
ISR – the first hadron collider and the “soft” physics
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q A reminder of resonances and strong interactions in the ‘60s.
q A reminder of cross-section and luminosity measurements
q Partial wave, optical theorem and total cross-section measurement.
q ISR
q “Soft” Physics at the ISR: proton-proton total cross section.
q “Soft” Physics at  LHC.
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(of course … this is not part of the exam program … well, resonances yes.)



q Formation: the scattering process happens through the “formation” of an intermediate resonant state R;
q The resonance can decay in:

Ø same particles of the initial state  (elastic scattering)
Ø other particles (anelastic scattering)
Ø the sum of elastic plus anelastic gives the total cross section

q We have two kind of resonances: 
Ø  formation resonance: we have an enhancement of the cross-section because the reaction proceed through a resonant state
Ø  production resonance: we have a resonance among the many particles produced in the finale state 
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Reminder: what is a resonance?

a + b → R → a + b

a + b → R → X
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• Pcm: beam momentum in the center of mass reference frame
• E: center of mass energy (√s)
• MR: resonance mass 

• Sa, Sb : initial state spins (average over the initial spin states)
• J : resonance spin (sum over the final spin states)
• Γ, Γin, Γfin : resonance total  and partial widths. Γin and Γfin take into account 

the coupling of the resonance with the initial and final states.

q The resonance  is described by the Breit-Wigner formula:
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An example: the Δ resonance

picco = 195   mbs

M = 123 2 MeV 

tot  = 118 M eV  G

Peak in the elastic cross section π+p
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-24
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t × ×
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From angular distribution of the decay products we derive that the spin of  the Δ is 3/2

At √s < 1.4 GeV σelast = σtotal

 
 σpeak  = 195 mb 

This lifetime is typical of the strong interactions

Why?
     Reminder:
𝑚! = 938𝑀𝑒𝑉
𝑚" = 138𝑀𝑒𝑉
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the Δ resonance: cross-section π-p, π-n, π+p, π+n

M = 123 2 MeV peak position is the same … and Γtot is the same too
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N.B.  in the  π-p channel σelastic and σtotal are different
 

 σpicco  (π -p → π -p)= 22 mb 

 σpicco  (π -p → π0n)= 45 mb

Question: why σelastic in the channels π-p e π+p are different?   The answer is in the  Δ isospin.

𝜎!#$% 𝜋&𝑝 → 𝜋&𝑝 = 195𝑚𝑏

( ) 195 mb 8.86 9
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Parenthesis
Isospin: this is just for your reading,
I will not explain it in the lecture
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ISOSPIN: Gell-Mann – Nishijima’s formula
The third component of the isospin distinguishes the 

electrical charge within an isospin multiplet

( )3
1Q = I  + B+S
2

strangeness

Baryonic number

charge

   N.B.  B+S = Y   (hypercharge)

3
1  Q= I  + Y  
2

The electromagnetic interaction breaks the isospin symmetry; 
as a consequence, the masses within a multiplet are different
(mp different from mn)
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Isospin

q Let’s suppose to have two nucleons. From the rule of the addition of angular momentum we know that 
the total isospin can be 1 or 0.

qIt exists a bound state proton-neutron (deuteron),  but do not exist bound states proton-proton or neutron-
neutron, hence the deuteron must be an isospin singlet, otherwise they should exist also the other two states 
that differ by a rotation in the isospin space. 

Let’s see a dynamical consequence of the isospin conservation

( )

   

  

 a) |1,1  = pp 
1  b) |1,0  =  pn+np   
2

  c) |1,-1  = nn 

ñ

ñ

ñ

Symmetric triplet; I = 1

( )  
1 |0,0  =  pn - np  
2

ñ

Antisymmetric isosinglet; I = 0
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nucleon-nucleon scattering

qSince the deuteron has I=0,  for the right hand  processes we have: 

while for the ones on the left we have:

qSince the total isospin I must be conserved,  only the state with I=1 will contribute. 
The scattering amplitudes have to be in the ratio: 

qThe processes  a) and b) have been measured, and once we take into account the e.m. interaction, they 
are in the predicted ratio.

