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The Standard Model of Particle Physics

3This Photo is licensed under CC BY

https://www.universetoday.com/tag/fundamental-particles/
https://creativecommons.org/licenses/by/3.0/


Other Standard Model 
Representations

4Chris Quigg: A New Map of All the Particles and Forces | Quanta Magazine

https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/


A Short History
of
Particular 
Understandings
(a whirlwind, ignoring many atomic and radioactive developments)
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From Democritus to Newton
Democritus (~400 BCE)
• 𝛼𝜏𝜊𝜇𝜊𝜎 “atomos” = “indivisible”

• Matter cut through via its empty 
spots

• Infinite in number
• All made of similar material

Aristotle
• Four elements, “minima”

• Lower limit on size of particles 
with properties

    ⋮ 
Newton
• Light as a
“corpuscle”

• Taken
from
Gassendi
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Carl Sagan’s Cosmos
Democritus' Idea of the Atom

Ancient Atomism-Stanford Encyclopedia of Philosophy
Philosophy of Science Timeline

This Photo is licensed under CC BY-SA

This Photo  is licensed under CC BY-SA
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https://youtu.be/AsyxOWx5CE4
https://chem.libretexts.org/Bookshelves/Introductory_Chemistry/Introductory_Chemistry_(CK-12)/04%3A_Atomic_Structure/4.01%3A_Democritus'_Idea_of_the_Atom
https://plato.stanford.edu/entries/atomism-ancient/
https://www.timetoast.com/timelines/philosophy-of-science-timline
https://en.wikipedia.org/wiki/Aristotle
https://creativecommons.org/licenses/by-sa/3.0/
https://en.wikipedia.org/wiki/Parmenides
https://creativecommons.org/licenses/by-sa/3.0/
https://matematics.wordpress.com/2019/04/08/sir-isaac-newton/
https://creativecommons.org/licenses/by-nc-nd/3.0/


The Photon as a Wave
Renee Descartes (1637)
• Theory of refraction

• Analogy of sound waves
• Faster in medium—wrong

 

Christiaan Huygens (1678)
• Mathematical theory

• “Luminous aether”
• Predicted interference

 

Thomas Young (~1800)
• First diffraction experiments

• Colors as various wavelengths
 

James Clerk Maxwell
• Inspired by Faraday (1846)

• Plane of polarization rotated  when 
traveling through 𝐵

• Maxwell’s Equations (1873)
• Govern dynamics of electricity and 

magnetism
• First unification of forces
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https://fr.wikipedia.org/wiki/Ren%C3%A9_Descartes
https://creativecommons.org/licenses/by-sa/3.0/
https://www.flickr.com/photos/38483926@N07/3757963275/
https://creativecommons.org/licenses/by-sa/3.0/
https://pressbooks.nscc.ca/heatlightsound/chapter/27-3-youngs-double-slit-experiment/
https://creativecommons.org/licenses/by/3.0/
https://www.history1700s.com/index.php/articles/14-guest-authors/1885-thomas-young-1773-1829-biography-of-the-last-man-who-knew-everything.html
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://longstreet.typepad.com/thesciencebookstore/2013/08/fine-portrait-of-james-clerk-maxwell.html
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://commons.wikimedia.org/wiki/Category:Photon?uselang=fr
https://creativecommons.org/licenses/by-sa/3.0/


The Electron
J. J. Thomson (1897)

• Investigated “cathode rays”
• Deflected in 𝐸

• Rays made into beam via slit
• Passed between Al plates

• Connected to battery voltage
Ԧ𝐹 = 𝑞𝑒𝐸 = 𝑚𝑒 Ԧ𝑎

• Deflection!

• Charge-to-mass ratio (𝑒/𝑚)
• Used same apparatus: 𝐸 & 𝐵

Ԧ𝐹 = 𝑞𝑒 𝐸 + Ԧ𝑣 × 𝐵

• Given curvature 𝑟:

𝑞𝑒

𝑚𝑒
=

𝐸

𝐵2𝑟
= −1.7882 × 1011

C

kg

8This Photo is licensed under CC BY-SA e/m Apparatus | PASCO

Electric fields BBC Bitesize

https://en.wikipedia.org/wiki/J._J._Thomson
https://creativecommons.org/licenses/by-sa/3.0/
https://www.pasco.com/products/lab-apparatus/electricity-and-magnetism/magnetic-fields/se-9629
https://www.bbc.co.uk/bitesize/guides/zyfyyrd/revision/2#:~:text=In%20an%20electric%20field%20a%20charged%20particle%2C%20or,will%20be%20repulsive%2C%20it%20will%20push%20them%20apart.


