p2) and set t ing              :Ĥ =
(

0
1

)

elementary VS composit e
-  how t o dist inguish an elementary fr om a composit e Higgs -



it f ollows:

M 2
W =

F 2
π

4
sin2 〈h〉

Fπ

! !
0(0) = − 1

g2
2

,
(
! !

0(0) + ! X!
0 (0)

)
= − 1

g2
1

v = Fπ sin
〈h〉
Fπ

ε ≡ v

Fπ
= sin

〈h〉
Fπthe g ap between the EW s cale and the 

scale      a t w hich the Hig gs is f or med 
as a bound state is a d ynamically-Þx ed 
fundamental parameter

Fπ

L = (PT )µ!

[
1
2

(
F 2

"

4
sin2 !h"

F"

) (
BµB! + W 3

µW 3
! # 2W 3

µB!
)

+
(

F 2
"

4
sin2 !h"

F"

)
W +

µ W−
!

+
1
2

p2 [
! ′

0(0) W a
µW a

! +
(
! ′

0(0) + ! X′
0 (0)

)
BµB!

]
+ . . .

]



the l imit           (           ) is a 
decoupling l imit  in w hich one r ecovers 
the SM a t l ow energy 

! ! 0 Fπ ! "

m! ∼
4πF"√

N

━━━━━

━━━━━
━━━━━

É

━━━━━━━━━━
━━━━━

━━━━━

mρ

mh

mW

h

All the c or rect ions to the p recision 
obser vables due t o the e xchange of the  
heavy r esonances wil l be su ppressed by 
powers of    :ε

∆ε1,3,b ∝ ε2

The LEP precision t ests w il l put a 
upper bo und on   :ε ! 2 ! 0.3− 0.1



By expanding around the Hig gs vev one can easily obt ain the 
couplings of the c omposit e Higgs t o the g auge Þelds:

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
µ W a

ν +
(
Π′

0(0) + ΠX′
0 (0)

)
BµBν

]
+ . . .

]

F 2
π sin2 h

Fπ
= v2 + 2v

!
1− ε2 öh +

"
1− 2ε2

#öh2 + . . .hâ =





0
0

〈h〉 + öh
0





gV V h = gSM
V V h

!
1 ! ! 2

gV V hh = gSM
V V hh

"
1 ! 2! 2#

Prediction:

             shifts in the 
couplings of the Higgs
O(! 2)



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

example:  p redict ion of an SO(5)/ SO(4) 

model f or 

ATLAS
L = 300 fb! 1

! 2 = 0.25

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

LHC sensit ive up t o 

[ Duhrssen  2003 ]

ε2 = 0.4− 0.2



The Higgs composit eness also reßects in t o an only par t ial 
unitar izat ion of the WW scat t er ing:

In a bsence of the ph ysical Higgs boson the 
scat t er ing of l ongitu dinal WÕs violates unitar ity 
at en ergies higher than Λ0 ∼ 1.2 TeV

WL

WL

WL

WL

h

An elementary (SM-l ike) Higgs fu lly unitar izes 
the s cat t er ing [  the SM is c omplete, i.e. 
renor malizable up t o arbitr ar y h igh 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 composit e Higgs had modiÞed couplings and 
only par tl y unitar izes the WW scat t er ing.

Unitar ity is l ost a t a s cale:

h

A
(
W +

L W−
L ! W +

L W−
L

)
=

g2
2

4M 2
W

[
s "

s2 (1 " ε2)
s " m2

h

+ t "
t (1 " ε2)
t " m2

h

]

Λ =
Λ0

!

Full u nitar ity is r ecovered thanks t o the 
exchange of the hea vy vect or ial r esonances

ρn!

n
+



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

exper imentally difÞcu lt a t the LHC:

with                the LHC sho uld be  
sensit ive up t o 

L = 200 fb! 1

ε2 ! 0.5 " 0.7

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