Let’s consider the following processes:
+   

0

-  

 a) p + p  d + 

  b) p + n  d + 

  c) n + n  d + 

p

p

p

®

®

®

the π has isospin 1 because
it exists in three different states

+ - 0d +   d +  |1,1   ;   ;  d +  |1,-1|1,0  ppp = =ñ= ñ ñ

( ) 
1p + n = |1,0 |0,0
2

 p + p = |1,1  ;   ; n + n = |1,-1ñ+ ññ ñ

  
11:  : 1 
2

   2 :  1:  2  and the σ
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pion-nucleon scattering

qLet’s express the various states in the base of the total isospin by using the Clebsch-Gordan coefficients  

Let’s consider the four reactions:
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2 2 2
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The initial states are the 
composition of I=1 and I=1/2 
that give I=1/2 and I=3/2
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pion-nucleon scattering
qLet’s write the four processes in the new base:

q to compute the probability amplitude, we have to perform the scalar product 
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N.B. strong interactions
do not mix states with
different total isospin
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pion-nucleon scattering
q The cross-sections of the four processes are proportional, by means of a factor K equal for all 4 processes (that takes into 

account the phase space, 2π factors, etc…), to:

q From these relations we infer that the processes  a) and d) must have the same cross-section at the same energy. This has 
been verified experimentally. 

q For the other processes we need to know  A1/2 and the relative phase between the amplitudes.

q N.B. To compute K, A1/2 and A3/2 we need  the underlying theory of the strong interactions (that we didn’t have). 
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The Δ resonance
qThe Δ resonance has isospin 3/2 (it exists in 4 states of different charge), therefore all processes in which it

appears as formation resonance can proceed only through the channel with I=3/2 (strong interactions 
conserve isospine). As a consequence:

q from these relations we can infer now:

q that we know they have been verified experimentally.
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Let’s close the parenthesis
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Production Resonance: an example

μ+

μ-p

p
g/Z/ω/…

Spin 1 mesons with different quark compositions

ATLAS: 50 years of history in one slide+ p+p Xµ µ-® + +

production resonance

Drell-Yan process
(the resonance must have the same 
quantum numbers of the photon (1-))

Two muons invariant mass
   
 mµµ = E1 + E2( )2 −

!
p1 +

!
p2( )2

It is a relativistic invariant
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Cross Section e+e-→hadrons

  

 R=
σ e+e− → hadrons( )
σ e+e− → µ+µ-( )

  
 σ e+e− → hadrons( )

N.B.: the resonances are much narrower 
than the case of  μ+μ- invariant mass: why?

Question: here we are talking about
formation resonances or production resonances?



q There was no strong interaction theory in the ‘60s, so it was not possible to predict the value of a cross-section to be 
compared with the experimental measurements.

q A possibility was to compare ratios of cross-sections where the coupling constants cancell (see the Δ resonance).
q People tried also to exploit symmetry properties, for instance the crossing symmetry, to try to guess a cross-section

Ø  A process where a particle with a 4-momentum pμ in the initial (final) state has the same amplitude of the process where it is 
replaced by its antiparticle in final (initial) state with the same 4-momentum 

Claudio Luci – Collider  Particle Physics – Chapter 2 18

Strong Interaction Processes in the ‘60s.

The graph describes these three processes
     (s becomes t if you rotate the graph by 90o)

𝑠 = 𝑝$ +𝑝' 2 ; t = 𝑝$ −𝑝( 2. ; u = 𝑝$ −𝑝) 2.

These processes involve different regions of the parameter space;
variables s,t,u are the Mandelstam variables

q People tried also to find some patterns among the different particle in order to have un understanding of the 
underlyng theory, for instance

Ø  SU(3) led to quarks, colour and, eventually, to QCD
q A less known classification was the one based on Regge poles



q Tullio Regge studied the analytical properties of the scattering amplitude of the collision process between two 
particles. He considered (in 1959) the angular momentum as a complex variable and derived the singularities of the 
scattering amplitude that became universally known as Regge poles. 
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Regge theory

spin

Mass2

For unknown reasons, spins of elementary
particles are proportional to their mass2

