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7. Toward the Bag

We have already mentioned in § 3.4.2 some conseduences of
quark confinement, in the context_of an extremely stylized description
of confinement : the boundary condition that the Dirac wavefunctions
vanish on a static spherical surface. The static cavity approximation,
as it is called, is a principal technical assumption in the formulation
of the MIT‘bag model (Chodos, et al., 1974 ; Chodos, Jaffe, Johnson, and
Thorn, 1974 ; De Grand,‘Jaffe, Johnson, and Kiskis, 1975). Of the bag
ﬁodel itself, which bhas been extremely influential in hadronvspectroscopy,
there exist severél fine reviews, including those by Johnson (1975, 1977,
1979); De Tar (1980), Hasenfratz and Kuti (1978), Jaffe ahd Johnson (1977),
and Jaffe (19774, 1979) as well as the summary in Close (1979). A different
but related picture of quark confinement, known as the‘SLAC bag, was put
forward by Bardeen, et al. (1975) ; see also Giles (1976). Our interest
here is much more restricted : to understand how the mechanism of quark
confinement (see Wilson, 1974 ; Nambu, 1976 ; Mandelstam, 1980 ; ‘'t Hooft,
1980 ; Adler, 1981 ; Bander, 198!) thought to operate in QCD may give rise
to hadronic bags. In the absence of a compelling argument, I follow the
usual practice of giving two incomplete arguments. The heuristic discus--
sions are themselves quite standard, and can be found in similar form in
many places, including Kogut and Susskind (1974}, LeeA(1980) and Gottfried

and Weisskopf (1981).



7.1. An Electrostatic Analog

It is typical in field theories that the coupling constant depend
upon the distance scale. This dependence can be expressed in terms of a

dielectric constant £ . We define

elr) =1 (7.1

and write

%z(() = %Z(YJ /e(r). (7.2)

We assert that the implication of asymptotic freedom (Gross and Wilczek,
1973 ; Politzer, 1973 ; see also 't Hooft, 1973ab and Khriplovich, 1969)
is that in QCD the effective color charge decreases at short distances
and increases at large distances. In other words, the dielectric

"constant" will obey

> 1, o v 732

etr)< 1, for ' (7.3b)
Indeed, to second order in the strong coupling we may write

-1
e(r)= 1+“zj;: %2%")‘(1‘\»2n£/5)1m(r/r‘,)+ ﬁ(raq) (7.4)

in QCD, where '\{ is the number of active quark flavors.



Let us now consider an idealization based upon electrodynamics.

In Quantum Electrodynamics, we choose

=1, (7.5)

vacuum

and can show (e.g. Landau and Lifshitz, 1960) that physical media have

€ 7 1. The displacement field is

D= E+4nl

(7.6)

and atoms are polarizable withz parallel to the applied field ~E__ s

so that l__@__\?/ ‘,E_\ . Since the dielectric constant is defined through
D=¢eE
in these simple circumstances, we conclude that € 2 1. For a thorough

treatment, see Dolgov, Kirzhnits, and Maksimov (1981').
Now let us consider, in contrast to the familiar situation, the
-possibility of a dielectric medium with

& 0 (7.7

medium ™ Y

a perfect dia-electric, or at least

<1 (7.8)

nedium < >

a very effective dia-electric medium. We can easily show that if a

test charge is placed within the medium, a hole will develop around it.




To see this, consider the arrangement depicted in Fig. 34(a),
a positive charge distribution 9+. Placed in the medium. Subpose that
a hole is formed. Then because the dielectric constant of the medium is
less than unity, the induced charge on the inner surface of the hole will
also be positive. The test charge and the induced charge thus repei, and
the hole is stable against collapse. In normal QED, the induced charge
will be negative, as indicated in Fig. 34(b), and will attract the test

charge. The hole is thus unstable against collapse.

The radius R of the hole can be estimated on the basis of energe-
tics. Within the hole the electrical energy \Ahn is finite and indepen-
dent of the dielectric constant of the medium. The displacement field
is radial and hence continuous across the spherical boundary. Thus it
is given outside the hole by

;'Q-Dut (Y>K) = ..E Q/\,?—)

(7.9)

where Q is the total test charge. The induced charge density on the

surface of the hole 1is

Cinduceg = (A-E)IDIRI /41
(7.10)

il

U’&)Q/A\WER?')

which has the same sign as Q, as earlier asserted. Outside the hole, the

electric field is determined by the total interior charge

Q-+ (1-2)a/e = Q/E) ' (7.11)



so that
Ew_t (r\/{i) = iQ/E ‘(z (7. iz)

The energy stored in electric fields outside the hole is then

i
ww‘c = é;‘t SAB.‘:. :-D_.out (r)- Eout(v)

[+ =]
-1 S crdv Q7/ev* = @¥/2R.

o (7.13)

As the dielectric constant of the medium approaches zero, W(,ut

becomes large compared to \l\’m » S0 that the total electrical energy
Wa = Wi, + Wout ‘—>VJouc, as €&— 0. (7.14)

One must consider as well the energy required to hew such a hole out
of the medium. For a hole of macroscopic size, it is reasomable to

suppose that

3
4R 2
Wiate = — v+ 4tRs +.- - 7.15)

where U and S are non-negative constants. The total energy of the-

system,

W= W t Whote | (7.16)



can now be minimized with respect to K. . In the regime where the

volume term dominates VJ , the minimum occurs at

hole.
Y4 , ’
R (—2—_’{ e # 0, (7.17)

for which

2 3
\!\’-e\ %(i ) (4“3“') - (7.18)

and
3/4
W,m\e ~ "‘"'3 Zg (%v) 2 (7.19)
so that
A 2..3/4 /4 |
W = ATy (4wv) . (7.20)

Thus, in a very effective dia-electric medium, a test charge will
induce a bubble or hole of finite radius. Notice, however, that in the

limit of a perfect dia—electric medium
W-> oo as £E—>0. (7.21)

An isolated charge in a perfect dia-electric thus has infinite enmergy.
This is the promised analog of the argument used in § 5.2.1. to wish

away isolated colored objects.



If instead of an isolated charge we’place a test dipole within
the putative hole in the medium, we can again show that the minimum
energy configuration occurs for a hole of finite radius about the test
dipole. In this case, however, the field lines need not eitend to infi-
nity, so the hole radius remains finite as £— O , and so does the
total energy of the system. The analogy between the exclusion of
chromoelectric flux from the OCD vacuum and the exclusion of magnetic
flux from a superconductor 1is now obvious. To separate the dipole
charges to=® @ requires an infinite amount of work, as sthn in the
previous example, This is the would-be amalog of quark confinement.
For a recent attempt to deduce an effective dia-electric theory from

QCD, see Nielsen and Patk8s (1981).

Two issues arise in this line of reasoning. One is the question
of quark (or as we have phrased it here, charge) confinement. The other
is what form does the sourceless QCD vacuum take if it is analogous to
a perfect, or very effective, dia-electric medium ? Is the QCD vacuum
unstable against the formation of domains containing dipole pairs in the
electrostatic model, corresponding to gluons in color-singlet spin-singlet

configurations ?

~7.2. A String Analog

Suppose, as discussed in § 5.2.2 , that color-electric flux
lines are squeezed into a flux tube. This effect can be parametrized

by the statement that a region of space of volume

V= o.¢ (7.22)



containing color-electric flux contributes a term

\:\Iboﬁ = B-V= Bor (7.23)

to the total energy of the world, where B is a positive constant.

The effect of the "bag pressure" B will be to compress the flux lines

as much as possible.

The region of color-electric field emanating from a source of

: 2
charge Q contains an energy density E /81t » where the electric

field strength is

E=4t8/q (7.28)

if the flux lines are confined within an area O . The energy stored

in the field is thus

2 2
E” V (411:@ oY
\'\,.g.;e\a: B =\ ¢ 81c
2
= InB vr/o. (7.25)
The total bag plus field energy is
- _ 2wQ”
W~wb%+w$e\a~(3¢+ “:G_ )\3 - (7.26)

which can be minimized with respect to the area U ', whereupon

o
0, = &lac/B) . (7.27)



At this minimum, the energy density per unit length is

. = Ba, + 2 Ql/c“,: 4vc ‘2321/0;o . a.

For a quark-antiquark pair, the replacement

(compare (5.3

or

Recalling from (5.21) that

we find that

Q" — 4d, /3 (.
1a)) leads to
k=1 ds /30
(7.
T, = tbas /3% = d” a.
Vo
L x5 fm ¢
J)
d ~ ng (0(5/5) L.
7

For a strong coupling constant &g = 1

tube 1is

d'—': 1 j[mp

, the radius of the flux

(7.

28)

29)

30)

31)

.32)

.33)

34)



a reasonable hadronic dimension. We have therefore contrived a
situvation in which a flux tube of finite radius is a stable confi-
guration. It remains to show that this situation actually obtains

in QCD.

Both in the present discussion and in § 5.3.2. we'have ne-
glected quark masses. Their inclusion is interesting as a matter
of principle and is of some practical importance for pafticles
composed of heavy quarks. Within the framework of an extended bag,
the problem has been addressed by Johnson and Thorn (1976) and by
Johnson and Nohl (1976) ; see also Chodos and Thorn (1974). Their
work suggests that the Regge trajectories of particles composed of
massive quarks should be shallow at low spins, but should afproach
a universal slope as J-—> 0© . Some evidence for the first half

of this statement was noted in § 4.1 , in connection with Fig. 19.