The Planckian Revolution of the “Quanta”

equipartition theorem

• “Ultraviolet catastrophe” (1900)
• Black body radiation explanation 

from equipartition theorem

• Jeans law diverges at low 𝜆

• Infinite energy density

Max Planck

• Derived correct black body curve

• Assumed…
• EM radiation emitted/absorbed as 

discrete energy packets

𝐸𝑞𝑢𝑎𝑛𝑡𝑎 = ℎ𝜈 = ℎ
𝑐

𝜆
• Applied to partition function in 

similar statistical mechanics
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Rayleigh-Jeans Law

𝑆 𝜆 =
2𝑐𝑘𝐵𝑇

𝜆4

Planck’s Law

𝑆 𝜆 =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝑏𝑇 − 1

Lord Kelvin and the End of Physics, which he Never Predicted

https://en.wikipedia.org/wiki/Equipartition_theorem
https://thegrandmalogbook.blogspot.com/2019/12/max-karl-planck-black-body-radiation-law.html
https://creativecommons.org/licenses/by-sa/3.0/
https://chem.libretexts.org/LibreTexts/Howard_University/Howard:_Physical_Chemistry_Laboratory/10._Blackbody_Radiation
https://creativecommons.org/licenses/by-nc-sa/3.0/
http://physics.stackexchange.com/questions/289288/what-is-the-relationship-between-the-wavelengths-of-the-energy-absorbed-by-an-ob
https://creativecommons.org/licenses/by-sa/3.0/
https://www.bbvaopenmind.com/en/science/physics/lord-kelvin-and-the-end-of-physics-which-he-never-predicted/


The Photon as a Particle

Einstein (1905)
• Built on Thomson and 

Planck’s work
• Photons (particles) 

have characteristic 𝐸𝛾
• Electron (particle) in 

material has certain 
“binding energy”

• Must do work to 
remove from material

• Quantum effect
• All absorbed…
• …or none at all
• If 𝐸𝛾 < 𝑊, no escape

𝐾𝑚𝑎𝑥 = ℎ 𝜈 − 𝜈𝑜 10
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~Bohr Model of the atom (1913)

https://www.flickr.com/photos/huanjo/13475432443/
https://creativecommons.org/licenses/by-sa/3.0/
https://radiopaedia.org/articles/photoelectric-effect
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Map%3A_Physical_Chemistry_(McQuarrie_and_Simon)/01%3A_The_Dawn_of_the_Quantum_Theory/1.3%3A_Photoelectric_Effect_Explained_with_Quantum_Hypothesis
https://creativecommons.org/licenses/by-nc-sa/3.0/


The Proton
Ernest Rutherford (1919)
• Renowned for 𝛼 particle experiments

• Discovered atomic nucleus (1911)
• Alpha particle scattering on Au

• 𝛼 particles are heavy, don’t travel far
• Activity beyond typical range of 𝛼s in air

• Scintillation in a detector screen at long range

• Found interaction occurring on N (enhanced)
14N + 𝛼2+ ↛ 13C− + 𝛼2+ + 𝒑+ 1H+ ⟹ 𝟏𝟕𝐎+ + 𝒑+ 𝟏𝐇+
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• Predicted 3 tracks, saw 2
• 3: Scattering with proton kick out
• 2: Absorption (and de-excitation)

• First nuclear reaction!

• 𝜋𝜌𝜔𝜏𝜊𝜈—”proton”—”first”
• “Building block” of all matter 

• ~Integer multiples of 1H mass

https://vi.wikipedia.org/wiki/Rutherford
https://creativecommons.org/licenses/by-sa/3.0/
https://courses.lumenlearning.com/cheminter/chapter/rutherfords-atomic-model/
https://creativecommons.org/licenses/by-nc/3.0/


The Neutron

Bakerian

Irene Joliot-Curie & Frederic Joliot
• Polonium was highly radioactive

• Marie & Pierre Curie (1898)
210Po → 𝛼 + 206Pb

• Known: an intense unknown 
radiation could be made via

𝛼 + 9Be → X
• They saw:

X + CNHN+2 → 𝑝+ high energy

• They thought X = 𝛾 incorrectly, 
would have to be too high energy

James Chadwick (1932)
• Predicted: Rutherford (1920)

• Bakerian Lecture at Royal Society
• Reported 3X2+, assumed 𝑝+ + 𝑒𝑛

−

• Had to be similar 𝑚X~𝑚𝑝

• Recoil experiments confirmed mass
9
Be + 𝛼 → 12C + 𝑛
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This Photo is licensed under CC BY-SA-NC

