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WHO INVENTED
QUARKS ?

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

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George Zweig’s unpublished work is a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







Hadrons have pieces
but if you tear them
to pieces

you don’t get
their pieces !!!
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WHO BELIEVED
IN QUARKS ?

Gell-Mann had introduced quarks as a mathematical concept from which
relations among phenomena could be abstracted, and the underlying model
then dropped. He liked to compare this to French cuisine where “a piece of
pheasant meat is cooked between two pieces of veal, which are then
discarded”.'® (Frank Close)

VEAL / QUARK

PHEASANT / HADRON
VEAL 4 QUARK




Pulling oneself
up by one’s own
BOOTSTRAPS

HADRON =
{HADRONS)




ANALITICITIE

POSITIVITIE

Talk at
Berkeley




ALTHOUGH

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 howadays,
the pace of
discovery

was very fast
in the 1970’s

Discovery
“MATRIX" article
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LABORAIARE ETLE PRAF, DU LABRQ

_ ET LEURS COLLABARATEURS ONT- ETREL
L/EXiSTENCE D'UNE NOUVELLE (EAL)

IL $'AGIT D'UNE DECOLNERTE D'UNE TRES GRRNDE
TMPORTANCE, Qui CoNSTRTE LR THEORIE DE
QUi AVAIENT PREDIT UN(E)
TEL (LLED COMME CONSEQLIENCE D&
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SQUELETTE. D/ RRT(C.LE PeUIR
*DECOUVERTE SCIENTIFIQUE *®

IL B ETE ANNONCE HER QUE LE PROF, LRGARRIGUE Dy
LABORAIA(RE DORSAY ETLE PRAF. MUSSET py LABQ

BU CEAN  ET LEURS COLLABARATEURS ONT ETRELS
L’/EXiSTENCE D'UNE NOUVELLE (EAL) FORCE “FAIBLE
IL $'AGIT D'UNE SECOUVERTE D'UNE TRES GARNDE
TMPORTANCE, Qui CONSTATE LA THEQRIE DE GLASHIW,
WEINBERG BT SALAM QUi AVAIENT PREDIT UN(E)

TEL(LLE) FOBARCE COMNE CONSEQUENCE DE
UNIFICATIW DES FORCES FONDAMENTRLE S
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FORCE COMME UNE MANIFESTRI(aN DU Recneacne
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SQUELETTE ./ RRTI(CLE PeUR
¢ DECOUVERTE SCIENTIFIQUE*®

IL B ETE ANNONCE HIiER QUE LE PROF. RUBBIR du
LABORATAIRE CERN ETLE PRAF. DARRIIAT DU LARG

DU CERAN !  ET LEURS COLLABARATEURS ONT ETREL
L/EXiSTENCE DUNE NOUVELE (EALY) PARTICULE

IL S'AGIT D'UNE DECOUNERTE D'UNE TRES GRRNDOE
TMPORTANCE, QUi ConNSTATE LA THEORIE DE GLASKAW,
SALAM ET WEINRERG QUi AVAIENT PREDIT LIN(E)
TEL(LLE) PARTICULE COMHE CONSEQLIENCE DE

L'uNiTE DES FORCES FONDAHENTRLES
LUNE AUTRE ECOLE /NTERPRETE Lemuvenu(u-ﬁ)

PARTICULE COMME UNE MANIFESTAjN DU Rscneacue

WITH THE INESTIMABLE HELP OF VAN DER MEER
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A ProPerTy oF Aco [ THE sTRonG inTERACTIONS )
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FREEDOM : REFERS To THE FACT THRT THE

> THEORY IS NOT TRIVIAL FReEE FIELD TH.

(Like with politicians...)

