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The LHC is a project 
aiming at exploring a 
new energy regime 

Nobody knows exactly what will be found, 
but theoreticians speculate…  

The goal is the exploration of small distances  
(< 10-19 m) searching for new phenomena 



The complexity of nature is disguising the simplicity 
of the fundamental physical laws at small distances 

complex 
organisms cells atoms particles large-scale 

universe 
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Concept of symmetry central in modern physics 
invariance of physics laws under 

transformation of dynamical variables 
Now fundamental and familiar concept, but hard 

to accept in the beginning 
Ex.: Earth’s motion does not affect c 

Lorentz tried to derive it from EM 

Einstein postulates c is constant (invariance 
under velocity changes of observer) 

dynamics determine symmetries!

symmetries determine dynamics!

Einstein simply postulates what 
we have deduced, with some 

difficulty and not always 
satisfactorily, from the 

fundamental equations of the 
electromagnetic field 



All physical phenomena in the microcosm can be 
understood in terms of a single symmetry principle  

(simply connected) spherically symmetric object 

gauge symmetry 

electromagnetism 

weak force 

strong force 



Electromagnetism  infinite range  photon mass =0 

Weak force  10-18 m (10-3 p radius)  W, Z massive  
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The problem of electroweak breaking 

Oscillations 
perpendicular to 

direction of motion 

Transverse wave Longitudinal wave 

Water wave 

The EM wave has only 2 independent polarizations 
Just an empirical fact, but a very lucky one 
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E 

E 

If 3rd polarization existed 

Scattering probability grows with E 

Nonsense at large E: probability 
larger than 100% 

In QED, 3rd pol. does not exist ⇒ gauge symmetry 

Gauge symmetry is essential to make theory free of nonsense 

Transverse 
polarizations 

Longitudinal 
polarization 

Photon in QED 
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The “gauge trick” cannot work for massive particles 
Why? 

Einstein relativity: c is the same in every reference frame 

I can choose a frame where a massive particle is at rest 

C ! 

γ	


C ! 

γ	


V ! 

Z0 

0 ! 

Z0 

In that frame: how can I distinguish longitudinal from 
transverse polarizations? 

We have to live with 3 pol. ⇒ nonsense in HE scattering! 

Z0 



gauge 
symmetry  

massless 
force carrier 

sensible HE 
theory ⇔ ⇔ 

The root of the problem: 

How can we reconciliate W, Z masses  
(short-range weak force) with gauge symmetry? 

Z0 and W± are massive  ⇒ nonsense in HE collisions 

Where does nonsense appear?       

The LHC will give us the answer 

E > 1 TeV  
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Most people believe that the Higgs 
mechanism is the solution 

Higgs field fills space with 
uniform distribution of EW charge 

•  large distances → mass 

•  small distances →  longitudinal waves are part of 
the harmless Higgs field → no nonsense 

This distribution affects particle propagation 

Gauge symmetry is in the 
equation, not in the solution 



Producing the Higgs boson at the LHC 

149<MH<206 and 300<MH<440 GeV/c2 

excluded @ 95% CL 



If confirmed, the Higgs mechanism would represent 
a new concept in our understanding of nature 
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Understanding “nothing” has a long history 
Western thought was influenced by Artistotle’s proof that 
vacuum cannot exist in nature 

“Any motion will come to a standstill 
unless  some external force keeps 
driving it”          

In empty space, why should a body 
stop in one place rather than another? 

“Natural motions (without external 
agent) make heavy elements (earth, 
water) fall down and light elements (air, 
fire) go up”                       

How could natural motions exist in 
empty space?  

Absurd! 



The principle of Horror Vacui: Nature will work 
in a way to prevent the appearance of vacuum 
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Empedocles’ 
clepsydra 

Experimental proof of 
the Horror Vacui 

principle 
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air 

Evangelista 
Torricelli’s 
experiment 

(1644) 

Blaise Pascal’s 
vide dans le 
vide (1647) 



A new form 
of aether? 