If chromoelectric confinement is indeed the origin of the
string picture, we also gain an understanding of the equality of
the Regge slopes of the mesons and baryons, which is apparent from

Figs. 19 and 20. In anelongated bag, both mesons :

Z - i . (7.35)

and baryons

1 (ii?, | (7.36)

*
are [3} - ‘__?l ] color configurations. They must therefore have

the same chromoelectric flux density, hence the same amount of



stored energy per unit area, hence the same Regge slope. It will
thus be of considerable interest to learn the Regge trajectories

of baryons containing several strange quarks or a heavy quark.

7.3. Quark Nonconfinement ?

If we assume in view of the heuristic arguments reviewed
above that unbréken QCD is indeed a confining theory, how might we
accommodate the observation of free quarks ? At first sight it seems
straightforward to consider a spontaneously broken color symmetry
which endows gluons with small masses and permifs quark liberation.
This has been explored by De Rujula, Giles, and Jaffe (1978), for
example. Georgi (1980) has countered that a small mass term in the
Lagrangian need not, in the face of strong quantum corrections, lead
to a spontaneous symmetry breakdown. This possibility is open to
discussion (De Rujula, Giles, and Jaffe, 1980). Okun and Shifman (1981)
have argued that this style of partial confinement is incompatible
with the known evidence for asymptotic freedom and with the absence of
fractionally-charged hadrons. A different pattern of spontaneous sym-
metry breaking has been advocated by Slansky, Goldman, and Shaw (1981).
Evidently the experimental search for fractionally-charged matter and
the theoretical search for proofs or evasions of confinement are

research topics of no little importance.



8. Glueballs and Related Topics

The possibility of quarkless states, composed entirely of
gluons, would seem to be unique to a non-Abelian field theory such
as QCD—as opposed to the elementary quark model. In this short intro-
duction to glueballs I shall try to explore the four important ques-—.

tions

i/ Should glueballs exist in QCD ?
ii/ What are their propertiés ?
111/ How can they be found ?

iv/ Are they found in nature ?

Since most of what we believe to be the solution to QCD is abstracted
from the elementary quark model, and because the quark model provides
no guidance for quarkless states, the answers given to all of these

: quesfions will be partial and frustratingly vague. In the course of
explaining these partial answers, one naturally encounters some other
issues of significance : violations of the Zweig rule, deviations from
ideal mixing, and the continuing problem of the pseudoscalar masses.

A common thread will be seen to run through all these topics, and to

tie them to the properties of glueballs.

The search for quarkless states has become intense, and

several candidate states have appeared. I am not prepared to endorse



any of these claims, at least not yet, but I shall have a little bit
to say about the experimental situation. This will include some gene~

ral and specific suggestions for experimental studies.

The subject of glueballs is a newly active one, which remains
to be distinctly defined by experimental observations and by theoreti-
cal predictions of greater clarity. The modest aim of this Section is
merely to underline the importance of the topic, and to introduce some
 of the issues involved. As for multiquark states, understanding the

role of quarkless states in hadron spectroscopy remains in the future,

8.1. The Idea of Glueballs

If color is confined, color singlet states composed
entirely of glue may exist as isolated hadron resonances. This is in
essence the argument for the existence of quarkless states, as empha-
sized quite early by Fritzsch and Gell-Mann (1972). If one assumes
the existence of gluons, the gauge interaction among gluons, and the
confinement of color, this conclusion cannot easily be challenged.
After the recognition of asymptotic freedom and the increasingly
explicit formulation of QCD (among them Fritzsch, Gell-Mann, and
Leutwyler; 1973 ; Gross and Wilczek, 1973b ; Weinberg, 1973), many
authors have analyzed, in one or another framework, the possibilities
for glueballs. A partial bibliography includes the papers by Freund
and Nambu (1975), Fritzsch and Minkowski (1975), Bolzan, Palmer, and

Pinsky (1976), Jaffe and Johnson (1976), Willemsen (1976), Kogut,



Sinclair, and Susskind (1976), Veneziano (1976), Robson (1977), Roy

and ‘Walsh (1978), Koller and Walsh (]9785, Ishikawa (1979ab), Bjorken |
(1979, 1980), Novikov, et al. (1979, 1980abcd, 1981), Zakharov (1980ab),
Suura (1980), Donoghue (1980,1981), Roy (1979,1980), Soni (1980), Berg
(1980}, Coyne et al. (1980), Carlson, et al. (1980, 1981), Bhanot and

Rebbi (1981), Bhanot (1981), Shifman (1981), Barnes (1981).

Bjorken (1979, 1980) has emphasized the apparent inevitability
of color singlet, flavor singlet multigluon states within QCD. In pure
(sourceless) QCD, with no fermions, the existence of glueballs follows
at once from our assumptions stated above. This may be argued in any of
the pictures we have discussed before. A "most attractive channel ana- v
lysis is implicit in the work of Barnes (1981). Bag arguments, of the
sort given in § 7, lead to the conclusion that the color-singlet confi-
guration is energetically favored, whereas colored states require infi-
nite energy. The string picture of § 5.2.2 1is also easily transplanted,
with gluon sources replacing quark sources and glueballs replacing (qa)
mesons. The larger flux density between octet sources (cf. Table 12)
than between triplets implies flatter Regge trajectories and hence a
smaller level density for glueballs than for (qa) states. In pure QCD
there will bg among the glueballs a lightest glueball state which, it

is reasonable to expect, must be stable.

The introduction of massive quarks (stage II of Bjorken, 1980)
does little but provide new sources of glueball production. Quarkonium

states may now decay according to

'S, Q&) — 94, BNCRY



| PC_ 4
a colorless, :I =0 final state, and

T
\ %%\6 | (8.2b)

PC -

colorless hadronic states with :]. = 1 for the three-gluon
PC__ o+ et

semifinal state and j =0 5 0 > 2 » etc. for the 8%\0’

semifinal state. Again the lightest gluon will be Stable, because all

(Qa) states are— by assumption-— extremely massive.

Extending QCD to the light-quark sector raises two questions
that go directly to the heart of the matter : what is the mass scale
for glueballs, and how prominently will they appear in the speétrum
of hadrons ? Given the small mass of the pion it is essentially a
certainty that the lightest glueball will be unstable. We must then
ask whether the quarkless states will become so broad as to be.lost
in a general continuum, whether they will mix so strongly with (gqq)
and (qag) states as to lose their identity, or whether they will remain
relatively pure glue statés of modest width. Until definite theoretical
predictions can be given, we may conclude only that the bbservation of
glueballs would support the notion that gluons exist and interact among
themselves. Not finding glueballs, at the present level of understanding

of QCD, has a less obvious significance.



8.2. The Properties of Glueballs

Some characteristics of quarkless states such as their
flavor properties are unambiguous, but many others including masses
and decay widths are predicted rather indecisively. It is reasonable
to attempt to enumerate few-glﬁon states by analogy with Landau's
(1948) classification of two-photon states, which incorporates the
restrictions of Yang's (1950) theorem. This has been done by Fritzsch
and Minkowski.(l975), Barnes (1981), and within the bag model by
Donoghue- (1980). A pair of massless vector particles can be combined

to yield states with

(Q\/en7/0)++ 5 (8.3a)

S (evenz0) T 7. (830
- (evenz2)*T 7 (8.30)
(0dd23)FT .- (8.3d)

Many papers (e.g. Robson, 1977 ; Coyne, et al., 1980) treat the gluons
as massive vectors and arrive at longer lists of two-gluon states.
Similarly, extra states may arise in the bag model unless spurious
modes associated with the empty bag are eliminated (Donoghue, Johnson,

and Li, 1981). The lowest-lying two-gluon Configurations should there-

pC + + - —+
fore include J = O+ 5 2.+ > D 3 and 2 states.

A variety of estimates of varying degrees of sophistication
have been made for the masses of these states. Keeping in mind that

the scalar ground state has precisely the quantum numbers of the



vacuum and may therefore be appreciably mixed or even subsumed into
“the vacuum, let us list some representative predictions. The bag model

(Doneghue, 1981) suggests that

Mlo*+) = M(2++) ~ 4 GeV/cZ) (8.4)

neglecting hyperfine effects, and that
M(O™T) & M(27F) =13 G’)Q\//CL) , (8.5)

again neglecting hyperfine effects. The QCD sum rules of the ITEP
Group (Novikov, et al., 1979, 1980abed, 1981 ; Zakharov, 1980ab ;

Shifman, 1981) lead to slightly larger values :
M(0¥H) = M () = 1.2-1.4 GzV/cz‘) (8.6)

and

Mo ) = 2- 2.5 Ge\//CL) (8.7)

but with an important gluon component in'q’ (958). The effective po-
tential calculations of Suura (1980) and Barnes (1981) lead to dege-
nerate pseudoscalar and scalar states, with masses supposed to be on

the order of 1-2 GeV/cZ. Barnes (1981) concludes that

M2+ /(o) =18 | (8.8)

with his description of hyperfine forces.



Three-gluon bound states are more complicated to analyze,
especially in terms of the dynamics. It will suffice to give one
estimate (Donoghue, 1981) of the masses, obtained in the bag model

upon neglecting spin-spin forces :

Mlo+) = M(1F) = 1.45 GQ_V/CL) (8.9)

and
MO = MA ) = M) = M2
~ M) = 1.8 Ge\f/c7j (3.10)

The general conclusion is that a host of states are to be expected,
and that it is plausible that many exist in the region between 1 and
2 GeV/cz. However all calculations have at least some degree of arbi-

trariness in the overall mass scale.

