GLUEBALLS
(Presented by Stephen Pinsky)

Kimball A. Milton
Department of Physics
Oklahoma State University
Stillwater, Oklahoma 74078 U.S.A.

William F. Palmer and Stephen S. Pinsky
Department of Physics
The Ohio State University
Columbus, Ohio 43210 U.S.A.

The G(1440) qualitatively satisfies all criteria for a glueball: It is an
isosinglet preferentially produced in hard gluon channels which mediate OZI in-
hibited processes in an SU(3) symmetric way. A simple pole model is used to pre-
dict G = &m, pY, oY, ©Ys YYs pmwm and Tmm. The small G - T rate is ex-
plained by a cancellation between G = §m — Tym and G - Te — M amplitudes\which
has also been ‘observed in the corresponding 1’ and s(1275) amplitudes. While
the G doesn't fit naturally into a pure radially excitation nonet, standard
octet-singlet mixing with 8g = - 18° gives results consistent with all existing
data. Axial Ward identities accommodate glueball contributions and appear to be

consistent with glueball parameters.
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I. INTRODUCTION

The possibility of quarkless states in the meson spectrum presents theorists
and experimentalists with a unique challenge. In current theoretical thinking
on the confinement of colored gluons, these states are d necessity; they must be
there or our ideas about confinement are wrong. Their experimental observation,
accordingly, would represent as direct a confirmation as any other of the reality
of gluons and QCD.

The leading questions are thus both experimental and theoretical ones:

How does one know a quarkless state or glueball when one sees one? Where should
one look? What does it mean if they are not there?

Let us begin first with the question of experimental signature. Since the
glueball is to date a hypothetical strong coupling object in QCD, a theory which
is far from being solved in the non-perturbative regime, its properties are am-
biguous. They can only be inferred from crude models which seem to correlate
what we know about the meson spectrum with what we believe to be true of the
binding properties of quarks in QCD. In these models quarks and antiquarks
combine, with the help of confining color forces, to produce the flavor singlet
and adjoint presentations (1 ® 8, or a nonet, if there are three flavors). The
same forces which confine the color of quarks should also confine the color of
gluons, producing quarkless flavor singlet bound states of gluons, or glueballs.
Thus, the zeroth order spectrum expected consists of nonets plus an undetermined
number of singlets which do not fit into the nonet structure.

The glueballs can be divided into two classes: those with JPC quantum
numbers allowed also for quark-antiquark states, and all others ('exotics' or

PC +)'1]

"oddballs'": J " =0 , (odd)* " and (even)” A variety of studies have

predicted the spectrum of masses and quantum numbers.2’3] Most models predict
many exotic and non-exotic states in the 1-3 GeV energy range. All of these
predictions are extremely model dependent and have been discussed at length
elsewhere. Since there are no experimental candidates for glueballs with exotic
quantum numbers, they will not be further discussed in this review. They do,
however, represent the most unambiguous signal of meson states which are not qg
bound systems.

Let us consider now a nonet of mesons with a single nearby glueball. 1In
the absence of interaction between the quark states and the glueball, one has
the ideally mixed spectrum expected of two light and nearly degenerate u, d
quarks and a heavier s quark: The flavor free states form a light isosinglet
ug_- dd

/2

7%(uﬁ-+d3) degenerate with the isotriplet and a heavy ss5 1isosinglet,

obeying the mass formulas
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and the mixing angles
ull + dd
==———) = cos 8 |8) - sinp [1) (1.3)
o) |8) l
|s5) = sin6 |8) + cos 6 |1) (1.4)

where tan 6 = -/2.

This 'ideally mixed' nonet exhibits the "OZI“A] rule in zeroth order. A
good example is the JPC =1"" nonet, p, w, K"i, K“‘O, I_(_I:O, and ¢, with w and o
nearly degenerate and mg ~ ZmIiw - mi. As a result of the OZI rule, & couples

to KK rather than mr, by means of continuous quark line diagrams. Thus, the
mm rate is OZI forbidden.