At 10-10 seconds after the Big Bang:  
Space crystallized into a new form 

Nature filled space because she saved energy  

No difference, no matter how you move 
with respect to this substance 



GR YM 

 H 

forces 
& 
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Discovering the Higgs is not just finding a new 
particle: it is unveiling a fundamental element of 
nature’s scheme 

•  GR & YM are elegant structures dictated by symmetry, have 
few free parameters, and fare marvelously with exp. data   

•  The Higgs sector looks like a provisional structure 

 the LHC may find surprises 



Higgs 

Sensitivity to quantum fluctuations 

No separation of 
scales:  

why MW << MPl 
(GN << GF)? 
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Having MW << MPl requires tuning up to 34th digit !  

Poising a pencil as long as the solar system 
on a tip 0.1 mm wide! 
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The “stability” of the hierarchy MW / MPl requires an explanation 

Higgs is “screened” at energies larger than TeV   ⇒  
new forces and new particles within LHC energy range 

What is the new phenomenon? 
Enter pure speculation… 

These speculations have created some 
remarkable conceptual discoveries 



Some of the new ideas about naturalness and 
EW breaking revolutionize our concepts of 

space-time, matter and forces 

Supersymmetry emerges from the search for 
new space-time symmetries  

real numbers 

complex 
numbers 

real 

im
ag

in
ar

y + − × ÷ √ 

x y 

z rotation 
translation 

√ translation 

superspace 
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x y 

z 

3-d space 

translations/rotations 

P = (x,y,z) 

4-d space-time 

Poincaré 

P = (t,x,y,z) 

4-d space 

superspace 
susy 

translation 

The new coordinates have a quantum character 
and cannot be described by ordinary numbers 

superspace 

supersymmetry 

P = (t,x,y,z,θ,θ) 
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Extra dim is periodic or “compactified” 

€ 

x5 + 2π R = x5
All fields can be expanded in Fourier modes 

€ 

ϕ ( ˆ x ) =
ϕ (n )(x)

2π Rn=−∞

+∞

∑ exp i n x5

R
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

5-dim field ⇔ set of 4-dim fields:               Kaluza-Klein modes  

€ 

ϕ (n )(x)

Each         has a fixed momentum p5=n/R along 5th dim 

€ 

ϕ (n )

4-d space 

extra 
dimensions 

mass 

D-dim 
particle 

E2  = p 2 + p2
extra + m2 → 

KK mass 

From KK mass spectrum we can measure 
the geometry of extra dimensions 
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The new coordinates have a quantum character 
and cannot be described by ordinary numbers 

Anticommuting variables: θ × ζ = − ζ × θ   θ 2 = 0   

Taylor expansion: 

€ 

ϕ (x,θ) = ϕn (x) θ
n =

n
∑ ϕ0 (x) +ϕ1 (x) θ
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This new space has unfamiliar geometric properties 
(but it is mathematically consistent) 

What happens to particles propagating 
in superspace? Superparticle! 

4-d space 

superspace 
boson 

(integer spin) fermion  
(half-integer spin) 

superparticle 

Supersymmetry 
particle spin S 

particle spin S+1/2 

Special relativity & 
quantum mechanics 
particle charge Q 

antiparticle charge -Q 
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Why is supersymmetry interesting? 

•  supersymmetry relates particles with different 
spin  must involve space-time 
transformations  (super)gravity 

•  supersymmetry necessary ingredient for 
string theory? 

•  supersymmetry may be the answer to the 
naturalness problem 
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virtual particles increase the density of the Higgs 
field in the vacuum:   MW  #

virtual sparticles decrease the density of the Higgs 
field in the vacuum:   MW #

total effect                         =  0 
The magic of 

symmetry! 

Supersymmetry gives the justification for 
an apparently miraculous coincidence 

Why is supersymmetry interesting? 

