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1. INTRODUCTION

Theorists have abandoned conventional spectroscopy and are trying to understand
the new particles; so there are no theoreticél,co'n(,ributions to this conference on thé con-
ventional hadron épectrum. Rosner's London review” of the statug of the conventional

" hadron spectrum is gtﬂl up to date at this time. But the discove ry of new partic]esz)
which do not fit irito-;ur previous ‘pic'tu;-e of the hadron spectrum tells us sometﬁing must
be missing‘ in our description of hadron structure and hadron gpectroscopy. We there-
fore reexamine conventional spectroscopil a.nd look for the puzzles and paradoxes which
have arisen in attempting to describe the properties of the known particlee. These may,
offer clues to the miasfng elements necessary for the description of the new particles,

) Predictione of the existence of new dggreés of {reedom from the prbpérfiéa of

'-conv‘entional particles have been discussed by. Cabibhc_”‘who compare‘d the present
Athe‘ox;e’tical situation to the irreg\ﬂari‘tiesi observed :'m the orbit of the planet Uranue whick
led to the prediction and the discover? of the new planet Neptune. Our guide.to searches
for new pl.anete, new particles, new ey‘mmetrmq and ncew degrees of {ycedom is based on
the two key questzong. {t) Who needs it and (?) who cares §f it isn't- found? Evaluation of
a proposed thecry must consider two cmcia! aspects; (i) the unigueness of the theary and

. {2) the constraints imposed by external experirnental iniorn';ation.

Asn exarnpies of this guide we ask the key guestions in the cases of (1) the gearch
for the planet Nepiune, {2) the search for the 1™ and (3) the scarch for SU(3) as a higher
symmetry for elementary particles.

The planet Neptune wae needed 'i;*y those who bc,hevco in Newton's Jaws of miotion
and gravitation and the precise astronomical ohscrvatmnu of the orhits of oﬂmr plsnr-tﬁ.
If Neptune were not found either Newton's lawe or the astronemical ohsc.rv;tlonr weould
have to be discarded. The prediction was unigue; no compcting models explained the
irregularities. in the orbit of Uranue. There were very many experimental constraints
provided by the laws of motion and gravitation a;qd by all the data on planeta ry motion
which fit tepether to predict the existence of Neptune.

The 1 was nceded by those who believed in SU(3) syrumctry as a classification
scheme for hadrons becausé SU{3) successfully é]assiﬁcd 35 (:bscr‘l'ed particles in fouy

SU{3) - multiplets with only one vacant slot remaining to be filled. 1If the 0 éid not exist

” e .
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2. THE MINIMUM NUMBER OF ELEMENTANRY BUILDING BLOCKS

The search lor clemuniary building blocks for hadronsr‘} began with the Feemi-
Yang modelé) which suggested that the pion was a bound state of a nucleon-antinucleon
pair. The discovery of strange particles suggested the addition of ancther basic building
block to carry the strangeness quantum number. The Sakata modelT) added the A hyperon’
to the nucleon to make three basic building blocks. Goldhabers) suggested the addition of
the K meson as the basic strange building block, with the ! as a KN bound state, No
detailed dynamics of such peculiar strongly bound systems was teriously proposed. The
prevblem was to find the minifnum number of basic building blocks from Whi(-:h all oh-
served particlus could be constructed with proper vigenvaiues for all conserved guantum
numbers,

The discovery of SU{3) multiplets with the baryens classified in an octet rather
than a triplet led to the replacement of the Fermi-Yang-Sakata model by the quark model
having as basic building blocks a triplet of spin-1/2 particles with baryon number 1/3
and the samc isogpin and strangeness quantum numbe:'rs as the Sakata triplet.” The
Goldhaber model was discarded.

0}

1
The sugpestion that a color degree of freedomg’ was desirable to describe

many hadron properties led to the expansion of the 3-quark model into the 9-quark model,

3,11)

The suggestion that charm is also needed to describe hadrons leads to even more

quarks. These degrees of freedom which add new types of quarks can be described in a
12

general way ) by defining "generalized color' and ''generalized charm.' Generalized

color denotes models with additional quarks that are all SU(3} triplets labeled by a new

quanturn number called "color,'' with an additional SU(n)CO r symmetry transformation

lo
between triplets cof different colors. The requirement that all ohserved states be color
ainglets leads to a classification with exactly the sarme multiplet structure as the conven-
tional 3-quark model. The original proposal hae three colors but any number can be
considered, -~

Generalized charm denotes models with additional quarks that are all SU(3)
singlets and have new additive quantum numbers, The original charm proposal added a
fourth quark and cne new quantum number called charm and defined an S5U({4) symmetry,
Generalized charm adds n quarks and n new guantum numbers to make a system of
3 + nquarks and a higher symmetry 5U{3+n). These additional quarks are postulated to
have a high mass to explain why bound states containing charmed quarks are not observed
in the conventional hadron spectrum,

We now return to the problem of finding the minimum nurﬁber of basic building
blocks needed to describe the observed states. Let us examine models like the Goldhaber
model which have elementary bosons as well as fermions and transform their basic fer-
micns into quark-like states with color and baryon number §/3. Th® minimum number of

basic states is achieved by chaosing the & and K as the elementary building blocks, with



the symmetry schemc which had already fit the other particles would have to be dis-
carded. The scheme was unique, No competing clasa'iﬁcatinn existed {or the known
particles., The cxistence of 35 particles having the proper eigenvalues of spin, parity,
isoapin and hfpercharge te fit into these SU(3) muitiplets provided a sufficient number
of experimental constraints. ‘ .

The search for SU{3) was completely differcnt from thesc two other searches,
After isospin and hypercharpc hecame catablished there were indications that a higher
symmetry should exist to provide a classification scheme for particles having the same
epin and parity. But there were very many possibilities and very few experimental con-
straints. 'fhe SU{3) symmetry group was found only after an eight-year journey via all
the wrong aymmetries4). Today the transition from the SU(Z]} X U{l)} of isospin and
strangeness to SU(3) seems as simple as 2 + 1 = 3. But the theoriste did not know they
had SU(2). lsospin was considered to be a rotation in 2 3-dimensional space and its
natural generalization was rotations in spaces of higher dimensions, like R(4), R(5),
R{6), R(7} and R{B). None of these higher rotation symmetries worked. The particle
theoriats needed to learn something new, namely the unitary groups which were not
known to them at that tirﬁe.

