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I. INTRODUCTION

Once upon a time physicists believed that matter was made of
protons and electrons, Then the neutron was discovered. There were
now two particles, the proton and neutron, which were very similar, yet
they were also different. Now there are many particles classified in
groups containing members which are similar and also different. Exactly
how are they similar ? Exactly how are they different? Why do particles
appear in such groups? These are some of the fundamental questions
to be explored in these lectures.

The neutron and proton have similar masses and strong interactions.
They have; -different electric charges; and electromagnetic interactions,
The similarity of their strong interactions is expressed formally by the
principle of charge independence of nuclear forces and by the symmetry
of isospin invariance, The symmetry is broken by the electromagnetic
interactions which do not conserve isospin but only the z component or
electric charge. This symmetry breaking removes the degeneracy of
the nucleon doublet, chooses the eigenstates of electric charge as the
physical particles and introduces a mass splitting between them.

The nucleon example shows the two kinds of internal quantum

numbers now used to classify particles:

1. Additive quantum numbers, conserved like charge or approximately

conserved like strangeness.



-3- FERMILAB-Conf-77/93-THY

2. '"Non abelian" quantum numbers like isospin which label families

of particles., These are associated with operators which change the
members of a given family into one another. They thus do not commute
with the charge operators and are called non-abelian,

The non-abelian quantum numbers define families or supermultiplets
of related particles. The additive quantum numbers label the members of
the families and distinguish between them. Such a multiplet structure
arises naturélly in any model of hadrons buijlt from basic building blocks
in the same way that nuclei are built of nucleons, The mass number and
charge of a nucleus are linear combinations of the number of neutrons
and the number of protons in the nucleus, The isospin of a nucleus is
determined by the permutation symmetry of the basic building blocks.

In models where quarks are assumed to be the basic building blocks of
hadrons there are several different types of quarks having different
values for additive quantum numbers.

The internal degrees of freedom which label the quantum numbers
of quarks are called flavors and colors, The values of the additive
gquantum numbers for any given hadron are linear combinations of the
numbers of quarks of a given flavor and color, in the same way that the
additive quantum numbers for a nucleus are related to the number of
neutrons and protons. The non-abelian quantum numbers are related to
permutation symmetries and the behavior under transformations which

change the color and flavor of quarks. But unlike nuclear physics where
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the nucleons are known and their properties and quantum numbers have
heen measured, quarks have not been observed, Thus the additive and
non-abelian quantum numbers of hadrons were discovered experimentally
and are well established independently of the validity of the quark model.

This raises the question, Why do hadrons have abelian and non-abelian

quantum numbers which suggest that they are made of quarks when quarks

are not observed as free particles in nature?

Some examples of the additive quantum numbers and the associated

non-abelian symmetries are listed in Table 1.4. The question marks

Table 1.1 Additive Quantum Numbers and Non-Abelian Symmetries

Additive Quantum Numbers Non-Abelian Symmetries
Electric Charge Isospin

Strangeness SU(3) U spin

Charm SU(4)

? Color

Baryon Number ? Supersymmetry?
Lepton Number ?
Flectron Number ?
Muon Number . ?
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indicate cases where either an additive quantum number or a non-ahelian
symmetry are known but the companion quantum number has not been
established and it is not clear whether it exists or is observable.

Off in the corner is spin on the boundary between internal and
external degrees of freedom. Although intringic spin is a property of
a particle and is determined by its nature or intrinsic structure, it is
also a physical angular momentum and can be rotated by interactions
in space time., Rotational invariance is a symmetry which combines
rotations in space time with rotations qf the intrinsic spins of the
particles. In a nonrelativistic theory, one can postulate symmetries
in which th; dynamics are invariant -under separate rotations of intrinsic
spin and space time. The impossibility of such a separation in a
relativistic theory has led to many difficulties in including spin together
with internal Symme’cries1 in symmetry groups like SU(6)., These
difficulties are outside ths cope of the present lectures and will not be
discussed further.

The transformations in the space of these internal degrees of
freedom are described by symmetry algebras. These are well known in
other areas of physics but they appear in particle physics a very different
way. This is illustrated in Table 1,2, Conventional applications
begin in space time, then go to Hilbert space and then to the laboratory, 2
One begins in space time with a symmetry principle like rotational

invariance which requires the equations of motion to be invariant under
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Table 1.2 Symmetry Algebras in Physics

Space time Hilbert Space Laboratory
Conservation Laws Operator Algebras Multiplet Structure
of Spectrum

Rotations
- 9 —n
Py Py 008 § 7P sin - Y "ECa6% o 1M T, /2
Conservation of [J J ] —1J [J J 0_‘ M==J,,..+]

angular momentum

Charge Independence of Isospin Transformations. ,Neutrons and Protons
Nucliear Forces T — (n ) -+ 3 n ~#®— have similar properties
)T
Quarks? g— SU(3) Algebra...SU(6) £ Isosg_)in-—Strangefless
: 8 Generators Multiplets. .. Spin

Gauge Theories Unifying—3 GIM Mechanism. . .SU{4 )« Peculiar Weak

Weak and E. M. Currents.
No.AQ=0;AS=1

Charmed Particles

Charmonium

Quark Confinement Color Degree of Freedom Baryons have wrong
Condenser Plate Model -g—0-o SU(3) olor F— statistics
Non-Abelian Gauge Theories Throw wrong states out of Quarks are not seen

? Hilbert Space aren ce
Asymptotic Freedom < Scaling in Deep
Parton Models~~Free Quarks Inelastic Scattering
Supersymmeiries ? —> Graded Lie Algebras «f—— Baryons and Fermions

exist
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certain transformations. The dynamical variables describing the system
are classified according to their behavior under these transformations;
e.g. as scalars, vectors, tensors, etc, under rotations. Conservation
iaws like conservation of angular momentum are seen to followfrom
these invariance principles.

The next step extends the classical implications of symmetries
to the quantum theory where states of the system are described by vectors
in Hilbert space and dynamical variables by operafors. To each symmetry
transformation in space time there corresponds in Hilbert space a
linear transformation of state vectors into one another. These state
vectors céx;-be classified into groupé called multiplets or representations
of the symmetry algebra which form closed sets transforming into one
another under the symmetry. One also finds operators like the angular
momentum operators which generate the symmetry transformations.

The commutation relations among these operators generate an algebra,
Analysis of the algebra leads to new operators like J2 which commute
with all of the generators and determine the structure of the multiplets
whose states transform into one another under the algebra.

The next step is into the laboratory to examine those consequences
of the symmetry algebra description in Hilbert space which are directly
verifiable in experiment. The invariance of the Hamiltonian under
symmetry transformations means that all eigenfunctions of the Hamil-

tonian connected by symmetry transformations must be degenerate.
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The observed spectrum of states thus shows a multiplet structure with
states labeled by quantum numbers determined by the sSymmetry algebra.
In the case of rotational invariance, the multiplet structure consists of
states labeled by quantum numbers J and M. The non-abelian quantum
number J labels the entire multiplet which consists of 2J + 1 states and
the additive quantum number M is the eigenvalue of the operator Jz and
takes on values from -J to +J in steps of unity through the multiplet.
In particle physics everything goes backwards., We do not start

by an invariance principle in space time which requires invariance
under isospin transformations and end with the prediction of isospin
multiplets hnke the proton and the neu-tron. We start at the bottom and
observe a multiplet structure of the spectrum. There are two states,
the neutron and proton with very similar properties, We then go back
into Hilbert space and ask what are the transformations which would
give rise to the observed multiplet structure, We find the SU(2) algebra
which transforms neutrons and protons into one another. We then ask
what kind of description in space time with a Lagrangian or Hamiltonian
would naturally incorporate the symmetry that leads to invariance under
these transformations in Hilbert space. The answer in this case is a
model in which all complex nuclei are made from an elementary

doublet building block, the nucleon, if the forces which bind nucleons

together to make nuclei are charge independent.
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The next multiplet structure observed in the laboratory was groups
of several isospin multiplets having different values of strangeness and
the same eigenvalues for all other conserved quantum numbers and
similar masses. The search for the right symmetry algebra to describe
this multiplet structure in Hilbert space took a long time because there
were no obvious elementary building blocks, like the nucleon in nuclear
physics, and there was no single obvious candidate for the symmetry group.
The correct SU(3) algebra was eventually found and called the eight-fold
way because it has eight generators and the lowest lying baryon and
meson states were classified in the octet representation, the same
representagi?m as the generators. The search for a dynamical model
which would lead to this symmetry in Hilbert space began with the puzzle
of why the symmetry of SU(3) should describe a system with eight

'basic baryons and eight basic mesons rather than some group of trans-
formations in an eight dimensional vector space. Omne answer was that
the mesons and baryons were not elementary objects but were composites
built from yet unknown basic building blocks with only three states. This
elementary triplet, named the quark, is very peculiar because it has
fractional electric charge and baryon number, and because it still has
not been found.

Soon after the SU(3) symmetry came SU(6) which followed fro m the
observation that SU(3) multiptets with different spins fit together into
supermultiplets of the SU(6) algebra, as one would expect for composite

models with basic building blocks having three flavors and spin one half,
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The next set of symmetries were discevered neither forward nor
backward in the chain ''space-time-Hilbert-space-laboratory, ' but via
more complicated paths., One began in space-time with gauge theories
unifying weak and electromagnetic interaction53 and in the laboratory
with the observation that there were no strangeness-changing neutral
weak currents., The addition of a fourth quark flawor4 and an SU{4)
symmetry with the GIM mechanism5 for suppressing neutral sirangeness-
changing transitions was motivated by the peculiar structure of the weak
currents observed in the laboratory and led to new predictions that
charmed particles and charmonium states should be observed in the
laboratory; ) The S1J(4) model receivéd a new impetus when the neutral
strangeness -conserving weak currents were observed. 6 There were
now charged currents both strangeness conserving and strangeness
changing, but the neutral current conserved strangeness, The charm
model gave this kind of current in a very simple way, while no other
model gave such predictions. The completely independent theoretical
discovery that gauge theories unifying weak and electromagnetic interactions
were renormalizableTIed to a renewed interest in these theories and the
subsequent experimental discoveries of neutral currents and charm gave
a strong push to the development of gauge theories,

The color degree of freedom and color symmetry8 was motivated by
three different discoveries in the laboratory. 1) That the baryon

spectrum is described simply in the quark model only if quarks have the
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wrong statistics, 2} That free quarks have not been discovered and 3) The
scaling phenomenon discovered in deep inelastic lepton scattering. In

the Hilbert space, one finds that the statistics problem can be solved by
introducing a new color degree of freedom with three colors and requiring
the low lying baryon states to be singlets in color SU(3)., The observation
that quarks, diquarks, or other states with fractional electric charge
have not been seen is explained by pushing all states which are not color
singlets up very high in mass or throwing them out of Hilbert space all
together. Thelatter is the limit of pushing them up in mass to the point
where they have infinite mass., A search for a dynamical theory described
in space ti}r;é which would have these properties in Hilbert space led to
non-abelian gauge theories which depressed all color singlet states and
might lead to quark confinement, and the pushing up of all non-singlet
states to infinite energy. This happens exactly ina 1 + 1 dimensional
mode19 where a quark-antiquark pair are like a pair of condenser plates
and separating the plates requires infinite energy.

A different path to color and non-abelian gauge _theories started
with the observation that the experimentally observed scaling could be
obtained from parton models in which quarks behaved as free point-like
objects in deep inelastic scattering. The question of how quarks can be
so strongly bound that they can never escape, while nevertheless
behaving as guasi-free particles led to the discovery of asymptotic

fr‘eecllomflO and infra-red slavery in which quarks interacted with weak
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short range forces and strong long range forces. It was then found that

the only theories which had this asymptotic {reedom property were just

the same non-abelian gauge theories needed to solve the quark statistics
problem and the saturation of bound states at the quark-antiquark

and three-quark levels.

New speculations of possible additional symmetries are motivated
by the existence of the additive quantum numbers of baryon number and
lepton number. 1 There are suggestions that states having different
eigenvalues of these quantum numbers could be grouped into larger
supermultiplets in a new scheme which would eventually unify all of
particle physics. The inclusion of states with even and odd baryon
number requires a different mathematical strucfure from the discrete
_ symmetries and Lie algebras used for conventional symmetries. The
appropriate algebra to use in Hilbert space is called a graded Lie
algebra. These are related to dynamical symmetries in space-time known
as supersymmetries. 1z

The unification of states having different baryon and lepton numbers
but without mixing bosons and fermions has been explored with the aim
of putting quarks and leptons, the basic building blocks of all particles,
into a unified scheme. These new speculations on supersymmetry and
quark-lepton universality have not yet led to any verified experimental
predictions and are still at a very early stage of development. They

will not be discussed further in these lectures. They are discussed
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. 1 .. R . .
olsewhere at this course,  Hopefully they will lead ultimately to the
answer to the question, ''Why is there charm strangeness, color and

all that?'’.

il STRANGENESS, CHARM AND MASS SPLITTINGS

Because symmetries are introduced backwards in particle physics,
there is no unambiguous way to introduce symmetry breaking. In -
conventional applications like rotational invariance in atomic physics,
the symmetry is broken by a well understood mechanism, such as an
external magnetic field, whose transformation properties under
rotations a:r—:;,* known. The symmetry‘ algebra can then be used to calculate
the splittings of levels and transition matrix elements. But in particle
physics there is no underlying theory to specify the transformation
properties of the symmetry breaking interactions.

One starts in the laboratory by noting that pions and kaons have
different masses, and that additional sirangeness goes with increasing
mass. By analogy with the breaking of rotational invariance with a
magnetic field that transforms like a vector under rotations, one can
assume that the breaking of SU(3) symmetry transforms like the SU(3)
analog of a vector, namely an octet. This gives the Gell -Mann-Okubo
mass formula. But there is no theory to tell whether the formula applies

to linear masses, gquadratic masses, some exotic power of the mass,

- . St . . . . .
the S-mairix, or to "reduced' matrix elements with certain kinematic
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factors removed. The original folklore suggested linear mass formulzas

for baryons and quadratic formulas for mesons. These gave good agreement
with experiment for 5U(3) and SU(6) mass formulas. But the quark

model gave results which related baryon mass splittings to meson mass
splittings, in particular, the naive assumption that the difference

between strange and nonstrange quarks relates meson and baryon

splittings as well as mesons and baryons among themselves. Within

the meson and baryon supermultiplets these quark model relations are
equivalent to SU(6) relations. But between mesons and baryons they give
something new, which agrees with experiment when linear masses are

used. The situation was summarized at the 1966 Berkeley con.ferem:e14

by the "crazy mass formula"

, (2.1)

where the L above the equality implies that linear masses shouid be used
and the Q above the equality implies that quadratic masses should be used.
While there are many ways to derive some of these equalities,

no credible model includes both the linear and quadratic relations involving

the same vector meson mass splitting, DBut the experimental agreement
with the crazy formula is sufficiently impressive to suggest that it cannot
be wholly accidental,

The discovery of charm allows a similar formulato be written for

the charmed states by simply replacing all strange quarks in (2. 1) by
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charmed guarks. The result is
D-% = D ~p =C -5 = (2. 2)

where the last equality is left open since the doubly charmed baryon
analogous to the = has not yet been found. This formula also agrees
with experiment, as shown in Table 2.1. Thus changing a nonstrange
quark in the p to a strange or to a charmed quark produces a linear
mass shift which is equal fo that produced by the corresponding change

of a quark in the A, while the shift in sguared mass is equal to that

produced by the corresponding quark change in the pion,
An interesting relation between the spin splittings of the masses

of strange and nonstrange baryons was given by Federman, Rubinstein

_and ’I'almi15 in 1966
(1/2)E + 25 -3A) = A ~N . (2.3)

Experimentally the left and right hand sides of this relation are 307 and
294 MeV, which is rather good agreement, This relation follows from
the assumption that the mass differences are due to two-body forces
which are spin dependent. The right hand side is just (3/2) the difference
between the interaction of two nonstrange quarks in the triplet and singlet
spin states when these gquarks are bound in a nonstrange baryon. The
left hand side is the same difference fcr a nonstrange quark pair bound

in a hyperon (the particular linear combination chosen causes the
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contribution from the strange quark interaction to cancel out). The

experimental agreement indicates that the assumptions of two-body forces

and SU(6) spin couplings in the wave funcfions are good approximations.
Here again the relation can be extended to charm by replacing

strange quarks everywhere with charmed gquarks,

(/2)c, +2C,  -3Cy) = A-N (2. 4)

Since the present experimental information on charmed baryonsi5 gives

a mass of 2260 for the C_ and a mass of 2500 for a broad peak interpreted

0

to be the unresolved Ci - Civ combination, it is convenient to rewrite

Eq. (2.4) as
(c, +zci"')/3 =C, *+ (2/3)(a - N) ) (2.5)

The left hand side is a weighted average of the Ci and Ci* masses,
which can be roughly approximated by the value 2500 MeV for the
unresolved peak. The left hand side is 2456 MeV, which is in reasonable
agreement, So the spin interactions of the ordinary_u and d guarks in
charmed hadrons are the same as in nucleons and hyperons.

We see that charm really behaves very much like strangeness,

and that we don't understand it either!
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Table 2.1 Experimental Tests of Crazy Mass Formula

a) Strangeness Splittings

Q b
K- = K -
AM(GeV) 0,35 GeV 0.12
'_\.MZ(GeV)2 0.22 0,20
b) Charm Splittings
Q
D-m = D -
AM(GeV) 1,72 1,23
2
AMZ(GeV) 3.3 3.4

L L,

= =" - A =
0.45

- C -A

1,26 (if M

0.12

C::: = 2. 5)
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I1I. HIGH ENERGY SPECTROSCOPY'
3.1 Introduction

New particles are awaiting discovery with new accelerators, but
it is not clear how to look for them, particularly since the most exciting
new discoveries have unexpected and surprising properties. Suggestions
from theorists are of dubious value., Even when they are right their
advice is usually useless and following it exactly usually leads to missing
something crucial. But something equally crucial can be missed by
ignoring their advice. After each discovery it usually turns out that
some theorist predicted it. But dozens of equally plausible suggestions
also macde ‘a-t‘ the same time led nowhére and it was by no means
obvious which appréach would be fruitful., This makes life difficult for
experimentalists and program committees frying to decide what experi-
ments to do., But if their tasks were easier and the outcome of experi-
mental investigations could be predicted in advance, research would be
much less exciting.

The recently discovered new charmonium spectroscopy presents
an instructive example of these difficulties, At the 1975 Palermo
Conference I was given credit18 for predicting the discovery of these
particles on the basis of the analysisig shown in Table 3.1 of the new
particle search proposals in 1972 at Fermilab. The conclusions were
that the searches for quarks, monopoles, tachyons, etc. were not apt

to lead anywhere and that the really exciting search would discover a
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particle not listed in these proposals and which the theorists had not
thougnt of. This prediction is not strictly correct if the new par‘ticles20
discovered since November 1974 are indeed bound states of charmed
guarks and antiquarke as they seem to be today. Such states were
proposed by theorists4 a long time ago and their properties were
investigated in detail. However, in 1972 thers were no charm search
proposals at Fermilab., Even in the summer of 1974 when charm
searches suddenly became fashionable and theorists suggested ways of
looking for charm,21 there was no suggestion that charmonium or
hidden charm would be found long before charm itself or that the most
fruitful search would be for very narrow states produced in electron-
positron annihilation. The reason why these suggestions were not
made is instructive. Two crucial missing links in our understanding
of hadron properties prevented the appropriate suggestions from being
made and taken sericusly. These were the existence of neutral weak
s::u::'.v:‘ents6 and the mysterious selection rule attributed to Zweig,
Okubo, Iizuka and others.zz’ 23, 24, 25
In 1971 hadron spectroscopy was well described by the conventional
quark triplet with three quarks and rno fourth quark was needed to
describe the observed states. The motivation for charm came entirely
from weak interactions where a number of attractive looking theories
encountered difficulties in predicting the existence of neutral weak

26 . C s . . . .
currents in flagrant contradiction with experiment. The introduction
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of a fourth charmed aguark with the GIAI mechanism5 cancelled cut all
the sirangeness changing neutral currents and removed the disagree-
ment with experiment. But the strangeness conserving neutral currents
were not cancelled and there was no experimental evidence for such
weak neutral currents. There was also no convincing evidence against
them, but most particle physicists assumed that this was simply a
problem of experimental techniques. Sensitive experiments testing
strangeness-changing neutral currents were much easier than tests of
strangeness-conserving neutral currents, and there was no obvious
reason why one should be absent.while the other was present. Thus a
model which looked attractive to theorists did not seem attractive to
experimentalists because it predicted all kinds of uncbserved exper-
imental results and then had to introduce various ad hoc cancellrations
to get rid of them. Furthermore the same theorists of the Harvard
group who proposed the charm model to get rid of strangeness changing
neutral currents had more complicated modralsz7 with additional heavy
leptons that could get rid of all neutral currents.- There was a general
proliferation of models each introducing either new quarks, new leptons
or new ad hoc couplings of electromagnetic and weak currents., They
were all equally believable and each suggested different experiments

to test its validity. It was hard for an unprejudiced experimentalist

to know which model should be taken seriously or whether the whole

. : . . X 28
picture of gauge theories was worth considering seriously at all.
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Eversything changed with the discovery of the weak neutral currents. 6
It was now clear that nature had placed the strangeness conserving and
strangeness violating ncutral currents on a completely different basis
and the most natural explanation for this difference came from the
GIM mechanism5 which required the existance of charm. So the charm
model suddenly jumped from being one of many dubious theoretical
models with ad hoc assumptions not justified by experiment to the
simplest and most reasonable model available which would explain a
very striking and important new experimental re:sul’c.29 Attention
immediately turned to charm searches.