This picture is perturbed by the presence of annihilation diagrams such as
qq — g8 which couple quark-antiquark states of different flavor to each other
and to any glueballs in the vicinity in a flavor-blind (SU(3) symmetric) way.
The glueballs may be considered a strong resonance in the gg channel which
dominates the OZI forbidden reaction qlch - gg (glueball) — qzaz, where 9
and q, are quarks of different flavors. This mechanism also disturbs the ideal

quark content and mass formula of ideal mixing. Thus significant deviation from

ideal mixing or OZI rules is an indication that the gluon annihilation is strong

in a process and a glueball may be nearby.

This determines the JPC channels in which nearby glueballs are likely.

The question then is where -- in what reactions -- to look for them. Clearly
they should be most prominent in OZI forbidden channels where hard gluons must
mediate the production of the final state. The prime candidate for a production
mechanism of this kind is  — yX where X 1is any state composed of light
quarks. Apart from SU(3) breaking effects, which we will argue are not expected
to be unusually large, branching ratios observed in the decay of X should be
SU(3) symmetric.

-+, 177, and ZH. The OH

system, after a clouded past, is increasingly respectable as a nonet. Here we

The best known nonets are those with JPC =0

discuss each of these multiplets from the point of view of glueball searches.

Vector Mesons 17~

As already mentioned, this multiplet is well known for its nearly perfect
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mixing and strong suppression of 0ZI forbidden transitions. Thus one does not
expect to find a glueball here, and to date there are no candidates.

The strong suppression in the 17~ channel inhibits V — & or @ and then
3 or w - YX; 1f this rate were appreciable, there would be no guarantee that X
was formed in a hard gluon, OZI suppressed channel, another reason that ¥ - vX

is the ideal glueball hunting ground.

Tensor Mesons 2++
At first glance the tensors seem as good an example of ideal mixing as the
vector mesons, with strong OZI suppression and no indications for a nearby glue-

ball. There are however some experimental reasons to reconsider this conclusion.

Consider first the experimental limit5]
r(y—-v£")
T 0.12 + 0.05 . 1.5
Tv=vE < + (1.5)

On the basis of ideal mixing one expects

r(y=-v£) _ 1

1 2 _ 2
F(\V_"-V_—fT =3 (x7)(0.9) = 0.45%x", (1.6)

where the phase space factor is 0.9, the ideal mixing factor is 1/2, and x 1is
an enhancement factor for the annihilation into strange instead of light quarks.
(x =1 1in the limit of exact SU(3) when mo=my = ms.) This SU(3) ?rga&?ng
effect has been conjectured by some authors to be greater than unity,”’ ’ which
makes the disagreement above between experiment and theory even worse. This may
be a suggestion that in the 2++ channel we have something other than an ideally
mixed nonet. However, one must be careful, because x may also be less than
unity, as we shall argue in a later section; with x ~ 0.5, not implausible,

agreement is restored between theory and experiment.
9]

There 1s, however, an additional state in V¥ - vX, 6(1640\,8’ which has
the following properties:
M(9) = 1640 + 50 Mev; T = 220 © 190 Mev;
. -4
B(y~-v@)B(g=mp = (4.9 £ 2.4) x 10 '3
B(Y~v 8 B(g~mm) < 2 x 107+ . (1.7)

Note that if SU(3) were exact and § were an SU(3) singlet, the branching ratio
for 6 - mr should be three times the branching ratio for 6 - 1.

Is there a common explanation for 6 and the discrepancy between Eq.(1.5)
and Eq.(1.6)? Is § a glueball which disturbs the ideal mixing result in Eq.
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(1.6)7 The answer seems to be no. A glueball at 1640 would badly destroy ideal
mixing, mix significantly with £/(1514) and heavily favor ¢ — yf’ over

¥ =~ yvf, 1in contradiction with the data.

10] in which

the tensors have a state in the 1400-1800 mass range which is not allowed to mix

For completeness we note a mixing scheme proposed by Rosner,

with the £’. While his model has many interesting features, it appears not to
explain Eq.(1.5).

