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The Particle Zoo 
Beginning soon after the Second World War, 

enormous particle accelerators yielded evidence of 
huge numbers of nuclear particles. 

First challenge: most of the particles interacted 
strongly with each other (g2 ~ 15 rather than e2 ~ 
1/137), so perturbative methods broke down. 

Second challenge: could all 100+ particles really 
be equally “elementary” or fundamental? 

Berkeley Bevatron, 1955 

  

  

       
  

   

       
     

     

       
    

     
    

         
  

     
  

  
    

    
     

Geoffrey Chew’s program of “nuclear 
democracy” and the “bootstrap”: maybe 
all of  these particles were bound states of 
each other. Aim to replace QFT while 
focusing on dynamics: the self-consistent 
forces among all the nuclear particles. 

© George Rinhart / Getty Images (left), © source unknown (right). All rights reserved. 
This content is excluded from our Creative Commons license. For more information, see 
https://ocw.mit.edu/help/faq-fair-use/ 

Step 1: A r produces an attractive force between two pions, 
causing them to approach each other: Fforce(mr, g). 

Step 2: Upon colliding, the two pions produce a new 
composite particle, the r: Fres(mr, g). 
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Werner Heisenberg, “On the 
structure of  atomic nuclei,” 1932 

The Particle Zoo: Classification 
During the 1950s and 1960s, some particle theorists pursued a 

distinct approach to the challenge of the particle zoo: classification. 
They set aside the question of dynamics to focus on ways to group 
various particles into “families,” focusing on “internal 
symmetries.” 

This approach hearkened back to the idea of isospin, first 
introduced by Werner Heisenberg in 1932, just a few months after 
James Chadwick presented evidence of the neutron. 

Early experiments had suggested that in nuclear interactions, 
neutrons and protons had the same interaction strength, whether one 
considered p-p, p-n, or n-n scattering. Heisenberg: maybe they’re 
the same particle in one of two internal states. The symmetry was 

© Springer-Verlag. All rights reserved. This content is excluded broken due to electromagnetic effects—just as the electron state from our Creative Commons license. For more information, see 
https://ocw.mit.edu/help/faq-fair-use/ “spin up” is only distinguished from “spin down” in an external 

magnetic field. 
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Werner Heisenberg, “On the
structure of  atomic nuclei,” 1932

The Particle Zoo: Classification 
During the 1950s and 1960s, some particle theorists pursued a 

distinct approach to the challenge of the particle zoo: classification. 
They set aside the question of dynamics to focus on ways to group 
various particles into “families,” focusing on “internal 
symmetries.” 

This approach hearkened back to the idea of isospin, first 
introduced by Werner Heisenberg in 1932, just a few months after 
James Chadwick presented evidence of the neutron. 

Early experiments had suggested that in nuclear interactions, 
neutrons and protons had the same interaction strength, whether one 
considered p-p, p-n, or n-n scattering. Heisenberg: maybe they’re 
the same particle in one of two internal states. The symmetry was 
broken due to electromagnetic effects—just as the electron state 
“spin up” is only distinguished from “spin down” in an external 
magnetic field. 

“nucleon”: one type of 
particle that could occur in one 
of  two internal states of  “isospin” 
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“Associated Production” 
After the war, physicists noticed that some of the new 

particles—dubbed “strange,” because they were 
unexpected and unfamiliar—always seemed to be 
produced together during particle collisions, such as the K 
and L particles or K and S particles: 

Murray Gell-Mann and Abraham Pais suggested that a new 
quantum number, “strangeness” charge, existed and must be 
conserved: . 

© CyberPhysics (above), © CERN (below). All rights reserved. This content is excluded 
from our Creative Commons license. For more information, see 
https://ocw.mit.edu/help/faq-fair-use/ 
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Hypercharge 
In 1960, Gell-Mann and (separately) Yuval Ne’eman found that a certain combination of these new 

“charges” could account for even larger patterns. 

“Hypercharge”: Y = B + S Electric charge: Q = I + Y/2 

baryon strangeness isospin hypercharge 

proton: I = +½, Y = (1 + 0), so Q = (½ + ½) = +1 
neutron: I = -½, Y = (1 + 0), so Q = (-½ + ½) = 0 

“Eightfold Way”*: Gell-Mann found 
that he could arrange groups of  particles 
by hypercharge and isospin 

* Gell-Mann borrowed the term for the Buddhist’s 
8-step path to achieving nirvana. 
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Hypercharge 
Gell-Mann grouped other particles by hypercharge and 

isospin, and found a 10-particle pattern with a gap. Not only did 
it seem likely that a single particle with Y = -2, I = 0 should 
exist, he also noted a pattern among the particles’ masses. 

mass (MeV/c2) 

1232 

1385 

1530 

[1680] 

At a conference in 1962, Gell-Mann predicted that such a particle would be found with 
these specific properties. In 1964, experimentalists announced its discovery: the W- particle, 
with mass 1672 MeV/c2. 