The charmonium states, bound states of a charmed quark-antiquark
pair were also predicted, and it was also realized that the decay of
these states would be inhibited by the same OZI selection rule which
prevents a strange quark-antiquark pair from disappearing in the ¢
meson decay to produce final states without strange quarks. However,
estimates of the suppression factor were off by a large factor because
the width of the ¢—pw decay was the only experiﬁlental evidence avail-~
able for the strength of transitions violating the selection rule. Why
the charmonium states are so much narrower is still not understood.

It is now 2 1/2 years since the J particle was produced at
Brookhaven by Sam Ting and collaborators. But even though we

recognize the importance of Ting's discovery and great effort has gone
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into subsequent investigations we s:ill know very little about the pro-
duction mechanism for the J in thosze experiments,

The OZI rule allows this J production only with an accompanying
pair of charmed particles. But there is no evidence for this charmed
pair, and the J production seems to go via some nn.ec:hanism25 which
violates the OZI rule.

Except for this absence of charmed pairs we know very little about
the final state in the reaction which includes the J. Thus, it is very
difficult to estimate production cross sections for other new objects in
hadreonic experiments and any extrapolation of Ting!'s results for such
estimates contain so many unknown factors taat they are extremely
unreliable. Since the narrow width of the J is not understood all
estimates of the strength of couplings of new objects to ordinary hadron
channels are unreliable. Future experiments might provide new
insight into these fundamental uncertainties.

All properties of the charmonium states were predicted well except
for the most striking property, the very narrou‘r width which was crucial
in their discovery. Similar theoretical considerations and difficulties
can be expected to arise in predicting the properties of states to be
discovered with new high energy accelerators, So theoretical gulde -~
lines should not be dismissed but should bz considered with the view

that they may be even 20% correct, but & crucial 10% may be missing.
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3.2 Signal and Noise in High lMass Spectroscopy
Resonances with masses in the several GeV range have very many
open decay channels. Their branching ratios into any one exclusive
channel are of the order of 0.1%. Since the signature for the defection
of such a resonance generally picks a particular decay mode, the signal
is proportional to the branching ratioc and is very small. The crucial

factor in discovering and confirming such high mass resonances is the

signal to noise ratio.

It is useful to define 2 figure of merit ¥{P,T) for the produc—
tion of particle P, by observing a characteristic T of the final
state which may either be used as a2 trigger or a2s a signature for
picking out events., The trigger T may be either the full fipsl
state like the electren pair in the decay ¢f the J, or one of the
particles produced inclusivaly in the decay such as a single nuon.
The figure of merit is defined by the relation

F(P,T) = o(P+X) + BR(T)/g(T+X) (3.1)

vhere c(P+X) and ¢ (T+X)denote the cross sections inclusive for
production of the particle P and the trigger T in the reaction
under coasideration and BR(L) denotes the branching ratio for the
appearance for the trigger T in the decay of the particle P,

Examination of Egq. (3.1) shows that the cptinization of the
figure of merit may best be achieved by finding 2 trigger T with
low inclusive production. The chsrac;ﬂrlstlﬂs of the signzl appear-
ing in the numerator will not be changed very much by choosing a
different trigger or a different production mechanism. Howaver, the
denomirator may be reduced by a large factoer by choosing a trigger
for which the background is low. Possibilitias for improving F(P,T)
by reducing the noise seem to be mores favorable than by enhancing
the signzl. We examine three possible approachas to noise reduction.

1} Production of a low noise sicnal. The signal can be
produced by a2 mechanism which naturally has a low background, as in
the production of the Y as a2 very narrow resonance in e -
annihilatdion,
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2) 4 low noise signzl sisnature. An exclusiva deczy channel
can be found which has 2 low producticn backgrournd as in the cdetec~
tion of the J particle by its leptonic decay mode. The particular
case of : signatures is of interest.

3) Use of background ziensture. Since many vartial waves in
the backgrouand can appear zt tha high mass available and only a few
in the signal, the background may havz a characteristic strecture
which enables cuts in selected kinematic regions of the
cle phase space to reduce the noise by a larga factor.

oultiparti-

Production of Low Noise Signal

The production of a new particle with a very low background is
possible for a narrow s-channel rzsonance whose cross sacticn is
very much enhanced over the background in a narrow energy region.
This approach can be used only for thz production of resonansces
having the quantum numbers azvailable in the initial state., It is
particularly suitzble for the production of vector meson resaonances
in electron-positron annihilation.

For states which do not have the quantum nuzmbers of tha photon
or of the meson-baryon, nucleon-nucleon or nucleon-antinucleon
system, some possibilities exist for production via the dzcays of
states which do have these guantum nucbers; e.g. in the production
of the positive parity charmonium states by radiative decay of the
! and the production of charmed particle pairs by the deczys of
higher vector resonznces.

For states not easily produced in this way and available only
in inclusive production there is no simple mecharnisa for reducing
the multiparticle background by choice of a particular production
mechanism. This applies to most cases of hadronic resonance pro—
duction, as in J production where no one production mechanism seems
to be superior by any large factor.

fow Noise Triggers and ¢ Signature Spectroscopy ;

The triggers which have low inclusive procuction cross section
in normal hadroaie processes include photons and leptons produced
by electromagnetic interactions. These are suppressed by powers of
a relative to hadron production. Som2 examples are the lepton
pairs used as the signature for the discovery of the J particle, the
photons used as a signature to discover even parity charmonium states
produced by the decay of the ¢' and the two-phaton and nultiphoton
channels used for the possible detection of the pseudoscaler mesons.
In addition to these electromagnetic triggars which have al—
ready been used successfully, particles like the ¢ and £' which are
suppressed by the CZI rule in nonsirange hadron reactions might
be used successfully. Thnese app2ar as signatures for states whose
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branzhing ratios inte decay channsls involving 4 and £' are not
sunprassad by significant factors over other decays. ¢ signature
spaciroscopy looks attractive for states decaying a ¢ bacaus

in

inclusive ¢ production withoul Raons is forbiddan for nucleon~
nucieon and pion-nucleon reactions ard the backzround should be

small. Typical suvpraession factors odserved exmerimentally for 4
production are a facter of 500 bzlcw w production in pion-nuclecn
reacticns?Y at 6 GeV/c or o facter of 100 below pion pr ocht101 at
Fernilab energies. The & is eagil: detected in the S decay
mode at high energies because the Q of the decay is zc low that
both kaons will pass together in the same arm of 2 specirometer and
will not trigger a Cerekov detector szt for pilons. An even
smaller background would be expected in 9¢ spectroscopy for states
expected to decay into two ¢'s. Exanples of such states zre isao-
scalar bosons even under tharge conjugation which have the structure
of a quark-antiquark pair, either strange, charmed, or sone new
heavy quark.

"Strangeoniun" states of a strange quark-antiquark pair are
allowed by the OZI rule to decay into ¢¢ and should have a compara~
tively strong branching ratio. Such strangeonium states are of
general "interest since no such states zbove tha ¢ or f' are well
known. Our present knowledge of charmonium spectroscopy is at pre-
sent much better than strangeonium because the low noise electro-
magnetic signature of lepton pairs znd photons enables charmonium
to be seen much more easily. Even 1f ¢¢ spactroscopy does not lead
to the discovery of any new charmonivn or “x-onium™ states rpade
from heavy quarks of type x, the devalopzent of strangecrnium spec-—
troscopy would add to our understanding of hadron édynamics.

, The ¢ decay of charmonium cr z-cnium is singly forbiddea by
0ZX or other quark line rules and is therefore on the same footing
as all other hadronic decays which are alsc at least sinzly forbid-
den. Estimates of the ¢¢ branching ratios for these particles are
of the order of 0.1%, which is probably only a small factor belaw
the pp branching ratis. The ¢4 background should be very much lower
than thz pp background and therefore can provide a fruitful trigger
for such states.” The most interesting of such states at present
are tha psesudoscalar states of charmonium or of the new heavier
quarks if they are there.

Oﬁe estiimate for {(wx) ¥+f?3,‘is bzszd on the analogy vith v - an
vhich alse involves aniihilation of z heavy quark poir and creation
of tvo strange quark pairs. Another is basad on the analozy ¥ + pr
and () + pp and used SU{3) to relatz &4 ta po.
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trange resonances such as X7, A"] L7, %7 7 and " which
could decav into lower resonances with the same quantua numbers by

¢ emission zhove the threshold. Nonstrange baryon resonancas at
high masses have been observed by thz technique of pion-nucleon
phase shift analysis. ¢ spectroscopy may enable the discovery of
corresponding resonances with different guantum numbers not
accessible to phase shift analysis.

le ¢ spectroscopy would be uvseful also in observing decays
str

States like the Fi meson containing both charm and strangeness
might be observed by the decay inte 2 ¢ and a pion or lepton pair.
The 97 decay mode might also be useful in the search for the exotic
four—-quark states discussed in secticn VI,

The ¢7 decay mode is particularly interesting in searchas for
new objects, bacause ¢ decay is forbidden by the 0ZI rule for any
boson constructed from a quark-antiquark pair. Thus resonances in
the ¢ systen indicate either a new ohjzct liks a four-quark system,
an OZI-violating strong decay aof a coaventional boson, or a weak
decay into a system containing a strange quark-antiquark pair.

A partial list of states which might be detactag by ¢ signa-
ture spectroscopy are ’

Single ¢ spectroscopy:

K =>K+ 9
A* > A+ 9
E* + L+ 9
= sz 4y
SRS P

& > KK+ ¢
Foo»1 + ¢

-+ leptons + ¢

%] o

FI > T + ¢
s o)

ATr ol A

(3.2a)

(3. 2b)

{
(3. 2¢)
(3. 2d);
|

(3. 2e)

(3. 2f)
(3. Zg)%
(3. 2h):

(3. 2i)

(3.2)
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p—9 SpecLrostopy

N ot g
‘C - o]

(3. 3a)
charaoniua (cc)C ¥ >y ko9 (3.3b)
strangeoniun (SE)C:+ -9 + g {3.3c¢)

—onium (xx, where x is a new hzavy quark)c:++ a+ ¢ (3.3d)

aca} arises.
embars o the v
d =inaat 3V final
order of magnitude
have a unique signa-

Above 3 GeV the possibility of observing 33 4
Vector meson states like the ' and other h1g eT
family can decay into thres vector m2sons.
state would be wpp but 33 would bz of the sans
the SU(3) svametry limit. Tioe 33 state would
ture and 2 very low background.

w'!

in

The use of 2 triggers can tnus lead teo vzrious kindg of inrer—
esting physics. The first step is the unders:tanding of ¢ praduction
itself, by examining the other particles produczd aleng with the ¢
and lookiny for ox resonances. Undeérstanding thz rnechanisms for &
productlon can provide insightf into models for oarticle productian,
even if no new phenomena or resonances are found. Sut chances are
that some part of the production will be due to decays of higher

resonances, and at this stage any resonance with a j-decay mode is
interesting.
Background Signatures
The signal to noise ratio can be improved by the alternative

approach

of characterizing peculiar signatures for the background
in order

to enable its removal from the signal. This approach is
based on the fundamental difference batween the spectroscopies of
the high mass resonances and old low-lying resonances. The coaven-—
tional low-lying resonances show up a&s peaks in cross sections with
particular decay angular distributions against 2 cemparatively
smooth and structureless background. At high nass the background
may have a more striking and easily identified structure than the
signal.

High mass resonances are states of low angular oomentum decaying
primarily inte multi-particle channels. Their decays reflect the low
angular momentum by containing very faw parital waves all having
relatively low angular momentum. The background on the other hand
can have very larpge angular momenta znd a sharp structure in oomen—

tum and angular distributions are present in the signal.
portion of the multi-pzrticle phase space could include a
portion of background events. 1In this case the signal to

A small
very large
naise
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ratio would be improved by a cut excluding this small volume of
phase space. The exact kind of cut te be effective depends on the
individual case and could te most easily decided by examining the
background and looking for its mast striking features.

Consider for example the search for a new particle in 2 parti-
cular four-particle decay channel by looking for peaks in the mass
spectruz, 2.g. looking for = charmed baryon decaying into A3x. The
probler is how to use the angular distributions of these four parti-
clegin the center-of-nass system of the four particle cluster
(hopefully the rest system of the new particle)} as a means of distin—
guishing between signal and background. Three axes are ryelevant
for examining the angular distributions, (1) the direction of the
incident beam momentum, {(2) the direction of the momentum of the o
four-particle clusters, and (3) the normal to the production plane.
Signatures which characterize the new particle appear most clearly
in angular distributions with respect to the direction of tha momen—
tum of the four-particle cluster or with respect to the production
plane. But signatures for the noise will show up in angular distri-
butions with respect to the incident beam direction.

Background from uncorrelated particles whose mass happen
accidently to fall in the desired range should have angular distri—
butions with respect to toe incident beam direction similar to those
for single-particle inclusive productions. They should be peaked in
the forwvard and backward directions with a rapidly falling cutoff in
transverse momentum, Background events could show forward-backward
asymunetry or a tendeuncy to be concentrated in cones forward and

packward relative to the direction of the incident beam. The signal from
decay of a D meson of spin zero should show a completely isotropic
angular distribution with respect to any axis. Particles of non-zero

spin might have some anisotropy in their angular distributions if they are
polarized in production. But these will involve only low order spherical
harmonics and will not ¢concentrate large numbers of events in a small
region of phase space. Thus a cut eliminating events in which one or
more particles appear within a narrow cone forward and/ or backward
with respect to the incident beam direction could reduce the background

considerably with a negligible effect upon any signal coming from the decay

of a low angular momentum state.
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As an example consider a four particle decay into a baryon and
three pions of a state produced by a high energy accelerator beam hitting

a fixed target. This state appears as a four particle cluster with a low

mass in the several GeV region but with total laboratory momentum

in the 100 GeV range. In the cénter—of~mass system of the cluster the
momenta of the baryon and of the pions are all small and of the same
order of magnitude. In the laboratory the baryon has a much larger
momentum than the pions because of the effect of the mass on the Lorentz
transformation. If the baryon is not a proton and cannot be a leading
particle the inclusive momentum distribution for the baryon and the pions
can be expecfed to be very different in the relevant ranges. In particular
+he momentum distribution for high momentum hyperon or anti-hyperons
could be falling rapidly in this region while the momentum distribution
for relatively low momentum pions could be rising. This would appear
in the center -of-mass system for the multi-particle cluster as baryons
being preferentially emitted backward and pions preferentially emitted
forward. Cutting out events in which all pions are in the forward hemisphere
would thus appreciably reduce the background, but w<‘:>u1d only remove
one eighth of the signal. Using a cone instead of a hemisphere would
interfere even less with the signal and still substantially reduce the

background.
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V. QUARKONIUM SPECTROSCOPY

Among the new exciting states hopefully waiting to be discovered
are sets of positronium-like mesons made of 2 quark-antiquark pair
with the same flavor. These include' strangeonium'' states like the ¢
and f' of a strange quark-antiquark pair, charmonium states like the
J/ ¢ family, and states made from quarks of new flavors as yet
undiscovered.

4.1 Flavor Dependence of the Spectrum

Strangeonium (s§¥) spectroscopy is still in its infancy, and is not
yet as well developed as charmonium spectroscopy, even though
str angenesé_{vas known over two decades before charm. The reason
for the comparatively slow development of strangeonium spectroscopy
is the absence of a good signature having a high figure of merit like the
electromagnetic signatures used to detect charmonium states. The
dominant decay modes of the strangeonium states are KKX which are
allowed by the OZI rule and which also appear in the background., As
a resulf the higher strangeonium states are expected to be broad, have
comparatively low branching ratios to electromagnetic channels, and
no striking signature different from background below the ¢ ¢ threshold.

Charmonium {cT) has given rich experimental results because the
dominant OZI allowed decay channel, DD, is closed for a large set of
low-lying states including the radially excited s-wave {the !:') as well

as the lowest p states. Thus these states are zll narrow and have
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appreciable branching ra‘*ios and couplings to electromagnetic channels
like e—:e“, -rf,J_,yy and vyX. The vector mesons states are therefore
easily produced in e+e_ annihilation and photoproduction experiments,
and can also be detected by 1_eptonic decay modes if produced by other
means. Other states can be produced by cascade decays of the higher
vector mesons and recognized by the presence of photons from the
decay which produced them or from their own decays.

Higher x-onium states from heavier quarks with new flavors are
expected in many theoretical models, and evidence for such a state
has been reported. 32 Eichten and Gottfried33 have pointed out that such
states shoﬁi:l show an even richer sprectrum than charmonium, because
of theoretical arguments showing that more states lie below the OZI-
allowed threshold for increasing quark mass., This ihreshold for the
decay of an (xX) meson is at twice the mass of the lowest (xT) state;
e.g. &M

for strangecnium and 20 for charmonium, Eichten and

K D

Gottfried argue that the lowest vector state, analogous to the ¢ for
strangeonium and the ¢ for charmonium, is farther below the threshold
as the quark mass increases, continuing the trend seen in the ¢ and
the & Thus the range of excitation energy available for narrow OZI-
forbidden resonances increases with quark mass.
4.2 Quarkonium production mechanisms
Quarkeonium production for states with flavors absentin the initial

state is forbidden in strong interactions by the OZI rule. FElectromagnetic
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{xX) pair creation is not suppressed and is comparable to other {qg)
oroduction if the x-guark has an electric charge. However, the production
of (x¥)} from a single photon occurs only for states with the same quantum
numbers as the photon, namely odd-C vector mesons,

Processes involving the Pomeron might not be suppressed by OZI,
In the SU(3) limit the Pomeron couples equally to strange and nonstrange
quarks, and a factorizable Pomeron carries no information on strange- -
ness from one vertex to another. This is borne out by the total cross
section for $N scattering, which has no OZI-suppression factor, and
is only lower than o(KN) by the same amount that 6(KN) is below o{rN).
This small effect is naturally understood as SU(3) breaking in the
couplings of the Pomeron to strange and nonstrange quarks, and is not
related to the connected and disconnected quark diagrams of the QZI
rule. Thus in a muitiperipheral process, the f' is emitted by a Pomeron
about as easily as any other tensor meson. In the particular case of
double Pomeron exchange, 34 one should expect to see f! nroduction
comparable to { production. In a Mueller diagram for the central
region, et one should also expect comparable ¢ and « production and
comparable f and {' production if the Pomeron is approximately an
SU(3) singlet as commonly believed.

There is no contradiction in the violation of OZI rule by the
Pomeron, since the connected quark diagrams used to describe Reggeon

exchanges do not apply to the Pomeron, However, in models where the
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Pomeron is ' built' from other trajectories, 35 there may be some
"memory'' of quantum numbers propagated a small distance down the
multiperipheral chain and a conseguent respect for OZI at moderate
energies and low multiplicities. This question is still open, It could

be tested by looking for the f' in processes where the [ is produced

by a mechanism which seems to be double Pomeron exchange, or by
looking at the ¢/ w ratio in the central plateau.

Experimental data on ¢ photoproduction seem to indicate that the
coupling of the U fo the Pomeron is considerably less than that of
ordinary strange and nonstrange mesons. This must be taken into
account in—éétimating production cross sections for new particle production
by Pomeron exchange, But this flavor dependence in Pomeron couplings
should not be confused with the OZI rule which is determined by the
topological character of quark diagrams.

Hadronic production of quarkonium states may have a very different
dependence on the spin and parity quantum numbers than electromagnetic
production, which favors vector mesons. There are suggestions that
the OZI rule holds much better for vector mesons than for pseudoscalars.
In QCD, where the rule is broken by annihilation of a quarkonium pair
into gluons, three gluons are required to annihilate a vector state, while
a pseudoscalar can go into two gluons. There are also experimental

arguments which show that OZI violating processes are stronger in the

pseudoscalar state than in the vector state. The absence of ideal mixing
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in the lowest pseudoscalar nonet is evidence for OZI violation, since the
interaction which mixes strangeonium and nonstrangeonium efm‘.‘ectiv'ely24
violates OZI1. llore recently there is experimental evidence from
radiative decays that the OZI-violating {ransition between charmonium
states and light quark states is stronger in the pseudoscalar state than
in the vector state.

In radiative decays of charmonium to a photon and light quarks,
there are two possible fransitions (a) The photon is emitted by the
charmonium system before the transition into light quarks, In this
case the photon cannot carry away isospin and the final light quark state

must have isospin zero; (b) The photon is emitted by the light quark

system after the OZI-~violating transition of the charmonium into light

‘quarks,
P P
- P f ~
(c6:120, 35 =17) = (e&:170, 3 =5, )+ y ~ (q@1:0, 57 =1 D) + (4. 1a)
P
P - _ P - - P
(cT;I=0,7" =1 } ~(qq;I=0,J =1 ) -*(qq:I:If,J =Jff)+y . (4. 1b)

In case iz ) the photoncarries away its angular moméntum and parity
before the OZ] violation, and the violation occurs in a system having

the space-spin quantum numbers of the final state, In case (b) the

QZI violation occurs in a system having the space-spin quantum numbers
of the initial state before the photon carries away angular momenfum and

parity. The photon can now carry away isospin zero or one, and the
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final state can be both isoscalar and isovector. Thus the isospin
properties of the final state contain information on the space-spin state
in which the OZI violation occurred.

