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The scientific journey to Higgs 
boson … Not all roads lead to 
Rome, some lead to Geneva 
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CERN, LHC experiment, 4 July 2012, 
ATLAS and CMS discovery of ~126GeV 
Higgs-like boson 
What is mass? … Massless particles? 

Francois  Robert 
Englert  Brout
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1964theory

…48 years

2012 exp
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By 1970s, physicists realised that two of the four fundamental forces—the weak force 
and the electromagnetic force—are very closely related. The two forces can be 
described within the same theory, which forms the basis of the Standard Model. This 
“unification” implies that electricity, magnetism, light, and some types of radioactivity 
are all manifestations of a single underlying force known as the electroweak force.
The basic equations of the unified theory correctly describe the electroweak force and 
its associated force-carrying particles, namely the photon, and the W and Z bosons, 
except for a major glitch. All of these particles emerge without a mass. While this is 
true for the photon, we know that the W and Z have mass, nearly 100 times that of a 
proton. Fortunately, theorists Robert Brout, François Englert and Peter Higgs made a 
proposal that was to solve this problem. What we now call the Brout-Englert-Higgs 
mechanism gives a mass to the W and Z when they interact with an invisible field, now 
called the “Higgs field”.
Just after the Big Bang, the Higgs field was zero, but as the universe cooled and the 
temperature fell below a critical value, the field grew spontaneously so that any 
particle interacting with it acquired a mass. The more a particle interacts with this 
field, the heavier it is. Particles like the photon that do not interact with it are left with 
no mass at all. Like all fundamental fields, the Higgs field has an associated particle – 
the Higgs boson. The Higgs boson is the visible manifestation of the Higgs field. 
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Four fundamental forces 
Electromagnetic force 
Weak force 
Electroweak force/field 
Standard Model 
Proton 
Gauge theory 
W and Z bosons
Higgs field 
… 
How many languages do you speak? 
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ä What are the fundamental constituents of 
the universe? 

ä What are we made of? 
ä  How do they interact with each other?
ä … 

… But how did we get here? 
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How to Judge What Physicists are Doing ?

Constituents
• Number: economical
• Properties: few and simple
• Point-like? (no structure)

Theory
• Mathematically consistent
• Explains all observations
• Able to make predictions
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Ancient Greece

Plato
Aristotle

All is 
mathematical 

form
I can figure

out the universe 
by pure thought
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Fundamental Physics

The universe is built on 
the five Platonic solids

PSST! 
The universe 
is made up
of atoms

Democritus

Circa 500 B.C.



10

The “Classical” Period
~1687 - ~1897
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Newton

But I have no 
idea what they 

are.

FNET=ma

The world is 
made of point 
particles.
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Chemists Discover Evidence for Atoms

John Dalton

1802

• Gay-Lussac’s Law
• Boyle’s Law
• Charles’s Law
• Law of Multiple Proportions
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World’s First Particle Physicist

Robert Brown
-botanist (physicists experimentalist) 
-discovered the “brownian” motion 

1827
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Periodic Table

Mendeleev

-a classification

scheme, … with holes

1869
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Fundamental Particle Physics

92 Atoms, U

... by the end of 19th century, there were  
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The “Romantic” Period

~1897 - ~1932
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The Cavendish laboratory
World’s premier physics
laboratory late 19th century

Cambridge University

Bunsen Cell

The Cavendish Lab

A Typical Lab
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Discovery of the Electron

A new particle, 
“corpuscule”

electrically charged !

J. J. Thomson Thomson’s CRT

1899
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The “Plum Pudding” Model

How to make a stable electrically neutral atom?

Negatively charge 
electrons distributed
like raisins in a 
positively charged “pudding”
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The term "electron" coined in 1891 by George 
Johnstone Stoney to denote the unit of charge found 
in experiments that passed electrical current through 
chemicals; Irish physicist George Francis Fitzgerald 
who suggested in 1897 that the term be applied to 
Thomson’s “corpuscles”. 
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The photoelectric effect

1887-Heinreich Hertz
1895-Wilhelm Roentgen
1899-J.J. Thompson
1901-Nikola Tesla
1902-Philipp von Lenard
1905-Albert Einstein

Photons can knock electrons out of atoms

Þ electrons are part of atoms
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Lord Ernst Rutherford 

Ernest Rutherford

World’s first high energy physicist
Use high energy (5 MeV) alpha 
particles from radium decay to 
study structure of the atom.

very light electrons should
have no effect on the alpha’s
positive particle. 

scattering of the alpha’s will
indicate structure of the “pudding”

1910
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Rutherford Scattering… surprise!

some of the alpha’s
scattered at large angles

Data is described by
assuming that alpha 
particle is scattered of a 
massive positive point 
charge.
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Discovery of proton

~1911, Lord Rutherford also discovers the 
nucleus of hydrogen (the proton, p+, “first” in 
Greek) by bombarding alpha particles (!"𝐻𝑒) with 
Nitrogen gas 
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More questions than answers …

-Scientists were puzzled by the missing mass as 
protons' mass did not add up to atom's; 

