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...From Rutherford to LHC! Rohini M. Godbole

From Rutherford to LHC/ From Thomson to Higgs!

e Introduction and Periodic Table of Particle Physics

e Journey begins: discovery of the electron, photon and
nucleus.

e [ he age of Nucleons

e [ he world of leptons and quarks!

o WHAT NEXT?
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...From Rutherford to LHC!

Rohini M. Godbole
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...From Rutherford to LHCI! LHC and MRI machine
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...From Rutherford to LHC! Introduction: layers within layers
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...From Rutherford to LHC! Changing world view

'Elements’ — Chemical elements — molecules — atoms — nuclei —
quarks, leptons,..

Y

Elementary Particle Physics

The accepted world view:

Fundamental Particles are the quarks, the leptons
and gauge bosons which carry the forces:. the
photon, the W/Z-boson, the gluon
and
Final piece of the puzzle Higgs Boson.

In principle laws of physics which govern the behaviour of these ele-

mental blocks, allows us to predict behaviour of all matter.
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...From Rutherford to LHC! Changing world view

Development in Human Scientific understanding has revealed layers
within layers. In this talk I want to trace part of the inward bound
journey. The methods that uncovered this structure at each level are
essentially the same.

Mainly two different ways in which we, the scientists, have inferred
what lies at the heart of matter.

e Static methods: ie. use the systematics observed in the properties
of the system at macroscopic scale, such as pressure, volume, mass,
spin,... etc. Other word for this is symmetry

e Scattering experiments: Use scattering of a probe off a body to get
information about its structure.
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...From Rutherford to LHC! Changing world view

In case of scattering experiments we are used to using this method
as a way for learning about the interaction between the two bodies
which undergo scattering.

So the second way of probing the structure is possible only when one
has some knowledge of the dynamics at work.

I wish to point out how essentially structure at all the levels has been
understood through an interplay of these two methods.

So our knowledge what the fundamental building blocks of nature are,
has grown as we have understood more and more how these blocks
are put together!
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...From Rutherford to LHC! Our ideas of elemental : B.C.

Greeks: Four 'elements’: Earth, Water, Fire, Wind.

Demokritos: By convention there is colour, by convention sweet-
ness, by convention bitterness, but in reality there are only
atoms and space.

Ancient Indians: ~ TIHIAT :  9dl, 39, O, arg +  3Tehrer
'Panchmahabhootas’: 'Earth, Water, Fire, Wind + Space

Kanada: has made statements similar to those by Demokritos, in
the Vaishyashik Sutras in the Upanishadas.

Realise: This was philosophy!
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...From Rutherford to LHC! Changing world view

Next big step:

Sir Issac Newton (circa 1700 A.D.). The beginning of what Steven
Weinberg called "Age of Enlightenment’! Newton in Optics defined
a process of substantiating a theoretical hypothesis:

Now the smallest Particles of matter may cohere by
the strongest attractions and compose bigger parti-
cles of weaker virtue.... There are therefore agents in
nature able to make particles of Bodies stick together
by very strong attractions and it is the Business of
experimental Philosophy to find them out'.

Branch of Science dealing with elementary constituents of
nature : 'Experimental Philosophy’
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...From Rutherford to LHC! Molecules..atoms..

From B.C. till now:

Our belief as to what is elemental changed from the 'four/five el-
ements’ from the times B.C. to thermodynamics which described
threes states of matter. Scientists later graduating to Mendeleev’s
idea of chemical elements arrived at by using systematics of observed
properties of various objects. This then led to Dalton’s idea of Atoms
(which were really molecules) . The order in atomic weights led to
the idea of proton! The last step was taken by Rutherford when he
had already 'discovered’ the 'nucleus’!

The branch of science that explored the fundamental constituents
of matter has then changed from 'thermodynamics’ to 'chemistry’
to 'atomic physics’ to 'nuclear physics’ to now ’'elementary particle
physics’!
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...From Rutherford to LHC! Elementary Particle Physics.

Finally elementary particle physics has fulfilled Newton’s order. What
IS it?