A simple lattice argument has also been presented (Koguf, Sinclair,
and Susskind, 1976) for glueball masses in the 1-2 GeV/c2 region. Figure
35(a) shows the minimal lattice configuration for a meson : a single
link. On the other hand, on a rectangular lattice the minimal quarkless
state consists of a closed loop made up of four links, as shown in Fig.
35(b). Consequently one may suppose that the mass of a typical ground-
state glueball is approximately four times the mass of a typical ground—

state meson and thus on the order of 1-2 GeV/cz.

With respect to quantum numbers let us note  that apart from the

1 level, which cannot occur as a (qq) state, all of the glue states



resemble ordinary mesons. Their distinctive property is that pure

glue states must be flavor singlets. With this restriction, the al-
lowed decay modes follow from standard selection rules, although bran-
ching ratios may be strongly influenced by phase space effects and by

the preéminence of quasi-two body final states.

It is quite possible, as we shall now discuss, that glueballs
may be narrower structures than (qq) mesons of comparable mass. This
suspicion is tied up with the validity of the so-called Zweig rule

and the mixing of glueballs with ordinary mesons, to which we now turn.

8.3. Gluons and the Zweig Rule

In § 3.3.2 we concluded on the basis of simple mass formulas,
that Y)(1019) is essentially a pure (ss) state. This conclusion is sus-
tained by an examination of the decay modes of 99 » which are collected

in Table 21. The total width is

rle)= 41+ 0.2 MeV, 8.11)

Decays into KK are inhibited by the limited phase space available, and
the relative rates for the charged and neutral final states are under-—
stood in terms of p-wave kinematics. For the suppression of the e (Tcg)

mode, however, a dynamical explanation must be sought.



The suppression of nonstrange decays can be accounted for, if
not explained from first principles, by the rule (Okubo, 1963 ; Zweig,
1964ab ; Iizuka, Okado, and Shito, 1966 ; Iizuka, 1966) that decays
which correspond to connected quark-line diagrams are allowed, but
those which correspond to disconnected diagrams are not. This is made
concrete for the case of Y) decay in Fig. 36. The dissociation and
subsequent dressing of the (ss) pair is allowed (a), but the quarkless
semifinal state reéched by'(sg) annihilation is not. One may attribute
the small observed fate for YQ<> 3T  either to light—quark impurities

in the YO wavefunction or to violations of the Zweig rule.

Additional evidence in favor of the rule comes from the remarka-

ble metastability of ?5(3097), for which (Particle Data Group, 1980)
F(¥ - hadrons) = 45 keV, (8.12)

and of Q? (9433), for which (Schamberger, 1981)
P(T*’: hodrons) = 28 ReV. (8.13)

The Zweig rule thus provides a notable mnemonic for forbidden decays.
It is of interest to ask whether there is a dynamical basis for the
rule within QCD, and whether there may be other manifestations of

violations of the rule.

To this end, recall the outstanding failure of our description

/
of meson masses : the problem of the )) and )? masses. In the



language of singlet and octet mixing we found it possible in § 3.3.2
to parametrize r?(n) ~and r1(n’) in terms of two free parameters : a
flavor-singlet mass P11 and a mixing angle 9 . The resulting wave-
functions imply relations between decay and reaction rates that are
imperfectly respected by the data, as noted in § 5.5.1. In the other-
wise successful quark language we were not able to understand the
1{?—))—'b’ splitting or the high mass of the hl . If we interpret
the failure as pertaining only to isoscalar states, it is sensible to

consider the possibility that virtual annihilations into glue states

| Zi — glue——a- Z”i’ | (8.14)

may influence the masses of (qq) states.(See among others De Rujula,
Georgi, and Glashow, 1975, Isgur, 1976). Such transitions of course

cannot affect flavored states.

In the uu, dd, ss basis the mass matrix of the pseudoscalar

mesons can be written as

Leny—~38M, + B A A
M= iy 2on= 38M, 0 A A
A A 2Ms=3(mufng) Mo -+ A
- (843)
in the notation of eqns. (5.52, 53, 57, 58), where A represents the

flavor-independent amplitude for the process (8.14). Recognizing that

virtual annihilations cannot affect the TC mass, we recast (8.15)

in a basis of (u-a:F d&:)/ﬁ) SS as



Zm“"— 3 mc.m. O D
m=| o 2~ 3M 2N T A >

0 Z A 2tne-3 (M /ms Y8 A
(8.16)

which retains fhe expected result r1(TEt)== bﬂ(ﬂ?),

The remaining two~by-two isoscalar mass matrix suggests a
common origin for the Tt?"yr'))' splitting and the deviations
from ideal mixing. With the parameters of § 5.3., the sum of )7

! . . .
and 'n masses 1s reproduced with the choice

A= 198 Me\//cL) | (8.17)

for which

M(W))‘-‘— 408 MeV/c* (8.18a)

and

Mh\l): 104 Mev/e™. (8.18b)
The wavefunctions implied are

D= O.44(ui1+d§> +0.81 s5 ., s
Z

and

\'YP: 0.%‘\( uﬁgd% -'-40.44- S—§) (8.19b)



which are similar to those (3.112) given by the linear mass formula

in the singlet-octet picture. The masses (8.18) are considerably im-
proved over those prodﬁced in § 5.3 , but they are still not perfect.
At any rate, we have succeeded in raising the .n'W}' center of gravity
by invoking virtual annihilations, and have thus been able to begin to
reconcile the constituent picture with the symmetry approach. Note also
that if physical glue states do exist, the mass matrix must be enlarged

and the mixing pattern may be considerably more complicated.

The success of our earlier description of the vector meson
masses argues that no appreciable annihilation is required there. For
heavy, mesons such as y and i? , the analogy with ortho- and para-
positronium seems apt. A coupling constant argument then suggests that

in the asymptotically free regime
2
rlk S:\"’" %Q\ke—)/ r,(li So"‘y \.Le):D(.SXnumerical factors (8.20)

A power of small coupling constant may inhibit mixing of vector states
with gluons in quarkonium, but this is a tenuous argument for the light
mesons. In the following § 9 we shall review an argument in favor of

the Zweig rule that does not depend upon powers of the coupling constant.

Among the orbitally-excited mesons, there is also room for virtual
annihilations. One should in general be alert for the possibility when-
ever a breakdown of ideal mixing is signalled by the nondegeneracy of
the isovector and would-be (ujx-%- dg )/ﬁ states. For a recent

look at the 1++ and 2++ nonets, see Schnitzer (198lab).



If virtual transitions such as (8.14) occur, they may account
for violations of the Zweig rule. This mechanism for Zweig-rule vio-

lations naturally suggests the pattern

F(Qa—%\«a&ron@< V'(%Rue-% Wad yons )< \q(cﬁ:—» hadrons), (8.21)

where the Zweig-inhibited quarkonium decay rate is of order Az, the

decay rate of a glueball into light quarks is of order Al, and the
rate for Zweig—allowed dissociation of a light quark pair is of order
o

A~ . The possibility therefore exists that a pure glue state will be

relatively more stable than a light-quark meson of comparable mass.

8.4. Searching for Glueballs

As strongly-interacting particles, glueballs‘should be
produced routinely in hadronic collisions, where they may be sought
out using the techniques of traditional meson spectroscopy. Special
kinematic selections may enhance the glueball signal over ordinary
mesonic background. An obvious choice with the CERN pp collider at
hand is an investigation of "Double—Pomeron events', which yield hadro-
niec states in the central region of rapidity wifh vacuum quantum numbers.
If, as Freund and Nambu (1975) and others have suggested, there is a
deep connection between the Pomeron and quarkless states, such a selec~

tion may be of more than merely kinematical benefit.



Another favorable situation may be in the decays of heavy

quarkonium according to (8.2b), leading to transitions of the form

¢ ¥+G | (8.21)

where G denotes a glueball. This.is not only a case in which the
general arguments of § 8.1 lead us to expect that glueballs may be
produced, but also one that permits inclusive as well as exclusive

searches and lends itself to comparison with
SL—-’? ((A)) P) + anything (8.22)
in which the anything is presumably composed of quarks.

Interest in quarkonium decay has been increased by the recent

observation of suggestive structures in
yb-*; Zf + hadrons , (8.23)

According to Scharre (1981), there is evidence in the Crystal Ball
Experiment at SPEAR for two new states. The first, named iota (1440)

is seen in the cascade decay

Y— ¥ +i(1440)
\———7 KK # Kg*

(8.24)
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with a mass M™; = 1440_15 MeV/c2 and a width of

v SO«LO MeV. The state has and the

combined branching ratio for the cascade is
. . — -3 '
B(Y—Te)Bli—s KKT)= 4x 107", (8.25)

The second is seen in
Y- T+ 0(1640)

‘_)7,77 (8.26)

+Hoo
with a mass Mg = 1650 + 50 MeV/c2 and a width of %3220_70 MeV.

e PC ++ '
The decay angular distribution favors ) =2 , and the product

of branching ratios is
‘ _4
B(Y—156) B(Q——?"))?)) = 5x10 (8.27)
An upper limit exists for the decay of @ into TEd °

BlO-»mr) £ 'B(G-—ﬂm) . (8.28)

We have seen above that scalar, pseudoscalar, and tensor
glueballs are to be expected in this mass range. In addition, an
analysis (Billoire, et al., 1979) of the spin-parity content of the
~gluon pair in (8.2b) suggests that 2"* formation is favored with
equal but smaller probabilities for 0" and O-+. configurations. At

the same time, radial excitations of the low-lying mesons are to be



expected in precisely this region (Cohen and Lipkin, 1979). Thus it

is easily possible that any new states be traditional (qq) states, or
mixtures of (qq) with glueballs, or other exotic possibilitiés (Close,
1981), as well as states'of pure glue. How can these possibilities be

distinguished ?

