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WHO INVENTED 
QUARKS ?

Murray Gell-Mann’s paper received by 
Physics Letters on January 4th 1964
George Zweig’s unpublished work is a 
CERN preprint dated January 17th 1964

      André Petermann in Nuclear 
Physics [63, 349, (1963)], in French!
     received December 30th, 1963

BUT



NO!

!!!



Hadrons have pieces
but if you tear them

to pieces
...

you don’t get
their pieces !!!



(sss)

(qqq)
(uuu)



Barnes et al. 1963
80-in Bubble Chamber BNL

“Flavour” SU(3)
Eight-fold way

QUARKS ???



WHO BELIEVED 
IN QUARKS ?

VEAL       /       QUARK
PHEASANT  /      HADRON

VEAL       /       QUARK

(Frank Close)



Pulling oneself
up by one’s own
BOOTSTRAPS

HADRON =
{HADRONS}



ANALITICITIE

POSITIVITIE

Talk at
Berkeley



ALTHOUGH

(this one ...
was not a joke)

Historical Talk :
OLD JOKES



The standard-model
experimental revolution 
started at SLAC in 1968:

quasi-point-like
proton constituents

(Feynman’s PARTONS)
and at CERN in 1973

(weak neutral currents)



Like nowadays,
the pace of
discovery

was very fast
in the 1970’s

Discovery 
“MATRIX” article







CERN
1973
TH: FIRST
EVIDENCE
FOR THE

EXISTENCE
OF CHARM
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. . .
WITH THE INESTIMABLE HELP OF VAN DER MEER



WORK ?
things 

How do



Q[p] = +1 Q[e] = �1

H = (p e)

Q[d] = �1/3Q[u] = 2/3

⇡+ = [u d̄ ]

p = [uu d]

Q[H] = 0

Q[⇡+] = 1

Q[p] = 1



⇡+ = [uR d̄R̄ + uB d̄B̄ + uY d̄Ȳ ]

p = [uR uB dY ± perms]

C[q] = R,B, Y C[⇡+] = 0

C[p] = RBY ???

C[p] = 0 !!!!
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1965

QED



QCD

gs
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BEFORE THAT



Politzer &
Gross & Wilczec

1973



(Like with politicians...)





A. De Rujula, S.L. Glashow, H.David Politzer (Harvard U.), 
S.B. Treiman, Frank Wilczek, A. Zee (Princeton U.) D10 (1974) 
1649

Phys.Rev. D10 (1974) 1649

God Went to Princeton

http://inspirehep.net/author/profile/De%20Rujula%2C%20A.?recid=1258&ln=en
http://inspirehep.net/author/profile/De%20Rujula%2C%20A.?recid=1258&ln=en
http://inspirehep.net/author/profile/Glashow%2C%20S.L.?recid=1258&ln=en
http://inspirehep.net/author/profile/Glashow%2C%20S.L.?recid=1258&ln=en
http://inspirehep.net/author/profile/Politzer%2C%20H.David?recid=1258&ln=en
http://inspirehep.net/author/profile/Politzer%2C%20H.David?recid=1258&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Harvard%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Harvard%20U.%22&ln=en
http://inspirehep.net/author/profile/Treiman%2C%20S.B.?recid=1258&ln=en
http://inspirehep.net/author/profile/Treiman%2C%20S.B.?recid=1258&ln=en
http://inspirehep.net/author/profile/Wilczek%2C%20Frank?recid=1258&ln=en
http://inspirehep.net/author/profile/Wilczek%2C%20Frank?recid=1258&ln=en
http://inspirehep.net/author/profile/Zee%2C%20A.?recid=1258&ln=en
http://inspirehep.net/author/profile/Zee%2C%20A.?recid=1258&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Princeton%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Princeton%20U.%22&ln=en
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ADR PRL 26/3/74

Gross & Treiman 
PRL 25/3/74

error bars?
1/3, 1/2 ??  : 
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Golda Meir:
Don't be humble... 
you're not that great. 

Frequent reference
to work by ADR et al.

Oscar Wilde: 
Memory... is the diary that 
we all carry about with us.

unlike
“et al.”

http://www.brainyquote.com/quotes/quotes/g/goldameir137228.html
http://www.brainyquote.com/quotes/authors/o/oscar_wilde.html
http://www.brainyquote.com/quotes/authors/o/oscar_wilde.html
http://www.brainyquote.com/quotes/quotes/o/oscarwilde106718.html
http://www.brainyquote.com/quotes/quotes/o/oscarwilde106718.html
http://www.brainyquote.com/quotes/quotes/o/oscarwilde106718.html
http://www.brainyquote.com/quotes/quotes/o/oscarwilde106718.html


Dashed: At 
high transfer

of momentum
the proton
behaves as 
if made of 

charged
point-like

“PARTONS”Bloom-Gilman duality





RED:
LEADING

TWIST
QCD, i.e.

BLACK:
fit to
DATA

INCLUDE LEADING              
EVOL.(Ln[Q2/⇤2])d

DROP            EFFECTS⇤2/Q2

⇠ is Nachtman’s variable, OPE



QCD evolution 
was accepted as a 
precise prediction
because the data
were NOT precise

That is why
I recalled the

“demythifycation”
of B&G
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SU(2) x U(1)

1963  
GLASHOW  

H K H E G B  
1964  

SSB

???



NOVEMBER 1974

Aubert et al. 
BNL, Nov 12, J
PERIODISTAS VAGOS

Augustin et al. 
SLAC, Nov 13,  





Unconfined Colour



Phys. Rev. Lett.                                                                    
34, many, (1975)  

        Published 
     6 January 1975

FEVERISH REACTION



Are the New Particles Baryon-Antibaryon Nuclei?