1. What are the elementary constituents of matter?

2. What holds them together?

3. What is the mathematical framework to describe how the con-
stituents are put together to form matter, how do they interact
with each other and how can one predict its behaviour under dif-
ferent conditions?

Trying to understand '2" and '3’ taught Particle Physicists the impor-
tance of Symmetries and led to prediction of new particles which were
found in scattering experiments which in turn fuelled the theoretical
development!
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...From Rutherford to LHC! The Standard Model : July 4, 2012

. : Particle content of the
SM matter particles and force carriers
ST STANDARD MODEL

| Fm  Secons  hies B (SM) OF PARTICLE
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The "Periodic Table' of Fun-
damental particles and their
1 interactions has arrived!
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Addition of gravitational in-
teraction and spin-2 gravi-
ton will complete the pic-
ture!. We will not discuss
that aspect here.

neutrino

= )

21/12/2021 Samvaad-SCTIMST



...From Rutherford to LHCI! Nobel Prize 2013

Nobel Prize 2013 was given for the last entry. It was awarded jointly
to Francois Englert and Peter W. Higgs

It's existence was predicted theoretically by Weinberg/Salam in the
unififed Model of Electromagnetic and Weak interaction in 1967. The
machine planning began in 1986, indirectly confirmed in 1999, dis-
covered finally in 2012.

Hunting the 'Higgs’ was a major, expensive and long term ex-
pedition.
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...From Rutherford to LHC! Was it always so?

Was it always so for all the particles?

Not so. Some were accidentally discovered, some were predicted but
the "hunt’ was not necessarily so difficult or so expensive.

We essentially want to follow this journey!

How long was this journey?
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...From Rutherford to LHC! History of discovery!

Table 3: History of lepton discovery. Apart from e*, th

information about the anti-lepton is the same. Table 4: History of quark discovery. Information about the
Lepton Postulated Indirect Discovery anti-quarks is the same.
= 1894 1897 Quarks Postulated Indirect info. Discovery
et 1931 1932 u,d,s 1964 1969
Ve 1930 1956 c 1964, 1970 1974 1974
H 1936 b 1973 1975 1977
Vi 1948 1962 t 1973 1994 1995
T 1973 1975

Table 5: History of discovery of the bosons.

Bosons Postulated Indirect info. Discovery
Y 2005
W= 1961 1961, 1979 1983
Z 1961 1967, 1973, 1979 1983
h 1964 1999 2012
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...From Rutherford to LHC!

Discovery of Electron

Discharge Tube Air at very low pressure
Green glow

»
—— —— +
. [

‘ + Anode
H To vacuum pump

Production of cathode rays

Cathode

High voltage generator

Second half of 19th Century:
Faraday: electricity too
comes in multiples of a basic
unit.
J

Experiments with Cathode
Rays by Thompson and
Discovery of the electron:
A particle with e/m ratio
different from the hydrogen
ion. The first elementary
particle.
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...From Rutherford to LHC! Electron: reality

Three basic processes in the transition from electron being a
" postulated entity” to a " physical reality” :1894.. > 18909.

1) Observation by Farady that the electricity comes in units from
patterns in ionisation,

2) The experiments made by Thompson that Cathode rays behave
under the action of electric and magnetic fields as though they
consisted of particles with a ratio of charge to mass (the famous
e/m) quite different from the Hydrogen ion,

3) Lorenz calculated splitting of the atomic spectral lines in a mag-
netic field. Agreement with expt. only if value of e/m was equal
to that found by Thomson! The 'corpuscle’ seen by Thomson in
his Cathode Ray Tube was the same that exists in an 'atom’.
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...From Rutherford to LHC! The arrival of the nucleus

Thompson: Plum pudding model of Atom with electrons sticking out like plums.

T he Rutherford scattering experiment:

shaped the physics of the Century!
# of o particles scattered

from the gold foil at differ-

Detoctor ent angles were counted.
~ A N Most o particles went unde-
Thin gold foil Microscope flected.