Without going into details, let us note that Chanowitz (1981),
Ishikawa (1981), Donoghue, Johnson, aﬁd Li (1981), Lipkin (1981b), and
Cho, Cortes, aﬁd Pham (1981) have examined the case that i(1440) is a
gluéball. Opinion is divided. Chanowitz (1981) has shown that a large
number of seemingly contradictory experiments may be reconciled if, in
addition to the I++ E(1420) there is a nearby pseudoscalar state for
which U(1440) is the obvious candidate. He further argues that L(1440)
has the characteristics of a glueball, but does not concern hiﬁself
with the v,(1400) - see Table 18. If we accept the spin—parity assign-—
ments, then there are at least two isoscalar states around 1400 MeV/cz.
The conclusion that L(1440) is pseudoscalar and not axial (as E(1420))
removes a potential embarrassment for the two-gluon glueball interpre-
tation. Lipkin (1981), on the dther hand, argues that the absence of
an appreciable L —> YTKJE signal is inconsistent with a fla&or

singlet assignment. Obviously there are many experimental questions to

settle, among them the spin-parity assignments and the relationship

between W’ and U.

Another obvious test may be available in two-photon reactions

ete”— et € +4 hadrons, (8.29)



at least for the pseudoscalar state (s). A (qa) state should decay
into two photons, whereas a pure glue state should not, in lowest

order. This inspires a search for the reactions

ete”— e*e p'( 1400) (8.30a)

L. 7]";*511:

ete — ete [ ({440) (8.30b)

Ls KKTT

Given an estimate for the two-photon decay rate, standard techniques -
(described in Quigg, 1980) lead to the two-photon production cross
' -+

section. The rate for production of a ;rﬂ:= 0 L(1440) is shown

in Fig. 37 under the assumption that
Fli—=73Y) =1 &V (8.31)

At the energies accessible at PEP and PETRA, an ample cross section

is to be expected.

If a prominent signal is observed, one may conclude that the hadronic
state is not an axial vector meson and that it is not dominantly a
glueball. But if no signal is found, what then ? T see four possibili-

ties :

i/ the hadron is an axial state,

ii/ the hadron 1is a glueball,



iii/ the hadron is a (qa) state with a small width for

two-photon decay,

iv/ the hadron is a mixed (qq)-glueball state.

The first and second points are self-evident. The third is more
problematical. I believe a two-photon width of 0.1-] keV is rea-
sonable for a radially-excited pseudoscalar, but I cannot convince

" myself that'this represents the full range of "reasbnable" possibi-
lities. If glueballs exist, the fourth possibility seems to me the
most reasonable one. It has been studied in some detail by Donoghue,
Johnson, and Li (1981), by Rosner (1981b), and by Cho, Cortes, and

Pham (1981).

In general we may expect some degree of mixing between nearby
(or overlapping) hadrons. The simplest case of one glueball and one

(qq) state can be parametrized as

Hq1> ’;lii> 0sO + 1G> sinb | (8.32a)
[h, 7 = “‘ﬁ? simb + (G) cosB, (8.32b)

in an obvious notation. The decay Sb-? T+ glue would then lead to

a line shape characteristic of

Hh,> sin® + 1h, D cosO

(8.33)

whereas two-photon collisions would excite

05O — [, 7swmb. (8.34)
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Thus we are led to ask whether, for example, the :f (1270) seen in
o
the decay 9Q~>.U+tf is identical with that observed in two-photon
collisions. To answer such questions requires careful measurements
of line shapes and branching ratios in both kinds of reactions, as
well as in peripheral and central hadron collisions. There is much
to be learned here, but the experimental work called for is demanding

and meticulous.

Before leaving £he subject of glue, let us note that there
may be other manifestations of degrees of freedom beyond those of
quark and antiquark. The specific possibility of "vibrational modes"
has been raised by Giles and Tye (1977, 1978) and by Buchmiller and
Tye (1980). States with constituent gluons (qag) states have been
examined by Horn and Mandula (1978) and by de Viron and Weyers (1981) ;
see also Close (1981). Glue-Bearing baryons (qqq g) have been consi-

dered by Bowler, et al. (1980).



9. The Idea of the 1/N Expansion in QCD

The search for small parameters which can play the part
of expansion parameters is a central element of the process of ap-
proximation and model making that is theoretical physics. In many
physical situations, extremes of energy or distance suggest highly
accurate and readily improved approximation schemes. In classical
electrodynamics the indispensable far-field approximation is appli-
cable when the size of a radiator is negiigible compared to the
distance between the radiator and receiver. The Born approximation
for the scattering of charged;particle beams from atomic electrons
is trustworthy for beam energies greatly in excess of the atdmic
binding energy. In Quantum Chromodynamics, a perturbative treétment
(which is to say an expansion in powers of the strong coupling para-
meter ds(Qz) ) is expected to be reliable when the invariant momen-
tum transfer Q2 is large compared to a characteristic mass scale

2
denoted by A

For the problem of hadron structure, no similar expansion is
applicable. All of the relevant energies of the problem are on the
order of the naturally occurring scale. In a typical hadron, the
separation of the quarks is simply the hadronic size of approximately
I fm ~— hardly a regime in which perturbative QCD is,likely to make
any sense. We may, of course, simply await the day when a very heavy
quarkonium familybis found, and then happily apply conventional per-
turbative measures. That insouciant course however leaves untouched
the problem of the structure of all the hadrons now known, so other

actions are called for.



The strategy of the 1/N expansion is a familiar one. When
confronted with a problem we cannot solve, we invent a related
problem that we can solve . If this is done adroitly, the new
problem will not only be simpler but will also capture the physical
essence of the original one. More specifically, the 1/N expansion
represents an attempt to introduce a parameter that permits a sim-
plification of the calculation at hand. Problem 24 introduces an

elementary example.

For QCD, this simplification is achieved ('t Hooft, 1974ab)
by generalizing the color gauge group from SU(3)C to SU(N)C and
considering the iimit in which N becomes very large. Although SU(N)
is in general more complicated than SU(3), the hadron structure

problem is simplified by two observations :

i/ At any order in the strong coupling constant, some classes

diagrams are found to be combinatorially negligible.

ii/ The remaining diagrams have common consequences, in large-N

perturbation theory.

This technique does not entirely free us from the constfaints
of perturbative analysis. Since we shall find, by inspection, that
entire classes of combinatorially-favored diagrams have common features
té all orders in the coupling constant, we shall have to assume that
the content of the theory is accurately represented by the set of all

diagrams. For QCD, the reliability of the 1/N expansion is inferred



from the fact that SU(N)C‘QCD seems to resemble the world we observe.
Clear introductions to the method, with allusions to other physical.

situations, are given by Coleman (1980), and by Witten (1979b,‘1980 ab).

The combinatorial analysis of SU(N)C QCD is most transparent
in terms of the double line notation introduced for this purpose by
't Hooft (1974a), which is illustrated in Fig. 38. Several examples

will suffice to make the main points.

Consider first the lowest-—order vacuum polarization contribu-
tions to the gluon propagator, fhe quark loop illustrated in Fig.
39(a) and the gluon loop pictured in Fig. 39(b), in conventional nota-
tion. These are redrawn in the double line notation in Fig. 39 (c,d).
For an initial gluon of type‘LX , only a single color configuration
is possible for the quark loop intermediate state : a quark of color v
and an antiquark of color 5. . For the gluon loop, however, the index
#@ is free to take on any value 1, 2, ..., N. Thus the gluon loop
diagram has a combinatoric factor N associated with it. This illustra-

tes the general rule that gluon loops dominate over quark loops by a

factor of N, as N —» o©o© |

‘The presence of the factor N would seem to imply that the .
gluon loop diagram diverges as N —» &9 | This can be cured by
choosing the coupling constant to be 3/QGT , with %; fixed as
N —> ¢ . Then for any value of N, the contribution of the

gluon loop goes as



(-%—-)szmav %2',

N (9.1)

a smooth limit.

That this device solves the divergence problem in general
is indicated by an analysis of diagrams with more than one loop.
The two-loop diagram depicted in Fig. 40 in (a) standard and (b)

two—-loop notation is immediately seen to be proportiomnal to

i_)“

2 4
x N —> . (9.2)
G K

Similarly, the three—loop diagram of Fig. 41 obviously goes as

b

ﬁ 3 b
x N —> Z | | (9.3)
VN

The situation is different for nonplanar graphs, however.
The simplest such graph is shown in Fig. 42. The double~-line notation
makes it apparent that this graph contains but a single, tangled color

loop, and therefore goes as

b
b YA
_.%_ x N —> z/N 5 (9.4) -
IN | :
. 2 )
and is therefore suppressed by 1/N” compared to its planar counterpart
at the same order in g2 . It is generally the case that nonplanar

graphs are reduced by l/Nz, as N —> o0 .



These combinatorial arguments select planar graphs as an

important subclass. To evaluate and sum all the graphs thus selected

is no trivial task. Instead, we may identify their common features

and speculate that these survive confinement. It is possible in this

way to establish the following results in the large-N limit :

i/

ii/

iii/

iv/

v/

vi/

Mesons are free, stable, and poninteracting. For each allowed
combination of :T and flavor quantum numbers, there are

an infinite number of resonances.