The present situation of the Chew–Frautschi plot shows
that the Regge trajectory containing the ρ meson
(mass = 770 MeV) is practically linear up to very large masses

a=0.5

In 1960 Chew and Frautschi conjectured that the strongly 
interacting particles had a very simple dependence  of the 
squared-mass on the angular momentum: the particles fall 
into families where the Regge trajectory functions were 
straight lines with the same slope for all the trajectories. 
The straight-line Regge trajectories were later understood as 
arising from massless endpoints on rotating relativistic strings. 
Since a Regge description implied that the particles were 
bound states, Chew and Frautschi concluded that none of the 
strongly interacting particles were elementary.



q The exchange of the ρ trajectory dominates the charge-exchange cross-section of the pion-proton interaction. 
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Regge theory: pion-proton scattering

According to the Regge theory the cross-section shoud varies as sa(t=0)-1 = 1/Ecm [α(0) ≈ 0.5]

One of the many
papers on this
subject

In the 1960s the experimental confirmation of this prediction was one of the
strongest arguments in favour of the Regge description of the scattering
of two hadrons. Such a description is still used because these phenomena
cannot be computed with quantum chromodynamics



q In the Regge model, the exchange of a pomeron trajectory is the dominant phenomenon in all high-
energy elastic collisions. 

q In the “t-channel view”  α(t = 0) = 1 à energy-independent total cross-section, as confirmed by 
experiments before ISR results. 

Claudio Luci – Collider  Particle Physics – Chapter 2 21

Regge theory: proton-proton scattering

The pomeron itself was introduced by V. Gribov and he incorporated
the Pomeranchum’ theorem into the Regge theory.
The modern interpretation is that the pomeron has no conserved charges
(electric charge or color charge) and the particles on his Regge trajectory
have the quantum numbers of the vacuum.

S-channel description theorems:
• Pomeranchum theorem: in the the limit s → ∞, the hadron–hadron and the antihadron–hadron

cross-sections become equal.
• Froissart-Martin theorem: the total cross-section should satisfy the bound

where the numerical value C = π(ħ/mπ)2 is determined by the mass of the pion, which is the lightest particle
that can be exchanged between the two colliding hadrons, and s0 is usually taken equal to 1 GeV2.

One of the tasks of the ISR experiments was the measurement of the proton-proton cross-section
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q a
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Cross-section: geometrical definition
a + b → anything

Bullet (beam) target

The cross section is proportional to 
the probability of a given process  

Thin target approximation:  
l << attenuation lenght λ

Nt: number of target particles

S: total target area

σ: effective area of      
a target particle

Probability that the bullet hit a target particle
l

S

σ

V

  
p = effective area 

total area
=

Nt ⋅σ
S



q Number of interactions  (Nevents):
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Cross-section measurement: fixed target
a + b → anything

S

l
v

vΔt
Nb:  number of

bullet particles
Nt: number of 

target particles

The cross section σ is proportional to 
the probability p of a given process  

 Nb = nb ⋅S ⋅vΔt   Nt = nt ⋅S ⋅ ℓ

  Φ = nb ⋅v =  particles flux

  
nx =  particle density ⎡⎣

⎤
⎦

  ⇒  Nb = Φ ⋅S ⋅ Δt

  
 N.B.    λ  = 1

nt ⋅σ

⎞

⎠
⎟

⎛

⎝
⎜
⎜

λ is the attenation length; σ is the cross-section
nt is the density of the target 

 
Nevents = Nb ⋅ p = Nb ⋅

Nt ⋅σ
S

= Φ ⋅S ⋅ Δt ⋅
Nt ⋅σ

S
= Φ ⋅Nt ⋅σ ⋅ Δt

  
 σ =

Nevents
Δt

⋅ 1
Φ

⋅ 1
Nt

 

q Number of interactions in the time interval Δt: 
  
 
Neventi

Δt
 = σ ⋅ Φ ⋅Nt  

Φ depends on the properties of the beam extracted from
     the accelerator; Nt is a characteristic of the target

Interaction probability per unit of time, unit of area and only one target particle (transition
probability, that is what you get from theory calculation and you can compare with data ):  W =  s × F

Nevents are the ones you select in your experiment
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Cross-section measurement: colliders
q We have the following relationship among Number of Event selected, Integrated Luminosity and cross-section of a given process 

(for the time being we do not consider efficiency and background contamination, i.e. ε=1 and p=1)

𝑵𝒆𝒙𝒑 = 𝓛𝒊𝒏𝒕 $ 𝝈
q If we want to measure the cross section we use the following relationship:

𝝈 =
𝑵𝒆𝒙𝒑
𝓛𝒊𝒏𝒕

q … but if we wanted to measure the Integrated Luminosity we could turn the formula around:

𝓛𝒊𝒏𝒕 =
𝑵𝒆𝒙𝒑
𝝈

q … therefore we have to find a process for which we know how to calculate the cross section with great precision.