= b=

Alpha . )
‘;‘:‘,{,2‘;5'\ Suiohide Completely opposite to

Screen

Target that expected if ’'plum

pudding model’ was true.
Rutherford concluded from this: atom has

a point like nucleus.
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...From Rutherford to LHC! positive charge is a 'point’

Rutherford truly split the atom into nucleus and electrons!

Why does this mean that positive charge of the atom is a 'point’: the
nucleus?

Rutherford:

It was about as credible as if you had fired a fifteen inch shell at a
piece of tissue paper and it came back and hit you

Y

Most of the atom is empty space. The 4ve charge of atom and the
mass concentrated in a 'point’: nucleus of atoms.

[example of person crossing the road]

The o particles can 'look’ inside the atom to see the ’'size’ of the

region containing the positive charge.
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...From Rutherford to LHC! More technical

Atom has

N
\\ ® 4 substructure
A \ ®e °
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No. of counts
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[
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Study the distribution of the counts as a function of scattering angle

and compare it with that expected from a point target. If they differ
the target has a structure.

In fact the modification then can be used to extract information about
the 'spatial extent (the ’'size’) of the target.
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...From Rutherford to LHC! Discovery of the Nucleus

The existence of atoms was inferred from many properties of matter
ONn Macroscopic scale.

BUT

For the Nucleus the first indication of its existence came from the
scattering experiments.
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...From Rutherford to LHC! Worldview circa 1914

Worldview circa 1914:

which are made up of atoms
which contain 'electrons’ in a lot of empty space and positively charged
point 'nuclei’.

Decade of Atomic Physics and Nuclear Physics!

Were the Nuclei then the 'elementary’ building blocks? NOT really!
Why?7?

Nuclei seemed to transform spontaneously into each other!
The 'mass’ of the nuclei was in approximate integral multiples of Hy-
drogen nucleus. Perhaps the Hydrogen Nucleus was the basic building

block?

Began the decade of Nuclear Physics!
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...From Rutherford to LHC! How come?

If the nucleus is made up of nucleons and nucleons made of quarks
why did Rutherford 'see’ the nucleus as a 'point’?

To understand this recall how we measure 'sizes’ of objects? How do
we resolve them into their constituents?

Microscopes were used to 'see’ things. Smaller the wavelength, higher
the energy higher the resolution.

v behaved as a 'wave' and a 'particle’ = De Broglie : Same is true
for the electron too! The wave particle duality.

h

A= —
27p

21/12/2021 Samvaad-SCTIMST



...From Rutherford to LHC! How come?

Rutherford used o particles to ’'look’ inside the atom.

the o particles had energy ~ MeV, wavelength ~ Wlo Angstrom.
It could therefore 'resolve’ atom into nucleus and electrons.
The nuclear size is smaller than this resolution.

Hence Rutherford 'saw’ it as a 'point’!
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...From Rutherford to LHC! Need of higher energies!

Need higher energy 'beams’:

Rutherford: It has been long been my ambition to have
available a copious supply of atoms and electrons which
will have energies transcending those of the o, 8 particles.

Protons and e~ were accelerated to high energies beginning from the
accelerators built by Cockroft, Walton and Van de Graf!

Development in High Energy Physics went hand in hand with the
development in accelerating particles to higher and higher energy.
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...From Rutherford to LHC! Man made accelerators: humble beginnings

Cockroft-Walton Accelerator First Cyclotron(4.5 inches)
Fitted inside a room (1931) Lawrence-Livingston (1933)

11 inch: accn. to 1 MeV.

(from aip/history web site)
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...From Rutherford to LHC! Man made accelerators: humble beginnings

We already saw: Patterns in nuclear masses, their spin angular mo-
menta = nuclei too are made up of smaller units : proton and the
neutron.

If the 'size’ seems to be smaller the least count of our best measuring
stick does not mean the object may not have constituents.

Fundamental objects at this point: the photon ~, electron e, the
proton(p) and the neutron (n).

AND one more!

THE NEUTRINO.
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...From Rutherford to LHC! Neutrino

In 5 decays:
Nucleus (Z p, Nn) — Nucleus' (Z F1p, N £+1n).

