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Program:

Introduction to the Standard Model

•Introduction: matter and forces 
•Non relativistic quantum mechanics and special relativity 
•Electromagnetic interactions of spin-0 particles 
•Electromagnetic interactions of spin 1/2 particles 

Introduction to the Standard Model

•Weak interactions of quarks and leptons 
•Introduction to Quantum Chromodynamics
•Experimental tests of the Standard Model 
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Program:
Hadron Collider Physics

•History of hadron colliders 
•Hadron collider observables and differential distributions
•Cross sections and decay rates 
•Elastic and inelastic collisions of hadrons
•Minimum bias and soft underlying events
•PDF and heavy flavour production (top and bottom quarks)
•Vector boson production at hadron colliders
•Special probes of the Standard Model: why is the top quark so 
interesting?
•The Higgs search
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Program:
Neutrino Physics and Astroparticles

Neutrino Physics and Astroparticles:
•Neutrino Physics
•Atmospheric and solar neutrinos
•Phenomenology of Neutrino Oscillations
•Neutrino Oscillation Experiments
•Neutrino puzzles: LSND anomaly and MiniBoone results
•Neutrino mass
•The future: super-beams and neutrino-factories

Cosmic Rays
•The cosmic ray spectrum and cosmological sources
•Ultra-high-energy (UHECR) cosmic rays
•The GZK cut-off
•Experiments and detectors of UHECR 

Final Remarks and Evaluation
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Objectives:
1. Provide basic knowledge on the Standard Model and its experimental tests
2. Make a brief introduction to Collider Physics and explore examples of colliders 

(the LHC)
3. Introduce the students to Neutrino Physics and compare different experimental 

techniques for detection of neutrino oscillations 
4. Explore the Cosmic Ray spectra with special focus to the ultra high energy 

region.

Evaluation: 
1. Project research work (based also on IDPASC material)

Bibliography:
1. I.J.R. Aitchison and A.J.G Hey, “Gauge theories in particle physics”, Vols. I and 

II, IoP publishing, 3rd Ed. (2003).
2. F. Halzen and A.D. Martin, “Quarks and leptons: an introductory course in 

modern particle physics”, Wiley (1984).
3. D.M. Gingrich, “Practical Quantum Electrodynamics”, Taylor and Francis 

(2006).
4. David J. Griffiths, “Introduction to Electrodynamics”, 3rd Edition, Prentice Hall, Upper

Saddle River, New Jersey  07458
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Additional usefull text books:

1. R.K. Ellis, W.J. Stirling and B.R. Webber, “QCD and collider physics”,  
Cambridge (1996).

2. E.A. Paschos, “Electroweak Theory”, Cambridge (2007).
3. B.R. Martin and G. Shaw, “Particle physics”, Wiley (1992).
4. W.S.C. Williams, “Nuclear and particle physics”, Oxford (1991).
5. S. Eidelman et al., “Review of particle physics”, Physics Letters B 592 

(2004) 1.
6. J.D. Bjorken and S.D. Drell, “Relativistic Quantum Mechanics”, 

McGraw (1964). e.g. G. Arfken, “Mathematical Methods for Physicists”, 
Academic Press (1985).

All lectures will have their own material (pdf documents)
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Proposals for Project Research Work (not exclusive):

1. Search for ttH production at the LHC
2. The Top Quark Couplings
3. The Higgs search (LEP+TEVATRON+LHC)
4. Electroweak Precision Tests
5. AUGER Observatory
6. The W and Z discovery (UA1 and UA2)
7. Atmospheric Neutrinos
8. Solar Neutrinos and SNO
9. The Sun Standard Model
10............anything else?
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Introduction: matter and forces 
•What is Particle Physics? 
•Orders of magnitude?
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Elementary Particles: 1995 (FNAL Tevatron p-pbar)  

1977 (FNAL : pN)

1983 (CERN SPS) : p-pBar 

1974 (J/Y) 
(BNL AGS : pN)

1962 (BNL AGS 
n from pN)

2000 (FNAL Tevatron: 
n from pN)
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Particles Masses:

Quark PDG Mass Value (2011)
u 1.7-3.1 MeV

d 4.1-5.7 MeV

s 100+30
-20 (80-130) MeV

c 1.29+0.05
-0.11(1.18-1.34) GeV

b 4.19+0.18
-0.06 GeV

t 173.2±0.9 GeV (July 2011, 
Tevatron)

Lepton
s

PDG Mass Value (2011)

e 0.510998910±0.000000013 MeV

µ 105.6583668±0.0000038 MeV

t 1776.82±0.16 MeV

Boson
s

PDG Mass Value (2011)

W 80.399±0.023 GeV

Z 91.1876±0.0021 GeV
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Quark Colour
A lot of information relative to quarks has been revealed in colliding e+e- beams.
Let us look into the experiments in the centre of mass energy  >10 and below 90 GeV

The e+e- annihilation cross section                                        is relatively easy to measure

In the Weinberg-Salam electroweak theory (at LO)  the theoretical cross section can be 
easily calculated. The differential cross section (where the angle q is the angle between 
the outgoing muons – which are back to back in the c.m. frame- with respect to the 
direction of the unpolarised incident beams direction) is

where                                         is the fine-structure constant. Neglecting the lepton masses 
and integrating over the angle, the total cross section can be evaluated to

One particularly interesting quantity is:    
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In the energy range considered (10-60GeV) the Lowest Order contribution for the muon production is  

and for the quarks  

For the quark processes, and assuming the nature of the process is similar to the muon production 
i.e. an electromagnetic interaction where the above formlas hold except that the charge  e is replaced 
now by each quark charge,   

This factor is wrong by a factor ~3 !!! There must be something more fundamental going on
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What does the experimental 
data shows us?

In the Standard Model the 
discrepancy is solved by 
introducing the concept of 
colour: quarks have 3 
colours (red, green and blue)

If one multiplies the previous 
equation by 3, one gets a 
very good agreement with 
data,  
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What is
actually 

measured
?
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A difficulty with experimental investigation of the nature of quarks: 
isolated quarks were never observed

Quarks are always 
confined  in compound 
systems that extend 
over distances of 
~1fm. 

The most elementary 
quark systems are: 
Mesons and Barions
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Inelasticity: fraction of lepton 
energy transferred to the 
proton in its rest frame
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This plot shows modern (post HST) determinations,
including results from gravitational lensing and
applications of the Sunyaev-Zeldovich effect. Note the
very recent convergence to values near 65 +/- 10
km/sec/Mpc (about 13 miles per second per million
light-years). The data for this plot is at hubble.plot.dat
and will be updated periodically as part of the HST Key
Project on the Extragalactic Distance Scale. Currently,
the old factor of two discrepancy in the determination f
the cosmic distance scale has been reduced to a
dispersion of the order of 10 km/s out of 65-70, or 15-
20%. Quite an improvement! The summary results from
the HST H0 Key project are plotted below. With some
slight modifications to the Cepheid scale zeropoint, we
believe our best value for the local H0 determination is
around 71 (+/- 7) km/s/Mpc.

https://www.cfa.harvard.edu/~huchra/

1 Parsec = 3.08568025 × 1016 m

Data for the plot:   https://www.cfa.harvard.edu/~huchra/hubble.plot.dat

Dark Energy

What is the source of the energy which is pulling the Univers apart?
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Cross Section, s
The cross section, denoted by s, is a measure of the effectiveness of the B(beam) - T(target)
interaction. The larger the cross section, the more likely it is that the B particles are deflected by
the Target. A cross section depends on the types of particles involved and usually depends on
the energy of the particles in the beam

In general, the cross section is the effective area of the collision region. 

Suppose that the target T is a solid ball of radius R and suppose that the beam particles B
are point-like. A B particle will strike the ball if it passes within a distance of R of the center
of the ball. The cross section s for this case is the area of a circle of radius R or pR2.

If the beam particles B are also balls of radius r, then a B is deflected if it comes within a
distance of (R+r) of the center of the ball T. The cross section s for this case is p(R+r)2.
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Cross Section Definition
In the microscopic world, elementary particles cannot be considered balls and they do not interact
so mechanically. They can interact at a distance – similar to the way two magnets affect each
other without touching one another.

Suppose that the density of beam particles is nbeam (nbeam is the number of B particles per unit 
volume) and suppose that the beam particles are travelling with a speed v.