In the particular case of & -~ Py decays, the roy state can only be
produced bv the transition {4. ib) with emission of an isovector photon
after the QZI violation has occurred in the initial vector state. The nvy
and n'y states can be produced by either transition (4. 12} or (4. 1b) with
isoscalar photons emitted either before or after OZI violation. Experi-
mentally the ny and n' y decays are much stronger than the rroy decay, 36
by a factor of about 30. So OZI violation in the pseudoscalar state
seems to be much stronger than in the vector state.

We can use this information to estimate the production of the
pseudoscalar charmonium state n. in pp collisions. Assuming that
Vthe difference between ., production and J production is only in the
OZI violating charmed pair creation, and that the difference between
the strength of the violation in vector and pseudoscalar states is given

by the argument of radiative decays above, we obtain

( <) p - 4°
olpp )= n - [AlGg e8I =07)
olpp — JX)

_BR(U — 7' y)
17) BR{L ~ 7y)

~ 30 . (4.2)

|

A{gg—~ cc; J

4.3 How to Look for New Quarkonium States

L T - - -
The charmonium experience shows that e e colliding beams

provide a very effective means for discovering and studying the properties
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of vector mesons which are directly produced as s-channel resonances,
and of other states produced by eleciromagnetic decays of these vector
mesons. Hadrornic beams can produce these vector states, but very
little information about their properties are obtained in a simple way
because of the enormous background. I the SPEAR and DESY results
were not available to complement the information obtained from the
Brookhaven experiment, we would know very little about the nature of
the J particle, and there would be very little evidence that it is indeed a
charmonium state.

Hadronic beams might provide additional information on the
properties‘ <;f other states not easily éeen with e+e_, such as the pseudo-
scalars. So far then o has been seen only in one experiment at DESY
and only in the yy decay mode., There is interest in seeing the hadronic
decay modes, and any ingenious method for seeing such decay modes
with hadronic production would constitute a real breakthrough in x-onium
spectroscopy. If the estimate {4.2) of the hadronic production cross
section is reasonable, there may be some hope for detecting the LN via
the ¢ ¢ decay mode after production in pp collisions. The figure of
merit for this process can be estimated by comparison with the detection

4+ -
of the J inthe e e decay mode,

+ . ; r—te _"— B ¥ —r A
Pln _, 06) ] slpp ~ n ) | Rin, —~ ¢¢)  (pp ~eeX)
F(J, ee) alpp — JX) BR(J —ee) {pp — 0oX)

(4.3)
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Since the decay n - 99 is similar in nature to the decay J/L — on, we
c 3 !

can assume

BR(n_ — ¢¢) ~ 2 BRI/L—~ né) ~ (1/35) BR(J ~ee} (4. 4)
where we have introduced a factor 2 because only about 50% of the n wave
function, the s5 piece, contributes to the n ¢ decay mode of the J/u, and
we have substituted the experimental values for the branching ratios.

Combining Eqs. (4.2), (4.3)and (4.4) then gives
o . BRipp —- nCX —~d0X)
" 0 ~
o 0. BRipp —~ JX —eeX) (30/35) 1 ; (4.52)
F(ncx O¢) N U(pp - eeX) 4 5b
F(J, ee) alpp —~ 9 0X) . (4. 5b)

Thus if the ¢ o background is no more than the lepton pair background, it
should be just as easy to see n_ ~ $ ¢as it is to see J/{ —~ lepton pairs.
Results from the double arm spectrometer experiment at Fer-milab31
showed no ¢ ¢ events, while the same run observed about 100 events of
J/u ~ 1w u . This is still consistent with the result (4.5) of equal
signal/noise and comparable signals for the two processes, because the
spectrometer had a much lower acceptance for ¢'s than for muons. The
absence of any ©¢ signal confirms that the background is low, and that
any further experiments with increased sensitivity might see a small

signal without appreciable background. Note that even 3 events for 9¢at
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2.8 GeV with no background would constitute serious supporting evidence
for the existence of the N whereas several hundred events in another
decay mode against a background of thousands of events would be ambiguous.

Similar arguments would apply to the detection of higher x-onium
pseudoscalars via the ¢ ¢ decay mode. Note that x-onium pseudoscalars
above 6 GeV would also have a b decay mode which might be detectable
in a four lepton final state,

The mi2 decay mode of the . has also been suggested as a possible
useful signature. 23 4 getailed analysis of the hadronic decays of the .
has been given by Quigg and Rosner. 31

The recent beautiful experiment at DESY reported by Schopper38
showing evidence for the ¥ and F* mesons39 is an example of how choosing
an appropriate signature minimizes background and gives serious evidence
for these particles with only a few events. The signature in this case
was three photons and a pion, with one photon having a low energy and
the other two having the mass of the n.

A similar kind of signature might be used to find the N, in the decay

+, F + - + -
b yn T A2" —> ym W o —yT oW oYY ) (4.6)

This would give three photons, one of 300 MeV (or less if the n
c
is not at 2.8 GeV but higher ) and the other two having the mass of the n,

and two additional charged pions.
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V. COLOR
5.1 Who Needs Cotor?

Aany reasons have been proposed for introducing color, and not
all of them are compatible. Color i3 needed by

1) People who like ordinary fermi sfatistics for quarks40 and do
not like baryon models with three spin-1/2 quarks in symmetric rather
than in antisymmetric states,

2) People who like integral electric charge. 41

3) People who believe Adler's argument for color,42 based on the
current~algebra-PCAC calculation of the decay Tro ~vyy. Adler's result
is proportio-h;l to the sum of the squares of the charges of all elementary
fermions in the theory. The numerical experimental value for the width
of this decayv agrees with predictions from a 3-color model and disagrees
with models having no color degree of freedom.

-

4} People who want to push up the ratio R = e 'eo -~ hadrons/
+ - + -
e e —u u, whose present experimental value exceeds t{he prediction
43
from the simple quark model. The addition of new internal degrees of
. .0
freedom pushes this ratio up, justas inr —~ yy.
5) People who worry about the saturation of hadrons at the quark-
antiquark and three-quark levels and want a model which explains why
states like qq@ and 4qQJ are not found. Colored models provide a natural

L . 3,44,4
description of this saturation. >
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£) People who like non-Abelian gauge theories and guark confinement.4
However *hese people require the color symmetry to be an exact symmetry
of nature not broken by weak or electromagnetic interactions, They are
unable to incorporate integrally-charged quarks into this framework and
must have fractional charges.

7) People who like to explain the Al = 1 rule by a Fierz transformation47
of the four fermion V-A interaction.

The three-triplet model, originally suggested to allow the three
quarks in a baryon to have a symmetric wave function without violating

[}

0. .
Fermi statistics, is now called a model with "red, white and blue"

quarks. P:o;' those who find this Américan chauvinism distasteful,
we recommend the "Equal Opportunity Quark Model" (EOQM) which has
equal representation of black, white and yellow quarks.

For three colors and n flavors a symmetry group SU(3n) can be
defined which treats all quarks on an equal footing. This has a subgroup

SU(3)c % SU(Nn) There is no evidence for the rich hadron spectrum

£
corresponding to the presence of states classified in nontrivial represen-
tations of SU(3)C. The observed hadrons are assumed to belong to the
trivial singlet representation of SU(3)  and "color excitations” of higher
representations are either postulated not to exist or are assumed to have
a high mass. The color-excited states contain exactly the same colered

quarks as the observed hadrons, they differ only in having a different

permutation symmetry in the space of the colors, This is in contrast to
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states with quarks of new flavors, which can be pushed up in mzass by
simply postulating a higher mass for the new flavored charmed guarks.
Color excitations can be pushed up only by having the interaction between
quarks depend on the permutation symmetry in color-space since
different colored guarks all have the same mass. Interactions which
confine quarks have this property.

Models with quark confinement have an interaction between quarks
which increases with distzmce48 so that an infinite energy is required to
separate a pair. The simplest example of the confinement is the Coulomb
interaction in a 1 + 1 dimensional world. 49 A quark-antiquark pair
behave like a pair of condenser plateé in this world, and the force
between them remains constant as they are separated. The potential
~ varies linearly with distance and infinite energy is required fo separate
the pair. Before this happens, enough energy is present in the field
to allow a new pair to be created. The lines of force connecting the two
original quarks are broken by the new pair, and the members of the new
pair couple to the corresponding members of the old pair to make two
separated bound states with no force between them,

In three spatial dimensions, quarks are not condenser plates, and
the lines of force connecting a quark-antiguark pair can spread out in the
other two dimensions. In ordinary QED this gives the ccnventional
{1/r) Coulomb potential which does not require infinite energy to achieve

a separation. In QCD it is hoped that the non-Abelian character of the
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gauge theory produces ''infra-red slavery' swhich perhaps confines the

lines of force ‘o a tube and makes the system behave like a one-dimensional
system. This gives the linear potential conventionally used for confinement,
But so far there has been no real proof that the gauge theories really
predict quark confinement or linear potentials. The potential may have

a different form, and may not confine. A potential weaker than kr Ilike

the logarithmic potentialSO would still give confinement. A potential

which requires a very large energy (e.g. hundreds of TeV) to separate
quarks would not permanently confine quarks, but would be equivalent

to confinement for experiments in the 4 TeV energy region,

In our éiscussions we consider the possible existence of free quarks
with a very heavy mass. This then includes the case of quark confinement
as the limit in which the free quark mass goes to infinity. Note that this
free quark mass is not the same as the quark mass used in model
calcuiations. The difference is easily seen in a model where lines of
force of the "'color field" join a quark-antiquark pair. As the pair is
separated, the lines of force cover a greater volumg and more energy
is present in the field. If the quarks can actually be separated with a
finite high energy, this energy remains in the field around the two free
quarks, and covers a comparatively large volume because of the long
range of the color force. The mass of the free quark therefore comes
from the s‘rong long range color field around it. When a quark is bound

in a hadron, its color field is confined to the volume of the hadron and
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contains -uuch less energy. Thus the mass of the bound quark is very
much less than the mass of the free quark.

In colored gquark models, the coler may or may not be directly
observable. In models where color is not observable, zil quarks which
differ only in color and otherwise have the same quantum numbers must
have the same properties. In other models quarks of different colors
nave different observable properties, e.g., different electric charges.
This possibility has been used to construct models with quarks of integral
electric charges. Such integrally-charged colored quarks cannot satisfy
the Gell-Mann-Nishijima relation and must have nonzero eigenvalues
of a new ad;:lii.tive guantum number which appears in the modified Gell-
Mann-Nishijima formula. The electromagnetic current then has a

7component which is an SU(B’)f singlet and which is not a singlet in SU(3)C.
There is a definite conflict between the use of integral charges and the
use of color as an exact symmetry of nature in a non-Abelian gauge
theory. If quarks of different colors have different electric charges,
then the electromagnetic interaction breaks the color symmetry and it

is not exact. Thus there are two incompatible approaches to color:

1) Quark confinement with fractionally charged quarks; 2} Quark

liberation with integral charges. The truth might well be in between.



-45= FERMILAB-Conf-77/93-THY

5.2 The Deuteron World

Some insight into the colored quark models is given by the
analogy of & world in which all low-1lying nuclear states are made of
deuterons and have isospin zero, free nucleons have not yet been seen
and experiment has not yet attained energies higher than the deuteron
binding energy or the symmetry energy required to excite the first
1 = 41 states. In this isoscalar world where all observed states have
isospin zero the isovector component of the electromagnetic current
would not be observed since it has vanishing matrix elements between
isoscalar states. The deuteron energy level spectrum (something like
that of a di-a‘f-:lomic molecule) would indicate that the deuteron was aftwo-
body system, but there would be no way to distinguish between the neutron
and the proton, The deuteron would thus appear to be composed of two
identical objects which might be called nucleons. 3Since the deuteron has
electric charge +1, the nucleon would be assumed to have electric
charge +1/2, TFurthermore, the nucleon would be observed to have spin
1/ 2 and be expected to satisfy Fermi statistics., However, the ground
state of the deuteron =nd all other observed states would be found to be
symmetric in space and spin. Thus, the nucleon would appear to be a
spin 1/2 particle with fractional electric charge and peculiar statistics.

Some daring theorisis might propose the existence of a hidden
degree of freedom expressec by having nucleons of two different colors.

The re would be a hidden SU(2) symmetry {which might be called isospin)
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to transiorm between the two nucleon states of different colors., All
the ohserved low-lving states would be singlets in this new color 'or
isospini SU(2). Since the color singlet state of the two-particle
svstem is antisymmetric in the color degree of freedom, the Pauii
principle requires the wave function to be symmetric in space and spin,
thus solving the statistics problem.

The direct analog of this deuteron problem in hadron quark modeis
is the quark model for the 2. Inthe conventional quark model, the @
consists of three identical strange quarks (called A-quarks by some
people and s-quarks by others), with their spins of 1/2 coupled
symmetricaily to spin 3/2. Since the electric charge of the Q is -1,
the strange quark is required to have charge -1/3, and it is also reguired
to have peculiar statistics because the system of three identical particles
has a symmetric wave function in all known degrees of freedom. Some
daring theorists have therefore proposed the existence of a hidden degree
of freedom expressed by having strange quarks of three different colors, !
and a hidden SU(3) symmetry to transform between the three strange quark
states of different colors. All the observed 1ow-1yi;1g states are singlets

in this SL’(B)C or group. »Since the color-singlet state of the three-

ol
particle system is antisymmetric in the color degree of freedom, the
Pauli principle requires the wave function to be symmetric in the other

degrees of freedom, in agreement with experiment and ordinary Fermi

statistics, It is also possible to give these colored strange quarks
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differen: in-zgral electric charges, one with charge -1 and two neutrals,

by analog -wi*h the nucleons in the deuteron. However, as we are concerned
primarilv with strong interactions, we need not choose between models
having different electric charges for colored quarks,

We have chosen the example of the Q for this discussion to simplify
the treatment of the flavor degree of freedom by considering only strange
quarks. ‘“When all flavors are considered, there are three colors for
each flavor, and 31r1f quarks altogether. There are two SU(n} groups,
the flavor SU(n)f and the color SU({3), which are combined into the direct

product SU(n), % SU(3)

f color’

5.3 The Whys of Quark Model Predictions of the IHadron Spectrum
Let us now consider some "whys' posed by one of the outstanding

"successes' of the quark model, the prediction of the hadron spectrum.
The empirical rule that all observed hadron bound states and resonances
have the gquantum numbers found in the three-quark and quark-antiquark
svstems is in remarkable agreement with experiment., Since no alternative
explanation or description has been given for this striking regularity in
the hadron spectrum, this rule may constitute evidence for taking
quarks seriously, The quark model also predicts the energy level spectrum
of the states constructed from the three-quark and quark-antiguark
systems and observed experimentally as hadron resonances. These
predictions zi50 seem to be in reasonable agreement with experiment,

but pose addifional questions.
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Why is the observed baryon spectrum {it only by the symmetric
quark model'ry1 which restricts the ailowed states of the three-quark
system to those being totally symmetric under permutations in the
known degrees of freedom rather than totally antisymmetric, as one
expects for fermions? This can be explained by assuming that quarks
obey peculiar statistics, or that there is a hidden degree of freedom

1

sometimes called ''color.' But this requires the additional ansatz that

all observed hadrons are color singlets. Mand Monly 3q and gqg@?
E’I_lxnot other configurations? \_ﬂ}_}r_ does the low-lying meson spectrum
show all the states ''predicted by the quark model” without any supplementary
conditions and with no allowed states conspicuously absent ?

There is an inconsistency between the observation of bound states

in all channels for qg scattering and the absence of bound states with

gquanfum numbers of 293 and 3qqg. If the quark-antiquark interaction

is attractive in all possible channels, as indicated by the presence of

bound states, an antigquark should be attracted by any composite state
containing only quarks, like a diquark or a baryon, i:lo make a bound
state with peculiar quantum numbers that have not been coserved.

In our discussion, we assume that free quarks are very heavy,
and we consider only effects on the mass scale of the quark mass. All
observed particles have zero mass on this scale, The observed hadron
spectrum is a "fine structure' which we are unable to resolve in this

approximation, This is a reasonable approach, since as long as we are
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not treating spin in detail, we are unable to distinguish between a pion
and a p meson, and are neglecting mass splittings of the order of the
p - = mass difference. Ve therefore are only able to discuss whether a
oarticle has "zero mass'' and appears as an observed hadron, or whether
it has a mass of the order of the quark mass and should not have been
observed.

The question why only 3q and g3 can be stated more precisely in
terms of the following three whys:

4. The triality why. With attractive interactions between quarks

and antiquarks, why are three quarks and an antiquark not bound more
strongly th:a; a baryon or two quarks and an antiquark bound more
strongly than a meson? Note that we are not asking about four quarks vs.
_three quarks, Symmetry restrictions such as the Pauli principle with
colored quarks can prevent the construction of a four quark stafe which

is totally symmetric in space, spin and unitary spin. But there is no
Pauli principle which prevents an antiquark from being zdded to a

system of three quarks in all possible states. Thus if each quark in the
barvon attracts the antiquark, some additional mechanism must be

found to prevent it from being bound to the quark system.

2. The exotics why. Even assuming some mysterious symmetry

principle which prevents fractionally charged states from being seen,
why are there no strongly bound states of zero triality, like those of

two quarks and two antiquarks or four guarks and one antiquark? Note
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that we are not discussing the Rosner "baryonium' exotics which are
baryon-antibaryon resonances decoupled from the two meson system or
Jaffe exotics bound by spin forces. We are discussing states like an 1 = 2
dipion resonance or bound state with a mass near the mass of two pions.
If the quarks and antiquarks in two pions attract one another, why is
there no net attraction between two positive pions to produce a bound
state or a resonance very near threshold?

3. The diquark or meson-barvon why. Why is the quark-quark

interaction just enough weaker than the quark-antiquark interaction so
that diquarks near the meson mass are not observed, buf three-quark
systems h__ax;e masses comparable to those of mesons ? Vector gluons
which are popular these dafs would bind the quark-antiquark system,
but the force they provide between identical quarks is repulsive. Scalar
or other gluons which are even under charge conjugation bind both the
quark-antiquark and diquark systems equally. If the quark mass is
very heavy, the single quark-antiquark interaction in a meson must
cancel two quark masses, while the three quark-quark interactions in the
baryon must cancel three quark masses. This suggests that the quark-
quark interaction is exactly half the strength of the quark-antiquark
interaction, 52 Such a result can be achieved by a suitable mixture of
vector and scalar interactions, but it is not very satisfying to obtain

such a simple fundamental property of hadrons by a model which fits it

with an adjustable parameter.
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In ail of this discussion, we are considering one-particle states, with

the assumption that multiparticle states exist which contain separated
particles each having the properties we are trying to explain, Multiparticle
states pose additional problems. The allowed spectrum for multiparticle
states is not specified by a set of allowed quantum numbers, but by the
condition that their constituent particles individually have allowed
guantum numbers. Thus the whys cannot be answered by general
symmetry principles which apply to all states. The triality why is not
answered by a symmetry principle forbidding all states which do not
have zero triality, because multiparticle states of zero triality must
also be forbidden if they are made of particles which individually have
nonzero triality. Similarly, the exotics why is not answered by a
symmetry principle forbidding all states with exotic quantum numbers
because multiparticle exotic states made from nonexotic particles are
allowed. Thus any treatment which attempts to answer these whys must
discuss both single-particle and multiparticle states, and must consider
the space-time properties which distinguish between them. Algebraic
arguments involving only internal symmetry groups cannot be sufficient.
Our three whys involve only the strong interactions which do not
depend upon the couplings of quarks to the electromagnetic and weak
currents, The following discussion thus applies to both fractionally

charged and integrally charged models.
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5.4 The Colored Gluon -lodel

Ve now examine the three whys., In the ceolored quark description
of hadrons the restriction that only color singlet states are observed
immediately solves the triality why since only states of zero triality
can be color singlets., But requiring all low-lying states to be color
singlets is thus equivalent to requiring all low-lying states to have zero
triality; it merely replaces one ad hoc assumption with another. What
is needed is some dynamical description in which the color singlets
turn out to be the low-lying states in a natural way. To attack this
problem we return to the fictitious deuteron world where all low-lying
states are isoscalar and which is thé analog of the colored quark des-
cription of hadrons. Ve follow the treatment of ref, 44.

At first this isoscalar deuteron world seems very artificial,
Why should all states with I = 0 be pushed down and all states with I #0
be pushed up out of sight? But there turns out to be a very natural
nuclear interaction which creates exactly this isoscalar deuteron world;
namely nuclear two-body forces dominated by a very strong Yukawa
interaction provided by p exchange. This interaction is attractive for

isoscalar states and repulsive for isovector states, in both nucleon-nucleon

and nucleon-antinucleon systems. It thus binds only isoscalar states.

The p-exchange interaction between particles i and j can be expressed

in the form
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V., = V?.
ij i

' fj ; (5. 1a)
where?i i3 the isospin of particle i and V contains the dependence on
all other degrees of freedom except isospin. If we neglect these other

degrees of freedom we can write for any n-particle system containing

antinucleons and nucleons,

_ 1 _ 1 — — — — _ V
vin) = 3 v = 3 2B Y V| s Tl - nee + )1 5.
i all i
i

where I is the total isospin of the system and t is the isospin of one
particle; i.e., 1/2 for a nucleon.

The interaction (5. 1b) is seen to be repulsive for the two-body
~system with I = 4 and attractive for all isoscalar states. A pair of
particles bound in the I=0 state is thus seen to behave like a neutral atom;
it does not attract additional particles. Since the pair is "spherically
symmetric' in isospace, a third particle brought near the pair sees
each of the other particles with random isospin orientation, and its
interaction with any member of the pair is described by the average of
(5. 1a) over a statistical mixture which is 3/4 isovector and 1/ 2 isoscalar.
This average is exactly zero.