Zweig's rule is exact. Singlet-octet mixing (through virtual
annihilations) and meson-glue mixing are suppressed. Mesons

are pure (qq) states, with no quark-antiquark sea.

Meson—meson bound states, which would include particles

with exotic quantum numbers, are absent.

Meson decay amplitudes are proportional to 1/Vh] , SO

mesons are narrow structures.

The meson-meson elastic scattering amplitude is proportional
to 1/N and is given, as in Regge theory, by an infinite

number of one-meson exchange diagrams.

Multibody decays of unstable mesons are dominated by resonant,

quasi~two body channels whenever they are open. The partial

-4
width of an intrinsically k-body final state goes as ﬂ/bd .
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vii/ For each allowed J 7 there are infinitely many glueball
states, with widths of order I/N2 . They are thus more
stable than (qq) mesons, interact feebly with (qq) mesons,

and mix only weakly with (qa)‘states.

Until QCD is actually solved, we will not know how closely
the pJ’%*‘x) limit of SU(N)c resembles the case of inte-
rest, which is color-SU(3). The preceding list of large-N
resuits does bear, however, a quite striking resemblance to
the world described earlier in these lectures. To the extent
that the 1/N expansion faithfully represents the consequences
of QCD, much of the foregoing phenomenology is explained, and

many of the model approximations are justified.

To see how conclusions (1)—-(vii) may be reached, let us
consider the 1/N derivation of the Zweig rule. A possible
mechanism for the Zweig-forbidden decay of (qq) state is

shown in Fig. 43, the process

(zi) —> g? ""”ZI_Z—/—’? mesons , (9.5)

This is shown in standard notation in Fig. 43(a), and in
double~line notation in Fig. 43(b). In the latter case I
have tied together the ends of the quark and antiquark lines
in mesons to emphasize that the mesons are color singlets.
The Zweig-forbidden decay amplitude contains a single color

loop. It therefore goes as



4

& * N ~ %4/1\!. o (9.6)

N’

At the same order in the strong coupling constant, the allowed
decay is illustrated in Fig. 44. In the double-line representation,
it is seen to contain two color loops. The allowed amplitude is

therefore proportional to
4 _
2
2 4
=)« N ~ 3 (9.7)

YN’

Thus at each order in perturbation theory, the Zweig-forbidden decay
is down by a power of 1/N in amplitude compared with the Zweig-
allowed decay. Since this.reasoning does not rely upon the smallness
of the strdng coupling constant, which may well be appropriate for
the y’ and T families, it is an appealing argument for the inhi-
bition of P f’ﬂ: . The 1/N expansion has also been applied to the

problem of baryon structure by Witten (1979b).

To close this brief section on the 1/N expansion, let us
briefly return to the difficulty of understanding the -nl mass. A
clear statement of the puzzle of the flavor-singlet pseudoscalar
meson, which is known as the U(l) problem, was given by Gell-Mann,
Oakes, and Renner (1968) and by Weinberg (1975). What seems a pro-.
mising phenomenological explanation is the influence of virtuél
states composed of glue alone, as described in § 8.3. A formal so-
lution to the U(1) problem was given by 't Hooft (1976), who argued
that the U(l) current has an anomaly which leads to a physical non-

conservation of the U(1) charge. This removes the raison d'@tre for



a ninth light pseudoscalar. The relationship between the intuitive
and formal approaches was exhibited in the context of the 1/N
expansion by Witten (1979a, 1980c), Di Vecchia.(1979), and

Veneziano (1979b),



10. Regrets

One cannot reach the end of a course such as this without
contemplating what might have been, or what should have been. There
are a number of subjects that I have been forced by the pressure of
time to omit. Here I attempt to make amends by providing a brief

bibliography for some of the topics I had hoped to discuss.

10.1. The Masses of Quarks

At various points in the analysis of hadron masses we
have had occasion to refer to the effective masses of confined
quarks. Several important issues have thus been swept under thé
rug, or at best talked around. One is how QCD behaves in the
limit of vanishing quark masses, for which the Lagrangian will
have an exact SU(n) ® SU(n) chiral symmetry operating inde-
pendently on the left-and right—handed parts of the quark fields
for the n massless flavors. That this is approximately so in |
Nature is evidenced by the success of soft-pion theorems (see
Adler and Dashen, 1968 ; Renner, 1968 ; Lee, 1972). The Lagran-
gian will also have the chiral U(1) symmetry which leads to the

! . .
puzzle of the }] mass dealt with in § 9.

In the limit of zero up—, down-, and strange—quark masses,
-QCD possesées an octet of exactly conserved axial currents. It
is believed that the corresponding chiral symmetry must be

spontaneously broken along the lines described by Nambu and



Jona-Lasinio (1961ab). Accordingly, in the world of three massless
quark flavors there should be eight massless Goldstone (l961)_bosons
which we identify with the pseudoscalar octet. See also Nambu (1960).
The pattern of the spontaneous breaking of the chiral symmetry of QCD
has been discussed from the point of view of the 1/N expansion by

Coleman and Witten (1980).

Nonzero values of the quark masses which appear in the Lagran-
gian are thougﬁt to arise from the spontaneoué breakdown of the
SU(2) @ U(1) gauge symmetry of the electroweak interactions by means
of the Higgs (1964ab) mechanism (for an elementary discussion, see
Quigg, 1981),V0r through dynamicél symnetry breaking (Weinberg, 1976,
| 1977 ; Susskind;v1979 ;3 Farhi and Susskind, 1981). It then follows
that the T , K , and 'ﬁ are only approximately massless, although
they are presumed to retain some memory of their chiral origin. The
Lagrangian ("current quark") masses have been studied by Leutwyler

(1974ab), Pagels (1975), and Langacker and Pégels (1979), among others.

If the masses of the up and down quarks are not identical-—‘a
possibility we have entertained in connection with electromagnetic
mass differences of hadrons — there may be a number of observable
violations of isospin symmetry. The effect upon S?U) mixing was
mentioned in passing in § 3.1.3 , and many other applications are
discussed by Gross, Treiman, and Wilczek (1979), Isgur, Rubinstein,
Schwimmer, and Lipkin (1979), Langacker (1979, 1980), and Shifman,

Vainshtein, and Zakharov (1979d).



For recent attempts to understand the chiral nature of the

pion within the framework of QCD and confinement, consult Pagels
(1979), Pagels and Stokar (1979), Donoghue and Johnson (1980),

Goldman and Haymaker (1981), and Haymaker and Goldman (1981).

10.2. Decays and Interactions of Hadrons

Iméortant support for flavor-SU(3) symmetry and for
specific multiplet assignments derives from the systematic study of
hadron decay rates and hadron-hadron reaction rates. The quark model,
with or without specific dynamical assumptions, makes many predictions
that are sharper than those of SU(3) alone. Entry to the extensive
literature on these subjects may be gained via the lecture notes by

Rosner (198la) and the book by Close (1979).

10.3. QCD Sum Rules

A very different and extremely provocative approach to
hadron spectroscopy has been pioneered by a group from the Institute
for Theoretical and Experimental Physics in Moscow. I regard my
omission of their method of analysis as particularly unfortunate. For
the students at Les Houches, although not for posterify, thié void was
filled by informative seminars by John Bell and Eduardo de Rafael (but
see in part Bourrely, Machet, and de Rafael, 1981). A short course is

provided by the following articles : Shifman, Vainshtein, and



zakharov (!979abcd) ; Voloshin (1979) ; Leutwyler (1981) ; Reinders,

Rubinstein, and Yazaki (1981) ; Bell and Bertlmann (1981) ; and

Toffe (1981).

10.4. Relation to Other Pictures of Hadrons

Finally, and still more telegraphically, I wish to note
a few articles which pertain to other approaches to hadron structure
and their connections with the schemes I have discussed. Renormaliza-
tion group techniques for quarks and strings are reviewed by Kédanoff
(1977). The theory of dual models and strings is summarized by Scherk

(1975). Parallels between QCD, especially in the 1/NCO expansion,

lor

dual theories, and the Reggeon calculus are drawn by Veneziano (1976,

1979a) .
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PROBLEMS

1., Consider bound states composed of fundamental scalar particles (denoted

. C
0°). The quantum numbers of G~ are J = 0++ . For (g°0") composites,

a) Show that a bound state with angular momentum L (i.e. an orbital
excitation) must have quantum numbers

C=(-1)" - P=(A)

>

b) Allowing for both orbital and radial excitations, construct a schematic

mass spectrum of (00" ) bound states. Label each state with its quantum

numbers :Y?C

c) Now suppose that the fundamental scalars have isospin I. Compute C, P,

and G for (G°0" ) bound states, and redo part b).

2. Consider bound states composed of fundamental spin-1/2 particles (denoted

f), with isospin = 1/2. For (ff ) composites,

a) Show that a bound state with angular momentum L must have quantum

numbers

L ey L+s+T
C=() . P, G=0

2



where s is the spin of the composite system, and I is its isospin.

b) Allowing for both orbital and radial excitations, construct a
schematic mass spectrum of (55 ) bound states. Label each state

o - PC
with 1ts quantum numbers J

2 PC 4 . .
3. The.n ~meson (550 MeV/c”) has quantum numbers J = 0 and isospin

zero. Its principal decay modes, and branching fractions, are

11 38 7

T° T 30 %

p Al (O 2% 7 .