© California Institute of Technology. All rights reserved. This 
content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/ 
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Questions? 
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Quarks: Fact or Fiction? 
Within 13 days of each other in January 1964, Gell-Mann and 

(separately) George Zweig proposed that the symmetries among nuclear 
particles could be associated with three constituent particles (“quarks” or 
“aces”). 

Y 

d u
1/3 

I-1/2 1/2 

s -2/3 
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Quarks: Fact or Fiction? 
Y 

d u
1/3 

I “Hypercharge”: Y = B + S-1/2 1/2 

Electric charge: Q = I + Y/2 

s -2/3 

With these assignments, Gell-Mann and Zweig could p+ = u u d 
account for all the octet and decuplet patterns among n0 = u d d 
nuclear particles: each baryon could be accounted for as W- = s s s 
a set of  3 constituent quarks, while mesons were quark- π+ = u d antiquark pairs. -π = u d 
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Quarks: Fact or Fiction? 
Y 

d u
1/3 

I “Hypercharge”: Y = B + S-1/2 1/2 

Electric charge: Q = I + Y/2 

s -2/3 

But these assignments raised new questions: 
p+ = u u d 

1. fractional electric charges? n0 = u d d 
2. Pauli exclusion principle forbids bound states of 3 W- = s s s identical spin-1/2 particles (W- = sss?) 

π+ = u d 3. dynamics: how do these objects interact with each 
-other? π = u d 
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I “Hypercharge”: Y = B + S
Electric charge: Q = I + Y/2

ques ons:

Quarks: Fact or Fiction? 
Y 

d u
1/3 

-1/2 1/2 

s -2/3 

But these assignments raised new ti 

fun to speculate about the way quarks would behave if they were physical 
Gell-Mann hedged: “A schematic model of baryons and mesons”: “It is 

particles of finite mass (instead of purely mathematical entities). ... A search 

reassure us of the non-existence of real quarks.” for stable quarks at the highest energy accelerators would help to 

George Zweig’s preprints were never accepted for publication! 

p+ = u u d 
1. fractional electric charges? n0 = u d d 
2. Pauli exclusion principle forbids bound states of 3 W- = s s s identical spin-1/2 particles (W- = sss?) 

π+ = u d 3. dynamics: how do these objects interact with each 
-other? π = u d 
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SLAC-MIT Experiments 

© SLAC. All rights reserved. This content is excluded from our Creative Commons 
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/ 

The Stanford Linear Accelerator Laboratory (SLAC) began 
operation in 1966. One of the first sets of experiments was 
directed by MIT’s Jerry Friedman and Henry Kendall: scatter 
high-energy electrons off of protons. 

This was essentially a re-play of Rutherford scattering. The 
results for scattering 
rates versus angle were 
consistent with 
internal structure within 
each proton: tiny 
scattering sites. 

© source unknown. All rights reserved. This content is 
excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use/ 
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“Partons” 
Richard Feynman and James Bjorken interpreted the SLAC-MIT 

scattering data in terms of “partons” (not necessarily quarks). 

A proton at low energy would 
be a big mess: strong internal forces, 
a jumble of moving parts. 

As seen by the speeding electron, the proton 
would undergo length contraction and its 
internal dynamics would be slowed by time 
dilation. Partons would effectively behave like 

A victory for quarks? Not right away free (non-interacting) stationary targets. 

Gell-Mann’s quarks: Feynman’s partons: 
Low-energy constituents, strongly High-energy scatterers, effectively 

interacting (bound) free (non-interacting) 
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  theoretical approach was “equivalent to that emerging from 

[Geoffrey Chew’s] emerging bootstrap-duality approach...” 

© source unknown. All rights reserved. This content is 
excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use/ 

“Partons” 
Richard Feynman and James Bjorken interpreted the SLAC-MIT 

scattering data in terms of “partons” (not necessarily quarks). 

Gell-Mann in 1972: quarks are “fictitious” and his favored 

A proton at low energy would 
be a big mess: strong internal forces, 
a jumble of moving parts. 