A possible explanation for the anomalously large V — yf branching ratio,
which preserves many aspects of ideal mixing, is to hide the glueball in this
channel under the £ meson. With very strong f-glueball mixing, f would be
copiously produced in  — vy f, without appreciably mixing the glueball with £/,

This scheme has been studied by Donoghue.u] It explains discrepancies such
as why the f mass is 30-40 MeV low in rrorro reactions.lz] Moreover, there is
some indication in high momentum transfer m p — K+K-n reactions that the £
is split.l3] These possibilities are promising, but need further experimental
and theoretical study.

Hiding the glueball under the f successfully accounts for a 2++ glueball
state, but leaves a mystery concerning the status of 6(1640). It has been con-

7]

jectured that 6 1s a four quark state, a possibility beyond the scope of this

review; in any case it certainly does not appear to be a gluaeball.

Scalar Multiplet 0'F

We mention the scalars here in connections with some interesting theoretical
work which relates their dynamics to the fundamental dynamics of the QCD vacuum.
The MIT bag model suggest that the naive mass of the OH glueball is nega-

tive. 14]

Thus a vacuum with energy lower than the naive (perturbative) vacuum
can be constructed out of a close-packed configuration of OH glueballs. Ha-
dron states are then bubbles of naive vacuum in the soup of glueballs. A physi-
cally realizable OH glueball is an excited state of one of the vacuum glue-
balls.ls] If this picture is correct, then it is somewhat puzzling to note that
this mechanism seems not to disturb the ideal mixing as indicated by s*(980)

and 5(980) being so nearly degenerate.

Pseudoscalars 0~

This JPC channel, containing a nonet which is far from ideally mixed, is
clearly an excellent hunting ground for glueballs. Moreover, OZI suppression is
known to be weak in this channel. Thus the G(1440)16’17’18] recently reported
in ¥y - vX, X - KKm, must be regarded as a prime suspect for glueball status.

The experimental parameters are



Mark II Crystal Ball
+10 +20

Mass 1440_‘15 MeV 1440_15 MeV
+30 +20
r 5050 MeV 60_ 3o MeV (1.8)
B(y=vG) BG—-K&m  (4.3£1.7) x10"3  (4.01.2) x1072
- 19]
The decay G — KKm goes primarily through 6mw, with
BO=-6mBG~RK) _ (g, (1.9)

B(G —KKm)

There is also indication of G — TMmm but B(y — yG) B(G - Mm) is much smaller
than the corresponding rate for the KKm final st:at:e.lg] The spin-parity has
been established to be 0  with a probability of less than 1% that it is not
0-.20]

Various possibilities present themselves concerning the role G(1440) plays
in hadron dynamics:

(1) G(1440) is a radial excitation of 17’.

(2) G(1440) 1is a qgqqq state.

(3) G(1440) 1is a glueball.

7,21-24] and (2)7] have been discussed by a number of authors. We will

¢9)
discuss (1) in greater detail in Section II. Possibility (2) would seem to be
rules out since there is no reason why a qqqq state should be produced more
strongly than a qq state in W — yX. Possibility (3) will be considered in
greater detail in Section III.

In Section IV, we will discuss constraints of axial Ward identities on

pseudoscalar states. In Section V we will present our summary and conclusions.
II. RADIAL EXCITATIONS

Since there is a conspicuous need for a ninth member, now missing, of the
radially excited pseudoscalar nonet, the possibility must be entertained that
G(1440) fills the bill. The present wmembers of this nonet are the isotriplet
m/(1270), the isodoublet K’(1450) and the isoscalar s(1275)26’27] (also known
as (1275)).