By Bdushaw - CC BY-SA 4.0

This Photo is licensed under CC BY-NC-ND

Highly 
penetrating

https://web.lemoyne.edu/~giunta/ruth1920.html
https://historia-biografia.com/james-chadwick/
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://commons.wikimedia.org/w/index.php?curid=63982002
https://mujeresconciencia.com/2014/09/12/irene-joliot-curie-premio-nobel-de-quimica/
https://creativecommons.org/licenses/by-nc-nd/3.0/


The Positron & Dirac’s Revolution
Paul Dirac (1928)
• Integrated special relativity & quantum mechanics

• Describes all spin-
1

2
 particles

𝑖ℏ𝛾𝜇𝜕𝜇 − 𝑚𝑐 = 0
• Built on Pauli’s theory of spins, make relativistic

• Requires use of bispinor vectors in equation
• Requires four complex numbers, not only one as in Schrödinger

• Predicted new forms of matter:
• Negative energy solutions…what do they mean physically?

• Positive electron—not before seen…could it be the proton?

• Oppenheimer: emphatically “no”, would imply instability of atom

13Dirac Interview (1982)
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Carl Anderson (1932)—also discovered 𝜇
• Cosmic rays passing through cloud chamber with lead 

plate in a magnetic field

• Inspired by Caltech classmate C.-Y. Chao (1929)
• Initial work was inconclusive and not followed up on

• Positrons appear in Joliot-Curie photographic plates

• Completed annus mirabilis at Cavendish, but waited to publish

• “Positron” name taken by suggestion from Phys. Rev. editor

• Discovery of “antimatter”

Same 
𝑒/𝑚 

between 
𝑒+ and 𝑒−

The Story of the Discovery of the Nucleus

Cloud chamber

Wikimedia Commons

https://youtu.be/xJzrU38pGWc?si=14Kcs4hvATUWrrxO
https://en.wikipedia.org/wiki/Paul_Dirac
https://creativecommons.org/licenses/by-sa/3.0/
https://en.wikipedia.org/wiki/California_institute_of_technology
https://creativecommons.org/licenses/by-sa/3.0/
https://mappingignorance.org/2013/05/10/raw-science-detected-positively/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://history.aip.org/exhibits/rutherford/sections/atop-physics-wave.html
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg
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Fermilab 
QuarkNet -

How to Build a 
Cloud Chamber

How does a 
cloud chamber 

work?

https://quarknet.fnal.gov/resources/QN_CloudChamberV1_4.pdf
https://quarknet.fnal.gov/resources/QN_CloudChamberV1_4.pdf
https://quarknet.fnal.gov/resources/QN_CloudChamberV1_4.pdf
https://quarknet.fnal.gov/resources/QN_CloudChamberV1_4.pdf
https://youtu.be/_HI77vKyVDE?si=eh7wjHMqi9EAE1AX
https://youtu.be/_HI77vKyVDE?si=eh7wjHMqi9EAE1AX
https://youtu.be/_HI77vKyVDE?si=eh7wjHMqi9EAE1AX


The Pion (and Kaon)

15

Nuclear Force animation by 
Manishearth CC BY-SA 3.0

This Photo is licensed under CC BY
photographic emulsions

Predicted by Hideki Yukawa (1935)

• Carriers of the strong nuclear force

• 𝑚𝜋~100MeV/c2 from size of nucleus

• 𝜇 (previously “mu meson”) was candidate

Cecil Powell (1947)

• Method w/photographic emulsions

• Fine suspension (colloid) of insoluble light-

sensitive crystals in gelatin (Nobel 1950)

• Exposed plates at high-altitude

• Must utilize high energy cosmic rays

Emulsion photo of a cosmic ray pion 
Science Photo Library By Reculet - Own work, CC0

𝜋

Nuclear emulsions

https://en.wikipedia.org/wiki/Pion#/media/File:Nuclear_Force_anim_smaller.gif
https://commons.wikimedia.org/wiki/User:Manishearth
https://creativecommons.org/licenses/by-sa/3.0
https://biografiteladan.blogspot.com/2014/08/biografi-hideki-yukawa-profesor-geologi.html
https://creativecommons.org/licenses/by/3.0/
https://en.wikipedia.org/wiki/Nuclear_emulsion
https://www.sciencephoto.com/media/1226/view/emulsion-photo-of-a-cosmic-ray-pion
https://www.sciencephoto.com/media/1226/view/emulsion-photo-of-a-cosmic-ray-pion
https://commons.wikimedia.org/w/index.php?curid=143700253
https://en.wikipedia.org/wiki/Nuclear_emulsion
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The Electron Neutrino (𝝂𝒆)
The Problem of 𝜷 Decay