-Rutherford predicts 
theoretically the presence of a 
neutral particle;

-Bothe-Becker, Joliot-Curie 
discovered highly penetrating rays 
(even thru lead) from Be 
radiation; Rutherford’s model
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Wilson’s Cloud Chamber

When a charged particle passes through a 
supersaturated gas, a series of droplets marking 
the path of the particle condenses out of the 
vapor, as the particle ionizes atoms along the 
track. These tracks are momentarily visible, 
marking the path of the particle through the 
detector, taking photographs of any visible tracks. 
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Discovery of the neutron

James Chadwick
Radiation of beryllium, 
immune to E and B fields
(beam of neutrons) 

The basis for the word neutron is both "neutral" and the suffix "-on," 
which comes from the Greek word “ión” meaning "to go." The word ion 
first appeared in English in 1834, and neutron appeared in 1921.



28

Stefan-Boltzmann, Wien and Max Planck 
-  black body radiation-relation between 
an object’s temperature and wavelength 
of radiation it emits 
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~1900s
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Continuous, absorption and emission 
spectra (Fraunhofer, Kirchhoff …) - 
spectroscopy. 
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Bohr’s model of atom ~1913

Nearly all of the mass of the 
atom is concentrated in a very 
small positively charged 
nucleus. 

How small is the nucleus?
What holds it together?
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The Neutrino

A free neutron decays to a proton
and electron in about 15 minutes.
From conservation of momentum and
conservation of energy… 
• not a 2-body decay
• must be a third unseen particle

“ghost-like” particle

Predicted theoretically in 1930
 by Wolfgang Pauli.
Discovered in 1956 by Cowan and 
Reines.
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Fundamental Particles by … 

1932

neutrino

electron

proton

neutron

photon
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Heisenberg Uncertainty Principle

precision of 
measurement

momentum 
transferred

Why we need large, expensive high energy 
accelerators?
If you want to probe something at small 
distances, you have to kick it hard! 

where ħ≈6.32 x 10-32 Js
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Heisenberg Uncertainty Principle

The more accurately we know the energy, 
less accurately we know how long it 
possess that energy. 

The energy can be known with perfection, 
∆E=0, only if measurement is made over a 
long period of time ∆t=∞
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The “Modern” Period

1932 - 1974
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Cosmic Rays-the cosmic accelerator

-Becquerel: ionization of air 
caused by radioactive elements 
underground; 

-Victor Hess measures air  
ionization level in a balloon: 
“radiation of high energy enters 
from above”. 

-much higher energies
than available in the lab: higher 
energies could produce more 
massive particles. 
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Antimatter

1932-Carl D. Anderson discovers the anti-
electron, the positrons
(same mass, but positive charge) Positron

track
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Discovery of the Muon

1937-also Anderson discovered a heavy 
electron (105.7 MeV/c2) - the muon 

Who ordered 
 that? 

Same charge just like the 
electron, but  about 200 
times more massive.

Isaac Rabi
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Particles Discoveries

1935, pions were theoretically predicted by Hideki 
Yukawa
1947: pions were discovered using photographic 
emulsions at high altitudes
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1952-The Bubble chamber

Donald Glaser

The bubble chamber is made by filling a large cylinder 
with liquid hydrogen heated to just below its boiling 
point. As particles enter the chamber, a piston 
suddenly decreases its pressure, and the liquid enters 
into a superheated phase. Charged particles create an 
ionization track, around which the liquid vaporizes, 
forming microscopic  bubbles. Bubble density around a 
track is proportional to a particle's energy loss.
Bubbles grow in size as the chamber expands, until 
they are large enough to be seen or photographed. 
Several cameras are mounted around it, allowing a 
three-dimensional image of an event to be captured. 
Bubble chambers with resolutions down to a few μm 
have been operated.
The whole chamber is subject to a constant magnetic 
field, which causes charged particles to travel in 
helical paths whose radius is determined by their 
charge-to-mass ratios..

http://en.wikipedia.org/wiki/Charge-to-mass_ratio
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Structure of the Nucleus

1953 -Hofstadter scattered 125 
MeV(106eV) electrons off of nuclei.

nuclear size: ~10-13 cm



44

Structure of the Proton

1956–Hofstadter scattered 550Mev
electrons off of a proton.

Spectrometer

Electron Linear Acc at Stanford University (SLAC)

The proton has a size, it is not a point-like object.

m
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The Bevatron (1954-1993)
6 GeV proton synchrotron
in the hills of Berkeley

Designed to discover
the anti-proton
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More particles – Particle Data Group

Δ (Delta) particle, 
 Σ (Sigma) particle, 
 Kaon - Caltech, 
 Antiproton - Berkeley, Segre&Chamberlain 
 η (Eta) particle, 
Ξ (Xi) particle - Brookhaven 
 Λ (Lambda) particle, 
 Tau particle - SLAC/LBL (Stanford and Berkeley)
… 

https://pdg.lbl.gov/index.html
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The Particle Zoo (1955-1965)

What does it all mean?
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A classifications is needed

