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OUR CURRENT DESCRIPTION OF 
FUNDAMENTAL INTERACTIONS

1860’s  Theory of Electromagnetism 

1896  Discovery of Radioactivity

1897  Discovery of the electron 

1930  Neutrino hypothesis

1934  Theory of β-decay

1940’s  QED 

1957  Discovery of Parity Violation 

1964  Discovery of CP Violation 1960’s  The Standard Model 

1960’s-1970’s   Discovery of matter triplication 

1960-70’s  Discovery of Quarks and QCD  

1971-72  The SM renormalizable 

1973  Discovery of Neutral Currents

1983  Discovery of Weak Bosons

2000 Neutrino Masses 

L =− 1
4
F a

µνF a µν + Ψ̄ i�D Ψ

+ M2AµAµ + mΨΨ̄Ψ



TWO OPEN PROBLEMS

 Mechanism of ElectroWeak Symmetry Breaking SU(2)L X U(1)Y → U(1)EM

how matter and weak vector bosons acquire mass ?

 Origin of the Planck-ElectroWeak Hierarchy

why MW is so small compared to the Planck scale MPl?

MW/MPl ~ 10-17



SPONTANEOUSLY BROKEN SYMMETRIES

Let  U  be an element of a symmetry group G 
that leaves the Hamiltonian      invariant:H

Consider two states       and       such that:|A� |B�

ΦA|0� = |A� ΦB |0� = |B� U ΦA U† = ΦB

the vacuum is invariant under G:

U |0� = |0�

then       and       are degenerate:|A� |B�

There are two possibilities:

U |A� = UΦA|0� = ΦBU |0� = |B�

U†
HU = H

EA = �A|H|A� = �B|H|B� = EB



symmetry G not manifest in the spectrum of energy levels

the vacuum is not invariant:

selection rules still follow from the invariance of the Hamiltonian

∂µJa
µ(x) = 0 conserved currents  (Noether)

Theorem   (Goldstone)

there is a massless state πa

�0|Ja
0 |πa� �= 0

(Nambu-Goldstone boson)

�0|Φi|0� �= �0|UΦiU
†|0� � �0|Φi|0� + iαa�0|T a

ijΦj |0�UΦiU
† = RijΦj

�0|T a
ijΦj |0� �= 0

∀ T a / �0|T a
ijΦj |0� �= 0



massless excitations
(NG bosons)

radial excitations 
(massive)

symmetry G not manifest in the spectrum of energy levels

the vacuum is not invariant:

selection rules still follow from the invariance of the Hamiltonian

V (Φ)

Theorem   (Goldstone)

there is a massless state πa

�0|Ja
0 |πa� �= 0

(Nambu-Goldstone boson)

∀ T a / �0|T a
ijΦj |0� �= 0

∂µJa
µ(x) = 0

UΦiU
† = RijΦj

�0|T a
ijΦj |0� �= 0



symmetry G not manifest in the spectrum of energy levels

the vacuum is not invariant:

selection rules still follow from the invariance of the Hamiltonian

Nambu-Goldstone bosons live on the quotient G/H

G/H

massless excitations
(NG bosons)

radial excitations 
(massive)

V (Φ)
∂µJa

µ(x) = 0

UΦiU
† = RijΦj

�0|T a
ijΦj |0� �= 0

�0|T a
ijΦj |0� = 0 T

a ∈ Alg(H)

�0|T â
ijΦj |0� �= 0 T

â ∈ Alg(G/H)



symmetry G not manifest in the spectrum of energy levels

the vacuum is not invariant:

selection rules still follow from the invariance of the Hamiltonian

Theorem   (Higgs)

If the symmetry is gauged the NG bosons are 
‘eaten’ to form the longitudinal polarizations 
of the gauge field, which becomes massive

πa → Aµ a
L

radial excitations 
(massive)

V (Φ)
∂µJa

µ(x) = 0

UΦiU
† = RijΦj

�0|T a
ijΦj |0� �= 0

massless excitations
(NG bosons)



SPONTANEOUSLY BROKEN ELECTROWEAK SYMMETRY

L0 = −1
4
BµνBµν − 1

4
W a

µνW a µν − 1
4
GµνGµν +

3�

j=1

�
Ψ̄(j)

L i �DΨ(j)
L + Ψ̄(j)

R i �DΨ(j)
R

�

Interactions invariant under SU(2)L x U(1)Y
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Fig. 6. Multi-parameter fits using the combined information from single-γ , single-W and W-pair events including all CM energies. The solid
bars indicate the 95% confidence level (CL) intervals for the single-parameter fit assuming the two others at their Standard Model value. The
dashed lines show the 95% confidence level contours of the two-parameter fit. The shaded area is a projection onto the two-dimensional plane
of the three-dimensional envelope of the 95% confidence level volume. The most probable value is represented by the star. The Standard Model
expectation is represented by a square.