𝛽-decay of nuclei

• Instability of 𝑛
• Decays to slightly lighter 𝑝

• Theorized to be ~2-body
• Resulted in single value 𝐸𝛽

James Chadwick (1914)

• Observed cont. spectrum
→ 𝐸𝛽 ⊂ 0, 𝐸𝑚𝑎𝑥

Wolfgang Pauli (1930)

• Pred. light neutral particle
• “Neutron”

Enrico Fermi (1931, 1933)

• “Little neutral one”–neutrino

• Landmark theory of 𝛽 decay
• Quantum mechanical

• “Weak” processes hard to detect
17

“𝛽-ray”

𝛽-decay of a nucleus

By Inductiveload - Own work, Public Domain

By HPaul - Own work, CC BY-SA 4.0

This Photo is licensed under CC BY

This Photo is licensed under CC BY

Weak Interactions: Beta decay, Neutrinos & Parity Violation

Wikimedia Commons

https://commons.wikimedia.org/wiki/User:Inductiveload
https://commons.wikimedia.org/w/index.php?curid=2859203
https://commons.wikimedia.org/wiki/User:HPaul
https://commons.wikimedia.org/w/index.php?curid=39687813
https://courses.lumenlearning.com/physics/chapter/30-9-the-pauli-exclusion-principle/
https://creativecommons.org/licenses/by/3.0/
https://pressbooks.online.ucf.edu/phy2054jr/chapter/nuclear-decay-and-conservation-laws/
https://creativecommons.org/licenses/by/3.0/
https://www-atlas.lbl.gov/~shapiro/Physics226/lecture14.pdf
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg


The Electron Neutrino (𝝂𝒆)
The Cowan & Reines Experiment
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“𝛽-ray”

𝛽-decay of a nucleus

Public Domain

HyperPhysics: Cowan and Reines Neutrino Experiment

                                     Weak Interactions: Beta decay, Neutrinos & Parity Violation

From Fermi, one can begin predicting 
many possible reactions:
• 𝛽 decay (known)

𝑛 → 𝑝 + 𝑒− + 𝜈𝑒

• 𝛽 capture (somewhat known)
𝑒− + 𝑝 → 𝑛 + 𝜈𝑒

𝑒+ + 𝑛 → 𝑝 + ҧ𝜈𝑒

• Inverse 𝛽 decay (prediction)
𝜈𝑒 + 𝑛 → 𝑝 + 𝑒−

ഥ𝝂𝒆 + 𝒑 → 𝒏 + 𝒆+

• The final of these offers tantalizing 
experimental possibilities

• Coincidence of
𝑒+ + 𝑒− → 𝟐𝜸

𝑛 + Z
AN → Z

A+1N∗ → Z
A+1N + 𝜸

Cowan and Reines (1956)
• Used Savannah River nuclear plant
• Utilized 110 fast photomultiplier tubes

• Water detector with dissolved cadmium

• Looked for coincidence of 2𝛾𝐹 + 𝛾𝑆
• Within 5𝜇s

Big World of Small Neutrinos (FNAL)

Wikimedia 
Commons

https://commons.wikimedia.org/w/index.php?curid=331239
https://www.hsc.edu.kw/student/materials/Physics/website/hyperphysics%20modified/hbase/particles/cowan.html
https://www-atlas.lbl.gov/~shapiro/Physics226/lecture14.pdf
https://conferences.fnal.gov/lp2003/forthepublic/neutrinos/
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg


The Muon Neutrino (𝝂𝝁)

• Knowing charged pions decay weakly
𝜋± → 𝜇± + 𝜈𝜇 ҧ𝜈𝜇

and similarly that muons decay via
𝜇± → 𝜈𝜇 ҧ𝜈𝜇 + 𝑒± + 𝜈𝑒 ҧ𝜈𝑒

One can conceive of creating a 𝜈 beam
• Controlling upstream charged particles!

