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In 1966 Hector Rubinstein came to the Weizmann Instituteveartted on the quark model. Then
nearly all particle physicists believed that nucleons aiedpwere elementary, like electrons and
photons and that quarks were nonsense. Hector believeduhsts were real, even though we
did not know what they were. He then used the quark structureddrons to make predictions
testable by experiment. He first joined Lipkin and Scheck oarl model predictions. He then
directed a student Hannah Stern, later Stern-Kluborg testigate proton-antiproton annihila-
tion using a revolutionary and controversial model in whibk initial three quarks and three
antiquarks rearranged to create three mesons. This wasithenodel that fit the experimental
data and showed conclusively for the first time that a nucleas made of three quarks. But the
particle physics establishment rejected this work becthesg knew that quarks were nonsense.
Hector continued with further work on the quark model andithened to other areas. Now Hec-
tor has left us much too soon, but his quark model predictstifisnfluence new experimental
analyses

This research was supported in part by the U.S. Department of Energy, Division of High Energy Physics,
Contract DE-AC02-06CH11357.

Quarks, Strings and the Cosmos - H??ctor Rubinstein Memorial Symposium
August 09-11, 2010
AlbaNova )Sockholm) Swveden

*Speaker.
TA footnote may follow.

(© Copyright owned by the author(s) under the terms of the Gre&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Constituent Quark Model Harry J. Lipkin

1. A Historical Perspective

1.1 The conflict between “Grand Unification" and “Compositeness”

Each stage in the development of our knowledge of the strectumatter began with “known"
fundamental constituents of matter or “elements". Experital discoveries of too many elements
led first to unifying elements while still considered theneraentary. Chemical elements were
unified in the Mendeleev Periodic Table. The large numberaofiges was unified by symmetry
classifications. Then each element was shown to be built $raaller fundamental building blocks,
as in the Bohr model of atom and the quark model of hadrons.

In 1950 theN and T were considered fundamental constituents of hadronicemaittempts
were made to unify all the new “elementary” particles as dguwementary, using concepts like
nuclear democracy or higher symmetry. Evidence for conmtpasiructure was resisted by the
establishment.

1.2 SU(3) symmetry - the Mendeleev table for elementary paitles

In 1960 Murray Gell-Mann and Yuval Ne’eman introduced SU8bclassifications for the
known mesons and baryons. Particles with the same spin agdrbaumber were grouped into
multiplets and classified into octet representations ofgfieeip SU(3) containing two isospin dou-
blets with hypercharge +1 and -1 and an isospin triplet ansaspin singlet with hypercharge
zero.

Later it was noticed that the same particles could also besiflad in “ barbaryon" octets.
Particles with the same isospin and hypercharge were gdoirge octets containing two spin
doublets with baryon number +1 and -1 and a spin triplet angirasinglet with baryon number
zero. These two SU(3) groups could then be combined intowpdid (3) ® J (3) having an (8,8)
representation containing all the 64 known mesons, bargodsantibaryons.

No reasons were given for the number 3 in SU(3) and why alligjast were grouped into
the octet representations of SU(3). Grouping both fermiangd bosons in the same multiplets
anticipated what is now called supersymmetry but had noipalbkasis at that time.

The Meson Octet
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1.3 The journey from nucleons and pions to quarks and gluons

1. The journey began by noting that there were too many hadron
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2. Gell-Mann and Ne’eman classified the nucleon and pion$u(3) octets
3. No reason for the number 3 in SU(3); No reason for octets
4. No reason why mesons and baryons should both be in octet

5. Mesons and baryons were very different, like electronmaton

The experimental discovery of new particles that could reglouped into octets created a
crisis. TheA with spin (3/2) and isospin (3/2) fell out of both octet cifisations. There were
also then and ¢ mesons which did not fit in anywhere. Okubo showed that thege mesons
could be grouped into nonets of U(3), rather than SU(3). Hamiet contained an SU(3) singlet
and an SU(3) octet. The SU(3) singlet and octet states in ard(®&iplet having the same iospin
and hypercharge could mix in forming the physical particl€kis was particularly evident in the
vector mesons. The nine states in the nonet should be ataksiftheSJ (2) @ U (1) subgroup of
U (3) rather than th&J (3) subgroup.

