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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:

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

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

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

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

Detection on Earth: 1882, Luigi Palmieri in Vesuvian lava;

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

Chris Quigg (Fermilab) mitp - 14.03.2022 3/25


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

| | | |
140 160 180 200

| |
440 460

|
480

|
500

THE
LONDON, EDINBURGH, axo DUBLIN

PHILOSOPHICAL MAGAZINE

AND

JOURNAL OF SCIE

[SIXTH SERIES.]

1. On the Constitution of Atoms and Molecules.
By N. Bou, Dr. phil. Copenhagen®.

Introduction.

in the results of experiments on scattering
Prof. Rutherford} has given a
According to this theory,
foms cor itively charged nucleus surrounded
\,, a system of electrons kept together ractive forces
from the mucleus the tatal negative chargo of the elecirons
1 to the positive charge of the nucleus. Further, the
nucleus is assumed to be the seat of the essential part of
the mass of the atom, and to have linear dimensio
coedingly small compared with the linear dimensions of the
The number oi plnuvuu\ in an atom is deduced
\pp equal to hal tomi ht. Great
interest is to om-model ; for, as
Rutherford has shown, the assumption of the existence of
nuclei, as those in question, scems to be necessary in order
to account for the results of the experiments on large angle
scattering of the  rays
In an attempt to o‘plnm some of the properties of matter
n the basis of this model we meet, however, with
diffcultios of & serious nature arising from the apparent

ﬂu-on of the
he

7 Communicated by Prof. E. Ruthetord, ERS.
1 E: Ruthortord, Phil. Mag 669 (1911).
T Seo also Geiger and ) Marsden, Bhil. Mag. April 1913,
Plil. Mag. 8. 6. Vol. 26. No. 151. July 1913,
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STELLAR ATMOSPHERES

A CONTRIBUTION TO THE OBSERVATIONAL
STUDY OF HIGH TEMPERATURE IN THE
REVERSING LAYERS OF STARS

CECILIA H. PAYNE

PUBLISHED BY THE OBSERVATORY
CAMBRIDGE, MASSACHUSETTS
1925
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Moseley (1913): x-ray spectra determined by Atomic Number (Rutherford)

Higl-Frequency Spectra of the Flements. 109

Fig. 8.
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Summary,

1. Every element from aluminium to gold is characterized
by an integer N which determines its X-ray spectrum.
Every detail in the spectrum of an element can there-
fore be predicted from the spectra of its neighbours.

2, This integer N, the atomic number of the element, is
identified with the number of positive units of
electricity contained in the atomic nucleus.

3. The atomic numbers for all elements from Al to Au
have been tabulated on the assumption that N for Al
is13.

4. The order of the atomic numbers is the same as that of
the atomic weights, except where the:latter disagrees
with the order of the chemical properties.

5. Known elements correspond with all the numbers be-
between 13 and 79 except three. There are here
three possible elements still undiscovered.

6. The frequency of any line in the X-ray spectrum is
approximately proportienal to A(N—b5)% where A
and b are constants.
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https://web.mit.edu/8.13/www/pdf_files/moseley-1913-high-freq-spectra-elements-part2.pdf

SU(2)isospin, the first internal symmetry

my, &~ my,
Charge-independence of nuclear force: binding of *H(pnn) and 3He(ppn)
Level structures in mirror nuclei; isobaric analogue states

12 -

>
n

-
a

10 +

140 14N 140

(n - p mass difference, Coulomb energy removed)



Hadrons, the third spectroscopy Weisskopf (1968)
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Ancient History: Hadron Spectroscopy & SU(3)favor

Gell-Mann, “The Eightfold Way” & Ne'eman, Nucl.
Phys. 26, 229 (1961): SU(3) classification symmetry
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REVIEWS OF MODERN PHYSICS