ASMMPTOTIC : REFERS TO THE FACT THAT THE

—% . .
PREDICTIioN S ARE FOR FINITE ,

RATHER SMALL , NON PASHMPTOTIC ENERGIES

| How witt i T woRK ? ‘
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Reliable Perturbative Results for Strong Interactions?*

H., David Polltzer

Jefferson Physical I.abovalovies ambridge, Massachusetts 02138
(Received 3 May 1973)

An cxplicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green’s functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green’s functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Ultraviolet Behavior of Non-Abelian Gauge Theories™

David J. Gross’f and Frank Wilczek
Joseph Henvy Labovatories gwnceton, New Jevsey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field—theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non~-Abelian gauge

symmetry.
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God Went to Princeton

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

Phys.Rev. D10 (1974) 1649



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
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ADR PRL 26/3/74

Gross & Treiman
PRL 25/3/74
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Frequent reference
to work by ADR et al.

Oscar Wilde:

Memory... 1s the diary that

we all carry about with us.
Golda Meir:

Don't be humble...

ou're not that creat. 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
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Bloom-Gilman duality

ELECTRONAGQH .

‘Newtrat’

INTERALS

UNEUCERRENTY , (d)

Dashed: At
high transfer
of momentum
the proton
behaves as
if made of
charged
point-like
“PARTONS”
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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 Rujula 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



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

g
— STARLE 7

) e DEC ELECTRO MAG
NETICRLLY

wmeme DEC  CTRONGLY

@ MESONS
X BRRYONS

SEMIWEAK
DECAY OF

NEUTRAL WERK

“
—_— ey

Mass GeV/c?t —



CHARMONIUM (name):
A VERY DISCREET CHARM

ONLY TWO GROUPS BET ONLY FOR
THE CORRECT INTERPRETATION :




Heavy Quarks and e* e~ Annihilation®

Thomas Appelquistt and H. David Politzert
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 19 November 1974)

+Tt-1e effects of new, heavy quarks are examined in a colored quark-gluon model. The
e"e” total cross section scales for energies far above any quark mass. However, it is
much greater than the scaling prediction in 2 domain about the nominal two—heavy-quark

threshold, despite g,.,- being a weak-coupling problem above 2 GeV. We expect spikes
at the low end of this domain and a broad enhancement at the upper end.

LuME 34, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JANUARY

e i

ey —ee—

Is Bound Charm Found?*

A. De Rfijula
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138

and

S. L. Glashowt

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 27 November 1974)

We argue that the newly discovered narrow resonance at 3.1 GeV is a 35, bound state
of charmed quarks and we show the consistency of this interpretation with known meson
systematics. The crucial test of this notion is the existence of charmed hadrons near
2 GeV,
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Once upon a time, there was a controversy in
particle physics. There were some physicists!
who denied the existence of structures more ele-
mentary than hadrons, and searched for a self-
consistent interpretation wherein all hadron states,
stable or resonant, were equally elementary.
Others,? appalled by the teeming democracy of
hadrons, insisted on the existence of a small
number of fundamental constituents and a simple
underlying force law. In terms of these more
fundamental things, hadron spectroscopy should
b~ qualitatively described and essentially under-
s.s0d just as are atomic and nuclear physics.

E

1) Bootstrap 2) Gell-Mann, Zweig, Petermann
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Brookhaven Bubble Chamber, 1975

e I A
) _
<

-
R |
- Ve




v — - B [uuc

" AT [udc]
At ntata= A°

C

Aluds| — 7~ |du| pluud]




total recoiling hadron mass (A7 "7 7 71 ]| 2426+ 12
MeV, 12

This mass is inagreement with the

values predicted by De Rujula, Georgi, and Gla-
show™® for the lowest-lying charmed-baryon states
of charge +2,]2420 MeV (JFP=32", I=1, Z ¥

Nick Samios et al., 1975

There

are three 7"’s and thus three possible mass dif-
ferences derivable from this event; these are ob-
served to be 166+ 15 MeV, 338+ 12 MeV, and
327+ 12 MeV. The first of these differences is

in remarkable agreement with the 160 MeV pre-
dicted for the decay of a spin-3 charmed baryon
2. decaying into a charmed A_.
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Counting quarks in e e~ annihilation*

A. De Rijula and Howard Georgi'
The Physics Laboratories, Harvard University, Cambridge, Massachusetts 02138
(Received 28 October 1975)

A comparison of asymptotically-free-quark-model predictions and e*e™ annihilation data can be made by
using a dlspersmn relation to continue the data into the spacehke region. We make this comparison for several
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Masses and Branching Ratios
predicted by theory
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THE SU(2)xU(1) STANDARD-MODEL
EXPERIMENTAL REVOLUTION ...