Higgs field affected by quantum 
fluctuations of the vacuum 

Higgs 
MW , MZ  Emax 
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If the particle world 
took place in 
superspace… 

… lots of new 
particles, but the 

power of symmetry 
relates all their 

properties 
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If the particle world 
took place in 
superspace… 

… lots of new 
particles, but the 

power of symmetry 
relates all their 

properties 

Staring at shadows 
can be deceitful… 
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Supersymmetry cannot be an exact symmetry 
of our world (spin-0 electrons do not exist) 

The dark side of the moon is hidden  

We need the LHC! 

P 
sP 

m 
m  >> m ~ 

Supersymmetry 
breaking 

gauge symmetry  m = 0 
supersymmetry    m = 0  ~ 
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How heavy are the 
supersymmetric particles? 

LEP: weakly-interacting sparticles > 100 GeV 
LHC: colored sparticles > 1 TeV 

€ 

Naturalness ⇒ ˜ m < TeV



particle 

sparticle 
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How will the LHC detect supersymmetry? 
Supersymmetry will be 
discovered at the LHC, 
whether it exists or not! 

R-parity 

LSP: neutralino (γ, Z, H)
 ET 

~ ~ ~ 
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Supersymmetry and unification  

SM based on a 
symmetry principle: 

SU(3)×SU(2)×U(1) 
       #
strong   electroweak 
    gs                 g, e 

Grand unification: single force  single coupling 
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Classical physics: force depends on distance 
Quantum physics: charge depends on distance 

charge 

virtual 
particles 

A strange phenomenon 
QED: virtual particles 
screen the charge  
charge gets weaker as we 
move away 

Even stranger 
QCD: virtual particles 
antiscreen the charge  
charge gets stronger as 
we move away 



42 

EW force 

EW force 

The screening (and antiscreening) 
depends on all species of existing 
particles 

If supersymmetry is 
discovered, it could hint 
towards unification of 

forces at 1016 GeV 
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Link between particle physics and cosmology has been 
one of the most astounding results of modern science 

Quantum mechanical 
field fluctuations 

Large scale structure 
of the Universe 

Cosmic Microwave 
Background 



10 nm 

800 kpc 

10-36 s 

Unfortunately this link is often 
abused and trivialized 

The LHC does NOT recreate the 
conditions of the universe 

soon after the Big Bang	




DARK 
ENERGY ATOMS DARK 

MATTER

Galactic Cluster 0024+1654 (Hubble Telescope) 

A new form of matter: what is dark matter? 
Maybe supersymmetric particles are all 

around us at this very moment… 



€ 

ηDM = k ηB ⇒ ΩDM = 0.22 k M
5 GeV
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

€ 

σ =
k

128π M 2 ⇒ ΩDM = 0.22 M
k TeV

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2
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If a stable massive particle is in thermal equilibrium in 
the early universe, its density today can be computed 

T >> M T << M T ≈ M 

Link dark matter  weak scale 

If DM particle asymmetry is related to baryon asymmetry 

Peculiar coincidence with the weak scale:  
is dark matter made of supersymmetric particles? 
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Several LSP per liter of space 
(moving at one million km/h) 

Half a kg of them in the space 
occupied by the earth 

Power generated by DM on one kg 
of matter: 10-19 watts  1% of the 

moon for one light bulb  

LHC could artificially produce DM 
DM 

matter: 6×1024 kg 
dark matter: 0.6 kg 
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LHC 

Direct detection  

Indirect detection   

DM 

Complementarity of information 



CONCLUSIONS 

The research at the LHC addresses some of the 
most fundamental questions about space, time, 

forces, and matter and will shape our 
understanding of the laws of nature  

The LHC has started its exploration and soon 
we will have answers… 
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If you have any questions: 
G.F. Giudice 
CERN-TH, room 4-2.056 
phone:  022 767 3203 
e-mail:  gian.giudice@cern.ch 

If you want to know more: 


