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A voice from the past

If you know the elementary particles and their interactions, and you call yourself
a physicist, you ought to be able to calculate the consequences—or at least you
should feel guilty if you can’t!

CQ, Les Houches Lectures (1981)

Aspirations:

Compute the properties of hadrons, explain the absence of unseen species, and
predict the existence of new varieties of hadrons;

Explain why quarks and the quanta of the color force, gluons, are not observed;

Derive the interactions among hadrons as a collective effect of the interactions
among constituents.
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Heidelberg Hauptstraße . . .

In this house in 1859 Kirchhoff turned to the Sun and stars the spectral analysis
he founded with Bunsen and thus opened up the chemistry of the Universe.
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1868: Janssen & Lockyer independently notice a new line in solar prominences
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Detection on Earth: 1882, Luigi Palmieri in Vesuvian lava;

1894, William Ramsay in Clevite (U ore); named helium

Chris Quigg (Fermilab) Symmetries and Dynamics mitp · 14.03.2022 3 / 25

https://www.aps.org/publications/apsnews/201409/physicshistory.cfm


100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

H

© 1926 Nature Publishing Group

NATURE [FEBRUARY 20, I926 

Letters to the Editor. 
[The Editor does not hold himselj responsible for 

opinions expressed by his correspondents. Neither 
can he undertake to return, nor to correspond with 
the wn'ters of, rejected manuscnpts intended for 
this or any other part of NATURE. No notice is 
taken of anonymous <ommunications.] 

Spinning Electrons and the Structure of Spectra. 
So far as we know, the idea of a quantised spinning 

of the electron was put forward for the first time by 
A. K. Compton (]ourn. Frankl. Inst., Aug. I92I, 
p. I45), who pointed out the possible bearing of this 
idea on the origin of the natural unit of magnetism. 
Without being aware of Compton's suggestion, we 
have directed attention in a recent note (Natur
wissenschajten, Nov. 20, I925) to the possibility of 
applying the spinning electron to interpret· a number 
of features of the quantum theory of the Zeeman 
effect, which were brought to light by the work 
especially of van Lohuizen, Sommerfeld, Lande and 
Pauli, and also of the analysis of complex spectra in 
general. In this letter we shall try to show how our 
hypothesis enable.s us to overcome certain fundamental 
difficulties which have hitherto hindered the interpre
tation of the results arrived at by those authors. 

To start with, we shall consider the effect of the 
spin on the manifold of stationary states which 
corresponds to motion of an electron round a 
nucleus. On account of its magnetic moment, the 
electron will be acted on by a couple just as if it were 
placed at rest in a magnetic field of magnitude equal 
to the vector product of the nuclear electric field and 
the velocity of the electron relative to the nucleus 
divided by the velocity of light. This couple will cause 
a slow precession of the spin axis, the conservation 
of the angular momentum of the atom being ensured 
by a compensating precession of the orbital plane 
of the electron. This complexity of the motion 
requires that, corresponding to each stationary state 
of an imaginary atom, in which the electron has no 
spin, there shall in general exist a set of states which 
differ in the orientation of the spin axis relative to the 
orbital plane, the other characteristics of the motion 
remaining unchanged. If the spin corresponds to a 
one-quantum rotation there will be in general two 
such states. Further, the energy difference of these 
states will, as a simple calculation shows, be pro
portional to the fourth power of the nuclear charge. 
It will also depend on the quantum numbers which 
define the state of motion of the non-spinning electron 
in a way very similar to the energy differences con
nected with the rotation of the orbit in its own plane 
arising from the relativity variation of the electronic 
mass. We are indebted to Dr. Heisenberg for a letter 
containing some calculations on the quantitative side 
of the problem. 