Since m’ and s are nearly degenerate, ideal mixing is suggested, with
the corresponding mass formula mfr’ = mi and mé = 2u\12<, - mfr, , and the mixing
angle tan 6 = -/2. This would put mcz;, if it were the missing member, at
1600 GeV. No simple perturbation away from ideal mixing will change this result.
The conclusion is that G does not fit nicely into the present radial excita-

tions. However, more sophisticated models such as those mixing ground state and
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23]

radial excitation might accomnodate a quark state at the G mass. It should be
pointed out however that this type of mixing requires the wave function at the
origin for the radial excitation to be comparable to that of the ground state.24]
This probably is incorrect for the pseudoscalars since chiral perturbation theory
indicates that the decay constants and therefore the wave function at the origin
for the radial excitations are proportional to the current algebra quark mass. 2]
(See Sec. IV for more details.)

There is another argument against radial excitation status for the G,7’28]
which we would like to comment upon. It goes like this: We do not see s(1275)
in ¢ - yvX, and thus it is an SU(3) octet state. Then if G 1is its partner
in the radial excitation nonet, it is a singlet; but this implies (a detailed

calculation is given below) that

o(m p~Gn)B(G ~ T N
o(n”p -sn)B(s =Tmm)

5. (2.1)
The measurement of Stanton, et al., however, indicates that this ratio is s0.4.29]
The conclusion is that G 1s not a radial excitation.

We do not believe, however, that this argument stands up to closer scrutiny.
There is no a priori reason to suggest that the G 1is a singlet, so we must
rely on the data and ask the question: 1Is there a singlet-octet mixture for G
consistent both with the SPEAR limit on V¥ —= ys and the Stanton limit on
mp — Gn?

At SPEAR an s(1275) signal might have been seen along with G 1in
s —
v =g}~ veem ~ vo&n (2.2)

which we estimate as follows. On the basis of phase space, V — ys 1is favored
over | -~ vyG, but G — 8m 1is favored over s — 8m. The net result including
masses and total width factors favors the G production in this channel by
(.86)-1. Since the production is via the singlet parts of the s and G (now
both assumed members of a radially excited nonet with mixing angle GR the net
effect is

B(y—~vs)B(s ~KKM) _ 2 o2
By ~yOB(G KRy ~ 0-86(tan 8p)”(tan(By +54.77))" (2.3)

Since only the light quark content of G and s contribute to production

data, we have

o B=6n) _ (ran(e, +54.7))2 . " (2.4)
o(m”p~sn) R
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(In our riotation ideal mixing corresponds to SR = -54,7°.) We must now estimate
the branching ratios s — Mmm, because this is the final state which Stanton
puts his limit on. As discussed in the next section, s and G decay to T
via 67 and Te. These amplitudes partially cancel, making the Tnmr rather
anomalously small, and difficult to estimate. On the basis of two body phase
space (§m), the G decay is favored by a factor of 1.33. This factor combined
with the mixing effect yields

o(m p ~Gn)B(G — 1rm) 4
= 1.33(t +54.,7 . .5)
o(m"p—~sn)B(s = Trm) ( an(GR 34.7) (2.5)
GR = 0 reproduces the naive ratio of 5. However, for GR = -18°, nearly

the mixing in the ground state nonet, we find

B(} - vs)B(s —KKir)

= = 0.05 (2.6)
B(}y - v G)B(G—KKm)
which is small enough to be overlooked at SPEAR,3O] and
"p —-Gn)B(G ~ )
ol p=GnIB(G - _ 2.7

o(m"p - sn)B(s = )

which is at the limits of Stanton, et a1.27]

In summary, the evidence against the G(1440) being a radial excitation
does not seem overw elming. While the G does not conspicuously fill the role
of a radial excitation - its mass 1s somewhat low - that possibility cannot now
be ruled out.