7. The technipion form factor FT and the techni-ρ mass

In analogy with e+e− → π+π− and the ρ resonance, the effect of a techni-ρ resonance on e+e− →W+
LW

−
L

can be described by the complex technipion form factor FT [35]:

FT =
M2

ρ − iΓρMρ

M2
ρ − s − iΓρMρ

,

where Mρ and Γρ are the mass and width of the techni-ρ, respectively. Limits are placed on Mρ and Γρ by
measuring the real and imaginary parts of FT.
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iL = e cot θW

�
gZ
1 Zµ(W−

µνW+ ν −W+
µνW− ν) + κZ W+

µ W−
ν Zµν

+ λZ W+ ρ
ν W−

ρµZµν
�

+ e
�
κγ W+

µ W−
ν γµν + λγ W+ ρ

ν W−
ρµγµν

�

Ex:  Triple gauge couplings tested at LEP

e+

e−

W+

W−
Z, γ

W−

W+

gZ
1

κγ



SPONTANEOUSLY BROKEN ELECTROWEAK SYMMETRY

L0 = −1
4
BµνBµν − 1

4
W a

µνW a µν − 1
4
GµνGµν +
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Interactions invariant under SU(2)L x U(1)Y

Lmass =M2
W W+

µ W−µ +
1
2
M2

Z ZµZµ

−
�

i,j

�
ū(i)

L Mu
iju

(j)
R + d̄(i)

L Md
ijd

(j)
R + ē(i)

L Me
ije

(j)
R + ν̄(i)

L Mν
ijν

(j)
R + h.c.

�

Mass spectrum has a smaller U(1)em invariance

THE SU(2)L X U(1)Y SYMMETRY IS “HIDDEN”



Lmass =
v2

4
Tr

�
(DµΣ)† (DµΣ)

�
− v√

2

�

i,j

(ū(i)
L d̄(i)

L )Σ

�
λu

iju
(j)
R

λd
ijd

(j)
R

�
+ h.c.

Σ = exp (iσaχa/v) DµΣ = ∂µΣ− ig2
σa

2
W a

µΣ + ig1Σ
σ3

2
Bµ

MAKING THE SU(2)L X U(1)Y SYMMETRY MANIFEST

+
aT

8
v2 Tr

�
Σ†DµΣ σ3

�2

Σ→ UL Σ U†
Y

UL(x) = exp(iαa
L(x)σa/2) UY (x) = exp(iαY (x)σ3/2)

 Reintroduce the NG-boson  (and choose a non-unitary gauge):

M2
W =

v2

4
g2
2

M2
Z =

v2

4
(g2

1 + g2
2)(1 + aT )



TWO IMPORTANT CLUES FROM LEP

ρ ≡ M2
W

M2
Z cos2 θW

[1.]   CUSTODIAL SYMMETRY

Experimentally:

Predicted: ρ =
1

1 + aT

+
aT

8
v2 Tr

�
Σ†DµΣ σ3

�2
must be SMALL

Lmass =
v2

4
Tr

�
(DµΣ)† (DµΣ)

�
− v√

2

�

i,j

(ū(i)
L d̄(i)

L )Σ

�
λu

iju
(j)
R

λd
ijd

(j)
R

�
+ h.c.

(ρ− 1) � 2× 10−3



TWO IMPORTANT CLUES FROM LEP

[1.]   CUSTODIAL SYMMETRY

Lmass =
v2

4
Tr

�
(DµΣ)† (DµΣ)

�
− v√

2

�

i,j

(ū(i)
L d̄(i)

L )Σ

�
λu

iju
(j)
R

λd
ijd

(j)
R

�
+ h.c.