This result suggests an essential modification of the 
explanation hitherto given of the fine structure of the 
hydrogen-like spectra. As an illustration we may 
consider the energy levels corresponding to electronic 
orbits for which the principal quantum number is 
equal to three. The scheme on the left side of the 
accompanying figure (Fig. I) corresponds to the results 
to be expected from Sommerfeld's theory. The so
called azimuthal quantum number k is defined by 
the quantity of moment of momentum of the electron 
about the nucleus, khj21r, where k =I, 2, 3· According 
to the new theory, depicted in the scheme 1 on the right, 

l Quite independently of the ide•s discussed here, a scheme of levels 
corresponding to this figure has been previously proposed by the writers 
(Physica, 5, 266, 1925), on the ground of the formal analogy between 
spectral structures. From similar formal considerations, this scheme has 
recently also been arrived at by J. C. Slater (Proc. Washington Acad,, 
December 1925). · 
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this moment of momentum is given by Khj21r, where 
K = t, %, t. The total angular momentum of the 
atom is jhj21r, where ] =I, 2, 3· The symbols K 
and J correspond to those used by Lande in his 
classification of the Zeeman effects of the optical 
multiplets. The letters 5, P, D also relate to the 
analogy with the structure of optical spectra which we 
consider below. The dotted lines represent the 
position of the energy levels to be expected in the 
absence of the spin of the electron. As the arrows in
dicate, this spin now splits each level into two, with the 
exception of the level K = !, which is only displaced. 

In order to account for the experimental facts, the 
resulting levels must fall in just the same places as 
the levels given by the older theory. Nevertheless, 
the two schemes differ fundamentally. In particular, 
the new theory explains at once the occurrence of 
certain components in the fine structure of the 
hydrogen spectrum and of the helium spark spectrum 
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which according to the old scheme would correspond 
to transitions where K remains unchanged. Unless 
these transitions could be ascribed to the action of 
electric forces in the discharge which would perturb 
the electronic motion, their occurrence '\Yould be in 
disagreement with the correspondence principle, which 
only allows transitions in which the azimuthal 
quantum number changes by one unit. In the new 
scheme we see that, in the transitions in question, K 
will actually change by one unit and only J will 
remain unchanged. Their occurrence is,, therefore, 
quite in conformity with the correspondence principle. 

The modification proposed is specially important 
for explaining the structure of X-ray spectra. These 
spectra differ from the hydrogen-like spectra by the 
appearance of the so-called " screening " doublets, 
which are ascribed to the interaction of the electrons 
within the atom, effective mainly through reducing 
the effect of the nuclear attraction. In our view, 
these screening doublets correspond to pairs of levels 
which have the same angular momentum ] but 
different azimuthal quantum numbers K. Conse
quently, the orbits will penetrate to different distances 

Goudsmit & Uhlenbeck (1925–6)
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Moseley (1913): x-ray spectra determined by Atomic Number (Rutherford)
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SU(2)isospin, the first internal symmetry

mp ≈ mn

Charge-independence of nuclear force: binding of 3H(pnn) and 3He(ppn)
Level structures in mirror nuclei; isobaric analogue states
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Hadrons, the third spectroscopy Weisskopf (1968)
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Ancient History: Hadron Spectroscopy & SU(3)flavor
Gell-Mann, “The Eightfold Way” & Ne’eman, Nucl.
Phys. 26, 229 (1961): SU(3)f classification symmetry
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REVIEWS OF MODERN PHYSICS VOI UME 35, NUMBER 4 OCTOBER, 1963
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Co eI':I:icients
J. J. D E SwABT

CERT, Geneva

1. INTRODUCTION

N trying to understand the structure of the strong
. interactions, several higher symmetry schemes

have been proposed. " These higher symmetries
should conserve the isospin I and the hypercharge
Y. Especially interesting in this respect is the octet
model (unitary symmetry) proposed independently

by Oell-Mann' and Ne'eman. 4 In this model one
assumes the strongest interactions to be invariant
under transformations belonging to SU(3), i.e.,
under unimodular unitary transformations in some
three-dimensional complex linear vector space ("uni-
tary spin space"). The symmetry of these strong
interactions is broken by some unknown weaker
mechanism, but in such a way that the isospin and
the hypercharge are still conserved. A still weaker
interaction, the electromagnetic interaction, breaks
this lower symmetry in such a way that only the
hypercharge and the third component of isospin are
conserved. In this unitary symmetry model one as-
signs groups of strongly interacting particles with the
same quantum numbers (not the same are I, Y, I3,
and directly related ones as strangeness, charge,
6 parity, etc.), to irreducible representations (IR's)
of the group SU(3). The lowest nontrivial IR in the
octet model, which is physically possible (i.e., has
integer quantum numbers for the hypercharge), is
the IR {8}.The eight well-known baryons X,A, Z,
and, as well as the eight pseudoscalar mesons,

K,g,~, and K, are assigned to IR's {8}.One assumes,
moreover, the existence of eight vector mesons which

On leave from the University of Nijmegen, Nijmegen,
The Netherlands.

