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MEIKTONS: MIXED STATES OF QUARKS AND GLUONS™

Michael Chanowitz
and 7
Stéphen Sharpe
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
Abstract
We calculate the spectrum of the féur ground state
meikton (qgg) nonets, JPC = (0, 1, 2)_+, 177, using the
MIT bag médel to first order in cavity perturbation theory.
Quark and gluon self energies are included by a fit to the
é-wave mesons and baryons and to the glueball candidate
1(1440). We find a large gluon self energy which
substantially increases our predictions of the glueball
and meikton masses. We discuss the phenomenology of
meiktons, including a suggestion that the A3(1670) and
‘a second peak at 1850 MeV in the f7 channel may be
mixtures of the isovector gqq d-wave state with the aqg.

s-wave.

*This work was supported by the Director, Office of Energy
Research, Office of High Energy and Nuclear Physics, Division
of High Energy Physics of the U.S. Department of Energy under
contract DE-AC03-76SF00098.
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1. Introduction

Though often taken for granted, the existence of valence quarks
is a remarkablg and poorly understood feature of the_meson and baryon
spectrum. It is natural to speculate that hadrons also exist which
contain valence gluons, and this speculation liés at the heart of

bagl_A and potentials’6

.model descriptions of fhe glueba;l spectrum.
In this paper we use the bag model to study another kind of hadron
which must exist if valenéé gluons exist. These are mixed states
with valence structure aqg, which we call meiktons (pronounced
“make"-tons), Gfeek for ; mi%ed object.*

Meiktons have previously been discussea éualitatively7 and
their s-wave .spectrum has been studied in the bag model through

order_as.s-lo Our calculation of the spectrum is also to O(ag) in

the bag model but differs from Refs. 9 and 10 in that we incorporate
O(us) self energy'effects not included by the other authors. As
a result our predictions for the meikton (and glueball) masses

tend to be substantially larger. The s-wave meikton ground state

- forms four SU(3)Flavor nonets, JPC =1, (0, 1, 2)-+ which we

expect to lie between 1.2 and 2.5 GeV. We agree with Ref. 10
but not with 9, that the nonets are in order of increasing mass
0_+, 1-+,,1-_, 2_+. kThe 1-+ nonet 1s especially interesting since

it is exotic, in the sense that in the nonrelativistic quark model

X. : i
We thank the classics scholar M. Whitlock Blundell for suggesting

this term. Other classics scholars have instead used the term

"hermaphrodite."7
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no qq pair has JPC =1 +.

Should we expect valence gluons to exist? The question is
controversial. The answer may help us to understand why 1ight
valence quarks exist and why they obey the OZI rule. Asymptotic

freedom13 and the 1/N 4 expansion both purport to explain

Color
these sim@le features of light quark dynamics but| lead to differing
expeciations on the question of valence glue.

Consider first the 1/N expansion. OZI violating transitions

Color
ére suppressed by l/N2 in rate. The probability |to create a aq bair
is 0(1/N) éo that mixing of the valence qq and qqq wave functions with
9999, 999999 ... and qqqqd, 9999944, ... is suppressed by powers.
However in QCP we have only N = 3; also mn, = O(l/N)15 but experi-
mentally'mn, is a typical hadronic mass, an indiLation that 1/3
can have a céefficient of order 3. 1In the 1/N expansion there
is no suppreésion of gluon creation and therefore no reason to
expect valence gluons. In the framework of the 1/N expansion
rising multiplicities cannot be due to creation of aq pairs but
may reflect multi-glueball production at high energies. This is
a striking prediction which can be tested only after we have
succeeded in identifying some glueball states.

Another possibility is that perturbation theory already applies

in the interiors of ordinary light hadrons, for r <1 fm.13 Then

*There could however be'l_+ qq states in the bag model, due to a

11,12 .
exci-

C-parity doubling that occurs for radial and orbital
tations. These are the so-called "spurious" states discussed in

Section 2.

4=

the OZI rule and the dominance of the valence wave functions is
enforced just by powers of ag- Until recently it seemed very
optimistic to expect o to be small enough for this explanation
to apply but new results, such as the suggestion of smaller values
16 , S v

for A" and the abruptness of the strong to weak coupling transition
seen in lattice calculations, offer at least qualitative support. In
this framework the existence of valence gluons is enforced by
0% of .
powers a

The bag model provides another variant of the perturbation theory.

18-20 .
convergence is

explanation. Ip cavity perturbation theory
enforced not by o << 1 but by small overlap integrals which define
the interaction vertices in the cavity. 1In this framework we also
expect valence gluons to exist and be a usefhl concept.

There are two ways to decide experimentally whether valence
gluons exist. One is to find enough of the glueball spectrum to
see whether the obéerved quantum numbers agree with the eipectations
based on valence gluons. The other, which‘is the focus of this
papef, is to see whether meiktons exist. 'If there are valence

gluons then we are confident that there must be four L = 0 meikton

nonets as discussed below.
. 18 - . - 19 -
We use the MIT bag model following the technique of T.D. Lee

for perturbation theory in a fixed spherical cavity, as applied to

the meson, baryon and glueball spectrum by Barnes, Close, Horgan, .
and Monaghan.3’2Q_ The techniques and approximations involved are
thoroughly reviewed in Sec. 2. Here we describe the salient
differences between our treatment and the others.

First, we take the bag energy density B to be a universal

constant, characteristic of all hadrons constructed of quarks and
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% .
gluons. This follows from dynamical models of confinement which
give the bag model a natural theoretical basis in QCD. 'In both

the magnetic superconductor ansatz of Nambu, Mandelstam and 't Hooft21

2 )
2 based on-topological gauge

and the closely related "Prin;gton ﬁag"
field configurations, the constant B is-a property of the complex
. structure of‘the QCcD vacuum exterior to the hadronic bag while the
interior is in the simple perturbative Fock-space ground state.**
The QCD vacuum therefore exerts the same inward pressure B on
meson, ba;ygn, glgebéll and meiktoﬁ bags. ‘
Second, in applying our results we assume that i(1440) is a

glueball state but not pk1640). When 6 was discovered in ¢ + ynn

it was suggested that it might be a four quark state with flavor

1 S
content —=— (uu + dd)ss and the prediction made that T(6 + nn) =
V2 - '

r(e -+ K+K—) >> (8 » 11+n--)_.23 Recently 6 - K+K- haé been observed
at a rate consistent with I'(6 > nn) and an upper limit placed on
y(e + ©m) about a factor two below ;he rates for K+K- énd nn.z4
This data is consistent with the expectation for a (Gu + dd)ss
state but is not what we would exéect for a glueball._25

Third, our calculation incorporates the O(as) self energies
of the quarks and gluons. This is essential for a consistent
perturbative calculation to order ag and may aiso have large

physical effects, especially for valence gluons. Calculation

of the cavity-mode self energies is a formidable, still unsolved

* ]
In this we diffe; with the treatment of the glueball spectrum in
Ref. 3 which relaxes this constraint.

%k
M.C. wishes to thank Y. Nambu for a discussion of this point.

N
L]
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problem.*_ In this paper we proceed empirically, using the experi-
mentally observed spectrum to determine the s-wave quark self energy
and one combination of gluon mode self energies (the sum of the TF
and TM mode self energies). This means that we must redetermine
all parameters, such as B and ol which we do with a new fit to
the meson and Baryons, presented in Sec. 3. We find the quark
self energy improves the overall fit, especia11§ for the baryon
magnetic moments and the A-I splitting, which were the most serious
problems in the original MIT fi;.%s

In Sec. 4 we compare our calculation of the glqeball spectrum
to previou5'ca1cula£ions.3’4 Here our principal new observation is
that if 1(1440) is indeed predominantly a glueball, then gluon
self energies are very large, several times larger than quark
self energies, as might be expected quaiitativély given the larger
spin and color charge of the gluon. As a result our predictions
for the masses ;f the other gluebélls‘are larger. We find the 2t
glueball at ~ 2.3 GeV. The 2++ glueball is about ~ 1 GeV above
the 0++; the absolute value of the 0++ and 2++ masses is very
sensitive to the ratio of TE and TM gluon self enérgies which is
not fixed by thé i mass alone.

In Sec. 5 these results are abplied to the four nonets of the

meikton spectrum. The overall mass scale, but not the splittings,

depends on the ratio of the TE and TM self energies but much

*The problem has been studied in box-like cavities by Peterson et al.26

More reéently an elegant formulation which may be applicable to

practical caléulations'in spherical cavities has been developed by

Hansson and Jaffe.35
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less sensitively than the 0++ and 2++ glueballs. We explore values

of this ratio from 1/2 to 2. For the smaller value the 0-+, 2t

and 17 meikton nonets tend to lie near aq nonets of the same JPC,
i,e., the radially excited 0_+ nonet, the orbitally.excited 2_+
nonet, and the orbitally and radially excited 1 nonets.12
Therefore for small values of ;he TE~-TM ratio we anticipate
.appreciable mixing with these.nonets. Nevertheless even in this
case there will be too many states for the aq model alone: it is
therefore amusing thaf there may be a peak in the 2_+ fr channel,

at 1850 MeV, just above the A3(1670).27 The exotic 1-+ nonet

might be the easiest to identify as meiktons since there is no

aq nonet with which it can ﬁix except, possibly, the rather esoteric
cavity mode noted above (see footnote on page 3 and the discussion
of "spurious' states in Sec. 2 and Ref. 12).

In Sec. 6 we discuss meikton phenomenology. The dominant decays,

which are only O(as) in the rate, occur when the valence gluon

forms a color octet, JPC ; l+_ aq pair in which either the q or

q is in a p-wave mode. The cavity then containé two qq color

octet pairs which, after rearrangement, can fall apart into two aq
color singlets, the quantum numbers of which determine the dominant
two body channels. The only subtlety iS'the‘C-parity doubling
associated with the so-called “spurious" states discussed in Sec. 2.
As discussed there,‘these configurations méy.be associated with
p-wave excitation of the L = 0 aq pair with respect to the cavity;
In this case, in addition to the naively expected two body s-wave
decays there might also be two body p-wave decays. Many of the

experimentally most interesting decay modes are in this latter

category.