We wish to understand the surprising competition of photonic and hadronic
decay modes. Show that the hadronic decays are isospin-violating. Analyze
the 3T and the wWrw ° decays separately. What qualitative explanation

can be offered for the relative decay rates ?

4. The permutation group on three objects admits three representations :
symmetric (S), antisymmetric (A), and mixed (M), For the first two,
the group elements are

lement

Representatio I (12) (13) (23) (123) (132)

s 1 1 1 ] 1 ]

A ! -1 -1 -1 . i 1




When baryon wavefunctions are constructed from three isospin quarks,
! — ! . . .

|If"/?_7. IE_ -'L'-/2> » the antisymmetric representation cannot be formed.
Consider the M representation of I = 1/2 fipnal states, which may be built
by first coupling quarks | and 2 to isospin 0 or 1, and then coupling the

: : VR ..
third quark. Use as a basis the two states L,/ (symmetric in

v, \ . .. '

(12)) and l/27/£70 (antisymmetric in (12)). Denote these states as

kY .
i1t> and ‘CC?, and use ld)) as a basis vector for M. Find the 2 x 2

matrices representing the action of the permutations listed in the table

for the M representation..

5. The flavor symmetry SU(2).

isospin and the rotational symmetry SU(2)

spin
may be combined systematically in the group SU(4). In nuclear physics,
this symmetry group provides the basis for classification into "Wigner

supermultiplets'. The fundamental representation of SU(4) 1is

i

4= [ ) .

Using the notation (2 I + 1, 2 s + 1 ) for the isospin X spin decompo-

N A b

sition of SU(4) representations, we may write



which shows that the 4 of SU(4) transforms as a doublet under isospin

rotations and as a doublet under spin rotations.

a) Using the techniques for SU(N) computations developed for example in
Chapter 3 of Close (1979) or in Bacry (1967), work out the SU(4)

content of the product
seies .

Characterize each SU(4) representation in the product by its Young

tableau, symmetry properties, and dimension.

b) Give the (gzii, 2s+1) content of each of the SU(4) representa-

tions in your expansion of 4 ® 4 ® 4 .

Reference : Lipkin (1966).

+ + o -
. Compute the magnetic moments of A 5 A 5 A 5 A . Assume that

. the magnetic moment of a quark is given by

ML= e h /ZM;,C,

where 1 = u,d and e, is the quark charge in units of Iel . Further

assume that m = m.,
u d

References : Close (1979), Chapter 4 ; Kokkedee (1969), Chapter 11.



7. Work out the explicit Su(6) wavefunctions for the strange members

of the baryon octet :

The expressions will be the analogs of
Ty Wy 280UUp ~ Ay U

— Up Uy Gy — WUy +2Uusdy )

and

ntd = () (20,0, de = dyupdy, = dyu,dy
- quxib dwr <+ 12\*0(i¢-dur - \k¢(i¢.d¢

— Opdy, Up — dydp iy + 243dau)

8. Using your explicit wavefunctions, express the magnetic moments of the .

strange baryons in terms of '/Au) }Ad; f&s.

9. In the SU(3) symmetry limit, the quark magnetic moments are proportional

to quark charge :
!
Pa= Ps= 7 Pu

Using the proton moment,

}JP = 2.793 n.m.

as input, predict the numerical values of the magnetic moments of the
octet baryons. Compare with the measured values given by the Particle

Data Group (1980).



10.

Reference for problems 7-9 : Thirring (1966).

Consider the weak decay of a A -hyperon (with four-momentum F,\)
into a proton (with four-momentum p) and a TL (with four-momentum q).
In general, the Feynman amplitude for the decay will have vector and

axial vector terms. We write the general form for the amplitude as
- I s

Work in the rest-frame of the /\ (P/\ =0 ) and let the proton mo-
mentum lie along the Z-direction. Compute the decay angular distributic

for a /\ with net polarization P,\ along an arbitrary direction fi. Shov

that it takes the form

do,, A.A
E = aonstan'tx (1*0(-?/\1 !2_>)

so a measurement of the decay angular distribution determines O(B\ .

Express the asymmetry parameter A in terms of A, B, Mp’ and Ml\

. Now consider the decay of an unpolarized /\ . Show that a measurement

of the proton's helicity leads to a determination of the asymmetry

parameter d .

References for Problems 10 and 11 : Gasiorowicz (1966), c.33 ; Cronin

and Overseth (1963) ; Okun (1965).



12.

The magnetic dipole transitions among charmed mesons may be relatively

immune from recoil effects, because of the large masses and small mass

differences.

a) Neglecting the small phase space difference, and approiimating

b)

c)

d)

= 0, calculate the ratio. F( D’*o”" Do '5)/[1(1)'9’4:._.) D+Z$)
pe |

Z —
Redo your calculation assuming f.Lc?— “'g ]‘L.S - 0.41

Continue to uéé }AM':'- "Zio(d = -%-}&P

Now using the masses, branching ratios, and momenta given in ﬁhe
Particle Data Group (1980) meson table, compare your predictions with
experiment. You will need to use isospin invariance for the strong
deéay amplitudes, and to correct the strong decay rates for phase

space differences.

+
Assume the masses of the charmed-strange mesons are F : 2030 MeV/c2

and F§+

='2140 MeV/cz. Using fk' and f&s as in part b), estimate the
' k
absolute width for the decay F: —> F:Zf . What branching ratio do

you expect ?

2
13. Derive the connection between ‘Q?(O)I and the leptonic decay rate

of a (qq) vector meson . It is convenient to proceed by the following

steps

. . ’ . ~ + -
a) Compute the spin-averaged cross section for the reaction qg—>» e e .

Show that it 1is



b)

c)

d)

e)

14.

TCO‘Z'Q;: ﬁ',e
12E% B

(3"?;:‘)(3*?{‘);

where E is the c.m. energy of a quark and {; is the speed of a

particle.

.3
The annihilation rate 1in a -31 vector meson is the density x

relative velocity X %— (to undo the spin average) ¥ " , or

M= [Flo) % 28, x %o

How is the result modified if the vector meson wavefunction is
o — » l—-
V> = Z.cklcbczﬁ 7
L

Now neglect the lepton mass and the quark binding energy and assume

the quarks move nonrelativistically. Show that

bt ot® T %< .\
SM: ’Y(ON (ZICL&.)-

F(V'°-> 6"'6") =

How is the result modified if quarks come in NC colors and hadrons are

color singlets ?

References : Van Royen and Weisskopf (1967) ; Pietschmann and Thirring

(1966), Jackson (1976).

The Han-Nambu (1965) model is an integer-charge alternative to the

fractional-charge quark model, with quark charges assigned as



. flavor
color u d 8

R 0 -1 -1
G 1 0 0
B 1 0 0

a) Show that below the threshold for color liberation, the ratio
a— haad +-— —
R=E clete ——rho\drons)/o‘(e e —> }A*"k )

is R = 2, as in the fractional-charge model, and that R = 4 if

color can be liberated.

b) Consider the reaction
NAK —>» hadrons ,

viewed as 'UK'%7qa . Show that with fractionally charged quarks

4
(¥ =hadnons) € 2 €, = 'Z_—g >
l

and that in the Han-Nambu model

2 below color threshold
G‘(KK—)hadrons)OC

4 above color threshold

References : Close (1979), c.8 ; Chanowitz (1975) ; Lipkin (1979a) ;

~see also Okun, Voloshin, and Zakharov (1979).



15. Consider the electromagnetic interaction of two classical charged
particles, with charges of q, and q,, masses m, and m,, and positions
r and r,. In the static limit the interaction Lagrangian is the fami-

liar Coulomb Lagrangian,

zmty\m = T 9% /r

] 9 is the relative coordinate. Derive the interaction

; 2 . . .
Lagrangian through order (v/ec)”, and show that it may be written in the
form obtained by Darwin in 1920

9. |, 1 avs ol Lo
Lw =~ 1= | Vet + (4 D)D)

The derivation is most gracefully carried out in the Coulomb gauge.

Reference : Jackson (1975), c. 12.

16. a) Show that the magnetic field due to a classical particle with

magnetic dipole moment IA at the origin of coordinates is

o

A LA

$T <3 3rlr-p)-

Bly)= 5 pd(n+22 LB T E
r

b) Now consider the (classical) interaction of a static nucleus with

magnetic moment’ﬁfN , fixed at the origin, with an electron (with

magnetic moment lfeand electric charge e) orbiting about it with

angular momentum L. Show that the interaction energy is given by the

hyperfine Hamiltonian



8rc
Hues = —3 He g_z(»f)
e [ A= L]

Discuss the origin of each term.

References : Fermi (1930), Jackson (1975), c. 5.

17. The Darwin Lagréngian for two charged particles is given by the
interaction Lagrangian Jf&t- of Problem 15 plus the free-particle
Lagrangian expanded to order l/c2 s

2 2 1 4 4

%

reg

a) Introduce relative coordinatesr = r, - T, and v = v, - Vo and c.m.
A P Ponger L

~ 1 ]
+ L

;i free int

coordinates. Write out the Lagrangian ;fDarwin

in the reference frame in which the velocity of the center of mass

vanishes and evaluate the canonical momentum components I)xzai/a\&)

etc.

b) Compute the Hamiltonian to first order in ]/c2 and show that it is

_B_Zvl . ‘iqiz__ 4_.1——-.4- 1)
H=7 (Tnj+mz)+ r 8c* (mf iy

p 2o (4 (B

Zﬁhmzcz r

.