M. Schwarz, L. Lederman, J. Steinberger

• Created 𝜋± beam, impinged steel wall

19This Photo is licensed under CC BY

Physics (APS) - Discovery of a 2nd Kind of Neutrino
From Brookhaven National Laboratory

By FNAL Public Domain

This Photo is licensed under CC BY-SA

The Nobel Prize in Physics 1988

Wikimedia 
Commons

Al plates
Filled with Ne

Photographs &
even digitization

• Blocked most 𝜋± and 𝜇±

• Decayed quickly, made 𝜈𝜇 predominately

https://www.universetoday.com/tag/particle/
https://creativecommons.org/licenses/by/3.0/
https://physics.aps.org/articles/v8/75
https://history.fnal.gov/photos_directors/lederman.jpg
https://commons.wikimedia.org/w/index.php?curid=2091794
https://en.m.wikipedia.org/wiki/Jack_Steinberger
https://creativecommons.org/licenses/by-sa/3.0/
https://www.nobelprize.org/prizes/physics/1988/9557-the-hunt-for-the-muon-neutrino/
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg
https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg


The Quarks and Gluons (Partons)
Murray Gell-Mann (1961)
• Three-Quark Model (a la Finnegan’s Wake)
• The Eightfold Way (a la Buddha)

• 𝑆𝑈(3) flavor sym.—only a mathematical tool?
• Mathematical group theory representation
• Rotations of “flavor” via vector transformations

𝑢 ≡
1
0
0

, 𝑑 ≡
0
1
0

, 𝑠 ≡
0
0
1

• Spin-0 meson octet (later nonet)

• Spin-
1

2
 baryon octet & spin-

3

2
 decuplet

• Yielded prediction of the Ω− baryon (1962→1964)

Electron scattering at SLAC (1969)
• Showed point-like objects within 𝑝

• The proton is not elementary!

Richard Feyman (1969)
• “Partons” within hadrons (𝑝, 𝑛, 𝜋, …) are real
James Bjorken (1975)
• Partons are quarks & gluons
• Explains SLAC electron scattering data

This Photo is licensed under CC BY-SA-NCThis Photo is licensed under CC BY-NC-ND

By AnonyScientist - Public Domain

James Bjorken
Bjorken scaling 20By Laurascudder, CC BY-SA 3.0

https://www.astroblogs.nl/2019/05/25/natuurkundige-murray-gell-mann-overleden/
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://acartoonguidetophysics.blogspot.com/2011/10/scientist-story-1-richard-feynman.html?m=0
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://en.wikipedia.org/wiki/User:AnonyScientist
https://commons.wikimedia.org/w/index.php?curid=3927188
https://en.wikipedia.org/wiki/James_Bjorken
http://scholarpedia.org/article/Bjorken_scaling
https://commons.wikimedia.org/wiki/User:Laurascudder
https://commons.wikimedia.org/w/index.php?curid=2379550


The Quarks and Gluons (Partons)

November Revolution

Bottom quark from cap upsilon meson

Glashow, Iliopoulos, & Maiani (1970)
•  GIM mechanism required charm quark

• Arguments from unitarity beyond Cabibbo
• Original Cabibbo matrix was only 4 × 4, needed more!

• Charm predicted by Glashow and Bjorken (1964)

Kobayashi & Maskawa (1973)
• Two new flavors required

• Bottom (beauty) & top (truth)

• Quark mixing via weak interactions

𝑑′ 𝑢′

𝑠′ 𝑐′

𝑏′ 𝑡′
=

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏

𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏

𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

𝑑 𝑢
𝑠 𝑐
𝑏 𝑡

 

• Use of Cabibbo angle for rotations (1963)

Richter (SLAC) and Ting (BNL)
• Discovery of 𝐽/𝜓 charmed meson

• “November Revolution” of 1974

Lederman team at FNAL
• Bottom quark from Υ meson

• Lifetime: 1.21 × 10−21s

CDF & DO at FNAL Tevatron
• Top quark (1995)
DESY three-jet events
• Gluon (1979)
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50 Years of the GIM Mechanism – CERN Courier
H.-J. He, J. Ellis, J. Iliopoulos, S. L. Glashow, V. Riquer & L. Maiani

∗ ∗ ∗

Nobel rewards for work on broken symmetry

Derivative work, from public domain work

By Niamh O’C, CC BY-SA 3.0

By Headbomb - Own work, Public Domain

The Cabibbo angle, 60 years later – CERN Courier

Υ mass 
peak

Public Domain

https://en.wikipedia.org/wiki/J/psi_meson
https://lss.fnal.gov/archive/1997/conf/Conf-97-432-E.pdf
https://cerncourier.com/a/50-years-of-the-gim-mechanism/
https://cerncourier.com/a/nobel-rewards-for-work-on-broken-symmetry/
https://commons.wikimedia.org/w/index.php?curid=7415772
https://en.wikipedia.org/wiki/User:Niamh_O%27C
https://commons.wikimedia.org/w/index.php?curid=36881396
https://en.wikipedia.org/wiki/User:Headbomb
https://commons.wikimedia.org/w/index.php?curid=5625956
https://cerncourier.com/a/the-cabibbo-angle-60-years-later/
https://commons.wikimedia.org/w/index.php?curid=1570293
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Collider Detector Facility (CDF) at Fermilab - Science Photo Library

https://www.sciencephoto.com/media/1008/view


Three Generations of Elementary Matter

23This Photo is licensed under CC BY

https://www.universetoday.com/tag/fundamental-particles/
https://creativecommons.org/licenses/by/3.0/