-8-

In Sec. 7 we conclude with some comments on future work, both
theoretical and experimental. The possible existence of meiktons
increases the complexity of what is already an overwhelmingly rich
hadron spectrum between 1 and 2-1/2 GeV. ﬁata of unprecedented
high statistics might be needed to expose the structure in this
region. The theoretical challenge posed by our empirical deter-
mination of the self energies is to actually calculate them in a
cavity. Calculations of the quark and gluon self energies would
test whether the bag can be a serious quantitative model of hadronms.

In a related paper28 we have applied the results developed in
Sec. 2~5 to the binding of gluinos, the supersymmetric partners

of the gluon, into color singlet bound states."



2. The Model and Approximations

In this section we describe the M;T bag mpdel,.the approximations
to it, and the techniques.nee&ed for the calculations presented
in the following éections. As discussed above thg bag model is
well suited for ouf purposes because it provides a good description
of the properties of the lowest lying hadrons EEQ includes valence
gluons. Thus, unlike attempts to model valence glue in non-
relativistic quark models, we do not have to make any additional
ad hoc assumptioné——valence éluons come part aﬁd pércel of the
model. . .

In the MIT‘bag m"odel18 weakly interacting quarks and-glgbns
are confinea in a cavity. This "confinement"‘is produced by giving
the inside of the caVity é greater enéfgy density than the wvacuum
outside. This difference in enérgy densities is the bég éonstant,
B; which, aé discussed in ;he introduction, we take to be a univer-
sal constant. Particles are holes drilled in the vacuum suppnrted
against collapse by the pfe;sure'of the modes within; Only color
singlet combinations of constit;enté give‘rise to particles because
the ‘colot electfic‘fields‘fromra color non-singlet source cannot be
confined to a cavity, and thus éolor'non—singlet~states have
infinite energy.

The MIT bag model is defined by the Lagrangian:l3’29

1

oo (e _ 1 na quva _
L (1v Bi¥s -7 FLF B}

BAG VOLUME
-5 [ S S RNC I
BAG SURFACE .

where wi is the quark field with i = 1, 2, 3 the color indgx,

L a“ai, - ig AuaT?1 is the covariant derivative with T the color
J :

ij

. -
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. ‘ . a a a
matrices and g the strong coupling constant, F = 3 A" - 5 A
MY uv vy

+ gfabcABAS is the gluon field strength with AE the gluon field and

a=1, ... 8 the adjoint color index? and»B is the bag constant.
Repeated indices are ;ummed. _The equations of motion are that the
fields‘satisfy the coupled Yang-Mills equations inside the cavity
and_also satisfy the following boundary conditions (nu is the unit

vector normal to the bag surface):
nuF;v =0 ihy =¥, | (2.2a)
I SN -1 v -
5 n (y9) -3 FF +B=0 . . (2.2b)

Equations (2.2a), which are linear, correspond to feQuiring no
momentum flow across the bavity wéll; Equéfién (2.2b), which is
quadratic, ensures that there is no normal component of the fércé
at the boundary. Notice that the quark part of (2.2a) breaks chiral
symmetfy explicitly. v

A complete quantisation of this model has not been accomplished.
This is true even for g = 0 because of tﬁé non—lihearncohﬁling'of

the fields through the boﬁndary’conditions and the motion of the

boundary. " The standard approkimation is fo.aésumeva sfatizlcaVity.ls_zo
The linear.bohndafy conditions are enforced on the fields:and the
cavity modes of the fields are then quantised. The quadratic
boundary coﬁdition, enforced as a condition on expectation values,
is then used to determine the shape and size of thé cavity when
occupied by any set of modes.
For quarks in a spherical'cavity the lowest mode (L =0, j = %f )

is spherically symmetric. Therefore in leading order the s-wave mesons

and baryons constructed from this mode satisfy both linear and
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quadratic boundary conditions. But quarks with L 2 1 and all gluon ‘ four L = 1 gq nonets have precisely the quantum numbers of the two
modes are not spherically symmetric so that in a spherical cavity L=20 aqlnonets taken in a p-wave with respect to a fixed cavity.
they do not satisfy the quadratic boundary conditions. The correct It has been suggested12 that these extra states may exist, but at
cavity shapes for such modes are not known. Like other authors a higher mass, due to the finite response time of the cavity, and
who have faced this problem,3’4’9’lo’18’20 we use a spherical cavity that in the limit of zero response time they would become.truly
and only require the pressure to balance globally. This is a better spurious like the spurious states encountered in nuclear physics in
approximation for meiktops than for glueballs because the former the Hartree épproximation. Like others before usz_’3 we ignore
containltwo L = 0 quarks and only one gluon. Furthermore the thesé states, assuming they have a larger mass if they exist at
important quantities in a bag model calculation.are the mode energies all. The remaining states we treat in the spherical cavity
and the overlap integrals between various modes, and these appear - ébproximation. An explicit example, for the glueballs, is given
to be fairly ingensitive to the shape of the cavity, For example, in Sec. 4. :
the energy of the lowest gluon mode in a sphere and a cube differ ' ¢iven these approximations we have to quantize QCD in a spherical
by less than 1% for a given cavity volume.26 : cavity with the linear boundary conditions on the fields. The

We must also consider‘states with excited modes. For instance _ quadratic boundary condition is applied only'globally which is
the JPC = 0-+ and 2-+ glueballs contain one TE gluon and one (excited) equivalent to minimizing the energy with respect to the radius R,
TM gluon, and the intermediate states that appear in the meikton As shown by T.D. Lee19 this gives in Coulomb gauge (Y'éa = 0) the
calculations contain orbitally and radially excited mesons. For Hamiltoniaﬁ
such states the fixed cavity approximation predicts11 degenerate .

‘ m= [a [% 2.5 + % BYB% + ) (1y-7 - my, (2.3

C-parity partners which are not observed experimentally, e.g., BAG )
a JPC = 2+f nonet degenerate with the 2++ Aé nonet. It is clear

—_ a .gi 3 a ab b
: , + guy ATV, + [ &y (62 2% ;) 0°)] >
that this prediction is due to the failure to account for the motion BAG

of the cavity: for instance, the four C-parity partners of the usual

with Eé and Ea the usual colgr electric and magnetic fields, Ef

* 29 30
Rebbi“” and DeGrand™ include small cavity oscillations, but in an being transverse, and where the color charge density is:
approximation not applicable to mesons and glueballs. They find
: a t.a abeib ,c . : .
P =Y. TS ¥, - f7 A-A (2.4)
that the lowest of the extra states is a spurious translation mode i 13w3 ~ ~ 7 )

while the other extra states exist at higher masses than given by and the Coulomb Green function, to order 82, iss

the fixed cavity approximation.
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L+1 Xy L
R2L+l

PL(cos Bxy) .

(2.5)

The - l/R inlthe Coulomb Green function follows from the careful
.limiting procedure for introducing the cavity used by T.D. Lee.
In fact it-is.gauge variant and gives no éontribution to the masses
of color‘singlet states, provided all Coulombic self energy effects
are included.

We calculate the spécﬁrum perturbatively using the forﬁalism
of Close and.Horgan.20 Thu§ we expand the figlds in normal moqes

satisfying the linear boundar& conditions:

-Et P
+V (x) d e , .
n<" m

i, i
v () ] U (x)b e
Quark m~ m

Modes, m

i t
% tg 0y
+ én(z) a’”e . 7 (2.6)

a, -iw_t
AT(x) ) a n
Gluon én(z) % €
- Modes, n

where Eh and w ~are the energies of the quark and gluon modes

respectively, and the modes are conventionally normalized:

v (2.7)

3, ot s 3 a* 0 ea () = L
[ v o UL =8 s [&x 8 (08 () = 2u_ *mn

The creation and annihilation operators appearing in the expansion
satisfy canonical commutation relations. The Hamiltonian is expressed

as a free and interacting part:

[ ®
~14-
H=H(g=0) + HINT ) L (2.8)
. L i +
H(g =0) = E [bifb? - a4t ] ,
' Quark m {m m m m
Modes, m
w
+
+ —%1 [a: ai + a:as+} .
Gluon
Modes, n
Finally the energy of a mode in time ordered perturbation theory is:
HO‘IIm > % Emim >
: <mMﬂpxpmﬂm>+.u
E=E +<ni{H |m>+ 7 . (2.9)
m I ] X
P E -E
m P
In order to build states we will use the L = 0; J = %? quark
modes given by (we follow closely the notation of Ref. 20):
jo(ksr/R) u
Us(f) = Ns kS
i EF ok Jl(ksr/R) g:Xu
) k
N, = L - . _ (2.10)
A 3o(k,) YZE(E - D ¥ aR _
. 42 2.2 . . -1 .
with E = s + m"R” the energy in units of R °, R the cavity radius,
r = |§|, and ﬁ.a two component spinor. The dimensionless momentum ks
is determined by the linear boundary condition:
Sk, : :
Tk = g mr 1lky - (2.1
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For m = 0 the lowest mode has E = ks = 2.04. We shall also use both
the lowest transverse electric (TE) and trans&erse magnetic (TM) gluon
: . PC +- )
modes. The lowest gluon mode is the J =1 TE model (we -use the

notation of Ref. 3):

" TE, . _ TE , , .
A = T g e & R e,

T (i Vel - D)

=}
n

jo(m) = jl(w)/w = w=.2.74 |, ' . (2.12)

where 2@’ m = -1, 0, +1, are the unit spherical vectors. The lowest

TM mode is the 1~ mode:

™

™ .y o N . s s 1

A &) T azaﬂ [ZJo(wr/R)gm + 3 Jz(wr/R?(g £e, -_7;.€m}}

M =1/ [jo(w)\/?]

5 = 0 = w=bl9 L o (2.13)

Notice that the least energetic mode has positivé parity. This has
.important consequences for the quantum numbers of the lowest meikton
states. IWe also need p and d quark modes for the intermediate states,
and these are given in the appendix.
We now have all the ingredients forva bag model calculation in
the static spherical cavity approximation. To find the mass of a
state we must minimize its eneréy as a function of its radius. The

energy consists of the following parts which we now discuss:

< -
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(a) volume energy, (b) zero-point ene;gy,A(c) mode energies, (d) per-
turbative energy corrections, and (e) the localization energy.