Compare with the various terms in eqn. (42.1) on p. 193 of

Bethe and Salpeter (1957). Discuss the agreements and disa-

greements.

References : Jackson (1975), problem 12.12 ; Berestetskii, Lifshitz,

and Pitaevski (1971), pp. 280-284 ; Breit (1930) ; Heisenberg (1926).

18. By coupling together first the quarks and antiquarks separately, show

19.

that the colorspin for a collection of n constituents is given by

z<> ‘. 0.-gj>:-4G(6)2 45'(5

PATIFAY Htot *3 St0tStor * 1)

i<j
[(6)2 (s)z] [(3)2 (3)2]
+8 (G
~ quarks * ~antiq ~quarks * ~antiq

8 ’ .
3 [Squarks(squarks +1x santiq(santiq * 1)] - 8&n,

where the labels (quarks, antiquarks) refer to the collective repre—
sentations of quarks and antiquarks. Verify that for a state composed

only of quarks you recover (5.81).

Consider quark-antiquark states. Using SU(6) techniques, identify the
colorspin representations containing color singlets, and compute the
expectation value of the colorspin operator. Compare with the results

in Table 15 for 0 - 1 splitting.



20.

21.

22.

23.

Enumerate the SU(6) representations that can be formed out of

colorspin
two quarks and two antiquarks. Give the SU(3) & SU(2) decomposition
(6)2

of each. Compute G, for each representation.

Reference for Problems 18-20 : Jaffe (1977ab).

Show that quarkonium level spacings independent of the constituent mass

occur in a logafithmic potential, \/(() = A .Q,O%(\'/\'o).

Reference : Quigg and Rosner (1977).

Using the Schrodinger equation (6.3 ), prove the identity
‘ O)l \ﬁy )\ }A <(‘j\/:>
41 Zrc‘h?' dr

for a system with reduced mass IA

Reference : This result is apparently due to Fermi and to Schwinger,
in unpublished work. A general derivation appears in § 2.2 of Quigg

and Rosner (1979).

By evaluating the identity just derived in semiclassical approximation,

show that for a general nonsingular potential

32 Va,
2
1Y (0 ~ -i*- En  9Ex

4t 2n
References : Krammer and Léal Ferreira (1976) ; Quigg and Rosner (1978c) ;

Bell and Pasupathy (1979).



oL. Consider the Schrodinger equation for s-wave bound states of é

1/r potential in N space dimensions:
2
[V" + 20(E + a/r) J¥(r) = 0 . (1)

(a) Show that the radial equation is

, |
[—‘3— + A 4y o s a/r)] ¥a) = 0 . (2

drz r dr

(b) Now take the limit of large N, so that (N-1) - N. Introduce a

reduced radial wavefunction

a = rN/z‘JJ (3)
and a scaled radial coordinate
2
R = r/N . (4)

Show that the Schrodinger equation becomes

2
[—%9—;—-—95+2pm21~: +a/R)u]' =0 . (5)
N ar® 4R

(c) Apart from the factor N2 which sets the scale of E, this equation

describes a particle with effective mass uNz moving in an effective

potential
. (6)

Find the energy of the ground state in the limit as N+ «, for which
the kinetic energy vanishes. Show that it is given by the absolute

minimum of Veff’ so that



E. . = -—2;1012/1\12 . (7)

Nr®

Corrections to (7) may be computed by expanding Vé about the

£tf

minimum and treating the additional terms as perturbations.
(d) The exact solution to the exact eigenvalue problem (2) is easily

"verified to be

2 2
Eogact = ~2H0T/(N-1) . (8)

Show that the exact eigenvalue can be recast in the form of an

expansion in powers of 1/N as

Eexact

(2]
_ 2ga2 Z -y
= - NZ . IN
. j=1

. ©
= EN-N:O 1 + z le_J ’
‘ ) e .

so that the N»® result may form the basis for a systematic approxi-
mation scheme. How many terms must be retained to obtain a 1%

approximation for N = 37

Reference: Mlodinow and Papanicolaou (1980).
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Table 1}

Contributions to Electromagnetic Mass Differences in Nonstrange Baryons

Particle Nd o Z, e{_eé <Ze\leéo—i.'o">
3 -

L(é
1 0 : 4/3
2 -1/3 1
A 0 : 4/3 4/3
NF 1 0 0
o

A ) ~-1/3 -1/3

D ' 3 1/3 - 1/3




Table 2

Contributions to Electromagnetic Mass Differences in Nonstrange Mesons

Particle Nd <eli—e'{\> <eiei*q‘q..”q—i> A
w
1 ~-5/18 5/6
nt | I 2/9 -2/3
e 1 -5/18 5/6
W 1 ~-5/18 ~-5/18
g’f 1 2/9 2/9
8o 1 -5/18 ~5/18

1 2/9 . 2/9

S
<g°\M\w> | 1/6 1/6




Table 3

Properties of the Quarks

Quark I I, S B Y=B+S  Q=1,+Y/2
u 1/2 1/2 0 1/3 1/3 2/3
d iz =12 0 13 1/3 -1/3
s 0 0 -1 1/3 -2/3 -1/3




Contributions to Meson Masses for particles containing strange quarks

Particle N, Ny <eﬁ_ei> <e‘i_e€ 'g"-‘};.“q%>

K _ 1 0 2/9 -2/3
K° 1 1 ' -1/9 - 1/3
X° i 1 -1/9 1/3
K 1 0 2/9 -2/3
K* I 0 2/9 2/9
K*© i 1 ~1/9 ~1/9
K*° o 1 -1/9 -1/9
-

K ! 0o 2/9 2/9

Y 2 0 -1/9 ~1/9




Table 5

Baryon masses (MeV/cz)

Particle Model Experiment
P 938.28 938.28
n 939.58 939.57
+
2 1125.95 1189.36
s >—7.98 ~7.98+0.08
b2 1133.93 1197.34
° > 4.88 4.88+0.06
2 1129.05 1192.46
N 1127.84 1115.60
o]
A 1314.90 1314.9
o 1321.60 1321.62
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Table 7

Axial Charges %A/%V. in Semileptonic Decays of Baryons

Decay : Cabibbo/SU(3) Quark Model Experiment
n— pev D+F 5/3 1.254+0.007
A= pev F+D/3 I 0.62+0.05

' ' +(0.734+0.03)

— 0
7 —>) eV F 2/3
it” ANev pure axial pure axial %;/%;: =-0.10+0.22
Z o nev F-D -1/3 +(0.385+0.070)

-— v’uo
2 aev F-D -1/3
-
a5 — Nev F-D/3 1/3

a)

a)

a) Particle Data Group (1980)

b) Jensen, et al. (1980)
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Table 9. Electromagnetic Charge Radii of Mesons

2.
Particle Beam Momentum _<( 2‘> gm Reference
EM /4
(GeV/c)

Y (v 100 0.31 + 0.04 Dally, et al. (1977)
250 0.43 + 0.03 Dally, et al. (1980a)
Combined fit 0.39 + 0.04 Dally, et al. (1980a)

K 250 0.28 + 0.05 Tsyganov (1979) ;
Dally, et al. (1980c)
1C/K Comparison 0.25 + 0.05 Dally, et al. (1980b)
K° 30 - 100 -0.054+0.026 Molzon, et al. (1978)

o T e
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Table 11

SU(6) Classification of the Baryon Resonances

SU(6), P 3D gy (3) - Members
564+ 2 (] N(939), A(1115), T(1193), 2,(1318)
4 [10] A(1232), $(1385), 2(1533), N(1672)
A 2
70,- (1] A(1405)
“ 1] A(1520)
8] N(1535), A(1670), Z(1750), %(1684) ?
2 (8] N(1700), A(1870)
“ 6) N(1520), A(1690), F(1670), 2(1820) ?
“ (8] N(1700) $(1940) ?
¢ 8] N(1670), AC1830), 3(1765)
2 (10} A(1650)
% [10] A(1670)
| 4
56,* [,§] N(1810), A(1860)
® (5] N(1688), A(1815), F(1915), 5(2030) 2
? [10] A(1910)
‘o
6 -
(10] A\(1890)
8 [1o] A(1950), $(2030)
56, ? (9] N(1470) 5 (1660)

"[10 - A (1690)
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Table 12

Value of the Color Casimir Operator in Small Representations of SU(3)-

Representation { T2>

(1] 0
[3]or [37] 3
[61or [&] BN LTE
(&) o3
[10]or [10*] 6

[27 8



Table 13

"Interaction energies'" for few-quark systems

= W -ty
Configuration <Z 1 : ,\L
<y
(@) ] - 4/3
(q9) 8] +1/6
(QQ)[ 3'5] - 2/3
(qq) [6] ' 1/3
(qqq) (1] -2
(qqq) [8] - 172
+ 1

(aqq) U.Q]

(qqqq)[}h -2

246
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Table 14

Baryon masses including the color hyperfine interaction,

For definitions see (5.44) and (5.45),

Baryon AEHFS /5MC.M. Ns Fitted mass (MeV/cz)

N(939) -3 0 939

A(1116) . -3 ! ' 1123

2.(1193) P-dm /m 1 1189
2 2

2(1318) -4 mu/mS +m /ms 2 1345

D (1232) + 3 0 1232

$¥(1384) I+ 2m /m 1 1383
2 2

v

2(1533) 2 mu/ms +m /ms 2 1539

na672) 3w /m 3 1701




Meson masses including the color hyperfine interaction.