Ø  for e+e- collider we can use the Bhabha scattering at small angle that is a pure QED process: 

Ø  We do not have a similar process for a proton-proton collider and we need to use other “tricks”,
for instance the optical theorem. 

The luminosity measurement coming from
the collider parameters is not good enough
(namely, not precise enough) to be used
in the analysis.



q In principle, the total cross-section measurement seems to be a straightforward measurement:
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A thought about total cross section measurement

𝝈 =
𝑵𝒆𝒙𝒑
𝓛𝒊𝒏𝒕

q You count ALL events and you divide by the integrated luminosity. 

q The point is … how do we make sure that we really counted all events and we didn’t miss any?
Ø  Maybe there is a final state that we didn’t consider or the apparatus is not sensitive about it (for instance, the neutrinos)
Ø  or the apparatus do not cover the entire solid angle and there are holes (usually, we use extrapolations)

q So, it is much easier to do an exclusive measurement (namely, just for a given final state) and in a given portion of the solid angle 
Ø  then, the total cross-section is obtained as the sum of the cross-section of the final states.

q Last but not least, the theoretical calculations are always exclusive
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(this should be part of the exam program … even though it is difficult to remember the formulae)
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Partial wawe analysis 

At r >> R

Incoming plane wawe Scattered radial wawe

k: momentum of the particle
     in the CoM system

scattering amplitudePotential of range R

q The total elastic cross-section is equal to:

q elastic scattering between two particles of mass m1 and m2

Legendre Polynomials

q f(θ) can be parameterised in terms of partial wawes, that is as a function of angular momentum L.

δl: phase shift; ηl : inelasticity parameter

q The inelastic cross-section is: ηl=1 (elastic); ηl<1 (inelastic)



q From the elastic scattering amplitude we find that the imaginary part at θ=0 is:
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Optical theorem
q The total cross-section (elastic plus inelastic) is: 

q If we compare the two expressions we find the optical theorem:

q This theorem is a wave mechanics relation between two unknown quantities: σ t and Im f(0).
The dynamics, carried by the potential scattering V(r), is contained in the scattering amplitude f(θ) or,  
in an analogous way, in the phase shifts δl and in the inelasticity parameters ηl

q The optical theorem is used to measure the total cross section in the hadron collider such as LHC  (or ISR)
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Mandelstam variables: s, t, u

If 𝜃 → 0 ⇒ 𝑡 → 0



q We need to derive Im f(t=0) from the elastic scattering at very low angle.
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Total cross section determination
𝑘 =

𝑠
2
=

4𝐸!

2 Im 𝑓 𝑡 = 0 = !
"#
𝜎$

1. Define the differential cross-section in terms of fel(θ):

It is an observable

Proton momentum in the CoM

l el

2. We need the relationship between t and cos θ:

𝜕 cos 𝜃
𝜕𝑡

=
2
𝑠

𝜕𝜎
𝜕𝑡

=
𝜕𝜎

𝜕 cos 𝜃
7
𝜕 cos 𝜃
𝜕𝑡

3. We integrate over ϕ, we change variable and we obtain the dependency of the cross section with respect to t:
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Total cross section determination
Im 𝑓 𝑡 = 0 = !

"#
𝜎$

7. We need the luminosity to measure the differential elastic cross section and we need ρ to measure σtot.

4. Define: 𝑓"#(0) ! = Re 𝑓"#(0) ! + Im 𝑓"#(0) ! = Im 𝑓"#(0) ! 7 1 + 𝜌!

Im 𝑓"#(0) ! =
𝑠

64𝜋!
7 𝜎$%$!

5. In the previous slide we found:

𝜎$%$ =
16𝜋
1 + 𝜌!