(a) The volume energy is
E=2%"gp | . (2.14)

where B is the bag constant which, as discussed in the introduction,

we take to be universal. The value of B is determined by the fit to

- the mesons and baryons described in Sec. 3.

(b) The zero point energy -is:

E= ) - E_+ ) - . (2.15)
Quark Modes, m Gluon Modes, n

Using Green function methods Bender and Hay331 and, more recently,

32

Milton showed that for a spherical cavity the form of the self energy

is R
_ 4.3 2 -
E = ZAA R™ + 22A R + ZOR

1ion™h : (2.16)

with A a cut-off. Thé Z‘-term_(the usual energy density divergence)

can be absorbed into a remormalization of the bag constant. But the

22 term.requirqs the introduction of a perimeter term into the bag

action and therefore an extra parameter to be fit. We do not include

this extra parameter because we can obtain a very good fit without it.
The ZO/R term is important to obtain a good fit. Milton,azvusing

the same approximation as that which allowed extraction of the quadratic

dive;gence, found a finite conﬁribution to~Z0 of ~.3. But he, and

Bender and Hays,31 noticed that there may also be logarithmically di-

vergent contributions to 20, in which case Zo’becomes an arbitrary

: * . R
renormalized parameter. Furthermore there are other contributions to

~

* .
Also there could be &nR/R terms in the energy in this case.
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the energy with the same form--the perturbative vacuum energx}and the
localisétion énergy. The former has not been calculated and the latter
can only be roughly estimated, as discussed below. For all these
reasons we cannot predict ZO. As in the original papers18 we determine
it empirically from the fit in Sec. 3.

(c) The mode energies are obtained from the eigenvalue conditions given

above, and lead to:

= ) E + 3§ w | /R . (2.17)
FMOd? Quarks & ™ Gluons " ‘
Antiquarks

(d) The perturbative energy corrections are obtained using Eq. (2.9).
We work to first order in a = gZ/An, and we find, as with all bag
model fits, a large value for ot 2 £ o4 < 3. This is because each

power of ag comes with overlap integrals (the matrix elements in (2.9))

and an energy denominator, both of which numerically reduce the correction.

- Thus the effective expansion parameter‘is much smallef‘than ag and we
expect the higher order corrections to be small. This expectation is
supported by explicit O(us) calculations of the correc?ions to magnetic
moments, charge radii and axial charges of the nucleons.33

In a standard way Eq. (2.9) can be represented diagrammatically
with the matrix elements secoming vertices. The vertices which we
need are shown in Table 1,* where we have shown the coefficients inl
HI of the appropriate creation and annihilation operators. ;afity

conservation restricts the number of vertices, e.g., s-quark - s-quark

+ TM-gluon is not allowed. The dimensionless L and C factors depend

=
We have not included many of the vertices necessary for the calculation

of the energy shifts in glueballs as they are not necessary for meiktons

and have béen discussed fully elsewhere.a’a

- of these vertices have been previously calculated,

£
e

-18-

on the masses of tﬁe participating quarks through the combination mR.
Our best fits have massless up‘and down quarks and a strange quark

mass such that 1.75 g mR < 2.25. Thus we give values of the L factors
for mR = 0 and 2. In Appendix 1 we give expressions for ﬁhem, as well
as 'the relationship of our definitions to those of other authors. Many
20,34 though . in

nearly all cases only for massless qua;ks, and we have checked agreement
in these cases.

Tthe vertices are used to construct exchange and self energy
diagrams. The exchange diagrams (e.g. Fig. 2) involve only intef-
mediate states with a restricted range of angular momenta, but all
radial excitations coﬁtribute. . However, except in one case discussed
in Sec..5, thercontribution of the radial excitations is only a few
percent of that of the lowest intermediate state and we will ignore
it. The Green function methods used by various authorsé’ll’18 sum
the contribution from all thg radial excitatioqs.

The self energy graphs for quarks and giuons are shown in Fig. 1.
Orbital ang radial excitations are present in the intermediate states;
the orbital excitations lead to ultraviolet infinities. Because they
are short distance singularities. they are independent of the size and
sﬁape of the cavity, and in fact they correspond exactly to the mass
renormalization infinities in unconfined perturbation theory.* But
there is no mass renormalization in confined perturbation theory for
gluons and massless quarks because of gauge and chiral symmetries,

respectively. Thus these infinities are absent in self emergy graphs

in a cavity, although there are finite terms proportional to 1/R because

*A careful study of this point has been made in Ref. 35.

Vi

4

AV
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the low frequency modes in the cavity differ from those of unconfined
perturbation. theory. These finite terms will be different for each mode.
They are calculable, though the calculations are difficult and have not

yet been done. Thus we parameterize the self energies as

= ag Ci/R i = Q(s-quark), TE, TM (2.18)

AESelf Energy

and fit them.
For massive quarks there is an infinity in the self energy graphs
which corresponds to the logarithmically divergent mass in unconfinéd

This must be renormalized as usual and leads to
35

perturbation theory.

the following self énergy:

oE -

2, 2
C(mR, &nA®/m") ‘mode
= —_—y - 7 R
AESEIf Energy s R » -+7m6 5;‘——‘ s (2.19)

where the .first term comes from the O(as) diagrams evaluated with a
cut-off A, and the second is the counterterm with § dimensionless.
The counterterm includes the factor BEmode/am because we are considering

the self energy of a mode rather than a free particle. Hannson and

Jaffe35 have shown that the first term can be written as:
C(mR QnAZ/mZ) 2 BE
’ : 1 A mode , C'(mR)

— == minYy —— =

7 2 am R
R m
2 2 3E_ '
=im fn = + & mode+ ¢'(uR) (2.20)

L U2 m2 3m R

where C' is finite, uz is arbitrary, and the fact that the divergent

term is proportional to aEmodefam for any mode is crucial for renormali-
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zability, since one infinite counterterm can then remove the divergence
from all quark mode energies. Absorbing the divergence into § gives

for the total self energy:

as 1 VZ
= — L} - r 1]
AESelf Energy - R C'(mR) + mR - n m2 + 6 )

om

as 2 )
+ C'(R, zn“—Z , 8D,
m-

i

where all quantities are finite and C'(0) = C"(0) = C There remains

Q"
the freedom of finite renormalization parameterized by &' and‘u2
(which are not independent) and we choose 8' such that at typical
values of mR, i.e. mR ~ 2, C" = CQ for the s-quark mode. Then to the
extent that we can ignore the variation of C"(mR) with .mR for mR ~ 2
the self energy of a strange s—qﬁark in a cavity of the sizes we
consider is the same as for a massless quark, and we need not intro-
duce new parameters to describe this variation. By considering the
variation of typical quaétities (e.g. the mode energies) with mR we
estimate fhe effect of this approximation to be 10 MeV or less.

(e) Bag model states are localized in space, and thus they must
represent approximations to wave packets of the hadrons which they are
modeiing. These wave packets will have <2hadron >.= 0 since the

bag is fixed, but because of the uncertainty principle <Bﬁadron >_ .
Thus the mass that we obtain from a bag model

must be nonzero.

calculation is really the average energy of the wave packet, i.e.

_ 2 2
"bag < Jmhadron * Phadron > . (2

?Emode (2.

21)

.22)
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thhe real hadron mass is thus less than the bag mass because of the
localisation energy. Furthermore the static properties of the states
are altered and this will be discussed in the next section. For a
thorough review of these issues see Ref. 36.

In general the localisation energy will most effect the lightest
states,, the details depending on the chosen model for the wave packet.

For heavy states Eq. (2.19) can be expanded giving:

2
< Ehadron)

"bag * Myadron T ) s (2.23)
Phadron
- *hadron .
mhadron R2 .

For any reasonable choice of wave packet, and whether one minimizes

mbag oY My dron’ the effect of this extra term can be imitated by
36
. 0 )
Thus the pseudoscalar mesons will be most effected by the locali-

3

sation energy but in a way which depeﬁds crucially on the choice of

redefinitions of 2y, Cy and m_, with the main effect being on Z

wave packet. Because of this and the problem of chiral symmetry and
the U(1) problem we exclude the pseudoscalars from our fit. For
the rest of the spectrum localisation effects should be adequately

fepresented by the parameters Z C. and m.

0’ "Q
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3. New Fits to s-wave Mesons and Baryons

In previous ﬁég model fits to the mesons and Baryons18 the éffect
of 0(n,) self energy diagraﬁs.were not systematically included. We

include these diagrams by introducing aﬂéther pafameter,'the quark

self energy, and therefore must perform a new fit to determine the

best values of all the péramefers. We are able to improvelsignifi-
cantly on the earlier fits. 'for‘féasons diséussed at the end of
Seé. 2 we do not aftémpt to fit the JP = 0 mesons (although we do
report their masses as predicted by each fit).

The energy of a given state is

E
4 3 0. : . _mode
T R™B + T + z + AE (3.1)

constituents
where AE is the’O(aé) contribution coming from the diagrams shown in -
Fig. 2. For mesons this is
ssE ~\y SSE :
L (m R)L m-R)
q) (L 4

o
s 4 ss
== | = S *S. -——C R -R) + 2C
AE = & 3 <~q 23 > org 3 (‘mq » g )

Q ’

(3.2)

where the three terms are, respectively, the transverse exchange,

Coulbmb exchange and self energy contributions. %% is the color factor,

and §q and éﬁ are the quark and antiquark spin matrices and mq and ma
are their masses. For baryons Fhe O(as) contribution is, using thev

B

same format,
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5% RLSE(m R)

a
s : 2 1 2
8E = = D 518, 8 3.3
R pairs of 3 9 79 > Vg 3.3
quarks

ss v
- (m R, m_ R)]+3C ,
9, 7 9, Q

where <§qi §q2 > is evaluated in the SU(6) wavefunction.18 The only
spin dependence comes from the transverse exchange terms but the
Coulomb exchange and self energies do contribute to the barybn—meson
splitting. Because the L and C factors depend in a complicated way
on the quark masses we have minimized the energy numerically.

The parameters to be fitted are B, ZO’ mo=my (we ignore isospin

splittings),-ms, ag and CQ' We have searched for fits which give all

the vector mesons .and the baryon octet and decuplet within 25 MeV.