Σ = exp (iσaχa/v) DµΣ = ∂µΣ− ig2
σa

2
W a

µΣ + ig1Σ
σ3

2
Bµ

�Σ�=1

For          , in the limit         ,            , there 
is a larger SU(2)L x SU(2)R  global symmetry 

aT =0 g1=0 λu =λd

The vacuum             breaks  SU(2)LxSU(2)R→SU(2)V 

Σ→ ULΣ U†
R

the NG bosons      transform as a 
triplet under the custodial SU(2)V

χa

MW = MZ for g1=0



TWO IMPORTANT CLUES FROM LEP

[2.]   `EVIDENCE` FOR A LIGHT HIGGS BOSON

100 GeV

1 TeV
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LEWSB =
v2

4
Tr

�
DµΣ†DµΣ

��
1 + 2a

h

v
+ b

h2

v2
+ · · ·

�

−miψ̄LiΣ
�

1 + c
h

v

�
ψRi + h.c. + V (h)

Add an SU(2)L x SU(2)R scalar singlet h

a, b, c  are free parameters

Log(mh) dependence through loop effects

a=1

h

χ3

W 3 B

h

χ3 χ3

B



NEED FOR AN EWSB SECTOR

New dynamics needed at large energy: Theory not unitary or strongly coupled

Most easily seen using the 
Equivalence Theorem:

Wµ
L

χ

�
1 + O

�
M2

W

E2

��
=

χ+

χ−

A(χ+χ− → χ+χ−) =
1
v2

(s + t)

χ+

χ−

∂µ∂µ

Perturbative unitarity violated at E≫MW 

in the scattering of two NG bosons:



A scalar h can restore perturbative unitarity:

χ+

χ−

χ+

χ−

h A(χ+χ− → χ+χ−) � 1
v2

�
s− a2s2

s−m2
h

+ (s↔ t)
�

unitarity for :   a=1 

h

h

h

h

χ+

χ−

A(χ+χ− → hh) � s

v2
(b− a2)

χ+

χ−

χ+

χ−

ψ

ψ̄

h

ψ

ψ̄

A(χ+χ− → ψψ̄) � mψ
√

s

v2
(1− ac)

unitarity for :   a2=b 

unitarity for :   a=c 



a=b=c=1  defines the Higgs model, whose Lagrangian 
can be rewritten in terms of the SU(2)L doublet H:

H =
1√
2

e
iσaχa/v

�
0

v + h

�

Unitarity of the model follows from its renormalizability

There is an unbroken custodial symmetry SO(3):

H =
�

w1 + i w2

w3 + i w4

�
H

†
H =

�

i

(wi)2

V (H†
H)

�H†
H� = v

2

is SO(4)~SU(2)L x SU(2)R invariant

breaks SO(4)→ SO(3)~SU(2)V



HIGGS BOSON:   ELEMENTARY ?

δm2
h =

�
6 y2

t −
3
4

�
3 g2

2 + g2
1

�
− 6 λ4

�
Λ2

8π2

A light elementary scalar is highly unnatural 
in absence of a symmetry protection

Higgs mass naturally of order ~Λ

The larger Λ the less natural a light Higgs is 

The cutoff Λ might be low: the Higgs model should be perhaps regarded as a 
parametrization rather than a mechanism of EWSB

Not an accident: No elementary scalar has been found so far !



strong
sector︴ ︴

 
︴Aµ 

━━━━ψ

━━━━━

━━━━━
━━━━━

…

━━━━━
━━━━━
━━━━━

mW

━━━━━mh
h

mρ

[ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]

THE COMPOSITE HIGGSIt is possible that a light Higgs-like scalar arises as a 
bound state from a strongly interacting EWSB sector

Motivations:

• A composite Higgs solves the 
hierarchy problem

• A light Higgs is preferred by the EW fit

A light composite Higgs can naturally arise 
as a (pseudo) Nambu-Goldstone boson:

enlarge the global symmetry of the strong sector 
to have a full SU(2)L doublet

ex:   SO(5) → SO(4)

G → G’

h

[ Georgi & Kaplan, `80 ]