Thus effectively a proton converts into a neutron or vice versa and a
positron or electron is emitted.

Free neutron was discovered by Chadwick in 1936!

Found to decay n — p+ e~

The electron energy seemed to vary continuously in 8 decays as well
as the n decay: at variance with conservation of energy, also of linear
and angular momentum!!
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...From Rutherford to LHC! Neutrinos Further

All the conservation laws are related to some symmetry or the other!

Example: Conservation of linear momentum: laws of physics do not
depend on the position where the experiment is performed.

An example of an invariance being used to posit the existence of a
particle!

To repeat again and again!
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...From Rutherford to LHC! I(so)-spin

Facts:

Proton and neutron have very similar masses.
Nuclei are formed with them.
Both have spin 1/2.

pp, pn and nn forces in nuclei very similar in strength and range: this
was inferred from existence of pairs of mirror nuclei.

Hypothesis: One can imagine the proton and neutron as two states
of a particle to be called a "Nucleon’.

Nucleon with 'I(nternal) spin (I-spin)’ in the up direction : proton

Nucleon with 'I(nternal) spin (I-spin)’ in the down direction : neutron

21/12/2021 Samvaad-SCTIMST



...From Rutherford to LHC! Internal symmetry!

A rotation in the hypothetical/internal space converts a 'Nucleon’ in
'spin up’ state (proton) into a 'Nucleon’ in 'spin down’' state (neu-
tron).

Observed equality of pp,nn,np forces means that the 'interaction’
among two protons or neutrons remains unchanged ('invariant’) under
a rotation in the I-spin space.

The last is based on a wonderful theorem proved by the famous
(woman) mathematician Emmy Noether AND generalising our un-
derstanding of Coulomb’s law of electrostatic force to the nuclear
force.
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...From Rutherford to LHC! Simultaneously

Primmsary Cosmiic Raws r

Discovery of a 'Zoo' of particles in "Cosmic’ rays and also in the
accelerator experiments in the USA. Large number of particles just

like the proton, neutron. AIll of them can not be fundamental.
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...From Rutherford to LHCI!

Quarks

Gell-Mann-Zweig presented an ex-
tension of the I-spin idea which
was by then supported by a lot of
data in Nuclear physics!

All these observed 'heavy' par-
ticles Hadrons (Baryons and
Mesons) are made of even more
fundamental objects Quarks.
Based on ideas of symmetries!

The wu,d,s Quarks had arrived.
Story of ¢,b,t is more complicated.
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...From Rutherford to LHC! The first coming of Quarks!

Observation by Gell-Mann and Zweig: Pattern and the regularity ex-
hibited in the properties of the members of particle 'Z0O0QO’' = Smaller
number of constituents: quarks.

Nobody could till then break up the protons and neutrons into
quarks.

Perhaps quarks were not ‘real” entities, but some kind of mathemat-
ical abstraction. Theorist's pet!
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...From Rutherford to LHC! The first coming of Quarks!

Worse, they were required to possess fractional electric charges (one-
third or two-third the charge of an electron)

Many Physicists decided may be quarks are abstract entities. Just
like the Chemists of 19 th century who had decided 'atoms’ and
'molecules’ were not real!

Even worse: they needed to come in three different varieties,
called colour, to avoid a clash with Pauli’s exclusion principle!

Gell-Mann Predicted existence and mass of a particle called 2. Con-
firmed experimentally. Got the Nobel Prize!l
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...From Rutherford to LHC! Quarks Continued

So where were the quarks? Can a Rutherford type experiment
see them?

If they are real why do they not appear free in space?

Can we see them when we break open a proton? How do we break a
proton?

Even before that how can we see that the nucleus is NOT a point?

How do we decide how big is a nucleus and then what is the size of
a proton?

Remember: the difference from the case of nuclei and nucleons. Pro-
tons and neutrons appeared when nuclei disintegrated!
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...From Rutherford to LHC!

Nuclear version of "Rutherford’ experiment

The Hofstadter Experiment: The nucleus/proton version of Ruther-
ford Scattering experiment. Stanford Linear Accelerator: S.L.A.C.