The neutral atom analogy is very appropriate for the description

of the observed properties of hadrons. The forces between neutral atoms

are not exactly zero, but are much weaker than the forces which bind the
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atom itself, These interatomic forces produce molecules which are
much more weakly bound than atoms. Similarly the forces between
hadrons do not vanish but are much weaker than the forces which bind
the hadron itself. These interhadronic forces produce complex nuclei
which are much more weakly bound than hadrons. In the approximation
where we neglect energies much smaller than the quark mass these
"molecular' effects are safely neglected. -
We now generalize this picture for the colofed guark description
of hadrons. If there are n colors, the interaction (5. 1) must be
generalized from SU(2) to SU{n). The quark-antiquark system then
still satur;;.;es at one pair, but the rriultiquark system can be seen to
saturate at n quarks. A quark-antiquark system which is a singlet in
SU(n) exists for all values of n. However, the existence of a singlet in
the two-quark system is an accident which occurs only in SU(2) and is
not generalizable to SU(n). However the I = 0 two-quark state is also
characterized as antisymmetric under permutation of the two particles.
This antisymmetry is generalized easily to SU(n) where totally antisymmetric
states exist for a maximum of n particles, and the n particle antisymmetric
state is a singlet in SU(n).
We now construct the analog of the interaction (5. 1b) for a model
with three triplets of different colors. Then the Yukawa interaction
produced by the exchange of an octet of "colored gluons'' has the form

analogous to (5.1)., For an n-particle system containing both quarks and

antiquarks,
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uijz gio‘gjﬁ (5.2)
o

where u,. depends on all the noncolor variables of particles i and j and
1]

g (o0 =1

- 8) denote the eight generators of SU(3)
1

acting on a

3 =y

color

single quark or antiquark i.
If the dependence of uij on the individual particles i and j is
neglected, the interaction energy of an n-particle system can be calculated

by the same trick used in Eq. (5, 1b) to give

Vin) = 5(C -nc) (5. 3a)

where u is the expectation value of u_, integrated over the noncolor
13

variables, C is the eigenvalue of the Casimir operator for SUB)color
for the n-particle system and ¢ = 4/3 is the eigenvalue for a single quark
or antiquark. These eigenvalues are directly analogous to the 3U{(2)
Casimir operator eigenvalues HI + 1)and t(t + 1)in Eq. (5. 1ib).

In the approximation where all energies small compared to the quark

mass 1A are neglected, the interaction (5.3a) gives the mass formula
g

. _ . Cu.
Min) = an +Vin) = n(Mq 5 )+ Cul2 ) (5. 3b)

The interaction (5. 2) and the mass formula (5. 3b) were first proposed
by Nambu, i and the saturation properties of the interaction were

considered by Greenberg and Zwanziger. >3 However, the remarkable
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properties of this interaction as demonstrated above in the simplified
example o the anzlogous deuteron world have received little attention.
2,5 Answers to the Triality and Meson-Baryon Whys
The formula (5, 3b) can test the triality why or the meson-baryon
why by showing whether observable "'zero mass' hadron states exist for
a given number of quarks and antiquarks. Iowever, it cannot test the
exotics why, since it gives no information about the spatial properties

of the states. It cannot distinpuish between one-particle states and

multiparticle scattering states and all zero-triality exotic states are

allowed as multiparticle states.
Since C ié_positive definite and has the eigenvalue zero only for

4
a singlet > in SU(3) and u =0 as is evident from the two-body

color’
system, the state of the n-particle system with the strongest attractive

interaction is a color singlet. Since the interaction is a linear function

of n all such singlet states have zero mass if cuf2 = Mq. For this case
M(n) = (C/c}Mq if cu/2 = Mq . (5. 3¢c)

The model thus gives observable hadron states for all quark and antigquark
configurations for which C = 0 stafes exist., Since C = 0 states exist only
for configurations of triality zero, this answers the triality why.

The meson-baryoen why is also answered by this interaction,
since zero mass is attained both in two-body and three-body systems.

To obtain C =0, the two-body system must be a quark-antiquark pair,
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wnile the three-hody system must be a three quark state, totally
antisymretric in color space. The approximation of neglecting the
dependence of uij oniand j is justified in these two cases since there

is only one pair in the two-body system, and a totally antisymmetric
function has the same wave function for all pairs. The values45 of the
interaction parameter C-nc and the mass parameter C/c are listed in
Table 5.1 for all stafes of the two-body system. These show that the
quark-quark interaction in the baryon is exactly half of the quark-antiquark
inferaction in the meson, as required for the meson-baryon puzzle.

The diquark mass is thus equal to one quark mass, since its interaction

only cancels the mass of one of the two quarks,

Table 5.1 Values of the Interaction and NMass Parameters C-nc and C/c

Svstem SU(3 )color Representation C C-nc Cfc
quark-quark triplet {antisymmetric) 4/3 -4/3 1
quark-quark sextet {(symmetric) 10/3 +2/3 s/2
quark-antiquark singlet 0 -8/3 0
quark-antigquark octet 3 +1/3  9/4

The interaction averaged over all quark-quark states is seen to be
zero and similarly for all quark-antiquark states. .An antiquark or quark
added to a meson or baryon thus has a zero net interaction, as there can
be no color correlations between particles in a singlet state and an

external particle, and each pair feels the average interaction over all
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color stafes. This suggests that the exotics puzzle is also answered,
and tha* *e states of zero mass o>"ained from the interaction (5. 2) for
exotic quantum numbers are multiparticle continuum stafes rather than
hound states or resonances.
5.6 The Exotics Why--Spatial Properties of Wave Functions

To examine the exotics why in more detail we consider the spatial
dependence of the interaction (5.2} for the specific case of the two-quark-
two-antiquark systern, with an inferaction uij depending only on the
positions of the particles and not on momenta, sSpin and unitary spin.
In the representation with the corrdinates r—-: of the four particles
diagonal, the iﬁteractions uij are also diégonal and can be treated as
c-numbers. In this representation the interaction (5.2)1i8 a 2 % 2 matrix
in color space as there are two independent couplings for four particles
to a color singlet. We diagonalize this 2 x 2 matrix to obtain two functions
of the coordinates 1_: which describe the spatial dependence of the
interaction in its two color eigenstates.

It is convenient to choose a nonorthogonal basis, related by

permutations, which displays quark-antiquark couplings to C = 0,

o> = 1 (13),(24),> (5. 4a)

)
L

B> = ' (14),(23),> (5. 4b)

i
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where par-icles 1 and 2 are quarks, 3 and 4 are antiquarks and (1j)1
denotes -n3t particles i and j are coupled to C = 0, Several useful

identities “ollow from the properties of the C = 0 two-particle state.

<alp> = 1/3

zgiog3a[‘-”‘> = nggw{ @> = ~(8/3)] >
o a

zgiog%ﬂb = Zgzogacr'w = -(8/3)] B>
43

(giG+g30)la> - (g20.+g40.)l0f> =

|
ey

[n

Q

~F
18]

NN

q‘-‘
o)

|

- (g20-+g30,}[ﬁ> =0

<a[gwgég[a> = <[3[g10g30|;3> =0

1]

<a*{g,10g,10“3> = <l3[8,10g36|a> '(8/3)<a[ﬁ> = -8/9

By operating with the interaction (5.2) on the wave functions (5. 4)
and eliminating the color variables with the aid of the identities (5.5)

we obtain

~3U [ o> (SuQ—uBJruqHab 30y —uq)[po

and

Ll

~3U0

| B> 3 - uq)[ o> + (Su[—”

-ua+uq1][3>

where

(5. 5a})

(5. 5b)

(5.5c)

(5. 5d}

(5. 5e)

(5. 5f)

(5. 6a)

{5.6b)
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o 13 TVagt Mg 7 My THazh My T My Mgy (5.7)

Solving the secular equation for Eqgs. (5.6) gives the eigenvalues for U,

Porm +u,-20 )% . (5.8)
@ q

Uro= =76 tug) - (‘l/S)uC1 * (’1/2)\]8(11& -u 8

B P

if uij ig a finite range potential which vanishes at large distances,
the eigenvalues (5.8) reduce to those for {wo independent two-particle
clusters for all values of the coordinates 1?1 which correspond to two
pairs separated by a distance grealer than the range of the potential.
The case 1.1[3 = uq = 0 describes such a separation between the pairs of
particles (13) ard (24). The corresponding eigenvalues from Eg. (5, 8)
are U' = _(8/3}ua and U' = +(2/3)ua exactly those of Table 5. 1 for two
separated quark-antiguark pairs in the singlet and octet states. The

case u =u_ =0 describes separated pairs of like particles (12) and (34)
o

p

and has eigenvalues U' = —(3/4)uq and U' = +(2/3)uq exactly those of
Table 5.1 for two separated quark-quark and antiquark-antiquark systems
in the triplet and sextet states.

To test the exotics puzzle we look for coordinéte configurations
where feur-particle correlations may give stronger binding than in two

noninteracting clusters. Since u and u_ appear symmetrically in (5, 8),

B

we need only consider values of u, = u . For any value of u, the value

p @

of u, u which minimizes the interaction (5.8)is u

5 o B

negative sign for the square root. This gives

=u with the
o
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Ut o= =(8/3)x - (2/3)u -u )
& o q

This expression is minimized by choosing the minimum values of u
consistent with a given value of U For monotonically decreasing
potentials this is achieved by placing the four particles at the corners of
a square with the like particles at opposite diagonals.

For a square well potential the particles can be arranged in a
sguare with the diagonal greater than the range of the forces and the
sides less than the range., This configuration has uq = 0 and forms a
stable four-particle state with a binding 25% greater than that of two
quark-antiquark pairs. However, the sharp edge of the square well is
essential for th_i;. binding and does not seém reasonable physically,

For smooth potentials without sharp edges such as Coulomb, linear,
Gaqssi_a_n, Yukawa or harmonic oscillator potentials Eqg, (5.9) shows
that such a four-particle cluster is less strongly bound than two
noninteracting quark-antiquark pairs, and the system simply breaks up
into two clusters. This leads to a description in which all states having
exotic quantum numbers are just scattering states of particles which
individually have nonexotic quantum numbers, and answers the exotics
why,

The presently accepted colored quark model with forces from
exchange of an octet of colored gluons provides a saturation mechanism
44,44, 45,52

in which the g3 and 3q states behave like neutral atoms,

Different parts of the bound state wave function attract and repel an
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externzal particle and the net force exactly cancels. Thus theory and
experiment now agree on the ahsence of naive exotics. But the possibility
exists of higher exotics. Alolecular-type exotics in which attraction
results from spatial polarization of one hadron by another have been
considered, but the results (5.9} indicate that the force is insufficient
to produce binding. RosnerB4r has postulated the existence of exotics
from the point of view of finite energy sum rules and duality. This
approach has been carried further by other theorists and experiments
have been suggested in a search for exotics by baryon exchange processes,

So far there is no evidence for exotic mesons with masses below
2 GeV. This h—ané heen faken as evidence ‘against the ggdqg configuration
for low-lying states. Although gqqg states without exotic quantum
numbers also exist, these were not taken seriously as possible configuations
forr the known states, because there was no good theoretical reason why
such states should be present and their exotic partners should be
sbsent. Rut now there seems to be evidence that the low-lying O++ nonet
is indeed such a qqfgd state, 4 and there are new convineing theoretical
reasons whiy only states with nonexotic quantum numbers are seen. °

5.7 A Simple Representation of Color Couplings

Tor o simplified version of how normal and exofic hadrons are

constructed from coupling colored quarks together consider simple-minded

vector couplings in a three dimensional color space. In the color 3U{(3),

the quark is a complex vector in three-dimensional color space. If we
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simptify this description by considering real vectors, we use only the
O(3) subgroup of SU(3) corresponding to real rotations and lose the
distinction between quark and antiquark which are complex conjugates

of one snotter. But enough of the basic physics remains fo give an
instructive pedagogical example. Let us therefore consider the quark as
a vector @ in a three dimensional color space with red, blue, and green

components denoted by

The color singlet meson state is the scalar product of quark and

antiquark vectors

M = Qi- Qz = QRQR +QBQB +QGQG . (5.141)

The color singlet baryon is the scalar product of three quark vectors.

Q.Q.,)Q . + cyclic permutations, (5.12)

B -3 xQ, ], = Q- QR

1 v s B
Note that every guark pair in the baryon is in the antisymmetric diquark

state which is a vector product of two quark vectors

D = QixQz; DG = QRQB-QBQR, etc, (5.13)

The antisymmetric diquark is seen to have the color quantum numbers of
the antiquark. The baryon can thus be written as the scalar product of

antisymmetric diguark vector and a gquark vector
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B =D 0Q . (5. 14)

et us now examine the states of a system containing two quarks
denoted b+ Q’i and QZ and two antiquarks denoted by _Q_3 and 6,4. The four
body system described by four vecters in the color space can be coupled
to form a color singlet in several ways., For example, there is the two
meson state formed by coupling two quark-antiquark pairs separately to

color singlets

3 —_

2M = (Qi- QS)(Q2~ Qé} . {5.15a)

There is also the state formed by coupling the two quarks and two antiquarks

each to an antisymmetric vector and coupling the two vectors to a scalar

X = (aix 52)- Q. x Q) : (5. 15b)

This state is a possible candidate for baryonium since it could be formed
by annihilating a quark-antiquark pair in the baryon-antibaryon system
without changing the states of the remaining quarks and antiquarks and

reguiring that the state remain a color singlet.

BB > X (5. 16a}
(Q1 X Qa' Qs)(QB\/‘ Q4- Qé)«“—*(Q1 b Qz) (Q3 ><Q4) ; (5. 16b)

One might imagine the situation where the baryonium state X creafed in

some reaction would prefer to decay infc the baryon-antibarvon state via
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the transition (5. 16) rather than to decay into two mesons by breaking up
into two guark-antiguark pairs, because the latter transi‘ion involves
changing the color couplings, In particular, this situation could arise

if there is an appreciable spacial separation between the digquark and the
antidiquark,

One can picture lines of force joining the quarks and antiquarks by
analogy with electrodynamics but with essential modifications following
from the non-abelian character., A color singlet quark-antiquark pair
would have lines of force originating on the quark and ending on the
antiquark as shown in Fig. 5.1a. Fig, 5. 1b shows the two-meson
system describ—e”ci by Eq. (5.15a) as two such pairs with lines of force
joining the members of each pair but no lines of force connecting the
two pairs. Fig, 5,2 shows the baryon described by Eq. (5.12}as three
quarks at the vertices of a triangle with lines of force between them. Here
the non-abelian nature has new effects, with lines joining each quark and
its neighbor rather than guark and antiquark, and with one line acting as
a source for another, since the lines themselves carry color. The
coupling of the baryon described in Eq. {(5.14)as the product of a diquark
and a guark is seen by cutting the baryon diagram to separate a quark
from 2 digquark and noting that the lines of force going from the quark to
the diquark look the same as the lines of force going from a quark to an
antiguark in a meson. This again shows us that the diquark has the same

guantum numbers in color as the antiguark., The diquark is thus an
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unsaturated system with lines of force joining the two quarks but other
lines of force ieft out and searching for & partner as shown in Fig, 5.3.
Hp wever the number of lines of force originating from such a diquark
are not twice the number originating from a quark but only the same as
the number originating from a quark. Ilere we see again the essential
difference between non-ahbelian and abelian vector theories, The lines
of forée for the electron~-positron system are very much like the lines
of force for quark-antiquark system, Dut the lines of force for the
antisymmetrized diquark system are very different from the lines of
force in the two electron system where there are no lines joining the two
electrons and él;e number of lines which é.re unsaturated and looking
for partners is exactly twice the number from one electron.

Let us now examine the lines of force in the two configurations
(5.15a) and (5. 15b) when the fwo quarks and two antiquarks are relatively
close together in space, but the distance between the quark pair and
the antiquark pair is much larger than the distance within the pairs. Such
a sifuation could be produced by annihilating a quark-antiquark pair in an
initial baryon-antibaryon state as shown in Fig, 5.4, "We see that with the
baryonium color coupling (5. 15b) shown in Fig. 5.4b, the lines of force
traversing the space between the quarks and the antiquarks are the
same as the lines of force within a single quark-antiquark pair. However
the two meson color coupling (5.15a) shown in Fig. 5. 1b, has twice as

many lines of force traversing this space. Thus it is plausible that a
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harvonium :ype state X created from a baryon-antibaryon system

might preizr to decay by creating 2 quark-antiguark pair and breaking
the lines of force to refurn to the configuration of Fig. 5.4a rather than
changing *he color couplings to the configuration (5. 15a) shown in Fig. -
5. 1b which requires rearranging the lines of force to a state of higher
energy for this particular spacial configuration. This argument is not
intended to be rigorous but just fo give an intuitive physical picture,

The two couplings (5.15a) and (5, 15b) are not the most general
couplings to construct a scalar from four vectors. Simple analysis shows
that there are three independent couplings corresponding to coupling
any two vectoré_éc a scalar, vector, or ténsor, coupling the other pair
in the same way and coupling them both to a scalar. However when we
return to the realistic case of complex vectors and SU(3), there are only
two independent couplings. The two states (5. 15a) and (5, 15b) are linearly
independent but not orthogonal and constitute a complete non-orthogonal
hasis for color singlet state of the two quark, two antiquark configuration,

The state orthogonal to the two meson state (5,15a), has the two
quark-antiguark pairs (13) and {24) coupled fo color octet states rather
than color singlets and the two octets coupled to a color singlet., In our
simplified model, with real vectors, this includes the two states obtained
by coupling the two quark-antiquark pairs to vectors and tensors respectively.
With comnlex vectors, only one linear combination of these two states

is a color singlet.
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Similarly, the color singlet state orthogenal to the baryonium state
N ig obtazined by coupling the two quarks and two antiquarks to the
symmeiric sextet in SU(3) and coupling the two sextets to a singlet. In
the O(3) subgroup of SU(3} corresponding to real vectors the symmetric
sextet splits into two representations, a sczalar and a2 symmetric tensor,
and scalars under resl rotations can be made either by taking the product
of the two scalars or the scalar product of the two tensors. However
only one linear combination of these two states is a color singletf in the
SU(3) of complex vectors,

VI. COLOR SPIN (MAGNETIC) EXOTICS
6.1 Introduction

The question of exotic hadron states has been confused in the recent
literature because some authors discover new things and confuse the
public by giving them old names like molecules which really mean
something else, while others rediscover old things and confuse the public
by giving them new names like baryonium,

A more suitable analogy than a molecule for the G++ states of two
quarks and fwo antiquarks in the same spacial orbit is the « particle.
The question of whether or not such bound four-guark states exist can
be posed as follows: There are two analogs for the bound quark-antiquark
meson stafe, the deuteron and positronium. If the meson is like the

deuteron, then iwo mesons should form a bound four-quark system just
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as two deuterons bind together to form a much more strongly bound «
particle. [©f the deuteron is like positronium, the forces saturate and the
residuzl force between the two neutral systems is very small and does

not produce a state more strongly bound than the original ¢wo particle
states. From the experimental observation that there is no strongly bound
doubly charged state of two positive pions, we conclude that the pion is
more like positronium than iike the deuteron.

However the positronium analogy is misleading because there is no
bound state of three electrons while three quarks bind to make a baryon.
The force between two positronium atoms is nearly zero because the
repulsion betwe-en the electron pairs exaétly cancels the attraction
of the electron-positron pairs in the two positfronium atoms, But in two
positive pions the quark-guark force cannot be completely repulsive
because the same quarks must have atfractive forces to make baryons.
Thus the guark-antiguark system has many of the features of positronium,
Byt there is an essential new ingredient; namely non-abelian color and
the color ~exchange forces produced by the exchange of colored gluons. 8

A red quark and a red antiquark can exchange a colored gluon and
turn into a blue guark and a blue antiquark in the same way that a proton
and an antiproton can turn into a neutron and an antineutron by exchanging
charge or a charged meson. This does not occur in the abelian case,
where an electron cannot change its other quanfum numbers by emitting

photons. The simplest example of a non-abelian interaction that we
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know i3 ‘n2 model of nucleon-nucleon and nucleon-antinucleon forces
producec =v pion exchange or p exchange. In the p-exchange model of
section o. + the nucleon-antinucleon interaction is attractive in the
isoscalar state and repulsive in the isovector state. Thus there can be
no bound state of a neutron and an antineutron or of a proton and an
antiproton. The bound state ig the isocolor eigenstate which is a linear
combination of proton-antinroton and neutron-antineutron. This means
that the proton-antiproton and neutron-antineutron states are continuously
changing into one another by the exchange of charged p mesons.