Table 15

For definitions see (5.52) and (5.53).

Meson AEHFS /BMQ.M. Ns Fitted mass (MeV/cz)
TC(138) -3 0 138
K(496) : -3 mu/ms ] 489
9 3 2
)](549) -7 ~(f_“,L_L) 1/2 297
) 4\m
. S
3 9fm 2
}]'(958) - -(__i) 3/2 616
4\m
5
¢ (776) 1 0 776
0 (784) : 1 0 776
*
K> (892) m /m 1 894
P (1020) mu?‘/ms2 2 1034

&40



Table 16

Some properties of the Heavy Quarks

249

Quark 1 Q Charm Beauty Truth
c o 2/3 ] 0 0
b 0 -1/3 0 1 0

t 0 2/3 0 0
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Table 17

Symmetry properties of flavor and color-spin wavefunctions for three quarks

2
Flavor SU(3) Color-spin SU(6) __(’;_h(6) Su(3)

color ® SU(Z)spin

Lol [T s ME Y (1], @

[, @
(el =™ 0 [ 33/ [11. @
a — | (s]. welsl,

Lol @

(1] A 56, s 45/4 [8]. @

0l @
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Table 18

Candidates for Radially-Excited Pseudoscalars

State I » Seen In Remarks
1t'(1342) I £TC Bonesini, et al. (1981)
))(1275) 0 7]rm' Stanton, et al. (1979)
(1400 0 L Stanton, et al. (1979)
via Close (1981)
L(1440) 0 %—->b’+(KETC7 Scharre (1981)
K' (1400) 1/2 K (K‘E) Brandenburg, et al. (1976)

Aston, et al. (1981)




Some properties of the

Table 19

3

T’(V*fe*e‘)7kev

252

/
S1 "’states (from Particle Data Group, 1980)

Level ot » keV
¥ (3097) 4.60 + 0.42 63 + 9
¢3685) 2.05 + 0.23 215 + 40
¥ (4029) 0.75 + 0.15 52 + 10 MeV
¢(4159) 0.77 + 0.23 78 + 20 MeV
Y(au1s) 0.49 + 0.13 42 + 10 MeV




Table__ZQ
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Some properties of the 351 T states (from the review by Schamberger, 1981)

Level (P ete), xev Mot kev
P (9433) 1.17 + 0.05 35,570

, .

Y (9993) 0.54 + 0.03 ~ ™MT)
P (10323) 0.37 + 0.03

m
P (10546) 0.27 + 0.02 ~15 MeV
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Table 21

Decay modes of the (sg) state, 99(1020) (Particle Data Group, 1980)

Channel Branching Fraction (7) U (MeV/c)

Kt~ 48.6 + 1.2 127
K, Ks 35.2 + 1.2 11

LU o (o 14,7 + 0.7 462
'))7)’ | 1.5 + 0.2 362
™7 0.14 + 0.05 | 501
ete” 0.031 + 0.001 510
- 0.025 + 0.003 | 499

P




Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. S
Fig. 6
Fig. 7
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CAPTIONS

Energy levels for A = 7 nuclei (from Ajzenberg-Selove, 1979).
The diagrams for individual isobars have been shifted vertically
to eliminate the neutron-proton mass difference ani the Coulomb
energy, taken as EC = (O. b MEV)Z (2‘1)//\ /3.

Energies in squafe brackets represent the approximate nuclear
binding energy EN: M (Z)A)—‘ZMP%AfZ)Mn— EC , minus
the corresponding.quantity for 7[.£ . Note the one-to-one cor-

) 7, - 7
respondence between levels of the mirror nuclei Ly and Be .

Energy levels for A = 11 nuclei (from Ajzenberg-Selove, 1975).

. . . . . . . 11
Notation as in Fig. 1, with binding energies referred to B.

Energy levels for A = 14 nuclei (from Ajzenberg-Selove, 1976).

4
Notation as in Fig. 1, with binding energies referred to AJ.
The isospin quarks.
Isospin assignments of the nucleons and nucleon resonances.

The weight diagram for the fundamental [3] representation of

SU(3).

Weight diagram for the vector meson nonet = {1] Q)Cgﬂ.
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: Decompositions of the fundamental quark triplets with respect

to the SU(2) subgroups U-spin and V-spin.

The JP 3/2+ baryon decimet.

il

+
The J 1/2 baryon octet.
Action of the I-spin, U-spin, and V-spin raising and lowering
operators on the fundamental triplets of quarks [3:land antiquarks
Egl
Properties of the lowest mode of a fermion confined within a rigid
sphere. ﬁa) Fermion momentum as a function of 1ts mass m and the
sphere radius R. (b) Ratio of the fermion mass to the energy of its

lowest confined mode.

Lowest-mode energy of a massless fermion confined to a rigid,

static sphere of radius R (see eqn. (3.145)).

Lowest-mode energy of a fermion of mass m confined within a rigid,

static sphere of radius 4/3 fm.

Magnetic moment of the confined fermion in units of the Dirac
moment for a free fermion with mass equal to the energy (D) of the

confined fermion.
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Axial charge of a nucleon composed of equal-mass quarks confined
within a rigid spherical cavity, as a function of the dimension-

less parameter mR.

Overlap factor éy defined in eqn. (3.155) as measured in various
Ml decays of mesons. The dashed entry for (A.)'—>TE°?§ is for

the reanalysis by Ohshima (1980).

Method of pole extrapolation for studying the interactions of

unstable target particles.

(a) Pion scatteiing from a virtual pion.

(b) Measurement of the electromagnetic form factor of a virtual
‘pion. Additional diagrams are required to contribute by gauge

invariance.

: Regge trajectories of the natural-parity mesons. Uncertain states

are indicated by open circles.
Expected SU(6) multiplets of baryons.

Regge trajectories of the nucleon, A , and /\ resonances.

The ratio R = 0" (e¥e — hadrons) /T(ete — 'u'*tf)
compared with the predictions of the quark-parton model.
(a) W< 4 GeV (after Spinetti, 1979) ; (b) 8 Gev< W< 40 GeV

(after Schamberger, 1981).
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The quark-quark-gluon interaction in QCD.

A baryon configuration which is not considered in the sum over

two-body forces.

Attempting to separate a quark and antiquark results in the
creation of a quark-antiquark pair from the vacuum, so that color

is always neutralized locally.
A massless quark and antiquark connectedbya linear string.

Meson states in flavor SU(6), decomposed into SU(A)udsc o LK1)b

é@\j(f}t . The additive quantum numbers are denoted by B(beauty)
and T(truth).

JP = ]/2+ baryon states in flavor SU(6).>The circled states occur
twice, as do those that lie in both [6] and [31} of SU(3)uds

-

There are 70 states in all.
JP = 3/2+ baryon states in flavor SU(6). There are 56 states in all.

The spectrum of charmonium (CE). Branching fractions (in percent)

are shown for the important classes of decays (Particle Data Group,
1980 ; Himel, et al., 1980a ; Oreglia, et al., 1980 ; Schamberger,
1981 ; Scharre, j981). Charm threshold is indicated at twice the D

meson mass.




Fig. 31

Fig. 32

Fig. 33

Fig. 34

Fig. 35

Fig. 36
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The spectrum of upsilon (bb) states. Branching fractions (in
percent) are shown for the important classes of identified decays

(Schamberger, 1981). Beauty threshold is indicated schematically.

/
Lower bounds for leptonic decays of?f and?? (after Rosner,
et al., 1978) together with the data cited in Table 20. The bounds
are computed from eqn. (6.45) using 4 leptonic widths 1@~

below the central values and assuming hﬂb /rnc'2§'3.

A possible spectrum of strangeonium (sg)blevels. Identification of
E{1418) and 50(1634) as pure ss states may be disputed. The dotted

+ .. . e . .
0 entry 1s impressionistic, having been invented from the Y’

mass and the TC—-§’ splitting, appropriately rescaled.

Charge induced by a positive test charge placed at the center of

medium < 1
> 1 of

a hole in a dielectric medium. (a) Dia-electric case &
hoped to resemble QCD ; (b) Dielectric case Emethn

normal electrodynamics.

(a) A single link between two quarks in lattice gauge theory.
(b) The smallest closed loop, corresponding to a quarkless exci-

tation.

The Okubo-Zweig-Iizuka rule applied to Y’-ﬂecay. The connected

diagram (a) is allowed ; the disconnected diagram (b) is forbidden.
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. . + - + -
Cross sections for the two-photon reactions e e —3 e e +

hadrons. The cross section for excitation of ((1440) is computed
under the assumption that P(L—#.KU) = ] keV, and so should

be multiplied by [1(L—5‘55) /(1 keV). The cross section forv
the reaction €+e_—-> rﬁ'rf ("one unit of R") is shown

for reference.

Double~line notation for quarks, gluons, and their interactions

useful for l/NC analyses.

Lowest order vacuum polarization contributions to the gluon propa-

‘gator. (a) quark loop ; (b) gluon loop ; (c) quark loop in the

double~line notation ; (d) gluon loop in the double-line notation.
A two-loop diagram in (a) conventional and (b) double-line notation.

A three-loop diagram in (a) conventional and. (b) double-line

notation.
A nonplanar graph in (a) conventional and (b) double-line notation.

A mechanism for OZI-forbidden decay, at order gh, in (a) conventio-

nal and (b) double-line notation.

0ZI-allowed decay of a meson, at order gé, in (a) conventional and

(b) double-line notation.
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