NAMES, CONSERVATION LAWS, RULES
Classical: energy, mass, linear momentum, 

angular momentum 
Q–electric charge (…,-1,0,+1,…)
S–strange number (…,-2,-1,0,+1,+2,…)
B-Baryon number (-1, 0, +1)
L-lepton number (-1, 0, +1) 

Mesons (2 quarks), Baryons (3 quarks), Leptons, 
Bosons, … 
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Classification … Again

meson octet baryon octet

baryon decapet

prediction:

bound state of
3 strange quarks
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Brookhaven National Lab (BNL), 1947

33 GeV proton synchrotron
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Discovery of the Omega Minus

1964

80-inch bubble chamber

Nick Samios

Who with who collision?
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Stanford Linear Accelerator Center 
(SLAC) , 1962

2-mile long linear accelerator 30 GeV

electrons
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Quarks and anti-quarks ???

1964

Murray Gell-Mann

up
down

strange

mesons:

baryons:

How quarks were discovered?
Who with who collision?
How quarks were named? 

http://hyperphysics.gsu.edu/hbase/Particles/quark.html#c1
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Inside the Proton

1968

Kendall Friedman Taylor

Rutherford scattering off 
of a point objects again
-deep inelastic scattering

SLAC - MIT Group
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Inside the Proton

proton

u
d du u

d
proton neutron
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Fundamental Particle Physics by …

1974

leptons

quarks

gauge boson

Compare with 1932 classification
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The Golden Period
1974 - 1982
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Discovery of a New Quark

SPEAR – 
Berkeley ? 
Stanford group ?
Electron-positron collision at 3GeV
J-psi meson 

1974
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Discovery of a New Quark

Burt Richter
@ Stanford

bound state of charm and anti-charm quarks.
Charmonium !
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Simultaneous Discovery

Sam Chao Ting
@ Brookhaven

AGS-experiment
Proton-proton
Collision, at 33GeV

Double-arm spectrometer
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physics, US politics and money

1990, Waxahachie, south of Dallas, Texas 
• Superconducting Super Collider (SSC), 87.1 km 

circumference, 20 TeV/proton x2
• Aprox 7 billion dollars 
• cancelled in 1993 
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Discovery of a New Heavy Electron

Martin Perl

1975

Electron-positron 
collision at ~3GeV

Tau lepton (just like 
electron except about 
2000 times more 
massive.
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Fermilab

Robert
Wilson

400 GeV Proton Synchrotron
2km (1.3mi) diameter ring
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Discovery of Another New Quark

1976

Leon Lederman

bound state of bottom
and anti-bottom quarks
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Discovery of the Gluon
1979 30 GeV e+e- Collider 

TASSO detector at DESY, PETRA-Positron Electron Tandem Ring Accelerator 

carrier of the strong force
Quantum Chromo Dynamics

binds quarks together 
to make proton
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Since 1948-a visual 
representation of 
particle interactions in 
quantum field theory. 
-Squiggly, dotted, 
straight lines with 
arrows 
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The Standard Model

Quantum Electrodynamics
charged particles interacting 
by photon exchange

Quantum Chromodynamics
quarks interacting 
by gluon exchange

Weak Force
particles interacting 
by W and Z exchange

atomic physics

binding of quarks

heavy lepton decay
heavy quark decay
neutrino interactions
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CERN 

proton - antiproton 
collisions at 450 GeV

Off to the French Alps
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Discovery of the W and Z bosons 
1982

Rubbia and van 
der Meer

UA 1 Detector
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Fundamental Particle Physics

1982: The Standard Model

leptons

quarks

gauge bosons
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The Recent Period
1982 - 2012
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Large Electron-Positron (LEP)

100 GeV electron - positron
     collisions at CERN

1989 - 2000

27 kilometer tunnel
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Z Factory

Over 10 million Z’s produced
and decays studied by four
large detectors

Aleph Detector
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Precision Tests of Standard Model

• Standard Model tested to 0.1% level

• Only three light neutrinos

in agreement with all measurements
down to 10-16 cm

• Higgs still missing
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Discovery of the Top Quark
2 TeV Proton - Antiproton collisions 1995

Fermilab Tevatron Collider

D0 Collaboration

Production top anti-top
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Fundamental Particle Physics

20012

leptons

quarks

gauge bosons

Higgs
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The Large Hadron Collider

14 TeV proton antiproton 
collisions in the LEP tunnel

2012

Atlas Detector CMS Detector

probing matter at
the 10-17 cm scale
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6 min 
Large Hadron Collider - Animation Video

https://www.youtube.com/watch?v=FLrEghnKncA 

https://www.youtube.com/watch?v=FLrEghnKncA
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Summary

6 quarks and 6 leptons
® Fundamental constituents:

® Three fundamental forces:
Electromagnetic Strong Weak

mediated by
photons

mediated by
gluons

mediated by
W+  W-  Z0

plus antiparticles

® Agrees with all experiments to 10-16 cm

® Higgs particle 

Complete, consistent theory of fundamental physics 
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As of now, 2024, this is it … 



82