Detector
Beam /
Accelerator g Target
Detector
Nucleus ___/f'__/ﬁ_
Ee

400-600 MeV

Note similarity with Rutherford experiment. The Ae ~ a 1000-10,000
times smaller than Ao. Count the number of electrons scattered
at an angle 6 compare it with the number expected for a 'point’

nucleus/proton.
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..From Rutherford to LHC! The actual accelerator and detector

from : Interactions.org
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...From Rutherford to LHC! Nucleus/proton non pointlike!

The nucleus and proton have a finite size!

The ratio with expectations with a point nucleus/proton, calculated
from 'known’ dynamics, ~ 1 for Ae > Rigrget

If Ae ~ Riarget ratio will differ from 1.
Rtarget 1S the radius of the nucleus/prton.
Nuclei about 10,000 — 100,000 times smaller than atoms.

Establishing nucleus has finite size which was to be expected because
it consisted of nucleons.

WHAT ABOUT THE PROTON?
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...From Rutherford to LHC! Study scattering

Hofstadter studied:

e(Ee)+p—e(EL)+p

For a given E. and 6 there will be a fixed value of E..

Finite size of the proton was confirmed by the scattering experiments
(just like nuclei). Size ~ 100,000 times smaller than an atom: a
Fermi.

Confirmed the inference obtained from measurements of static prop-
erties.

The surprise came when FE. was increased even further!
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...From Rutherford to LHC! Second coming of the Quarks!

Increase E. to 10,000 — 20,000 million electron volts. Resoultion
1/100 compared to the size of the p/n.

E! for a given angle of scattering had many different values. May be
the p had something inside it.

At still higher values of E. the scattered electron again began to have
a unique value E6, different from that for a proton. = A small enough
to feel the individual scatterers inside the proton.

Tis thus revealed existence of 'elementary’ quarks inside the the 'com-
posite’ proton like Rutherford’'s large angle scattering revealed exis-

tence of 'pointlike’ nucleus inside the atom.
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...From Rutherford to LHC! Second coming of the Quarks!

This is what Gell-Mann’s model needed. The quarks thus made
a second coming!

Measuring the e~ energies for different angles, the spin of the scat-
terers could be determined. These seemed to have all the properties
as required by Quark Model: even the funny charges!

Scattering experiments thus substantiated the conclusions drawn from
observing the 'patterns’ (or the 'symmetries’)

But they did something more:

The same experiments also showed that there existed scatterers inside
the proton, which can not 'see’ the electron as they are neutral!
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...From Rutherford to LHC! Second coming of the Quarks!

In fact in the theory of strong interactions being developed around the
same time, such neutral force carriers called gluons, were indicated.

The change in the number of scattered electrons with different en-
ergies and at different angles was consistent with the predictions of
the theory of Quantum Chromo Dynamics.

T his was the first glimpse of the '"gluons’ and first clue to the correct
theory of strong interactions! This got the Nobel Prize for Physics in
2004, although the theory was put forward in 1974!

It took 30 odd years for experiments to confirm that this was indeed
the correct theory!
See the interplay between theory and experiments!
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...From Rutherford to LHCI! Nuclear version of "Rutherford’ experiment

Increase the energy FE. further, the number of constituents goes on
increasing. More and more quarks and gluons are created inside the
proton, when one tries to probe it with higher and higher energy.

The increasing energies do not reveal any new constituents but re-
veal only this increasing number of quarks and gluons inside. Com-
pletely consistent with the predictions of theory of interactions be-
tween quarks and gluons!

At present experiments with highest energy e's ~ F. = 100Billion eV
no evidence for any substructure of a quark up to a 1000t Fermi.
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...From Rutherford to LHC! Last Layer?

END OF ROAD IN SUBSTRUCTURE???
YES we think sol!

Are we saying this simply because we don’'t have high enough energy
probes? NoO.

This is where the dynamics, comes into play with full strength. Scat-
tering (or equivalently "seeing” ) of the constituents only one way in
which we hunt for what is at the heart of the matter.