Today, partic'le theorists have learncd all ahout the SU(n) groups and all ahout
quarks, and the experimental situation suggests a higher symmetry beyond SU(3). The
theorists add more and more quarks te make larger and larger SU(n)-groups. At the
present rate they may end up with SU{Rosenfeld) with all the particles in the Rosenfeld
table classified in the fundamental representation of SU(n) where n is the number of
particles in the table. 7

The guark model was born when the number of observed hadrons became larger
and larger and the idea of making them all out of a srmall nurnber of basic building blocks
seemed attractive. But quarks have not been found. Instead experimentalists have found
new phenomena not easily described by 4 simple model containing only three quarks. The
theorists add more quarks: four, five, six, eight, nine, twelve and eighteen quark
models have been suggested, Again there seem to be too many so-called elementary
objects. Perhaps they are not elementary but are made of eveﬁ smaller sub-quarks,

As experiments do not find quarks, theorists {ind excuses for adding even more quarks.
Pcrhaps this is not the right approach to go beyond SU(3).

Perhaps the quarks are like the fictitious 3-dimensional isospace which was so
useful in the early days for understanding the implications of 1snapin symmetry. A
realization of a given symmetry which is useful but has no recal physical basis can im-
pede the search for a higher symmetry, Maybe today we need tn stop adding more quarks

and to learn something new.



the nucleon as a AR bound state. The guanturn numbers of all the old particles can be
conatructed from these building hlocks. When the spin and antiparticle states are
counted, this model has a total of eight basic states in contrast to 12 in the Sakata and
quark models.

The 'quarkized' version of this AK model has a strange A quark with baryon
number 1/3 and a scalar or pseudoscalar boson with isospin 1/2 denoted by « ‘as basic
buildinglblocks. The constituent nonstrange n and p quarks are bound AK states. All
states of the old hadron spectrum can be constructed from these constituent quarks just
as in the conventional quark model. In addition to the conventic;nal‘states of the
hadron spectrum constructed from constituent quarks, states of the x bosons without
‘quarks can also be considered. These.additional states can accommodate a spectrum of
new particles., The KK system ha;s two neutral states -with isospin 0 and I, respectively.
These might correspond to the § and ' states. Note that the x haa no SU{3) classifica-
tion and the new particles formed from «'s would not appear in SU{3) multiplets.

In this picture the strange quark ) is elementary and the nonstrange guarks n and
p are composite, while SU(3) sy;mmetry and current algebra do not exist at the funda-
mental level but arise as a phenomeneological symmetry of constituent quarks, analogous
to the Wigner supermultiplet symmetry in nuclei. Color can be introduced by coloring
the strange quarks. The nine colored constituent quarks of the conventional three triplet
model then appear as three clementary strange quarks and six compoasite nonstrange .
bound aystems of a colored strange gquark and a strange boson of isospin 1 /2. This model
has only five basic building blocks, a colored gquark triplet and a boson isospin doublet,
The fermions carry the colar and the bosons carry the isospin, When antiparticle and
Bpin states are counted this model has only 16 basic states instead of the 36 of the colored
quark model,

Thua the minimum number of elementary building blocks necessary to produce the
observed spoctrum including the new regonances is much less than the number found in
models with colored and charmed quarks. Models with elementary bosons as well as
elementary fermions allow all states to be constructed with a much smaller number of
basic particles. Such models might also be suggested by supersmmetriesi3) wHich
place busons and fermions together in supermultipleta. The purpose of this discusaion
1s not to present a serious argx:-lment fer this particular model, It s rathcr‘ to pomt. out
the possibility of new directions including those having no simple SU(3) description. to
" ¢counteract brainwashing by guark models in which everything is made from elementary
spin-1/2 objects, and to emphasize the passibility of a unified explanation of the new

particles and the-old particles.

3. CHARM AND COLOR

Let us now examine the charm and colnr degrees of {reedom and ask who

needs them.



3.1 Who needs charm?

People who like gauge theories like charm. But now that two kinds of weak inter-
actions are observed experimentally charm is needed to unif-y weak interactions and weak
interactions. The present quark structure cannot give a unified descriplion of the two
interactions produced by, charged and neutral currenta. The weak part of the Hamiltonian
is written as the sum of two terms, one for the charged current and one for the neutral
current,

B 1 +

weak Gch chJch neut” neut” ncut’ (3-1)

But there is no way to relate the strengths of the two interactions. For example the re-

quirement that Gc and Gne should be equal has no meaning because there is no unique

h ut
normalization for the charged and neutral hadron current relative to one another and no

unique normalization relative to the lepton currcent. The Cabibbo theory providéa auch 2
normalization {or the chargcd.current but cannot work for strangeness conse.rv_ing neu-
tral currents. This is most casily seen by examining the lincar combinations of n and 3}

quarks rotated by the Cabibbo angle

ncos 8§ + X% sin g (3. 2a)

3
Ll

A =Zneinf -k cosH ‘ - . (3.2

where 8 is the Cabibbo angle. The charged current has components with the form

Jch = cos B(pn) + 8in B(PX) = Pn_ (3.3)

while the particular state Ac defined by [Bq. (3. 2b) is completely decoupled [rom the
charged current weak interaction. The leptonic part of the charged current has exactly
the same form and same normalization as the charged hadron current (3. 3).

The neutral current which consefves strangeness cannot be expressed entirely in
terms of the states p and n, but must also include a contribution from the Ac in order to
conserve strangeness, The most general strangeness-conscrving neutral current is most

easily written in terms of the original unrotated (pnk) states

J = a{Pp) + P(Tn) + y{(AA) (3.4)

neut
where the cocflicients u, § and vy are arbitrary, There ie no obvicus way to determine
them or to relate them either to the lepton currents or to the charged current.

The necessity or desirability of unifying the charged and neutral wcak interactions
suggests that there is so'rnething missing in this simple quark description (3. 3) and (3. 4),
The addition of a fourth charmed quark enables a very simple and elegant description3J in
which the charged and neutral currents have a well-defined relative normalization and the

unification of the two interactions is straightforward. However, this SU(4) description is



by no means unique and does not satisfy the criterion of having many experimental con-
straints. There are no experimental constraints forcing such an SU(4) description. Many
other possibilities exist with no experimcnlLaI indication that any one is superior to the
others. The SU(4) charm scheme is only one of many ways to introduce .a new internal
degrec of freedom suggested by the presence of neutral strangengss—conserving t-:urrents

together with the Cabibbo charged strangerfess—violating currents.

3.2 Who needs color?

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

1) People who like ordiﬁary fermi statistics for quarksg) 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 chargeio).

3} People who believe Adler's argument for color14), based on the current-
algebra-PCAC calculation of the decay ﬂo“\,'y. Adler's result is proportional 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 decay 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+eoﬁhadrons/n+e_*p+u-, whose
present experimental valuc exceeds the prediction from the simple q:uark model 5). The
addition of new internal degrees of freedom pushes this ratio up, just as in ﬂo*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 qqqg and 4qQ are not
’ 12,16)

17}

6) People who like non-Abelian gauge theories and quark confinement ''. How-

found. Colored models provide a natural description of this saturation

ever these 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 {ramewecrk and must have fractional charges.