I A very nice survey of the different higher symmetry
schemes in strong interactions is given by R. E. Behrends,
J. Dreitlein, C. Fronsdal, and B. W. Lee, Rev. Mod. Phys.
34, 1 (1962). The reader is referred there to the large existing
literature about this subject.

2 D. R. Speiser and J. Tarski, Math. Phys. 4, 588 (1963).
3 M. Gell-Mann, California Institute of Technology, Re-

port CTSL—20, March, 1961 (unpublished); Phys. Rev. 125,
1067 (1962).

4 Y. Ne'eman, Nucl. Phys. 26, 222 (1961).

belong to such a representation. Perhaps the mesons

p, co,K*, and K* constitute this octet. A difFiculty here
is which K* to take. There seem to be two (Kvr)
resonances, one' at 730 MeV and the other' at 888
MeV. One favors the 888-MeV resonance because
it seems to have all the correct quantum numbers.
The next higher IR can contain 10 particles. It is
suggested' that the familiar (3,3) pion-nucleon
resonance, the Y*, (1385 MeV), the recently dis-
covered" I = —,', x resonance at 1532 MeV and a
still unknown baryon 0 (Y = —2, I = 0, & 1685
MeV) belong to this IR {10}.A discovery of this 0
would be a great triumph for this octet model.
Okubo" has derived a mass formula for the different
members belonging to the same IR. I&'or the octets
(IR {8}),this formula reduces to a mass relation
between the different members. This mass relation
is very well satisfied for the baryons and for the
pseudoscalar mesons. However, for the vector
mesons, neither the 888-MeV nor the 730-MeV
(Km.) resonance fulfills this relation. For the IR {10}
this mass formula is again very well satisfied. Cole-
man and Glashow" have given a relation connecting
the electromagnetic mass differences within the
baryon octet. This relation is also very well satisfied.

The main purpose of this paper is to derive the

& G. Alexander, G-. R. KalMeisch, D. H. Miller, and G. A.
Smith, Phys. Rev. Letters 8, 447 (1962).

6 For extensive references, see, Proceedings of the 1968 An-
nual International Conference on High-Energy Physics, at
CERX (CERN, Geneva, 1962), p. 781.

& M. Gell-Mann, Proceedings of the 1968 Annual Inter-
national Conference on High-Energy Physics, at CERN (CERN,
Geneva, 1962), p. 805.

8 G. M. Pjerrou, D. J. Prowse, P. Schlein, W. E. Slater,
D. H. Stork, and H. K. Ticho, Proceedings of the 1968 Annual
International Conference on High-Energy Physics, at CERN
(CERN, Geneva, 1962), p. 289.

9 L. Bertanza, V. Brisson, P. L. Connolly, E. L. Hart, I. S.
Mittra, G. C. Moneti, R. R. Rau, N. P. Samios, S. S. Yama-
moto, M. Goldberg, L. Gray, J. Leitner, S. Lichtman, and
J. Westgard, Proceedings of the 1968 Annual International
Conference on Hi gh-Energy Physics, at CERN (CERN,
Geneva, 1962), p. 279.

I0 S. Okubo, Progr. Theoret. Phys. (Kyoto) 2'7, 949 (1962).
II S. Coleman and S. L. Glashow, Phys. Rev. Letters 6, 423

(1961).
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Ancient History: Hadron Spectroscopy & Quarks
1964: Gell-Mann (“quarks”) and Zweig
(“aces”) noticed that observed multiplets
could be constructed from elementary spin- 1

2

flavor triplets—isospin doublet (u, d) and
strange isospin singlet s, according to the rules
meson = qq̄ and baryon = qqq.
Both open to qqq̄q̄, 4qq̄ . . .