Assume that there is only one T
(target) particle. The ball T casts
a "shadow" in the shape of a
cylinder in the beam: the region
behind T is devoid of particles.



Physics

UM

Physics

Page 29
A.Onofre

Cross Section Definition
The number Nint of particles that have collided is the number of B particles that would be in the 
"shadow" region had T not been present. This number is the volume of the shadow region V 
times the beam density nbeam: 

Nint = nbeam V

The volume V of the cylinder is the cross sectional area
pR2 times the length L of the cylinder

Let t be the time during which the beam particles B have
been striking the target. Since, in a time t, the beam
particles travel a distance of vt, L = vt. Hence,

V = (pR2)vt. 
This implies,

Nint = nbeam (pR2)vt. 

The number  of interactions per unit time is

Nint / unit time = nbeam (pR2) v. 
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Cross Section Definition

s = Nint / unit time / (nbeam v) 
Solving for (pR2), which is the Cross Section for this particular case, one finds 

Jbeam=(nbeam v) = flux of incoming beam particles 

Usually the target T does not consist of a single particle. 

If NT
target is the Total Number of Particles present in the target T, then the number of collisions

per unit time is NT
target times greater than the case of a single particle, and one must divide by this

factor if the cross section is to represent the effective area of interaction between a single
beam particle and a single target particle:

s = Nint / unit time / (nbeam xvxNT
target) 

= Nint / unit time / (Jbeam  x NT
target ) 
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Cross Section Definition

Thus, the procedure for computing the cross section s in any experiment
for which a beam of particles is directed at a target is as follows:

1.Measure the number of collisions per unit time: Nint / unit time
2.Determine the number of target particles NT

target, perhaps by taking the 
number density of T particles times the volume of the target. 
3.Determine the beam flux  Jbeam by multiplying the number density of the 
beam times the speed of a beam particle. 

Units  of the Cross Section (its an area): 

1  mb = 10-27 cm2

1  µb = 10-30 cm2

1 barn = 10-24 cm2
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Differential Cross Section

T

T

target

target
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The LHC: a proton proton collider
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Excluded in several mass regions
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The LEP Injector Linacs (LIL) produce
electrons and positrons (the positrons from the
collision of 200 MeV electrons with a tungsten
converter), which are separately accelerated
to 600 MeV. After storage in the Electron-
Positron Accumulator (EPA), they are injected
into the Proton Synchrotron (PS) and thence
into the Super Proton Synchrotron (SPS);
these accelerate the particles to 3.5 and 20
GeV respectively. After injection into LEP,
the counter-rotating electrons and
positrons are accelerated to 45 GeV using a
radio frequency (RF) acceleration system
powered by sixteen 1 MW klystrons, operating
in two of the straight sections of the ring. The
beams are bent into orbit by 3368 dipole
magnets and focused with 808 quadrupole
and 504 sextupole magnets. Superconducting
quadrupoles provide additional focusing
around the four interaction regions, where the
beams are squeezed to a RMS width of about

sx x sy= (200x5) µm2

The LEP Machine

The expected event rate is

Where s is the cross-section for the process in 
question ( ~30 nb for                                ). At LEP 

the Luminosity is given by, 
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The LEP Machine

Question: What is the LEP Luminosity if the number of particles per bunch is
1.7x1011 (for both electron and positron beams), the number of bunches is 8 and
the frequency of bunch crossing inside the ring is f=11kHz? Assume the beams
are squeezed to an RMS distribution of (200x5)µm2

Answer: 
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Special Relativity and Notation
Let us consider to inertial systems S and S’ (S’ moving at a velocity bs)

A Lorentz transformation can be defined as:

Throughout the expressions c=1 is assumed. The usual g factor is defined as
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Special Relativity simplifies greatly by using mathematical entities called 4-vectors:

which can be represented as:

A set of four quantities which transforms according to the rule:

Is called a contravariant 4-vector (the summation convention is implied over the indecis)
There are also covariant 4-vectors which transforms according to:
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Generaly speaking, any 4-vector Aµ transforms under Lorentz transformations just like xµ:

The metric tensor:

By using the metric tensor it is possible to convert contravariant into covariant 4-vectors easily