These questions may well be resolved by looking at vy decays of G and
s. The glueball calculations of the next section predict a substantial rate for
G - yy. It is difficult theoretically to make a reliable estimate for the vy
rate if G 1s a radial excitatioxf. Clearly any charmonium calculation must be
suspect since in this mass region one is dealing with a relativistic strongly
coupled bound state, not a non-relativistic perturbative weak coupling bound
state. PCAC methods are also questionable when applied to radial excitations,
with the problem further compounded by the large mass extrapolations involved.
Moreover, PCAC methods require the wave function of the origin to be small, of
order quark mass compared to QCD scale, while charmonium calculations predict

25]

quite large wave functions at the origin. The theoretical crystal ball is

here somewhat clouded.
One need not, however, rely on theory; the ratio s — vy/T = yy should be

’

similar to G — yv/’n' —~vyy 1if G 1is the radial excitation of the T'. A meas-

urement of the decay of either s or G to yy will be useful in sorting these



questions out. (Experiments at JADE39] look at T’ — vy and seem to cover the
region of s(1275), showing a strong n' signal but no s signal, suggesting
that the radials indeed have smaller 2y branching ratios. The problem here,

as well as with similar experiments at TASSO,AO]

is that the branching ratio for
the G and s tend to be very small, 10-2 (because of the large total widths),

implying a small data sample.
III. PSEUDOSCALAR GLUEBALL

As we have emphasized above, there is no simple, direct, and unambiguous
test for establishing the existence of a glueball in a channel where ordinary
quark-antiquark states are allowed. Links in the chain of circumstantial evi-
dence strongly suggesting the glueball "modus operandi' include:

(1) An "extra" isosinglet state not accounted for in a nonet pattern.

(2) Production in hard gluon channels.

(3) Mediation of OZI inhibited processes in production and decay.

(4) SU(3) singlet status, possibly broken by a slightly different coupling to
heavy quarks.

In this section a simple pole model is used to correlate (1) ¥ — vy70’ and
v -vM, (2) ¥ - yG(1440), and (3) G(1440) - §m. 1In this model the glueball
mediates production of ﬂ' and T 1in the hard gluon channels of V - ggv; 1
and 1’ mediate G decay into light hadrons; and the rate ¥ — yG 1is used to
fix the basic coupling of glue to quark states.

31]

Freund and Nambu first suggested that "O mesons' or 'closed strings'

(glueballs incurrent parlance) mediate transitions forbidden by the OZI rule; and

their model has been refined and applied to 0+, 07, 17, and 2+ 0ZI forbidden

processes.32’33] Here the z(1440) or G(1440) 1is proposed as the 0 glueball,
a quarkless state coupling strongly to two hard gluons as shown in Fig. 1(a),
where it mediates a transition between charmed and light quarks. As shown in
Fig. 1(b), (short hand notation in Fig. 1l(c)), the phenomenological factors fnc
and f., measure the mixing between quark states and the glueball. They are re-
lated to the wave functions of the G, T’, and ﬂc, as indicated by the shaded
bubbles. The interaction of the glueball is SU(3) symmetric in zeroth order but
the annihilation diagram may be quark mass dependent, so deviations from SU(3)
should be expected. Any gluon annihilation process near the G mass should be
dominated by this diagram, on purely quantum mechanical grounds, so long as the

G couples more strongly to glue than quark states do. The amplitude for the 0ZI

forbidden process shown is

(3.1)
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where the propagator enhancement factor should be noted. A simple theory of the

pro—cesses v —-vY) and V¥ - Y’ﬂ' is thus given by the diagrams of Fig. 2 yielding

3 £ 2,2 m2 2 f 2,2 m2 2
B(W"Yﬂ) = pﬂ ﬂ ﬂ, = 1.2 ﬂ mG ﬂ' (3.2)
BO=YT)  \Pys [\Er/ \ 2 -2 N )\ 22 :
il n ¢~ ™ e M
(The f£ factors cancel if their mass shell dependence is neglected, as we do

here.) ﬁecent data of the Crystal Ball Collaboration presented by K. Konigsmann
(this conference)34] gives 0.213 + 0.027 for this branching ratio, fixing the
relative magnitude of fn/f,ﬂ,. In the limit of exact SU(3) symmetry when 1)
is a pure octet, we have f_ = 0. However on the basis of mp — Tn and

-rr-p - M’n, one concludes the physical TN and N’ are mixed states as follows:

1 = cos e[“‘“%si} sin g ["‘T—J'dd“—'zﬁ] (3.3)
N =-sing [&;;H-—S—S]+ cos 9 [%—Z'S—s‘] (3.4)

where 6 = =-15°. Now if we assume that glue couples to strange quarks with a
strength x relative to light quarks then the ratio of the amplitudes for
V- to ¥~y is

A(—-vy _ (1-/2 tan §) - x(1+1//2 tan @) (3.5)
A(y~vN")  (tan 8+/2) + x(1//2 - tan 0)

+ .42 (experiment)

Setting 6 = -15°3°]

we find two solutions corresponding to the + and - sign
respectively x = .75 and x = 4.6. We reject the x = 4.6 solution since it
would be contrary to our initial assumption that glue couples in a nearly flavor
blind way: It introduces implausible SU(3) breaking into the quark mass depend-
ence of the annihilation process. This leads to the additional result that the
relative sign of the amplitudes is positive and yields

f, (mg-mzl)
—El S M. .42 1 0.027 . (3.6)
7

1 (mé-m%)

It is important to note that the above phenomenological conclusion, that
strange quarks couple more weakly to glue than light quarks, seems to be in con-

tradiction to the predictions of perturbative QCD.1’6] If the G(1440) is a



77

-

AN

W\

A

A

<

G

fe pigae fn' @

o

n,n'

Fig.2



78

glueball, the same problem arises with the total width of the G, which is meas-
ured to be of order 55 MeV, while perturbative QCD predicts 1 to 3 MeV. It
should be noted, however, that these conclusions are extremely sensitive to the
quark mass inputs (see Fig. 1 of Ref. 1). Indeed, some authors report an en-
hancement factor for glue balls decaying into light quarks.36]

The absolute strength of the glueball couplings can be calculated from

¥ -y’ and ¥ - yG as shown in Fig. 2 and 3, yielding

3 ¢ £2
T~y _ (EL') N g5l (3.7
F(W—YG) pG (mé'm%/)z (m(z;-m%/)z

where again we assume flqc(mz) = f-ﬂc(mé), that is neglect the mass shell varia-

M
tion in the coupling parameters. From the data for G production and decay,zo]

B(¥~vG) B(G~KRm) = (4.1£1.5) x 1073 | (3.8)

Fig. 3

as well as B(r—-yN’) = (3.8%.8) x 10-3 (an average of Ref. 20 and Mark II

Ref. 19), we conclude

2
7
= (0.624+0.30)B(G KK . (3.9)

£
-l 2
mG mn

”

(The error estimate is conservative. The basic mixing strength is plausibly
small, about 1/5 1if B(G—KKm) 1is 30%.)

Now that the glueball mixing parameters are determined, we may check the
consistency between the production and decay of the G within the framework of
the pole model. The decay G — &m may proceed either through T’ or 7 chan-
nels as shown in Fig. 4(a) and may be compared to & — M as shown in Fig. 4(b).
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o e

Fig.4b

In terms of the dimensionless coupling gPPS/m where m 1is the mass of the de-

caying particle, we have

2
T 1 Bng
2_m2 my mz-m m.
rG=sm _ 5 Pe\"e 7™’ G (3.10)
r(s° - P 2
M) m gTIrré
mZ
8
2
2 2 2 2
M=3ET§ _iTV_M+iM . (3.11)
r(s° ~mm Pq mcz; (m(z;— %,)2 Enms fT]' mé—m%

Assuming an octet-singlet mixing angle of 6 = -15°, and that the &m couples
only to light quarks, we find

8m?
N8 - tan(e+54.7) = 0.83 (3.12)
E1rrs

All other factors in Eq.(3.11) can be evaluated in terms of Eq.(3.6) and Eq.(3.7).
The result is
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v 12
re-sm T o J—-—B(“"W (3.13)
r¢g-=m) T(r—=vyG) B(y~vyn")

In terms of the experimentally measured G parameters this can be written

—_— 92
T'(6~Tm) , By~ v
- - = ———— B(y~ . 0.9 .14
B(V~vG) B(G—~8m) ) B(y—~v1 )[0 83 + BV~ (3.14)