.
7} Pecple who want to explain the new particles with colored states that are not

color singletsla). They require the Han-Nambu integrally-charged model in order to
explain the production of the particles in e+e- annihilation and therefore require breaking
of color symmetry by electromagnetism, - -

There is a definite conflict between those who want to explain the new particles as
color-octet states and those who want to use color in a non-Abelian gauge theo-ry as arn
exact symmetry of nature. There is also a conflict between the explanation of new nar-
ticles as simple color-octet states and the success of the color model in explaining sartu-
ration at the quark-antiquark and three-quark systems, This point is discussed in detail

in the following section.



4. THE COLORED QUARK MODEL FOR SATURATION

How color can lead t¢ saturation in the hadron spectrum is illuatrated by an in-

instructive example 12,16)

of a fictitious nuclear physics world wiith all observed nuclei
composed of deuterons, all cbserved states had isoaspin zero and the neutron and proton
not yet discovered. The experimentally observed properties of the deuteron wauld indi-
cate that it is a two-body system, whose constituents might be called nucleons. In this
isoscalar deuteron world, the isospin degree of freedom would not be known, only iso-
scalar properties of states would be measurable and there would be no way to distinguiah
between the neutron and the proton. ‘Thus the two nucleons in the deuteron would appear
'to be identical particles, with the deuteron electric charge divided evenly between them.

Each nucleon would thus have a charge of 1/2.

QN=1/2Qd=+1/2. (4. 1)

The ground state of the deuteron and all the observed isoscalar excited states have wave
functions symmetric in space and epin rather than antisymmetric as expuctced for two
fermions., Thus the nucleon appears to be a particle with fractional charge and peculiar’
statistice.

At this point a clever theorist might suggest that there are really two kinds of
nucleons with.different colors. The red nucleon denoted by p has a charge of +1 and the
blue nucleon denotcd by n has charge zero. A hidden SU(2) symmetry transforms be-
tween different colored nucleon states and all the low-lying states would be singlets in
this SU(Z)color degree of freedom. Their wave functions would be antisymmetric in
color and Fermi statistica would require them to be symmetric in space and spin. Thus
the colored nucleon would have integral charges and satisfy ordinary Fermi statistics,

This colored deuteron world is an exact analog of the colored quark model for
hadrons, Cox;\sider the (3" which consists of three identical strange quarks in the quark
model and has a spin of 3/2 and an electric charge of -t. The charge of the (1™ is

assurmned to be divided equally between the three strange quarks, Thus

(4.2)

>
'

Qk-z lf3Qn_ = -1/3,

The spin-3/2 state is totally symmetric in spin and a totally symmetric spatial wave
function is assumed for the lowest state. Thus the strange quark appears to have a
- fractional charge and peculiar statistics.
Now suppose that there are three kinds of 4 quarks denoted by ?\1, ).2 and 2.3 with
three different colors. If there i8 a hidden SU(3)color symmetry and all low-lying states

are required to be singlets in $1J(3) they are antisymmetric in the color degree of

color’
freedom and required by Fermi statistics to be symmetric in the other degrees of freedom.
Thus introducing color eliminates the peculiar statistics. Integral charges are alsc

obtainable by setting



Qo =Q =0 o : (4. 3a)
Q - -l (4. 3b)

We have chogen the 0 for this simple example because it containe only strange
quarks. The same arguments hold for baryons containing both nonstrange and strange
quarks, These have quark model wave functions totally symnmetric in the SU(6) and
spatial degreqs of freedom. They satisfy normal.l statistics if they are required to be
antisymmetric in an additional color degree of freedom.

The assumption that only color singlet states are observed leads to exactly the
.same prodictions for the claesification of hadron states as the conventional quark model
without color. For all ohserved properties of conventicnal hadrona. there is no differ-
cnee hetween models with ir;tcgrally—charged and fractionally-charged quarks. The
strong interactions of both kinds of charped colored quarks arc identical. Differvncus
arisc. only in the elcctromagnetic and poasibly in weak interactions, and are obscrvable
cnly in states which ai—é not color singlets. Since our discussion of saturation depends
only on strong interactions it holds equally for integrally-charged and fractionally-
charged gquarks.

‘The colored quark mode-l alao answers three puzzles which are unsolved in the
conventional nonrelativistic quark model. Thesec are:

1)} The triality puzzle. The gquark-antiquark interaction is attractive in all possi-

ble channels as indicated by the existence of bound quark-antiquark states for-all possible
values of quantum numbers. An antiquark should therefore be attracted by the three

vuarks in a baryon to make a state of three jjuarks and one antiquark. No such bound
q Yy q

states with non-zero triality are observed, i

2) The exotics puzzle. The above argument also holds for states like qqqq or 4gg
which have_prcl:per triality and are not excluded by any new principle preventing the ob-
servance of fractionally-charged states. The attractive interactions necessary to bind-
three quarks into a baryon and a quark-antiquark pairrinto a meson should bind these
exotic states even more strongly than normal hadrons and predict unohserved exotic
mesong and bar'yons near or below the pion and nucleon masses, .

3) The me-son-b'aryon puzzle, The quark-antiguark and quark-quark interactions

must both be attractive to bind both mesons and baryons, However the quark-quark inter-
action must be considerably weaker than the quark-antiquark interaction to p'revent
di-quarks from being observed with masses comparable to mesons. Low-lying bound
states occur in the three-quark system whic&h has three quark-pair interactions, rather
than only one as in a meson. Conventional sirmnple interactions have quark-quark and
quark-antiquark interactions which are equal in rpagnitude and are either opposite in sign
or both attractive, depending on the behavior of the interaction under charpe conjugation,

The interaction necessary to bind mesons and baryons does not have a simple behavior



under charge conjugation but rather requires that the even and odd components satisfy
a very peculiar relation.

All these puzzles have been shown to be salved by a model with three triplets of
colored gquarks interacting via the Yukawa interaction produced by exchange of an octet
of colored vector gluons. In this model mescons and baryons are both bound with the de-
sired interaction strength. The difference between the quark-quark ané quark-antiquark
interactions is given naturally by an algebraic coefficient from the color algebra. States
which are singlets in SU‘a)color behave like neutron atoms with no interaction with any
external quarks, The individual components of the bound colored singlet states have both
attractive and repulsive interactions with an external particle. These cancel exactly as
in the case of a neutral atom. Thus there are no bad triality states and no exotic states
in this model, only the desired states ap}iear—or more correctly —only the states that
were desired before the discovery of‘the new particles.

These colored quark models bound by an octet of colored gluons cannot simply
incorporate the new particles. The color octet states of a quark-antiquark paif which
have been suggested as poessible configurations for the new particlesw) are unbound in
this particular model because the quark-antiquark interaction is repulsive in all color
octet states. This repulasion is needed to prevent an antiquark from being bound to a
baryon to make a 3qq state. If an attractive interaction is postulated in certain color
octet channels to provide states for the new particles, there is no longer a cancella;tlon
between attraction in color sinélet and repulsion in color octet states and the color
singlet baryons no longer behave as neutral atoms. Thue there is a conflict between the
saturation properties of the colored-gluon-Yukawa interaction and the posaibility of de-
scribing the new particles as color octet bound states, With simple interactions one can
have either saturation or a description of the new particles, but not both. The models
which propese color for the new particles disregard the saturation quesation for ordinary

particles. The difficulty can be overconae by more exotic models as discussed helow.

