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Periodic Table of the Elements

H
3 7 hydrogen B poor metals
Lj Be alkali metals O nonmetals
alkali earth metals B noble gases
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Discovery of electron : 1897

J.J.Thomson




Toward higher energies : particle accelerators

First Cyclotron (1931)
10 cm diameter

ADA (frascatti, Italy)
e+e- collider (1961)



Simplified and non-exhaustive summary of SM tests at Colliders |
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Making of the Standard
SinMﬁQ%l’\d not quite consistent) history

Back in 1930s-1940s :

' Elementary particles = e, p, n (and antiparticles, e.qg. e+)

4 interactions known

|

| - Gravity

- electromagnetic Not relevant, too weak
- weak QED : quantum field theory
! - strong B decay,

Bind p,n to form nucleus

Precise nature was not understood



Antiparticles

C.D. Anderson (1928)

Discovery of e+
In cosmic rays in cloud chamber

A few years before, it was postulated
in the Dirac theory.



Yukawa theory (1935)

Nuclear force : something much stronger than e.m force

«*

Exchange of intermediate boson

Short range force (size of nucleus) -» mass of i
1 fm e 1/ 200 MeV



Searched for mt - and discovered

Long lived, penetrating particle in cosmic ray
Anderson et al (1936)
- U : another lepton

The meson was finally found in cosmic ray
Powell et al (1947)

T—UVU, U—evuve



“Strange” particles

Rochester, Butler (1947)

Cloud chamber photo

Long lived neutral particle,
decaying into 2 charged particles

KO —m+m—
A —)pﬂ;_

‘Strangeness’ Nishijima, Gell-mann
a hew quantum number



And, many more particles(hadrons) (1950s-

1960s)
Higher energy accelerators

n+, n—, 10, K+, K-, KO, KO, p+, p—, p0, ®, .......
P, N, A, X+, X—, 20, E4+, E—, =0, .....

Something must be wrong!
Composite model of hadrons

Classification of hadrons ~ periodic table

Sakata (1959) ( p,n,A) as fundamental particles

Gell-mann, Zweig (1964) Quark model



The quark model (of 1960s)

flavour  charge P = Uu d
u +2/3 n =udd
d - 1/3 A=uds
S - 1/3 +=ud

K+ =uUs

' Successful classification of (known, and unknown) hadrons
but is it a reality ?
' Test with e-p deep inelastic scattering

Large g
e

Hard, point-like P
Constituents,

behaving as if they are free particles




Neutrinos and weak
Intesacikiéio : Pauli (1930)

' in order to account for the missing energy in 3-decays

' Discovery of neutrino : Reines and Cowan (1956)
ve from nuclear reactor

' 2 neutrinos ve, vu :lepton number conservation

' Parity non-conservation in weak interaction
Lee and Yang : the “1-6 puzzle” (1956)
Wu, Lederman : experimental tests,
60Co B-decay, u-decay (1957)

' V-A theory of weak interaction

Left handed v, assumed to be massless e A ve



In 1960s

'e.m. interaction is already under control
| QED : first successful Quantum Field Theory.

' There are three quarks (u,d,s) perhaps, inside hadrons.
but what is the force to tie them together?
no free quarks, very strong, yet quarks look free at high Q

' V-A theory incorporates parity violation and allows
' calculation of weak decays,

' but it has problems (weak interaction diverges at
' high energy), and why it is weak?

- W+
e/\ve e /'\

Such model (naive) was considered, but didn’t quite work

4

ve



Further experimental results

'vN, ve scattering 1970s
- Discovery of neutral current
- (rough) determination of sin
- consistency with universal ¢

' Discovery of the 4th quark (cha
. W
' Discovery of t lepton (3rd gel
' Discovery of bottom-quark (z
' Discovery of W and Z bosons
' High precision studies of Z bo
' Discovery of top-quark (3rd ¢
' High precision studies of W b




The Standard Model, developed in 1960s-70s
Ingredients:

Special relativity + quantum mechanics
= Quantum field theory

Principle of gauge symmetry

Spontaneously broken
gauge symmetry : Higgs

Electroweak theory
QCD

W RV 2, LKV

by RIGICHESEIF
(XFER)




Mass (eV)

Qaurk and lepton

The basic building blocks

H The lightest members

The universe is made
of these

But there are many other
Members : generation

But, why these copies, and
how many generations?



Strong interaction
QCD

SU(3) symmetry
Color charge

Massless gauge boson : gluon “g”
Single coupling constant : 0.S(Q)

'Very strong at low energy
| Neither quark nor gluon can be a free particle
| Always confined in hadrons

' Become weak at high energy g

| Gluon radiation can be observed \/

But they soon convert into hadrons



e+e- collider PETRA (1979-1986) DESY, Germany
2.3 km circumference, $=12-47 GeV

1.u.2.Phys.Inst.

4 experiments
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PETRA results

' Discovery of Gluon

' Tests of QCD

' Tests of electroweak theory

' New particle searches
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Electromagnetic,
Weak and
Electroweak interaction



QED

Interaction of “electron” and photon

Higher order effects
can be calculated
correctly.

Renormalization
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