We used 25 MeV because it is small on the scale of the splittings within

multiplets but large enough that bag model fits, though not too many,
do exist, and because we make no claim of greater accuracy for the

model. We find such fits for mo= md = 0 but none for m = m, = 50 MeV.

d

For m,o=mg = 0 we find a cigar éhaped range of fits falling close to

the straight line segment in parameter space running between:

150 MeV > 81/4 > 120 MeV
-2.1 > Zo f -2.9
2.0 < o < 2.8
s
.22 < C < .48
Q
with m = .33 - .35 for the smaller values of ags and m_ = .33 - .37

for larger values. Two fits are shown in Table 2, together with the

24~

original MIT fit. We show one fit with oy = 2.2 (fit I) in order to
compare with the original MIT fit,18 while the other (fit II) has
o = 2.8 and is our best fit. The MIT fit does not include se%f
energiés except for the coulomb diagrams with the lowest intermediate

quark states (see Fig. 2) and these behave like a positive contribution

to the quark mass. Thus the MIT fit gives a smaller m .

The table shows that we have been able to obtain good overall fits.
Fit I and the original MIT fit are of comparable quality, but fit II
shows a significant improvement, differing by at most 16 GeV ‘from the
experimental masses. The "predictions" for the pseudoscalar mesons are
of course poor tﬁough it is perhaps surprising how well the kaon is
fit, The qugrk self energy parameter CQ varies in the ggfs from
roughly a third to a half of the mode energy. Two of the most serious
problems of the original MIT fit were the splitting.between the A and
¢ and the overall scale of the baryon magnetic moments. For both of
these fit I'isvonl§ maréinally better, but fit II is significantly
better. For the A-% spligting the MIT fit gave 39 MeV, fit I gives
48 MeV and fit II gives 60 MeV as compared to the experimental A
splittiqg of 77 MeV. For_the béryon magnetic moments it is the
larger radii in fit II which give the improvement, though the scale

of the magnetic moments is still ~ 10% too low. This is shown in

"column (a) of Table 3. The ratios of the magnetic moments were

reasonably well accounted for by the MIT fit and are changed little
by our new fits. Details of the calculation of magnetic moments can
be found in Ref. 18 whichvalso inclﬁdes a discussion of other pre-
dictions, e.g. axial vector coupling constants, which are improved
little'by our new fits. .

We have verified that the improvements are in fact due to the
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nonzero self energy by searching for fits with CQ = 0. We find that
there ére no fits with the L = 0 vector mesons and baryons all within
25 MeV of their expefimental values nor with the A-I mass splitting
greater than 40 MeV. The nucleon radius in the best of these fits is
very sma}l, < 4 GeV-l, which implies a very sﬁall proton magnetic
momént, Mp < 1.5, almost SOZ_below the experimental value of 2.79.

?hé predictions of the static bag model are altered when account
is tgkén of the momentum spread of the hadron wave packet dfgcussea
in Sec. 2. In the limit <'E§édron > << Pﬁadron Donoghue and Johnson36

. found for the magnetic moment

- 2
1 <Bhadron >

W= 145 5 . (3.4
mhadron

static bag
This effect increases the magnetic moments;and,_using Donoghue and
. ' v ’ . . 2 - 2
Johnson's mo@g; for the wave packet which has <A2hadron >_ 10/R%,
B . . T .
the results shown in column b of Table 3 are obtained. Fit II is still
preferred, but the difference between fit II and the MIT.fit is reduced.

Of course the results depend on the model for the wave packet chosen.
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4. Glueballs

Using the parameters determined in Sec. 3 we will now consider the
gluebali‘spectrum. In par;icular we use the glueball candidate 1i(1440)
to lgarn about the gluon self energies and thus about the mass scale
of states containing valence glue.

The quantum numbers of the glueballs in the static spherical cavity

approximation to the bag model have been discussed in detail.l’2

We
briefly review the results here. The lowest lying states (before
inclusion of O(as) effects) are constructed of two TE(1+_) modes and

thus have JPQ = Q++

énd 2++, the spin 1 state being fbrbidden by Bose
statistics. - | |

The.firsg orbitally excited stateszare constructed from either a
TE mode and a TM(1 ) mode -or f;om a TE mode and an orbitally excited

TE mode with J?C = 277, The former combination gives JPC = (0, 1, 2)7+.

and the latter JPC = (}, 2, 3)_+. It is here that we encounter the
so-called "spuriqusﬁls#ates discussed in Sec. 2. Four of these six
states ﬁa&e thé quantum numbers of the ground state, (0, 2),++ moving -
in a p-wave with respect to the cavity: 1_+ and (1, 2, 3)-+. These are
the "spurious" states which we (following Donoghue, Johnson, and Li2)
discard, leaving just fhe‘doublet (0, 2)-+. However, ;s discussed in
Sec. 2, the real nature of thev"spurious" states is a difficult
problem, beyond the scope of this paper.

At "éeroeth" order* in o with the MIT values for B and ZO’ the

(o, 2)++ states have a mass of .96 GeV and the (0, 2)_+ states weigh

1.29 GeV.;’Z:wUsing our fits we find slightly lower "zeroeth" order

* .
This is not really zeroeth order in ag because ZO contains vacuum

bubble contributions of O(as).
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masses. However, this pattern of states is grossly altered by the

O(as) contribution to the energy, the effect being greater than for

the mesons and baryons mainly because of the larger color and spin
Casimir operators associated with the glueball diagrams. These diagrams
are shown iﬁ Fig. 3. All but the self energy diagrams have been cal-
culated by Barnes et al.,3 using the same methods as in this paper and
more recently by Carlson et al.“ who used Green function metﬁo@s.*

We have checked the calculations and are in substantial agreement with
both papers (including the erratum of Ref. 3). The very small discre-
pancies we find are chiefly attributable to the numerical integrations

and, in the case of Ref. 4, to their use of the Green function method.

By a Fierz transformation (see Appendix 2) we have resolved the apparently

large discrepancy between Refs. 3 and 4 for the"Y(TE)z(TM)2 vertex.
We then find that we and Refs. 3 and 4 are in agreement on the spin
dependent part; we also agree with Ref. 3 on the spin independent part,
which was not calculated in Ref. 4. In addition we do have small
differences with Ref. 3 due to their omission of the TE 27 exchange
graph (Fig. 3) and of radially excited TE mode exchanges.

Our results are that the coefficients of aS/R frém.the exchange

diagrams are for the 0++, 2++, 0-+

, 2_+ glueballs respectively -2.50,
.20, -2.54,'—.05. The self energy contributions are 2 CTE,for the
++ -+ '
0, 2) states and CTE + CTM for the (0, 2) states.
Without knowing the gluon self energy parameters we cannot make

predictions for states with valence glue. We shall identify the i(1440)

: -+
state seen in J/¢¥ radiative decay with the 0 glueball. The evidence

T
The transverse gluon exchange diagrams are also calculated by Konoplich

and Schepkin37 with results in agreement with Ref. 3,
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23,38

for this has been discussed in detail elsewhere. We do not how-

ever assume that 6(1640) is a glueball, as the recently reported

measurement of 6 - K+K_ and bound on 6 - nn24 is not what we would

23,25

expect for a glueball but does agree with the prediction for

a four quérk state, 1//3_ (Wu + dd)ss. Given these assumptions we can
find CTE + CTM for each of our previous fits. This in turn allows a

prediction of the 2-+ glueball mass. The 0++ and 2++ glueball masses

TE/c

depend in addifion on the ratio C ™

Assuming 1/2, 1 and 2 for
this ratio we obtain the predictions shown in Table 4.

There are a number of points to notice. -First, the 0 and 2

glueball masses are very sensitive to the ratio of the TE and TM

self énergies while the ﬁ-+ glueball mass is independent of this ratio.
Second, the gluon self energigs required by the fits are very large--
the average of CTE and CTM is ~1.8 for fit I and ~2.7 fer fit II.

The origin of this is clear. The 0-+ glueball weighs about 1 GeV

at "zeroeth" order but then recéives é large negative O(as) exchange
energy. In order to bring it up to a mass of 1.44 GeV a large positive
self energy contribution is required. The large gluon self energy
raises our predicted glueball spectrum significantly relative to the
predictions of other authors.z’3 in particular the 0++ glueball is
sufficiently massive that vacuum mixing effects may not be as large

as seems necessary when self energies are neglected and the 0++

26,30

state becomes tachyonic. Finally notice that the predicted

masses, though not the radii, are almost independent of which fit

is used.

Clearly more theoretical and experimehtal work are required. On
the theoretical side the self energies must be calculated and the
accuracy of the static spherical cavity apprbximation established.

€ s

« . -
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If these results are satisfactory the next step will be to compute the
O(ag) corrections to see if there is truly a convergent expansioﬁ: this
is essential given the very large value of CTE + CTM from our

fits. Experimentally more evidence is negded on the nature of

1(1440) and for other glueballs. Because of the uncertainties we have
not méde predictions for other glueball states, e.g., radial excitations
or three gluon states. OQur results show that the O(as) correctiéns——
and particu}arly the self energies--may have a profound effect on the

glueball spectrum.

£l
-
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5. The Meikton Spectrum

We are now in a position to predict the meikton masses. We will
only consider the lowest lying states. These are constructed from an

sl/2 quark and an $1/2 ahtiquark combihed in a qq color octet with

PC _ 0_+ or 17, and -a TE gluon with JPC = 1+-. The result is four

PC

J

qqg flavour nonets with J ~ =17, (0, 1, 2)-+.

At "zeroeth" order the energy of the meiktons is

_4n 3 (Equark + Eantiquark + Y1E + ZO)

E,=—= R B+
R

03 5.1

and the nonets afe ideally mixed ahd degenerate. The mgiktons without
Strénge quarks have masses in GeV. of 1.09 (fit I), .91 (fit II), or
1.21 (MIT fit). For comparison, the non-strange baryon masses in this
approximation are .96 (fit I), .71 (fit_II), or 1.08 (MIT). For each
strange quark the mass increases by about 150 MeV. The meiktons ére
heavier than the baryons because the TE gluon mode energy (2.74/R)

is greater than that_of an 31/2 quark (2.04/R). This difference is
increased at O(as) because the gluon self energy is greater than that
of therquark.'