5. SPIN SPLITTINGS IN THE MESON SPECTRUM

The discovery of new particles of spin one and the absence so far of new spin-zero
particles raises the question of why the lowest new particles should be vectors rather than
pseudoscalars ag in the conventional speétrurn. However, this guestion can be reversed
. to why the lowest in the conventional spectrum are pseudoscalars. There is no answer to
this question., All models describe the spin splittings with an external parameter inserted
by hand.. Thus there may be some interest in examining spin splitting in the conventional
hadron spectrum to look for clues in understanding the new particles. These apin split-
tings are indeed very peculiar. The p-m splitting which is an s-wave hyperfine splitting
in atomic or positronium language is of the same order as the p-A2 splitting which is an
orbital splitting. The splitting between the A2 and the B which is 2 hyperfine splitting in

the p wave.is consistent with zero. Thus the s-wave hyperfine splitting is large and of



the same order as the orbital apiitting while the p-wave hyperfinc splitting is zern, These
are not explained in the conventicual quark model but simply inserted as external spin-
dependent interactions each with its own strength paramecter.

All these peculiar spih aplittiﬁgs can be rxplained by adding a repulsive corelg)
to the quark-antiquark potential in the triplet spin state. Such short-range hYPerfine
interactions have heen suggestedzo_), but are normally treated by perturbation theory
which neglects the triplet-singlet splitting resulting [rom differences in the wave func-
tions, and considers only the intcraclion. A stronp repulsive core which cannot bhe
treated by perturbation theory gives an eﬁergy’;hift from the added kinetic energy of the
wave function forced te vanish at the origin. This energy is on the scale of the orbital
splitting and independent of the strength ol the core. This eficct occurs cnly in the
s wave where the wave fu;':cticn is otherwisc appreciable at the repulsive core and not in
the p wave where the wave function already vanishes at small distances.

A rough estimate of the effect of a repulsive corc on the meson spectrum ia ob-
tained irom a harmonic oscillator model with the effect of the core in the 3S wtate simu-
lated by using a wave function with s-wave angular dependence and p-wave radial

dependence to make it vanish at the origin. This leads to the following spectrum

E'n‘; %hw (normal & wave) (5.14a)
T o .

hp e hq; (s wave with p-wave radial dependence) (5.1}

E =E = E = E_ = 2 #y;  (normal wave) (5. 1c)
6 Al T Azt o™ P ' : :

The p thus appears roughly midway betwecn the t and the p-wave states,

We now examine the effect of such a repulsive corc on the interaction in color
octet states in 2 colored quark modellb). If the repulsive core has the same color be-
havior as the rest of the interaction it h%s opposite signs in the color octet and color
singlet states. The quark-antiquark interaction in the 3S color octet atate then h.as a
very strong short-range attraction and a repulsive potential barricr. This leads té a
color octet of bound vector mesons having a much smaller size than conveniional mesons.
There are no bound celor octet pseudoscalar states since the repulsive core is not pres-
ent in the 1S color singlet pscudoscalars and no correaponding attractive interaction
appears in the IS color octet state, If the new particles are such ""collapsed' states of
much smaller radial size'than conventional hadrons the difference in the wave functions
could explain the suppression of radiative transitions between cellapaed new particles and
normal states and the smaller photoproduction cross sections for the new particles,

Similar arguments have been given in the past for the nucleon-nucleon interaction.

The original Fermi-Yang model for the pion was supported by the argument that the re-

Isive core present in the nucleon-nucleon interaction would reverse sign and become
P



attractive in the nucleon-antinucleon interaction and could lead to bound states. The
possibility that collapsed states of complex nuclei could be produced by a very short-
range attractive interaction within the repulsive coreal) has also been suggested.

Similar qualitative effects are obtained from a strong short-range hyperfine inter-
action which is attractive in the singiet spin state and repulsive in the triplet spin etate,
rather than being completely ahsent in the singlet state. The attractive short-range
potential in the spin singlet state begomes repulsive in the coler octet state and may bind
collaps—ed vector states but not collapsed pseudoscalars. -

This discussion gives another cxample of how considering old and new particles

together and using the unexplained puzzles of the conventional hadron spectrum can lead

to new approaches in understanding the new particles.

6. THREE KINDS OF QU£RKS

There arc many puzzles and paradoxes behind the usual assertion that the guark
model gives a very good description of the hadron spectrum. Everyone has hig own quark
medel which is different from other guark models. Fach gives a good description of some
aspects of the hadron spectrum but not of others, and differcnt approaches appear to be
incompatible. This paradox is illustrated by the question, ""Where are the friends of the
p meson?’. Which are the isovector mesons which belong in the same family or super-
maultiplet as the 7

The SU({6} classification puts the p and the  in the same supermultiplet. Current
algebra relates vector and axial vector currents and relates vector particles (p) with the
axial vector (Al). Exchange degeneracy and duality place the g and the A2 on degenerate
Regge trajectories. Chiral symmetry describes pion emission with the axial charge
operator Qs. Thus any state A coupled to the or system has a nonvanishing matrix

element (AIQS\p‘).

A p+ma (alQglp) =0 - (6.1a)
Q'*A+TT"(AIQ5|0)¢O. {6.1b)

Since QS is a generator of the chiral symmetry algebra any resonance A which satiafies
Eq. (6.1a) ur Eq. (6.1b) rmust be in the same chiral symmetry rmultiplet as the p. Simi-

larly, for any state A' coupled to the Am systern

Al A 4o (A'JQSIA)#O. {6.1c)

The g, ™, w, Al, B, A2 and r all satisfy the condition (A, 1a)}, {6.1b) or (6.1c}. They
must all be in the same chiral symmetry multiplet together with all higher states which
decay to these by successive pion emission. This paradox has been treated by representa-
tion mixing in which each particle has many components classified in different chiral

symmetry representations.



All these pictures arc partially ¢correct. FEach one givis a maas formula relating
the p mass tc the masses of other bosons but each picture involves differcnt hoscons.
How do we put theee different pictures together?

The hydrogen atom provides an instructive example of three completely different
approaches to composite models with unknown basic building blocks. Suppose the proton
and the electron had not yet been discovered hut the low-lying states of hydrogen spectrum
had been measured by studying the emission and absorption of low-energy photons. One
" can imagine the following trialog between an atomic physicist, an S-matrix theorist and a
field theorist regarding the structure of the hydrogen atorn.