Putting it all together…
Quantum Field Theory



Symmetries & Conservation Laws
Consider a transformation in a 
single coordinate 𝑞
• Cont. symmetry:

𝜑: 𝑞 𝑡 → 𝑞 𝑡 + 𝛿𝑞 𝑡
where 𝑞 𝑡  is a trajectory 

Examples in classical physics:
• If symmetric in time…

• Energy conserved!
• If symmetric in space…

• Momentum conserved!
• Symmetric under rotations…

• Ang. momentum conserved!

Used everywhere!
• Classical dynamics
• General relativity
• Quantum field theory

“Noether was the most significant 
creative mathematical genius thus 
far produced since the higher 
education of women began.”
-Albert Einstein, The New York Times
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Chris Quigg: A Century of Noether's Theorem
Chris Quigg Seminar
Don Lincoln: The Most Significant Genius

This Photo  is licensed under CC BY-SA-NC

“If a system has a 
continuous 
symmetry 

property, then 
there are 

corresponding 
quantities whose 

values are 
conserved…”

-W. J. Thompson, 
Angular 

Momentum
By L3erdnik - Own work, CC BY-SA 4.0

Lagrangian Mechanics
Hamilton’s Principle
UCSD: The Physics of Noether's Theorem
Lagrangian Classical Field Theory
Path Integral Formulation of QM

By Maschen - Own work, CC0

𝛿𝑆 = 0

𝒒 𝒕  → Action is invariant

https://arxiv.org/pdf/1902.01989
https://www.youtube.com/watch?v=FO_DmWYtAxg
https://youtu.be/Rqfj7n5aSwY?si=EE7bS9XtLLWDk9FA
https://eng.libretexts.org/Under_Construction/Sets_Logic_Computation_(Zach)/zz:_Back_Matter/23:_Appendix_C:_Biographies/1.05:_Emmy_Noether
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://commons.wikimedia.org/wiki/User:L3erdnik
https://commons.wikimedia.org/w/index.php?curid=81281729
https://en.wikipedia.org/wiki/Lagrangian_mechanics
https://en.wikipedia.org/wiki/Hamilton%27s_principle
https://courses.physics.ucsd.edu/2010/Fall/physics200a/LECTURES/CH07.pdf
https://en.wikipedia.org/wiki/Lagrangian_(field_theory)
https://en.wikipedia.org/wiki/Path_integral_formulation
https://commons.wikimedia.org/wiki/User:Maschen
https://commons.wikimedia.org/w/index.php?curid=21265926


Quantum Electrodynamics: 𝑼 𝟏
• Term due to Dirac

• Quantization of EM field as harm. osc.
• Creation and annihilation operators

• First full theory developed by Fermi
• Worked to 1st order, diverged after
• Bethe: 1st ideas of “renormalization”

• Schwinger, Tomanaga, Feynman
• Feynman’s math based on his diagrams

• Unique, direct view of perturbation theory
• Approaches were equivalent (Dyson series)

• Attached physical meanings to infinities

• Template for all other QFTs
• Conserved electric current
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This Photo is licensed under CC BY

Mandelstam variables

First 𝜎(𝑒+, 𝑒−) 
from Bhabha

This Photo is licensed under CC BY-NC-ND

https://blocfiq.ub.edu/2018/11/14/recordant-richard-feynman-1918-1988-2/
https://creativecommons.org/licenses/by/3.0/
https://en.wikipedia.org/wiki/Mandelstam_variables
https://tinanantsou.blogspot.com/2020/02/freeman-john-dyson-96.html
https://creativecommons.org/licenses/by-nc-nd/3.0/


Elements of Feynman Diagrams

theory

Particle interactions mediated by (virtual gauge) bosons
• Vertex must be “dimension” 𝑑 = 4 (generally true for all SM)