7
𝑑𝜎"#
𝑑𝑡 $&'

6. Combining the the two expression we find:



q define Rtot as the total number of events (el. plus inelastic) per second and Rel the rate for elastic event:
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Total cross section determination without the Luminosity

L: luminosity

q put together the various pieces:

q We can discard the luminosity in both terms and derive the final formula:

We don’t need to know the luminosity

𝝈 =
𝑹
𝕷

To measure Rtot, we have to
make sure that, experimentally,
we are counting all kind of 
proton-proton interactions.
On top, we have to take into
account all the efficiencies to
record the events (geometrical
acceptance, trigger efficiency,
detector efficiency, etc…



q Everyting (but ρ) is directly measurable à σtot can be measured without knowing the luminosity 
q Rel and Rtot: only the ratio count à do the measurement in the same time interval (Nel and Ntot)
q dRel/dt |t=0 : do the following plot and extrapolate to zero:
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Total cross section determination (without Lum.)

q The ratio ρ: it can be computed/guessed by first principle; at LHC it is about 0.14 with an error about 0.5%. 

To go to low t, we need to go to small θ, therefore
the detectors for this measurement are placed
far away from the interaction point and 
as close as possible to the beam.
Moreover, at LHC dedicated runs at high-β are
done just for this measurement, to minimize the pile-up
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Let’s open a parenthesis
on the knowledge of particle physics
and strong interactions in the ‘60s

(it is not part of the exam program)



q 1946-49: QED, fully renormalizable gauge theory to describe e.m. interactions, mediated by the photon.
q 1953: Yang and Mills tried to describe the strong interactions as a gauge field theory based on SU(2) strong 

isospin symmetry:
Ø of course, they failed; QCD came only 20 years later based on SU(3) colour symmetry.

q 1960: Glashow proposed SU(2)L X U(1)Y as the symmetry group for the electroweak theory.
ØProblem: all particles (fermions and bosons) must be massless

q 1964: Higgs, Englert & Brout published two independent papers on spontaneous symmetry breaking of a 
Lagrangian which is invariant under a local gauge transformation.

q 1967: Weinberg (and later Salam) used the Englert, Brout and Higgs mechanism to give mass to fermions 
and bosons (actually, electrons/muons … quarks were not yet there). 

Øunintended consequence: a massive scalar boson should also be present: the Higgs boson
Ø today is (one of) the most cited paper,  but it went unnoticed until middle of ‘70s.

q 1971: ‘t Hooft and Veltman proved that the Weinberg theory is renormalizable
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Gauge Theories and the Standard Model

The hunt for the W, Z and H bosons began

1973: first experimental evidence of the Standard Model. Discovery at CERN of "neutral currents"
in neutrino-nucleon interactions, which can be explained only by the exchange of a Z.



q In the ’50s began the ’’economic boom’’ for particle physics too. First in cosmic rays and then with the new accelerators
a lot of new particles were discovered, too many!

q The first resonance discovered by Fermi at Chicago in 1953,  the Δ, suggested that the proton maybe was not a 
fundamental particle

q To put order in the zoo of particles, Gell-Mann and Neeman proposed a classification scheme based on symmetries
(SU (3)), which they called: "the eightfold way".

q The eightfold way predicted a new particle (1962), Ω-, discovered in 1963 by Samios at the AGS.
q To explain the symmetry, Gell-Mann and Zweig made the hypothesis that the particles subject to the strong interaction 

were composed of elementary particles. Gell-Mann called the new particles "quarks” (Zweig called them aces).
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And then there were …quarks

“Three quarks for Muster Mark” – James Joice’s Finnegans Wake

quark charge strangeness
up +2/3 e 0

down -1/3 e 0
strange -1/3 e -1

Quarks are very bizarre objects with fractional charge. There was a 
lot of reluctance to accept them. Zweig was one of the few people 
firmly believing that the quarks were real particles.

Barions: 3 quark;      Mesons: a quark and an antiquark

n

p
Greenberg (1964): quarks come in three colours: red, green and blue. Colour charge is the source of strong force



q At SLAC, a laboratory near San Francisco, the "monster" came into operation 
in 1967, a linear accelerator of 20 GeV electrons 2 miles long (it is still the 
longest linac in the world).

q With an experiment similar to that of Rutherford, but using electrons as 
projectiles, H.W.Kendal,  J.I.Friedman and R.E.Taylor , demonstrated that 
point-like particles must be present inside protons and neutrons  (called 
partons by Feynman).