Atomic physicist: The hydrogen atom consists of a proton and electron which will

eventually be discovered. The hydrogen spectrum is given by solving a Schreedinger
equation with a Coulomb interaction. This model alsc gives correct values for radiative
transitions. The relativistic version with the Dirac equation gives the finc structure
splittings in aprccment with cxperiment. '

S-matrix thcorist: Nobody has ever seen an electron or a proton. Theobscrvahble

guantities are photons, the normal stable state 6f the hydroegen atom and the § matrix for
photnn-hydrc;gen scattering., The objects which atamic physicists call excited states are
poles in the photon-hydrogen scattering amplitude., Protons and electrons are fictitious
objects which will never be found. They are only useful mathematical objects in drawing.
diagrams to explain the ‘obaerv.ed quantum numbers of ;che hydrogen atom and’to explain
the abasence of states having exotic quantwm numbers,

Field theorist: A correct description must begin with a Lagrangian for the elec-
tron, proton and electromagnetic fields whose quanté are the partons that make up the
hydrogen atorm. The true wave function for the hydrogen atorm contains very many par-
tons including electrons, antielectro;ss, protons, antiprotons and the photons which are
vector gluons whose interactions bind the parteons together, Consi.stent calculations using
quanturn electrodynamics and perturbatiopn theory give exact descriptions of all properties
of the hydrogen atom. The atomic physics approach is a crude approximation which con-
siders only the valence particies, the etectron and the—proton. It gives reasonable re-
sults for some observable quantities because g is a small number, But the full
apparatus of the field theory is necessary to calculate effects of the infinite parten sea,
like the Lamb Ishiit and vacuum polarization.

In the case of the hydrogen atorn the field theorist has the ultimate correct
description. But in hadron physics where interactions are strong and unknown the
quesgtion ‘i still open. Each approach works in some areas of hadron dynamics but not
in others. Field theory and its parton model has been useful in treating high energy
deep inelastic and hadron-hadron scattering, but net for hadron Sp-ectroscopy and inter-
mediate energy scattering where the atomic physics and S-matrix approaches have been

very successful.



The diffierence between the three approaches to hadron structure is seen explicitly
in comparing the three approaches to spin,

1. The gtatic approach of the atomic fahysiciat describes spin with Pauli matrices
or the Dirac matricesd. Static spin combined with SU{3) gives the atatic SU{6) aymmetzcy
which provides a successful classification of the hadron spectrum. However static SU(6)
fails as a symmetry for traneitions since it forbids the most common strong d;cays.

o # 2r | (6.2a)

in static SU{6).

APN+T - (6.2h)

2. The chiral approach cf the field theoriat and parton model considers chirality
defined by the Dirac matrix Yg which is equivalentto c, and heljicity in the infinite momen-
tum frame with B, = This description is good for the applications of current algebra
and PCAC. However it is bad for classification because there is no simple way to include
rotational invariance and require states of different helicity of the same particle to have
the same mase and it suggests the existence of parity doublets which are not feund
experimentally,

3, The Regge approach of the S-matrix theoriat placeé particles on trajectories
along which the spin changes. The Regpge approach gives a different spin spectrum {from
5U(6) and suggests the existence of particles on daughter trajectories.

The folklore which says that the harmonic oscillator quark medel of the atomic
physicist and the linear Regge trajectories of the S-matrix theorist agree in their predic-
tiong of the hadron spectrum is very misleading. The contradictions are immediately
evident when spin is considered. The SU(6} harmonic oscillator quark model has degen-
erate 1 and p masses, They are not on degenerate Regge trajectories since their spin
ig different; rather they are required to be on different trajectories with a spacing of one
unit, Degenerate m and g trajectories would not givf: degenerate masgses. Neither the
masses nor the trajectories should be ex'pected to be exactly degenerate. But the puzzle
is that the real world is exactly half way in between these twoc cases, Neither the masses
nor the trajectories are degenerate. The spacing between the m and p trajectories is
neither zero nor cne but 1/2, Why? )

Static and chiral approaches to spin have been combined by the definition of W
spin and SU(6)W. The spin f}lip operators in the W spin scheme are defined to flip both

s and e,

W= Bco,. 16.3)
These operators flip helicity in the infinite momentum frame and are equivalent to ordi-
nary spin operators in the rest {rame except for a phase factor., They are invariant under

Lorentz transformations in the z direction and useful for all processes where a Lorentz

frame can be defined with all momenta in the z direction. W-spin conservation allows



the strong decays (6.2) forbidden by static spin cons::rvatim?. The associated SU(6)W
symmetry leads to good results for transitions as long as therc is no transversc mo‘men-
tum, However the W-spin [ormulation breaks down in the presence of transverse momen-
tu.rp. Hadron states with finite orbital excitation always have transverse momentum,
éince

#
L #0- px,py = 0.. _ (6.4)

Thus orbitally excited hadrons always imply trouble for SU('6)W. '

7. WHO NEEDS MELOSH? WHERE IS JACKSON?
1,22}

The Melogh transformation has been suggested as an answer to all the ques-
tions regarding spin and transverse momentum, but papers on the Melosh transformation
tend to obscure simplc physics with complicated jormalism. The relevant guestion is
""Where is Jackson?'',

Consider the emnission of 2 pion by a quark. The procuss is particularly simple
in the rest frame of the final quark state with the z axis in the direction of the momenta -
of the incoming quark and the outgoing pion, ¥For virtual pion exchange in a scattcring
process this frame is commonly calleci the Jackson framc. Since the pion is spinicss
and carries no angular momentum in the z direction the z component of the total angular
momentum is equal to the z-component of the quark gpin in this frame, Thus C‘Tz cannot
flip and is conserved. Applying SU(3) and parity conservation shows that SU(t’:]W is auto-
r;iatically conserved for pion emission in the Jackson frame of the quark,

But where is Jackson? Experiments see hadrons not quarks, They measure
hadron momenta and not the quark momenta inside the hadron, They cannot find the
guark Jackson frame and present their restlts in the hadron Jackson frame where there
ie no transverse momentum in initial and final states of the hadron which emits the pion,
But this frame is not the quark Jackson irame' and the gquarks inside the hadron can have
transversec momentum. The Melosh school say they cannot find Jackson either but that
there is an unknown transiormation between the hadron Jackson frame and the quark
J;ckson frame.

' Big deal.

I you can't find Jackson y.ou have to work in a frame where helicity flip is allowed
and SU(6}W is broken. Two kinds of terms thus appear in the description of pion emis-
sion and give two unrelated reduced matrix elements, one for nonflip transitions which
conserve SU(G)W and one for flip transitions which violate SU(G)W. If we could find
Jackson we could relate these twe matrix elements. But so far no one knows how to find
Jackson. The existence of these two independent terms was already known in the first
applications of the quark model to pionic decays. The two were then called direct and
recoil terms.

Who needs Melosh? . !