STARTED AT CERN WITH THE
DISCOVERY OF NEUTRAL CURRENTS
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THE DISCOVERY OF W and Z,
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TH basis of today’s discussion: Gauge Theories

C.-N. Yang & R.L. Mills, Conservation of isotopic spin and isotopic gauge
invariance, Phys. Rev. 96 (1954) 191. Non=-Abelian GTs
M. Gell-Mann, H. Fritzsch & J. Leutwyler, Advantages of the color-octet gluon

picture, Phys. Lett. B47 (1973) 365. QCID SU(3) Non-Abe GT
R. Utiyama, Phys. Rev. 101 (1956) 1597. GR is a Non=-Abe GT
S.L. Glashow, Partial symmetries of weak interactions, Nucl. Phys. 22 (1961)

579. SU(2) x U(1) Weak + Electromagnetic
S. Weinberg, A model of leptons, Phys. Rev. Lett. 19 (1967) 1264.
A. Salam & J.C. Ward, Electromagnetic and weak interactions, Phys. Lett.

13 (1964) 168; SU(2) x U(1) with SSB, a la HHKEGB
A. Salam, in Elementary Particle Theory; ed. N. Svartholm (Stockholm, 1968).
G. 't Hooft, Renormalizable Lagrangians for massive gauge field theories, Nucl.

Phys. 35 (1971) 167. SU(2) x U(l) with SSB ...

G. 't Hooft & M.J.G. Veltman, Regularization and renormalization of gauge

fields, Nucl. Phys. B44 (1972) 189. ... is renormalizable
S.L. Glashow, J. Iliopoulos & L. Maiani, Phys. Rev. D2 (1970) 1285. GIM

H.D. Politzer, Phys. Rev. Lett. 26 (1973) 1346. QCD’s Asymptotic
D. Gross & F. Wilczek, Phys. Rev. Lett. 26 (1973) 1343. Freedom



Nordtvedt
test




FiRSI AMEMPT ¢
To UNIFY.. BT Y

L D GALVANOMEIER
. CUSE%NS E RodAL INTITTUTION
T M.FARRADRY

C coiL S STRING




A6 g

M.FARADAY4 (on THE FRILURE OF
W O A
Hi$ ELECTRO-GRAVIIATIONAL EXPS.)

- - oy
A e B ﬂ "Here end my trials for | NS
. the present. The results
~are negative. They do not

shake my strong feeling of

the existence of a rela-

I tion between gravity and
| electricity, though they
- give no proof that sﬁch a

relation exists'.

e - ., a
ROYAL INSTITUTION
(July 49,1850)
















d0o 300 d0e

0=18 CeA

1800

(9) 800 @)

8,8 . — Haquoua
T e B 1T P e I S ——— 3100

NE

0=18 C8A

800 (€) 800 (4)

6,6 — HUqLOLR

T | p | PSRRI | [, SO $A0e

30e

1806
1 {a} (P)
oe 0 08 03 10 0= 0o
—00l \\
B 10! \n 1>033
.Bvckokonuo. ||| <1~-03d

=il _ 0 5106
8)2 [ BYCKGHONMD.
1T (dd )y 0=18 QSA
= 10
0218 COA
fﬁflrlpllrik\

180e¢

_ X : 100



MARWK I3

Thrust
00

270°
90° Minor

Thrust
00

180°
@

b)

270°



(a) (b)

F (w,Q%)
1, Flw,s) Flw,Q?)
p— 1ns

w= 200

13 13

2 35

2

- TS 1.25

125
Q%(Gev?) Q2(Gev?)
i | - Lilll 1 11 1 1111} | L1 1111l | L1 11111}
2 5 10 50 2 5 10 50

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

1
structure functions/ " F(z,Q%)dz (SFs) into SFs F(z, Q%)
0