The O(us) diagrams are shown in Fig. 4. Only graphs (a, b, c, e)
were included in kef. 10. Diagrams (a)~(d) are the usual transverse
and Coulomb exchange graphs. The Compton ((e), (f) and (g)) and
Z2-graphs ((h), (i)] occur uniquely in meiktons because meiktons have

both quark and gluon constituents. Notice that the Compton graphs

can have an intermediate d3/2 quark or radially excited 31/2 quark

and that the Z-graphs involve intermediate p quarks. The s-channel
transverse (3j) and Coulomb diagrams (k) are also unique to meiktons

because the quark and antiquark are in a color octet; they contribute
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. 3 . . § . . f :
to meiktons in which the §q pair is a flavor-singlet spin-triplet. Calculation of these diagrams glyes the ene?gy shift

Finally, diagram- (1) shows the self energy graphs.* With the exception N

= 3 + AE 5.2
of graph (g) which is discussed below, diagrams with radially excited AE R (AEA B) > ( )
modes in the intermediate state contribute at most 5 MeV to the mass of
the meiktons and we do not include them in our result. . LSSE(qu)LSSE(maﬁ) L e ) )
= - = «S_ + —=— C°°(m R, m-R : (5.3
AE, -3 <.§q ~q> . 6 (mgR, mgR)
*
There is a subtlety associated with the fermion loop contribution to
the gluon self energy (see Fig. 1). When one of the fermions in the .
Lssl'-l(m R)LEEE
loop is an s 2 quark (or antiquark) fermi statistics requires it to + |6 <S S > _ 93 CSE(m R)| + g+ 7
1/ <q ~g Wrp 2 q
have different quantum numbers from the 31/2 quark already present
in the meikton. This constraint does not apply to the high spin SSE2
' - L (m R)
. . . i 1 1 q =
t h d \ — - . = + . + q >
in ermedlate‘states which are responsible for the divergences, an + [3 (1-2 <§q gg >) + A (1+2 <§q'§g> )) wTE q q
so the gluon‘self energy in meiktons differs from that in mesons -
and baryons by a finite calculable amount. This is, however, the
same as the effect discussed for Z-graphs in the text, and it is + 2 Cq + CTE N
easy to show that the contribution from the excluded intermediate
states in the two casés exactly cancei, so that the constraints
. . . -LsdE(m R)2
due to fermi statistics could be ignored. (SS thanks R. Jaffe AEB = _75.(1.F <§q'§g >) 9 (5.4)
) E -E -w )
. TE
for pointing out this "cancellation" of constraints.) These con- ) . _ 3/2 8
straints are in any case phenomenologically unimportant, since
LSdE(m R)2
‘their effect on the gluon self energy and the Z-graphs is ~1 MeV. +% - <§ .S >) q +q g
1787 g -E_+u
d3/2 s TE
1
) LS8 E( qR)Z
+||-= a-2(s s, M
3 -4 E,-E -w
s TE
A
. 1 LSS E(m R)2
EA 9
26 (1+2(8 5 ) +q+ 3
Es' - ES + WrE
s ¥ % <
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L , LspE(m R)2
+ -3z | & +2(s,s,) 9
261 8 e E +E
p1/2 s Y1E
1 5 LSPE(qu)2
S F- 2l ) | v a
w,
pl/2 s TE
1]
) ; L8P E(m R)2
+ 'ﬁ[—g"<§.'§.>)
178" J g +E_ - g
P32 %
1
5 ; Lsp E(m R)2
+= | - +(s s 9 +q< 3§
3 8. ~q ~g q q
E + E + wTE

10
8
+ S

6IO "3 .1 ss
+ — —— e — . T

where GIO means that the term only contributes to the flavor singlet
component, and Es' is the mode energy of the radially excited s quark.

AE, is the contribution of diagrams (a)-(e) and (1), AEB that of the

A
remaining diagrams, (£)-(k).

Numerically the most important part of the O(as) energy shift is
from diagrams (c), (d), (e) and (1). The spin splitting is dominated
by diagram (c) and is therefore "normal", i.e. the higher spin states
are more massive. Before discussing the "unusual" diagrams (£)-(k)

¢

we exhibit in Table 5 the meikton spectrum resulting from diagrams

(a)-(e) and the self energies (1). We show only the ag = 2.2 fit (fit 1)

f
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as the variétion beﬁween fits is fairly small--the overall scale
varies by less than 100 MeV and the relative masses of the states by
much less.

The predicted ordering of the states is 0 ', L R R
The meiktons are not as sensitive to CTE/CTM as the ground state glue-
balls (see Sec. 4) but do shift by about *+200 MeV as the ratio changes
from 1/2 to 2. However theif relative positions change by at most
20 MeV. The increase in mass for each extrabstfange quark or antiquark
varies between iSO and 210 MeV--somewhat larger than the analégous
spacing for.the baryons.

We show in Table 6 the contribution of each diagram to the energy

of the w-like state with C,__/C

TE 1. These contributions can be

—
obtained from the formulae for the energy of the meiktons ( (5.1)-(5.4) )
and Table 1. The table also includes the energy shift due to diagrams
(f)-(k), the effects of which we now consider.

The sum of the Z-graphs; (h) and (i), has on}y a very small effect
on the mass of the meiktons--20 MeV or less as Table 6 shows. However
the small component of the meikton wavefunction, due to the Z and quark
loop graphs, which consists of gqqq may be ver& important in under-
standing the decays. As discussed in Sec. 6, if the meikton mass is
above the appropriate threshold, the gqqq state can "fall apart” into
two mesons. Of theoretical interest, the factor 7/8 in the Z-graph
contribution (see Eq. (5.4)) is a consequence of Fermi statistics.”

The s-channel Coglomb graph, (k), has a greater effect on the

LI 1}

meikton masses. It effects the "w" and the "

4" (using the vector

- R
nonet for the ideal mixing notation) in the (0, 1, 2) nonets, with

*see previous footnote.
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the contribution to the "w'" being enhanced by a factor of 2 because

this diagram can mix Gu with dd. The mass of‘the "w" is raised relative
to that of the "p" by about 100 MeV; the effect on the "¢" is only ~ 25
MeV because there is no factor of 2 and the Coulomb integral is half

as la;ge (see Table 1). There is also mixing between the "w'" and "¢"
which effects the energy at O(az), beyond the order of our calculation.
We have also checked that the O(GS) "w"-"$" mixing is small, typical}fr
with mixing angle |6] < 10°.

The remaining diagrams, (f); (g) and (j), all give very small
contributions to the meikton masses. However they all may be enhanced
by perturbation theory "regonancesf. This corresponds to #ossibly
substantial mixing with the particles_in the intermediate states of
these graphs--the d wave mesons, radially excited s-wave mesons and
TE~TM glueballs for diagrams (f), (g) and (j) respectively.

A perturbation theory 'resonance" occurs when an energy denominator
in perturbation theory'(Eq. (2.9» vanishes. For example in diagram i
(j) the intermediate stage TM gluon has a mode energy of 4.49/R,
as compared to 4.08/R for the initial quark-antiquark pairl As the
mass of the pair increases its mode energy increases and for mR = .4
becomes equal to that of the TM gluon. Similar resonances occur in
diagrams (f) and (g).

Close to a resonance the pertuybative Eq. (2.9) is not valid.
Instead the Hamiltonian must be diagonalised in the nearly degenerate
basis of the meikton and the particle in the intermediate state.
Because the final eigenvalues.depend sensitively on the splitting of
the diagonal elements of this mixing matrix, these must include all

O(as) corrections except those responsible for the mixing.; Thus the

-36-

effect of the mixing is very sensitive to the uncertainties in the bag
model calculation, and in particglar ;o the ratio CTE/CTM'
We can, however, make an estimate of the maximum magnitude of the
shift due to the ﬁixing: this shift is bounded by the off-diagonal
element of the mixing matrix which we can calculate in the bag model.
For diagram (f)-—mixing with 17 and 2-+ d-wave mesons—-this matrix
element is less than 20 MeV. For diagram (g)--mixing with O_+ and
1 radially excited s-wave mesons--the matrix elemeﬁt is about 50 MeV.
Finally, diagram (j), which mixes the isoscalar members of the 0—+
and 2_+ nonets with glueballs, has a mixing matrix element of ~ 20 MeV
for the "," and ~70 MeV for the "$" of these nonets. Thus we do not
expect this mi%ing to alter the general pattern of the states. This
is particularly true of the l-+ meiktons because the meson and glueball
intermediate states for these meiktons are "spurious" states which we
expect, as discussed above, to be heavier than their fixed cavity masses
or to be absent. In either case the effect of mixing will be small.
In summary we predict four nonets of meiktons lying between 1.2 and’
2.5 GeV. The predicted massés in Table 5 are considerably higher (400-
800 MeV) than thosé obtained* in Ref. 10 because we have included all
O(as) effects, in particular the quark and gluon self energies. We are
in satisfactory agreement with Ref. 10 on the splitting betweep the states.
The detailed structure of ;he nonets depends on the proximity-of gluebalis
ana radially and orbitally excited mesons. The most reliable prediction
is for the exotic 1-+ nonet which may have no nearby states with which it

can mix.

*
We are comparing to the masses that follow from the formulae of Ref. 10
and not to the numerical values quoted there, which are augmented in

Ref. 10 by ~ 200 MevV.



\

.may also be a good source of meiktons. In particular, (pp)

&

“
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6. Phenomenology

In thi; section we discuss meikton phenomenology: how meiktons are
produceq and decay an@ how we may hope to identify them.*

Meikton production should be enhanced in processes which conﬁain
hard gluons in the final state. Gluon jets providé the clearest exémple.
The gluon which forms the jet hadronizes by combining Qith either a
color octet qq pair or with another gluon, which materialize from the
color~confining QCD vacuum. The resulting hadron is respectively a
meikton or a gluebali,** just as the leading resonance in an s-quark
jet should be a st}ange hadron. 1In theory gluon jets provide the best
signal-to-noise for meikton production, but the practical problems of
detection and reconstruction are severe.