q This result was then confirmed at CERN in the ‘70s with a neutrino beam,
but a lot of things happened in the meanwhile (for instance, GIM).
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Experimental evidence of the existence of quarks 

The fundamental particles were  (in 1968):
Leptons: e-, ne, µ-, nµ                                             
Quarks: up, down, strange their antiparticles

The proton is no longer a fundamental particle but there are many things inside (not only the three valence quarks, we
have also the sea and the gluons). PDF (particle density functions) were introduced to describe the proton inner content
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But … people really believed in quarks in 1968?
The quest for quarks

Talk by J.I. Friedman at CERN in November 2011 at the 
conference to celebrate the centenary of the Rutherford’s atom. 
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Weak interaction in the quark sector
qExperimental discrepancy between charged K and charged pion decays violating the weak interaction 

universality
Ø1963: Cabibbo: week eigenstates are not mass eigenstates à Cabibbo angle

qExperimental discrepancy between neutral K and charged K decays
Ø1970: Glashow, Iliopoulos and Maiani (GIM) introduced the quark charm 

à Flavour changing neutral current are suppressed

q1964: Fitch and Cronin discovered CP violation in the KL decays
Ø1973: Kobayashi and Maskawa proposed the existence of three quark families in order to introduce a phase 

in the quark mixing matrix (CKM)

'
'  =   
'

ud us ub

cd cs cb

td ts tb

d V V V d
s V V V s
b V V V b

æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷
è ø è ø è ø

Question: do we have CP violation in other systems besides neutral K?



q 1970: Glashow, Iliopoulos and Maiani proposed the existence of a fourth quark, the "charm", charge +2/3 e.

q 1974: discovery of the quark charm. Ting at BNL and Richter at SLAC. A few weeks later it was also 
discovered in Frascati pushing Adone beyond its limits (electron-positron collider of 3 GeV) 
(In life you need (also) luck J).

q 1975: discovery at SLAC of a third charged lepton, the τ, with a mass about 3500 times greater than that of 
the electron and an average lifetime of 0.3 ps.

q 1977: discovery at FNAL (Chicago) of a fifth quark, the “bottom” or “beauty”, charge –1/3 e. The bottom was 
discovered at a new proton accelerator of 500 GeV, 2 km in diameter.
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The amazing years: 1974 ÷1977

For symmetry reasons, the Standard Model predicts the existence of a third neutrino, the neutrino τ, 
discovered at FNAL in 2000 and of a sixth quark, the "top" or "truth", discovered at FNAL in 1995, 
with a mass of about 280 times the proton mass.
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Let’s close the parenthesis
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”Blue” slides are taken from Ugo Amaldi presentation “ISR Physics” at
The 50th Anniversary of Hadron Colliders at CERN – 14 October 2021-

https://indico.cern.ch/event/1068633/timetable/

(This is not part of the exam program, but it is an important step toward the SppS physics)

https://indico.cern.ch/event/1068633/timetable/


q In 1956, studies for the second generation of CERN accelerators began and 
gradually converged towards a proton–proton collider. 
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First hadron collider at CERN … the ISR

q From 1961 onwards, a study of a 300 GeV proton synchrotron was carried out. 
It was decided to construct the ISR first.

q In June 1965 ISR was approved and in December 1965 the construction started.

q First beams in 1971 and operation for Physics from 1971 to 1983.

q The ISR was the only CERN collider built without a specific physics goal.

q The program was shaped by the dominant view at the time: 
proton-proton collisions are SOFT processes 

q The ISR Committee favoured the “PS approach”: 
many experiments performed by small groups for a short time.
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ISR (Intersecting Storage Rings)
Ø 2 Rings with a 300 m diametre.
Ø  8 interaction points; 12 experiments in 5 points
Ø Proton beam up to 31 GeV energy (62 GeV CoM energy)

Ø It could have discovered:
§ J/Psi; Upsilon; Jet structures …

Ø … but the detectors were not looking at high-Pt regions

Ø However machine people learned how to build a hadron collider
Ø … and physicists how to build a detector for such a collider

52 GeV ~ 1352 GeV
CoM ISR
(26 + 26)

Fixed target
      beam



q Usually, the beam is kept inside the accelerator for a “short time”, from a few seconds to a few 
minutes, while in a collider should be kept for several hours.