This relation should be regarded as a theoretical prediction of the G decay
parameters in terms of other measured OZI forbidden rates. It tests the role of
the G as a glueball and a mediator of OZI forbidden processes. In terms of ex-
perimental data Eq.(3.14) is evaluated as (taking B(§—1m) = .6 % .3)38]

3

(3.34£2.0)10°° = (3.6 £2.0) x 107 (3.15)

indicating consistency with the single pole model of G as OZI mediator. Alter-
natively, we can simple evaluate the R.H.S. of Eq.(3.11) in terms of our 0ZI

parameters. Then

T(G—sm) _

= (1.5)(.62 £3)B(G —=KK 1.56) 3.16
TG (1.5)( )B( k) ( ( )
or equivalently
KE=bm__ 5 g5 , (3.17)
I'(G —~KKm)

consistent with present observation,lg] keeping in mind the large errors associ-
ated with these numbers both theoretically as well as experimentally. We now use
this model to predict various decays of G, as shown in Table I.

The single photon rates are described by the diagrams of Fig. 5. Since the
vector-vector-pseudoscalar vertex has the dimension of inverse mass, we use for

the vertex a coupling gWPm(initial particle). Then we have

2
o le mé g £ mg—mz,
FG=0"Y) _ 9.5 , nz ;= 1+Mf_ﬂ_2_‘21_ (3.18)
T’ =e%) (mg =y ) m%/ 0’00 " mg

vwhere the numerical factor represents the effect of phase space. Using the

earlier result for the relative coupling of T and ’ﬂ' to light quarks, we



obtain
o
[G~0Y) _ g3 0 B(G-KEM (3.19)
r(’ =0’y
or
o] o]
BG=0¥) _ g3 0 LN =0y _ 449 (3.20)
B(G - KKr) r(6)
Y
Norn'
G
§ y
nl

A similar calculation (but the coupling of ¢ to a photon is 1/9 the ¢

coupling) 371 yields

BG-av) _ ¢y, (3.21)
B(G —KKm)
For G — ¢y we have
f2 2 m2 £ mz-m2 2

F(G-oy) 1 Bl Me 2 Brgo 1 M6 T’
- = 9.5 — |1+ (3.22)

rm’=ev (m, - 2/)2 82/ 21 2 gﬂ'w 'nl 2"“2

T S MR "M

The ratio g /8., , measuring the relative amount of strangeness in the 1
Teoo” ™M “exp
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and 7', is -0.83. A similar treatment of gn,w/gn,op yields 1.7 for this
ratio. The factor 2/9 is the relative strength of the vector dominance coupling.

Equation (3.22) can then be expressed as

LE>9v  _ g9 . (3.23)
T'(G—KKm)

Combining all three single photon rates we have

L(G—~py) + TG~wy) + T(G~gy) _ 167 (3.26)
(G ~KKm) B ' )

Nor Y)'

Fig. 6

Let us now consider the process G — yy, which we compare with "’ - vy,

as shown in Fig. 6, yielding

m 3 le f (m2-m2/) 2
e-yw _1 ¢ i} e T Ay g (3.25)
’ ’
T =vy) m (m(z;-mi]')z f,ﬂ/ ( 2_m%) ACY ~vy)

The amplitude ratio A(T—vyy)/A(1’—~vv) isgiven by the data38] up to a sign to

be 0.57. This yields for + or - relative phase respectively
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ey {3 2} B(C ~ KKm) (3.26)
(M’ -vy) 1
or
TE—-vy) = {167} KeV x B(G—KKm) (3.27)

The present experimental upper limit on this rate is 10 KeV.30]

We now consider some three body final states of interest, starting with
G — pmm, which we can estimate by comparing it with our previous calculations of
G — pY. Our model is a very simple isobar picture in which we calculate the
phase space by integrating over two two-body phase space factors with a simple
Breit-Wigner factor for the internal propagator. No threshold, cross-channel, or
symmetrization effects are included here. A careful and detailed treatment will
be presented elsewhere. The pole diagrams are given in Fig. 7. The photon in

the G — poy diagram diminishes the diagram by a factor37]