This picture shows why states analogous to the hydrogen molecule
are not easily constructed with non-abelian interactions. An attraction
hetween two hydrogen atoms can be obtained by orienting the two states
so that the proton in one is closer to the electron in the other than the
two protons or two electrons are to one another. To see that this cannot
be done in the model of two nucleon-antinucleon pairs bound by p-exchange,
let us trv to put two such nucleon-antinucleon bound pairs together so
that a nucleon in one pair is much closer fo an antinucleon from the
other pair than any other pairs between the two bour;d states. The
nucieon is changing rapidly from neutron to proton as if exchanges charged
mesons with its partner and the antinucleon is also changing rapidly
between antiproton and antineutron while it exchanges mesons with its
partner. Thus the nucleon from one pair and the anfinucleon from the

other are part of the time in an isovector state where the interaction is
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repulsive and part of the time in an isoscalar state where the interaction
is attrazctise. The net result with these isospin couplings is zero
interaction because the attractions and repulsions exactly cancel as
shown zbove in Egs. (5.1 - 5.9). Attractive forces analogous fo molecular
forces between atoms cannot be obtained by introducing oniy spacial
polarizations. Color couplings must also be changed and the result
Eq, (5.9)is a much weaker force,

Thus the dominant forces binding quarks and antiquarks into hadrons
saturate at the qF and 3q levels. The gq3q system behaves more like
two positronium atoms than like an & particle. However one can ask
whether residuz;lﬂforces much weaker than the color charge force might
still produce binding of «-particle-like configurations. This would be
ana}ogous to having very sitrongly bound deuterons which bind together
into comparatively weakly bound « particles,

In the early days of the quark model and SU(6) symmetry, it was
not clear whether meson states with spin greater than one would be
produced by adding more qg pairs to the qq system or by orbital excitation
of a single qJ pair. 56 The co~particle-like configurations of two quarks and
two antiquarks were considered seriously and there were searches for
states having the appropriate guantum numbers. States with two quarks

P +
and fwo antiquarks all in the lowest relative s-states have J = O+, i, 2"

exactly the same values obtained for a single quark-antiguark pair in a

p-wave, Thus both models predict the same angular momentum and
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parity quantum numbers for the next set of excitad states above the
pseudoscalar and vector mesons, However two quarks and two antiquarks
can give exotic isospin and strangeness guantum numbers not found in

the g svstem with orbital excitafion. After several vears of searches
for exotics, more and more states of higher spins were found with

non-exotic quantum numbers and none were found with exotics. The

orbital excitzation model gained in {favor and the e-particle configurations

5
were forgotten.

Recently Jaife has introduced a new idea. 23 He considers the
binding of two quark-two antiquark states into «-particle-like configurations
by the spin dependent force analogous to the magnetic or hyperfine interaction
in atomic physics. In contrast to the atomic case where hyperfine
splittings are very small compared fo orbital splittings, the hyperfine
splittings in hadron spectroscopy as indicated by the pw and NA splittings
are of the same order of magnitude as orbital splittings and could produce
strong eifects. Jaffe finds that the lowest lying states bound by these
magnetic interactions should appear as 0+ states with non-exotic values of
isospin and hypercharge. This natural result oi the model, obtained
without any fudging or adjusting parameters, completely invalidates the

argument that the failure to find low-iying states with exotic quantum

numbers rules out c-particle-like configurations,
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6.2 The Flavor Antisvmmetry Principle
Ja.fi‘e55 has suggested the existence of exotics bound by thé
"magnetic~type'’ spin dependent forces arising naturally in the colored-quark-
gluon (QCD) models. The prediction rests on much more general ground
than the specific M.I. T, bag model used in Jaffe's original derivation.

The essential physical input is that the N-A mass difference is much

larger than the binding energy of the deuteron:

] - N -
MA .\fIN AIn+Mp Md (6.1)

where n, p and d denote neutron, profcn and deuteron, not quarks, and
this equation s_hhdws that there are proble'ms of ambiguities in both the
pnk and uds notations.

The physics of Eq. (6.1) is that the dominant spin-independent
{color charge) forces which bind quarks into hadrons saturate at the
qg and 3q states and the residual forces between color singlet hadrons
is only of the order of 2 MeV like the deuteron binding energy. However,
the spin dependent force responsible for the mass difference between the
N and A is very much larger, of order 300 MeV. Thus if two hadrons
are brought very close together so that the quarks in one can feel the
interactions of the guarks in the other, there is only a very weak force
if the wave functions of the individual hadrons are not changed. However,

if the spins of the quarks are recoupled to optimize the spin dependent

interactions between the quarks in different hadrons, binding energies
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of the order of 300 MNeV are avallable and could give rise to bound
exotics. n the quark-antiquark system, the p-w mass splitting shows
that 600 AleV is gained by changing the spins from S =1 to S = 0.

;.Ta.ffe has simply used the N-A and p-w mass splittings as input
for the strength of the spin dependent interaction and calculated its
effect in binding exotic configurations, Only one further ingredient
is needed, the color dependence of the interaction. In color singlet q@
and 3q systems, every qg pair is in a color singlet state and every qq
pair is in the antisymmetric color triplet state, Exotic configuratim s,
even if they are overall color singlets, can have some qq pairs in the
color octet state and some gqg pairs in the symmetric sextet state, The
interactions in these states are not obtzinable from observed masses,
and are obtained by assuming that the color dependence of the interaction
is that obtained from the spin-dependent part of the one-gluon exchange
potential in QCD. Evidence suppo.rting this interaction is the agreement
with qualitative features of the low-lving hadron spectrum not obtained
in any other way, in particular the sign of the N-A and A-Z mass
splittings. >8 With this form for the interaction, iifs contribution to the
hinding of exctic hadron states is easily calculated by the use of algebraic
techniques.

One result of the algebraic derivation is simply expressed as the

P

" . . . n 59 . .
"flavor-antisymmetry principle, ' The binding force between two

quarks of different flavors in the opiimum color and spin state is
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stroncer than the binding force between two quarks of the same flavor.

Althouz: the forces are assumed to be flavor -independent, their color
and spin dependence appears as a flavor dependence because of the
generzlized Pauli principle. For maximum binding the state should be
overall symmetric in color aad spin together. Thus if the quarks are

in the same orbit and therefore symmeiric in space, they must be
flavor antisymmetric, This is seen in the N-A example where the I = 1/2
state is lower than the I = 3/2 state even with isospin independent

forces, because the Pauliprinciple requires the correlation between spin
and isospin of (1/2, 4/2)and (3/2, 3/2)for a color singlet state.

The flax;c;f antisymmetry principlé requires the most strongly
bound state of a system of quarks and antiquarks to have quarks and
antiquarks separately in the most antisymmetric flavor state allowed
by the guantum numbers. Thus for example the lowest state of the six
guark s»stem has the configuration (uuddss) with no more than two quarks
of any ~:22 flavor.

Ths general question of dibaryon bound states and resonances as six
guark sxstems has been considered by Jaffe,Bo with the prediction of a
low-lying six quark state as a bound state or resonance of the AA system.
The exzct values of the masses of these states calculated by Jaffe c-an be

questionzd because of uncertainties in parameters appearing in the bag

model tut certain qualitative features are reasonably clear. The spin-
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dependent force bztween guarks in the two baryons will be strongest in
the AA sysicm because of the flavor-zniisymmetry principle. The exact
values of the masses depend not only on the sirangth of the spin-dependent
interaction, but also on other effects not included in the model caiculation
and gifficult to estimate. However, if these other effects do not depend
strongly on flavor,dibaryon bound states or low-lying resonances are
most likely to be found in the AA system.

It is interesting to note that muliiguark binding lies ouiside the con-
ventional SU(6) classification of hadrons. In ihe SU(G) symmetry limit
the nucleon and the A are degenerate and thes color-magnetiic forces
responsible for muliiguark binding are absent. The existence of magnetic
multiguark exotics reguires SU{6) symmetry breaking, and may be related
to other SU(6)-breaking effzcts in addition to the mass differences. One
possible effect is the finite ncutron charge radius, which vanishes in the

: _ A1
SU{6) symmetry limit. Carlitz et al. have suggested that this resulis

from the same spin-dependent interactiion which gives rise to the mass
splittings and have made a guantitative estimate which agrees with exper-
iment. I: is interesting to note that the sign of the neutron charge radius
is seen imrediately from the flavor antisymmetry principle. In the STU(6)
symmetry limit the spatial separation between any quark pair in the )
neutron is the same a2s that of any other pair and there is no sr..)atial

charge cistribution. Breaking SU(6) with the "flavor-antisymmetric”
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interactinn provides a stronger atiractive force between quarks of different
flavors and distorts the SU(&) wave function to bring the ud pairs in the
neutron closer together than the dd pair. Thus the negatively chargea d
quarks zre farther out on the average than the odd u guark which likes to
be closer to the differently flavored d quarks, and the charge distribution
is negative at large radius and positive at smaller radius.

So far there is no experimental evidence for a strongly bound AN

. . Y- ..

state, and there is some evidence against it. Hypernuclet with two
A's have been observed,63 and are bound by only about 5 MeV more than
the binding of two single A's. A Al bound state with 2 much
stronger binding energy would be expected to be formed in such hyper-
nuclei. The failure to observe this transition might be explained by
gselection rules or barrier penetration factors. But any such mechanism
preventing formazation of a bound state by two A's present in the same
nucleus for a time equal to the A decay lifetime should produce even
greater inhibition in any experiment where the two A's are produced I
a strong interaction cellision and ars close together 1or a much shorter

time. There may be many-body cffecis in the hypernucleus which

o
47

invalidate this argument; c. g. repulsive cores in the A-nucleon interaction
might prevent the two A's from coming too close together in the presence
of a finite nucleon density. But excent for such effects, the existence of
the lightly bound AA hypernuclei suggest thal strongly bound AA staies

are not easily produced even if they exist.
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For the gqug systern flavor antisymametry gives two very interesting
gualitaziva predictions.'ﬁ’ 39
1. The lowest states do nof have exotic guantum numbers.
2. The lowest states which havz both charm and strangeness
include exotics.

These predictions are simply derived by noting that a four body
svstem must have two bodies with the same flavor if there are only
three flavors. Since the flavor~-antisymmetry principle requires the
flavors of the quark pair and of the antiquark pair fo be different in
the lowest states, the two bodies with the same flavor must be a
quark—antiqué;k pair., The flavor quantﬁm numbers of this pair cancel
one another and the quantum numbers of the system are those of the
remaining pair and therefore not exotic, Prediction 1 gives a natural
explanation for the absence of low-lying states with exotic guantum
numbers, while allowing low-1ying four ~quark states with nonexotic

" Prediction

guantum numbers. Jaffe has called such states "cryptoexotic. '
2 follows from the observation that the flavor antisymmetry principle
is easilv satisfied with exotic quanturn numbers when there are four
flavors. Thus exotic states with both charm and strangeness may be
found in the same mass range as the lowest F and F* mesons with both
charm and strangeness.

Ve now examine some experimental implications of these two

aredictions,
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6.3 Low-lying ""Crypto-Exotics"

Experimental evidence seems to indicate that the lowest lying
O++ mesons are not the guark-antiquark p-states, as formerly believed,
hut are indeed four quark states, while the quark-antiquark 0++ states
are up at higher mass together with the other p-wave excitations like
the f0 and A2 tensor mesons. It is significant that the lowest states
predicted by the colored-gluon exchange model form precisely a nonet
of 0++ states without exotic cuantum numbers. IFurther experiments
will tell whether these states are indeed four-quark states and will
establish the existence of higher states,

The four-quark states constructed with flavor antisymmetry have
very different prope rties from the quark~-antiquark states with the same
quantum numbers. An isovector non-exotic, for example, is required
to have the quark constitution like (usds); it must have a strange
quark-antiquark pair to avoid having two quarks or two antiquarks ot the
same flavor. Thus isovector four quark states will decsy dominantly
into modes containing strange quarks, KK, w¢, etc. This is very
different from the decays of conventional quark—antiﬁuark isovector
states, like the A2, which decay into nonstrange channels like pw without
any inhibition. This property is masked in the Oj}_+ isovector, the o,
because it is below the prwand the KK thresholds and its dominant decay

mode n- is ambiguous because of mixing in the n of both strange and

nonsirange components, But striking features in decay rates should be
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seen ir - & first four-guark isovector state "vhich is above the pw and
the K :~~asholds. An unusual decay pattern is seen for the tensor

=

meson = with the quantum numbers of the A2 but which does not decay
into p= <zat rather inte K, KI—{* and n 7 and for the axial vector meson A&:’_
with the quantum numbers of the B, but with the o= decay dominant

and ww forbidden. The ¢é= decay mode is particularly interesting, since
it is forhidden for zll normal quark-antiguark mesons by the OZI rule,
while perfectly allowed for four quark states. Thus a search for ¢«
resonances might be an inferesting way to find four quark mesons.

The isovector non-exotic has a degenerate isoscalar companion
formed by coupii—ﬁg the nonstrange quark-antiquark pair to isospin zero.
This isoscalar state will also decay dominantly into modes containing
strange cuarks, This contrasts sharply with the behavior of the degenerate
isoscalar isovector doublets of the gquark-antiquark configuration like
pw and {A2 where both sfates are coupled more strongly to nonstrange
than to strange channels, and another isoscalar state like the ¢ and
the f' not degenerate with the isovector is coupled dominantly to strange
channels. Thus the observation that the S*, the isoscalar scalar meson
nearly degenerate with the 5, couples dominantly to kaons supports the
classification as a four quark state,

The observation that the ¢ and the S* are scalar mesons lying
below ‘ne ¢ which is the lowest vector meson in the (38) configuration

has interesting iruplications for the new particle spectrum. If we assume
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fhe charm-strange analogy and replace all strange quarks in the &, S*
and 6 by charmed quarks, we predict the existence of isoscalar and
isovector scalar charmonium states denoted by éc and S*c with
configurations like (ul <€) which should lie below the lowest (¢€) vector
meson state, namely the J/U. U we replace only one strange guark in
the §, S* and ¢ by charmed quarks, we predict the existence of exotic
charmed-strange states with configurations (udc8) which should lie
below the lowest (c§) vector meson state, namely the F*, We now
consider these possibilities in more detail.
6.4 Charm-Strange Exotics

The four—qhark states with four different flavors and the same
color-spin couplings as the low-lying O++ nonet constitute a set of
charmed-strange scalar mesons which are expected to lie in the same
mass range as the two-quark charmed-strange F mesons., These
include exotic states whose quantum numbers differ from those of the F
by having either the wrong sign of strangeness or the wrong isospin.

(Y]
The two {ypes of states are denoted by F_ {udes, etc, - wrong isospin)

I

[a¥]

and F (udes, etc. - wrong sign of strangeness), The crypto-exotic”
{utic3) four-quark state with the same quantum numbers as the F is
denoted by Fx. The FI can be considered as an Fr or DK resonance or
bound state, the %S as a DK resonance or bound state, and the Fx as

an excited F coupled fo the DI channel, One way to see the relation of

these exotics to the low-lying 0" nonet is to note that changing a charmed



~-82~ FERAMNILABR-Conf-77/93-THY

o - : : +
quark fc a sirange quark in the T and FX gives a state in the 0 nonet,

1

while 15S hzs no such charm-strange analog state, Rlough estimates of
their masses are near the DK thireshold, [ the %S and Fx are below
the DK threshold, as appears likely, they would be stable against strong
decays and decay only weakly or electromagnetically.

Table 6,1 lists these states with their quark structure, quantum
numbers, dominant strongly coupled channels, possible weak and EM decay
modes and their "charm-strange analog' states in the light quark spectrum,
obtained by changing the charmed quark {o a strange gquark,

One way tQ__see how spin-dependent forces can bind a charmed-
strange exotic is by examining such an exotic configuration created by
bringing together a D" and 2 ¥ meson, The spin-dependent force between
the c_i-antiquark in the D“'L and the s quark in the K~ can be made stronger
by recoupling the spins. In the D+—K— system these two spins are
completely uncorrelated since both the D+ and K have spin 0 and are
spherically symmetric, Thus the d s system is a statistical mixture of
triplet and singlet spin states, 75% S = 1 like the K and 25% S = 0 like
the K. 1lodifying the wave function to give the spin coupling of the ds
svstem & larger S = 0 component produces additional binding on the mass
scale of the 400 AMeV K—K* mass difference. A wave function 75% S =0
and 257 S = 1 insfead of vice versa would gain 200 AMeV in binding. Since
such recoupling of the d aud s quark spins changes the spin couplings of

gach of these with the other guarks, the lowest configuration must
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minimize the total spin interaction energy of all pairs. The dependence
of the ineraction on color couplings must also be considered, and is
treated ov the use of the SU{6) color-spin algebra infroduced by Jaffe,

The spin-dependent interactions of the charmed quark are much
smaller than those of light quarks, as indicated by the small DD* mass
splitting relative to the pr and KK* splittings. This is also expected in
QCD models, where the "magnetic’ interaction of a quark is inversely
proportional to its mass. This also suggests that the D+K- system will
be bound, because recoupling the spin of the Eanti-qua.rk in a D+ to
a more favorable configuration with respect to the spins of the quark and
antiquark in the K can only lose a small-amount in the more unfavorable
coupling of the cd system. The worst possible coupling can only lose
the D—D* mags difference.

Exact mass predictions for charm-strange exotics are diificult
because of uncertainties in the model. Rough estimates are obtained
by use of the charm-strange analogy, in which mass relations for systems
invelving strange quarks are assumed to hold when one strange quark is
replaced by a charmed quark in each state, LExamples of the success of
this analogy are Egs. (2.1 - 2.6). ithile the theoretical basis of these
mass relations is still not understood, in particular why linear masses
work in some cases and guadratic masses work in others, the observation
that whatever works for strange guarks also works for charmed quarks

suggests that the analogy may be used ‘o extrapolate relations from the
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systems i n two sirange quarks to systems with one strange quark and
one charmezd gquark., ‘e assume that the ¢{970) is a four-quark exotic

0 state with the configuration (q@s§), where q denotes u or d light quarks,

and note the inegualities

L

AMn) + M(r) < M(d) < 2M{K) . (6. 2a)

Changing one strange guark fo a charmed quark everywhere gives

A(EY = A(x) z ?:I(%"I qdcd) < MK} + M(D) (6. 2b)
where the gquestion mark expresses the uncertainty due {0 mixing in the
n, which is not a pure s3 state and therefore not strictly the charm-strange
analog of the . Thus the statement that the 6 is below the KK threshold
andr decavs to n7leads to the analog that the I': siould be below the DK
threshold and might decay to the F'w, but it might also be below this
threshold,

We pow consider the most interesting possiblities for decay modes
and signatures for the different mass ranges: Note thal the P'w decay is
forbidden by iscspin for strong decays of the Fx' the F2% decay is
forbidden by angular momentum and parity for all strong and électro-—
magnetic decavs and the ['3= channel i3 probably well above DK
threshold.

1, 11 Stafes Above the DK Threshold: Strong decays would be

recognized as resonances in mass plots of the DK, DK, DK and DK
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svstems. Decays in the F= and T3+ mode would also be allowed for the

(a9

FI' Particularly striking signatures would be the double-strangeness

decay modes

~ + - - -+ +
FS—*DK K K= (6.3a)

—

2™

-+ o -
FS‘“—"DK K K a7 ) (6. 3b)

2. States below the DX Threshold but Above Fn. The %I would
still decay strongly fo final states ccntaiﬁing an F, but the FX would decay
electromagnetically and the %S weakly. The FX - ' decay is a second
order O+ —~ 0 transition with the emission of either two photons or no

photon,
F ™~ —=F +2y (6. 4a)}

r - F -+ . {6. 4b)

F =F=y . (6. 4c)

An intermediate F*y state could be present in the decay (6. 4a).

Another possible decay for the FK is into the FI, if it is above the

(2%

FI. There would then be the cascade decay,

4+ -

E + - + 0
Fx —>F1 +{2yoree )~F +% +{2yor e e ) . {6, 44)
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4 - -
[nthis ¢ - ¢ transition, the e e decav can go via a single photon and
be of second order in o like the 2y decav.

The Cabibbo favored weak decays of the &_ would be to states of

S

strangeness -2, States with two charged kaons would provide the best
signature for identifying these states, since neutral kaons lose the memory

of their strangeness by decaying in the KL and K.S modes,

~ - -+ +
Fo ~K K5 + (leptons and/or pions) (6. 52)

(2"

o+ . -
FS - K K 7 + {leptons and/or pions) . (6. 5b)

Strong K* signals-might be expected in the _Ki--.r? combinations, and there
should be no D present in the final state. Decays to the four-body final
states K== might be the best signature, analogous to the decays (6. 3)
but without the intermediate DK state and with the possibility of one or

two [ 's, Another possible signature is in the two-body neutral decays,

~ 0.0
FS - K K KSKS (6. 6a)

F_ KK ~K.K

o Kg . (6. 6b)

Note that the decay (6. 6) can give only neutral kaons and not charged
kaons because the final states have strangeness +2 and zero electric
charge., Thus although these final states have lost the memory of the
double strangeness part of the memor:” remains in the absence of the

charged two-body kaon decay modes. 3ince nearly all other non-leptonic
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decavs in2 final states containing kaons tend to produce equal numbers

of charzz+ andneutral kaons, the presence of anomalousaly large numbers

of neutrel kaons without the corresponding number of charged kaons might
B .

be a gooc indicator for the FS.

Beczuze the same final state KSKS is produced both in the decay

[aY]

of the F.. and the F

S g’ there can be mixing of the two states as in the

neutral kaon system. In the approximation where CT violation is
neglected the mixing will lead ‘o eigenstates of the mass matrix which
are CP eigenstates. The decay (6.6) will then be allowed only for the
eigenstate which is even under CP., The state of odd CP will not be able
to decay into tt-vénpSeudoscalar mesoens,

3. States Below the DK and Frn Thresheclds but Above the . The

A"

FIi would decay electromagnetically by two photon emission

N &
FI ~F + 2y . (6.7)

The other charge states of the FI would decay weakly. The multibody
decavs would resemble the expected decays of the F with an extra pion,
and the Cabibbo favored decays would be into states of zero strangeness,

In addition there would be the two-body decays

ﬁ{_* —~ {6, 8a}
. O e O I — '— -—
IR o e e Rglly . (6. 8b)
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The exoiic double-charge signature for the decay (6.82) might be a
useful indicator for this state.