8. BEYOND THE SINGLE-QUARK TRANSITION —
THE ZWEIG RULE MYSTERY

The big puzzle in the quark model description of hadron transitions has not bheen
considered by the Melosh achool, namely, the success of the description of all transitions

by single quark operators, This L_evin-F;ankfurt rules’z',')

,» first applied to high energy
scattering to give the ratio of 3/2 for nucleon-nucleon to pion-nucleon scatteri;lg, postu-
lates tl';at only one active quark in each hadron is responsible for any transition and ali
other quarks are spectators which remain in the same state. This single quark rule has
been applied with uniform success but without justification for transitions which cover the
complete spectrwm of strong, electromagnetic and weak transitions. The active quark
‘can emit or absorb a pion, a photon, 2 lepton péir or a Reggeon. The Zweig rule 4
which says that a quark-antiquark pair cannot disappear in a transition ia a special case
of the Levin-Frankfurt rule which requires either the quark or the antiquark to be a spec-
tator and remain in the final atate. Thus both cannot disappear. But both the Levin-
Frankfurt rule and its special case of Zweig's rule can be defined only in som« kind of
Born approximation. In any theory these rules aré violated in higher orders by a succes-

sion of allowed transitions, Consider for example the Zweig forbidden decay of the ' into

two pions
‘ i # 2m, | (8.1)
But the following transitions are all allowetl:l by Zweig's rule,
£ 4 KK (8.2a)
KK + mn. (8. 2b)
Thus in higher order we can have
£+ KK =+ . . - . {8.3)

There is no way to forhid the transition48. 3} if the transitions (8.2) are allowed. The
anly way to suppress the transition {8, 3) is to claim that it ie somehow of higher order
and therefore smaller than the Born term. But why should a Born approximation be valid
for strong interactionsa? ) '

To obtain some insight into the mystericus validity of the single ql;ark transition
we look for cases where this approximation breaks down and we see the higher order
two-quark transition. The. best place to look is in total cross sections for high
energy scattering where precise data are available at the (% level and amall breaking

effects of the Levin-Frankfurt approximation can be found. This approximation, also

called quark-model additivity in this context, breaks down at the 15-20% level in total
5,25) )

cross sections For exampile,
a{wp) < (2/3)a{pp} (8. 4a)

rather than heing equal as required by the Levin-Frankfurt approximation. However



there is also a consistent difference of the same order between nN and KN total cross

sections
o{Kp) < o(np). (8. 4b)
Recently an empirical relation between these inequalities has been shown to agree
with experiment over a wide energy range 5).
- - + )
afm p) - ofK p) = 1 /3e(pp} - L/2a(K p). {8.5)

26) ia ahown in Fig. 8.1. The two incqualities (8. 4) thus

The agreement with experiment
seem to be empirically related even though one is a breakdown of yuark-model additivity
and the other is a breakdown of SU(3) symmetry. The relation {8, 5) can be derived
from double exchange models described by two-quark operators which discriminate
against strangeness. Examples of such models are the double exchange of a pozr‘xe ron
and an [ as a cut or a..;s two legs of a triple Regge diagram. However the experimentally
observed energy dependence is not that of a pomeron-f cut, The difference g{n ) - 6{K p)
which should be due to this additional contribution decreases very slowly from 5 mb at

2 GeV/c to 3.5 mb at 200 GeV/c.‘ A triple-Regge diagram might give this energy
dependencez-r).

Thus another intriguing puzzle is added to the question of why the single-quark
transition works 8o well, namely, why does strangeness dependence of the total cross
Bection seem to be rclated to quark number dependence. This reminds us that we really
do not understand strangeness, Attributing/the difference betwsen strange and nonstrange
particles to constituent strange and nonstrange quarks aimply shifts the question to the
quark level. Perhaps the answer is in ;1 model like the one proposed in Sect. 2 which
gives a different structure to strange and nonstrange particles. In this model with el -
mentary quarks and elementary bosons a double-scattering contribution with one scatter-

ing off any quark in the hadron afid the sgpcond off any boson satisfies the relations (8. 4)

and (8, 5),

9. NEW PARTICLES AND OLD SYMMETRIES

'"This year's sensation is next year's calibration”... remark by V. L. Telegdi
one ycar after the discovery of CP vit:'la,tionJ when kaon beam experimentalists were
already using the CP-violating 2rm decay mode to calibrate their apparatus,

The rapidly accumulating experimeﬁtal data on production and decay of the new
particles furniah a new laboratory for the st’:udy of old symmetries, quark models and
empirical rules like Zweig's rule. For such high. mass states all quasi-two-body and
quasi-three-body tiecay channels related by symmetries are open and well above thresh-
old. These final states have such large momenta that kinematic breaking effects of

thresholdz, barrier factors and maes differences can be neglected. This rich source of



experimental data with many related decay modes should enable conclusive and significant
tests of theoretical predictions.

One important open question in conventional tests of SU(3) symmetry is whether
the observed suppresaion of kaon production relative to pion p'ruduction can all be ex-
plained by kinematic factors resulting from the XK mass differcnce, or whethgr there is
also an inherent SU{3) breaking. A clean test of this point is obtainable by comparing 2m
and KK decay modes of high mass states. An SU(3)} singlet state must have C = G = + in
order to decay into two pions., There are both theoretical and experimental indications
that such states should exist as néw scalar and tensor mesons. For such a state 5U{3)

predicts

+

Ty nnT) = iy K'K). (9. 1a)

+ -+
singlet singlet

Any deviation from this prediction would indicate either an inherent SU(3) breaking in the
decay vertex function or the presence of an octet component mixed with the singlef in the
initial state, \ o

If the new particle is not an SU(3) singlet but a membey of a nonet other members
should be found, - Equality between pionic and kaonic dcéay modes is predicted for the

sum of the decay rates over all neutral nonstrange members of a nonet or octet,

Triyc s Py ¢+ KK ' (9. 1b)
X X i

where the summation is over all neutral nonstrange states in the octet or nonet. The
sux:n rule (5. 1b} holds in the SU(3) syrametry limit independent of nonet mixing angles.
It could be broken by mass differences between the different y states in the octet or
nonet. However such mase breaking effects are easily taken into account without intre- R
duction of arbitrary factors. The relations (9.1) can also be obtained from U-spin invari- '
ance without requiring the full SU(3). Thus electromagnetic contributions 1o the decays
shoula‘also satisfy theae rclations, -
The new vector particles have C = G = -t and are forbi.d:den to decay into two
pseudoscalar mesons if they are SU(3} singlets. The best teat of the equality of strange
and nonstrange couplings for such states is in the vectﬁr-peudoscalar decay mede. The
relations analogous to (9.1) ara
. <oty LW, + K k") (9. 22)
singlet ‘Tsinglet

YotweotnTy = ) e KK (9.2b)
© .

The baryon-antibaryon decay modes can also be used

re PR} = Thbgngier * £ F ) (9.2¢)

-+
singlet



Y T pp) = ) v £, (o 24)

¢ ¥ ' .
Equatioﬁs (9.2) also follow only from U-spin invariance and apply to electromagnetic
contributions, " .