Radiatiﬁe Y decay has a less favorable signal-to-noise ratio (the
"noise" beiﬁg from glueballs!). 1In perturbation theory meikton pro-
duction in ¥ > YX is ephanced by as relative to ordinary mesons and
suppressed by ds relative to glueballs. The isoscalar members of the
0, 1, 2)_+ nonets mayhall be produced in ¥ > YX in p-waves. In practice
¥ + yX is among the best places to search for meiktons.

Among hadronic experiments, the strong signal in pp annihilation
attributed38

at'rest:[‘1 to the glueball candidate i(1440) suggests this

>
rest

X7% may be an excellent channel for the O-+ and 17~ meiktons (if their
masses are low enough) since in the pp s-wave, only for JPC(X) = 0_+, 17"

can the X7 final state be pure s-wave.

Other fixed target hadronic experiments will also be important.

x
See also Ref. 10.

ko
For glueballs this mechanism was discussed in Ref. 40.
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The study of meson spectroscopy in such experiments is essential, since
. . - -+ -+ .-
disentangling the 1 , 0 ', and 2 ' meiktons from their qq meson
counterparts requires a detailed understanding of the qq spectrum. This
is especially true in those cases in which the meikton and aq mesons are
significantly mixed. 1In fact we suggest below that the first evidence
for a meikton may have been found in a high statistics pion scattering

experiment in the JPC = 2-+ fr final state.27

This possibility illus-
‘trates a sense inm which mixing is helpful: two states which are mixtures
of a meikton and a qq meson can both be produced in typical hadronic
experiments because of their aq components even‘if those experiments
would not préduce pﬁre_aqg states at a large rate. Thg likelihood that
at least some meiktons will be substantially mixed with aé mesons
ﬁherefore guarantegs that fixed target hadronic exper%ments are a good
way to search for meiktons.

How dp meiktons decay? The lowest order diagfam is shown in Fig. 5:
the gluon creates a qq pair in the lowest availéble modes. The quark
or antiquark formed by the gluon is in the Py/2 T Py/y mode and the
other is in the sl/2 mode. The.resulting four quark state, denoted
schematically as asqé(asqp + apqs)’ can "fall apart" in zeroe;h order

PC —+ -
into two mesons, one in the s-wave ground state (J7~ =0 ,'1 ) and

7€ 2 (0, 1, 1, 1M

PC _

the other in the L=1 excited state ( For

example, the I=1 member of the exotic J 1-+ meikton nonet can
decay in this way into 7D or nAl.

We also encounter here, in another form, the issue of the "extra"
or "sﬁurious" bag model states discussed in Sec. 2. When asqs(isqp+ apqs)
is organized into two color singlet gq pairs, in addition to the "normal"
L=1 states we also encounter the "extra" ones whichrare C-parity

. PC +-
partners of the usual p-wave nonets, i.e., J = (0,1, 2) , 1
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If the rigid cavity hypothesis were correct, these states would be
nearly degenerate with their 'normal" partners, JPC = (0, 1, 2)++, 1+_,
and would be produced in meikton decays recoiling against L=0 mesons.

It is clear however that if these "extra" states do exist, it is at a

higher mass than the '"normal" ones. They may then be too heavy to
appear in meikton decays. If the extra states are truly spurious, i.e.,
at infinite mass, then the meikton decays involving them might be
reinterpreted as p-wave decays of two s-wave mesons: for instance,

the I=1, JPC = 1_+ meikton may decay to nwn. For intermediate values
of the masses of the extra states (corresponding to intermediate

values of the vacuum response time--éee Sec. 2 and Ref. 12) there could
be a signifiéant aﬁplitude for these "extra" asqs(apqs + asqp) con-
figurations to materialize as two L=0 meéons in a_relétive p-wave.

In discussing the meiktpn decay modes we will assume that these decays
do occur. In any case they are certainly present in higher o;ders in
cavity perturbation theory.

We now discuss the four meikton nonets in order of increasing ease
of identification. The vector meikton nonet could be the most difficult
to identify as meiktons. They cannot be produced in ¥ > YX and there

-are two aq nonets in the relevant mass region with which they can be
confused and entangled: the radial excitation of the L=0 nonet and

the L=2 vector meson‘nonet. It is not surprising that the experimentai
' 12,42

- 1 .
status of the vector mesons between lff and 2 GeV is so unclear.

Some decays of the vector meiktons are
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- 4+ -
( "p" > TfAl, PEs 7T+7‘ s KSKL) K'K s TN

* + -
mw, np, KK p p

"" > 1B, nD, KQ, ,, kL, k%7,
’

IrILU, g*a pPw

17 ' (6.1)
"§" > nE, KQ, ,, KK, KK, o’

E]

KK*, no» R*k*

"K* > K + (A7, D E, B),7Q ,. K*e, we, 1K
- >

\ K", oK, Kg, pK*

The underlined final states_represent a possible way to distinguish
meiktons from qq mesons of the éame quantum numbers. These final states
can occgr in meiktqns because in cavity ‘perturbation theory the valence
gluon can form an ss pair as readily as a uu + ad‘pair (see Table 1).
For qq mesons_these decays are suppressed by the OIZ rule and by the

suppression of Ss creation from the QCD vacuum. For instance "p" - KK

would be OIZ allowed for a qq meson but is in fact suppressed in A2 and

f decays, presumably for the same reason that the K/u ratio is suppressed

in the central region of hadron scattering. - Similarly g K¢ would
be suppressed for a”sﬁ or sd meson because of both the 0IZ fule and the
éuppression of ss creation in 0IZ allowed configurations. Consequently,
strong signals for tﬁe underlined decays would be characteristic of
meikton production, particularly in the I=-lu 1 channels in which
glueballs cannot appear.

The 0_+ meikton nonet could be almost as difficult as the 1  nonet

they lie in the region commonly attri-

1
. . ? = =
to identify. For CTE’CTM 2
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) . . - =+ . . . -
buted to the radially excited qq 0 nonet, for which candidates exist . at 1850 MeV or perhaps at a higher mass. 1In a fit to four channels
for 8/9 of the nonet: w'(1270), K'(1400), and C(1275).12 Among the
%

~they find the A3 at 1700 *15 MeV and the second resonance at 2000

expected decay modes are +100 MeV. In this model the peak at 1850 in the fr d-wave is the

3
Even in this case the 300 *100 MeV splitting is rather small

result of constructive interference between the A, and the state at

n_n

B *
p" > me, né', mp, wp, KK, kK o 2000.

o . * for the new state to be a radial excitation.
w" + ne, né', KK, xK

O-+ ) . . (6.2) Decay modes 6f the 2_+ meikton nonet include the following:
vll¢ll > KK’ KK*’ M ’
* . K Tk : . "o" > nf, na,, KK**, ™, KK*, ow
"K™" =+ 7k, Ke, K§', K+ (p, w, 9), 7K : 2= -
' . ' ke %
. nn _) nf, "AZ!-E_K_ s g
: S - : R -+ (. . .
The best hope for identifying these states rests in finding more 2 ) ot . . , (6.3)
v e "¢" > KK , Dﬁ', KK
pseudoscalar states. than can be accounted for as radial excitations ~ .
- - - ’ ' * *%
of qq and in the ghargcteristically_meiktoqic underlined decay modes. "™ " gk, K, KE', KAZ’ nK*, K(p, w, ¢) .
For CTé/CTM = 1/2 the 2™F meiktons dlso fall near observed. states,
in this case the nonet of the A3(1670), commonly presumed to be a To pursue the hint that the region from 1670 MeV to 1850 or 2000 MeV

C

d-wave aq state. A seconé I=1 JP = 2_+ state neat'the A3 would be

may contain a mixture of I=1 qq and qqg states, it would be especially

. : . *
sevidence for the existence of meiktons. In fact there is a peak in interesting to study the p-wave KK channel in this region.

PC 27

the J = 2f+ fn ;hannel at 1850 MeV,_ PC

far too low to be a radial The J7¢ = 17F channel is the cleanest in which to search for

excitation of A This structure is best seen in the fmn d-wave, is meiktons since we expect any glueballs and "extra" or “spurious”

perhaps also seen in em and p7, but is not seen at all in the fr s-wave qq states with these quantum numbers to be at higher masses. As

which is the channel in which A;(1670) appears. This is what we would observed in Sec. 5, our predictions for the masses are also most

expect if a nearby meikton and meson were to mix strongly and the reliable in this channel because of the expected absence of any nearby

mixing were dominated by the fr s-wave channel: one of the resulting resonances. Some of the expected decays are

eigenstates would then decouple from the fn s-wave. The authors of

Ref. 27 observe that their data could be explained by a new resonance

"®s' denotes the I, JFC = 1, ott qq state; we assume 6(980) is a

aaqq_state.l’l2
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*
p" » nD, 7B, nA;, mn, mn', np, wp, KK, KQ, ,
N ]

" y %
" > mA;, nD, nB, we, KQy s an', KK

17 i : _ (6.4)

"¢" e KQl 2° _ﬂ; n'E, ﬂﬂ" KK
’

"K*" -> KA KB K* KE . KD K K
1° s "Ql 29 £y, A[E, s TR, NK
]

* * *
wK, pK, 1K', nK ’__K_Q:K + (p, w, _Q)

"n.on " "

The decays "po" + mn, mn'; "w" + nn'; and "¢" - nn' are double-underlined

because in the p-wave they uniquely signal the 1-+_initial state

("¢" » nn' also merits a single underline because it signals the extra

Ss pair from the valence gluon). The decay "K*" -+ 1K (which occurs

also for the 1~ meikton) is also noteworthy, since it. is the orly

genuine two body decay mode among all the reactions we have considgred.
To summarize this section, meikton; decay into two meson final -

states. They certainly decay to an L =0 meson (JPC = 0_+

, 177) and
an L=1 meson (JPC = (0, 1, 2)++, 1+-) in a relative s-wave and they
might also decay to two L=0 mesons in a relative p-wave: Because the
TE valence gluon has an unsuppressed amplitude to create an ss pair
some of the decays have a flavor structure which is not expected in
the decays of aq mesons with the same quantum numbers, e.g., the KKK
final state in "K*" > ¢K or the decay "p" - KK*. The 1, 0_+, and
2_+ channels have the difficulty that meiktons must be distinguished
from aq nonets of the same quantum numbers. But the data in the I=1
JPC = 2_+ channel suggests this may not be an insuperable obstacle:

if for instance the possible resonance at 1850 were confirmed and if

*
both .it and A3(1670) were observed to decay prominently to KK , it

e [

.

would constitute strong evidence for the hypothesis that the two states
are mixtures of a meikton with the aq d-wave staté. The exotic l—+
channel is also a very promising hunting ground for the meiktons,
especially in the p-wave mn, 7n’', and nn' final states. It would be

interesting to look for the nn' final state in radiative ¢ decay.