VOLUME 85, NUMBER 4

ocTonER, 1988

The Octet Model andits Clebsch-Gordan
Coefficients

PR
RN,

1. INTRODUCTION

N trying to understand the structure of the strong

intoractions, several higher symmetry schemes
have been proposed.** Theso higher symmetries
should conserve the isospin 7 and the hypercharge
¥ Especially interesting in this respect is the octet
model (unitary symmetry) proposed independently
by Gell-Man® and Ne‘eman.* In this model one
assumes the strongest interactions to be invariant
under transformations belonging to SU(), ie.,
under unimodular unitary transformations in some
three-dimensional complex linear vector space (“uni-
tary spin space”). The symmetry of strong
interactions is broken by some unknown weaker
‘mechanism, but in such a way that the isospin and
the hypercharge are stll conserved. A till weaker
interaction, the clectromagnetic interaction, breaks
this lower symmetry in such a way that only the
hypercharge and the third component of isospin are
conserved. Tn this unitary symmet
signs groups of strongly interacting particles with the

of the group SU(). The lowest nontrivial IR in the
ctet, model, which s physically possible (ic.,
integer quantum numbers for the hypercharge), is
the IR {8]. The cight well-known baryons NA,Z,
and =, as well as the cight pseudoscalar mesons,
Konr, and K, aro asignod to Vs (8], Ono asoums
Imoreover, the existence of cight vector mesons which

“ On Jeave from the Usiversity of Nijmegen, Nijmegen,
e Vet | L

me of the difny gy ety

richchon e g 16, Helrend?

i
B, & Ko Mod. Dhve.
ol (wﬂﬂ The Mmuf b e L o e o cxtig
e ot i b

or g T, Mach. Pl 4 58
California, Tnstitute of Tochnology, Re-
port G801, Ve 1901 e e, . 125
gz (1ve2),

Y. Nefeman, Nuel. Phys. 26, 222 (1961).

Swant®
Geneva

belong to such a representation. Perhay
p, K, and K* constitute this octet. A dif
is which K* to take. There seem to be two
esonances, oneat 0 Mo and. the other ot 858
Me. One favors the 888-MeV resonance because
it seems (o have all the correct quantum numbers,
The next higher IR can contain 10 particles. It is
st that the familiar () piovnucieon
resonance, the V7 MeY), the recently dis-
coveres ] = §, Ir rsontnce ut 1632 MeV und u
still unknown baryon (¥ = —2, [ = 0, 4 1685
MeV) belong to this IR 10}, A dumvny of this -
would be a great triumph for this octet model.
Okubo' has derived a muss formula for the difforent
members belonging to the same IR For the octets
(IR {8}), this formula reduces to 2 mass relation
betwween the different, members. This mass relation
is very well sutisfied for the baryons and for the
pseudoscalar mesons. However,  for the vector
mesons, either the 888-MeV nor the 730-MeV
(Kx) resonance fulfils 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

5 G Alexander, G. . Klbfleisch, . H. Millr, and G. A,
Smith, Phye. Hov. Letors 8, 417 (1962).
i exlensve efoenes e, P ssslings of the 1068 Ane
gt on_HigheEnergy Physics,
X Coners, 1063), . 751
Coll-Mu, Proceedings'of the 1962 Annual Tnier-
o e s i, I (OB,

T . Prowas, P, Setlin, . 13 S

D. H. Stork, .mﬂi K. Ticho, Proceedings 1962 Annual

Dititions Confecnse on ok v o, a4 CHRN
). 2

rigon B 1. Conpol, 5 1 Harl 18-
i, Ko S 5 Vo

g 3 DS e

Ui 1068 Al Tnternations

1 Physics, ol CRRN " (CEIN,

Theoret, Phys. (Kyota) 27, 910 (1062).
115 Colemmin and 8. 1. Glochow, Phys. Rev. Letters 6, 123
a6,
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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 The Quark
flavor triplets—isospin doublet (u, d) and Model

A LECTURE NOTE
& REPRINT SERIES

S1

strange isospin singlet s, according to the rules 8
meson = qg and baryon = qqq. Z a
Both open to qqqq, 4qq ... O
o

1v =¥ -

|1 o R v

de ol | “Of course, the whole quark idea is ill-founded. So far, quarks have
3 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,
U(3)f a|gebra: not be taken for more than what it is, namely the tentative and simplistic
3 ® 3 1 @ 8 expression of an as yet obscure dynamics underlying the hadronic world.”
'