Y

I3

s

ud

SU(3)f algebra:
3⊗ 3̄ = 1⊕ 8;

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10

“Of course, the whole quark idea is ill-founded. So far, quarks have
escaped detection. This fact could simply be taken to mean that they
are extremely massive and therefore difficult to produce, but it could also
be an indication that quarks cannot exist as individual particles but, like
phonons in a crystal, can have meaning only inside the hadrons. In either
case, nevertheless, the dynamical system of such quarks binding together
to give the observed hadrons that has the properties demanded by the
applications, is very difficult to understand in terms of conventional
concepts. The quark model should, therefore, at least for the moment,
not be taken for more than what it is, namely the tentative and simplistic
expression of an as yet obscure dynamics underlying the hadronic world.”

—Jaap Kokkedee, 1969
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Quark model as formulated conflicts with Exclusion Principle

∆++(uuu): symmetric in space (s-wave), spin (J = 3/2), isospin (I = 3/2)

; Add a label (“color”) to distinguish the identical quarks

Validated in weak-interaction branching fractions, σ(e+e− → hadrons), . . .

Generalize from label to continuous symmetry: SU(3)color

SU(3)c gauge symmetry ; Quantum Chromodynamics

; asymptotic freedom, justifying parton model, offering confinement mechanism

Color singlets: maximally attractive channels in one-gluon exchange
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Our picture of matter

Pointlike (r ∼< 1018 m) quarks and leptons

uR
dR
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sR

tR
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eR
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n3

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
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QCD: the basis of hadronic physics

Fundamental fields: quarks and gluons, manifest in

Proton structure [high resolution, hard scattering, . . . ]

Matter at high density

Lattice calculations

Effective degrees of freedom, manifest in

Constituent quarks, Goldstone bosons, . . .

Effective field theories

Isobar (resonance) models

Nuclei and nuclear structure
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Flavor-spin SU(6)fs = SU(3)flavor⊗ SU(2)spin

Generalizes Wigner SU(4) = SU(2)isospin⊗ SU(2)spin

Construct SU(6) wave functions for polarized nucleons,

|p ↑〉 = (1/
√

18) [2u↑d↓u↑ − u↓d↑u↑ − u↑d↑u↓ − d↑u↓u↑
+2d↓u↑u↑ − d↑u↑u↓ − u↑u↓d↑ − u↓u↑d↑ + 2u↑u↑d↓] ,

|n ↑〉 = −(1/
√

18) [2d↑u↓d↑ − d↓u↑d↑ − d↑u↑d↓ − u↑d↓d↑
+2u↓d↑d↑ − u↑d↑d↓ − d↑d↓u↑ − d↓d↑u↑ + 2d↑d↑u↓] ,

+ remaining light-baryon wave functions . . .

Reproduces the pattern of baryon magnetic moments

Why did extravagantly näıve arguments lead to successful predictions?
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Colorspin SU(6)cs = SU(3)color⊗ SU(2)spin Jaffe (1977)

No residual color interaction between color singlets, e.g., pn,ΛΛ, . . .

A (uds)2 state in the 490 representation
has an additional attraction—a color hyperfine interaction

The conjectured H-dibaryon, perhaps to be seen near ΛΛ threshold

Fate still unknown
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Charmonium spectrum PDG

Charmonium system 1

Charmonium System

Updated July 2021.

The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update
December 1, 2021 08:45
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Bottomonium spectrum PDG

Bottomonium system 1

Bottomonium System

Updated July 2021.