q The integrated luminosity of the ISR was proportional to: 

                               ∫ 𝑰𝟏7𝑰𝟐𝒉 𝒅𝒕
                  (I is the beam current and h is the vertical separation at the interaction point)

with all three variables depending on time t. 

q Protons in the beams are lost due to nuclear and Coulomb scattering with the residual gas in the 
beam pipe, and the effective beam height heff gets blown up by a similar mechanism.

q Imposing a beam loss of less than 50% and a growth of heff of less than 40% in 12 h, that will translate 
in a drop of less than 18% in luminosity after 12 h, the pressure should be less than 10-9 Torr over a 
total length of nearly 2 km (10-11 Torr at the interaction points) [1 atm = 760 Torr]

q Even new methods to measure such a low pressure had to be invented (they succeeded)
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One of the ISR key performance parameter: vacuum system 

This is just an example of how many
new technology challenges had to be
overcome to build a collider.
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I4 intersection point at the ISR
It hosted the split field magnet detector



Claudio Luci – Collider  Particle Physics – Chapter 2 48

Split Field Magnet Detector
Team led by Jack Steimberger

Close to the
beam pipe
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(There were other important topics covered at the ISR, but just look at this one.)
It is not part of the exam program.
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Dominant view: particles are created in SOFT processes

Reminder:    elastic collisions: final state particles are equal to initial state particles
                   inelastic collisions: finale state particles are different from initial state particles
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Hadron-hadron collisions were described 
in the framework of the Regge theory
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Elastic scattering between two hadrons is due to 
the exchange of the same Pomeron trajectory

(The pomeron is still used in the modern description of the proton-proton elastic scattering)

Proton-proton total 
cross-section should be
equal to proton-antiproton
total cross-section
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In July 1971 Serphukov data confirmed the prediction

(total cross-section should remain constant
according to the Regge theory)
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Total cross section measurement

𝜎 =
𝑁"(")$*

𝐿𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦

Measuring p-p total cross-section was one of 
the most important measurements in the early
phase of the ISR.
Then, the knowledge of the luminosity was of
a paramount importance. As we said, it can not
be measured from a known cross-section, so
it must be extracted from the collider itself,
but is was not clear how.
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Luminosity measurement

Rmax

Area

heff = Rmax/Area

• R is the rate measured
by a reference counter

• This is the method still
used at LHC to measure
the luminosity:
van der Meer scan

• The luminosity is proportional
to the overlap of two beams

• If the beams are very narrow,
with a little displacement the
counting rate goes to zero;
on the contrary if the “bell”
is large also the beams are
large and the luminosity is
small.

Beam current
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The Roman pots

The detectors are inserted into the beam pipe
in order to go as close as possible to the beam.
The same concept is still applied at LHC,
as we will see later.

(through the optical
theorem)
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Roman Pots results

(N.B. the optical theorem can be deduced also from the S-matrix theory)

A theory assuming
only a few general
principles of
Quantum Field
Theory
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First important ISR result on pp total cross-section

Regge theory predicted that
the pp cross-section should
be constant for large energy.

Data do not agree with this
prediction
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pp cross-section measurements

“Soft” Physics: ISR experiments have shown that the proton-proton cross-section increases by 50%
when the collision energy increases from 15 GeV + 15 GeV to 150 GeV + 150 GeV
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“soft” physics at LHC

240 m

Scintillating fibres

Near CMS we have the TOTEM detectorRoman pot
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ALFA experimental reach
Coulomb

Dedicated LHC runs with high beta for ALFA measurements
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Differential cross section 
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Results in interference region: ρ measurement

Result imcompatible with COMPETE
(community-standard semi-empirical fits)
indicating Odderon exchange or a
slowdown of σtot rise at high 𝑠

Today view
Pomeron: two gluons exchange
Odderon: three gluons exchange
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Results in nuclear region: σtot
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Method of σtot measurement 
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Still on pp total cross section
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pp σtot as a function of 𝒔

Rise as 𝑙𝑛'(𝑠)
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pp σtot as a function of 𝒔
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pp cross section: elastic, inelastic and total

Elastic
Inelastic
Total
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Closer inspection to the total cross section

The protons collide every 25 ns (40 MHz); 
what we should conclude?

(we don’t see scattered protons in the beam pipe)



End of chapter 2
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