If the rcla‘tions (9.1} and {9.2) are found to be valid experiment\ally, decay modes
involving th‘t‘_' Ty M, w and ¢ states can alsn he studied tn determine values for mixing
angles and to test the validity of Zweig's rule.

Quasi-three-body decays are also simply related by SU(3) and additional con-
straints are imposed by Zweig's rule, Thy pKR, wKIz, K*Izrr, GSKI? and g¢rn decays are
all related by SU(3) to the observed wrn decay and should provide significant tests.

Zweig's rule forbids the g-m decay mode for any initial singlet or nonet atate.
iy + ¢} = 0 by Zweig's Rule. : ) {9.3)

Thus the strength of the ¢gnn decay mode immedjately gives an indication of the validity
of Zweig's rulc. . i -

For an initial state which is an SU{3) singlet' there are two SU(3) invariant ampli-
tudes if Zweig's rule is not assumed, corresponding to the octet and singlet states of the
vector mesons. All decay amplitudes can be expressed in terms of two which are taken

as input. The yrn and ¢ modes are convenient for input since the former has bcen

observed and the latter should vanish if Zweig's rule holds. The SU(3) predictions are
28) ’

then
4.~ = + - \
ABK K} = —(!/N’Z)Aoium ny (9. 4a)
+ - + - = +_ -
AO(wK K) = -(1/2)A0(wn - (1/\/2)A0(¢n n) {9.4b)
Aylo Oxtk™y - -(1/2)A0(mn+n'} X (1/«/5)A0(¢n+n‘y (9. 4c)
*Q - + = + - + -
AO(K Kn)-= -(1N2)A0(um )+ A (¢ n) (9. 4d}
A n) = c(UNTIA @rtnT) s (WETT)A (et ' (9. 4e)
Aglp Mgl = ) ol - o . de
— 0o 00
Aotmsqs) = +(2N’2/3)A0(w'rr T - (1/3)A0(¢w m) (9. 4f}
00 — 00
Ao(wnsns) = +{l/3)A0(um Tyt (2«!2/3;1;0(@11 o) (9. 4g)

o
where AO(VPPJ denotes the amplitude for the decay of a unitary singlet into any particular
VPP state. The final state can be defined either by the momenta of the three mesons and
the polarization of the vector meson or by any partial wave amplitude. The relations (9. 4)

are independent of all kinematic variables and hold in any region of the Dalitz plot.
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Other high mass resonances such as the newly reported H meson also offer
the possibility of spectroscopy with many open channels and fewer kinematic ambiguities,
The H meson should be obaervable in the KOEE rnode as KsKs and give a very clean
signal with little background. If the H has the quantum numbers of the { meson except
for spin, as expected if -it is the Regpe recurrence, it should also have the same mixing

angle. For this case the KSKS width is related to the obaerved 2n width by SU(3)
MM+ KK} = 3T (H+ n°°), . (9.5)

The Regge recurrences of the AZ and the ' should alse be expected and observ-
able in KK modes. The analoy of f-A2 interfcrence should also he seen in the Regge

recurrences of these states.

10. THE {-AZ INTERFERENCE

An intecresting new tool which can be useful in hadron Spectroscopy is interference .
between resonances which have a common decay mede. The p and w are exa'}ﬁinlea of
states which are nearly degenerate in mass and for which interesting intecference cffects
have already been observed. These particles have no comrmon strong decay mode and
interference is observable only ‘through the small electromagnetic contribution t& the
w * 21 decay., Both the 5 and the w are coupled tq"ﬁ:he KK system and would show strong
interfcrence effecta in the Kfz decay mede if the"‘gl-lannel were open. In an SU{3) sym-
metric world with equal kaon and pion masses these Klzdecaya would have the same
strength as the p + 2x deeayzq).

For higher resonances such as the tensor meson;s a similar nonet structure is
observed with nearly degenerate isovector and isoscalar nonstrange bosons, Thesc are
now above the KK threshold and interference effects can therefore be seen. For higher
nonets well above the KK threshold the KK decay mode should approach the two pion decay
moede in strength and allow strong interference effects to be observed,

Because the f and AZ have different isospin the relative phase of the charged and
neutral kaon pair decay modes is different in the two cases: Thus if the { and AZ are
produced cohcrently the interfcrence contributions observed in the kaon pair decay
channel have opposite signs in the K+K- and KOK_6 decay modes.  This charge asymmoetry
can be very4 striking in some casecs.

. . .3
Interference e¢ffects have been reported and used in the analysis of the reaction )
- 0
T +P*+* M +4n (10.1a}
0 . —_
where M~ denotes a neutral rnonstrange meson which decays in the KK mode.

MPe K+ K, ' {10. 1b)

Both the { and the A2 can be produced in this reaction and interference effects can be



obscrred, However some coherence 1s lost in averaging over polarization states and
angular distributions if the two states are produced by different reaction mechanismas,
With pion beams the [ is produced primarily by pion exchange while the A2 cannot be
produccd by pion exchange because of G pafity and must be preduced by some other
exchange such as p exchauge. The cokerenfe is therefore reduced and is model depend-
ent. Once the properties of the resonances are well established this model dependence
can be used as a test of the models for the reaction mechanjsm“ ). However if the param-
eters of the resonance are not well established the description of such a reaction becomes
ambiguous and complicated.

Stronger interference cifects with less model dependence are obtainahle with kaon

and photon beams which do not have a definite G parity and can produce both the f and

the AZ by the same mechanism. This occcurs in the reaction
- a
K &-N-‘Mp-i—Y {10.2a)

where N and Y denote am;r nuclecn and hypdgron states allowed by the conservation laws;
and M: is the coherent linear combination of { and A2 which contains only a p;:: guark-
antiquark pair and does not contain an nn component. This state decays only into charged
kaung. The neutral kaon decay mode is forbidden hecause the f and A2 decay amplitudes

exactly cancel one another in the neutral mode.

M; - K"K . (10, 21

M;)" K° +k® {10.2¢)

This result is simply scen in quark d.iagra.ms but follows from the assumptions of SU(3)
symmetry and ideal mixing without requiring any specific quark model assumptions 2).
Effects of SU(3) symmetry breaking can be included by inserting physical masses and
widths for the f and A2 instead of assumfing the degeneracy of the symmetry limit.