But theA could not fit into an octet. This required finding new repreéagons of SU(3) which
could include a particle with isospin (3/2). It was classifia a decuplet of SU(3) by Glashow
and Sakurai who then predicted the existence of the partioe called theQ~. The consensus
that symmetry made sense was finally established whef theas found at Brookhaven. But this
killed the barbaryon classification which could not incldstate with isospin (3/2) and spin (3/2).

The explanations of too many elementary objects now mowad the nucleon-pion level to
the quark-gluon level. Fundamental triplets were intragtlby Goldberg, Ne’eman, Gell-Mann
and Zweig. That n&*N resonances were found was called the “Goldhaber Gap" byNEaatin
and led to quarks. The absence of exotic hadrons made from than three basic bilding blocks
was an early clue to QCD

The quark model led to understanding hadron structure inymaays. The simple additive
quark model (AQM)[1, 2] of Levin and Frankfurt explained ttaio of 3/2 betweemiy (NN) and
0wt (TIN) This showed that mesons and baryons were not elementarydulé of the same quarks.

2. The Pre-History of QCD

2.1 The Sakharov Zeldovich quark model

Andrei Sakharov took quarks seriously in 1966. He asked “AlendZ are made of same
quarks. Why are masses different?" Sakharov and Zeldantiei pated QCD by showing that
mesons and baryons were made of the same quarks. Their qualdd mad a mass operator with
a flavor dependent linear term for the "effective" quark neasand a flavor-dependent hyperfine
interaction.

|
They obtained two surprising meson - baryon mass relations
(Ms— My)gar = Ma — My = 177MeV; (M — My)es = oMoyt

_ Mpa-Mn _ Mp—Mp
1.53= Mo My = Mo M = 1.61

Vij = V0 + G - o3P

=180MeV
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2.2 Static hadron properties with quarks

The Very Early Successes
1. Explained difference between the quark structures ofrtbeon and baryon octets

2. Explained striking regularities beyond SU(3) in lowrgihadron spectrum
3. Baryon octets and decuplets; meson nonets and no mesapletsc
4. No ninth baryon suggested by some SU(3) models

5. Spin-parity quantum numbed§ =0-, 1-,1/2*+, 3/2*.

Introduceing U(3) rather than SU(3), breaking SU(3) at guavel and settingns > my, im-
mediately gave experimentally observed mass inequalities

Mz > Mz~ Mp > My; My > Mgt = M- > My
2.3 Many open questions remained
1. Spin and statistics
2. Reason for decuplet classification for the spin-3/2 basyo
3. Reason for th& — 2 mass difference
4. Were next excited states orbital excitations or nggy@airs
2.4 Hadron reactions in the quark model; Further evidence fo a quark structure of hadrons
1. The additive quark model for hadron reactions
2. The so-called ideal mixing pattern of vector and tensosans,
3. Peculiar systematics in energy behavior of certain hadyg.

4. Mysterious topological quark diagram selection rule rmaled OZ|

Neutral Meson Mixing and OZI

First use of the additive quark model to obtain OZI relations

Selection rule forbidding reactions likee(m p — Ng) =0

Its SU(3) rotation predicting the equality K~ p — Aw) = o(K~p — Ap°)

The p°® andw mesons produced equally.only via theircomponent
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2.5 Nambu universal meson - baryon mass formula (1966)

Nambu solved the exotics problem in 1966!

Nambu’s model with colored quarks and non-abelian SU(3pgdield predicted that only
hadrons with constituentgiqg) and(qq) would be stable. There would be no “exotic states with
more constituents.

Nambu’s Theorem: Only lowest color singlets are stable & guark level interaction was
described by a color-exchange two-body potential

Vex(ij) =V - Ab-Ad-v(ri});  Ac color SU(3) generator

For color singlet states having N quarks and antiquarks

_5, VAL — VoI5 (A12]. _ NV yiy2,

(Vex(tot)) = Fizj =575 - (V1)) = 5 - [Si(A)?] - {W(r)) = 5+ (A)? - {v(r))

In lowest order neglecting color-space and color-spinatations This descripion gave sur-
prising agreement with experiment.