¥, &
-45- .

7. Conclusion

If, as we expect, valence gluons exist, then meiktons must also exist.

Even with only aq mesons the l;Z GeV region is very demsely populated,
containing perhapg of ﬁhe order of 15 nonets! The possible existerice
of glueballs in fl;ﬁor singlets and meiktons in flavor ﬁonets complicate
an already highly complex particle spectrum, though it also greatly
increases what we can learn.

We have used cavity perturbation theory to compute tﬁe meson,
baryon, glueball and meikton spectrum. It is an open question whether
this technique is merely a semiquantitative guide to the static pro-
‘perties of hadrons or whether it can be a truly quantitative approxi-
mation. The lattef possibility is not excluded by the large value of
- og which the fits require, since the real expansion parameter is ag
times wave function overlap integrals, which is t&pically small.

Our main point is that incorporation of self enefgy effects is
needed not only for theoretical consistency But may be phenomenologically
very important. We have determined the self energy of the s-wave quark
mode and of the sum of the TE and TM gluon modes by fitting'to the
s-wave meson and baryon spectrum and to the JPC = 0_+ glueball candi-
date at 1440 MeV. The quark self energy significantly improves the
quaiity of the fit to the baryons and their static properties. The
gluon self energy, which we find to be several times larger than that
of the quark, has a big effect on our prgdictions of glueball and
meikton masses. We expect the 2-+ glueball at ~2.3 GeV, of which
more than 1 GeV is contributed by the self energy. For CTE/CTM > 1/2
our predictions for the meikton mass scale is raised by » 400 MeV
relative to what we would obtain with no self energies.

To show that cavity perturbation theory is a serious quantitative
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approximatioﬁ it is eséential to calculate the self energies and compare
the result with experiment. Machinery which could be applied to this
calcuiation has been developed.35 It would be very interesting to know
whethef;the calculated self énergies agree with our fits and whether
the O(az) contributions are indeed smaller than the O(us) terms. The
question of convergence is of particular interest for the gluon self
energy which our fit requires to be especially large.

The experimentai‘side of this pragram is to find the states Qith
valence gluons. The interpretation of i(1440) needs clarification:
an important step would be the discovery of a tenth pseudoscalar which
could fill the =' nonet leaviné an odd man out. More glueballs are
needed to determine the unknown ratio CTE/CTM'
A good meikton candidate could also fix this ratio by determining

Co.. If the A

TE and the possible resonance above it are a mixture of

3
a meikton with a d-wave qq meson, then it appears from Table 4 that
CTE/CTM is betwéen 1/ZVand 1. More data on this region would be very‘
interesting, especially in the KK* channel that would uniquely
characterize an isovéctor meikton. Similarly it would be useful to
study three kaon channels, such as K¢ and KE, which uniquely characterize
the strange meiktons. The exotic 1-+ channel is excellent for the
search for meiktons, having clean two body decay modes ;uch as ", nn',
and 7K. |
To find the meiktons and glueballs thelprogram in megon spectroscopy
must be pursued with great vigor. Partial wave analyses must be extended

upward in mass and statistics, in radiative ¥ decay and in fixed target

hadron experiments.
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Appendix 1

In this appendix we give the formulae for the vertices in Table 1

and compare our notation to that of other authors. Throughout this

appendix we set R=1,

The L-wave (L=0, 1 ...) quark modes in a spherical cavity are:

3o (kr)
Nz,e
-3

U,
js&,m

Q)

(kr) U,

k .
E+m © Jgte Jat+e,m

()]

(Al.1)

where j= 2+ £ and e= +1, and the spinor spherical harmonics are defined

2
by:

Js

where u is a Pauli spinor.

ek .
Eom Jp+ell) = 3p()

and the normalization is given by:

k

Nz,e =

3,00 [2E(E- e(1+1)) +m)

1/2

.

Us gn(® = E Yo, u < 4u31/2, moulg,u >

The values of k are determined by

(Al.2)

(A1.3)

(Al.4)

The general expressions for TE and TM gluon modes in Coulomb gauge

are given in Ref. 3. However, to make the expressions for the vertices

as simple as possible, we prefer to consider the general cavity

eigenstates without the Coulomb gauge condition.

(r) =

45 pmlE

%5,0 92

(W) X, ) (@)

These are:

(Al1.5)
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where L=j+1, j, j~1, the Y are vector spherical harmonics (e.g.

see Ref. 3), and the normalization constants are defined by:3

1

e, o0= - Al.6
33 5 [w[l- .(.+1)]] 1/2 ( )
j w

1

a = -
J,i*l : 1/2 : .
jj+l(w)w

For L=3j w satisfies TE boundary conditions and for L=j #1 ™™
boundary conditions as given in Ref. 3. The connection to TE and TM

modes is:

TE _
.A;J. ’m(,g) = _{\,J. i ,m(};) 4 | | (A1.7)

™oL 4 i ;
4 nlD 3541 45,5-1,00 3 44,541,000 -

Now consider the vertex

1"

Py "
quarki(Jl,el,ml) -+ quarkj(jz,ez,mz) + gluona (j3,23m3)
where 1, j and a are color indices. Extracting a factor

a .. .
Yag Tip 1<3pmyiigmglipam>

leaves the L factor
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(3169) () (22)
L o171 22 33 (AL.8)

= (63 i) oy,

o,
1°%1 %208y J30%3

kl 1/2
- e By [(212+1)(223+_1)) (2,,0524,0{2,+¢,,0)
(
%, Ly Rpteg
< £
x {1/2 1 1/2 - /'r dr §, (k,r)j, (w,r)j (k, 1)
> 2 22 2 23 3 21+el 1
PO PO
k, ’ 1/2
+e, m {(2(22+52)+1)(223+1)] .(22+e2,o;23,0|11,0>
. S
fgte, g ",1‘

Ll
.2
x  1/2 1 1/2 /r dr j (k,r)j, (W,r)j, (k,r)
4 i M TR A M &

where the Wigner 9j symbol has been used. The TE and TM vertices can
be obtained using Eq. (Al.7). The parity selection rules are contained
in the Clebsch-Gordon coefficients in Eq. (Al.8): We have left the

radial integrals because we have found it simplest to do them numerically.

The antiquark vertex is identical except that T;i - - Tij.. Finally,

to obtain some of the results in Table 1 we need

| T .
-(1/2’m1’¥’m3|1/2’m2) = V3 S n€ (A1.9)
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Next we consider the vertex of general form -

quarki(jl,sl,ml)'+ antiquarkj(jz,sz,mz) > "81U0na"(j3,23,m3).

Extracting the factor

a ,. . .
@Tji (31my335omy d55ma)
leaves:
(3:€9) (5,64) (G,22)
151783280 gk, ,
2 = (@spnei)ia, w6,
1751 %2082 13043

f

(2241) 2241)) M2 (11,058,,0]24,0),

1 .
2 . L
x <1/2 1/2 1 f o/r dr jzl(klr)Jzz(kzr)J£3(w3r)

. K, k, 1/2
+eey| Toa e [(2(gl+sl)+1) (2(22+e2)+1)]

% {8+, ,050,4¢,,0]2,,0)

£1+el 22+52 £3+£3

1

There is no ambiguity between the notation for L factors in Eqs. (Al.8)
and (A1.10) because of the parity selection rules. To obtain the

resuits of Table 1 we also need

T (Al1.10)

2
x 1/2 1/2 1 /r dr jy (k,1)j (k,r)j, (W, r)
? / 17601 J12+€2 2 23 3

52~
. *
(l/Z,ml;l/Z,mzll,m3> L= ﬁg_mz,ml.smB . (Al.

The relationship of our notation to that of other authors for the

quark-gluon vertices is as follows,

[/HI]=\]l—uilz“ﬂzL .. (Al.

Close and Horganzoz

Close and Monaghan34: I= V fg%¥92 L : : (Al.
Maciel and Monaghan34 quote numerical coefficients for all the
vertices shown in Table 1 for massless quarks. For the vertices
involving only j =1/2 quarks our L factors can be obtained from théir
coefficients by multiplying by a factor of 4Ym. For the othef vertices,
e.g. involQing p3/2 quarks, they use different spin ténsors than us
and the relative factors vary from vertex to vertex.
The (TE)3 3~gluon vertex is discussed in Ref. 3 in detail. The
relationship between the tl'of kef. 3 and our i factor is
LTETETE’= et (AL.

1
Also we use a g of opposite sign to that of Ref. 3 which, though it
has no effect on the final results; effects some of the signs in
Table 1.

This leaves the Coulomb graphs. We will not give general expressions
as they are very cumbersome. The t-channel Coulomb vertices only in-
volve the L=0 part of the Coulomb propagator because the s-wave modes
E

sT
have a spherically symmetric charge density. Thus ¢®% and C are

given by (using Egs. (2.3) and (2.5)):

11)

12)

13)

14)
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1 r : .
b 2 )
¢® - /r dr p (1) /r'zdr' pb(r')[—l— -1 ) +a<b (A1.15)
2 a 5 LT )
where the charge density of an s-quark or antiquark is:
2,2, ks ’ 2 -
pe(r) = N 135(k 1) + E_+m 37k ) (A1.16)
and the 2 =0 projection of the cﬁarge density of a 1+. TE gluon is
2 .2
pTE(r) =2 O EYTE Jl(wTEr) . (A1.17)

We have used the notation of Egqs. (2.10)-(2.13).
Finally the s channel Coulomb vertex, to which only the L=1 part

of the Coulomb propagator contributes, is:

1

S.8S r ) [ !
c' ! 2. —g— /rzdr Pq (r) /r'zdr' o: (x") %— + 2rr' +sl s,
0 1 0 : 2 r
R (A1.18)
with,
\ 2 iks
Ds(r) =2 Ny  +o jo(ksr)jl(ksr) . (A1.19)
s

This vertex has also been calculated b& Maciel and Monaghan.34 Our
c' factor is obtained by multiplying their coefficient by a factor of

16m.
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Appendix 2

Here we show that the results of Ref. 3 (BCM) and Ref. 4 (CHP) for
the energy shift of (TE)(TM) glueballs due to the 4-gluon vertex are
compatible. We will use the notatio; of BCM for tﬁe operators in séin
space, and also use their notation for the standara integralé,»ll, 12
and I3 (Eq. (3.23) of BCM).