At present every single piece of experimental observation agrees to a
very high accuracy, better than to one part in a 100 Millions at times,
with the predictions of a theory which treats these quarks and leptons
as point-like in the calculations up to energies ~ 10 billion billion eV.

Thus we have an "indirect” but very strong proof that the quarks and
the leptons are indeed point-like and have no further substructure.
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...From Rutherford to LHC!

Last Layer?

Once one has an under-
standing of the dynamics
of the fundamental con-
stituents i.e interactions
among them, one can
perform high energy exper-
iments where these scatter
off each other, shedding
light on

1)The way these interact
with each other

2)Give information on sub-
structure if there is any.
This is part of what the LHC
is doing!

!m'l'l'll.ll!ll'l

w Vi neutrino

nentrino i, !”r

eleciron lﬁ
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...From Rutherford to LHC! Only one track!

So far I had followed only one track of the journey of par-
ticle physicists asking questions of what are the ultimate

constituents of matter!

The second track is how to find the mathematical frame-
work describing the elementary interactions among these

fundamental blocks which then form the whole?

In the 60's many different things were happening simulta-

neously in the world of elementary particles!
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...From Rutherford to LHC! Only one track!

I presented the journey into the heart of the matter by

probing it with higher and higher energy probes!

But this would have been impossible without correspond-

ing strides in our understanding of the dynamics!

T he story of discovery of the remaining particles is closely
intertwined with those developments!
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...From Rutherford to LHC! What next?

LHC: the Large Hadron Collider!

Has found direct evidence for the 'Higgs’ Boson: Just like checking
atoms, electrons and quarks were ’'reality’ the LHC has shown that
the Higgs boson was not a figment of the theorists’ imagination!

So is this the end of the road?
Far from it!
Is the journey over?

The answer is NO!
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...From Rutherford to LHC! But....

Do we say so simply because we want to keep ourselves in business?
Is it only because particle physicists like to keep themselves occupied?

There are many cosmological observations which still lack an under-
standing or have an incomplete understanding in the framework of
the Standard Model (SM).

These puzzles are of relevance for particle physics because of the cos-
mic implications of theories of particle physics. (Bethe, Gamow and
Weinberg were the three giants who pioneered these cosmic connec-
tions of Nuclear and Particle Physics)

These are the pragmatic reasons to believe in physics (particles and/or
interactions) beyond those in the SM : BSM.
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...From Rutherford to LHC! But....

There are three cosmic reasons:

1) Dark Matter in the Universe:
2)Matter-antimatter asymmetry in the Universe

3) Universe seems to be accelerating. (Dark Energy)
Particle physicists have a few more reasons

4) To explain why the Higgs light!.

5) Nonzero mass of the Neutrinos 4+ Understand hierarchy of fermion
Masses.

6) Some BSM ideas play with the fact that ¢t and Higgs are com-
posite!l.. the compositeness scale has to be above a few 100,000
GeV!
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...From Rutherford to LHC! Multiwavelength probes!

Terrestrial experiments and those in the sky have to probe the wonders
of nature together!

We will probe the universe through difft. probes: the optical (Han-
ley), the radio (GMRT,SKA), Gravitational(LIGO),Neutrinos (Ice-
cube, DUNE,INO) and colliders (LHC,ILC).

Example: Picture of sun through photons and through v's
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...From Rutherford to LHC! The second theory frontier

BACKUP
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...From Rutherford to LHC! Importance of the idea of 'atoms’

How important is the idea of 'atoms’?

In the words of R.P. Feynman:

" If all the scientific knowledge in the world were to be destroyed and I
can choose only one piece of understanding to be passed on to future,
I would choose to pass on the message that matter is composed of
atoms, ceaselessly moving and bouncing against each other.”
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...From Rutherford to LHC! Intermediate stops in the journey

Intermediate stops at the elementarity station:

1)Nucleus: 'discovered’ by Rutherford in « particle scattering (1911).
This truly began the inward bound journey into the heart of matter!

2)Pions : predicted by Yukawa (1935), found in cosmic ray experi-
ments (1947).