A victory for quarks? Not right away 

Gell-Mann’s quarks: Feynman’s partons: 
Low-energy constituents, strongly High-energy scatterers, effectively 

interacting (bound) free (non-interacting) 

As seen by the speeding electron, the proton 
would undergo length contraction and its 
internal dynamics would be slowed by time 
dilation. Partons would effectively behave like 
free (non-interacting) stationary targets. 
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QCD: Field Theory Returns 
Between 1972-74, Murray Gell-Mann, Harald Fritzsch, and 

colleagues developed a new dynamical theory of the strong nuclear 
force. Cast in analogy to quantum electrodynamics (QED), the 
new model focused on quarks (analogous to electrons) interacting 
by exchanging force-carrying gluons (analogous to photons). 

New idea: “color” charge. Each quark carries (yet another) internal quantum number (red, 
green, or blue), so they called their new model “quantum chromodynamics” (QCD). A 
few assumptions: color charge is conserved; free particles must have an exact balance among 
the color charges; and the interactions among quarks are symmetric with respect to 
permutations of the color charge. 

This helped resolve puzzles like the W-. Such a particle could be a bound state of 3 s quarks 
without violating the Pauli exclusion principle: W- = s s s. 

Image © Jacek rybak on Wikipedia. All 
rights reserved. This content is 
excluded from our Creative Commons 
license. For more information, see 
https://ocw.mit.edu/help/faq-fair-use/ 
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Gauge Symmetries 
Central to QCD is the idea of symmetry: some property of the system remains 

unchanged (or “invariant”) even following transformations. 

As an analogy, consider a sphere: its appearance remains invariant even if it is 
rotated by an arbitrary angle along any axis. Other objects obey discrete symmetries, 
e.g. rotating a square by q = nπ/2. 

Likewise, if we represent a quark by a quantum field ψ(x,t), we may perform rotations in 
(abstract) “color-space”: . (These are “local” transformations: 
the rotation angle itself can depend on x and t.) But any observable features of the system can only 
depend on |ψ |2 = |ψ’|2. 

What about dynamics? The kinetic energy of such a field depends on 

Under a local transformation, the 
kinetic energy does not remain 
invariant: 
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Gauge Fields 
To maintain symmetry under local transformations, Gell-Mann and Fritzsch added in gluons: “gauge 

fields” Aµ whose sole purpose is to enforce the relevant symmetry. 

One may then construct a “covariant derivative,” Under local 
transformations, require 

and 

Then and the kinetic energy respects the appropriate symmetry: 

Note the steps involved: hypothesize a new symmetry of  nature (quarks’ color charge can be permuted 
while leaving total color charge neutral); then invent a whole new type of  particle (the gluon) whose 
properties are fixed by the specific symmetry they are imagined to protect. 
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Free Quarks? 
The symmetry of QCD is more complicated than that of QED, and therefore the properties of the 

gluons are more complicated than those of  the photon. In particular, unlike photons, gluons can interact with 
other gluons. 

The fact that gluons can attract other gluons as well as quarks means that the force between quarks 
grows with distance, rather than getting weaker across longer distances. 

The QCD force between two quarks behaves (sort of) like a rubber band: one needs to expend more 
energy the further one wants to stretch two quarks apart. 

pull pull 

q q 
The external energy will create a quark-antiquark pair 

once DE = 2mc2, preserving the QCD color symmetry: 

“jets” first detected 
in 1982. q q q q 
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Quarks and QCD: Summary 
Whereas some particle physicists (such as Geoffrey Chew) responded to the 

postwar “particle zoo” by focusing on self-consistent dynamics, others (including 
Murray Gell-Mann) returned to a prewar emphasis upon internal symmetries and 
classification. 

Gell-Mann first began grouping particles into “families” in terms of hypercharge 
and isospin. These patterns suggested “missing” particles, such as the W-. In 1964, 
Gell-Mann and Zweig then tentatively suggested that the patterns were consistent 
with groupings of a small set of fundamental particles (“quarks” or “aces”)— 
though these hypothetical particles would have fractional charge and seemed to 
violate the Pauli exclusion principle. 

The SLAC-MIT experiments of 1967-69 suggested evidence of internal structure within protons, though 
even Gell-Mann remained ambivalent about whether “partons” were actually physical “quarks.” 

Only with the advent of quantum chromodynamics (1972-74), and evidence of new phenomena such as 
“jets” (1982) did the case for quarks seem compelling for most of the community. 

Image © source unknown. All 
rights reserved. This content is 
excluded from our Creative 
Commons license. For more 
information, see https:// 
ocw.mit.edu/help/faq-fair-use/ 
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