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Experimental Foundation of 
the Standard Model
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Standard Model

For us, in this course, Particle physics = Standard Model (SM) 

The Standard Model is (one of) the major intellectual achievements of the humankind. 

It represents the synthesis of all knowledge we have about the fundamental building 
blocks of nature and their interactions: i.e. what the stuff is made of and how it works. 

It doesn’t mean that it is the final word on our knowledge about the universe ! 
Understanding the SM allows to better understand why we look for BSM and what  
we measure in HEP. There’s still a lot left for you to do ! 

The SM is the combined outcome of the work carried out over the past century by  
a very large number of people, both experimentalists and theorists.
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Experimental physicist
Experimental physicist invent, build, operate and analyse the data of detectors. 
Most of what we will cover in this course comes from these people:

your 
photo 
here

Compton Chadwick Hess Anderson Fermi

Ragazzi di via Panisperna Lawrence Blackett Powell Occhialini ChamberlainCockcroft
Segre’

Glaser

Richter Ting CroninFitch Alvarez Wu Cerenkov Friedman Kendall Taylor

Charpak Perl Reines van der Meer Rubbia Ledermann Schwarz Steinberger Davis McDonald Kajita

Walton

Lamb

Wilson

Roentgen Bequerel P. Curie M. Curie J.J. Thomson
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Before we start
We want to give a modern view on the foundations of particle physics. 
The course will not follow an historical trajectory, still if we look at the material we will discuss 
we practically place the beginning of our course around the ‘60s 

The history of particle physics is fascinating and we encourage all students to read about it! 
But this course aims at giving the students working tools to understand the pillars of the SM. 
(Keep in mind that the history of the SM is not a pathway of successful great ideas. 
Textbooks typically don’t show the many false starts, blind alleys and mistakes.) 

“The history of an idea is an accident. The only real test in physics is the experiment and  
the history is fundamentally irrelevant” 

R.P.Feynman 

Today is going to be the only “semi-historical lecture” of the course. 
It’s just a view of the landscape.



Mauro Donegà 5

The early days of particle physics

1895 W. Roentgen discovers X-rays  <— the time-zero of the SM is clearly arbitrary 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 

Q: How did he do that ?  
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Electron discovery

The idea is to compensate the deflection caused by the magnetic field with an electric field 

Balancing the forces you get: 

From macroscopic quantities you get the charge to mass ratio of the electron
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Exercise 1 [Electron discovery]

The figure shows the sketch of J.J. Thomson setup. It is easy to find out the negative charge

nature of the cathode rays using a magnetic field.

Using the coordinate system of the sketch, the electron travels in the x direction and enters

from the left the region between the plates where both the magnetic and electric fields are

present. The electric force (in the y direction) on the electron is Fe = eE, where e is the charge

of the electron and E is the magnitude of the electric field. The force from the magnetic field

is in the y-direction FB = �evB, where B is the magnitude of the magnetic field. Balancing

the forces we get:

FE + FB = eE � evB = 0 (1)

and so v = E/B.

If we now use the electric field only (switching o↵ the magnetic field), we have a parabolic

trajectory. The velocity in the x direction is constant and so x(t) = vt = E/Bt. The electric

field generates a constant force on the electron in the y direction resulting in a constant

acceleration a = FE/m. The position in y as a function of time is

y(t) =
1

2
at2 =

1

2

FE

m
t2 =

eE

2m
t2 (2)

If we set the electric field such that the electron crosses the length L of the plates before

hitting the positive one, the corresponding needed time is:

L = vT = E/BT ) T = LB/E (3)

This is also the time it takes to cover the distance s in the y-direction (see figure):

s =
eE

2m

✓
LB

E

◆2

(4)

which gives
e

m
=

2sE

L2B2
= 1.7588 1011Ckg (5)

Exercise 2 [Neutron discovery]

Using the Compton scattering on a proton target:

E�(in) + Ep(in) = E�(fin) + Ep(fin)

�E� = Ep(fin)� Ep(in) = 5.7MeV

�E� = h⌫i � h⌫f =
hc

�i

� hc

�f

(NB: use the proton Compton length h

mpc
)

�E� =
hc

�i

� hc

�i +
h

mpc
(1� cos ✓)

�E� |MAX =
hc

�i

� hc

�i +
2h
mpc

= 5.7MeV (✓ = ⇡)

Solving for �i we get : �i = 2.33 10�14 m

and E = h⌫ = hc

�
⇠ 53 MeV

This energy is much larger than the typical few MeV scale of ↵ particles.

Another simple method is to observe that a 5.7 MeV proton is non-relativistic

(5.7 MeV << 940 MeV = mp). The momentum di↵erence before and after the collision

(px = initial momentum):

�p ⇠ 2px

The recoiling proton energy is:

Ec =
�p2

2M
=

2p2x
M

where M is the proton mass. Solving for px

px =

r
MEc

2

we have that the initial “photon” energy should be:

E = pxc =

r
Mc2Ec

2
⇠ 50MeV

comparable with the value found with the other method.
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1895 W. Roentgen discovers X-rays  <— the time-zero of the SM is clearly arbitrary 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 

Q: what was his reasoning ? 

The early days of particle physics
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Photoelectric effect

It’s a threshold effect in frequency (i.e. energy) 
The main point is that the emission is instantaneous !

E = h (f-f0) 
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1895 W. Roentgen discovers X-rays  <— the time-zero of the SM is clearly arbitrary 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 
1923 Compton scattering  

Q: why is this considered to be the experimental confirmation of the photon hypothesis ? 

The early days of particle physics
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Compton scattering

Photons and electrons behave as particles and follow Planck and relativistic kinematics.

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/compton.html
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1895 W. Roentgen discovers X-rays  <— the time-zero of the SM is clearly arbitrary 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 
1923 Compton scattering  

1911 E. Rutherford (Geiger and Marsden) experiment. Birth of nuclear physics

Q: Why the Thomson model is not compatible with Rutherford observations ? 

The early days of particle physics
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Rutherford-Geiger-Mardsen

"It was quite the most incredible event that has ever happened to me in my life. It was almost as incredible as if you fired a 15-inch 
shell at a piece of tissue paper and it came back and hit you."

The probability to backscatter due to multiple scattering is negligibly small. 

First measurement of the proton radius ~7 fm

N(E) ∼
1

E2sin4(θ/2)
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1895 W. Roentgen discovers X-rays  <— the time-zero of the SM is clearly arbitrary 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 
1923 Compton scattering  

1911 E. Rutherford (Geiger and Marsden) experiment. Birth of nuclear physics
1913 N. Bohr atomic model 
1913 Moseley through X-rays K-lines shows the positive integer charge of the nucleus 
         PROTON. Problem of isotopes (same charge but different atomic weights) 

Q: What was the understanding of the nucleus composition at this point ? 

The early days of particle physics
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Moseley X-rays

https://en.wikipedia.org/wiki/Moseley%27s_law

The order of the elements in the periodic table roughly agrees with the atomic 
numbers, but there are swaps: 
Z = 27   Co = 58.9 
Z = 28   Ni = 58.7 

Today we understand the nucleus as composed by Z-protons and N number 
of neutrons (isotopes): A = Z+N 

Until Moseley's work, "atomic number" was merely an element's place in the 
periodic table, and was not known to be associated with any measurable 
physical quantity. The relation between Z and the X-ray lines he found is: 

f = frequency of the X-ray emitted line 
k1, k2 = spectroscopic constants (K, L, etc… lines)  
It’s the “proton discovery”
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1895 W. Roentgen discovers X-rays  <— the starting point is clearly not well defined 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 
1923 Compton scattering  

1911 E. Rutherford (Geiger and Marsden) experiment. Birth of nuclear physics
1913 N. Bohr atomic model 
1913 Moseley through X-rays K-lines shows the positive integer charge of the nucleus 
         PROTON. Problem of isotopes (same charge but different atomic weights) 
1924-27 Heisenberg, Schroedinger, Dirac, et al. Quantum Mechanics 
1932 Chadwick discovers the NEUTRON 

The early days of particle physics
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Neutron discovery
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Exercise 1 [Electron discovery]

In 1987, J.J. Thomson was able to measure the velocity and the charge to mass ratio (q/m)

of the electron using crossed electric and magnetic fields on cathode rays. How would you set

up the experiment ? (sketch it). Hints:

• how can you say that cathod rays are charged (and how do you find if they are positively

or negatively charged)

• configure the electric and magnetic field in a way that they cancel out on the trajectory

of the electron. From this extract the electron velocity.

• use the electric field only (switch o↵ the magnetic field) and study the parabolic motion

to extract e/m

Exercise 2 [Neutron discovery]

Image from: http://dc.edu.au/hsc-physics-quanta-to-quarks

In 1932 a new, very penetrating, neutral radiation (Y) was discovered bombarding a thin

beryllium sheet with ↵ particles:

↵ +Be ! (new nucleus) + Y (1)

Y was initially thought to be high energy photons. Irène Curie and Frédéric Joliot studied the

scattering of the Y radiation onto a para�n target. Para�n is a wax containing a mixture of

In 1932 a new, very penetrating, neutral radiation (Y) was discovered bombarding a thin beryllium sheet with α particles:  

α +Be→(new nucleus)+γ  

γ was initially thought to be high energy photons. Irene Curie and Frederic Joliot studied the scattering of the γ radiation onto a 
paraffin target. Paraffin is a wax containing a mixture of hydrocarbon molecules having between twenty and forty carbon atoms  
and about two times more H atoms; it is a cheap way to get a source of protons. They observed the reaction:  

γ+p→γ+p   

and measured a mean proton energy of 5.7 MeV. Chadwick proved that the neutral γ radiation could not possibly be high energy 
photons. By using simple energy momentum conservation a massless photon should have had an energy of ~50 MeV.  
Much too high for the available energies of the alpha particles. 
The new radiation was due to a neutral massive particle: the neutron
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1895 W. Roentgen discovers X-rays  <— the starting point is clearly not well defined 
1896 H. Bequerel discovers radioactivity in Uranium 
1898 M. Curie and P. Curie started the work that lead to the discovery of Radium and  
         Polonium 
1898 J.J. Thomson shows that cathode rays are particles: ELECTRON 
1900 M. Planck black body radiation: light emitted in quanta (emission feature) 
1905 A. Einstein photoelectric effect. it’s not an emission feature. Light is made of photons 
1923 Compton scattering  

1911 E. Rutherford (Geiger and Marsden) experiment. Birth of nuclear physics 
1913 N. Bohr atomic model 
1913 Moseley through X-rays K-lines shows the positive integer charge of the nucleus 
         PROTON. Problem of isotopes (same charge but different atomic weights) 
1924-27 Heisenberg, Schroedinger, Dirac, et al. Quantum Mechanics 
1932 Chadwick discovers the NEUTRON

The modern view of the atom is complete. …the rest is chemistry 

The early days of particle physics
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1928 P. Dirac writes his relativistic wave equation: spin and prediction of antimatter 

Laboratory particle sources limited in energy: 
X-rays and radioactive  sources 

1911 (D. Pacini) Hess discovers cosmic rays 
1932 Anderson discovers the positron in cosmic rays  

α, β, γ

The old days of particle physics
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Positron discovery with a 
cloud chamber
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1928 P. Dirac writes his relativistic wave equation. Prediction of antimatter 

Laboratory particle sources limited in energy: 
X-rays and radioactive (alpha,beta, gamma) sources 

1911 (D. Pacini) Hess discovers cosmic rays 
1932 Anderson discovers the positron  

All the ingredients of QED are there: e+ e- photon (γ) 
Basic processes can be calculated with Dirac’s theory:  

e-e- —>e-e-,              e+e- —> e+e-,               γe —> γe  

QED: (Stueckelberg) Feynman, Schwinger, Tomonaga  

1947 Lamb shift 
         (g-2) spin precession measurements electron and muon 

1955 Segré, Chamberlain: antiproton discovery

Old days

g-2 (April, 2021) https://news.fnal.gov/
2021/04/first-results-from-fermilabs-muon-g-2-
experiment-strengthen-evidence-of-new-physics/
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Doubts on antiprotons existence:  
proton magnetic moment is different from Dirac predictions (now we know it’s not elementary) 
…moreover where are the anti-galaxies ? 

Bevatron energy 6.5 GeV chosen to observe p p —> p p p pbar 

1955  Segre’, Chamberlain, Ypsilantis, Wiegand 
  challenge control - bkg: done with TOF with scintillators (+ Cerenkov PID ) 

          Roma group (Amaldi) added an emulsion stack after a copper absorber to check the         
          pbar annihilation energy released 

π

Antiproton

proton synchrotoron @ LBNL
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Antiproton

O. Chamberlain et al. 87

Target

dipole: momentum selection 1.19 GeV

quadrupole: 
focusing

dipole
quadrupole: 

focusing

Scintillator 1

Scintillator 2

Cerenkov 1

Cerenkov 2
Scintillator 3

Time-of-flight between S1 and S2 
antiproton       ~ 51 ns 
negative pion ~ 40 ns 

(Cerenkov counters for xcheck)

88 Ref. 4.1: Discovery of the Antiproton

pions

protons

accidentals
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Antiproton

Wiegand
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Antiproton
Mass of the anti-proton verified with emulsions

92 Ref. 4.4: Antiproton-Nucleon Annihilation

O. Chamberlain et al. 93
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QFT - QED
Quantum Field Theory is the framework in which the Standard Model is built. 
We will not develop, not do any calculation in QFT in this class, but we will use some results 

QFT is more than a relativistic formulation of quantum mechanics. 

The fundamental objects are the fields.  
All particles of the same type are IDENTICAL —> Particles are excitations of the fields. 
Every type of particle comes from its own field (electron field, muon field, etc…) and also 
forces are understood as interactions of fields (the e.m. field —> photon, etc…) 

QFT ⊃ GAUGE theories ⊃ SM 
Gauge theories are a particular kind of QFT (automatically renormalizable -Veltman, ’t Hooft) 
where the symmetries of the theory dictate the structure of the interactions. (we will see later in 
the course a simple example) 
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QFT - QED
Here we use Feynman diagrams in a qualitative way just to introduce in a pictorial way how 
particles interact; no need to worry about their mathematical meaning yet. 
Let’s use QED to see what they are, later we’ll see Strong and Weak interactions. 
(Just keep in mind they are powerful tools to compute observables from QFT. We will give an 
idea on how to use Feynman diagrams later in the course. For the derivation of Feynman’s 
rules —> see QFT-1)

2.2 QUANTUM ELECTRODYNAMICS (QED) 57 

This diagram reads: Charged particle e enters, emits (or absorbs) a photon, y, 
and exits.* For the sake of argument, I’ll assume the charged particle is an 
electron; it could just as well be a quark, or any lepton except a neutrino (the 
latter is neutral, of course, and does not experience an electromagnetic force). 

To describe more complicated processes, we simply patch together two or 
more replicas of this primitive vertex. Consider, for example, the following: 

Here, two electrons enter, a photon passes between them (I need not say which 
one emits the photon and which one absorbs it; the diagram represents both 
orderings), and the two then exit. This diagram, then, describes the interaction 
between two electrons; in the classical theory we would call it the Coulomb 
repulsion of like charges (if the two are at rest). In QED this process is called 
Moiler scattering; we say that the interaction is “mediated by the exchange of a 
photon,” for reasons that should now be apparent. 

Now, you’re allowed to twist these “Feynman diagrams” around into any 
topological configuration you like-for example, we could stand the previous 
picture on its side: 

The rule of the game is that a particle line running “backward in time” (as 
indicated by the arrow) is to be interpreted as the corresponding antiparticle 
goingforward (the photon is its own antiparticle, that’s why I didn’t need an 
arrow on the photon line). So in this process an electron and a positron annihilate 
to form a photon, which in turn produces a new electron-positron pair. An 
electron and a positron went in, an electron and a positron came out (not the 
same ones, but then, since all electrons are identical, it hardly matters). This 
represents the interaction of two opposite charges: their Coulomb attraction. In 
QED this process is called Bhabha scattering. There is a quite different diagram 
which also contributes: 

* In this book time always flows upward; the traditional convention. Particle physicists tend 
increasingly to let t run horizontally (to the right), but there is no established consensus on the matter. 

All electromagnetic phenomena can be described by this elementary process: 
tim

e

In QFT slang this is called a vertex

Physical processes are described using vertices as building blocks. 
Photons are the mediators of the e.m. field.

2.2 QUANTUM ELECTRODYNAMICS (QED) 57 

This diagram reads: Charged particle e enters, emits (or absorbs) a photon, y, 
and exits.* For the sake of argument, I’ll assume the charged particle is an 
electron; it could just as well be a quark, or any lepton except a neutrino (the 
latter is neutral, of course, and does not experience an electromagnetic force). 

To describe more complicated processes, we simply patch together two or 
more replicas of this primitive vertex. Consider, for example, the following: 

Here, two electrons enter, a photon passes between them (I need not say which 
one emits the photon and which one absorbs it; the diagram represents both 
orderings), and the two then exit. This diagram, then, describes the interaction 
between two electrons; in the classical theory we would call it the Coulomb 
repulsion of like charges (if the two are at rest). In QED this process is called 
Moiler scattering; we say that the interaction is “mediated by the exchange of a 
photon,” for reasons that should now be apparent. 

Now, you’re allowed to twist these “Feynman diagrams” around into any 
topological configuration you like-for example, we could stand the previous 
picture on its side: 

The rule of the game is that a particle line running “backward in time” (as 
indicated by the arrow) is to be interpreted as the corresponding antiparticle 
goingforward (the photon is its own antiparticle, that’s why I didn’t need an 
arrow on the photon line). So in this process an electron and a positron annihilate 
to form a photon, which in turn produces a new electron-positron pair. An 
electron and a positron went in, an electron and a positron came out (not the 
same ones, but then, since all electrons are identical, it hardly matters). This 
represents the interaction of two opposite charges: their Coulomb attraction. In 
QED this process is called Bhabha scattering. There is a quite different diagram 
which also contributes: 

* In this book time always flows upward; the traditional convention. Particle physicists tend 
increasingly to let t run horizontally (to the right), but there is no established consensus on the matter. 

e.g. Moeller scattering 
(Coulomb repulsion)

2.2 QUANTUM ELECTRODYNAMICS (QED) 57 

This diagram reads: Charged particle e enters, emits (or absorbs) a photon, y, 
and exits.* For the sake of argument, I’ll assume the charged particle is an 
electron; it could just as well be a quark, or any lepton except a neutrino (the 
latter is neutral, of course, and does not experience an electromagnetic force). 

To describe more complicated processes, we simply patch together two or 
more replicas of this primitive vertex. Consider, for example, the following: 

Here, two electrons enter, a photon passes between them (I need not say which 
one emits the photon and which one absorbs it; the diagram represents both 
orderings), and the two then exit. This diagram, then, describes the interaction 
between two electrons; in the classical theory we would call it the Coulomb 
repulsion of like charges (if the two are at rest). In QED this process is called 
Moiler scattering; we say that the interaction is “mediated by the exchange of a 
photon,” for reasons that should now be apparent. 

Now, you’re allowed to twist these “Feynman diagrams” around into any 
topological configuration you like-for example, we could stand the previous 
picture on its side: 

The rule of the game is that a particle line running “backward in time” (as 
indicated by the arrow) is to be interpreted as the corresponding antiparticle 
goingforward (the photon is its own antiparticle, that’s why I didn’t need an 
arrow on the photon line). So in this process an electron and a positron annihilate 
to form a photon, which in turn produces a new electron-positron pair. An 
electron and a positron went in, an electron and a positron came out (not the 
same ones, but then, since all electrons are identical, it hardly matters). This 
represents the interaction of two opposite charges: their Coulomb attraction. In 
QED this process is called Bhabha scattering. There is a quite different diagram 
which also contributes: 

* In this book time always flows upward; the traditional convention. Particle physicists tend 
increasingly to let t run horizontally (to the right), but there is no established consensus on the matter. 

tim
e
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e

Particles going back in  
time are interpreted as 
anti-particles 
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QFT - QED
Q: can picture the Feynman diagram corresponding to ?  

 e+e- —> e+e- 
γe- —> γe- 
γ γ —> γ γ
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QFT - QED
Q: can picture the Feynman diagram corresponding to ?  

 e+e- —> e+e- 
γe- —> γe- 
γ γ —> γ γ
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d 
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an
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QFT - QED
A typical computation with Feynman diagrams proceeds as follow: 
- Draw all possible diagrams with the external lines corresponding to the process. The 

internal lines are not observable ! they are called virtual particles (we’ll see later what 
virtual means) 

- Apply Feynman rules and compute the desired observable (e.g. cross section): 
- transform the diagrams in actual QFT expressions 
- sum the amplitudes from all diagrams

2.2 QUANTUM ELECTRODYNAMICS (QED) 57 

This diagram reads: Charged particle e enters, emits (or absorbs) a photon, y, 
and exits.* For the sake of argument, I’ll assume the charged particle is an 
electron; it could just as well be a quark, or any lepton except a neutrino (the 
latter is neutral, of course, and does not experience an electromagnetic force). 

To describe more complicated processes, we simply patch together two or 
more replicas of this primitive vertex. Consider, for example, the following: 

Here, two electrons enter, a photon passes between them (I need not say which 
one emits the photon and which one absorbs it; the diagram represents both 
orderings), and the two then exit. This diagram, then, describes the interaction 
between two electrons; in the classical theory we would call it the Coulomb 
repulsion of like charges (if the two are at rest). In QED this process is called 
Moiler scattering; we say that the interaction is “mediated by the exchange of a 
photon,” for reasons that should now be apparent. 

Now, you’re allowed to twist these “Feynman diagrams” around into any 
topological configuration you like-for example, we could stand the previous 
picture on its side: 

The rule of the game is that a particle line running “backward in time” (as 
indicated by the arrow) is to be interpreted as the corresponding antiparticle 
goingforward (the photon is its own antiparticle, that’s why I didn’t need an 
arrow on the photon line). So in this process an electron and a positron annihilate 
to form a photon, which in turn produces a new electron-positron pair. An 
electron and a positron went in, an electron and a positron came out (not the 
same ones, but then, since all electrons are identical, it hardly matters). This 
represents the interaction of two opposite charges: their Coulomb attraction. In 
QED this process is called Bhabha scattering. There is a quite different diagram 
which also contributes: 

* In this book time always flows upward; the traditional convention. Particle physicists tend 
increasingly to let t run horizontally (to the right), but there is no established consensus on the matter. 

58 P/ELEMENTARY PARTICLE DYNAMICS 

Both diagrams must be included in the analysis of Bhabha scattering. 
Using just two vertices we can also construct the following diagrams, 

describing, respectively, pair annihilation, e- + e+ - y + y; pair production, 
y + y - e- + e+; and Compton scattering, e- + y - e- + y: 

[Notice that Bhabha and Maller scattering are related by crossing symmetry (see 
Section 1.4); as are the three processes shown here. In terms of Feynman diagrams, 
crossing symmetry corresponds to twisting or rotating the figure.] If we allow 
more vertices, the possibilities rapidly proliferate; for example, with four vertices 
we obtain, among others, the following diagrams: 

f 
In each of these figures two electrons went in and two electrons came out. They 
too describe the repulsion of like charges (Maller scattering). The “innards” of 
the diagram are irrelevant as far as the observed process is concerned. Internal 
lines (those which begin and end within the diagram) represent particles that are 
not observed-indeed, that cannot be observed without entirely changing the 
process. We call them “virtual” particles. Only the external lines (those which 

58 P/ELEMENTARY PARTICLE DYNAMICS 

Both diagrams must be included in the analysis of Bhabha scattering. 
Using just two vertices we can also construct the following diagrams, 

describing, respectively, pair annihilation, e- + e+ - y + y; pair production, 
y + y - e- + e+; and Compton scattering, e- + y - e- + y: 

[Notice that Bhabha and Maller scattering are related by crossing symmetry (see 
Section 1.4); as are the three processes shown here. In terms of Feynman diagrams, 
crossing symmetry corresponds to twisting or rotating the figure.] If we allow 
more vertices, the possibilities rapidly proliferate; for example, with four vertices 
we obtain, among others, the following diagrams: 

f 
In each of these figures two electrons went in and two electrons came out. They 
too describe the repulsion of like charges (Maller scattering). The “innards” of 
the diagram are irrelevant as far as the observed process is concerned. Internal 
lines (those which begin and end within the diagram) represent particles that are 
not observed-indeed, that cannot be observed without entirely changing the 
process. We call them “virtual” particles. Only the external lines (those which 

+ + + + + …
2

σ =

(this series is a perturbative expansion). 
Each vertex enters the expression with a factor α=1/137 (the fine structure constant), so  
diagrams with more and more vertices will contribute less and less. 

QED is the most numerically precise theory we have ! 
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Pion muon and neutrino
1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 

       n—>p e- neutrino 

Q: What’s the problem Pauli wanted to solve by postulating the existence of a neutrino ? 
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Q: What’s the problem Pauli wanted to solve by postulating the existence of a neutrino ? 

Pion muon and neutrino

2 body decays gives mono-energy particles 
>=3 body decays gives a continuum spectrum 

Bohr proposed that the energy was not conserved at microscopic scale
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: propose a theory with a mediator equivalent to the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street and 
Stevenson 

1940 Tomonaga-Araki: predict that negative/positive mesons have different behaviours in matter. 
Negative: form tight bound state, capture by the nucleus because it’s the carrier of the nuclear 
force. Positive come to rest in matter and decay. 

1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 

Q: how would you set up an experiment to check that the muon is not the carrier of the strong 
interaction?

Pion muon and neutrino

Anderson Neddermeyer, while measuring the energy loss by cosmic radiation, found a particle heavier 
than the electron but much lighter than a proton which didn’t ionize much (i.e. more penetrating) 

Today we call it “muon” (μ) and it’s the first elementary unstable particle discovered. 

It’s appearance was initially very confusing. It was thought to be Yukawa meson, carrier of the strong 
force. 
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Conversi Pancini Piccioni

The crucial experiment showing that the penetrating particle is not the p meson

was carried out in 1947 in Rome by M. Conversi, E. Pancini and O. Piccioni

(Conversi et al. 1947). The experiment aimed at investigating whether the

absorption of positive and negative particles in a material was the same or different.

Actually, a negative particle can be captured by a nucleus and, if it is the quantum

of nuclear forces, quickly interacts with it rather than decaying. In contrast, a

positive particle is repelled by a nucleus and will decay as in vacuum. The two iron

blocks,F1 andF2 in the upper part of Fig. 2.1, are magnetised in opposite directions

normal to the drawing and are used to focus the particles of one sign or, inverting

their positions, the other. The ‘trigger logic’ of the experiment is the following. The

Geiger counters A and B, above and below the magnetised blocks, must discharge

at the same instant (‘fast’ coincidence); one of the C counters under the absorber

must fire not immediately but later, after a delay Dt in the range 1 ls<Dt< 4.5 ls
(‘delayed’ coincidence). This logic guarantees the following: first that the energy

of the particle is large enough to cross the blocks and small enough to stop in the

absorber; second that, in this energy range and with the chosen geometry, only

particles of one sign can hit both A and B; and finally that the particle decays in a

time compatible with the lifetime value of Rossi and Nereson.

Figure 2.1(b) shows the trajectory of two particles of the ‘right’ sign in the right

energy range, which discharges A and B but not C; Fig. 2.1(c) shows two particles

of the ‘wrong’ sign. Neither of them gives a trigger signal because one dischargesA

and not B, the other discharges both but also C.

In a first experiment in 1945, the authors used an iron absorber. The result was

that the positive particles decay as in vacuum, the negative particles do not decay,

exactly as expected.
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Fig. 2.1. A sketch of the Conversi, Pancini, Piccioni experiment.

60 Nucleons, leptons and bosons

(a) setup; b) shows the trajectory of two particles of the ‘right’ sign in the right energy range, which discharges A and B but 
not C; Fig. 2.1(c) shows two particles of the ‘wrong’ sign. Neither of them gives a trigger signal because one discharges A 
and not B, the other discharges both but also C. In a first experiment in 1945, the authors used an iron absorber. The result 
was that the positive particles decay as in vacuum, the negative particles do not decay, exactly as expected. 

The two iron blocks, F1 and F2 in the upper part of Fig. 2.1, are magnetised in opposite directions normal to the drawing and are used to 
focus the particles of one sign or, inverting their positions, the other. The ‘trigger logic’ of the experiment is the following. The Geiger 
counters A and B, above and below the magnetised blocks, must discharge at the same instant (‘fast’ coincidence); one of the C counters 
under the absorber must fire not immediately but later, after a delay Dt in the range 1 us < Dt < 4.5 us (‘delayed’ coincidence). This logic 
guarantees the following: first that the energy of the particle is large enough to cross the blocks and small enough to stop in the absorber; 
second that, in this energy range and with the chosen geometry, only particles of one sign can hit both A and B; and finally that the 
particle decays in a time compatible with the lifetime value of Rossi and Nereson. 

If the mesotron carries the strong force it should interact immediately with nuclei

A. Bettini Ch.2

The experiment aimed at investigating whether the absorption of positive and negative particles in a material was the same or different. 
Actually, a negative particle can be captured by a nucleus and, if it is the quantum of nuclear forces, quickly interacts with it rather than 
decaying. In contrast, a positive particle is repelled by a nucleus and will decay as in vacuum.  
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 

Pion muon and neutrino

The authors repeated the experiment in 1946 with a carbon absorber, finding, to

their surprise, that the particles of both signs decay (Conversi et al. 1947). A

systematic search showed that in materials with low atomic numbers the pene-

trating particles are not absorbed by nuclei. However, calculation soon showed that

the pions should interact so strongly as to be absorbed by any nucleus, even by

small ones. In conclusion, the penetrating particles of the cosmic rays are not the

Yukawa mesons.

In the same years, G. Occhialini and C. F. Powell, working at Bristol, exposed

emulsion stacks at high altitudes in the mountains (up to 5500 m on the Andes). In

1947 they published, with Lattes and Muirhead, the observation of events in which

a more massive particle decays into a less massive one (Lattes et al. 1947). The

interpretation is that two particles are present in cosmic rays, the first is the p, the
second, which was called m or muon, is the penetrating particle. They observed that

the muon range was equal in all the events (about 100 lm), showing that the pion

decays into two bodies, the m and a neutral undetected particle.

The final proof came in 1949, when the Bristol group, using the new Kodak

emulsions sensitive to minimum ionising particles, detected events in which the

complete chain of decays pme was visible. An example is shown in Fig. 2.2.

We know now that the charged pion decays are

pþ ! lþ þ ml p" ! l" þ !ml ð2:2Þ

and those of the muons are

lþ ! eþ þ me þ !ml l" ! e" þ ml þ !me: ð2:3Þ

In these expressions we have specified the types of neutrinos, something that was

completely unknown at the time. We shall discuss neutrinos in Section 2.4.

Other experiments showed directly that pions interact strongly with nuclei,

transforming a proton into a neutron and vice versa:

pþ þ A
Z N ! A"1

Z N þ p p" þ A
Z N ! A"1

Z"1 N þ n: ð2:4Þ

p

m e

10 µm

Fig. 2.2. A pme decay chain observed in emulsions. (From Brown et al. 1949)

2.1 The muon and the pion 61

Q: what are the kinks due to ? 
Q: in the second kink, how do you know they are 2 neutrinos and not one ?
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Q: what are the kinks due to? 

Pion muon and neutrino
They signal the presence of at least one invisible particle: the neutrino

Q: how do you know they are 2 neutrinos and not one ?
By measuring the energy spectrum of the charged particles. 
If mono-energetic 1 if spectrum more than 1
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 
1955 Cowan and Reines finally give the experimental proof of (anti)neutrino existence 
          (in a sense so far the neutrino was “simply there” it wasn’t doing anything. 
           Here we see it interacting !) 

Pion muon and neutrino

158 6. Weak Interactions

Figure 6.3. A schematic diagram of the experiment of Reines and Cowan in which antineutrinos
from a nuclear reactor were detected. The dashed line entering from above indicates the antineutrino.
The antineutrino transmutes a proton into a neutron and a positron. The annihilation of the positron
produces two prompt gamma rays, which are detected by the scintillator. The neutron is slowed in
the scintillator and eventually captured by cadmium, which then also emits delayed gamma rays. The
combination of the prompt and delayed gamma rays is the signature of the antineutrino interaction
(Ref. 6.7).

at Berkeley, and the 10-GeV machine at Dubna in the Soviet Union, all of which were pro-
ton synchrotrons. The next generation of machines were based on a new principle, strong
focusing. In 1952, E. Courant, M. S. Livingston, and H. Snyder at Brookhaven discovered
that by arranging bending magnets so that the gradients of successive magnets alternated
between increasing radially and decreasing radially, the overall effect was to focus the
beam in both the vertical and horizontal directions. Moreover, the beam excursions away
from the central orbit were much decreased in amplitude. As a result, it was possible to
make much smaller beam tubes and magnets with much smaller apertures.

Strong focusing can also be done with pairs of quadrupole magnets, one focusing in the
horizontal plane and the next in the vertical plane. It is this arrangement that is most often
employed in proton accelerators. This strong focusing principle was employed as early as
1955 (Refs. 3.13, 4.1, 4.4, 4.6) in the construction of beam lines. Subsequent to the work
of Courant, Livingston, and Snyder, it was learned that the principle had been discovered
earlier by N. Christofilos, working independently and alone in Athens. His idea had been
communicated to the Lawrence Radiation Laboratory in Berkeley where it languished in
the files unnoticed.

Strong focusing led to the construction of much higher energy proton machines. The
first, the 28-GeV Proton Synchrotron (PS), was completed at CERN, the European Nuclear
Research Center in Geneva, in 1959. A similar machine, the Alternating Gradient Syn-
chrotron (AGS), was completed at Brookhaven in 1960.

resulting in an excited state that soon emits gamma rays which are detected by the

scintillators as a delayed coincidence.

Figure 2.7 is a sketch of the equipment. The reduction of the cosmic ray

background, due to the underground location, and the accurate design of the

shielding structures were essential for the success of the experiment. Accurate

control measurements showed that the observed event rate of W¼ 3" 0.2 events/

hour could not be due to background events. This was the experimental discovery

of the neutrino, one quarter of a century after the Pauli hypothesis.

The second neutrino was discovered, as already recalled, at the AGS proton

accelerator in 1962. The main problem was the extremely small neutrino cross

Cd n
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Fig. 2.6. A sketch of the detection scheme of the Savannah River experiment.
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Fig. 2.7. Sketch of the equipment of the Savannah River experiment. (Reines
et al. 1996 ª Nobel Foundation 1995)

72 Nucleons, leptons and bosons

We shall now describe the discovery of the electron neutrino. The most intense

sources of neutrinos on Earth are fission reactors. They produce electron

antineutrinos with a continuum energy spectrum up to several MeV. The flux is

proportional to the reactor power. The power of the Savannah River reactor in

South Carolina (USA) was 0.7 GW. It was chosen by Reines because a massive

building located underground, a dozen metres under the core, was available to the

experiment. The !me flux was about U¼ 1017 m"2 s"1.

Electron antineutrinos can be detected by the inverse beta process but its cross

section is extremely small,

r !me þ p ! eþ þ nð Þ & 10"47 Em=MeV
! "2

m2: ð2:20Þ

Notice that at low energy the cross section grows with the square of the energy.

An easily available material containing many protons is water. Let us evaluate

the mass needed to have a counting rate of, say, W¼ 10"3 Hz, or about one count

every 20 s.

Let us evaluate in order of magnitude the quantity of water needed to have, for

example, a rate of 10"3 Hz for reaction (2.20), on free protons. Taking a typical

energy Em¼ 1MeV, the rate per target proton is W1¼Ur¼ 10"30 s"1. Conse-

quently we need 1027 protons. Since a mole of H2O contains 2NA& 1024 protons,

we need 1000 moles, hence 18 kg. In practice, much more is needed, taking all

inefficiencies into account. Reines worked with 200 kg of water.

The main difficulty of the experiment is not the rate but the discrimination of the

signal from the possibly much more frequent background sources that can simulate

that signal. There are three principal causes: the neutrons that are to be found

everywhere near a reactor, cosmic rays and the natural radioactivity of the material

surrounding the detector and in the water itself.

Figure 2.6 is a sketch of the detector scheme used in 1955. It shows one of the

two 100 litre water containers sandwiched between two liquid scintillator cham-

bers, a technique that had been recently developed, as we saw in Section 1.11. An

antineutrino from the reactor interacts with a proton, producing a neutron and a

positron. The positron annihilates immediately with an electron, producing two

gamma rays in opposite directions, both with 511MeV energy. The Compton

electrons produced by these gamma rays are detected in the liquid scintillators

giving two simultaneous signals. This signature of the positron is not easily

emulated by background effects.

A second powerful discrimination is given by the detection of the neutron.Water

is a good moderator and the neutron slows down in several microseconds. Forty

kilos of cadmium, which has a nucleus with a very high cross section for thermal

neutron capture, is dissolved in the water. A Cd nucleus captures the neutron

2.4 Charged leptons and neutrinos 71

Savannah River 
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 
1955 Cowan and Reines finally give the experimental proof of neutrino existance 
          (in a sense so far the neutrino was “simply there” it wasn’t doing anything. 
           Here we see it interacting !) 

Q: How would you distinguish a neutrino from an antineutrino ? 

Q: Are there different families of neutrino ? 
How would you distinguish an electron-neutrino from a muon-antineutrino ? 

Pion muon and neutrino

Life in physics and the crucial sense of wonder
https://cerncourier.com/a/life-in-physics-and-the-crucial-sense-of-wonder/
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Pion muon and neutrino
Q: How would you distinguish a neutrino from an antineutrino ? 

        n -> p e- occurs 
        n -> p e- does not occur 

ν
ν̄
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Muon neutrino
Q: Are there different families of neutrino ? 
How would you distinguish an electron-neutrino from a muon-antineutrino ? 

section. However, Pontecorvo (1959) and Schwartz (1960) independently calcu-

lated that the experiment was feasible.

Figure 2.8 is a sketch of the experiment. The intense proton beam is extracted

from the accelerator pipe and sent against a beryllium target. Here a wealth of

pions, of both signs, is produced. The pions decay as

pþ ! lþ þ m p" ! l" þ !m: ð2:21Þ

In these reactions, the neutrino and the antineutrino are produced in association

with a muon. In the beta decays, neutrinos are produced in association with

electrons. The aim of the experiment was to clarify whether these neutrinos are

different or not. Therefore, we have not specified the type of the neutrinos in the

above expressions.

To select only the neutrinos a ‘filter’ made of iron, 13.5 m long, is located after

the target. It absorbs all particles, charged and neutral, apart from the neutrinos.

The concrete blocks seen in the figure are needed to protect people from the intense

radiation present near the target. To detect the neutrino interactions one needs a

device working both as target and as tracking detector. Calculations show that its

mass must be about 10 t, too much, at that time, for a bubble chamber. It was

decided to use the spark chamber technique, invented by M. Conversi and

A. Gozzini in 1955 (Conversi & Gozzini 1955) and developed by Fukui and

Myamoto (Fukui & Myamoto 1959). A spark chamber element consists of a pair

of parallel metal plates separated by a small gap (a few mm) filled with a suitable

gas mixture. The chamber is made sensitive by suddenly applying a voltage to

the plates after the passage of the particle(s), generating a high electric field

(%1MV/m). The resulting discharge is located at the position of the ionisation trail

and appears as a luminous spark that is photographed.

The neutrino detector consisted of a series of ten modules of nine spark

chambers each. The aluminium plates had an area of 1.1· 1.1 m2 and a thickness of

2.5 cm, amounting to a total mass of 10 t.

concrete concrete

iron paraffin

spark
chambers

AGS

Fig. 2.8. Sketch of the Brookhaven neutrino experiment. (Danby et al. 1962
ª Nobel Foundation 1988)

2.4 Charged leptons and neutrinos 73

After exposing the chambers to the neutrinos, photographs were scanned

searching for muons from the reactions

mþ n ! l" þ p !mþ p ! lþ þ n ð2:22Þ

and electrons from

mþ n ! e" þ p !mþ p ! eþ þ n: ð2:23Þ

The two particles are easily distinguished because in the first case the photograph

shows a long penetrating track, in the second, an electromagnetic shower. Many

muon events were observed, but no electron event. The conclusion was that neu-

trinos produced in association with a muon produce, when they interact, muons, not

electrons. It appears that two types of neutrinos exist, one associatedwith the electron,

the other with the muon. The difference is called ‘leptonic flavour’. The electron and

the electron neutrino have positive electron flavour Le¼þ1, the positron and the

electron antineutrino have negative electron flavourLe¼"1; all of them have zero

muonic flavour. The m" and the mm have positive muonic flavour Lm¼þ1, the mþ

and the !ml have negative muonic flavour Lm¼"1; all have zero electronic flavour.

Electronic, muonic (and tauonic) flavours are also called electronic, muonic (and

tauonic) numbers.

2.5 The Dirac equation

In this section we recall the basic properties of the Dirac equation.

In 1928 P. A. M. Dirac wrote the fundamental relativistic wave equation of the

electron. The equation predicts all the electron properties known from atomic

physics, in particular the value of the gyromagnetic ratio

g ¼ 2: ð2:24Þ

We recall that this dimensionless quantity is defined by the relationship between

the spin s and the intrinsic magnetic moment me from

le ¼ glB s ð2:25Þ

where mB is the Bohr magneton

lB ¼ qeh

2me
¼ 5:788 · 10"11 MeVT"1: ð2:26Þ

The equation has apparently non-physical negative energy solutions. In December

1929, Dirac returned to the problem of trying to identify the ‘holes’ in the negative

energy sea as positive particles, which he thought were the protons.
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shows a long penetrating track, in the second, an electromagnetic shower. Many

muon events were observed, but no electron event. The conclusion was that neu-

trinos produced in association with a muon produce, when they interact, muons, not

electrons. It appears that two types of neutrinos exist, one associatedwith the electron,

the other with the muon. The difference is called ‘leptonic flavour’. The electron and

the electron neutrino have positive electron flavour Le¼þ1, the positron and the

electron antineutrino have negative electron flavourLe¼"1; all of them have zero
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and the !ml have negative muonic flavour Lm¼"1; all have zero electronic flavour.
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2.5 The Dirac equation
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In 1928 P. A. M. Dirac wrote the fundamental relativistic wave equation of the

electron. The equation predicts all the electron properties known from atomic

physics, in particular the value of the gyromagnetic ratio

g ¼ 2: ð2:24Þ

We recall that this dimensionless quantity is defined by the relationship between

the spin s and the intrinsic magnetic moment me from

le ¼ glB s ð2:25Þ

where mB is the Bohr magneton

lB ¼ qeh
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¼ 5:788 · 10"11 MeVT"1: ð2:26Þ

The equation has apparently non-physical negative energy solutions. In December

1929, Dirac returned to the problem of trying to identify the ‘holes’ in the negative

energy sea as positive particles, which he thought were the protons.
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Produced at the target

section. However, Pontecorvo (1959) and Schwartz (1960) independently calcu-

lated that the experiment was feasible.

Figure 2.8 is a sketch of the experiment. The intense proton beam is extracted

from the accelerator pipe and sent against a beryllium target. Here a wealth of

pions, of both signs, is produced. The pions decay as

pþ ! lþ þ m p" ! l" þ !m: ð2:21Þ

In these reactions, the neutrino and the antineutrino are produced in association

with a muon. In the beta decays, neutrinos are produced in association with

electrons. The aim of the experiment was to clarify whether these neutrinos are

different or not. Therefore, we have not specified the type of the neutrinos in the

above expressions.

To select only the neutrinos a ‘filter’ made of iron, 13.5 m long, is located after

the target. It absorbs all particles, charged and neutral, apart from the neutrinos.

The concrete blocks seen in the figure are needed to protect people from the intense

radiation present near the target. To detect the neutrino interactions one needs a

device working both as target and as tracking detector. Calculations show that its

mass must be about 10 t, too much, at that time, for a bubble chamber. It was

decided to use the spark chamber technique, invented by M. Conversi and

A. Gozzini in 1955 (Conversi & Gozzini 1955) and developed by Fukui and

Myamoto (Fukui & Myamoto 1959). A spark chamber element consists of a pair

of parallel metal plates separated by a small gap (a few mm) filled with a suitable

gas mixture. The chamber is made sensitive by suddenly applying a voltage to

the plates after the passage of the particle(s), generating a high electric field

(%1MV/m). The resulting discharge is located at the position of the ionisation trail

and appears as a luminous spark that is photographed.

The neutrino detector consisted of a series of ten modules of nine spark

chambers each. The aluminium plates had an area of 1.1· 1.1 m2 and a thickness of

2.5 cm, amounting to a total mass of 10 t.

concrete concrete

iron paraffin

spark
chambers

AGS

Fig. 2.8. Sketch of the Brookhaven neutrino experiment. (Danby et al. 1962
ª Nobel Foundation 1988)

2.4 Charged leptons and neutrinos 73

Possible detection

Only muons seen, no electrons

If neutrinos are of one “flavour” when I shoot them on a target I should 
see an equal number of electrons and muons produced

 



Mauro Donegà 40

Spark chambers
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 
1955 Cowan and Reines finally give the experimental proof of neutrino existance 
          (in a sense so far the neutrino was “simply there” it wasn’t doing anything. 
           Here we see it interacting !) 
1962  Ledermann/Steinberger/Schwartz @ BNL muon neutrino discovery 

Lepton number conservation by families: 
mu —> e gamma does not occur in the SM 

But why we do see mu -> e nu nu, because the 2 neutrinos are different 
  “electron-ness” and “muon-ness” are conserved  —> nu_e nu_mu 

Pion muon and neutrino
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 
1955 Cowan and Reines finally give the experimental proof of neutrino existance 
          (in a sense so far the neutrino was “simply there” it wasn’t doing anything. 
           Here we see it interacting !) 
1962  Ledermann/Steinberger/Schwartz @ BNL muon neutrino discovery 

Lepton number conservation by families: 
mu —> e gamma does not occur in the SM 

But why we do see mu -> e nu nu, because the 2 neutrinos are different 
  “electron-ness” and “muon-ness” are conserved  —> nu_e nu_mu 

1970-1994 Davis solar neutrino deficit interpreted as neutrino oscillations  

Pion muon and neutrino
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Solar neutrino deficit

Sun as light only several thousand years after it was produced. While the light of

the Sun and of the stars is a surface phenomenon, neutrinos reach us directly from

the centre of the Sun, without any absorption. However, even if the Sun medium is

transparent to neutrinos, something happens to them.

Observation of solar neutrinos gives fundamental information both about stellar

structure and evolution and about the properties of neutrinos, due to the wide range

of matter densities in the Sun and to its large distance from Earth. Clearly, to study

neutrino properties, one needs to know their flux and energy spectrum at the source.

Today we have a reliable ‘solar standard model’ (SSM) due mainly to 40 years of

work by John Bahcall and collaborators (Bahcall et al. 1963, 2005). Figure 10.8
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Fig. 10.8. (a) The pp cycle. (b) The principal components of the neutrino energy
spectrum. (From Bahcall et al. 2005) The sensitive regions of different
experimental techniques are also shown.

368 Beyond the Standard Model

Neutrinos will meet the resonance if there is a density smaller than N0 satis-

fying Eq. (10.39). Having fixed all the other quantities, this is a condition on the

neutrino energy, i.e.

E >
dm2 cos 2h12
2

ffiffiffi
2

p
GFN0

! dm2 cos 2h12
1:5 · 10"11 eV

! 2 MeV: ð10:43Þ

In conclusion, neutrinos emitted at the Sun’s surface with energy larger than

about 2 MeV are m2 and will remain in this state until they propagate in vacuum.

A detector on Earth sensitive to me will observe only the component of amplitude

sin h12, as from Eq. (10.40). The survival probability of electron neutrinos from

the production to the detection points is

Pee ¼ sin2 h12 E& 2 MeV: ð10:44Þ

Neutrinos of lower energy do not encounter the resonance and propagate in the

Sun as in vacuum. They oscillate with a maximum excursion

A me ! mað Þ ¼ sin2 2h12ð Þ: ð10:45Þ

This factor multiplies the oscillating term. Our detectors take the average value of

the oscillation term on times much longer than the oscillation period, which is 1/2.

The survival probability is, in conclusion,

Pee ¼ 1" 1

2
sin2 h12 E. 2 MeV: ð10:46Þ

We now notice that the resonance corresponding to the larger neutrino square-

mass difference Dm2 does not exist in the Sun, because for that to occur neutrino

energies should be about 33 times larger than the limit (10.43). Both resonances

can exist in supernovae, where the densities are much larger.

10.4 The experiments

The historical process leading to the discovery of the neutrino flavour transitions

in the Sun is not due to a single experiment, but rather to a series of experimental

and theoretical developments. In 1946 B. Pontecorvo (Pontecorvo 1946) pro-

posed the detection of electron neutrinos by the inverse beta decay reaction

me þ 37Cl ! e" þ 37Ar: ð10:47Þ

In 1962 J. Bahcall (Bahcall et al. 1963) started the construction of a solar model

and the calculation of the expected reaction rate for (10.47). The initial result was

discouraging: the rate was too small to be detectable. However, soon afterwards,

10.4 The experiments 373

R. Davis used 615 t of perchloroethylene 
(C2Cl4) as the target detector medium, in which 
about one Ar nucleus per day was expected.  
The experiment took place deep underground in 
the Homestake mine in South Dakota at 1600 m 
depth 

Rate(Cl;,exp) =  2.56 ︎± 0.16 ︎± 0.16 SNU 
Rate(Cl, SSM)= 8.1 ︎± 1.3 SNU 

~1/3 of the flux is missing 

SSM = Solar Standard Model (Bahcall) 
Solar Neutrino Units (1 SNU = one capture per 1036 atoms per second )
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1933 Pauli postulates the existence of the neutrino from beta-decays electron E-spectrum 
          Fermi provides a quantitative theory for the n—>p e nu decay  
1934 Yukawa: the equivalent of the photon for strong interaction 
1937 mesotron (muon) discovery Anderson and Neddermeyer, and independently by Street 
and Stevenson 
1947: muon identified as a lepton by Conversi, Pancini and Piccioni (Rome) 
1947: Occhialini/Powell discover the pion —> and this is the Yukawa meson ! 
1955 Cowan and Reines finally give the experimental proof of neutrino existance 
          (in a sense so far the neutrino was “simply there” it wasn’t doing anything. 
           Here we see it interacting !) 
19XX: neutrino and antineutrino interacts differently with matter 
1962  Ledermann/Steinberger/Schwartz @ BNL muon neutrino discovery 

Lepton number conservation 
mu —> e gamma does not occur in the SM 

But why we do see mu -> e nu nu:  the 2 neutrinos are different 
“electron-ness” and “muon-ness” are conserved  —> nu_e nu_mu 

1970-1994 Davis solar neutrino deficit interpreted as neutrino oscillations  
1996- : Super-Kamiokande: neutrino oscillations 
2000: nu_tau “discovery”: DONUT collaboration 
1999-2006: SNO total flux nu_e nu_mu nu_tau

Pion muon and neutrino

A. Blondel “The third family of neutrinos” 
https://arxiv.org/abs/1812.11362
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Neutrino oscillations

SuperKamiokande as 
a neutrino telescope

electron neutrino event muon neutrino event
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Quarks
So far they just knew the existence of pion and muon 
More quantum numbers: 
1947 V-particles Rochester-Butler (cosmic) 
1955 Lambda->p pi- Anderson (cosmics) 
Large production cross sections, slow decay (now understood as weak-decay) 

they produced by ‘fast’ strong interaction processes, as demonstrated by the large

cross section, while they decayed only ‘slowly’ with lifetimes typical of weak

interactions? In other words, why do fully hadronic decays such as K0! pþ p"

not proceed strongly? The new particles were called ‘strange particles’.

The solution was given by Nishijima (Nakato & Nishijima 1953) and inde-

pendently by Gell-Mann (Gell-Mann 1953). They introduced a new quantum

number S, the ‘strangeness’, which is additive, like electric charge. Strangeness is

conserved by strong and electromagnetic interactions but not by weak interactions.

The ‘old’ hadrons, the nucleons and the pions, have S¼ 0, the hyperons have

S¼"1, the K mesons have S¼$1.

The production by strong interactions from an initial state with S¼ 0 can happen

only if two particles of opposite strangeness are produced. The lowest mass strange

particles, the Kmesons, and the hyperons can decay for energetic reasons only into

non-strange final states; therefore, they cannot decay strongly.

If the mass of a strange meson or of a hyperon is large enough, final states of the

same strangeness are energetically accessible. This happens if the sum of the

masses of the daughters is smaller than that of the mother particle. These particles

Fig. 2.3. A V0, below the plate on the right, in a cloud chamber picture.
(Rochester & Butler 1947)

2.2 Strange mesons and hyperons 63

Rochester and Butler 1947

30 l/HISTORICAL INTRODUCTION TO THE ELEMENTARY PARTICLES 

3 cm 
of’lead 

Incident cosmic ray 
shower 

Debris 

Figure 1.8 The first strange particle. Cosmic rays strike a lead plate, producing a KO, 
which subsequently decays into a pair of charged pions. (Photo courtesy of Prof. G. D. 
Rochester. Reprinted by permission from Nature 160, 855. Copyright 0 1947, Macmillan 
Journals Limited.) 

A = -1; then the total baryon number is conserved in any physical process. 
Thus, neutron beta decay (n  - p+ + e- + 5,) is allowed ( A  = 1 before and after), 
and so also is the reaction in which the antiproton was first observed: 

π+

π-
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Quarks
So far they just knew the existence of pion and muon 
More quantum numbers: 
1947 V-particles Rochester-Butler (cosmic) 
1955 Lambda->p pi- Anderson (cosmics) 
large production cross sections, slow decay (now known as weak force) 
1953 Pais—> Strange particles only produced in pairs 
19XX Gell-Mann Nishijima strangeness quantum number (conserved by strong force not by weak) 
Strangeness “explains” why some processes occur and why others don’t 

Overabundance of resonance, only classified by mass/charge/strangeness 

1961 Eightfold way: Gell-Mann  and Ne’eman 
1964 Omega- discovery 
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Quarks

1.7 THE EIGHTFOLD WAY (1 961 -1 964) 33 

There is some arbitrariness in the assignment of strangeness numbers, 
obviously. We could just as well have given S = + 1 to the 2’s and the A, and 
S = - 1 to K+ and KO; in fact, in retrospect it would have been a little nicer that 
way. [In exactly the same sense, Benjamin Franklin’s original convention for 
plus and minus charge was perfectly arbitrary at the time, and unfortunate in 
retrospect since it made the current-carrying particle (the electron) negative.] 
The significant point is that there exists a consistent assignment of strangeness 
numbers to all the hadrons (baryons and mesons) that accounts for the observed 
strong processes and “explains” why the others do not occur. (The leptons and 
the photon don’t experience strong forces at all, so strangeness does not apply 
to them.) 

The garden which seemed so tidy in 1947 had grown into a jungle by 1960, 
and hadron physics could only be described as chaos. The plethora of strongly 
interacting particles was divided into two great families-the baryons and the 
mesons-and the members of each family were distinguished by charge, strange- 
ness, and mass; but beyond that there was no rhyme or reason to it all. This 
predicament reminded many physicists of the situation in chemistry a century 
earlier, in the days before the Periodic Table, when scores of elements had been 
identified, but there was no underlying order or system. In 1960 the elementary 
particles awaited their own “Periodic Table.”20 

1.7 THE EIGHTFOLD WAY (1 961 -1 964) 

The Mendeleev of elementary particle physics was Murray Gell-Mann, who 
introduced the so-called Eightfold Way in 196 1 .21  (Essentially the same scheme 
was proposed independently by Ne’eman.) The Eightfold Way arranged the 
baryons and mesons into weird geometrical patterns, according to their charge 
and strangeness. The eight lightest baryons fit into a hexagonal array, with two 
particles at the center: 

Q = - 1  Q = O  Q =  

The Baryon Octet 

t l  

This group is known as the baryon octet. Notice that particles of like charge lie 
along the downward-sloping diagonal lines: Q = $1 (in units of the proton 

34 1 /HISTORICAL INTRODUCTION TO THE ELEMENTARY PARTICLES 

charge) for the proton and the 2’; Q = 0 for the neutron, the lambda, the Zo, 
and the Zo; Q = -1 for the 2- and the E- .  Horizontal lines associate particles 
of like strangeness: S = 0 for the proton and neutron, S = -1 for the middle 
line and S = -2 for the two Z’s. 

The eight lightest mesons fill a similar hexagonal pattern, forming the 
( pseudo-scalar) meson octet: 

KO K +  

The Meson Octet 

\ \ \ 
\ \ \ 
\ \ \ 

Q = - 1  Q = O  Q = 1  

Once again, diagonal lines determine charge, and horizontals determine strange- 
ness; but this time the top line has S = 1, the middle line S = 0, and the bottom 
line S = - I .  (This discrepancy is a historical accident; Gell-Mann could just as 
well have assigned S = 1 to the proton and neutron, S = 0 to the Z’s and the 
A, and S = -1 to the Z’s. In 1953 he had no reason to prefer that choice, and 
it seemed most natural to give the familiar particles-proton, neutron, and pion- 
a strangeness of zero. After 196 1 a new term-hypercharge-was introduced, 
which was equal to S for the mesons and to S + 1 for the baryons. But later 
developments showed that strangeness was the better quantity after all, and the 
word “hypercharge” has now been taken over for a quite different purpose.) 

Hexagons were not the only figures allowed by the Eightfold Way; there 
was also, for example, a triangular array, incorporating 10 heavier baryons- 
the baryon decuplet: 

A +  A + +  

The Baryon Decuplet 

\ 
Q = O  

\ 
\ 
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charge) for the proton and the 2’; Q = 0 for the neutron, the lambda, the Zo, 
and the Zo; Q = -1 for the 2- and the E- .  Horizontal lines associate particles 
of like strangeness: S = 0 for the proton and neutron, S = -1 for the middle 
line and S = -2 for the two Z’s. 

The eight lightest mesons fill a similar hexagonal pattern, forming the 
( pseudo-scalar) meson octet: 

KO K +  

The Meson Octet 

\ \ \ 
\ \ \ 
\ \ \ 

Q = - 1  Q = O  Q = 1  

Once again, diagonal lines determine charge, and horizontals determine strange- 
ness; but this time the top line has S = 1, the middle line S = 0, and the bottom 
line S = - I .  (This discrepancy is a historical accident; Gell-Mann could just as 
well have assigned S = 1 to the proton and neutron, S = 0 to the Z’s and the 
A, and S = -1 to the Z’s. In 1953 he had no reason to prefer that choice, and 
it seemed most natural to give the familiar particles-proton, neutron, and pion- 
a strangeness of zero. After 196 1 a new term-hypercharge-was introduced, 
which was equal to S for the mesons and to S + 1 for the baryons. But later 
developments showed that strangeness was the better quantity after all, and the 
word “hypercharge” has now been taken over for a quite different purpose.) 

Hexagons were not the only figures allowed by the Eightfold Way; there 
was also, for example, a triangular array, incorporating 10 heavier baryons- 
the baryon decuplet: 

A +  A + +  

The Baryon Decuplet 

\ 
Q = O  

\ 
\ 

Horizon  
“Strangeness Minus Three" (1964)
https://www.youtube.com/watch?v=BGeW6Nc6IMQ
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Quarks
So far they just knew the existence of pion and muon 
More quantum numbers: 
1947 V-particles Rochester-Butler (cosmic) 
1955 Lambda->p pi- Anderson (cosmics) 
large production cross sections, slow decay (now known as weak force) 
19XX Pais—> pair production 
19XX Gellmann Nishijima strangeness quantum number (conserved by strong force not by weak) 
Strangeness “explains” why some processes occur and why others don’t) 

Overabundance of resonance, only classified by mass/charge/strangeness 

1961 Eightfold way: Gell Mann  and Ne’eman 
1964 Omega- discovery 

——— “Beginning of modern particle physics” ——— (…again totally arbitrary definition)

1964 quarks(aces) Gell Mann and Zweig (fermions spin 1/2): 
- every baryon is composed of 3 quarks 
- every meson is composed of a quark and an anti-quark 

Eight-fold way emerges naturally from the quark model 
Different energy states as different particles (H-atom, energy splits o(eV) mass o(GeV))

u   
d s

q=  2/3
q= -1/3
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34 1 /HISTORICAL INTRODUCTION TO THE ELEMENTARY PARTICLES 

charge) for the proton and the 2’; Q = 0 for the neutron, the lambda, the Zo, 
and the Zo; Q = -1 for the 2- and the E- .  Horizontal lines associate particles 
of like strangeness: S = 0 for the proton and neutron, S = -1 for the middle 
line and S = -2 for the two Z’s. 

The eight lightest mesons fill a similar hexagonal pattern, forming the 
( pseudo-scalar) meson octet: 
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ness; but this time the top line has S = 1, the middle line S = 0, and the bottom 
line S = - I .  (This discrepancy is a historical accident; Gell-Mann could just as 
well have assigned S = 1 to the proton and neutron, S = 0 to the Z’s and the 
A, and S = -1 to the Z’s. In 1953 he had no reason to prefer that choice, and 
it seemed most natural to give the familiar particles-proton, neutron, and pion- 
a strangeness of zero. After 196 1 a new term-hypercharge-was introduced, 
which was equal to S for the mesons and to S + 1 for the baryons. But later 
developments showed that strangeness was the better quantity after all, and the 
word “hypercharge” has now been taken over for a quite different purpose.) 

Hexagons were not the only figures allowed by the Eightfold Way; there 
was also, for example, a triangular array, incorporating 10 heavier baryons- 
the baryon decuplet: 
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Quarks

34 1 /HISTORICAL INTRODUCTION TO THE ELEMENTARY PARTICLES 
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Quarks
Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric) 
 New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RR, GG, BB) 
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Quarks
Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric) 
 New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
  

  
  

  

  
  
  

  
  
  
  
 

Q: What is the quark most distinctive property ? 
Q: Suppose(as it was  in the beginning) you expect they can be “free”, 

what experiment would you setup to detect the presence of quarks ?
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Quarks
Q: What is the quark most distinctive property ? 

Fractional charge: 2/3 -1/3 

Q: Suppose(as it was  in the beginning) you expect they can be “free”, 
what experiment would you setup to detect the presence of quarks ? 

“Millikan oil droplets” 
They are charged —> from the bending of a track in a magnetic field
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Quarks
Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric) 
New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
 1969 DIS Friedmann, Kendall, Taylor 

 (—> Feynman partons) 

  

  
  
  

  
  
  
  
 

Q: How would would you check if the nucleon is elementary ?
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Q: How would would you check if the nucleon is elementary ? 

Deep Inelastic Scattering
“High energy Rutherford experiment” firing an elementary probe to what you want  
to test as composite
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Quarks
Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric)  
New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
 1969 DIS Friedmann, Kendall, Taylor 

 (—> Feynman partons) 
1973 Confinement / Asymptotic freedom  (Gross, Politzer, Wilczek) 
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QFT - QCD
Quantum Chromo Dynamics (QCD) is a QFT which describes the strong interactions. 

60 PIELEMENTARY PARTICLE DYNAMICS 

travel at the speed of light; an electron-positron pair can annihilate to make two 
photons, but not one. Within a larger diagram, however, these figures are perfectly 
acceptable, because, although energy and momentum must be conserved at each 
vertex, a virtual particle does not carry the same mass as the corresponding free 
particle. In fact, a virtual particle can have any mass-whatever the conservation 
laws require.* In the business, we say that virtual particles do not lie on their 
mass shell. External lines, by contrast, represent real particles, and these do carry 
the “correct” mass. 

[Actually, the physical distinction between real and virtual particles is not 
quite as sharp as I have implied. If a photon is emitted on Alpha Centauri, and 
absorbed in your eye, it is technically a virtual photon, I suppose. However, in 
general, the farther a virtual particle is from its mass shell the shorter it lives, so 
a photon from a distant star would have to be extremely close to its “correct” 
mass; it would have to be very close to “real.” As a calculational matter, you 
would get essentially the same answer if you treated the process as two separate 
events (emission of a real photon by star, followed by absorption of a real photon 
by eye). You might say that a real particle is a virtual particle which lasts long 
enough that we don’t care to inquire how it was produced, or how it is eventually 
absorbed.] 

2.3 QUANTUM CHROMODYNAMICS (QCD) 

In chromodynamics color plays the role of charge, and the fundamental process 
(analogous to e- - e- + y) is quark + quark-plus-gluon (since leptons do not 
carry color, they do not participate in the strong interactions): 

As before, we combine two or more such “primitive vertices” to represent more 
complicated processes. For example, the force between two quarks (which is 
responsible in the first instance for binding quarks together to make baryons, 
and indirectly for holding the neutrons and protons together to form a nucleus) 
is described in lowest order by the diagram: 

* In special relativity, the energy E, momentum, p, and mass m of a free particle are related 
by the equation E 2  - p 2 2  = m2c4. But for a virtual particle E2 - p2c2 can take on any value. Many 
authors interpret this to mean that virtual processes violate conservation of energy (see Problem 1.2). 
Personally, I consider this misleading, at best. Energy is always conserved. 

2.2 QUANTUM ELECTRODYNAMICS (QED) 57 

This diagram reads: Charged particle e enters, emits (or absorbs) a photon, y, 
and exits.* For the sake of argument, I’ll assume the charged particle is an 
electron; it could just as well be a quark, or any lepton except a neutrino (the 
latter is neutral, of course, and does not experience an electromagnetic force). 

To describe more complicated processes, we simply patch together two or 
more replicas of this primitive vertex. Consider, for example, the following: 

Here, two electrons enter, a photon passes between them (I need not say which 
one emits the photon and which one absorbs it; the diagram represents both 
orderings), and the two then exit. This diagram, then, describes the interaction 
between two electrons; in the classical theory we would call it the Coulomb 
repulsion of like charges (if the two are at rest). In QED this process is called 
Moiler scattering; we say that the interaction is “mediated by the exchange of a 
photon,” for reasons that should now be apparent. 

Now, you’re allowed to twist these “Feynman diagrams” around into any 
topological configuration you like-for example, we could stand the previous 
picture on its side: 

The rule of the game is that a particle line running “backward in time” (as 
indicated by the arrow) is to be interpreted as the corresponding antiparticle 
goingforward (the photon is its own antiparticle, that’s why I didn’t need an 
arrow on the photon line). So in this process an electron and a positron annihilate 
to form a photon, which in turn produces a new electron-positron pair. An 
electron and a positron went in, an electron and a positron came out (not the 
same ones, but then, since all electrons are identical, it hardly matters). This 
represents the interaction of two opposite charges: their Coulomb attraction. In 
QED this process is called Bhabha scattering. There is a quite different diagram 
which also contributes: 

* In this book time always flows upward; the traditional convention. Particle physicists tend 
increasingly to let t run horizontally (to the right), but there is no established consensus on the matter. 

QED ——> QCD

As in QED physical processes are described using vertices as building blocks. 

quark interaction 
(quarks binding in the nucleon)

tim
e

tim
e

Particles going back in  
time are interpreted as 
anti-particles 
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travel at the speed of light; an electron-positron pair can annihilate to make two 
photons, but not one. Within a larger diagram, however, these figures are perfectly 
acceptable, because, although energy and momentum must be conserved at each 
vertex, a virtual particle does not carry the same mass as the corresponding free 
particle. In fact, a virtual particle can have any mass-whatever the conservation 
laws require.* In the business, we say that virtual particles do not lie on their 
mass shell. External lines, by contrast, represent real particles, and these do carry 
the “correct” mass. 

[Actually, the physical distinction between real and virtual particles is not 
quite as sharp as I have implied. If a photon is emitted on Alpha Centauri, and 
absorbed in your eye, it is technically a virtual photon, I suppose. However, in 
general, the farther a virtual particle is from its mass shell the shorter it lives, so 
a photon from a distant star would have to be extremely close to its “correct” 
mass; it would have to be very close to “real.” As a calculational matter, you 
would get essentially the same answer if you treated the process as two separate 
events (emission of a real photon by star, followed by absorption of a real photon 
by eye). You might say that a real particle is a virtual particle which lasts long 
enough that we don’t care to inquire how it was produced, or how it is eventually 
absorbed.] 

2.3 QUANTUM CHROMODYNAMICS (QCD) 

In chromodynamics color plays the role of charge, and the fundamental process 
(analogous to e- - e- + y) is quark + quark-plus-gluon (since leptons do not 
carry color, they do not participate in the strong interactions): 

As before, we combine two or more such “primitive vertices” to represent more 
complicated processes. For example, the force between two quarks (which is 
responsible in the first instance for binding quarks together to make baryons, 
and indirectly for holding the neutrons and protons together to form a nucleus) 
is described in lowest order by the diagram: 

* In special relativity, the energy E, momentum, p, and mass m of a free particle are related 
by the equation E 2  - p 2 2  = m2c4. But for a virtual particle E2 - p2c2 can take on any value. Many 
authors interpret this to mean that virtual processes violate conservation of energy (see Problem 1.2). 
Personally, I consider this misleading, at best. Energy is always conserved. 



Mauro Donegà 58

QFT - QCD
Big difference: gluons have the same color-charge as quarks, photons are electrically-neutral! 
                         (gluons are neutral wrt electric charge              photons are neutral wrt to color)
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We say that the force between two quarks is “mediated” by the exchange of 
gluons. 

At this level chromodynamics is very similar to electrodynamics. However, 
there are also important differences, most conspicuously, the fact that whereas 
there is only one kind of electric charge (it can be positive or negative, to be 
sure, but a single number suffices to characterize the charge of a particle), there 
are three kinds of color (red, green, and blue). In the process q - q + g, the 
color of the quark (but not its flavor) may change. For example, a blue up-quark 
may convert into a red up-quark. Since color (like charge) is always conserved, 
this means that the gluon must carry away the difference-in this instance, one 
unit of blueness and minus one unit of redness: 

Gluons, then, are “bicolored,” carrying one positive unit of color and one negative 
unit. There are evidently 3 X 3 = 9 possibilities here, and you might expect there 
to be 9 kinds of gluons. For technical reasons, which we’ll come to in Chapter 
9, there are actually only 8. 

Since the gluons themselves carry color (unlike the photon, which is elec- 
trically neutral), they couple directly to other gluons, and hence in addition to 
the fundamental quark-gluon vertex, we also have primitive gluon-gluon vertices, 
in fact, two kinds: three gluon vertices and four gluon vertices: 

This direct gluon-gluon coupling makes chromodynamics a lot more complicated 
than electrodynamics, but also far richer, allowing, for instance, the possibility 
of glueballs (bound states of interacting gluons, with no quarks on the scene 
at all). 

Another difference between chromodynamics and electrodynamics is the 
size of the coupling constant. Remember that each vertex in QED introduces a 
factor of a = &, and the smallness of this number means that we need only 
consider Feynman diagrams with a small number of vertices. Experimentally, 
the corresponding coupling constant for the strong forces, as, as determined, 
say, from the force between two protons, is greater than 1, and the bigness of 
this number plagued particle physics for decades. For instead of contributing 
less and less, the more complex diagrams contribute more and more, and Feyn- 
man’s procedure, which worked so well in QED, is apparently worthless. One 

color is conserved at the vertex, 
so the color-charged gluon has to have two colors !

A better notation to keep track of color  

u(r)

u(b)

g(b,r)
_
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This direct gluon-gluon coupling makes chromodynamics a lot more complicated 
than electrodynamics, but also far richer, allowing, for instance, the possibility 
of glueballs (bound states of interacting gluons, with no quarks on the scene 
at all). 

Another difference between chromodynamics and electrodynamics is the 
size of the coupling constant. Remember that each vertex in QED introduces a 
factor of a = &, and the smallness of this number means that we need only 
consider Feynman diagrams with a small number of vertices. Experimentally, 
the corresponding coupling constant for the strong forces, as, as determined, 
say, from the force between two protons, is greater than 1, and the bigness of 
this number plagued particle physics for decades. For instead of contributing 
less and less, the more complex diagrams contribute more and more, and Feyn- 
man’s procedure, which worked so well in QED, is apparently worthless. One 

Carrying charge opens a wealth of new phenomena: 

gluons interacts among themselves 
(photons don’t)
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QFT - QCD
QED perturbation theory works because  is small (1/137) in QCD  >1  
But fortunately coupling constants are not constants ! 
Running coupling constants: analogous to the dielectric polarization

α αs
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Figure 2.1 Screening of a charge q by a dielectric medium. 

of the great triumphs of quantum chromodynamics (QCD) was the discovery 
that in this theory the number that plays the role of coupling “constant” is in 
fact not constant at all, but depends on the separation distance between the 
interacting particles (we call it a “running” coupling constant). Although at the 
relatively large distances characteristic of nuclear physics it is big at very short 
distances (less than the size of a proton) it becomes quite small. This phenomenon 
is known as asymptoticfreedom; it means that within a proton or a pion, say, 
the quarks rattle around without interacting much. Just such behavior was found 
experimentally in the deep inelastic scattering experiments. From a theoretical 
point of view, the discovery of asymptotic freedom rescued the Feynman calculus 
as a legitimate tool for QCD, in the high-energy regime. 

Even in electrodynamics, the effective coupling depends somewhat on how 
far you are from the source. This can be understood qualitatively as follows. 
Picture first a positive point charge q embedded in a dielectric medium (i.e., a 
substance whose molecules become polarized in the presence of an electric field). 
The negative end of each molecular dipole will be attracted toward q, and the 
positive end repelled away, as shown in Figure 2.1. As a result, the particle 
acquires a “halo” of negative charge, which partially cancels its field. In the 

I 
I 
I 
1 

Intermolecular 7 Figure 2.2 Effective charge as a function 
separation of distance. 
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A similar phenomenon happens in QED, where is the vacuum that gets polarized
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presence of the dielectric, then, the effective charge of any particle is somewhat 
reduced: 

q e r  = qlc (2.1) 
(The factor c by which the field is reduced is called the dielectric constant of the 
material; it is a measure of the ease with which the substance can be polarized.*) 
Of course, if you are in closer than the nearest molecule, then there is no such 
screening, and you “see” the full charge q. Thus if you were to make a graph of 
the effective charge, as a function of distance, it would look something like 
Figure 2.2. The effective charge increases at very small distances. 

Now, it so happens that in quantum electrodynamics the vacuum itself 
behaves like a dielectric; it sprouts positron-electron pairs, as shown in Feynman 
diagrams such as these: 

3 , * .  *. 

The virtual electron in each “bubble” is attracted toward q, and the virtual 
positron is repelled away; the resulting vacuum polarization partially screens the 
charge and reduces its field. Once again, however, if you get too close to q, the 
screening disappears. What plays the role of the “intermolecular spacing” in this 
case is the Compton wavelength of the electron, A, = h/mc = 2.43 X lo-’’ cm. 
For distances smaller than this the effective charge increases, just as it did in 
Figure 2.2. Notice that the unscreened (“close-up”) charge, which you might 
regard as the “true” charge of the particle, is not what we measure in any ordinary 
experiment, since we are seldom working at such minute separation distances. 
[An exception is the Lamb shift-a tiny perturbation in the spectrum of hydro- 
gen-in which the influence of vacuum polarization (or rather, its absence at 
short distances) is clearly discernible.] What we have always called “the charge 
of the electron” is actually the fully screened efective charge. 

So much for electrodynamics. The same thing happens in QCD, but with 
an important added ingredient. Not only do we have the quark-quark-gluon 
vertex (which, by itself, would again lead to an increasing coupling strength at 
short distances), but now there are also the direct gluon-gluon vertices. So in 
addition to the diagrams analogous to vacuum polarization in QED, we must 
now also include gluon loops, such as these: 

The virtual electrons gets attracted  
the virtual positrons repelled. 

So if you measure the electron charge at smaller and 
smaller distances (higher and higher energies you’ll 
see it growing)

+
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QFT - QCD
In QCD you have 
- qqg vertex (as in QED)                —> observed charge increase 
- ggg / gggg vertices (not in QED) —> observed charge decrease 

In QCD, the contributions the ggg / gggg wins an you observe a charge that decreases with smaller distances

low   energy     high
large   distance   short 
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Jets

258 8/ELECTRODYNAMICS OF QUARKS AND HADRONS 

and high-energy electron-proton scattering (“deep inelastic scattering”), for which 
the basic diagram is 

In the former case the quark-antiquark pair subsequently “hadronizes,” pro- 
ducing the mesons and baryons we actually observe; in the latter case the quark 
is accompanied by “spectator” quarks to make up the proton. However, that 
part of the problem is chrornodynamics, not electrodynamics; for the moment, 
we are concerned only with the electrodynamic part of the process. 

8.2 HADRON PRODUCTION IN e’e- SCATTERING 

Electrons and positrons do not participate in the strong interactions; at present 
energies, the only way an e+e- coltision can produce strongly interacting particles 
is through a virtual photon: e+ + e- - y - q + 4 - hadrons. (By 1987 the 
Linear Collider at SLAC should be operating at energies high enough to produce 
virtual 2’’s copiously; the dominant mechanism will then be the weak interaction: 
e+ + e- - 2’ - q + 4 - hadrons.) For a brief moment the quarks fly apart as 
free particles, but when they reach a separation distance of around m (the 
diameter of a hadron), their (strong) interaction is so great that new quark- 
antiquark pairs are produced-this time mainly from gluons: 

4 4 

These quarks and antiquarks, literally dozens of them, in a typical modem ex- 
periment, join together in myriad combinations to make the mesons and baryons 
that are actually recorded at the detector. In all the debris there is one unmis- 
takable footprint left behind by the original quark-antiquark pair: the hadrons 
emerge in two back-to-back “jets,” one along the direction of the primordial 
quark, the other marking the direction of the antiquark (Fig. 8.1). [Occasionally 
one sees a three-jet event (Fig. 8.2), indicating that a gluon carrying a substantial 
fraction of the total energy was emitted in conjuntion with the original q4 pro- 
duction: 

When produced, quarks will fly apart but they are not free ! 
the strong interaction between them is so great that new quarks-antiquarks pairs are created 
Hadronization —> no coloured particle in the final state

e+e- —> q q
_
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Gluon

e+e- —> q q g
_

Jade @ PETRA  
Positron Electron Tandem Ring Accelerator - Desy
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Generations
Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric)  
 New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
 1969 DIS Friedmann, Kendall, Taylor 

 (—> Feynman partons) 
1973 Confinement / Asymptotic freedom  (Gross, Politzer, Wilczek) 

1974 November revolution J/psi discovery Richter/Ting BNL/SLAC 
charm quark (but J/psi no “net” charm, it’s a c-\bar{c} bound state) 

   

  
  
  
  
 

u c 
d s

q=  2/3
q= -1/3
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J/psi

The explanation that won about the origin of the J/psi is the one of the quark model ! 

The J/psi is very long lived 10-20 seconds (typically hadrons decay in 10-23 seconds) 
The decay proceeds through the weak interaction.

psi’—>psi pi+ pi-
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Multiplets with four quarks (udcs)
I CS A Charm=+ 1 

d F w  c 
Charm = - 1 

Mesons I 

cud 

uds 

w-\Charm = 

cud 

dds ( 

Baryons Baryons spin = { 
( C )  ccc (d)  

Charm = + 3 

cdd A Charm = + 2 

u C h a r m = + l  

ddd ( A- ) 

Baryons spin = 3 
(e)  

+ 2  

= +  

Figure 1.13 Supermultiplets constructed with four quarks. (From “Quarks with Color 
and Flavor,” by S. Glashow. Copyright 0 Oct. 1975 by Scientific American, Inc. All 
rights reserved.) 

43 

http://press.web.cern.ch/sites/press.web.cern.ch/files/file/press/2017/07/lhcb_paper_2017.07.06.pdf

06.07.2017
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Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state (symmetric) 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
(antisymmetric)  
 New principle: All hadrons are color-less and the only combinations that one can make are: 

baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
 1969 DIS Friedmann, Kendall, Taylor 

 (—> Feynman partons) 
1973 Confinement / Asymptotic freedom  (Gross, Politzer, Wilczek) 

1974 November revolution J/psi discovery Richter/Ting BNL/SLAC 
charm quark (but J/psi no “net” charm, it’s a c-\bar{c} bound state) 

1975 naked charm Lambda_c+ (udc) 
1976 D0 (c anti-u) D+ (c anti-d) 
1977 Ds (c anti-s) 
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Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 

 New principle: All hadrons are color-less and the only combinations that one can make are: 
baryons: 3 quarks (RGB)  - antibaryons 3 antiquarks (RBG) 
mesons:  quark-antiquark (RRbar, GGbar, BBbar) 

No free quark ever observed.  
 1969 DIS Friedmann, Kendall, Taylor 

 (—> Feynman partons) 
1973 Confinement / Asymptotic freedom  (Gross, Politzer, Wilczek) 

1974 November revolution J/psi discovery Richter/Ting BNL/SLAC 
charm quark (but J/psi no “net” charm, it’s a c-\bar{c} bound state) 

1975 naked charm Lambda_c+ (udc) 
1976 D0 (c anti-u) D+ (c anti-d) 
1977 Ds (c anti-s) 
1975 tau - first LEPTON of the third leptonic generation 
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Δ++ against Pauli principle: it’s a bound state of 3 up-quarks all in the same state 
1964 Greenberg proposes a new quantum number: color  

 The three up quarks do not violate Pauli principle because they come in different colors RGB 
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1973 Confinement / Asymptotic freedom  (Gross, Politzer, Wilczek) 

1974 November revolution J/psi discovery Richter/Ting BNL/SLAC 
charm quark (but J/psi no “net” charm, it’s a c-\bar{c} bound state) 

1975 naked charm Lambda_c+ (udc) 
1976 D0 (c anti-u) D+ (c anti-d) 
1977 Ds (c anti-s) 
1975 tau - first LEPTON of the third leptonic generation 
1977 Ypsilon  b-bbar: first particle of the quark third gerenation 
1981 Lambda_b (udb) 
1983 Bd (b-antid) 
1994 top-quark discovery at TeVatron 

u c t 
d s b

q=  2/3
q= -1/3
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Top discovery
Discovered at Fermilab 

Top decays before “hadronizing”
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GWS + Higgs 
Fermi Theory of beta decay:contact interaction  
Weak force has a very short range (i.e. easy to approximate by a contact interaction). 
But at high energy (when you start probing short distances) Fermi theory fails 

Glashow (1961) - Higgs (1964) - Weinberg (1967) - Salam (1968) 
Electromagnetism and Weak interactions are unified —> EW part of the SM 
Photon-Z-W mass pattern from Higgs mechanism (spontaneous EW symmetry breaking) 

1983 Rubbia, Van der Meer: discovery W/Z at the predicted mass

2.4 WEAK INTERACTIONS 71 

the weak force couples the pairs 

where d’, s’, and b’ are linear combinations of the physical quarks d, s, and b: 

vud v u s  v u b  is)=(: %)($ (2.5) 

If this 3 X 3 Kobayashi-Maskawa matrix were the unit matrix, then d’, s’, and 
b’ would be the same as d, s, and b, and no “cross-generational” transitions 
could occur. “Upness-plus-downness” would be absolutely conserved (just as 
the electron number is); “strangeness-plus-charm’’ would be conserved (like muon 
number); and so would “topness-plus-bottomness” (like tau number). But it’s 
not the unit matrix (although it’s pretty close); experimentally, the magnitudes 
of the matrix elements are’ 

(2.6) 
0.9705 to 0.9770 0.21 to 0.24 0. to 0.014 
0.21 to 0.24 0.971 to 0.973 0.036 to 0.070 
0. to 0.024 0.036 to 0.069 0.997 to 0.999 

Vu, measures the coupling of u to d, V, the coupling of u to s, and so on. The 
fact that the latter is nonzero is what permits strangeness-changing processes, 
such as the decay of the A and the W, to occur. 

1 ( 
2.4.3 Weak and Electromagnetic Couplings of W and Z 
There are also direct couplings of Wand Z to one another, in GWS theory (just 
as there are direct gluon-gluon couplings in QCD): 

\ 

\\ 

Moreover, because the W is charged, it couples to the photon: 

/‘ 
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/‘ 

Steven Weinberg https://
home.cern/news/obituary/cern/
steven-weinberg-1933-2021
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UA1 UA2
W event

Z event
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UA1
Drift chamber
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Higgs boson
The Higgs field is responsible for the spontaneous EW symmetry breaking  
(the underlying lagrangian has a symmetry but the solutions do not) 
which allows W+- and Z bosons to acquire a mass and the photon to remain massless 

Everything was fitting perfectly the GSW model, but for ~40 years there was no sign of the  
Higgs boson. 
2012 Discovery of the Higgs boson by ATLAS and CMS

H—>γγ

H—>ZZ
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LHC
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ATLAS

CMS
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Weak interaction
Both leptons and quarks experience weak interactions 

Q: what forces/interactions feel leptons, neutrino, quarks ?
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Q: what are the charges of the leptons, neutrino, quarks ? 

Charged leptons (e, mu, tau): electric, weak 
Neutrinos: weak only 
quarks: electric, color, weak 

(…and gravitational force)

Weak interaction
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Weak interaction
Both leptons and quarks experience weak interactions 

The basic vertices of the weak interactions are: 

66 2/ELEMENTARY PARTICLE DYNAMICS 

A negative lepton (it could be e-, p-, or T - )  converts into the corresponding 
neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
always, we combine the primitive vertices together to generate more complicated 
reactions. For example, the process p- + u, - e- + u, would be represented by 
the diagram: 

Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
weak interaction theory one almost never needs to consider higher-order cor- 
rections.) 

The fundamental neutral vertex is: 

In this case 1 can be any lepton (including neutrinos). The 2 mediates such 
processes as neutrino-electron scattering (v, + e- - Y, + e-): 

Although charged weak processes were recognized from the start (beta decay 
itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 

66 2/ELEMENTARY PARTICLE DYNAMICS 

A negative lepton (it could be e-, p-, or T - )  converts into the corresponding 
neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
always, we combine the primitive vertices together to generate more complicated 
reactions. For example, the process p- + u, - e- + u, would be represented by 
the diagram: 

Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
weak interaction theory one almost never needs to consider higher-order cor- 
rections.) 

The fundamental neutral vertex is: 

In this case 1 can be any lepton (including neutrinos). The 2 mediates such 
processes as neutrino-electron scattering (v, + e- - Y, + e-): 

Although charged weak processes were recognized from the start (beta decay 
itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 

-

Q: Can you draw the muon decay and the nu-e elastic scattering ?
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Weak interaction
Q: Can you draw the muon decay and the nu-e elastic scattering ?

66 2/ELEMENTARY PARTICLE DYNAMICS 

A negative lepton (it could be e-, p-, or T - )  converts into the corresponding 
neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
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reactions. For example, the process p- + u, - e- + u, would be represented by 
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Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
weak interaction theory one almost never needs to consider higher-order cor- 
rections.) 

The fundamental neutral vertex is: 

In this case 1 can be any lepton (including neutrinos). The 2 mediates such 
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Although charged weak processes were recognized from the start (beta decay 
itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 
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neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
always, we combine the primitive vertices together to generate more complicated 
reactions. For example, the process p- + u, - e- + u, would be represented by 
the diagram: 

Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
weak interaction theory one almost never needs to consider higher-order cor- 
rections.) 

The fundamental neutral vertex is: 

In this case 1 can be any lepton (including neutrinos). The 2 mediates such 
processes as neutrino-electron scattering (v, + e- - Y, + e-): 

Although charged weak processes were recognized from the start (beta decay 
itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 
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Weak interaction
Both leptons and quarks experience weak interactions 

The basic vertices of the weak interactions are: 

W-vertex “idea was there from the beginning” (beta decay) 
1968 Z-vertex in GWS model  
1973 Gargamelle: neutral currents at CERN  
         main difficulty large backgrounds from electromagnetic effects  
         (photons and neutron backgrounds) DESY (Tasso) showed the Z-contribution 
          through asymmetries, but only nu-scattering, where em =interaction is off offers a    
           clear signature) 

66 2/ELEMENTARY PARTICLE DYNAMICS 

A negative lepton (it could be e-, p-, or T - )  converts into the corresponding 
neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
always, we combine the primitive vertices together to generate more complicated 
reactions. For example, the process p- + u, - e- + u, would be represented by 
the diagram: 

Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
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itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 

66 2/ELEMENTARY PARTICLE DYNAMICS 

A negative lepton (it could be e-, p-, or T - )  converts into the corresponding 
neutrino, with emission of a W- (or absorption of a W'): 1- - U I  + W-.* As 
always, we combine the primitive vertices together to generate more complicated 
reactions. For example, the process p- + u, - e- + u, would be represented by 
the diagram: 

Such a neutrino-muon scattering event would be hard to set up in the laboratory, 
but with a slight twist essentially the same diagram describes the decay of the 
muon, p- - e- + u, + i,, which happens all the time: 

(Technically, this is only the lowest-order contribution to muon decay, but in 
weak interaction theory one almost never needs to consider higher-order cor- 
rections.) 

The fundamental neutral vertex is: 

In this case 1 can be any lepton (including neutrinos). The 2 mediates such 
processes as neutrino-electron scattering (v, + e- - Y, + e-): 

Although charged weak processes were recognized from the start (beta decay 
itself is a charged process), the theoretical possibility of neutral weak processes 
was not appreciated until 1958. The Glashow-Weinberg-Salam (GWS) model 

* This implies, of course that I' + V ,  + W+ is also an allowed vertex. 

-
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Weak interaction
Neutral currents: A perfect experimental discovery

http://cerncourier.com/cws/article/cern/54388

Gargamelle  
bubble chamber

as recognised from the electron originating from the Compton scattering of one of

the photons from its decay. The electron is the small vertical track under the ‘eye’

pointing to the end point of the pþ track.

The discovery of the NC weak interactions clearly suggested that the weak

interactions might be very similar to the electromagnetic ones. Rapid theoretical

development followed, leading to electroweak unification, as we shall see in

Chapter 9.

Problems

7.1. Draw the Feynman quark diagrams of the following strong and weak decays:

K"þ ! K0 þ pþ; n ! pþ e# þ !me; pþ ! !þ þ m!:
7.2. Draw the Feynman quark diagrams of the following strong and weak decays:

pþ ! p0 þ eþ þ me; qþ ! p0 þ pþ; K0 ! p# þ pþ; K ! pþ e# þ !me:
7.3. Find the value of the Fermi constant GF in SI units, knowing that

GF= !hcð Þ3¼ 1:17·10#5 GeV#2.

7.4. The PEPwas a collider in which the two beams of eþ and e# collided in the CM

reference frame. Consider the beam energy Ecm¼ 29GeV and the reaction

eþþ e#! sþþ s#. Find the average distance the s will fly before decaying.
7.5. Consider the decays !þ ! eþ þ me þ !m! and sþ ! eþ þ me þ !ms. The

branching ratios are 100% for the first, 16% for the second. The l lifetime is

sl¼ 2.2 !s. Calculate the ss lifetime.

Fig. 7.27. A neutral-current event in Gargamelle. (Photo CERN)

272 Weak interactions

families implies CP violation. This is due to the fact that the phase factor exp(id)
appears in the wave function that becomes exp[i(xtþ d)]. The latter expression is

obviously not invariant under time reversal if d 6¼ 0 and d 6¼ p. Since CPT is

conserved, CP must be violated. We shall see in Section 8.5 a measurement of the

phase of one of the mixing matrix elements. We report here that CP violating

phase in (7.91) is large and not known with high precision. Its value is

d13 # 60$: ð7:106Þ

7.10 Weak neutral currents

We have seen that flavour-changing neutral-current processes are strongly sup-

pressed. However flavour-conserving neutral-current processes exist in Nature. The

experimental search for such processes went on for a very long time. In the 1970s,

groups engaged in neutrino physics at CERN built a neutrino beam from the CPS

proton synchrotron, a large bubble chamber called Gargamelle, and the associated

instrumentation. Gargamelle was filled with 15 t of CF3Br, which is a freon, a

heavy liquid that provides both the mass necessary for an appreciable neutrino

interaction rate and a good photon detection probability. The experiments made

with this instrument made many contributions to neutrino physics, in particular

the discovery of neutral currents in 1973 (Hasert et al. 1973). Let us see how.

The incident beam contains mainly ml (with a small me contamination). All the

CC events have a l' in the final state, which is identified by its straight non-

interacting minimum ionising track.

If neutral currents exist, the following process can happen on a generic

nucleus N

m! þ N ! m! þ hadrons: ð7:107Þ

This type of event is identified by the absence of the muon in the final state,

which contains only hadrons (the neutrino cannot be seen). Figure 7.27 is an

example.

Analysing the image, we identify all the tracks as hadrons and none as a fol-

lowing muon (Perkins 2004). Neutrinos enter from the left of the picture and one

of them interacts. Around the vertex we see: a short dark track directed upward,

which is recognised as a stopping proton; two eþe' pairs that are the material-

isation of the two photons from a decay p0 ! cc; and two charged tracks of

opposite signs. The track moving upwards is negative (as inferred by the known

direction of the magnetic field) and interacts (it passes below two eye-shaped

images; the interaction is near the second one), therefore it is a hadron. The

positive track is a pþ that ends with a charge-exchange reaction producing a p0,

7.10 Weak neutral currents 271

No muons in the final state ! (see Bettini Sec 7.10)
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Weak interaction
Quarks: the basic vertices are

2.4 WEAK INTERACTIONS 67 

includes neutral weak processes as essential ingredients, and their existence was 
confirmed experimentally at CERN in 1973.5 The reason it took so long for 
neutral weak processes to be discovered is twofold: (1) nobody was looking for 
them and (2) they tend to be masked by much stronger electromagnetic effects. 
For example, the Z can be exchanged between two electrons, but 
photon: 

so can the 

Presumably there is a minute correction to Coulomb’s law that’s attributable to 
the first diagram, but the photon-mediated process overwhelmingly dominates. 
Experiments at DESY (in Hamburg) studied the reaction e- + e’ - p- + p+ at 
very high energy and found unmistakable evidence of a contribution from the 
Z 6  But to observe a pure neutral weak interaction one has to go to neutrino 
scattering, in which there is no competing electromagnetic mechanism, and neu- 
trino experiments are notoriously difficult. 

2.4.2 Quarks 

Notice that the leptonic weak vertices connect members of the same generation: 
e- converts to v, (with emission of W-), or p- - p- (emitting a Z) ,  but e- never 
goes to p- nor p- to v,. In this way the theory enforces the conservation of 
electron number, muon number, and tau number. It is tempting to suppose that 
the same rule applies to the quarks, so that the fundamental charged ver- 
tex is: 

A quark with charge - f (which is to say: d, s, or b) converts into the corresponding 
quark with charge +# (u, c, or t, respectively), with the emission of a W-. The 
outgoing quark cames the same color as the ingoing one, but a different flavor. 
It’s not that the W cames off the “missing” flavor-after all, the W must be 
capable of coupling to leptons, which have no flavor; rather,Jlavor is simply not 
conserved in weak interactions. (Because quark flavor typically changes at a weak 
vertex, as quark color changes at a strong vertex, weak interaction theory is 
sometimes called “flavordynamics.”) 

The far end of the Wline can couple to leptons (a “semileptonic” process), 
or to other quarks (a purely hadronic process). The most important semileptonic 
process is undoubtedly d + v, - u + e: 

Q: Can you draw the diagram of the weak decay of the neutron ? 
and the pion decay ? 

and the neutrino proton elastic scattering?

2.4 WEAK INTERACTIONS 69 

Eliminating the electron-neutrino vertex in favor of a second quark vertex 
we obtain a purely hadronic weak interaction, A' - p+ + K-:* 

Actually, this particular decay also proceeds by the strong interaction: 

The weak mechanism is an immeasurably smk.. contribution. R ,'11 see more 
realistic examples of nonleptonic weak interactions in a moment. 

The fundamental neutral vertex for leptons (1 - 1 + Z )  leaves the lepton 
species unchanged; again, it is natural to suppose that the same applies to quarks: 

* The A' has the same quark content as the neutron, but this decay is not possible for neutrons 
because they are not heavy enough to make a proton and a pion. 
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Weak interaction

68 2/ELEMENTARY PARTICLE DYNAMICS 

Because of quark confinement, this process would never occur in nature 
as it stands. However, turned on its side, and with the U and d bound to- 
gether (by the strong force), this diagram represents a possible decay of the 
pion, ?r- - e- + 5,: 

V I I 

I w- 
I 

ii- 

(For reasons to be discussed later, the more common decay is actually ?r- - 
p- + V r ,  but the diagram is the same: 
tially the same diagram accounts for 
+ e- + Ve):  

with e replaced by p.) Moreover, essen- 
the beta decay of the neutron ( n  - p+ 

?\ii 
+- 

W -  

Thus, apart from strong interaction contamination (in the form of the “spectator” 
u and d quarks), the decay of the neutron is identical in structure to the decay 
of the muon, and closely related to the decay of the pion. In the days before the 
quark model, these appeared to be three very different processes. 

70 2/ELEMENTARY PARTICLE DYNAMICS 

This leads to neutrino-scattering processes such as up + p - v, + p :  

P + 
u u d  

u u d  - 
P 

2 exchange also makes a tiny contribution to the electron-proton force within 
an atom. As before, this contribution is masked by the dominant electromagnetic 
force, but it is detectable in certain carefully chosen atomic transitions. 

So far, it’s all pretty simple: The quarks mimic the leptons, as far as the 
weak interactions are concerned. The only difference is that because of the con- 
fining property of the strong force, there are generally spectator quarks present, 
which go along for the ride. Sad to say, this picture is a little too simple. For as 
long as the fundamental quark vertex is allowed to operate only within each 
generation, we can never hope to account for strangeness-changing weak inter- 
actions, such as the decay of the lambda (A - p+ + T-) or the omega-minus 
(Q- - A + K-), which involve the conversion of a strange quark into an up- 
quark: 

The solution to this dilemma was suggested by Cabibbo in 1963, applied to 
neutral processes by Glashow, Illiopoulos, and Maiani (GIM) in 1970, and ex- 
tended to three generations by Kobayashi and Maskawa (KM) in 1973.* The 
essential idea is that the quark generations are “skewed,” for the purposes of 
weak interactions. Instead of 

* The Cabibbo/GIM/KM mechanism will be discussed more fully in Chapter 10. 

31 4 1 O/WEAK INTERACTIONS 

1316 sec 
1.44 

7 - =  = 914 sec (10.69) 

This is now within the error bars of the experimental value. Unfortunately, the 
agreement is deceptive, for there is yet another correction to be made. The un- 
derlying quark process here is d - u + W (with two spectators): 

Proton 
A 
d u u  

Neutron 

and this quark vertex carries a factor of cos Bc,  where 

Bc = 13.1" (10.70) 

is the Cabibbo angle. I'll have more to say about this in the next section, but the 
essential point for now is that our theoretical value for the neutron lifetime, 
corrected for nonconservation of the axial charge and modified by the Cabibbo 
angle, is 

914 sec 
7- = ~ = 963 sec 

cos2 Bc 
(10.71) 

Two steps forward, one step back!* 

10.4 DECAY OF THE PION 

According to the quark model, the decay of a charged pion (r- - I- + 51, where 
1 is a muon or an electron) is really a scattering event in which the incident 
quarks happen to be bound together: 

- 
ii- 

* This isn't the end of the story; there is a small Coulomb correction, (due to the attraction 
of the electron and proton in the final state); there is presumably some q2 dependence in the form 
factors even near q2 = 0; and there may yet be inaccuracies in the experimental data. In particular, 

Q: Can you draw the diagram of the weak decay of the neutron ? 
and the pion decay ? 

and the neutrino proton elastic scattering?
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Quarks: the basic vertices are

2.4 WEAK INTERACTIONS 67 

includes neutral weak processes as essential ingredients, and their existence was 
confirmed experimentally at CERN in 1973.5 The reason it took so long for 
neutral weak processes to be discovered is twofold: (1) nobody was looking for 
them and (2) they tend to be masked by much stronger electromagnetic effects. 
For example, the Z can be exchanged between two electrons, but 
photon: 

so can the 

Presumably there is a minute correction to Coulomb’s law that’s attributable to 
the first diagram, but the photon-mediated process overwhelmingly dominates. 
Experiments at DESY (in Hamburg) studied the reaction e- + e’ - p- + p+ at 
very high energy and found unmistakable evidence of a contribution from the 
Z 6  But to observe a pure neutral weak interaction one has to go to neutrino 
scattering, in which there is no competing electromagnetic mechanism, and neu- 
trino experiments are notoriously difficult. 

2.4.2 Quarks 

Notice that the leptonic weak vertices connect members of the same generation: 
e- converts to v, (with emission of W-), or p- - p- (emitting a Z) ,  but e- never 
goes to p- nor p- to v,. In this way the theory enforces the conservation of 
electron number, muon number, and tau number. It is tempting to suppose that 
the same rule applies to the quarks, so that the fundamental charged ver- 
tex is: 

A quark with charge - f (which is to say: d, s, or b) converts into the corresponding 
quark with charge +# (u, c, or t, respectively), with the emission of a W-. The 
outgoing quark cames the same color as the ingoing one, but a different flavor. 
It’s not that the W cames off the “missing” flavor-after all, the W must be 
capable of coupling to leptons, which have no flavor; rather,Jlavor is simply not 
conserved in weak interactions. (Because quark flavor typically changes at a weak 
vertex, as quark color changes at a strong vertex, weak interaction theory is 
sometimes called “flavordynamics.”) 

The far end of the Wline can couple to leptons (a “semileptonic” process), 
or to other quarks (a purely hadronic process). The most important semileptonic 
process is undoubtedly d + v, - u + e: 

2.4 WEAK INTERACTIONS 69 

Eliminating the electron-neutrino vertex in favor of a second quark vertex 
we obtain a purely hadronic weak interaction, A' - p+ + K-:* 

Actually, this particular decay also proceeds by the strong interaction: 

The weak mechanism is an immeasurably smk.. contribution. R ,'11 see more 
realistic examples of nonleptonic weak interactions in a moment. 

The fundamental neutral vertex for leptons (1 - 1 + Z )  leaves the lepton 
species unchanged; again, it is natural to suppose that the same applies to quarks: 

* The A' has the same quark content as the neutron, but this decay is not possible for neutrons 
because they are not heavy enough to make a proton and a pion. 

But there is much more ! 
The weak interactions does not respect quarks generations  
1963 Cabibbo angle 
1970 GIM mechanism  
1973 CKM matrix 

70 2/ELEMENTARY PARTICLE DYNAMICS 

This leads to neutrino-scattering processes such as up + p - v, + p :  

P + 
u u d  

u u d  - 
P 

2 exchange also makes a tiny contribution to the electron-proton force within 
an atom. As before, this contribution is masked by the dominant electromagnetic 
force, but it is detectable in certain carefully chosen atomic transitions. 

So far, it’s all pretty simple: The quarks mimic the leptons, as far as the 
weak interactions are concerned. The only difference is that because of the con- 
fining property of the strong force, there are generally spectator quarks present, 
which go along for the ride. Sad to say, this picture is a little too simple. For as 
long as the fundamental quark vertex is allowed to operate only within each 
generation, we can never hope to account for strangeness-changing weak inter- 
actions, such as the decay of the lambda (A - p+ + T-) or the omega-minus 
(Q- - A + K-), which involve the conversion of a strange quark into an up- 
quark: 

The solution to this dilemma was suggested by Cabibbo in 1963, applied to 
neutral processes by Glashow, Illiopoulos, and Maiani (GIM) in 1970, and ex- 
tended to three generations by Kobayashi and Maskawa (KM) in 1973.* The 
essential idea is that the quark generations are “skewed,” for the purposes of 
weak interactions. Instead of 

* The Cabibbo/GIM/KM mechanism will be discussed more fully in Chapter 10. 
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the weak force couples the pairs 

where d’, s’, and b’ are linear combinations of the physical quarks d, s, and b: 

vud v u s  v u b  is)=(: %)($ (2.5) 

If this 3 X 3 Kobayashi-Maskawa matrix were the unit matrix, then d’, s’, and 
b’ would be the same as d, s, and b, and no “cross-generational” transitions 
could occur. “Upness-plus-downness” would be absolutely conserved (just as 
the electron number is); “strangeness-plus-charm’’ would be conserved (like muon 
number); and so would “topness-plus-bottomness” (like tau number). But it’s 
not the unit matrix (although it’s pretty close); experimentally, the magnitudes 
of the matrix elements are’ 

(2.6) 
0.9705 to 0.9770 0.21 to 0.24 0. to 0.014 
0.21 to 0.24 0.971 to 0.973 0.036 to 0.070 
0. to 0.024 0.036 to 0.069 0.997 to 0.999 

Vu, measures the coupling of u to d, V, the coupling of u to s, and so on. The 
fact that the latter is nonzero is what permits strangeness-changing processes, 
such as the decay of the A and the W, to occur. 

1 ( 
2.4.3 Weak and Electromagnetic Couplings of W and Z 
There are also direct couplings of Wand Z to one another, in GWS theory (just 
as there are direct gluon-gluon couplings in QCD): 

\ 

\\ 

Moreover, because the W is charged, it couples to the photon: 
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quark flavours “are mixed”
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Weak interaction
CKM matrix

106 E L E M E N T A R Y  P A R T I C L E  P H Y S I C S

up

down

charm

strange

top

bottom

The rotation involves now another axis, the bottom axis. So
the figure showing the rotation has become three-dimensional. The
next figure is an attempt to visualize this. The bottom axis is
assumed out of the paper. The rotation becomes much more
complicated: the  charm axis moves to the left and slightly forward
(out of the paper), and then there is yet another rotation in the
up-top plane.

strange

down

up

charm

bottom top

The projections of the bold dashed lines marked up, charm
and top onto the third axis (the one sticking out of the paper) give
the strengths of the transitions of the up, charm and top quark to
the bottom quark. This generalization of the Cabibbo rotation to a
rotation of three mutually perpendicular (bold) lines was done by
two Japanese physicists, Kobayashi and Maskawa; one hence
speaks of the CKM rotation. The remarkable thing is that they
did this even without knowing about the third family! They an-
ticipated the existence of the third family on the basis of certain
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Conservation laws
“Whatever is not explicitly forbidden is mandatory” 

Kinematic conservation laws: 
Energy-Momentum 
Angular momentum    

These apply to all interactions !  
They come from space-time (translation space-time, rotation) symmetries 

To obtain the conservation laws of a theory, take the fundamental vertices: everything that 
is conserved at the vertex level, must be conserved in any complex process

2.5 DECAYS AND CONSERVATION LAWS 73 

close to the neutron’s mass that the decay n - p+ + e- + ie barely makes it at 
all, and the lifetime of the neutron is greater by far than that of any other unstable 
particle. Experimentally, then, there is a vast separation in lifetime between 
strong and electromagnetic decays (a factor of about 10 million), and again 
between electromagnetic and weak decays (a factor of at least a thousand). Indeed, 
particle physicists are so used to thinking in terms of sec as the “normal” 
unit of time that the handbooks generally classify anything with a lifetime greater 
than lo-’’ sec or so as a “stable” particle!* 

Now, what about the conservation laws which, as I say, permit certain 
reactions and forbid others? To begin with there are the purely kinematic con- 
servation laws-conservation of energy and momentum (which we shall study 
in Chapter 3) and conservation of angular momentum (which comes in Chapter 
4). The fact that a particle cannot spontaneously decay into particles heavier 
than itself is actually a consequence of conservation of energy (although it may 
seem so “obvious” as to require no explanation at all). The kinematic conser- 
vation laws apply to all interactions-strong, electromagnetic, weak, and for 
that matter anything else that may come along in the future-since they derive 
from special relativity itself. However, our concern right now is with the dynarn- 
ical conservation laws that govern the three relevant interactions. Ten years ago 
I would simply have stated them as empirical rules coming from experiment, 
which you just have to memorize. It is in that spirit that we encountered them 
in Chapter 1. But now that we have a workable model for each of the basic 
forces, it becomes a question of examining the fundamental vertices: 

Strong Electromagnetic Weak 

Since all physical processes are obtained by sticking these together in elaborate 
combinations, anything that is conserved at each vertex must be conserved for 
the reactions as a whole. So, what do we have? 

1. Conservation ofcharge: AU three interactions, of course, conserve electric 
charge. In the case of the weak interactions the lepton (or quark) that comes out 
may not have the same charge as the one that went in, but if so, the difference 
is camed away by the W. 

* Incidentally, sec is about the time it takes a light signal to cross a hadron (diameter - m). You obviously cannot determine the lifetime of such a particle by measuring the length 
of its track [as we did for the R- in Problem l.S(b)]. Instead, you make a histogram of muss mea- 
surements, and invoke the uncertainty principle: A E  At = h.  Here A E  = (Am)c2, and At = 7 ,  SO 
we get 

h 
( Am)c 

7=- 

Thus the spread in mass is a measure of the particle’s lifetime. 

Q: what conservation laws can you extract from these vertices ?
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Q: what conservation laws can you extract from these vertices ?

Conservation laws
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Now, what about the conservation laws which, as I say, permit certain 
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servation laws-conservation of energy and momentum (which we shall study 
in Chapter 3) and conservation of angular momentum (which comes in Chapter 
4). The fact that a particle cannot spontaneously decay into particles heavier 
than itself is actually a consequence of conservation of energy (although it may 
seem so “obvious” as to require no explanation at all). The kinematic conser- 
vation laws apply to all interactions-strong, electromagnetic, weak, and for 
that matter anything else that may come along in the future-since they derive 
from special relativity itself. However, our concern right now is with the dynarn- 
ical conservation laws that govern the three relevant interactions. Ten years ago 
I would simply have stated them as empirical rules coming from experiment, 
which you just have to memorize. It is in that spirit that we encountered them 
in Chapter 1. But now that we have a workable model for each of the basic 
forces, it becomes a question of examining the fundamental vertices: 

Strong Electromagnetic Weak 

Since all physical processes are obtained by sticking these together in elaborate 
combinations, anything that is conserved at each vertex must be conserved for 
the reactions as a whole. So, what do we have? 

1. Conservation ofcharge: AU three interactions, of course, conserve electric 
charge. In the case of the weak interactions the lepton (or quark) that comes out 
may not have the same charge as the one that went in, but if so, the difference 
is camed away by the W. 

* Incidentally, sec is about the time it takes a light signal to cross a hadron (diameter - m). You obviously cannot determine the lifetime of such a particle by measuring the length 
of its track [as we did for the R- in Problem l.S(b)]. Instead, you make a histogram of muss mea- 
surements, and invoke the uncertainty principle: A E  At = h.  Here A E  = (Am)c2, and At = 7 ,  SO 
we get 

h 
( Am)c 

7=- 

Thus the spread in mass is a measure of the particle’s lifetime. 

Electric charge 
Color  
Baryon number (quarks count +1/3, anti-quarks count -1/3) 
Lepton number (but neutrino mixing)



Mauro Donegà 88

Conservation laws
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combinations, anything that is conserved at each vertex must be conserved for 
the reactions as a whole. So, what do we have? 
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* Incidentally, sec is about the time it takes a light signal to cross a hadron (diameter - m). You obviously cannot determine the lifetime of such a particle by measuring the length 
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( Am)c 

7=- 

Thus the spread in mass is a measure of the particle’s lifetime. 

Q: why a proton does not decay to a neutron ? 
Q: Why the electron is stable ? 

Q: Why the proton is stable ? 
Q: are the positron and the antiproton stable ? 

Q: Why  there we don’t observe  mu—>e gamma ? 

“Whatever is not explicitly forbidden is mandatory” 

Kinematic conservation laws: 
Energy-momentum 
Angular momentum    

These apply to all interactions !  
They come from space-time (translation space-time, rotation) symmetries 

To obtain the conservation laws of a theory, take the fundamental vertices: everything that 
is conserved at the vertex level, must be conserved in any complex process
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Conservation laws

Q: why a proton does not decay to a neutron ? 
Q: Why the electron is stable ? 
Q: Why the proton is stable ? 
Q: are the positron and the antiproton stable ? 
Q: Why don’t observe  mu—>e gamma ?

Kinematics 
no lighter lepton 

no lighter baryon 
no lighter anti-baryon 

lepton flavour violation
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Summary