The two-pseudoscalar decay modes {6.8b) are all states of even
CP for = J = 0 final state. The two states F° and FIO can be expected
to mix like the neutral kacns. If CP violation is neglected then the
eigenstates will be CP eigenstates and the even state will have the decay
modes (6.8b) while the odd CP state will not decéa.y into two pseudoscalars
and will decay to three or more,in the nonleptonic modes and into semi-
leptonic decay modes. Note that this %‘IO - %‘-IO mixing will be much
stronger than K° - B mixing in a gauge theory, because it can go via
exchange of two intermediate 1V bosons, with all vertices Cabibbo

favored and no cancellation of the GIM type.

4 S'ates Below the F. This is highly improbable, but if the F

is below the F, the F would now decay into the %‘I and the roles of the I
and %I would be reversed.
Note that if the F - :E"I mass difference is less than the pion mass in
either direction there will be a particle whose dominant decay mode
is electromagnetic with the emission of a low mass Vphoton pair or electron
pair. The mass spectrum of the pair will be continuous, but its maximum
must be less than the pion mass.
6.5 Are There Low-Lying Charmonium Exotics?
++

We have seen that the classification of low=-lying 0 mesons as

four quark states and the charm-strange analogv relating the qualitative
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systematics of systems containing charmed quarks to known systems
containing strange quarks lead to the prediction that the charm-strange
analogs of the é and S* denoted by Gc and S*C with the configuration
(q@c€) should be lower than the J/W. This suggests that perhaps the
peculiar state at 2.8 GeV might not be the pseudoscalar Nq at all but
rather a scalar 6C. This would please theorists like 't Hooft who want
this splitting between the pseudoscalar and vector charmonium states to
be considerably less than 300 MeV,

There is therefore interest in investigating the poszible existence
and properties of the 60. How could it be made and how would it decay?
Higher charmohium states might decay into 6c and one or more pions,
without violating the OZI rule, One might expect all charmonium
sta_tes which can decay hadronically to 5(: pilus pions to be very wide.
However angular momentum and parity selection rules seriously restrict
the states which are allowed to decay into Gc and pions. The final state
6CTr has unnatural parity and even G, The I = 0 states produced from a
strong decay of charmonium would then have positive C, Thus of all the
low-lving s and p wave charmonium states, only the nc, —qfc and the
w (4 +) would be allowed to decay info 6(: plus a pion.

The final stale CC + 2w has I = 0 only if the two pions are in an
I =1, odd J state like the p, The final state, 6C * p has odd G and could
be produced in the decay of the &', It would be interesting to see whether

this decay exists in present data, whether it is ruled out and if so, what
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the upper liraits are on this decay. Tie 5(:: could also be produced in
a radiative decay of the U,

The decay modes of the 6(:include

& = wy

o - N

& =~ po

& T KK (I\SKS)

5 ~ KK
[

The possible production mechanisms for the 6C thus include
+
Gloy +x (1) ~3.5—=yFa+b
! + 5
WY e

Lt oempy + &
Y p c

To look for the 6(:’ one of the decay modes (6,10) should be
chosen to give a convenient signature and one of the production

mechanisms (6. 9) might be suitable. The decay modes (6. 10c)-(6. 10f)

(6.10a)

(6. 10b}

(6. 10c)}

(6.10d)

(6. 10e)

(6. 10f)

(6.10g)

(6.9a)

(6.9b)

(6.9¢)
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all have cuanturm numbers forbidden for the decay of the N and would
distinguish hetween the two possibilities, The decay modes (6, 10a),
(6.10b) and (6. 10g) are allowed for both states.

A discussion of the present experimental states of the suggestion

that the state at 2.8 GeV might be the e is given by Gottiried. 64

VI, CAN WE MEASURE THE CHARGE OF A QUARK?
7.1 Quark Charges, Coherence and Color Oscillations
The fractionally charged colored quark model has provided an

adequate description of hadron spectroscopy, §,52,65,66 except for the
failure to observeﬁ'the quarks experimentally. Theoretical arguments are
presently being developed to explain the unobservability of free fractionally
charged particles as resulting from a fundamental confinement mechanism.46
However, other models have been proposed, beginning with the Han-~
Nambu model, 61 which obtain all the conventional results of the fractionally
charged quark model from a set of integrally charged constituents,
The basic difference between the fractionally charged and integrally
charged model is in the description of the infernal color degree of freedorm.
Tractionzlly charged models assume that color is an exact symmetry of
nature, ‘hat all observable hadron states are color singlets and that
color is inherently unobservable. Integrally charged models assume

that color symmetry is broken hy the electromagnetic interaction in

order ‘o give different values of the electric charge to quarks differing
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onitv in colo: and having the same values of all other quantum numbers,
To avoid conflict with existing experimental data on ohserved hadron
states, all such states must be color singlets in the integrally charged
models, bHut the possible existence of observable states at higher
excitation is not ruled cut. Experimenial observation of such color-excited
states would establish the validity of these integrally charged models.
However, such states could lie very high in mass. The qiestion arises
whether it is possible to distinguish between fractionally charged and
integrally charged models below the threshold for color excitation. 44,65, 68
One might think that the eleciric charge of the quark is observable
directly from measurements of the electromagnetic couplings of hadrons
as shown in Fig, 7.1 since these hadron couplings are commonly
assumed to be given byv the sums of the couplings of the constituent’
quarks. However, the coupling of the electromagnetic current to a color
singlet hadron depends only on the color-averaged quark charge <Q>C;
i,e. the average cver color of the charges of quarks having identical
values for all other quantum numbers except color. This can be seen
because a color singlet state is completely symmetr.'ic in color space and
can give no information about a particular preferred direction in this
space; e.g. the charge of a red quark rather than that of a blue quark,
The color-averaged quark charge does not coniazin information on whether
quarks of all colors have the same charge or wnether the charge depends

upon color., A measurement of the color-averaged square of the quarkcharge
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<Q2> should give this information, If <QZ>C differs from <Q>c2’ there
~must be =2 color dependence of the quark charge, Ilowever, it is not
simple to devise experiments on hadrons which measure <Q2>C for a
given guark in a hadron, as shown in specific examples below.

One of the difficulties in interpreting results of simple parton-type
models in cases where color symmetry is important arises from peculiar
quantum-mechanical coherence effects. As an example consider a model
in which strong interactions exactly conserve color symmetry, but
electromagnetic interactions break the symmeiry by giving different
electric charges to the red, -white and blue quarks. The weak interaction
can also break ;he color svmmetry, but ﬁzight be simply expressed in
a different basis from the red, white and blue quarks which are eigen-
stgtes of electric charge. For example, there might be purple and lavender
gquarks, defined as two orthogonal linear combinations of red and blue
quarks, rotated by a Colorbibbo69 angle.

Suppose that a color singlet meson is given a high momentum
‘ransfer by a sfrong interaction which sends the quark in the meson to
the moon, while the antiguark remains on earth. BSince strong interactions
conserve color, the system is still in a color singlet state. If an
astronaut on the moon measures the eleciric charge of the quark and
finds that it is red, then the antiguark on the earth must also be red, and
similarly for blue or white. But if the astronaut does a weak interaction

experiment and finds that the quark was purple or lavender, then the
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antiguari on the earth must also be purple or lavender., Thus whether
the denszi-v mairix describing the antiguark on earth is diagonal in the
red-biue or purple-lavender basis depends upon whetner the astronaut
on the moon chooses to measure an electromagnetic or a weak property
of the quark on the moon. This is a manifestation of the famous paradox
of Einstein, Podolsky and Rosen.

Such coherence properties arise in parton models where non-abelian
symmetries are present. One generally draws diagrams like those of
Fig. 7.1 in which one parton absorbs a photon and behaves as if it were
free during the interaction. However, it is only as free as the quark on
the moon in the [;)revious example. If it comes from a color singlet
hadron state, a measurement of its electric charge by a photon absorption
process as in Fig. 7.1 affects the properties of the rest of the system,
even though there is no interaction. This effect appears in the relative
phases of the contributions of the three diagrams shown in Fig, 7.1,
where the photon is absorbed by a red, white and blue quark respectively.
If this phase information is ignored and the contributions & the diagrams
are added incoherently, the results obtained can have serious errors.

An example of the importance of relative phases in cases where
internail symmmetries are present has been pointed out in the deep
inelastic production of exclusive final states on a pion target by the
isovector component of the phofon. 65 Since the initial state has odd

G-paritv, only final states with odd numbers of pions can be produced.

[ P
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However, =z parfon model in which individual quark partons absorb the
photon znd the amplitudes are added incoherently loses the G parity
information and gives equal production of states with even and odd
numbers of pions. The G parity information is contained in the relative
phase of the contributions from pairs of diagrams which go into one another
under the G transformation; i.e. those in which the current is absorbed
by a quark and by its G-conjugate antiquark.

An important effect which must be understood to avoid pitfalls in
intuitive treatments of color is the phenomenon of color oscillations.
These are analogous to the strangeness oscillations in the neutral kaon
system and the neutrino oscillations which have been suggested as
possibly occurring if two neutrinos have different masses. Consider a
colored guark-antiquark state of a red quark and a red antiquark.

This is not a stationary state but oscillates between red-antired, white-
antiwhite and blue-antiblue, just zs the KO is not a statiorary state but
oscillates between K° and K° as it decays and Ve and vfl are not stationary
states and oscillate in some models. The frequency of the color oscillation
is determined, as in the neutral kaon and neutrino c;ases, by the mass
difference between the true stationary states of the system. In the

color case this mass difference is not very small, like the KL - KS or
neutrino mass difference, but is very large. It is the mass difference
between the observed color singlet mesons and the as yet unobserved

color octet states. Thus color oscillations occur at a very rapid rate.
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In models where quarks are permanently confined, this mass difference
is infinite znd color oscillations occur with infinite frequency. The
color of a guark is thus unobservable, and all properties of quarks
measured in confined systems must be color-independent,

In models where quarks are not permanently confined and states
which are not color singlets exist, the threshold for color-octet excitation
defines a critical mass and a critical time at which drastic changes in
particle physics can be expected. Ior times long compared with this
time scale, the color oscillations are so rapid that all quark properties
measured are averaged over color and there is no hope of distinguishing
between fractioz—lially charged and integraily charged models, To observe
the difference in properties between guarks of different cclors, an
experiment must have a built-in time scale which is short in comparison
with the color oscillations and which can measure the charge of a quark
before it changes. This suggests that the experiment must have an
energy or mass scale which is above the color threshold., Thus the
question of distinguishing between models below the color threshold
becomes one of measuring short-time behavior with lower energies,

With these difficulties in mind we examine the possibility of
observing a color dependence of the electric charge.

Models 1like the Han-Nambu modelﬁ? are constructed to make color
averages of all matrix elements of the electronagnetic current
exactly equal to these of the colored fractionally charged model.
The difference between the curreats of the two models has ne color
singlet component and its color average vanishes. Let us write
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Jem = JG(Sf,lC) + 4J, {7.4a)
where J . is the electromagntic current in Creenbarg's colored quark
rmodel” "writh the fractional charges of the Gell~}hnt—2weig guark
model, znd the argumesnts 8_,1 denote that this current transforms
under flavor and color 1iké zn octet and singlet respectively. 1In
the Han-Nanbu model, 4J is a flavor singlet and color octer. Thus

JHN = JG(Bf’lc) + &J(lf,Sc) . (7. 1b)
The matrix elements of A4J thus all vanish between color singlet
states, and AJ issqnobservable in any neasureament described by such
a matrix element.’r 24,

The electric charges of the gquarks have the same structure as
the current operators. Thus tha charge of a quark of flavor £ and
color c in the Han-Nambu model is given by

Quy(f5e) = Q (£) + 2Q(c) (7.4c)
where Q, depends only on flaver and is independent of calor, and AQ
dependszonly on color. We thus obtain for the color averages of
Q and Q, ' '

< = ) )

Qe (52> = Q. (D) . (7.1d)
2 2 . 2 _ 2,
<Qu (D> = (DT +<5a(e) > = QDT + (2/9) (7. 1e)

where ths value 2/9 is obtainzd by substituting the numerical wvalues
of O . {f,c).
“HT

As loaz as 4J has no obs=rvable eifects, it is impossible to
distinguish between the integrally and fractionally charged models.
There are two possible apprcachas to the obsarvation of AJ: 1) by
cbserving states which are not color singlecs, 2) by cbserving
matrix elements of pperators which are quadratic in J  between
color sinzlet states. Since states vhich are not colOP singlets
have a presumably high excitation thresheld to explain the failure
to observe them to date, we consider the possibility of datecting
4J below threshold by measurements on color singlet states of oper-
ators quadratic in AJ.

7.1 Two-Photon Decavs of Pseudoscalar and Tensor Mesons

One important case whare effects of color have been observed
in a second order electromagnetic transition is in the decay WO+Yy.
Decays of this type of meson into two photons zre assumed to be
described by a triangle diagran.3? We consider all poessible decays
of common mesons which have allowed two-photon decays, nzmely the
pseudoscalar and tensor mesons:
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w0 > 2y (7.2a)
n > 2y (7.2b)
n' = 27 (7.2¢)
£ > 2y (7.2d)
A2 » 2y (7.2e)
£ - 2y (7.2£)

The contribution of the triangle diagram for each of these
decays is obtained by summing the diagrams for different quark
flavors with the appropriate weighting factors for each meson. The
transition matrix element for this diazgram with a quark of flavor f
is proportional to the square of the quark charge and is given by

2
() - 1 ] [o(E, ) 2= <>, (7.3a)

where M is the reduced transition matrix element which contains the
dependence on all degrees of freedom except cclor. Substituting
from eq. (7.le) into eq. (7.3a), we obtain the relation between the
transition mattix elements in the Greenberg model and the Han-Nambu
model, denoted by MG(f) and M ().

HHN(f)

z-tHN(f)

The expressions (7.3} can be wvritten for the specific cases of
u,d and s guarks in the fellowing convenient form,

/E‘?CI'I [QG(f)2+ <AQ2>C] (7.3b)

MG(E) {1+ (2/9)/ QG(f)zl . : (7 .3c)

M{u) IM (4+2x) /9 {7 .4a)

M(d) = M(s) = V3 M(1+2x)/9 (7.4b)

wvhere % is a parameter describing the deviation froam the fractionally
charged colored quark model and we have ser X =3,11 (f) is given by
setting X = 0 in eqs(7.4) and 1L  (f) is givencby sétting « = 1.
Tntermediate values of « are alsd of jnterest as will be showm below.

__ For the decay of a +° which is a coherent linear combination of
a uu and dd state with equal magnitude and negative phass, the tran-
sitien matrix element is proportional to the difference M _(u) - HT(d).
This difference is seen to have the sams value in both mogels_

M 1 o = ey = M - 1
AT(L)G HT(d)G i/ ¥3 hT(u)HN hTCd)HN (7.5a)

A similar equality holds for the decay of the n, which is the eighth
compenent of an cctet and depends upon the linzar combination
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}I,I,(u)G-:-l-II(d)G—Zi-IT(s)G= 1/ V3 = :-IT(u)H_;:u:-Lr(d)Hx—zn,r(s)

N

e (7.5B)
The statistical factor vW in eq. {3) has been used as evidence
in favor of color in the ewperimental value of the AN vy decay
rate. UYowever, egs. {7.3) show that it is impossible to distinguish
between fractionally and integrally charged models with this decay or
the decay of the isoscalar unitary octet meson. This is also evi-
dent from the form of AJ in eq. (7.1b), which is a flavor singlet,
Squarinz AJ gives an operator which hzs a color singlet component
and is observable in the space of color singlet states. But because
it is a flavor singlet, it cannot contribute to the decay of a
flavor octet state.

For the decay of a flavor singlet ma2son, the two nodels give
different results,

M(L) = (1/¥3) ] () = ¥ (2/3) (1<) (7.6
f

Unfortunately this difference is not easily chacked experimentzlly.
Tha physical n' meson is a2 mixture of singlet and octet and is at such
a high mass that the PCAC derivation for the zbsolute rate of the

7 decay is unreliable. Kinematic facters resulting from the n-n’
mass difference confuse any comparison of the two rates.

Thus, although P -+ ¥y deczys appezared Lo have matrix elements
quadratic in AJ which would distinguish betwezn the two models,
this is not feasible in practice. The situaticn looks somewhat
better for an ideally mixed nonet, like the tensor mesons, where the
mass degeneracy between nonstrange lsoscalar zad isovector states
causes nll kinematic factors to drop out in th2 ratio o:f the decay
rates. ror the ideally mixed 2 and f' decays.

M(ET) = (VD) [M(u)+E(d)] (7.72)
H{A2) = (1/¥2 [M(u)-(d)] (7.7b)
MIEYY = M{s) . (7.7¢)

Substituting eqs. (7.4) into eqs. (7.7) gives

Lo
2

MEEDY /MA2) JHCET) = [(5/)+{&/N e} /1] (Y /3)+(2V213) &) (7.8)

Since the decay rates are progortional to the squares of the matrix
elements, the ratic of the £~ to A2 decay rates is predicted to be
g in the Han-Nambu model in comparison with 23/% in the fractionally
chargad model. Furthermore, the f' decay rate is predicted to be
larger than the AZ decay rate by a factor of 2 in the Han-Nambu
model and lower by a factor of 2/9 in the fractiomally charged
model. These appear to be large observable effescts.
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Addicional possibilities of observing the differences between
T

the matrix elements {7.7a)} ard (7.7b) arise in coherent production

of the 7~ and AZ resonances by two photons in the reaction” -
+ - T - + - 0 + -
e's +ee +yy+ree M »ee +PP (7.9)

vhere 1° denotes z neutral nonstrange nescn wnich is a coherent
linear coabination of £° and A2 and PP denotes a_state of two pseuda~
scalar mesons. In the approuximation vhere the fO and A2 are
degenerate, SU(3) symmetry and the 0ZI Rule give the following
results for the relative cross sections for thea production of dif-
ferent PP states:

METE) METRS) 7 ulnTrT) = (4420 [ (1421} / (5+bi) (7.10)

where the transition matrices M must be squared and multiplied by
appropriate kinematic factors to obtain the obsarved cross sections.
The kinematic factors should be identical for tha charged and
neutral kaon final states but may be scomevhat different for the twe-
pion state. The results {(7.10) are easily obtzined by observing
that the £f° and A2 are linear combinations of the uu and-dd states
and that charged kaon pairs are producad only via the uu state,
neutral kaoms only via the dd state and picn pairs only via the
even G f° state.

The relatioms (7.10) are derived under the assumption that the
f° and A2 are degenerzte and have the same width. Calculations of
the charged and nsutral kaon pair mass spectrz show that the qual-
itative features of eq. (7.10) remain when the masses and widths of
the physical particles are introduced and each resonance decay is
parametrized by a Breit-Wigner curve. 1In addition a strong inter—
ference effect appears in the region between the £' and the A2 from
the overlapping of the tails of the resonances. With the Han-Nambu
model these interference effects should be somewhat different, and
night be used to distinguish between the two models.

o

The relations (7.8) and (7.10) look very promising for distin-
guishing between the two models if the siwple triangle diagran
describas the dscay and its transition matrix element is given by
equation (7.3). tHowever, there are doubts about the validity of
this dascription for the tensor masons.

Supposa the triangle diagram of fig. 7.2 is interpreted as the
successive emission of two photens. Then an intermediate state
exists of a quark-antigquark pair with the quantum numbers of the
photon, a vector neson state which is either a color singlet and
flavor octet or flavor singlet and color octet. The transition
matrix elenent computed from this diagram must iaclude a propagator
for the intermediate state. TFrom eqs. (7.1} it is appareat that J
appears in diagrans vith color singlet intermadiate states and AJ G
appears in diagrams with color octet intermediate states. If color
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ocret states have a high threshold, diagrams with color octet inter-—
mediate scates will be suppressed by propagators relative to
diagrams with color singlet intermediate states. Thus the effect of
the colcr thresheld will teduce the contribution of the terms
dependinz upon AJ below the values given by egs. (7.3), (7.4), (7.6)
and (7.8). Since the contribution of AJ is se2en from eq. (7.3b) to
be positive definite and to be given in egqs. (7.4), (7.6) and (7.8)
by the term proportional to x, the reducticn of the contributions
from AJ are expressed guantitatively by reducing the value of «

from unity in these relations.

For the case of the pseudoscalar meson decays, the existence of
the axizl anomaly allows the transition matrix element to be
expressed by a triangle diazgram dominated by high momenta where
color thresholds are hopefully nc longer important. For other
cases where there is no amnomaly, there is no reason to expect this
dominance by high momenta in intermediate states and color thres—
hold effects can be important. Unfortunately, the large deviation
from ideal mixing makes the usz of pszudoscalar decay rates diffi-
cult for distinguishing between the two models. The ideal mixing
of the tensor nonet gives simple predictions, but these may be
rendered useless by color threshold eifects.

The effects in eas. (7.8) and 7.10) are so large that they may
still be observable even with an appreciable reduction from the
propagators of the color octet states. The parameter ¥ will have
a value (m,/m,)”, where n, and n, are the masses of the color singlet
and color dctet intermadiate_ftatas wé}ch are dominant in the tran-—
sitions. If x is between 10 and 10 7, there may still be a
possibility of observing these effects. Tor example, if k=2%, there
will be an 8% increase in the ratio of the two-photon decay widths
of the £' and A2, a 3% increase in the ratio of the widths of the
f and A2, and a 3% decrease in the production ratio of charged to
neutral kaon pairs over the predictiens of tha fractionally charged
quark model. Thus even if the effects are smaill, they appear as
uniquely related discrepancies from the predictions of the fraction-
ally charged model in three different ways.