• Particles (electrons, positrons in QED) are 𝑑 =
3

2

• Bosons (photons in QED) are 𝑑 = 1

• Summing for interactions: 𝑑 = 𝑑1 + 𝑑2 + 𝑑3 =
3

2
+

3

2
+ 1 = 4 ⇔ ~𝜙4 theory
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Feynman diagrams

Propagator

Boson
Particle

Interaction

https://en.wikipedia.org/wiki/Quartic_interaction
https://en.wikipedia.org/wiki/Feynman_diagram


Electroweak Unification: 𝑺𝑼 𝟐 × 𝑼 𝟏
Madame C. S. Wu
• Studied 𝛽 decays of 60Co

60Co → 60Ni + e− + ҧ𝜈𝑒 + 2𝛾
• Found preferred direction for outgoing 𝛾s

• Unexpected! Spatial parity is not conserved!
• Required a new view of weak & EM interactions 

together with a distinct handedness

Glashow, Salam (1964), Weinberg (1967)
• 𝑍 boson predicted, but non-renormalizable
• Predicted massless photon, three massive bosons
• Found symmetries predicting masses of 𝑊± & 𝑍 bosons

• Claimed was renormalizable
• Incorporated spontaneous symmetry breaking
• T’Hooft proved this

• Unified EM and weak interaction: 𝑆𝑈 2 𝐿 × 𝑈 1 Y
• Conserved weak isospin and weak hypercharge 𝑌
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By A. V. Astin, Public Domain Smithsonian

By nagualdesign - Own work CC0

By Joel Holdsworth - Own work, Public DomainDutch National Archives

Unifying the Forces: 
Electroweak Theory

Electroweak Theory and the 
Origin of the Fundamental 

Forces

https://commons.wikimedia.org/w/index.php?curid=30875023
https://www.flickr.com/people/25053835@N03
https://en.wikipedia.org/wiki/User:Nagualdesign
https://commons.wikimedia.org/w/index.php?curid=97671385
https://commons.wikimedia.org/w/index.php?curid=1754301
http://www.gahetna.nl/over-ons/open-data
https://www.youtube.com/watch?v=WH09FdJeo0M
https://www.youtube.com/watch?v=WH09FdJeo0M
https://www.youtube.com/watch?v=qKVpknSKgE0
https://www.youtube.com/watch?v=qKVpknSKgE0
https://www.youtube.com/watch?v=qKVpknSKgE0


Quantum Chromodynamics: 𝑺𝑼 𝟑
Strong (nuclear) interactions (of partons)

• “Strong”: many infinities to deal with…

• Short distance physics became untenable 
(Landau)

• Clues: Gell-Mann’s work hadron structure

• Particles were real, and strongly interacting

• Bjorken’s work lead to new theories

• “Color” & quark flavor as a conserved charges

Fritzsh and Leutwyler (1973)

• Color as source of the strong field

Gross, Politzer, Wilczek (1973)

• Asymptotic freedom prevented Landau poles

• Predicted color confinement

• Can search for hadronization (jet production) in 
high-energy experiments

• Lund string models
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By Manishearth - Own work, CC BY-SA 3.0

By Cjean42 - Own work, CC BY-SA 3.0

https://en.wikipedia.org/wiki/Landau_pole
https://en.wikipedia.org/wiki/Lund_string_model
https://commons.wikimedia.org/wiki/User:Manishearth
https://commons.wikimedia.org/w/index.php?curid=15417126
https://commons.wikimedia.org/wiki/User:Cjean42
https://commons.wikimedia.org/w/index.php?curid=23114178
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Added Dirac

Altogether Now
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This Photo is licensed under CC BY-SA

http://physics.stackexchange.com/questions/129110/can-a-neutrino-act-as-a-virtual-particle-between-two-electrons-to-mediate-an-ele
https://creativecommons.org/licenses/by-sa/3.0/


32This Photo by Sean Carrol (2012) is licensed under CC BY-SA

http://physics.stackexchange.com/questions/111103/periodic-table-of-particles-of-the-standard-model
https://creativecommons.org/licenses/by-sa/3.0/
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Still Searching for What’s Next



Neutrino Oscillations

Homestake Detector

Homestake Detector

𝝂𝒆 + 𝟑𝟕𝐂𝐥 → 𝟑𝟕𝐀𝐫 + 𝒆−

2002 Nobel Prize in Physics
2015 Nobel Prize in Physics Sudbury Neutrino Observatory

Super-Kamiokande
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https://en.wikipedia.org/wiki/Homestake_experiment
https://www.nobelprize.org/prizes/physics/2002/summary/
https://physics.aps.org/articles/v8/97
https://en.wikipedia.org/wiki/Sudbury_Neutrino_Observatory
https://en.wikipedia.org/wiki/Super-Kamiokande


Thank-you!