333=10808310
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Quark model as formulated conflicts with Exclusion Principle

AT (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, o(e*e~ — hadrons), ...
Generalize from label to continuous symmetry: SU(3)color
SU(3). gauge symmetry ~» Quantum Chromodynamics
~» asymptotic freedom, justifying parton model, offering confinement mechanism

Color singlets: maximally attractive channels in one-gluon exchange

Symmetries and Dynamics



Our picture of matter

Pointlike (r < 10'® m) quarks and leptons




QCD: the basis of hadronic physics

Fundamental fields: quarks and gluons, manifest in

o Proton structure [high resolution, hard scattering, ... ]|
o Matter at high density
o Lattice calculations

Effective degrees of freedom, manifest in
e Constituent quarks, Goldstone bosons, ...
o Effective field theories
o Isobar (resonance) models

e Nuclei and nuclear structure

Symmetries and Dynamics



Flavor-spin SU(6)ts = SU(3)fiavor® SU(2)spin
Generalizes Wigner SU(4) = SU(2)isospin®@ SU(2)spin
Construct SU(6) wave functions for polarized nucleons,
1) = (1/V18) [2urdyu — uydruy — urdyuy — druyun
—|—2d¢UTUT - dTUTU¢ — uTu¢d¢ — uiquT + 2”TUTd¢] ,
n1) = —(1/V18)[2diud; — dyurd; — drurd, — wdyd;
+2U¢d¢d¢ - quTdi - deiuT — didTUT + 2deTU¢] ,
+ remaining light-baryon wave functions . ..
Reproduces the pattern of baryon magnetic moments

Why did extravagantly naive arguments lead to successful predictions?

Symmetries and Dynamics



Colorspin SU(6)cs = SU(3)color® SU(2)spin Jaffe (1977)

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

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

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

Fate still unknown




Charmonium spectrum
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Bottomonium spectrum PDG
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Why attack a particular question?

VOLUME 140,

PHYSICAL REVIEW

NUMBER 2B 25 OCTOBER 1965

Infrared Photons and Gravitons*

StEVEN WEINBERGH
Depariment of Physics, University of California, Berkeley, California
(Received 1 June 1965)

Tt s shown that the infrared divergences

arising
the familiar methods used in quantum electrodynamics. An additional dives
from noninfrared ext

photons or gravitons are emitted

infrared gravitons this divergence cancels in the sum of all such di

in the quantum theory of gravitation can be removed by
when infrared

ternal lines of zero mass, but it is proved that for

tion does not occur

in massless electrodynamics.) The formula derived for graviton bremsstrablung is then used to estimate the
collisions

gravitational radiation emitted during thermal
of g:vnxnom\ radiation

(though still very weak) than

in the sun, and we find this to be a stronger source
classical sources such as planetary motion. We

also verify the conjecture of Dalita that divergences in the Coulomb-scattering Born series may be

ph.uchctnr.lndweshuwhavthumll!myheex‘mdﬂd 0 processes in-

innocuous
volving arbitrary numbers

1. INTRODUCTION

HE chief purpose of this article is to show that

the infrared divergences in the quantum theory

of gravitation can be treated in the same manner as in

quantum electrodynamics. However, this treatment

apparently does not work in other non-Abelian gauge

theories, like that of Yang and Mills. The divergent

phases encountered in Coulomb scattering will inci-
dentally be explained and generalized.

It would be difficult to pretend that the gravitational

infrared divergence problem is very urgent. My reasons

for now attacking this question are:

(1) Because I can. There still does not exist any
satisfactory quantum theory of gravitation, and in
lieu of such a theory it would seem well to gain what
experience we can by solving any problems that can
be solved with the limited formal apparatus already at
our disposal. The infrared divergences are an ideal case
of this sort, because we already know all about the
coupling of a very soft graviton to any other particle,!
and about the external graviton line wave functions*
and internal graviton line propagators.?

(2% Because something might go wrong, and that
would be interesting. Unfortunately, nothing does go

wrong. In Sec. II we see that the dependence on the
infrared cutoffs of real and virtual gravitons cancels
just as in electrodynamics.