Which, for the specific case above, gives

In particular one has,
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Let us also define the unitary tensor with and

The scalar product of two 4-vectors can be written as

As discussed before, the 4-momentum transfroms just like the space-time 4-vector under
Lorentz transformations

The 4-momentum

Its defined as where
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m is the rest mass of the particle which moves with velocity b,

The 4-momentum staisfies (which is a Lorentz invariant)

Just like the 4-vector 

Writing down the 3-momentum in spherical coordinates we get,

and, as in most of our applications, we will deal with transformations around the z-coordinate, we
may define the Longitudinal and Transverse components of the momentum
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In this way, the energy and momentum of a particle seen by a system S’ which moves with
velocity bs in the z-direction are defined by,

Where are the transversal (longitudinal) momentum components with respect to bs
along the z-direction. This is just a more convenient way of writing the Lorentz
transformation usually used in Particle Physics.

Angular Transformations and 4-momentum
Angular transformations under Lorentz transformations can be easily obtained. For the azimuthal angle:

i.e., the azimuthal angle is invariant under Lorentz transformations along the z-direction. For the 
polar angle,
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Let us consider in more detail the Lorentz transformation of the 4-momentum

where  bs is the velocity of system S’ (in S) and b’ is the velocity of the particle in system S’

Assume that:

The equations at the top of the page will then be:

Simplifying for the z-component this last equation, we get:

We obtain finally 

i.e., the momentum sphere in S’
is converted into an elipsoide in 
the S frame reference 
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Rapidity
Let us assume it is possible to write the Lorentz transformations as

where we have define the parameter y, called rapidity, through the following equations

If we remind that  

we obtain,

If the particle is at rest with respect to S’ (b=bs) then we may simplify the above expression and the

rapidity of the particle as                                              using     

While the velocity  varies                                   the rapidity varies                         
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When two consecutives Lorentz transformations are applied (b1 and b2) the general combined 
result is:

In terms of rapidity we have,                                                                  i.e., the rapidity is an additive 
number under paralel Lorentz
transfromations .

The transverse mass, can also be defined in terms of the rapidity,    

Many experiments however use, not the rapidity but the pseudo-rapidity h which is related to 
the scattering angle, 



Physics

UM

Physics

Page 54
A.Onofre



Physics

UM

Physics

Page 55
A.Onofre

The Mandelstam variables

These variables satisfy the relation:

In collisions it is mostly convenient to look into two different Reference Systems:

1)The CM system                                                 2) the LAB system
(assume fixed target) 
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Two body decays
Let us consider a particle of mass M at rest and 4-momentum P which decay 
into two particles:

In the rest frame of particle with mass M we have:

In this way we get

Definition of l(x,y,z):
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Three body decays
Let us now consider a particle of mass M at rest and 4-momentum P
which decay into three particles. We can define several quantities

and Proof that:

In the centre-of-mass of M, we have

and we may obtain the energy and momenta in 
terms of sij replacing P=(M,0,0,0). As an example,

Similarly we obtain,

M1
2

3
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Dalitz plots

As you know, the differential phase space for the a generic process                                            
is defined according to the integral:    

In physics, a phase space, introduced by Willard Gibbs in 1901 is a space in which all
possible states of a system are represented, with each possible state of the system
corresponding to one unique point in the phase space. The phase space usually consists of
all possible values of momentum variables.

For a 3-particle system 

For a particle decay, as there is no preferred axis, we may simplify  this expression and obtain

i.e., the density of points in the s12xs23 plane is constant 
for fixed s. If for fixed s, there are structures in this plane 
then this must be due to the dynamics of the process.
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Dalitz plots

The usual (two) 
variables used in 

the Dalitz plots are  
s12 and s23
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Dalitz plots

This is a Dalitz plot for the annihilation of a proton
and antiproton, producing three π0 particles. Because
the three neutral pions are identical, the plot is
symmetric around any axis that exchanges two
particles (an overall six-fold symmetry). Because the
Crystal Barrel experiment recorded so many events,
this Dalitz plot is presented using shading instead of
dots (blue for few events, red for a lot).
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Transition Rates in Perturbation Theory
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Fermi´s Golden Rule:
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In next order perturbation theory one has:


