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Particle physics studies the nature of
particles that are the constituents of what
is usually referred to as matter and
radiation. In current understanding,
particles are excitations of quantum
fields and interact following their
dynamics.

Although the word "particle" can be used
in reference to many objects (e.g. a
proton, a gas particle, or even household
dust), the term "particle physics" usually
refers to the study of the fundamental
objects of the universe 1 fields that must
be defined in order to explain the
observed particles, and that cannot be
defined by a combination of other
fundamental fields.

The current set of fundamental fields and
their dynamics are summarized in a
theory called the Standard Model,
therefore particle physics is largely the
study of the Standard Model's particle
content and its possible extensions.
(adapted from Wikipedia)




A bacis course (primer) in Particle Physics intended to be:

APhenomenological
ASelf-consistent

PRE-REQUISITES

Basic concepts of:

AQuantum Mechanics

ANuclear Physics

| N YOU ARE BEING
ASpecial Relativity MONITORED

AQuantum Field Theory

ARadiation-Matter Interaction



General information:
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AThe professor is always available in principle 7.
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AHowever, he is quite often somewhere far away :\—-;:J
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AProfessor always reads e-mails (=%
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Slides in English: portability, Erasmus students, lecturing in Italian (or English)
Following the Course is warmly suggested but not mandatory (of course)

VERY IMPORTANT SUGGESTION :

Noli iurare in verba magistri

t



Bibliography:

AD. Griffiths i Introduction to Elementary Particles 1 200871 J. Wiley

AD.H. Perkins i Introduction to High Energy Physics i 2000 - Addison Wesley

AB.R. Martin, G. Shaw i Particle Physics i 1997 i J. Wiley

AG. Kane i Modern Elementary Particle Physics i 1987 i Addison Wesley

AM. Thomson i Modern Particle Physics i 2013 i Cambridge University Press

AK. Gottfried, V. Weisskopfi Concepts of Particle Physics i 1984 - Oxford Univ. Press

AR.N. Cahn, G. Goldhaber i The experimental foundations of Particle Physics i 19917 Cambridge
University Press

AE. M. Henley, A. Garciai Subatomic Physics i 2007 i World Scientific
Al. S. Hughes i Elementary Particles i 19917 Cambridge University Press

AF. Halzen, A. D. Martin i Quarks and Leptons i 19841 J. Wiley

The bibliography is only indicative




Genesis (and other considerations) |

Adamo6s CirMicadlangelmBuonarroti (1511).
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Parmenides (circa 500 AC), Zenon (circa 490 1 430 AC): the experience of
multiplicity can be negated .

Matter can be divided with no end. The infinite division of spatial extension gives as
a result zero, nihil. Therefore the multiplicity of bodily extension does not exist. It is
an illusory opinion.

Demokritos (circa 460 1 370 AC): the experience of multiplicity cannot be negated

Matter can be divided only down to some fundamental unit.
A-t o mo s, I ndi visi ble. The atom was 1| nt i
process of spatial extension put forward by Parmenides and Zeno.
The atom is the point where the division process stops.

This is totally different from the modern concept of science.

Particle Physics as a modern Science begins around year 1930.
Particle Physics plays the role of thig
approach (understand everything starting from elementary building blocks).
For a critical discussion, see

P.W. Anderson i More is Different T Science Vol 177 (1972) pag. 393.

U

Particle Physics claim to be a fundamental theory: it deals of matter and energy in

extreme spacetime conditions.




Costituents of Matter
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2. Fundamental Forces
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4, Relativistic Kinematics

5. The Quark Model

6. The Weak Interaction

7. Introduction to the Standard Model




Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

matter constituents
spin = 1/2, 3/2, 5/2, ...

electron
neutrino

electron

Nucleus
Size ~ 1074 m

U up
d down

C charm

e
S strange

t top
b bottom

Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the
quantum unit of angular momentum, where fi = h/2r = 6.58x10725 GeV s = 1.05x10-34 J 5.

tau
neutrino

tau

Size

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~'? coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember
E = mc?), where 1 GeV = 109 eV = 1.60x107'° joule. The mass of the proton is 0.938 GeV/c?
=1.67x107%7 kg.

Structure within
the Atom

Quark

Size<10™¥m

Atom

101%m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

force carriers
spin=0,1, 2, ...

BOSONS

2%

Electron
Size < 1078 m

photon
w Color Charge
W <5 Each quark carries one of three types of
“strong charge,” also called “color charge.”
ZO These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Neutron
and
Proton

Size = 10-15m Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qg and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Gravitational

Graviton

not yet observed|
10-41
1074
10-36

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., Z, v, and M = ¢, but not
KO = d5) are their own antiparticles.

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron f decay.

See Residual Stro
ion Note

Wt W- 20 |y | Gwons | wesom |
0
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104
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An electron and positron

(antielectron) colliding at high energy can
annihilate to produce B® and B? mesons
via a virtual Z boson or a virtual photon

1 25 Not applicable

1 60 to quarks
Not applicable

1 to hadrons

» 7070 +
PP AL azsortad hacions The Particle Adventure
/11, v Visit the award-winning web feature The Particle Adventure at
4 ZO http://ParticleAdventure.org
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S quarks &
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Two protons colliding at high energy can

produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.

tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
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http://CPEPweb.org 9
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Fundamental Constituents of Matter: Quarks and Leptons

Structureless building blocks down to a spatial extension of 10-18 m

Well defined spin and charge

Leptons have well defined mass as well

LEPTIONS QUARKS
. FIrsT Fami . ‘ o P g
Matter Constituents g Y Y Y s
under ordinary — o ~_Ve J | RLLY | § d ,
conditions (low bgnilonalll - w5 W | W
electron electron neutrino | up down
energy/T). r |
Secono FamiLy i e —

: Similar properties, }1 ' N w}_’l \ o ‘ "
Constituents of unstable || moremassv muon netrino charm strange
particle (produced at high e : |

. . HIRD FAMILY -~ - P o
energy, in astrophysical £ N\ |4 - |
systems). They decay to T VT ) €L .J I b

. Rarest particles, - | §
lower mass particles. et il e
L u ‘ u neutrino top bottom




A reductionist example:
the Deuterium Atom

p=(u,u,d)

n=(u,d,d)

<+“—>

/KELECTRON 10> m

Quarks:

= up quark
Fractional charges @ = down quark
Semi-integer spin

y 3
A 4

1010 m

Quarks, electrons, and photons as fundamental Constituents of the Atom




Leptons: observable particles with definite mass (mass eigenstates)
Quarks: not directly observable. Not a well defined mass.

A long history of discoveries down to 4 cz:;:ks A
smaller and smaller structures: quarks ) 9 |
are now considered the innermost layer D (1) Future ?
of nuclear matter. down strange  bottom
: Time
. . Antiquarks
Particles as probes to study of atomic .
and nuclear structures : ) o 2000
- The associated wave length is » @ °° ) Quarks
down strange bottom .
_ P
de Broglie : 3

/ p @h ( 9 ) 1O+15 - 2 Nucleon

- L] * 52 “
/ @ i High energies makes 10';4 ~)§;( Nucleus

us sensitive to

D smaller spatial scales )

10 HBKS
10‘ ] Atom 1910

Metres

U
in this slide  P=|P|
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Particle-like quantities and Wave-like quantities. Crossing the boundary

Particles Waves
9
Energy E P 52+, gmc? E = hn
2m
h
Frequency, Wavelength /| =+ /n=c
2. P

Einstein (1905) : waves behave like particles with a given energy ,
(confirmed by the Compton effect)

De Broglie (1924) : particles also have a wavelength like waves ,
(confirmed by the Davisson & Germer experiment)




Directtestsof wavelike nature ofparticles:

Electron$ C.JDavissonL.H.Germer Proc Natl. Acad Sci. 14 (1928) 317

Electron$ G.P. Thomson, Reid Nature 119 (1927) 890

Neutrong A.V.OverhauserR. ColellaRhys RevlLett 33 (1974) 1237
- Singleelectrong P.G. Merli, G.G. Missiroli, G. PoZan. J.Phys 44 (1976) 306.
- Positrong I.J. Rosberg, A.H. Weiss, K.F. CaRters Revlett 44 (1980) 1139

- SingleNeutrong A.Zeilinger R.Gaehler C.GShull W.Treimer, W.Mampe,
Rev.Mod. Phys 60 (1988) 106

- Potassium J.FClauserS. LiPhys Rev. A 49 (1994) R2213

- Single C60) MArndt, O.Nairz J.VosAndreae, C. Keller, G. vdar Zouw A.Zeilinger
Nature 401 (1999) 680

- SinglePositrong S. Sala, Arigg A. Ereditato, Rrerragut M. GiammarchiM. Leone,
C. Pistillo, P. Scampdhciencéddv. 5 (2019) eaav7610




Particles Waves

u,
Energy E p—, p2+m?,gm¢& N=E/h
2m
h
Frequency, Wavelength /= |—g| /n=c

Z, A

Is it all consistent?
Forwaves: nN=E/h , /n=c A c// =E/h .
U U
Using the relativistic dispersion law: E :‘ p‘C — | p| =h//

We can consistently attribute Energy and Momentum to the photon.

Now, what about massive particles ?




Particles Waves
U,
Energy E i, p°+m’, gmc n=E/h
2m
h
Frequency, Wavelength /| = — /n=c

Z,A
For a massive particle: / =h/p ) /[ =h/(mvg)

: ) ) _ E . ngZ Note: this attributes a
Using the wavelike equation [1=—= frequency also to a
h h particle at rest !
h gm¢& ¢ c
—> [ n = g =C—=—=V,>C

_mvg h v b

Phase velocity. A massive particle is not just a De Broglie wave: it is a wavepacket.

U
in this slide  P=|P|




The particle velocity is the GROUP velocity n=e/h- E=Zw

- /=hlp- p=2Zk

Given a dispersion relation: | = E( p) w UE
— ik ) V= K
w=wmK) LK Hp

For a non-relativistic particle : IE M a p2 0 P
V. = — Ja'a) = '
"W w&mgm
For a relativistic particle : E
v, = _ M ( p202+m204):
P HP
2 2 2
pC _pc _ pc _p

U
in this slide  P=|P|




The Uncertainty Principle in Relativistic Quantum Mechanics

e

In Non-Relativistic Quantum Mechanics (NRQM) one has | DxDp° Z

It is generally assumed that: x or p can be measured in a very short time and
with arbitrary accuracy.

However, considering a p measurement process, it will (v- V)DtDp®° Z
have some time duration, during which a variation of the
velocity can occurr : ﬁ

Now, this_ term is limited to 2c¢

> Dt D p2 Z/C Limited accuracy in p for a given t of measurement

An accurate measurement of momentum in a very short time is : & ;
limited by the fact that the v change cannot exceed c. This is S e ,.,,ﬁ.
not a limit in NRQM, where a single measurement can be y D g
arbitrarily precise in x or p in an arbitrarily short time. /

Reaching accurate p measurement requires a finite 8 S
time (e.g. momentum from curvature of the charged >’ < 3
particle track in a constant magnetic field).

U
in this slide  P=|P|




De Broglie and Compton wavelengths /DB:\H fo=—
Suppose we want to confine a i
particle to within its e«Compton: ! h
f / e @d
Z | e
Dx ¢ —
MmC \ _
-z
7 7 mcC
Dp?2 — =—mc=mc
D Z p (momentury
The energy corresponding to the confinement: E= C\/ Bz +m°c® =2mc

The energy required will be greater than the particle mass!

Creation of particles is energetically favoured with respect to
confining a particle within its Compton wavelength

U
in this slide  P=|P|




Non relativistic composite systems . general features

Atomic systems

Dimensions are large
compared to el ¢
Compton wavelength

/.< D

A system that Is large compared to the Compton wavelength
of its constituents:

AHas binding energies that are small compared to their rest masses
AHas non-relativistic internal velocities




A system that is large compared to the Compton wavelength

of Its constituents:

AHas non-relativistic internal velocities @
AHas binding energies that are small compared to their rest masses e

For a confined partice | Dp D © Z I:>

Dm

Now, if Z

D>>—|:>c>
Dm

System | arger than> el ectronods ComWon

Nonrelativistic
gv< < velocity @

The kinetic energy is then roughly classical and

Ko° %mv2< Inc?

But this (Virial Theorem) is of the order of the binding energy @ | Eg < mc’




Internal transitions in nonrelativistic composite systems: general features

Let us consider an atom-like non-relativistic
bound system and write the energy in terms
of momentum and position uncertainties :

=1 po)2. &
- 2m(Dp) DX
4\ 4\

same order of magnitude (Virial)

The two uncertainties are connected by the Heisenberg Principle :

° 2 2 S —
DE @ 1 Z > - a O Z > o Z > O thhthe eIe:;tron Lwiss ar|1dttr?e
2m (D)() DX m(D>() m D size of the system

I

I

If minimized with respect to gx will give the

Atom size and electron mass

Borh radius




Internal transitions in nonrelativistic composite systems: emitted radiation

Atomic systems :
AEmitted gammashaveas | onger with respec® to
- 7 :L — — -

20 /

In fact, since this system is Alarge compared to D> %
the electrondos Compt o|n mc ength

Radiation emitted in C 7 / hc
atomic transition : DE=hn= h7|:> D:2,0D:2,DDDE

7 hc Zc Zc mD? C
— = = 5 =mD—> j’.
D 2vDDE DDE(Q D Z Ze

> / > j:) Part of the Electric Dipole Approximation @




On the Electric Dipole Approximation

A typical interaction: H, =- SE(O,t)

LA
E@ —
it

D@3 er

The radiation field (calculated in a specific space point)

Electric dipole moment of the system of charges

Optical transitions in Atoms:

Atomic transitions

Gamma transitions in Nuclei: 197

E:hn:ZpT

| =2p —~ 2P E(MeV)

300Nnm ° /> P°10°%m

Atom size

fm°/>°10" m

Gamma transitions

Nucleus size




Constituents properties:

Quarks:

AElectric charge
AColor
AEffective mass
ASpin (1/2)

Leptons:

AElectric charge
AMass
ASpin (1/2)

IMPORTANT

Three Generations of Matter(Fermions)
| 11 111

Tl’.lpn"
Trut
variable

1.5-4 Mey

Dovm

variable

Strange

variable

4 - 8 Mev 80 - 130 Mev

Nuon
Neutrino
stable

All Constituents (Quarks, Leptons)

are Fermions.

Constituents of Matter

nveacoaene: ¥MOdel of Elementary Particles

Force Carriers
{Gauge Bosons)

Range

Electro-
magnetism

Infinite

Strong
Interactions

-13
10 " cm

Weak
Interactions

=16
10 " cm

Force
Carriers




Costituents and Force Carriers: the Spin/Statistics Theorem

Half-integer Spin Particles E Z,

2

Z"'" Fermions

N W

Fermi-Dirac Statistics

Bose-Einstein Statistics

(W. Pauli, 1940)

Bosons

Integer Spin Particles

Conseqguences of the Spin/Statistics Theorem:
Aformal: wave functions, field operators commutation rules
Aexperimental: nuclear and atomic structure, Bose-Einstein condensates




Particles are not Apples —

Why are these two apples distinguishables ?

Because we can assign coordinates to them !

X1 X5

Classical Particles (like apples) can be distinguished A Boltzmann Statistics

Linear combination of 1s orbitals

But we cannot assign coordinates to
Quantum Particles ! They cannot be
distinguished

Electron density

Quantum Particles cannot be
distinguished

They obey a quantum statistics

Internuclear distance




For a single-valued many-particle wave function

The wave function must have the correct symmetry under interchange of
identical particles. If 1, 2 are identical particles :

(V(Xl %,)° =y (x Xl)\) (probability must be conserved upon
1 N2 27

exchange of identical particles)

y - +y (161 2) Identical Bosons

(symmetric) Spin-Statistics

L (1a 2) Identical Fermions Theorem
.y J (antisymm.)

A consequence of the Spin/Statistics Theorem: for two identical Fermions 1,2 in

the same guantum state x:

Y (X:%) =¥ (X %) = - Y (%,%,) Y Y (%,%,)=0

/ \ Pauli Exclusion Principle!

Because identical Spin/Statistics Theorem




A snapshot on Quantum Relativistic Equations

How to obtain a quantum mechanical wave equation? One simple way recipe:
a,
A Take a dispersion relation. For instance, a classical one: E = 2p_
m
A Make the transition to operators. Energy and momentum become operators
acting on a state living in a suitable Hilbert space : $ gz
| Ey=—y
A Use the appropriate form for the operators 2m
: d : : :
E- izl f- -izp = iZPy=-Zpy
Mt it 2m
The non-relativistic Schroedinger equation !

The Klein-Gordon Equation

By analogy, taking a relativistic dispersion relation for a free particle E* = p*+m’

and using the same recipe %f Q
¢



The Dirac Equation -

Schroedinger Non Rel equation: first order in time, second order in space
Klein-Gordon equation: second order in space/time. It describes relativistic scalar
particles (in the modern interpretation of negative-energy solutions).

Dirac Equation : Relativistic equation first order in time and first order in space

g Requiring consistency with the relativistic

+ b myy dispersiqn relation (iterate the Diraf:.equation
¥ and require the Klein-Gordon condition)

implies that U0 s b ared4x4 matrices.

Setting: | g°=b g=bd

-

One has the covariant form of the Dirac equation :

-

(i gmp-m' m)y =0 A 4-component spinor :

<
[
2BBB B B

N
[-O0: O: O: OO

N

v



The Spin-Statistics Theorem in Quantum Field Theory

The requirement of MICROCAUSALITY : the requirement that two field
operators A(x), B(y) be compatible if x-y is a spacelike interval.

A,B solutions of a relativistic :> [A(X), B(y)]o -0 for (X- y)z <0

equation (Klein-Gordon, Dirac) | ﬂ

(anti)commutator

This prescription generates the right statistics for Bosons and Fermions

The Pauli Exclusion Principle is an ansatz (ad-hoc assumption) in Non-
Relativistic Quantum Mechanics.

It can be demonstrated based on Microcausality in Quantum Field Theory.




A snapshot about our description of
(material points in classical physics, particles in quantum physics)

Observables Operators States

Classical u u t X(t)
Mechanics At t parametei

Non Rel Quantum . = = y (t) in Hilbert space
Mechanics <J/ 'EJ/> E E t parameter

_ , Y (X), £(x), A(X) In) Fock states
Quantum Field KAV|B>‘ spinl/2,01 operators |a)Coherentstates
Theory d
X=(X,t) parameters ...

t

h €



For a scalar (Klein-Gordon) field

[f(x),f(y)]:O for (x- y)2 <0 satisfying the Klein-Gordon equation
ﬂ (p,tz-E)2+m2)f:0

commutator

09 @fpkia)e ™ ra (ke lag.aic)|=0  [a).a"(k)]=0
il il a(k).a" (K')|= dw iz

Annihilation/Creation operators

The number operator N(I‘<J) = a+(lz) a(lz) has eigenvalues n(l‘<J) =012...

. F LN At (N AN — ot (N ot (Lo Symmetric under the
and satisfies a”(k’)a (k)\O}-a LI )‘O> interchange of particle labels



For a spin 1/2 (Dirac) field -

[y (X) ,)/_(y)]+ =0 for (X— y)2 <0 satisfying the (4x1) Dirac equation

ﬁ g0 _-m)y =0 AU, G
anticommutator (g o )J/ %18

~ ~ U G a - ipX + G IpX )/ :wzq

y ()@ . fbic (Pu, (e ™ +d’ (P)v, (p)e™] %, 0
fi fI fI %,

Sum over spins Annihilation/Creation operators

u LU LU
lc.(P.cz(P)].=[d. (P ()], =, dgiz  The number N.(P) =c (P)c:(P)
all otheranticommudtorsQ operators N (p)=d;"(p)d, (p)

A number operator of the Dirac field has eigenvalues N ( bJ) =01

FIN AN AN = mt LI At (o Antiymmetric under the
d = -
al C. (k)¢ (k) ‘ O> C: (k)¢ (k )‘O> interchange of particle labels



/

Number Operators and the (anti)commutation relations

SarmETen R Commutator Numbemoperator

Properties of the number operator [ar : a;]: drs Nr = a:a,r
N,.a]=a’aa -aaa=(a4a-aa)a=-3
N,.a'|=a'aa’ - a’a’a =a’ (a8 - a'a ) =4

Statea, |0) Eigenvalueequation N,a’|0)=a a,’|0)
a'aa’|0)=aa/|0)  a'(l+a'a)|0)=aa|0)
a;|0)=a a;|0) a=1
Statea,’a; |0) Eigenvalueequation N,a’a/|0)=a a/a,|0)
a/a,3/a |0)=aa’a|0) a (1+a/a)a’ |0)=aaa |0)

(ra; +aaraar)0)=aaa]o)  [arar ++ara; (1+aya)|0)=a a/a;|0)
(ara; +ajar)O)=aaao)  a=2



Statea, |0) Eigenvaluesquation N,a’|0)=a a,'|0)
2,8,3 [0)=aa/|0)  aa'a,|0)=aa’|0)
O=aa/|0) a=0

Anticommutation relations | Anticommudtor Numberoperator

la,.al}=d, N, =a’a,

Properties of the number operator

N?=N, N, =a'a a'a =a/(l- a'a )a, =
=a'a - aaaa =N -aNa=N,

Nr (Nr - 1) =0 Eigenvalues 0,1



Particles and Antiparticlesf the nbirt

1928: Dirac Equation, merging Special Relativity and Quantum Mechanics.
A relativistic invariant Equation for spin %z particles. E.g. the electron

(i gmpm- m)y =0 Rest frame solutions: 4 independent states.
AE>0, s=+1/2 : ;
AE>0 s=-1/2 Upon reinterpretation of
AE<O’ S= +1/2 negative-energy states as
AE<O’ s= -1/2 antiparticles of the electron:
Electron, s=+1/2 The positron, a particle identical to
Electron, s=-1/2 the electron e but with a positive
Positron, s=1/2 charge: e*. The first prediction of the
Positron, s=-1/2 relativistic quantum theory.

This interpretation holds for every spin-1/2 fundamental particle




Beginning of the story of Particle Physics: the discovery of the Positron

Positrons were discovered in cosmic rays
interaction observed in a cloud chamber place
in a magnetic field (Anderson,1932)

Existence of Antiparticles: a general (albeit non
unversal) property of fermions and bosons

5

(photo is upside-down in many texts, as it is here)

Antiparticle: same mass of the particle but
opposite charge and magnetic moment

All fundamental
constituents have their
antiparticle




A few more details about the discovery of the Positron :

Antimatter
(the antielectron, or

* Picture taken by Andersonin 1932 ina
cloud chamber in the presence of a

positron: Anderson 1933) magnetic field >

+ Dirac’s equation * The band across the middle is a lead plate,
which slows down the particles. The radius
(1927-28) was of curvature of the track after crossing the

predicting antimatter... plate is smaller than before

From the direction in which the path
curves one can deduce that the particle is
positively charged

Mass can be deduced from the long range
of the upper track - a proton would have

come to rest in a shorter distance
=> |t is a positive electron!

Immediately after, gamma -> e+e- (Occhialini

P";"*“ 19?3 & Powell)

A_De Angelis 20011 27




- Chadwick’s atomic model
Thed f the Neut
© Clocovery o1 e Rediron (proposed by James Chadwick in 1932)

Electron

/

Nucleus that
contains
protons and
neutrons

Shell

GEIGER COUNTER

PARAFFIN
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Discovery of the first «<Elementary» Particles

Known particles at ths

Faraday, Goldstein, Crookes,
J. J Thomson (1896)

AElectron /

]

Avogadro, Prout (1815)

AProton /

Einstein (1905), Compton (1915)

APhoton —

Chadwick (1932)

ANeutron

AMuon

| Anderson (1932)
APion \

Neutrino: a particle whose existence
was hypotesized without a discovery!

— ——— Cosmic rays interaction

Conventional birth date
of Nuclear Physics

studies. Pion/Muon separation




The discovery of Muon and Pion

A little preview about the fundamental interactions:

AGravitational Interactions: known since forever. Classical theory (A. Einstein)
In 1915. Responsible of macroscopic-scale matter stability.

AElectromagnetic Interactions: Classical theory (Faraday, Maxwell) completed
in 1861. Responsible of the interaction between charged (and therefore of the
stability of atomic structures). Important also at the nuclear scale.

AStrong Nuclear Interactions: responsible of forces at the nuclear level (and of
nuclear stability). It is a very short range interaction: 10-*> m (1 fermi, fm).

AWeak Nuclear Interactions: responsible of some relevant nuclear processes
(weak fusion, weak radioactivity). Also, a short (subnuclear) range interaction.

Search for the Pion was motivated (Yukawa) by the research on the Carrier of
the Strong Nuclear Force. And by the observation of a new particle.




Yukawa Hypotesis: the existence of the Pion as Mediator of the Strong Nuclear

Force (how to calculate an interaction range for a bosonic carrier)

The first cosmic rays researchers found (in the
306s) a particle with a|] ma —
between the Electron and the Proton

(AMESOND®)

i"medi at

It was thought that this was the carrier of the
force between two nucleons (Yukawa, 1935):

2 — BZCZ + m2c? Relativistic relation between energy, momentum, mass
E- - iZ}.l[ bj - |ZD The quantization recipe
Dzy | e y - i IJ-)/ =0 The Klein-Gordon Equation
Z° c* ut’
1
The static solution: Interaction range
1 pa,HJ§ mc - /
2 — 2 — — r/'R
U(n=—a&"—o=—1-U(r) U==e R=—
rFueg W= <2 r mc



Another possibility, using the Uncertaintly Principle
Interaction length of a force A Compton wavelength of the Carrier

The creation of the carrier
requires? &2 = mc . .

The event is restricted to take place on a time scale: Dt¢ Z/ mc2

o . 74
During this time the carrier can travel: R=cDt @—
mC

Interaction Range

In the case of the Strong Interaction, since the range is known to be 101> m

197 MeV fm
Cz@E: @200 MeV [ét he expected

C N

ne S

R 1fm



A few remarks: Zc =197 MeV Om

The expected «meson» mass was of about 200 MeV
The «meson» was postulated to be the Strong Nuclear Force carrier
Today we know that the force is a residual force of the «true» Strong Interaction

~— Dipole Attraction
( ;o 4—'— ‘ ;.o 4—'— /
C- i @ P [
Polar Covalent Bond
(Van der Waals)

Strong residual force

Electromagnetic residual force

This is not the fundamental Strong Nuclear Interaction !




Cosmic Rays: the Universe as a Particle Accelerator

——
Hess (1912) first discovered that counting rates of radiation

detectors would increase when the detectors were above
the sea | evel (on t he Tour kG

Sources of Cosmic Rays
(in increasing order of energy): :

AThe Sun 7 - 7

AThe Galaxy 3 s 8

AThe Universe B | 2 ewns
o Chamber 2 o O 1914

1

10

2 4 6 8
Altitude (km)

- Sol nergetic Particles
(Solar Particle Eventsor
Coronal Mass Ejections)

Altitude (km)

Increase of ionization with altitude as measured by
Hess in 1912 (left) and by Kolhorster (right)




Flux fra? 57 5 Gy

—
h]

—
L]

L

T

(1 particle par m*—year

e

~102/m 2/sec

~1/km 2/yr

~1/km 2/century
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High-Energy Cosmic Rays and their interactions in the Atmosphere: an unvaluable

source of particles at High Energy

The first particle accelerator available: here is a preview of the very many particles
that can be produced. The full atmosphere is equivalent to about 10 m of water

At high energy, particles
interact with other particles by
means of the fundamental
interactions

In Cosmic Rays, the Primary
Particle (e.g. a proton coming
from outside our Galaxy) hits a
nucleus of an air molecule (e.g.
by means of the Strong
Interaction) and produces
particles that in turn experience
Strong, Weak and
Electromagnetic Interaction.

An high-energy cosmic ray
shower can generate perhaps
as many as 108 particles at sea
level !

muonic component,

Primary Particle

{

__— huclear interaction __
~ with air molecule -

hadronic
cascade

+ .t
p, N, m; K, e
nuclear fragments

hadronic
component

\w

(£

e+

|I }

| 2
.;l
.;l
.;l
.;l
.;l
.;l
.;l
2
Sy
I

electromagnetic
component

— LT AT W L W W W W AW e

D, =

= -
- W o WL N N i

+

o,

o

e R T Y T &)

| Cherenkov +
| fluorescence
| radiation

y
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The discovery of Pions and Muons | | Study of particles in cosmic radiation to

culminate in the Conversi, Pancini, Piccioni
1944 experiment

Key parameter: the amount of
NUCLEAR MATTER traversed

T he c os mmesotrona(ynsons Muon
was not the Yukawa particle (pion). Pion
A
Secondaries Absorber
4
If the muon was the carrier of the nuclear force, it could i,

not traverse matter so easily.

The pion instead, had a good chance to be stopped in
nuclear matter




The instability of subnuclear particles (in particular Pion and Muon)

Experiments on

Ahe variation of intensity of comic rays with altitude (balloons) and

Aenith angle (directionality)

showed some behaviour that was difficult to interpret in terms of energy loss in
the at mosphere. Hence, the fimesonso

In 1938 Kulenkampff put forward the hypotesis that cosmic particles could decay
In other particles A instability of elementary particles.

B. Rossi and others confirmed the instability hypotesis and estimated the
«Meson» lifetimes to be in the microsecond range.

eéand i n 1940 -d¢hdmder pigtureoft«masdne dechy was made by
Williams and Roberts. Electrons and positrons where found to be present quite
often among the decay products.

In 1941 Rasetti observed the delayed emission of charged particles from
absorbers where «mesons» have come to rest. A lifetime (decay) effect.

In 1943 Rossi and Nereson measured the lifetime to be ~ 2 ¢s.

f




Lifetime of a particle \

Decay of an unstable particle: a quantum mechanical process, analog to
radioactive decay. For many particles, the number will change as :

1|I||||||||||r||l]

=

N_-_In Ox
dt t ™ i

SR

- —— 000
Lifetime in the rest frame l‘ ) %

Lifetime in the laboratory frame Q'f g: E/ Im
Path travelled by the particle in o
the laboratory frame dN a X




The Pion was identified in 1947 by Lattes, Powell and Occhialini

Pion and Muon decay sequence: a cascade of decays.
The charged pion actually lives 2.6 x 108 s. And this makes it easy to see the
decay in spite of its strong interaction with matter.

~
A Muon decay “"\7 «— p - mn,(t=26%10"s)
Vi 4 J,_!f' \_
L?, m(p ) =1396 MeV/c?
T
Nuclear | 4
Emulsion , M- enf (t=22° T 9 J
» u

" m(m)=1057 MeV/CZ]

Muon decay scheme

Neutrinos are emitted !

— 5 SEsgENCEPhOtOLIBRARY

Muons are equal to electrons in all, except mass. They are spin-1/2 pointlike
particles with magnetic moment given by: S  8eZ8S
With g, =2 (but more about this later on) m =g, m—=2 0=

€
Z 92m+Z m —



Pion i Muon i Electron sequences observed in emulsions

Photographic emulsions
* Grains of silver-halide
* Suspended in gelatin
* |onizing particles create Ag grains

* Develop a photograph

a

emulsion

glass
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The early era of cosmic rays particle physics experiments :

And many new discoveries in fundamental
physics from cosmic rays later

* 1937: The muon, or mu lepton, discovered by Neddermeyer+
(mistaken for the pion until 1947: Conversi, Pancini, Piccioni)

» 1947: Pion (or m meson), the first meson, discovered by Lattes,
Occhialini & Powell (predicted by Yukawa in 1935)

* 1947: Kaon (or K meson), the first strange particle, discovered by
Rochester & Butler




Particle Physics Laboratories in the World

Hadron (proton) accelerators
Electron-Positron machines
Electron-proton accelerators

Secondary Beams

Fermi
~ Tevatron

CERN (LHC. Large Hadron Collider)



Cosmic Rays Laboratories in the World (yes, today!)
—

| ,: Fﬂrtiﬂg l".asi:,adel

The Pierre Auger Observatory concept

Hadrons

Proton
Meutron
IOOQ Pions
@ Kaon

Leptons

a Electron
[+ ] Positron
eg Muons
Muomn
e MNeutring

Photong

Gamma
Ray

o

Hadronic Shower

E l-{:%:wer

Muons
l"\-.

!
,
.|




The Neutrino case: a patrticle first hypotesized and then discovered

Understanding beta decays (energy, angular momentum)

AZ,N)- AZ+LN-D+e +7a,| =

a) ' 100_

ey}
-

“C- YN+b v

count rate [a.u.l
E_‘ )
[}
count rate la.w]

The spectrum of the recoiling

{ 2x1013

o o
[§) S

electron (non monoenergetic)

Y
/

. . 05575 1‘5% 777777 -3 = =1 AN
was indicating the presence of energy £ keV) £E, (V) /

invisible energy

Neutrino hypotesis!

Experimental confirmation in 1956 (Reines & Cowan experiment)




Why is the Neutrino a typical case ?

Experimental problems
Two possibilities:

ABeta particles (electrons) are emitted with a continumm
spectrum in beta decay. This is incompatibie with a two-
body decay (since energy levels in the nucleus are known
to be discrete).

A The electron trajectory is not collinear with the

trajectory of the recoiling nucleus.

ANuclear spin variation is not compatible with the

emi ssion of a sitdgl e el ectr

Abandonment of well
consolidated physical ideas

AE conservation
AP conservation
AM conservation

Introduction of new particles/fields

Neutrino hypotesis!




Why is the Neutrino a typical case ?

AStar rotation curves in Galaxies show excessive

Experimenta| pr0b|ems peripheral velocities
o arees A The motion of Galaxies Galaxy Clusters features
Two pOSS|b|I|t|eS- excessive velocities

Abandonment of well ATheory of Gravitation

consolidated physical ideas

Introduction of new particles/fields Dark Matter hypotesis !




Why is the Neutrino a typical case ?

. AThe Universe has identical properties in causally
Experlmental problems disconnected domains (Horizon problem)

Two possibi”ties; AThe Universe at large scale is flat to an extremely good

accuracy (Flatness problem)
ACMB perturbations (structure formation)

Abandonment of well Alncompleteness of the
consolidated physical ideas Big Bang Model ?

Introduction of new particles/fields Inflation hypotesis !




= Principle of the experiment

In a nuclear power reactor, antineutrinos come from b decay of radioactive nuclei
produced by 235U and 238U fission. And their flux is very high.

1. The antineutrino f(7)° 10" cmy2 572 : S abicse
reacts with a proton and € e i
forms n and e* 7 N- u S L
n, p- ne e
2. The e* annihilates | Beta D FER Lo i
immediately in gammas ~ LLNYErS€ BEla becay 3 i
Water and ‘ - @
3. The n gets slowed down .
cadmium =
and captured by a Cd | Sl
nucleus with the emission of >
gammas (after several Liquid >
microseconds delay) scintillator g il
4. Gammas are detected by the scintillator:
the signature of the event is the delayed — + _43
_ o)
gamma signal S (m,p- ne)°10 cnr

1956: Reines and Cowan at the Savannah nuclear power reactor




/

A first classification of known Elementary Particles (the «low energy world>)

e e g

m ., /ﬁ The photon

Leptons (heavier copies of the electron)

p=(u,u,d)

n=(u,d,d)

p*=(ud), p =(d,0)

The neutrino, postulated to explain betadecay
and observedin inverse betadecay is always
associatedto a chargedlepton.

——

to strong nuclear interaction

The hadrons, particles made up of quarks and obeying mainly




Particles with Strangeness —

Presence of unknown particles in experiments with cloud chambers or emulsions
on atmospheric balloons (1947, Rochester and Butler).

They turned out to be secondary part

p p- LK- ppp'p

These particles were produced and were

decaying in two different modes:
AStrong Interaction production (cross section)
AWeak Interaction decays (lifetimes)

i

Associated production

o SN P of particles with a new
@ ______________ Weakinteracttion p | (strange) property.
P~ T Strangeness s
(A. Pais, 1952)

O =
S mb t °10 10 S ,0 Strong Interaction conserves s
Weak Interaction violates s




Particles with Strangeness s : a new quark (different from u,d) !

|

-
L- pp ,np° (t=26310"5) J[ KO- p'p ,p°p° (t =0.895210*°s)
- AN i\ AN
Branching Ratios
BR =64.1% BR = 35.7% BR =69.2% BR = 30.7%

[m(L) =11156 MeV/c? |

L =(u,d,s)

N

Particle similar to a proton.
The long lifetime was explained by the

disappearance of a «strange» quark

| m(p") =1396 MeV/c? |

[ m(p°) =1350 MeV/c? |

[m(K) @495MeV/c?

K particles (Kaons), similar to
Pions but with the s Quark




The Neutral Pion S

tat es

mat e ‘Y'u'gawaés

Kemmer and Bahba proposjgd t
imesonod had both chargeEm('z-,t7ﬂ)d=1|850.1tl\/lle\&(AC2
account for p-p forces (p-p, n-p, n-n)
> [ a4q, ge e ]
BR =98.8% /BR 1 2%
> | 1=084210% s |

APri marya

The detachment from the
Aprimary verte
interaction is caused by the

tiny neutral pion lifetime




The Pi-zero was found to be produced with a cross section similar to the one of
charged pions, in reactions like :

- 0
—— . —— P P- NP
The two gammas in the final state can be studied exploiting 0
the pair production mechanism P - g9
g- €'¢e
The first mass determination of the pi-zero was made by Panofsky et al. (1951)

g

Nowadays the same reconstruction
technique is used to produce
Al nvari ant masra p

AElectron reconstruction
APositron reconstruction

Events / ( 0.0004 GeV )
g

ATwo gammas reconstruction

APi-zero distribution

1 1 1 1 | 1 1 1
014 0.16 018

=0
s T TT1
=
=
s
4
=4

n® Mass (GeV)



The discovery of the Antiproton |-

The existence of the positron (as antimatter counterpart
of the electron) begged the question of an antimatter
counterpart of the proton. The antiproton i however i
was not seen in Cosmic Rays (because of its paucity in
t he Universe with reppect

t o protons

One of the very first particle accelerator i the Berkeley Bevatron T was built in
1954 that featured 6.5 GeV proton energy. That was sufficient energy to produce

antiprotons through nuclear reactlons on free protons

PpP- Pppp

Problem : many competlng reactlons producing Pions (the most commonplace

particle in nuclear reactions)




Pi ons /| Anti Pr*tot ons RBhe ofi Ba&r
A severe background problem ! o

BEVATROM
BE&N

A paper titled "Observation of antiprotons," by Owen
Chamberlain, Emilio Segre, Clyde Wiegand, and Thomas
Ypsilantis, members of what was then known as the
Radiation Laboratory of the University of California at
Berkeley, appeared in the November 1, 1955 issue of
Physical Review Letters. It announced the discovery of a new
subatomic patrticle, identical in every way to the proton o Dce 3

except that its electrical charge was negative instead of
positive_ C1, C2 Cerenkov Counters

S3 - Scintillator 3

> Existence of antileptons and antiquarks




A first classification (updated) | L =(u,d,s)
- + p=(u,u,d) [_):(U’U’a)
e ,e g n=(u,d,d)
m. n Photon
T
"=(u,d), p =(d,D)

Leptons (heavier copies of the electron)

The neutrino, postulated to explain betadecay
and observedin inverse betadecay is always
associatedto a chargedlepton.

—

The hadrons, particles made up of quarks and obeying mainly
to strong nuclear interaction