Questions?
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Future Experimental 𝝂 
Physics

• Goal:
• Extract 𝜈 oscillation parameters

• Implications
• Leptogenesis, cross sections, 𝜏 production, 

BSM, Non-Standard Interactions

• Challenges
• Broadband 𝜈 spectra

• Unknown initial 𝜈 energy
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𝜈𝑒
𝜈𝜇
𝜈𝜏

Wiki

𝑷𝝂𝜶→𝝂𝜷
𝑬𝝂, 𝐭𝐫𝐮𝐞, 𝑳 ≈ 𝐬𝐢𝐧𝟐 𝟐𝜽 𝐬𝐢𝐧𝟐

𝚫𝒎𝟐𝑳

𝟒𝑬𝝂, 𝐭𝐫𝐮𝐞

https://en.wikipedia.org/wiki/Neutrino_oscillation
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oscillations

solar, atmospheric

• Evidence of oscillations 

from solar, atmospheric 

and many other 𝜈 

experiments

• Massive states are active 

mixtures of flavor states

• Three-flavor model 

parameterized by the 

Pontecorvo-Maki-

Nakagawa-Sakata 

(PMNS) matrix

𝜈𝑒

𝜈𝜇

𝜈𝜏

= 𝐔𝐏𝐌𝐍𝐒

𝜈1

𝜈2

𝜈3
2015 Nobel Prize in 

Physics

PDG
NuFit
Phys. Rev. Lett. 81, 1562 (1998)
Phys. Rev. Lett. 87, 071301 (2001)
Phys. Rev. Lett. 89, 011301 (2002)
R. S. Jones’ thesis

Neutrino Oscillations: 3-Flavor Mixing

~𝟐. 𝟓 × 𝟏𝟎−𝟑𝐞𝐕𝟐

~𝟕 × 𝟏𝟎−𝟓𝐞𝐕𝟐

Δ𝑚2 ≡ 𝑚𝛼
2 − 𝑚𝛽

2

http://www.nu-fit.org/?q=node/228
https://pdg.lbl.gov/2020/listings/rpp2020-list-neutrino-prop.pdf
https://physics.aps.org/articles/v8/97
https://physics.aps.org/articles/v8/97
https://pdg.lbl.gov/2020/listings/rpp2020-list-neutrino-prop.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.1562
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.071301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.011301
https://livrepository.liverpool.ac.uk/3143192/1/200875487_Oct2021.pdf
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•Massive states are mixtures 

of flavor states

• Four-flavor model 

parameterized by the extended 

𝟑 + 𝟏 mixing matrix

• 3 active, 1 sterile

• All 𝜈 flux is conserved!

• Energy dependent effects

• 4th 𝜈𝑠 can lead to:
• Excess 𝜈𝑒 → 𝜈𝑠 disapperance

• Excess 𝜈𝜇 → 𝜈𝑠 disappearance

• Excess 𝜈𝜇 → 𝜈𝑠 → 𝜈𝑒 appearance

𝜈𝑒

𝜈𝜇

𝜈𝜏
𝜈𝑠

= 𝐔𝐏𝐌𝐍𝐒
𝐁𝐒𝐌

𝜈1

𝜈2
𝜈3

𝜈4

Neutrino Oscillations: 4-Flavor Mixing

~𝟏 𝐞𝐕𝟐

𝑷𝝂𝜶→𝝂𝜷
𝑬𝝂, 𝐭𝐫𝐮𝐞, 𝑳 ≈ 𝐬𝐢𝐧𝟐 𝟐𝜽 𝐬𝐢𝐧𝟐 𝟏. 𝟐𝟕𝚫𝒎𝟐

𝑳

𝑬𝝂, 𝐭𝐫𝐮𝐞



Water Cherenkov 
Detectors

• Super & Hyper-Kamiokande’s 
technology
• Well understood, battle tested
• Huge masses, statistics

• Oxygen as main nuclear target
• “Simple” symmetric nucleus

• Reconstruct particle momenta 
from Cherenkov rings
• High proton thresholds
• Lack of 𝛾/𝑒 separation power
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Liquid Argon Time Projection Chambers

• DUNE’s technology

• Argon as target
• Complex nucleus

• Ionization of LAr for 
track reconstruction
• Low proton 

thresholds
• 𝑑Q/𝑑𝑠~𝑑𝐸/𝑑𝑠 for 

calorimetry
• 𝛾/𝑒 separation power

Animation from Bo Yu (BNL)
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