3)Existence of protons was inferred from observations and that of

neutrons from properties of nuclei and then neutron was discovered
in 1932.

T hese were considered elementary at these intermediate points in the
journey.
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...From Rutherford to LHCI! The Russian Doll.

Is this the innermost layer?

Is this going to go on? Particle Physicist believe
the answer is yes.
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...From Rutherford to LHC! Examples

Existence of atoms (electron) postulated from patterns in molecular
and atomic weights (ionisation).

Existence of photon indicated by the photoelectric effect , confirmed
by Compton Scattering and change in the wavelength of light in the
scattering!

Existence of a Nucleus inferred from one of the first scattering ex-
periments: the Rutherford Experiment.
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...From Rutherford to LHC! Note

Note that the conclusion that the nucleus is not an elementary object,
but a composite of protons and neutrons was arrived at by observation
of patterns in properties of nuclei.

The nucleons neutrons and protons were also observed outside the
nucleus.

Heisenberg’'s uncertainty principle also told us that electrons observed
in the B decays could not have existed inside the nucleus before the
decay and hence could not be the constituents of the Nucleus!
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...From Rutherford to LHC! Internal symmetry!

A rotation in real space can change a state of electron with spin along
positive z axis to a state with spin along negative z axis.

In the presence of only an electrostatic potential o (1/r) we can not
detect the difference between these two states.

This is related to the fact that V(¥) = 1/r, i.e. the potential is
unchanged (invariant) under a rotation of coordinate axes.
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...From Rutherford to LHC! Internal symmetry!

Interaction of a charged particle with magnetic field is decided by its
magnetic moment. Ratio of magnetic moment to the spin is called
the Gyromagnetic ratio.

Proton had gyromagnetic ratio ~ 2.75. According to theory a spin
half point particle should have g ~ 2.0.

Neutron which is neutral should have no magnetic moment at all, but
it does!

This already implied proton and neutron must be at least charge
distributions

Can we get information on the spatial extent of these distributions?
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...From Rutherford to LHC!

The data

-l—l>< —
[g\] -
* -
- B x=0.00005 Proton
7 e x=0.00008
g 10 " & e x=0.00013 @® HI+ZEUS
har< - ° _ gr BCDMS
= - ee®® L ees X=0.0002
B - —
6 c®® e x=0.00032 ] NMC
10 " ee®® " . eees x=0.0005 /A SLAC
- ee® ° 7 . eee® x=0.0008
B . ° ®°°® .o x=0.0013
5 o® ........ —
10 = eo®® L o® e ® ©® x=0.002
- o oot ee x=0.0032
B °® coo®®®® b -
= o ®® oo x=0.005
4 ®“ .oooo°......
10 = & o ° ®® cesse e e ceo & x=0.008
— L J
B L o8 - ........o ece ©® 0 x=0.013
10 3 ; =" DQD;-".. eoo o0 ® 00 000 ecgoe® x=0.020
E o omo o BOF co oo 000 00 co0 00 008y x=0.032
— o o@ o Ped
B “ ° o wom @ 0 ®0 0 oo o00 00 se®e® e © x=0.05
10 2 — Be;]@nAE oo o apesoE-E = ® o 000 ®0 ®00®0o o O x=0.08
E Aan AAERMIVO g O BT oo ® ®e0 0000, o o x=0.13
| A 2ONDAN ANRAN Bl O EPENEER Rl © 00 ® 00 e ®®®®0 0 o x=0.18
10 2— IS o & e s 0ce  ©ee eeeeeee e o o . x=0.25
— 20 A Adns | I — .
B TOITOE e 0® ....o°00 e e + _
1 B ‘ * x=0.4
- 0000008 & e £
Al Pee® o !
10 = Dan,, ¢ * T : x=0.65
= Loy T ‘
— TV g,
- ToTe 4 x=0.75
2 An
10 — B N
= o x=0.85 (i,=1)
10 -3 i — R . Ll . I . Ll . L
- 2 3 4 5 6
10 1 10 10 10 10 10 10

Q% (GeV?)