However, there is a more subtle difficulty that might
have been expected. Ordinary quantum electrodynamics
would contain unremovable logarithmic divergences if
the electron mass were zero, due to diagrams in which
a soft photon is emitted from an external electron line
with momentum parallel to the electron’s.? There are
no charged massless particles in the real world, but
hard neutrinos, photons, and gravitons do carry a
gravitational “charge,” in that they can emit soft
gravitons. In Sec. III we show that diagrams in which
a soft graviton is emitted from some other hard mass-
less particle line do contain divergences like the Inm,
terms in massless electrodynamics, but that these
divergences cancel when we sum all such di: a
However, this cancellation is definitely due to the
details of gravitational coupling, and does not save
theories (like Yang and Mills’s) in which massless
particles can emit soft massless particles of spin one.

(3) Because in solving the infrared divergence prob-
lem we obtain a formula for the emission rate and
spectrum of soft gravitons in arblua.ry collision pmc~
esses, which may (if our experience in electrodynami
is a gunde) be numerically the most important gmv.-
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.140.B516

Toward Controlled Approximations to Supplement Models

> NRQCD for heavy-heavy systems (@, @2)
mQ, > AQCD
expansion parameter v/c

> HQET for heavy-light systems (QqQ)
mqg > /\QCD; jq = L+§c,
expansion parameter Aqcp/ Mg

> Chiral symmetry for light quarks (g13>)
mg, < Nacp
expansion parameter Aqcp /47T,

>> Lattice QCD



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

> x — 1 behavior of proton parton distributions:
7/ F§ < %; Spin differs from SU(6)g wave functions
> 3 ® 3 attractive in 3* (half as strong as in 3 ® 3* — 17)
In extreme heavy-quark limit, surely pointlike 3* is apt

d J d d

()@ (QQ)@® Qe ® Qe

O_ O_ O_ O_
q q a q

Growing separation alters 3*, 6 mix ~» dissociation

> Scalar nonet f(600) = o, £(900), ,(980), ap(980) as qqqq
organized into diquark—antidiquark 3 ® 3*

Chris Quigg (Fermilab)
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Test, extend idea of diquarks

o ~ QQq baryons (and comparison with Qg)

systematics of (qq)(Gg) states; extension to (Qq)(Q3), (QQ)(33)
shape of baryons (at least high-spin?) in lattice QCD

e comparison with 1/N, systematics?
e additional configurations beyond gqq and gq?
role of diquarks in color—flavor locking, color superconductivity, etc.

e colorspin as an organizing principle? mass effects . ..

Symmetries and Dynamics



Superposition, Interference, Confusion, ...
Consider the neighborhood of X(3872)

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

@ Molecular states (+— and 00 charge configurations), or

@ Tetraquark states, or
@ 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.

Chris Quigg (Fermilab) mitp - 14.03.2022 21 /25



Doubly Heavy Baryons

Spectroscopy
o Analogy: [QQ"]3-q and Qg as heavy-light systems
o One-gluon-exchange: Viqquy,.(r) = 3V(a,),(r); deviations beyond?
o Learn about [QQ(’)]3* dynamics through excitation spectrum?
e As in bcC, unequal masses in bcqg may expose limitations of NRQM
Weak decays

o Rich set of heavy — heavy, heavy — light transitions

eff

o Isolate different pieces of H ..,

Symmetries and Dynamics



Can we find new connections and learn from others?

Stan Brodsky: a QCD supersymmetry relating mesons to baryons.

© Any lessons from or for supersymmetry in nuclei (Francesco lachello)?

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

m(Q;Q;Gkqi) — m(QiQiqm) = m(Qxqrq1) — m(Qxqm)?

Symmetries and Dynamics



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

Symmetries and Dynamics




Hadron Spectroscopy is rich in opportunities

o Models are wonderful exploratory tools

o Engage lattice, symmetries at every opportunity

o Build coherent networks of understanding

e Tune between systems: models beyond comfort zones

o Relate mesons to baryons to ...

o Look beyond gqq and qg: heavy flavors, exotics,
matter under unusual conditions

Focus on what we can learn of lasting value
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