W 3

ρ

B

�H�

ρ[ f →∞ ]
ξ → 0

�H�

ξ =
�

v

f

�2

∆�3 ≡ Ŝ ∼ m2
W

m2
ρ

∼ g2

16π2
× 16π2

g2
ρ

× v2

f2 ━━━━━

━━━━━
━━━━━

…

━━━━━
━━━━━
━━━━━

mW

━━━━━
h m2

h = λ4 v2 ∼ g2
SM

16π2
g2

ρ v2

mρ ∼ gρ f

Composite Higgs lighter than the other 
resonances required by LEP precision tests

new parameter compared to TC
(fixed by dynamics)

decoupling limit

All   ‘s become heavy and 
one reobtains the SM



χ+

χ−

χ+

χ−

h
χ+

χ−

χ+

χ−

�

n

ρn

Shifts in the Higgs couplings at O(ξ)

a =
�

1− ξ , b = (1− 2 ξ)

Given the   -model Lagrangian        are predicted in terms of    : σ ξa, b

Ex:   SO(5) → SO(4)

composite Higgs partially 
unitarizes WW scattering

other resonances 
can be heavier



�1,3 = c1,3 log
�

M2
Z

µ2

�
− c1,3 a2 log

�
m2

h

µ2

�
− c1,3 (1− a2) log

�
m2

ρ

µ2

�
+ finite terms
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Ε3
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0.008

0.009

0.01

Ε1

�2,b = �SM
2,b

c1 = +
3

16π2

α(MZ)
cos2 θW

c3 = − 1
12π

α(MZ)
4 sin2 θW

∆�1,3 = −c1,3 (1− a2) log

�
m2

ρ

m2
h

�

see:  Barbieri et al.  PRD 76 (2007) 115008

The parameter     controls the size of the IR contribution 
to the LEP precision observables 

a = 1

a = 0

mh =120 GeV

a
�1,3

0.8 � a2 � 1.6 @ 99% CL



Composite Higgs vs LEP data Ex:   SO(5) → SO(4)

0 0.1 0.2 0.3 0.4 0.5

2

4

6

8
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1 TeV
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4 TeV

5 TeV
6 TeV

7 TeV8 TeV

ξ

gρ

[ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]

mρ =
3
8π

gρv√
ξ

a =
�

ξ − 1

∆ρ = +2× 10−3

isocurves of constant mρ

adding an extra



tL

tR

HH

V (h) ≈ 3 y2
t

16π2
m2

ρ f2 ζ(h/f)

1-LOOP POTENTIAL FOR THE PSEUDO-NG HIGGS

The scale     is 
dynamically generated

v

Only loops of elementary fields 
generate a potential

Higgs couplings switch off at 
large momenta → finiteness

Form Factors

periodic function (H ∈ G/G
�)



A QCD ANALOG:   THE PION

︴ ︴
 
︴Aµ QCD

SU(2)L╳SU(2)R

SU(2)V

↓π

composite sector (QCD)

Elementary photon

Photon loops generate a potential for 
the pion w/o breaking U(1)em

V (π) � 3αem

8π2
sin2

�
π

fπ

� � ∞

0
dQ2 ΠLR(Q2)

π

Aµ

π

Form Factor ΠLR(Q2)



Estimate for charged pion mass works: (mπ± −mπ0)|TH � 5.8 MeV

(mπ± −mπ0)|EXP � 4.6 MeV

π

π

Aµ

ρ

S.R. A mendolia et al. / Pion electromagnetic form factor 193 
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Fig. 17. The square of the pion form factor, IF~I 2 versus q2, with statistical error bars only. The line 
shows the constrained pole fit with normalisation n = 0.991 and (r 2 ) = 0.431 fm 2. Inset: comparison (on 
an expanded q2 scale) with the 250 GeV/c data X of Dally et al. [4] (both data sets are subject to 

systematic errors of about 1%). 

marised in table 3. We have compared our data directly with the form factor 
solutions of Heyn and Lang, which were obtained from an analysis with very little 
model input. Solutions A and B, which have high values for the radius and the 7rTr 
P-wave scattering length, are in poor agreement and have X 2 probabilities of 2.5% 
and 12% respectively. For solution C (in which the scattering length was constrained 
to the generally accepted value) we find a probability of 48%. 

We recall that our data, which lie at small space-like t, are perfectly fitted by a 
real pole form with ( r  2) -- 0.431 _+ 0.010 fm 2. However, this implies the exchange of 
a single stable particle of mass M = (6/(r2~) 1/2 = 736 + 9 MeV, which is 4% below 
the accepted p mass of about 770 MeV. Clearly the pole model is an inadequate 
description of the form factor at the level of precision of the data. For completeness 
we mention the dipole form, which has been successful in describing nucleon form 
factors, and gives ( r  2) = 0.406 + 0.010 fm 2 with a X 2 probability of 39%. However, 
neither of the above forms allows for the phase of F.,  which is given through elastic 
unitari ty in the p region by the ~r~r P-wave phase shift. 