3. The beginning of Hector at the Weizmann Institute

3.1 Hector’s arrival and work on quarks

Atthe time in 1966 when Hector arrived at the Weizmann logtinearly all particle physicists
elsewhere believed that nucleons and pions were elemelikarglectrons and photons. Nucleons
coupled to pions like electrons coupled to photons. The gixchange force bound nucleons
into nuclei like photon exchange bound electrons and nuotei atoms. But the high energy
theory group at the Weizmann Institute no longer believet tiucleons were elementary and
worked on the quark model. Although the majority of partipleysicists at that time were sure
that quarks were nonsense, the Weizmann group had alreadg[ig 2] that the quark model
explained experimental data that the accepted model catld Hector immediately joined this
work and collaborated on a number of papers[3, 4, 5, 6].

3.2 First original application of the quark model pp annihilation at rest

3.2.1 Before Hector

The standard description of nucleon-antinucleon annibianto pions was believed to be like
electron-positron annihilation into photons. The baryamibers of the nucleon and antinucleon
were annihilated and pions were created from the vacuum.sfdiistical models in common use
with elementary nucleons and pions predicted the numberooispereation from the vacuum by
analogy with the number of photons created in electrontmsiannihilation. The pion multiplic-
ity of 2 or 3 predicted by these statistical models disagsteohgly with the experiments which
showed a much larger pion multiplicity of3+0.4. Noe" — e~ pairs were seen at level predicted
by QED for the creation from the vacuum.

3.2.2 Enter Hector Rubinstein - With typical Hector enthusiasm

Quarks are real! How do we look for them? Nucleons and pion®wet elementary, they
were made of quarks with baryon number (1/3). gp annihilation no baryon number needs to
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be annihilated and no mesons need to be created from themactibe quarks and antiquarks
are already there. The three quarks and three antiquarkeinucleon-antinucleon system rear-
ranged themselves into three mesons. Hector's unaccegtabttical explanation was that mesons
and baryons were composite. Rearrangement of 3g grid p into 3 mesons predicted final
state pion multiplicity 525. This agreed with the observed experimental valillet®0.4 ! | |
Hector's rearrangement model fit the data, but the estabbsih knew it was nonsense. The quark-
rearrangement model was ridiculed when Hector proposedli®66.

3.2.3 The establishment prejudice against quarks createcesious problems

e There were difficulties for obtaining appointment and prdéiorofor Hector
e Deans and committees were influenced by letters from wedixknphysicists

e All condemned people who rush into print with such quark ggeh

3.3 Further refinements by Hector successfully described nmgy other experiments

The universality of additive quark couplings to mesons aayéns arose again and again in differ-
ent contexts. An S-matrix Regge approach beginning witkefianergy sum rules led to the duality
revolution and the Veneziano model.

1. Same states appear as s-channel resonances and t-aharagiges.
2. Dual resonance models beginning with the Veneziano model

3. Quark-model constraints on Reggeon couplings providadepful input with predictive
power.

4. Absence of exotics as resonances and t-channel exchiaagesOZI.

Exchange degeneracy agd annihilation dominance of afiy led naturally to duality diagrams.

The energy constant part of cross section, later found téoedysrising, was related to diffrac-
tion, described by Pomeron exchange with coupling giverhieyLievin-Frankfurt quark-counting
recipe.

3.4 Hector’s later heritage includes further work on the quak model

One example is Electromagnetic production of Tensor Mesdn2009 HERA looked for
resonances and glueballs in ep collisions[7]. They look&dsfates decaying into two neutral
kaons, fit the known states by Breit-Wigner curves and lodkednore states. The Breit-Wigner
model did not fit the data on thi, A, and f’ tensor mesons. The 1975 paper by Hector et al [8]
showed them how to analyze their data.

3.5 The November revolution and heavy quarks

3.5.1 Charmonium, the hydrogen atom of particle physics

Successful description as a heavy quark-antiquark paranting via a nonrelativistic poten-
tial. But the flavor dependence of the relation between meaaod was baryons not understood
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3.5.2 The present challenge to QCD - Same as faced by Hectort-eadeeper level

We can use the fact that QCD somehow makes hadrons from qaradkgluons. But we don't
understand why this succeeds.

The constituent quark model uses QCD phenomenology nowfiwélilavors and a successful
nuclear physics approach. This leads to surprising agreemi¢h experiment. The observation
that all nuclei were built of the same neutrons and protorns exéended led to the assumption that
all known hadrons includingy, 7, p, A, A\, Z, Z*,etc were built from the same constituent (u,d,s)
quarks

But we still don’t understand why it succeeds. QCD theoatticcatments have not yet been
able to explain why this constituent quark model gives ssimy relations between mesons and
baryons in agreement with experiment[9].
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