BCM distinguish the direct contribution of the 4 gluon vertex

o 1 , ‘ )
bEgomy = < 6 R [‘3-1 <.§EE'§MM>} (A2.1)

and the exchange contribution

o
_ %s | 4 EM ME 1 EM _ME
Mg, == 65 | 5 Iy (650 + & (121,41 (858
1 2 1 EM . ME
+_[711+—5— I, + % 13} (™t >] (A2.2)

where Egs. (3.18), (3.22), (3.23) and (3.24) of BCM have been used,

and where §E

E is the spin operator acting between the initial and final
TE modes, etc.
The CHP result (E.18, E.19 of Ref. 4) can be written as
o
s

BEgup = - 6 3

1 piany L e |

15 (21,*13) -5 Coy (418) (A2.3)
1

+ & (2L 421,41,) <§1.~2> :

1
+ 5 Qi1 (1,1,)

where the transformation: '
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- 2
Ty, = 21T, + 5 60, (A2.4)

from CHP's to BCM's spin operators has been used. Cgﬁ is CHP's spin
independent coefficient which they do not display, and they do not
state whether their spin operators are in the direct or the exchange
basis or in some mixture of these bases.

Adding (A2.1) and (A2.2) to get the total result of BCM does not
give the same coefficients of either of the spin independent terms as
(A2.3). However after a Fierz transformation of Eq. (A2.1) to rewrite
it in the exchange basis of (A2.2) we find (using BCM's Eq. (A2.7) for

the Fierz transformation):

When added to (A2.2) this now agrees with the coefficients of the spin
dependent terms found by CHP, Eq. (A2.3). Then there is no disagreement
as long as:
(i) CHP's operators are in the exchange basis; and
(ii) the coefficients of <¢1¢2> agree{ i.e.

BM_ 4o, L2
CAg = 3 I1 + is (212+I3) . (A2.6)

< i
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spin and color. s' means the first radially excited s quark. Dashed lines represent Coulomb <

Green functions. A Fierz transformation has been done on the spin factor of the s-channel Coulomb
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TABLE 2. Various

The parameters of the fits
fit I ‘ Bl/4
fit II1 Bl/4 =

MIT fit18 Bl/4

Masses are in units of GeV
pseudoscalar 'meson.

= 144 GeV,
.120 GeV,
.145 GeV,

fits to the mesons and baryons.

are:
Zo = =245, m = .34 GeV, oy = 2.2, Cy = .30;
Z, =-2.99, m_ = .34 GeV, a_= 2,8, C. = .48;
0o s > s -Q
Z, =-1.84, m_ =.279GeV, oo = 2.2, *
0 s s

and radii in GeV™l.

The n

is a hypothetical ss
In the case of the MIT fit, the underlined particles were

used to fix the parameters of the fit.
PARTICLE | EXPERIMENTAL FIT I FIT II . MIT FIT
MASS MASS RADIUS | MASS RADIUS MASS RADIUS
N 0.939" 0.959 5.15 0.955 6.50 0.938 5.00
A 1.116 1.127 5.07 1.125 6.37 1.105 4.95
T x 1.193 1.175 5.08 ©1.185 6.39 1.144 4.95
= 1.318 ©1.315 5.00 . 1.319 6.26 1.289 4.91
A 1.232 1.250 5.59 1.246 7.07 . 1.233 5.48
T* 1.384 1.398 5.52 1.391 6.96 1.382 5.43
=* 1.533 1.541 5.45 1.530 | 6.85 1.529 5.39
Q ! 1.672 1.681 5.38 1.664 6.74 1.672 5.35
plw | 0.776 0.755 4.73 0.760 5.92 0.783 4.71
K* 0.894 0.895 4.64 0.895 5.81 0.928 4.65
¢ 1.019 1.027 4.56 1.019 | 5.74 1.068 4.61
m 0.138 0.245 3.22 0.251 4.15 0.280 3.34
K 0.496 0.469 3.07 - 0.493 3.91 0.497 3.26
- ng - 0.670 3.02 0.699 3.85 S -t

*
The MIT fit does not include the quark self energy as. discussed

.f.

The MIT fit did not quote

an ﬂs mass.

in the text.
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TABLE 3. Baryon magnetic moments in units of nuclear magnetons. (a) The static
bag model values. (b) The values after inclusion of the momentum spread of the
wave packet using the model of Donoghue and Johnson.

PARTICLE EXPERIMENT { MIT FIT FIT II MIT FIT FIT II
P 2.793 . 1.90 2.46 2.33 2.78
n -1.913 o =1.27 ~-1.64 -1.56 -1.85
A -0.614 * 0.005 -0.48 -0.54 -0.56 -0.59
t 2.32 % 0.14 1.84 2.34 2.13 2.54
0 ‘ 0.59 0.72 0.68 . 0.78
I~ -0.89 * 0.14 ~0.68 . -0.89 -0.79 -0.97
=0 -1.24 * 0.16 ~1.06 - =1.23 -1.19 -1.32
o -0.70 * 0.03 -0.44 -0.44 -0.49 -0.47

[
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" earlier.

TABLE 4. Predictions of glueball masses with various assumptions for the self

input parameter.

All masses are in GeV

. energies ratio Cyp/Cry and for the two fits to the mesons and baryons discussed
and all radii in GeV.”l. The 1.44 mass 1is an

. ++ ++ -+ -+
GLUEBALL 0 2 0 2 -
FIT G /Gy, |Gp |Gpy |MASS |RADIUS |MASS |RADIUS MASS |RADIUS |MASS |RADIUS
I 1 1.78 {1.78 | 1.14 | 5.42 |2.12 | 6.66 1.44 | 5.86 |2.30 | 6.8
2 ° |2.37{1.19 |1.56 | 6.01 |2.47 | 7.01 -
1/2 1.82 | 3.64 {0.65 | 5.70 [1.74 | 7.93 o
II S 1 2.73 {2.73 [1.21 | 7.04 [2.18 | 8.55 1.44 | 7.45 [2.30 | 8.7
2 3.64 |1.82 |1.70 | 7.87 |2.59 | 9.06
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TABLE 5. The meikton spectrum for our fit I and Cpg/Cpy = 1/2, 1, 2.

Only diagrams (a)-(e) and the self energies (1) are included, and so all the
nonets are ideally mixed. Thus we label them by analo

All masses are in GeV. and all radii in GeV. +.

§y with the vector

mesons.

JEC TYPE Cre/Cqy = 1/2 Crg/Cry = 1 Crg/Cqy = 2
Mass Radius Mass Radius Mass Radius:

p/w 1.64 6.10 1.83 6.35 2.02 6.56
1= K* 1.80 6.03 1.99 6.29 2.18 6.50
¢ 1.96 5.95 2.16 6.22 2.35 6.44

. o/w 1.20 5.50 1.41 5.81 1.61 6.05
0 K* 1.41 5.42 1.62 5.74 1.82 5.98
¢ 1.61 5.34 1.82 5.67 2.03 5.91

N o/w 1.41 5.80 1.61 | 6.05 1.80 6.31
1~ ; K* 1.59 5.73 1.80 | 5.98 1.99 - 6.25
- ¢ 1.78 5.66 1.99 5.90 2.18 | 6.18
/, 1.79 6.30 1.97 6.51 2.15 6.70

ot 3 K 1.94 6.24 2.13 |  6.45 2.31 6.65
2.09 6.17 2.28 6.39 2.47 6.59

[Sg
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TABLE 6. A breakdown cf the energy of the wflike meikton of all the nonets for‘
Crg/Cry = 1 and fit I. All energles are in MeV.

1~ o~ R I
Bag- energy 461 353 399 497
Mode energy ' 1076 1175 1129 1049
"Zero point” energy -386 -422 =405 - =376
Diagram (a) _ 30 -11 -11 -10
. (b) . 16 18 17 16
b (c) -0 v -555 ~266 ; 248
" (d) _ -226 =247 -237 . =220
" (e) 92 | 257 171 20
" 1) _ 770 841 - 808 751
Total O(a) ‘ o
s 682 303 482 805
Total (See Table 4) | 1833 1408 1605 1975
Diagram (f) -1 0 0 -1
(g) -7 -21 -14 0
(h) 7 40 23 -9
(i) 11 =20 -4 24
(3 0 -6 : -6 v -5
(k) C 0 ‘ 114 __109 ' 101
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Figure Captions

Figure 1: Self energy graphs for (a) quarks and (b) gluons.
Oﬁly one time ordering of each graph is shown. The
_ thick dashed line shows the intermediate state where
appropriate and the thin dashed line represents the

cavity Coulomb Green function.

Figure 2} Diagrams contributing at 0(us) to the energy of the
mesons and baryons. The notation is as in Figure 1.
Only one time ordering is shown. The self energy graphs
are represented as a blob énd only the quark self energy

is shown.

Figure 3: The O(as) diagrams contributing to glueball energies for
(a) the O++ and 2++ glueballs, and (b) for the 0_+ and
2—+ glueballs. Where not stated TE and TM refer to the

PC

. .
modes with J =1 and 1 respectively. The notation

is as in previous figures.

Figure 4: The O(as) diagrams contributing to the energies of the
: meiktoﬁs. Thevnotation is the éame és in previous

figures. Diagrams obtained by interchanging quark and
antiquark are not shown. The possible intermediate states
are noted with each diagram (Si/2 is the first radial
excitafion of the Sl/zquark and TE and T™M refer to the l+_
and 1 modes respectively); for diagrams with two labels
the first (second) label corresponds to the first (second)

noted intermediate state.

Figure 5: The diagrams corresponding to the dominant decay mechanism

of the meiktons.

e
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