Figures 10, 1a and 10, 1b show predicted cross scctions obtained by simply adding Breit-
Wiéner resonance curves with relative magnitude and phase predicted by SU(3) but with

the mass and width given by the experimental data. The contribution from the f' is also
included since it is also determined relative to the f and A2 by SU(3) except for a phase
which depends on the signature of the exchange. Figure 10, la has the {' phase corre-
sponding to odd signature exchange such as v{ector exchange whilg Fig. 10.1b has the

phase corresponding to cven signature uxcha;'age such as scalar and tensor. The sup-
pression of the K°123 mode under the f-A2 pt.{ak is very marked. There i8 also a surpris-
ing effect of the interference between the oveirlapping tails of the f and A2 and §
resonances. Exact quantitative features of tflmese curves are not reliable in this region
since the simple Breit-Wigner description may not hold in the tail. However the difference

between the charged and neutral decays near the peak of the f' may be observable,



Fignres 10.1 also show th¢ curve which would be ubtained if there were no A2 contribu-
tion and no isovector-iscscalar interference, The interfercnce effect in the tails of the §
and {' are still noticeahle,

.Similar effects are obscrvahle in the production of neutral mesons hy the ¥y re-

33}

action

viyr M7 KiK. (10, 3a)
This can be studied with lepton colliding heams

+ - k - o]
e +e *e +e +M. {10, 3h)

Again SU(3) determines the relative amplitude and phase of the f, A2 and ' and the pPre-
dicted cross section is £hown'in Fig, 10.2. The P’,OE is strongly suppressed in the f-A2
region but not as strongly ¢ 8 in the case of the ¥ '+ -ctions (10.2). The predicted shift
of the KOIZE peak relative to K+R- might be observable expex-imen-l,ally. A large
K+K-/K°K_O ratio is predicted in the {f' region and might also he ohservable. Such inter-
ference effects may give new insight into the nature of these particles. Once the tech-
nique is established they may serve as a powerful tool for unscrambling reaction

mechanisms.

11. DRINK NMONLEP TCONIC

Nonlep tonic is intoxicating stuff for theoretical physicists. When a theorist takes
a little nonlep tonic he suddenly experiences a feeling of great illumination. He sees
visions in which everything suddenly becomes clear. As he takes a bit more everything
seems to fit into place and he becomes very happy and excited. But more nonlep tonic
suddenly makes the world become fuzzier and fuzzier. Finally the c¢larity of the vision
disappears and all that remains is a headache and a hargover,

Let us take a little nonlep tonic and look for inspiration in the appropriate place,
namely the Rosenfeld tables. We find the surprising experimental fact that the three
nonleptonic decay modes of the ¥ all havel equal decay rates, even though Z+ B nn+ is
believed to Lo pure p-wave, the £7 <+ nn is believed to be pure s-wave and ‘.7:+ -+ pﬂo
must be an exactly equal mixture of 8 wave and p wave in order Lo give the observed
asymmetiry parameter a = -1. This equality of 8- and p-wave decay amplitudes cannot
possibly be an accident, Treatments of nonleptonic decays which consider s waves and
p waves on a different footing with differént diagrams and different parameters must be
complete nonsense. [t is like describing hadron masses without isospin and obtaining
two mass formulas one for charged particles which fits the proten very well and another
for neutral particles which fits the neutron very well, but no indication of why the proton
and ncutron masses are so nearly equal. There must be a way to treat nonleptonic
hyperon decays and include this s-p symmetry which is clearly present in the experimen-

tal data.



After taking a bit of nonlep tonic it becomes obvious that s and p waves can be
trewted together by using helicity amplitudes which are equal micturer of s and p waves,
Helicity is a natural description for weak interactions becausc only l=ft-handed quarks
are coupled. We assume the Levin-Frankfurt "single-quark cperator! approximation in
which the weak interaction is described by a spuriun which changes a 12{t-handed strange
guark in the hyperon into a left-handed nonstrange quark, while the other two guarks are
spectators ior the weak interaction.

QOur neoxt dose of nenlep tonic reveals that we predict that the A and 7 decayé
should have the opposite sign for the asymmetry parameter, in agreement with experi-
ment, and we become very excited. This is because the spin ccuplings of the active
strange quark to the other quarks in & hyperon is such that a left-handed strange quark
is found in a left-handed A but nov in a right-han71-7 ¥ The spin-isospin structure of the

AN

baryoa-56 requires a pair of nonstrange quarks ‘30spia zero tu have ordinary spin
zero and a pair witk iseospin one to have ordinary spin ene, Thus in the case of two non-
strange quarks with isospin zvro as in the A, the nonstrange diquark has spin zerc and
the rematining third quark carries the whele spin of the baryon., Yor tha case where the
diguark has irespin one as in the care of the I, the spin of the third quark must be
antin: rallel to that of the diguark to pive a total spin of 1/2 Thus the spin of the third
quark is antinaralicl to the spin of the baryon. ‘

With a little moroe nonlep tonic we look at the individual I decay modes, In the

Z+ -+ pﬂo decay the twe spuctator guirks in the final proton are buth p guarks and have
"isospin ene and spin onc.  Their spivomust therefore be antiparaliel to the left-handed
active quark to give a total spin of 1/2. Thus the E+ + prno decay produces a proton
which is purely right handed and has an equal mixture of 5 and p waves and full asym-
metry. For the case of Z+ “ nn and ¥ -+ nn’ decays the two spectator guarks in the
final neutron which did not participate in the weak interaction arc a p and an n which
have Iz = 0 and are linear combinations ¢f isuBpin zerc and isouran one. Thus there are
both left-handed and right-hand=d comporcnts in the outgeing neviron, However the
isospin couplings show that the relative phase nf the I = O and1: | components is oppo-
site in the & " and T " decays. Therefore the relative phase of the left-handed and right-
handed helicity states will alsc be opposite, 1f their magnitudes are equal they produce
eigenstaces of the orbital angular momentun and one will be pure s wave and the other
nure powante. .Miraculcus'

Al this point the nonlep tonic.ha:s reached its peak of cluriiation and things hegin
to get funmzy. What is a left-handed hyperany At rest sie boelicity 1 undefined.  For the
infirite muinentum frame we can ailacr choose p, ¢ twor p: s oo, A piven hyperon
state is right handed in one fiame a d ieit Landed :a the other, but it is the samc hyperon,
We cannot say that it decays in vne irain: and dees not decay in the other. Furthermore,
the statement that the spins of the sirange quark and the nonstrange diguark inz T are

antiparallel is not exact  When the corrcet couplings are put in they arc antiparallel 2/3



of the time and parallel { /3 c?f the time. But the asymmetry of the $+ - pnﬁ decay ie 100Y
and not 2/3. [nthe } decay the helicity argument is exact bucause the nonstrange quarks
have spin zero. But the A asymmetry. parameter is about 2/3 and not 100%. .

_ As we attempt to pugh further everything only hecomes more and more confused,
We end up with a headache and a hangover, but a feeling that there is still something in
the data, a hidden symmetry which we don't understand,

Much theoretical work has gone into attempts to explain the empirical fact that the

Al = 1/2 rule works for nenleptonic decays. Perhaps some effort should be put into ex-

plaining the empirical equality of the s- and p-wave amplitudes,

12. CONCLUSION

We still have much te learn about the old particles!
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