[ NA7 Collaboration (1986) ]

Ex:   Pion electromagnetic form factor

Pion compositeness means 
momentum-dependent couplings:



Historically :       discovered in pi-pi scattering ρ
events with small 

transfer momentum

π−+ p→
p + π−+ π0

n + π−+ π+

ρ
π

π

π

p

[ Erwin et al. ,  Phys Rev Lett 6 (1961) 628 ]

(predicted by Nambu and Frazer and Fulco)



A FASCINATING POSSIBILITY:    COMPOSITENESS FROM HIGHER DIMENSIONS

Consider a 5-dimensional field theory in a curved background:   (Randall-Sundrum)
━
━
━
━
━

━
━
━

AdS5

0 ≤ y ≤ πR

ds2 = e−2ky dxµdxνηµν − dy2

Scales depend on the position:

translation of y  ⇔  4D rescaling 

EW/Planck hierarchy from geometry:

TeV ∼ e−2kπR MPl

EW scale = redshifted Planck scale

warp factor

IR 
brane

UV 
brane

graviton & 
light fermions

Higgs



Fourier decomposition gives towers of massive 4D fields

5D - 4D duality 

Resonances of the 
strong sector

Kaluza-Klein 
excitations

━━━━━
━━━━━━━━━━
━━━━━
━━━━━

━━━━━

…

zero modes

Kaluza-Klein modes

Φ(xµ, x5) =
�

n

fn(x5)φ(n)(x)



━
━
━
━

━
━q

G(q, L0, z) ∼ e−qz for qz � 1

z = k−1 e−yk

z = L0

z = L1

IR 
brane

UV 
brane

A brane-to-brane propagator between two 
sources on the UV boundary `probes` only 
up to distances            , where     is the 4D 
momentum

z∼1/q q

the Higgs structure along the extra dimension

appears like a form factor

for an observer on the UV brane

z � 1
q



G → G’︴ ︴Aµ 
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THE HOLOGRAPHIC DESCRIPTION

HElementary 
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Higgs profile

SM fields live here



CONCLUSIONS

• LHC goal:    Unraveling the mechanism of EWSB

main question:  weak or strong ?

• Standard Model with an elementary Higgs boson does not explain 
the origin of EWSB nor address the Planck/EW hierarchy

• Watch out for deviations in Higgs couplings and WW scattering 
as evidence of compositeness and new dynamics
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MEASURING THE HIGGS 
COUPLINGS AT THE LHC

[ Duhrssen  ATL-PHYS-2003-030 ]

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

LHC sensitive up to 

ξ ∼ 0.2− 0.4

ATLAS

L = 300 fb−1

ATLAS

L = 300 fb−1



LHC DISCOVERY REACH ON THE 
COMPOSITE HIGGS (MCHM5)

from: C. Grojean,  arXiv:0910.4976
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2. Detecting an excess of events in                      
scattering (determines    )

WW→WW

a

The onset of the strong scattering is delayed 
to larger energies Events per 100 fb-1 in the golden 

purely leptonic decay modes

Strong “pollution” from transverse polarizations

signal a = 0 SM SM bckg

ZZ 1.5 9 0.7
W+W− 5.8 27 12
W±Z 3.2 1.2 4.9
W±W± 13 5.6 3.7

σ(WLWL signal) ≡σ(a = 0)
− σ(SM mh = 100 GeV)

[ Bagger et al.  PRD 52 (1995) 3878 ]

PARTON LEVEL

STRONG VS WEAK EWSB:   HOW THE LHC CAN TELL



• At the ILC one would test       at % level
v2

f2

Barger, Han, Langacker, 
McElrath,Zerwas 03

Aguilar-Saavedra et al.
ECFA/DESY LC Physics WG

• Also test deviation from SM in Higgs potential                            :
c6λ

f2

�
H

†
H

�3 c6λ

f2
< 20%

ILC can rule out Higgs compositeness scale          below 4πf 30 TeV

[ From Rattazzi, talk at Princeton 07 ]



[ From Rattazzi, talk at Princeton 07 ]