The level scheme of meson states containing a minimal quark content of bb. The name
of a state is determined by its quantum numbers IGJPC (see the review “Naming
Scheme for Hadrons”). States included in the Summary Tables are shown with solid lines;
those requiring confirmation are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including Υ(nS) → γηb(mS),
Υ(nS) → γχbJ (mP ), and χbJ (nP ) → γΥ(mS), are omitted for clarity. For orientation,
the location of the thresholds related to a pair of ground state open bottom mesons is
indicated in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update
December 1, 2021 08:45
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Why attack a particular question?
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Toward Controlled Approximations to Supplement Models

� NRQCD for heavy-heavy systems (Q1Q̄2)
mQi
� ΛQCD

expansion parameter v/c

� HQET for heavy-light systems (Qq̄)
mQ � ΛQCD; ~q = ~L + ~sq
expansion parameter ΛQCD/MQ

� Chiral symmetry for light quarks (q1q̄2)
mqi � ΛQCD

expansion parameter ΛQCD/4πfπ

� Lattice QCD
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Seeking the Relevant Degrees of Freedom
Correlations among quarks long known . . .

� x → 1 behavior of proton parton distributions:
F n

2 /F
p
2 <

2
3 ; Spin differs from SU(6)fs wave functions

� 3⊗ 3 attractive in 3∗ (half as strong as in 3⊗ 3∗ → 1?)
In extreme heavy-quark limit, surely pointlike 3∗ is apt

(QQ)

q̄

q̄

(QQ)

q̄

q̄

(QQ)

q̄

q̄

q̄

q̄

Q Q

Growing separation alters 3∗, 6 mix ; dissociation

� Scalar nonet f0(600) = σ, κ(900), f0(980), a0(980) as qqq̄q̄
organized into diquark–antidiquark 3⊗ 3∗

Chris Quigg (Fermilab) Symmetries and Dynamics mitp · 14.03.2022 19 / 25



Test, extend idea of diquarks

; QQq baryons (and comparison with Qq̄)

systematics of (qq)(q̄q̄) states; extension to (Qq)(Q̄q̄), (QQ)(q̄q̄)

shape of baryons (at least high-spin?) in lattice QCD

comparison with 1/Nc systematics?

additional configurations beyond qqq and q̄q?

role of diquarks in color–flavor locking, color superconductivity, etc.

colorspin as an organizing principle? mass effects . . .
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Superposition, Interference, Confusion, . . .
Consider the neighborhood of X (3872)

1 Possible charmonium state. Spectrum is influenced by open-charm
states (coupled-channel studies by Cornell group). We estimated
open-charm content of (cc̄) levels, but did not consider interplay with

2 Molecular states (+− and 00 charge configurations), or

3 Tetraquark states, or

4 Examine exhaustively the influence of threshold cusps and such.

One idea might successfully give the big picture, but
a full understanding will require incorporating all relevant possibilities.
The mix will be different for every state. Higher mass, more intricate.
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Doubly Heavy Baryons

Spectroscopy

Analogy: [QQ(′)]3∗q and Q̄q as heavy-light systems

One-gluon-exchange: V[QQ(′)]3∗
(r) = 1

2V(Q̄q)1
(r); deviations beyond?

Learn about [QQ(′)]3∗ dynamics through excitation spectrum?

As in bc̄ , unequal masses in bcq may expose limitations of NRQM

Weak decays

Rich set of heavy → heavy, heavy → light transitions

Isolate different pieces of Heff
weak
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Can we find new connections and learn from others?

Stan Brodsky: a QCD supersymmetry relating mesons to baryons.

1 Any lessons from or for supersymmetry in nuclei (Francesco Iachello)?

2 How do relations among mesons, baryons, tetraquarks, pentaquarks
relate to heavy-quark symmetry relations such as

m(QiQj q̄k q̄l)−m(QiQjqm) = m(Qxqkql)−m(Qx q̄m)?

3 . . .
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QCD could be complete to very high energies
How Might QCD Crack?

(Strong CP Problem)

(Breakdown of factorization)

Free quarks / unconfined color

New kinds of colored matter

Quark compositeness

Larger color symmetry containing QCD
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Hadron Spectroscopy is rich in opportunities

Models are wonderful exploratory tools

Engage lattice, symmetries at every opportunity

Build coherent networks of understanding

Tune between systems: models beyond comfort zones

Relate mesons to baryons to . . .

Look beyond qqq and qq̄: heavy flavors, exotics,
matter under unusual conditions

Focus on what we can learn of lasting value
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