7.3 Deep Inelastic Processes
Another tvpe of process where color effects might be observed is
deep inelastic scattering described by the quark.parton1nodel.68 Here
again the simplest processes cannot distinguish between integrally and
fractionallv charged models because they are described by matrix

elements of the current between color singlet states, e consider the
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possibilities of observing a color dependence of the eiectric charge in
two wavs: 1) Above the color excitation threshold: 2) By transitions
depending quadratically on the eleciromagnetic current.

Once states which are not color singlets are produced operators
which are not color singlets become observable. However the parton
model sum rules do not necessarily hold immediately in this new domain
with the integral quark charges of the Han-Nambu model. ‘The basic
incompatability between naive parton models and non-abelian internal
symmetry must be carefully considered before drawing conclusions.
We now spell out this incompatability explicitly and show the necessary
conditionsufzar validity of the naive pa;rton model,

Consider the parton model description of the absorption of a
current by a hadron. In a model with three colored quarks denoted by
R, Wand I for red, white and blue, the current can be absorbed by a
quark parton of any color. There are three contributing diagrams in
which exactly the same transition occurs on a red, white or blue quark
as shown m Fig. 7.4, To calculate a partial or total cross section
the transition amplitudes for the three processes shown in Fig, 7.1
must be added coherently and then squared. The naive parton model
neglects the interference between different diagrams and adds them
incoherently under the assumption that interference terms have random
phases and average out, This is the source of error in calculations for

processes invariant under non-abelian internal symmetries. The symmetry
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imposes conditions on the relative phases of different amplitudes so
that the contribution of interference terms does not average out but is
of the same order of magnitude as the direct terms. This has been
pointed out in the G-parity example discussed above,

e now demonstrate this interference effect for color svmmetry
in a simple example. Let us assume that the transition matrix element
for the absorption of a current by a quark is proportional to the charge
of the quark denoted by gR, gw and gB respectively. The transition

amplitude between a given initial and final state is then given by
<[Tli> = gp<t [AR li> +ng<f[AW[ 1> +gpo<f [AB [i> (7. 11}

where AR’ AW and AB are reduced transition amplifudes for the red,
white and blue quark transitions with the quark charge factored out,

The values of these reduced matrix elements for different colors are
related by the color symmetry and depend on the color quantum numbers

of the siates [i> and |f>.

For the case where both [i> and [f> are color singlefs

SHENEETE. <t A li> = <t ApfL,> = AMNE. (7.12a

The contributions of the three diagrams of Fig. 7.1 are all equal and
have the same phase and the invariant amplitude A is defined for conveni-

ence with the normalization indicated.
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For a ‘ransition between a color singlet initial state and color
octet final states, two linearly independent color octet states occur.

For convenience we choose as basic states, denoted by | {, > and [ f8>’

3

the vector and scalar states under the SU(2) subgroup of the color SU(3)

which acts only in the space of white and blue quarks, Tor these

transitions we {ind
; 1 o =
<f3| Anl 11 0

CInN7Z

I

<] Ayl R <t [Agli>

1 . . L
3 <Tglagli> = - <fglayli> = - <fglagli> = cive

where the SU(3) color symmetry relates the two transitions (7. 42c} and
(7.42d), and the invariauat amplitude C is normalized for convenience.

Substituting equations (7, 42) in equations (7. 11) we obtain

i = + - 3
<f1 |T [11> (gR I gB)A/\3

4

<t {Tli> = (g -ggl C/NZ

<fg |T |11> (2gy - gy - 8p) CING

The corresponding transition probabilities are given by

1. 2 2 2 2 ] . 2
| <t T[> ] = lgy” +ay tep) F2lepey T egEn T egeg)l AT/3

g |

{(7.412kt
(7.12¢c

(7.42d

(7. 13
(7. 13t

{7.13c

(7. 14=
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(&8

2 2 2
[ ! 1 I = -
b<f | T > [{gv_. T8 ) " 288 Ic%/2 (7. 14b

(%)

i <f8 { T! i, = | (4gR2 + ng + ng) + z(gWgB - 2gRgW - ZgRgB)] c2/6 (7. 14
where each expression is split into the direct terms considered in the
naive parton model and the inferference terms normally neglected. Note
that when the charges are independent of color the expressions (7. 13b),
(7.43c), {7.14b)and (7. 14c) vanish and color octet states camnot be
excited from a color singlet state, as is expected.

Equation (7. 14a) shows that when only color singlet final states
are excited the interference terms fc_:r all final states have the same sign and
cannot be neglected without causing a serious error. Thus, the naive
parton model which neglects interference terms cannot be used when
only color singlet states are excited,

Combining equations (7, 14b) and (7. 14c) gives the total transition

probability for color octet transitions

. 2 . z 2 2 2 _ 2
[ <t | T]i> [T It [T >0 " = 2leg ey ~ep") - (Bpey ey gpteggg) 1 C7/3 .

(7. 14d

The interference terms for transitions to color octet final states are seen
to also all have the same sign and give a non-negligible coherent
contribution. However, the phase of these interference terms is opposite

to that of the fransitions for the color singlet final states. Thus the
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condifion “or the naive parton model to hold is that the interference
terms irom transitions to color octet final states must exactly cancel
those from color singtet final states. IFrom Eg. (7.14)this condition

can be expressed

> at - > c’ (7. 15)
1 8 |

where the summation on the left-hand side is over all fransitions to
color singlet final states and on the right-hand side over all transitions
to color octet final states,

Eq. (7.15) shows that the naive parton model which neglects
coherence between the three diagrams of Fig. 7.1 is valid only when
there is a definite retation between the total cross sections for producing
color singlet and color octet final states. The exact value of the ratio
of octet to singlet production depends upon the values of the coupling
constants, but is always of order unity. For the Han-Nambu model this
ratio can be seen to be exactly unity by noting that the expressions
(7. 414a) and (7. 14d) become equal when the Han-Nambu coupling constants
and the condition (7.15) are used, Thus if the Han-Nambu model is
correct, the naive parton model predictions become valid only when the
total cross sections for color singlet and color octet production become

equal,
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We now consider the possibility of observing a color octet component
in the electromagnetic current in a second order electromagnetic
deep inelastic process whose matrix element depends guadratically on
the current. However, as we have seen in the meson decay example,
the validity of any second order treatment depends upon a model dependent
factor often overlooked. If the underlving model for the second order
transition involves successive emission and/or absorption of photons the
intermediate state between the two eleciromagnetic fransitions must
have an appreciable color octet component if the effects of the color
octet component of the current are to be detected. Dynamical suppression
factors for this color octet component may prevent the observation of
such effects, as shown above in the effect of intermediate state
propagators in the meson decays discussed in section 7. 2,

As an example of such a suppression we note that the total cross
section for photon absorption considered above is related by the optical
theorem to the imaginary part of the forward Compton amplitude. A
calculation of this second order amplitude without c_onsideration of the
above arguments would include quadratic contributions from the color
octet component of the current, which had a color singlet component
and could give a nonvanishing matrix element for the elastic scattering
process. However the discussion of total absorption cross sections
shows that the contribution of such color octet contributions fto the

absorptive part of the amplitude must vanish as long as the energy is
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below ‘e color threshold., A translaticn of equefions (7, 11) to {7.15)
into the lznguage of forward Compton scattering shows that the propagator
of the intermediate state in the scattering process must be considered
very carerully and this propagator violates the conditions of the naive
parton model.

The essential features of the properties of the propagator can be
seen by noting that the optical theorem represents the absorption
process shown in Fig, 7.1 by sguaring the amplitude. This square
inciudes not only the diagonal terms, like that shown in Fig. 7. 3a,
in which Figs. 7.1a, 7.41b and 7. ic are individually squared but also
the off diag—c-)-nal terms, like the one shown in Fig. 7.3b, in which the
diagram of Fig. 7.1a is joined to the conjugate of the diagram of Fig.
7.ibor Fig. 7.1c. ‘Vhen this is expressed as a diagram for elastic
Compton scattering it shows an intermediate state undergoing a color
change. Even though the conditions of the naive quark model are assumed
to hold and the same quark which has absorbed the initial photon emits
the final photon, the color of this quark can change during the intermediate
state as a result of the color oscillations mentioned above, These
oscillations can be studied in detail by examining the properties of the
propagaior,

e denote the three states produced by the diagrams of Tlig., 7.1
a3 ] n>, , W> and ' B> respectively, corresponding to transitions in
which a red, white and hblue quark absorbs the photon, These states are

linear combinations of the color eigenstates if > {f3> and f8>,

1
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(R> = (AWNT3)[1,>HNZ/NE) > (7. 16a)
| Ww> = H/"E)[ff + (1/w‘7)[f3> - {1/4'6‘)[f8> (7.46b
[B> = (4/NED)[f,> - WND[L> - W/NBY > . (7. 16c)

The color eigenstates Ifi> and [f8> have different energies Ei and ES
because of the energy required for excitation of color octet states.
Thus if the state ER> is created at a time t = 0, the relative phase of the

components !'f1> and [ f8> change with time and introduce admixtures

of the other states. Tor example,

. , -iE,t -iEt ,
<Wle lHt[R> = (1/3)(5: Y. 8) (7.17a

-iHt

<wle ™ IR> 1% = (490’ [ (g, - B w/ 2] . (7. 170

The color change of a quark in the intermediate state thus takes
place at a frequency (kg - Ei)/ 2.

Thus the color excitation threshold defines a time or energy scale
which determines whether a given process measures the charge of a
Han- N¥ambu quark or the average charge over the color degree of freedom.
The color is seen to change in the intermediate state at a rate determined
by eq. (7.17} If the transition takes place in a time short compared
to this charge fluctuation time, then the naive parton model result should

be valid and give the charge of the quark., I however the intermediate

state lives z long time compared to this fluctuation time, the charge
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is averazed over color. and the results are the same as that given by the
fractionallv charged model,

The lifetime of the intermediate state is short if it is dominated
by high momenta; i.e. by states which are high above the color threshold.
Thus we see again that the relevant parameter is the ratio of the energy
of a typical intermediate or final state to the threshold for color

excitations.

VIII, AMIXING AND PSEUDOSCALAR MESONS
8.1 Introduction

Why is SU{3) such a good symineiry in some places and so badly
broken in others? Why are some hadrons good SU(3) eigenstates and
others badly mixed? The quark model seems to give part of the answer,
Mesons are quark-antiguark states and baryons are three quark states.
This plus isospin and ahypercharge conservation automatically force
most of the hadron states to be good SU(3) eigenstates. Consider the
r+, for example. This is the iS (ud) configuration, There is no other
(qF) state available with which it can mix without vit-alating isospin or
hypercharge conservation or introducing larger numbers of quarks.
The -rJF iz thus a pure SU({3) octet state, even if there is a large SU(3)
violation in quark-auark interactions. The same is true for all states in

) - - + +
the lowest meson and haryon multiplets (0 , 1 , 4/2 and 3/2 ) except

for the I = Y = 0 mesons, where we find n - »' mixing and « ~¢ mixing.
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The general conclusion is that SU(3) symmetry breaking is strong enough
fo mix anv states which are allowed to mix., But the quarl: model, which
restricts hadrons to gg and 3gq, and isospin and hypercharge conservation
leave very few states which can mix.

Mixing can be described by perturbation theory in most cases., If
b, is the unperturbed SU(3) eigenstate and {, denotes the states with which

9

it can mix, the physical eigenstate in broken SU{(3)} is

U> = u>+z_<_1ﬂ!2_

| 4>

where V is the interaction responsible for the SU(3) symmetry breaking
and Ei and EO are the energies of the unperturbed states.

If the energy denominator is very small compared with V, then
degenerate perturbation theory must be used, and the inferaction V is
diagonalized in the subspace of nearly degenerate states. This occurs
in the standard treatment of w - ¢ mixing, for example.

Two kinds of symmetry breaking terms are generally considered:

1, 1Alass terms. A flavor-dependent mass term for quarks seems

to be the dominant symmetry breaking mechanism for the vector and
tensor mesons. Diagonalizing the mass term gives a good approximation
to the physical eigenstates,

2. Loops. Hadron siates can be mixed by transitions via inter -

mediate two-particle or multiparticle sfates, The loop diagrams describing
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these transitions are of tvwo types, depending upon the nature of the
intermediate state,

a, Gluon loops. Since gluons are assumed to be flavor singlets,
all gluon intermediate states are flavor singlefs, and they are connected
only to flavor singlet hadron states by the conventional gluon emission
and absorption interactions. Thus gluon loops do not break SU(3) in
this approximation, However,r they must be considered in cases where
there are other interactions which break SU(3), because they affect the
amount of breaking by the other interaction,

b, Hadron loops. ZIven if the three point functions for coupling

a hadron to a two-hadron intermediate state is assumed to be SU(3)
invariant, these loop diagrams break SU(3) when the physical masses
are introduced for the propagators of the intermediate states.
8.2 The Axial Vector {®) Mesons

As an example of mixing by loops, let us consider the strange
axial vector mesons i+ classified as 3Pi and iPi in the quark model.

We denote the strange members of the Ai and B octets by QA and
QB respectively. The dominant decay modes K*w and pK are allowed
for both QA and QB states. In the limit of SU(3} symmetry, conserved
"parities' G_and G analogous to G parity can be defined by replacing
isospin by U spin or V spin in the definition of G parity. The neutral
and charged @Q's are eigenstates of Gu and Gv respecti{rel}'. However,

the charged p and m mesons are not eigenstates of either of these parities,
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just as the x mesons are not eigenstaftes of G parity. Thus there is no
selection rule forbidding K*‘r and pK final states for either of these
decays. I the QA and O’B are produced coherently in some experiment,
they contribute coherently to the pK and K*w final states, 70

If SU{3})is t;roken, Gu and GV parities are not conserved, There
can then be mixing, analogous to « @ mixing, between the QA and QB
states, even though G parity remains conserved and prevents mixing of
the corresponding non-strange states. However, there is no ideal mixing
angle determined by quark masses, as in the w¢ case, because the QA
and QB have the same quark constituents and are not mixed by a mass
ferm. Som—e other 5U(3) breaking mechanism is needed to produce the

observed mixing.

Consider the decay of the mixed states
[Qi> =  cos ¢} QA> +sin 9[ QB> (8. 1a)

[Q2> = - sin 0[ QA‘> + ¢cos 6{ QB> ) {8. ib)

where 6 is the mixing angle,

For the K*rr and oK decay modes the branching ratio is unity in
the SU(3) Iimit excefut for differences in kinematic (phase space) factors
for the two final states, However, because the two octeis have opposite
charge conjugation behavior, the Ai-octet decay is d-escribed with
F-coupling and the B-octet decay with D-coupling. The relative phases

of the Kp and K decay amplitudes are thus opposite for the two cases



the decay amnplitudes for the mixed states (8, 1) are then

<K:::TT [ Q'1>

<K*w [ QZ>

. Egs.

for one eigenstate is {o enhance the K = decay mode and suppress the Kp,

<Kp|Q,>

<Kp[ QA>

<Kp’ QB')

1

1t

-445~

11

n

cos § <K 71Q,> +sing <K

!
'
!

~ oS 8 <E{=r‘7 QA> + sin 6 <K=I:*—
- sin 6 <K.:‘:r[’®.

sin 0 <me]QA> + cos 9<K¥w[ Q>

- <K:::7;1Q >

<K x Q>

A
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A

B

> + cos 8 <K

B »

{8. 3) show that for any mixing with a real phase, the effect

and vice versa for the orthogeonal eigenstate., For ¢ = 450, we obtain

2 2
| wpl@>1" [ <xx[Q,>]

| <K [Q,> - <K

“A

slag> |°

!<K*7{Q1> , ? ’ <KP{ Q2> ’ 2 ’ <K*‘H‘ IQA> - <K*W[QB> {

Thus Qi is decoupled from Kp and Qz is decouplad from K w The

decoupling is exact for thecase where the

QA and QB states are equally

coupled to the K = mode anc is still a good approximation over a wide

range of couplings.

ciem a$i11 bhAavo

=

T'or example, as long as

2
<k w1 Q> |

<

[<K*.—.3’QB> iz )

(8. 2a)

(8.2b)

(8. 3a)

(8. 3b)

(8. 3¢}

(8. 3d})

{8, 4a)

(8, 4h)
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2 B 2z
| <Kp| Q> ] <K =}Q,> L
sl t jeelo

A dimamical mechanism which naturally leads to this mixing is

the SU(3) breaking in decay channels originally introduced to expla.'m.{J1

@ ¢ mixing before SU(6) and the quark model. The states QA and QB

o,

are coupled to one another via their decay channels K ©and Kp.

9> — & — [ap

IQA> — [Kp'} > IQB>

In the SU(3) symmetry limit, the two transitions (8. 5a) and (8. 5b)

exactly cancel one another and produce no mixing. This cancellation

no longer occurs when SU(3) breaking introduces kinematic factors

arising from the mass difference between the two intermediate states.

{8, 4c)

(8. 5a)

{8.5b}

These suppress the strength of the transition (8.5b) via the higher mass Ko

intermediate state relative to the transition (8. 5a) via K::Tr.

The simple analysis of the transitions (8. 5a) ang (8, 5b) gives' 45°

mixing “or the eigenstates if <K « [QA_> = <K =} Q>. This decouples

the two states from K « and Kp respectively. However, a more

careful znalysis shows that two partial waves are present in the decay,

g-wave znd d-wave, and the result is very sensitive to the relative

amplitudes and phases of the s and d waves, In particular, for the

ratio of s to d wave amplitudes predicted by the naive SU{o) v guark model,

!
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the transitions (8, 5) vanish and cannot produce mixing, because the R
is coupled only to vector meson states with transverse polarization and
the QB is coupled only to longitudinallyv polarized states. 70 For this
reason the mechanism (8.5} for mixing was dropped.

A recent analysis of the experimental properties of the Q mesons
suggests a mixing of SU(3) eigenstates with a 45° mixing angle with one
of the eigenstates decaying only to K*Tr and not to Kp and vice versa for
the other state.

Now that the SU(é)w predictions are known not to agree with
experiment, 3 particularly in the closely related polarization predictions
for B and & _decays, and the experimental data are consistent with pure
s-wave for the Q decays, the mixing ﬁecha.nism (8. 5) should perhaps
again be considered. However, a more realistic calculation would
consider the coupled channels K*Tr and Kp through the resonance region,
with phase space factors changing within the resonances because of the
proximity to threshold.

8.3 Troubles With Pseudoscalar Mesons

The vector and tensor meson nonets are well-described by attri-
buting all the SU(3) symmetry breaking to a {lavor-dependent quark mass
term, and assuming unonet degeneracy except for this mass term, Many
experimental predictions of this description have been successfully
tested, However, the analogous predictions do not work for the pseudo-

scalar mesons, At first it was assumed that some additional interaction
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could change the mixing angle from the so-called ideal mixing produced
by the quark mass term, and phenomenological predictions were made
in which the mixing angle was left as a parameter to be determined from
experimental data. However, these are also in disagreement with

experiment,

The conventional nixing description seems to be in both exper-
imental and theoretical trouble for the pseudoscalar wmessas. The
n and n' do not behave liks orthogonal mixtures of a single SU(3)
singlet and a single SU(3) octet, Iore complicated mizxina is
indicated perhaps requiring inclusion of xadiaily excited states
as well as ground state ccnfiguratio:s.23’74

The use of the quarxz node
tral nesons from expsriment
processes was first suggzest
on the Levin-Frankfurt &

=

o deterinine nixing angles of neu—
o oz neurral meson production
bv G. /lewander. 'Inis work, based

2 quarn mndel ’76in wiich every
hadron tryansicion is as o involrz only ome active gquark with
all re:iiﬁing guarks hehaving os spzitators, pressatod o numbor of
predictions which have since baen shawm to be in very good agree-
ment with ewperiment. These include the first deriveticn of the
A...Z rule for four point functions, zs the prediction that 3 produc-
tion is forbidden in =N reactions since the pracess requires two
active quarks in the same hadron. Also obtained were the prediction
of no ewctic t-channel exchanges and some sum rules and egualities
vhich are listed belew. Analysis of a decade of exparimental data
show a consistent pattern of good agreement with all pradicred
relations for processes of vector meson production and strong dis-
agreement with relations for processes of pseudoscalar zmzson
production, particularly for relations involving n' production.
We suggest that an appropriate conclusion from these results is that
the quark model description indeed holds for these processes, but
that something is wrong with the pseudoscalars, particularly the n'.

The relevant sum rules are the charge exchange sum rule (CHEX)
o{w p -+ #°n) + of(n p> na) + o(v p »n'n)
T . S TO
= g(K'n > K°) +o0(Kp~EXn, (8. 6a)

and the strangeness exchange sum rule (SEX

(X p > n¥) + oK p -n'Y) = o(&p > 1) + o(m p » K°V) (8, 6b)
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These sum rules hold for any mason nonet and do not make any
assumpticn about the mixing anzle, except for the conventional
description of the n and n' as two orthogonal linear combinations of
pure SU{3) singlet and octat states defined in terms of z sinzle
nixing zzgle. TFor the case of ideal mixing, 25 in the vactor
mesons toe two sum rules each split into two equalities, CHEX
becoms

g(z p~+on) =0 (8. 7a)

which is just the 4,..Z rule, and substituting (8.7a})into (8. éa)
gives

- 0 - + e .~ *a
g(mnp~>cn) +a(z prun) = c(ln>K p)+alp-K n). (8. 7b}

With ideal mixing SEX bacomes

oK » uyr) = o(&p + 1), ' (8. 8a)
G(Kp =+ ¢Y) = c(s p~K °¥) . (8. 8b)

The relation (8,8a) is seen also to be a consequence of the A...2
rule for the meson vertex. The incident I contains no ¢ for d
quarks or antiquarks and therefore produced via the uu component
which is a linear combinzstion of the two with egual weaighz.