The data follow theory
prediction over orders of
magnitude of measured
Ccross-sections and energy
at which they are mea-
sured.
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...From Rutherford to LHC! Unveiling the structure in three steps!

e Seek the reqgularities/patterns in properties such as masses, spins
etc. Very often these reflect possible existence of a more basic fun-
damental units which makes the whole

e Measure the "size"” of the constituents, which at the level of atomic
distances and smaller, is simply doing scattering experiments using
beams of higher energy particles to get probes of shorter and shorter
wavelengths: example at the atomic level of this is Rutherford’s
experiment

e A parallel and necessary step is also the development of a theory
of the dynamics that holds these units together. See if the observed
properties of the composites agree with the predictions of the theory
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...From Rutherford to LHC! Only one track!

So far I had followed only one track of the journey of particle physicists
asking questions of what are the ultimate constituents of matter!

I have covered so far only the 'elementary’ constituents
e+,e_,,u+,,u_,1/e,1/,u, u,d,s quarks and the ~. !

What is the story of the discovery of the rest of the quarks ¢, b,t |,
leptons 7, v, the heavier force carriers W, Z, the massless gluons g
and the spinless Higgs h?
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...From Rutherford to LHC! Prediction and discovery

The existence of the heavy gauge bosons W, Z and the Higgs boson
h were predicted in the SM.

Masses of only the W/Z were predicted and they were discovered with
the right mass and right couplings to matter.

Heavier quarks and leptons: ¢ quark was predicted by till then de-
veloped part of the Standard Modell, but the actual discovery was
accidental (1974 , November revolution).

The b, were not required by consistency of theory but were found
unlooked. (1974-1977) Once these were found ¢t quark HAD to exist
if the SM was right and its mass was predicted too!. (1995)
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...From Rutherford to LHC! Prediction and discovery

The Higgs h was predicted but not its mass. Theory gave only limits!

Measurements of the Z boson properties at the Large Electron Positron
Collider (LEP) had provided indirect estimate of its mass.

Finding the Higgs at that mass with the right properties was the
crowning success of the SM.
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...From Rutherford to LHC! Quantum Field Theory

A mathematical framework to describe the interactions among the
particles in terms of an exchange of force carriers was developed

based on twin pillars of Quantum Mechanics and Special Theory of
relativity.

Quantum Gauge Field theories were found to be the 'correct’ frame-
work for description of particle interactions. Feynman, Tomanaga
and Schwinger did that for electromagnetic interactions.

L\\\\\ ‘. eI(\/\/{/\/‘ :,‘ m =0 => Infinite
e T

Vi(r) =

Fiel

T’
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...From Rutherford to LHC!

Weak Interactions

Development of Gauge Field Theory of Weak interactions was indi-
cated by the work of E.C.G. Sudarshan and Marshak, Feynman and
Gell-Mann and Schwinger. The general idea was that like the ‘photon’
there is a ‘weak anolog of the photon.

The photon had zero mass and it had
played an essential role in being able to
describe interactions mediated by it as a
Quantum Gauge Field Theory.

Short range of the weak interactions
meant that the ‘mediators’ were super
heavy.

The predictions of such a quantum field
theory made no sense at high energies or
in higher orders of perturbation theory.
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...From Rutherford to LHC! GSW and Higgs

Work of S. Glashow, P. Higgs, A. Salam and S. Weinberg all together
helped in sorting this mess out. By 1967 one had a "Model of Leptons’
of unification of Electromagnetic and Weak Interactions.

The Standard Model (SM) is nothing but the model of leptons ex-
tended to include the quarks and strong interactions.
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...From Rutherford to LHC! GSW and Higgs

Predictions of Weinberg’'s paper:

1)Existence of a heavy counterpart.of the photon which would medi-
ate new weak interactions, the so called ‘neutral current interactions’

2) Predictions of the masses for the W and Z and also of couplings
of leptons with the Z boson in terms of the electron charge e and a
parameter 0,.

Discovery of the new type of weak interactions with strengths as
predicted by the model was enough for the Nobel Prize to be given
to the three heroes, even though W/Z were not discovered!
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