Alfred S. Goldhaber and Maurice Goldhaber

Interpretation of a Narrow Resonance in e+ e- Annihilation
Julian Schwinger

Possible Explanation of the New Resonance in e+ e- Annihilation

S. Borchardt, V. S. Mathur, and S. Okubo

Model with Three Charmed Quarks R. Michael Barnett

Heavy Quarks and e+ e- Annihilation Thomas Appelquist and H. David Politzer

Is Bound Charm Found? A. De Rújula and S. L. Glashow

Possible Interactions of the J Particle

H. T. Nieh, Tai Tsun Wu, and Chen Ning Yang

Remarks on the New Resonances at 3.1 and 3.7 GeV

C. G. Callan, R. L. Kingsley, S. B. Treiman, F. Wilczek, and A. Zee

Is the 3104-MeV Vector Meson the psi - Charm or the W0? 
G, Altarelli, N. Cabibbo, R. Petronzio, L. Maiani, G. Parisi 

P
R
L

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.36
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.36
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.37
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.37
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.38
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.38
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.41
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.41
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.43
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.43
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.46
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.46
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.49
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.49
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.52
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.34.52
http://inspirehep.net/record/91478
http://inspirehep.net/record/91478
http://inspirehep.net/author/profile/Altarelli%2C%20Guido?recid=91478&ln=en
http://inspirehep.net/author/profile/Altarelli%2C%20Guido?recid=91478&ln=en
http://inspirehep.net/author/profile/Cabibbo%2C%20N.?recid=91478&ln=en
http://inspirehep.net/author/profile/Cabibbo%2C%20N.?recid=91478&ln=en
http://inspirehep.net/author/profile/Petronzio%2C%20R.?recid=91478&ln=en
http://inspirehep.net/author/profile/Petronzio%2C%20R.?recid=91478&ln=en
http://inspirehep.net/author/profile/Maiani%2C%20L.?recid=91478&ln=en
http://inspirehep.net/author/profile/Maiani%2C%20L.?recid=91478&ln=en
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CHARMONIUM (name):
A VERY DISCREET CHARM

ONLY TWO GROUPS BET ONLY FOR 
THE CORRECT INTERPRETATION :
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Gottfried
Kinoshita

Kogut
Lane, Yan

Ken
Wilson’s
Coulomb
+ linear

potential
routines



Yet 
another 

year 
of 

lean 
cows
DESY
SLAC



DGG, 1975
Constituent

Quarks
+ QCD

“Hyperfine”

De Grand, Jaffe,
Johnson, Kiskis, 1975



2) Gell-Mann, Zweig, Petermann1) Bootstrap  



They had their cake and eat it too
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7 %
WRONG

3 %
WRONG

(cqq)
???



Brookhaven Bubble Chamber, 1975



⌫µ p ! µ� ⌃++
c [uuc]

⇤[uds] ! ⇡�[dū] p[uud]

⌃++
c ! ⇡+ ⇤+

c [udc]

⇤+
c ! ⇡+ ⇡+ ⇡� ⇤0



Nick Samios et al., 1975



⌃++
c ! ⇡+ ⇤+

c [udc]





ANALYTIC
CONTINUATION
TO Q   < 0, WHERE 

PERTURBATIVE QCD
NO DOUBT WORKS

2



PERL
SLAC xxx

PARTICULE

?????????????????????

PARTICULE

PARTICULE
LE CULOT DE SLAC

?????????????????????
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Masses and Branching Ratios 
predicted by theory 



DGG



G. GOLDHABER

SLAC xxx

PARTICULE

GLASHOW
ILIOPOLOUS & MAIANI

PARTICULE
L’EXISTENCE DE QUARKS ENCHANTES

PARTICULE
UNFATHOMABLE NATURE OF NATURE CA:



I SEEM TO BE
OBSESSED WITH THE PRESS

AM I THE ONLY
ONE AROUND 

HERE ?



IT TOOK ASYMPTOTIC FREEDOM & A
FOURTH (CHARMED) QUARK TO HAVE

THE SM BECOME THE STANDARD LORE

EVEN THE MOST
FORMAL THEORIST

AND THE MOST
CABLE-CONNECTING

EXPERIMENTALIST
UNDERSTANDS (pe), (e+ e�)

(c c̄)
(c ū)



THE SU(2)xU(1) STANDARD-MODEL
EXPERIMENTAL REVOLUTION ...

STARTED AT CERN WITH THE
DISCOVERY OF NEUTRAL CURRENTS

... CULMINATED  WITH
THE DISCOVERY OF W and Z,

THE COUNTING OF NEUTRINOS,
PRECISION PHYSICS AT LEP

(which made the SM a STANDARD THEORY),
AND THE DISCOVERY OF THE H-BOSON

MANY OTHER THINGS (some of which I 
have described) ... HAPPENED ELSEWHERE



CHARGE u

d
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STRANGENESS

CHARM

QUANTUM
NUMBERS

IN ABSTRACT
“INTERNAL”

SPACE, i.e.

NOT THE
FOGGIEST

IDEA







TH basis of today’s discussion: Gauge Theories

Non-Abelian GTs

QCD SU(3) Non-Abe GT
GR is a Non-Abe GT

SU(2) x U(1) Weak + Electromagnetic

SU(2) x U(1) with SSB, à la HHKEGB

SU(2) x U(1) with SSB ...

... is renormalizable
GIM

QCD’s Asymptotic
            Freedom



Nordtvedt
      test
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Materia ≠ Antimateria
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structure functions                          (SFs) into SFs
Z 1

0
x

n
F (x,Q2) dx

F (x,Q2)

G. Parisi:   “Mellin” transform of the OPE moments of