If there is no mixing, which is 2 vough approximation for the
pseudoscalar masons, the charge excheaage sum rule simplifies to

. e -
sCr p —~ 7 on) + 3o(w p *nsn) = g{K'n - Kop) + o(iip » £°n) (8.9a)

a(= p - o) = 26( p = LRV R ' (8. 9b)

All the vector mescn relations (8.7) and (8.8) are in excellent
agrezmant with experiment. However, the pseudoscalar meson rela-
rions (8.6) and (8.70) are in strong disagreement. The relation
(8, 7a) agrees with experiment if the n is assumed to be pure cctet.
This suzgests that the conventional picture in which there is

=

with the o', and it is wrong in the direction that the n' has an

inert pisce in the wave function which does not contribute to the
sum rules (83,6) and (8.7)

More recent evidence of trouble in the n - n' systea conas
from data presented at this conference on neutrzl meson production
in K_p reactions at 4.2 GeV/c. The previously observed trouble
with the SEX sum rule (8.1b) is confirmed with higher statistics.
In addirion there may be difficulty with backward production.
Okubo ' ' has pointed cut that comventionzl nixing predicts that the
ratio of n' to n production must be a universal constant in ail
processas where there are no active strange quarks,



Q

(4 =2 > n' + X)

»

oA +

Ly
¥

no+ %) | |n

here 4, B and § do not contain strange guarks andn__ denctes the

particular linear combin
strange quarks, the anal

; . S.
1zcion of n and n' vhich contiins only non-—
oz of the physical w. Ckubo finds z value

of K=0.520.25 by a%glysis 0f a large number of processas. But

recent experimants give

K = (2.0£0.68)/(1.27:0.39)

for the ratio of n' to n oroduction in the backward direction in

K p > An or An'., If this is a baryon exchange process, the coupling
p =) P » P i=}

of the n and n' to nonstrange baryons

should also go wvia tha 7

X . .. n
component and the processss should satisfy Ckubo's universality

relation {8.10), The fact that K > 1 for this case whereas K < 1 for

all meson exchange processas investigated by Oxkubo might suggest a

difference between meson exchange and
discrepancy of less than two standard

baryon exchange, if the
deviations proves to be

statistically significant. 7This is again consistent with tha
description of the n as having a piece in the wave functicn vhich

does not contribute to the meson exchange sum rules because of poor

overlap with the wave function of the

exchange there is no such ovearlap intzgral and the additionzl piece
iving a higher n’ production
1 than in meson exchange rsactisas,

could have a sizeable con:ribution, g
cross secticn relative to tha

Ve suggest that the

incident m2son. For baryom

rz is indeed an additioral piece in the nt
wave function and that ir is a radiallv excited configuration. This

leads to & re-examination of the standard nixing folklors and the

discovery that it is completely unjust

which begins with unperturbad singlert
synmetry limit, there 1s no reason to
breaking should admix only the lowest
and octat spectra., This may work for

ified.’% In a forculation
and octet states iz the SU(3)
assune that SU(3) symmerry
ground states of tha singlet
the tensor and vector asons,

there the eatire nonet seems to bte degenerate in the SU(3) symmetry
lipit zrnd the dominant breaking of nonat symmetry is by = quark
mass term. The degenaracy suggests the use of degenerate perturba-
tion theory which diagcnalizes the symmetry breaking interaction in
the space of the degenerate unpearturbad states. The mass term hes
no radizl dependence and would not mix ground state and radizlly
excited wave functions which are crthogonal and would have a zero

overlap integral.

For the pseudoscalars where there is a large singlet-octet

splitting in the SU(3)} sywmetry limit

degenerate parturbation theory and mix

there is no reason to use

i
: only ground state wave func—

tions. TFurthermore, the singlet—octet splitting can only be
produced by an interaction which vielates the A...Z rule because

FERMILAB-Coni-77/93~TIHY

(8.10)

(8.11)
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it is not diagonal in the quark basls and mixes ss with uu and dd.
The accepted mechanism for such a...Z violation in the psevdoscalars
is annihilation of the quark-antiquark pair into gluons and the
creatica of another pair. Here there is no reason to restrict the
pair crezticn to the grouad state coniiguration. There is no over-
lap intezral between the two gqq states, as the intermediste gluon
state doas not remember which radial configuration it came from.

If the annihilation process depends primarily on the value of the
qq wave function at the origin, then zll radially excited configur-
ations couple with equal strength for wave functions frem a ¢
confining linear potential.

Thus there is considerable reason to suspect that tha trouble
with pseudoscalar meson sum rules is in admixture of a radially
excited wave function into the n'. One might expect the n to be
purer because the SU(3) flavor octet state does not couple to gluons
which are singlets and because it is the lowest state, far in mass
from the nearest SU(3) singlet radial excitation. The n', on the
other hand is sitting in between the ground state and first radially
excited occtet states and would be expscted to mix with both. Note
that miwing of the octet ground state and first radially excited
octet state by an SU(3)-symmetric potential need not be considered
because it is merely a change in the radial wave functicn. This
mixing can be transfcrmed away by choosing a new radial basis (i.ec
a slightly different potential) for vhich the modified zround wave
functicn in the original basis is the exact ground state in the
new basis.

X, WHY ARE THERE MYSTERIOUS REGULARITIES
IN HADRON TOTAL CROSS SECTIONS?

9,1 Flavor Dependence of Hadron Total Cross Sections
. . 0279 . .

The very precise experimental data ° now available on pion, kaon
and nucicon total cross sections give us some information about the
difference between the interactions of strange and nonstrange particles
with matter., Careful examination of the data show very clearly that
there is a difference between strangs and nonstrange particles and that
there are puzzles not explained by the guark model. This is strikingly

shown in linear combinations of cross sections which have no Regge
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component and are therefore conventionally assurned to be pure pomeron.
The K p and pp channels are exotic and have no contribution from the
leading Rzgge exchanges under the common assumption of exchange

degeneracy. The following linear combinaticns of meson-nucleon cross

sections are constructed to cancel the coniributions of the leading Regge

trajectories
f
o{®p) = (K p) + 9(Kp) ~ o{z p) V(9. 1a)
A(rK) = O(= p) (K'p) (9. 1b)
]
Figure 9.1 shows thesz two guantitiez on the conventional plot of ‘
cross ssction versus Pigy on a log sizle. \
(%) as defined by Fg. (9.12) is the auark model |
expression for O(®p); i.e., the cross szciion for the scattering
o7 a strange aquark-antigquari pzir on a2 troion. Tre very siuple
energy babavior of this quaniilty as s=an in Zig. is striking.
Tt shovs = monotonic riss beginning zlraziy et

I

The quantity A(zK) defined by Eq. (9 1b) represents the
difference in the scatfering of a strange pa and a nonsztrange
particile on a proton targzi. In the guark moael this is the
differsnce between the scatiering of a2 strange guark and a nonstrange
quark on a precton target after the leading Rezze contributions have
been removed. This difference betwean strangs and nonstrange also
has 2 very simple energy behavior, ascreasing constantly and very
slowly (1less than a factor of 2 over a range Pigpy of two orders of
magnituiz). So far thers is no good explanation for why strange
and necnstrange mesons behave differently in just this way.

*1
t=o»
[
,-.-l
0]

Since the two guantitizs (9.1) have na coatrivution from
the leziing Regge trajoctoriszs Shoy ropresent zomething looszly
ealled ihz paomercn. Uc"\‘ﬁr, their eneryy beheriors ars diffzrent
from one znothar and also ﬁrO“ that of the guzniities G{KTp) and
o(pp) wrnich should also be "purs _pomzron. Howzver the follsring
linear combirations of O{K'p) zrd O(up) have eractly the sams=
energy tzhavior as the reuon~hamy01 linear combinations {9.1)
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5 ot Loge
o, (¥k) = 5 o(K'p) - 5 o(op) (9. 2a)
1 ) : ' .
M) = 5 o(mp) - 5 o(K'). (9. 2b)

These quantities are also prlotted in Fig. 9 .1.

The 2lity of the quantities (9.2) and the corresponiing
quantities (9.1} sv t that the peneran, dafined as what is laft

in the total cross ions after the leading 22gze contributions :
are renored by the standard prescription, consists of tw :
componants, one rising slovly with ensrgy and the othar decreasing
slowly. The CODI;luiEHtS in Ba. (9.2) were not picked arbitrarily
but wvere chosen ty a parcicular mcuel., Ta this nodel the rizing
component of the totzal cross section is assuxzl to satisfy the
standard quark modzl recipsz exactly.

equ
1)

2 2
a,(kp) = oy{rp) = 3 o, (pp) = 3 oy (Yp) =

Wil

T (Zp), (9. 3a)

~

vhers Y denotes a2 \ or 7. hyporon. Thaz fa2llinz corponent hzas been
assumed 1o satisfy the T i wion

U 1 2 1 . — '
Uz(-’x?ﬁ =5 % (7p) = 3 52(’:‘?) == Gz(fP} =z 62(.23) . (9. 3b)

This particular behavior is suggasted i

correcticon to a simple guark-counting reci 2s Trom a cdouble
exchangs diagram iprolving =2 pomeron and en © coupled to the
ineiden? particle.

We thus see unresolved protlens in ths total cross—
section data associated with the guestions of what is the
differance between strangs ani nonsirange varticles ani vhat is the -
naturs of thes ponmeron. licte that Eg. (9.1c) 2=fines the @iflerence
between the scattering of a nonstranzs ouzrk 223 2 stranze guark
vhile 3. (92.20) can be interpreted 25 thz diTarence bﬁgvaé the
scattering of a quarx in a Taryon anl in a meszn., The 1
fact thzt the strangc~-nensirangs ail’l 2 tThe meson-baryon ;
differenze are equal and hzva the szo v tzhavior over such ;
a wids nge is a puzzle vhich may e nei by pomaron-t 1
doubple eycb"ﬁ*e but may 2lso Indicets soms ng deeper. !
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9,2 The Two Component Pomeron Formula
A very good fit o the experimental total cross section data up to
200 GeV/c has been obtained with the iwo compenents 9.2) and §.3)
parameirized by simple power behavicor. This gives a iormula with five
. : Y 80
parametiers which were adjusted to fit the dats,

i . + : (9.4)
Utot{Hp) = Cicri(Hp) : Cchz(Hp) CRUR(Hp) ‘

where C1 = 6. 5mb,, C,b =2.2 mb

2 -y R --,
H € :
Ir = N o ) : (9. 5a)
o (Hp) = N (Fpr20] ]
?
H_H ~& |
- NN D (9. 5b)
UZ(Hp} R ql ns{’ 1ab,r’2G)
3! -3 (9. 5¢)
5) = (N_ +~2N_)P .
GR(H‘ ) (2 p)‘ la‘o{zo) ,
Nq is the total number of guarks and antiguar®:s in hadron H (NH =2 for

H
mesons and 3 d VN i ¢+ ; B
I 3 for baryons), '\ns is the total number of non-strange quarks

. 1391 H
L}.G" e i ol i \ AT \ o I t kvl -_
and anticuarks in hadron H and 1\1_1 and h_p_ are tqe total number of W ang 8]

antiquarks in hadron H, € =0.43 and &8 = 0.2,

The dependence of the individual terms in Egs. (9.5a) and (9.5h) on the

The exnlicit form for the energy dependence is choszen to minimize the

number of free parameters. Thus power behavior is chosen rather than

; H e Feo 3 !
logarithmic for the two components of the Pomeron, because two pParameters
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are suliicient to describas a power and 2! least three are needed {o deacribe
logarithmic benavior. The Regge term was chosen to minimize the number
of free parameters by assuming exact duality and exchange degeneracy for
the leadingtrajectories with the conventional intercept of one-half.

: 1 6
4 b .
The formula {2. 4} predicts that plots of crtot(Hp) (Pl b/ 203 wva.

(e +48)

P should show straight lines for all cross sections and linear

lab

combinations of cross sections which have no Regge contribution., This
is strikingly verified in Figs. 9. 2a and 9. 2b, which show straight lines

+
for o (K p), o (pp), and for the linear combinations (9. 1) and (9, 2).

tot

A straight line is not obtained for qtot(rr"p), which has a Regge component,

tot

-

However, when this Regge contribution is removed by plotting O'tot(n- p)
- O-R(T,-"p), as defined by eq. (2.5c) another straight line appears.
The formula (9. 4) predicts that the straight lines for (Z/B)G‘tot(pp),

ot B - Oplm el @

slope and be equally spaced. This is clearly shown also in Fig. 9. 2a.

tOt(K-:_p), and olop) = Gi(pK) should have the same
The straight lines for AwK)and A(MB) are predicted to have zero slope
and a value equal to the spacing between the equallyépaced parallel

lines. This is in qualitative agreement with Fig. (9. 2a), although there
is a slight rise, suggesting that the vailue of 0.2 for the parameter & is
a bit too high. Similar straight lines are obtained with slight variations

of the parameters. Changing & to 0. 185 gives a better fit to the data,
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The extension of the forrmula{9.4to the real part of the amplitude is-
1

a straightforward application of analyticity and crossing, which is particularly

. - . .81 .
simple for terms with power behavior and gives the following expression

for the rztio of the real to imaginary parts of the Hp amplitude

CiUi(Hp}tan (me/2) - C,0,(Hp)an (w6/2) - C_o_(Hp)

_ R R |
p(Hp) - o {Ho) - (9.6)
tot” 7

9.3 Fits to Higher Energy of the Tvo Component Pomeron Formula

The total proton-proton cross section and the real part of the forward

8z

o

scattering amplitude have been recently measured - at ISR. Table 9.1 shows

that the new data in the energy range equivalent to P = 500 to 2000 GeV/c

lab
are in excellent agrzemeni with predictions from the five parameter
formula (9.4) - (9.6) with no adjustment of the alues of these parameters
from already published values fixed by fits to data below 200 GeV/c.
Table? .1 also lists predictions for higher ecnergies and shows remark-
able agreement with results from Cosmic Ray experiment883 up to

Lab 40,000 GeV/c. The plots of fig. 9. 2a are extended to these higher
energies in fig. 9, 2b and show a good straight line with the same parameters.
An equally good straight line is obtained if 6 is changed to 0.185. \Vhether
these agreements confirm the validity of the oversimplified fwo-component
model is unclear. However, the formula can certainly be used as a

simple parametrization of the data and a guide to the physics of further

experiments, The ISR group fit their data with a seven parameter formula. 8z
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=
oy
[
i}

sood fits obtained io very high energy data indicate that these
rather crude approximations are nevertheless adequate up to these energies.
As long =s this reasonabls Tit continues models containing more éetailed
assurmpiions will no! be easily tested by the available data. For example,
2s long as a good {it is oblzined with power behavior for the first component
the necessity for logarithmic terms will ba difficult to demonstrate since

a counsiderably befter {il is r

quired to justily the use of additional parameter:

4]

The same is true for more detziled or realistic

44

UJ
‘=
[4)
i
n
0
—
—
"J
e
pt
o
o

of the Regge

(n)

componznt, since breaking suchange degenerscy or choosing a value
differen’ from oane-hzl{ for the intercept necessarily requires more paramete:

However, as soon as datz appear which fail fo fit this formula, the underlying

-y

assumptions are so simple tnzt the physics o

the disagreement should be

readily apparent. The nature of the disagreemeant might suggest, for exampls

that the rise of the cross sections is logarithmic rathec than a power,

that excnange degeneracy is breaking down, or that the Regge intercept is
not onz-nalf. There may also be a oreakdown of the two-component pomeron
picture if the dependence on the quantum numbers of hadron Hno longer
satisfies the simple relations of tne model. Thus, regardless of the

validity of the two component pomeron descrigtion, the formulz (9.2) should

be a vzaluable guide fo the analysis of data on high energy total cross sections

and real parts of scattering amplitudes.
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TABLE °.1 Theoretical Predictions
and experimental data for o*tot(pp) and p(op)

I —
NS %ot PP % o:PP) plpp)
Theory Theory  Experiment Theory  Experiment
(GeV) {mb) {mb) (mh)
30.6 44.8 40.0 40.1 £ 0.4 . 025 042 £, 041
44,7 42,8 41,6 41.7 % 0.4 . 064 .062 = . 044
52.9 43,5 42.5 42,4 £ 0.4 - . 079 .078 +,040
62. 4 44,3 43.5 43,1 £ 0,4 . 092 .095 + _ 041
92.9 46.8 46, 2 47.0x0.8 . 118
137. 49.8 49.5 50,6 & 1.2 438
247. 54,3 54,0 °  53.8% 22 456
274. 56.9 56.7 55.0 «+ 3.0 L4163
433, 62,7 52,6 174

9.4 Lipkin's Crazy Parton Model
Another puzzle is suggested by the fit to the data with 6 = 0. 185
and € = 0.13, which satisfy the condition & = {0.5 -~ €)/2. This condition
suggests that the fotal cross section is the sguare of an amplitude with

€/2 -1/ 4

two components, one varving as P and one varying as P

lab lab
Then s, and O represent the squares of these components and 7, is

the interference term. It is tempting to try to fit this regularity with a
parfon rodel in which the total cross section is assumed to come from

two contributions: {)a "Pomeron diagram' in which a quark in the beam
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1t

excianges a Pomeron’ with the proton target, and then fragments into

f

the final state; 2)a 'lleggeon diagram, ' in which a Reggeon is exchanged
before Tragmentation into a different final state, The new decreasing
component GZ(Hp) might arise from interference between Pomeron and
Reggeon amplitudes. One might even explain this interference by
invoking "f-dominance of the Pomeron' to show that the same complicated
final states produced by fragmentation after Pomeron exchange can also
be produced after f exchange, and therefore the two must be coherent and
interrere,

The dependence of the Pomeron and Regge diagrams on the quantum
numbers of the beam particle are exectly those required by eqs. (9. 5a)
and (9. 5¢c}, while the interference term naturally has the flavor dependence
of the Pomeron-i double exchange of eq. (9. 3b) which leads to eq. (9. 5b),

STUDENTS: SOMETHING IS5 OBVIOUSLY WRONG WITH THIS MODETL,
SEE IF YOU CAN GUESS IT BEFORE READING FURTHEDR!

_— !
Unfortunatelv, the

'interference term" o,{Hp) also exists in
- - ;-+ . .

channels like pp and K p which have no Regge term. Thus the interference
model is in contradicticon with elementary quantum mechanics., We are
left with the puzzle:

"Why can hadron total cross sections be fit with three components
having tte energy dependence of a slowly rising Pomeron, a decreasiag
Regge exchange and Pomeron-Regoe interference, when a non-vanishing

inferference term is present in some cases where the direct Regge term

vanishes?
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FIGURE CAPTIONS

Fig. 5.1a Meson

Fig, 2.1b Two iesons
Fig, 5. 2: Baryon
Fig, 5.3: Diquark

Fig. 5.4a: Baryon-Antibaryon Pair

Fig., 5.4b: Baryonium

Fig., 7.1: Photon Absorption by Colored Quark Parton
(&) by red quark
(b) by white quark

{c) by blue quark

Fig. 7.2: Triangle Diagram for Two Photon Decay of a Meson
Fig. 7.3: Compton Scattering in Quark Parton iModel
 Tig, 9.1: Plots of Egs. (9.1) and (9. 2).
Fig., 9.2a G'L'Ot(Hp) ® (Plab/ 20)0' 2 plotted against (Plab)o' 33.
A o ()
0 (2/3)6t0t(pp)
® o, (7 p)- oy(x p)
4 Gtot(K+p)
x o(¢p)
¥ o,(pK)
0O aB)

+ ArK)



?jj

0

O-f
tot

(pp) » (P

lab

-44{-

/ 20)0" 2 plotted against (P

FERMILAB-Conf-77/93-THY

)0. 33
lab )



Fig, 5, 1a

Q Vector Q

Fig. 5.3

E Diquark

Baryon-Antibaryon Pair

Fig, 5.4a
qQ Vector Q Q
S | S
=" © ©
O (&
N wn
Q Q
Two Mesons
Fig. 5.1b
Q Vector Q
Baryonium

Fig, 5.4b



Fig, 7.1




0}

Fig. 7.2




Fig., 7.3



00<Z

F°6 'Sy

(9/n89) 9°k
00l 0 02z

_ | _

0¢



ez 6 ‘Hig

gqo|
J 9
m..m.oA /A39) mm.oA d)
9 g 74 ¢ é O
— T + 1 + 1T T 1 O
00 DER P8 © pepBehe HEERhin & ]
R
i nbﬁ.u»»» v? 0!
! X vy
huw 14 ™ 7
xxB AL
- X 111 ._.o
X X 4‘44 oaa% Q 09 —10¢
" X £ \4 ooo ﬂﬂ@ vV
X A v v o’ qqm@&w !
X . ° 7V 6°
i v? quoo
v . ® v OO Ilom
v Y « v ! °
[ mq o] ° ]
e V OO
12
v v o —Ot
o
o I ] | 1 | ! | 1 _ 1

ICZETEL T oz/ 1Y) x %



~00]

—0G|

—00¢

—10G2

qo|.. . 40
o
_.o(2/729) x qu z_0(02/ Ly x %

00}%