31"p e+e_ ;
—m = 3.6 x 10 © . (3.28)
P
Thus we have
o + -
G- ) 0.012
Cop 1 - — = 3.5 (3.29)
r'G-~p v) 3.6 x 10

where 0.012 represents the results of our simple isobar model. The result for

all omm charge states can also be written as

B(G~pm) = 150% B(G ~K&m) ,

a significant rate. This final state in the G mass region will be studied at
TASSO 401
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o

Fig.7

Finally, we consider the puzzling G — Tnm decay. Since § 1is a prominent
part of the KK in G — KKrr, and since the branching fractions of § — KK and
§ - T are similar, one naively expects to see considerable G — Ty 1in
Y — yTm, where experimentally none is seen.lg]

We can understand this as a cancellation between two amplitudes which popu-

late the Tmr state,

G—> §m

T
(3.30)
6 ——3% 7 e(700)
L—
which parallels an analogous mechanism in the decay of the radial excitation of
the 7, s(1275) 27} and in the decay of 71°.2°] Phase shift analysis of T

data in the s region show clear 67 and Te signals, with opposite phases,

so that the amplitudes partially cancel. A similar effect has been noted in

N’ = Mmr. In the s(1275) data the Te signal appears half the size of &m. As
in the pmr channel, a final calculation must await a careful treatment of phase
space and overlapping off-shell resonances. Now we estimate the process by as-
suming a cancelling phase as suggested above and indicated in Fig. 8. The phase
space for each diagram relative to ’V]' - M yields a factor of 20. To gain a

rough idea of how big G — T might be, we take the factor of 20. Since the



cancellation referred to above 1s expected to occur in both N - Tm and
G - T channels, the G - Tm 1is scaled accordingly, with the OZI suppression

given by our earlier analysis

2 £ w2on?) 2
STGE=1m) g ) 140 ey
- 2
T (T =) ok -n2p 7 ok -ud
= (20) 0.62 B(G—KKm)(2) . (3.3

Thus we have

B(G=Tm) _ 5o T(N/ ~Tmm) _ o

= (3.32)
B(G — KKm) (e

This calculation - rough and uncertain as it is - does indicate that the branch-
ing ratio for G-KKm and G — Tmm can be very different. A more detailed
calculation is in progress.

Collecting all of the partial rates we have calculated for the decay of the
G, we can account for a branching ratio which is 175% of that of the G — KK,

B(G ~ pY,wY, Py, VY, omm, Mmm) = 175% B(G—~KKM) (3.33

If we conjecture that 90% of the decays have been accounted for, B(G—KKm) 1is

about 33%.

norn'

norn /

R

Fig. 8

(-)6 —
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Table I

G(1440) Decays Based on Pole Model

KK Suppressed by generalized G-parity
& Input (Eq. 1.9) 80% + 20% of KKmr
o
oY DG=07V) 149

T'(G —~KKm)
wy IIEi:J&;l_ = 1.6%
T'(G —~KKm)
oY T@=ov = 4.6
I'(G —~KKr)
Yy (6 to 17) KeV x B(G —KKm)
KK Input
o LE=omm 4507
I'(G = KKm)
G~
Trmr [O=Tm) _ gy
' (G - KXm)

IV. GLUEBALL, CURRENT ALGEBRA, AND THE U(1l) PROBLEM

The U(1l) problem, at the crossroads of current algebra and QCD, of chiral

perturbation theory and the 1/N expansion, has received recent theoretical inter-

est.41-43] In practical terms, we are concerned with the saturation of anomalous

Ward identities by pseudoscalar mesons, including glueballs. These identities
provide relations among the matrix elements of the QCD anomaly and other matrix
elements measured in N~ 3m, ¥ =Ty, ¥~ 1"y, ¥ ~vG, ¥ =y, ¥ = ym°

and the 2y decays of 1), ﬂ', m, and G. The details of the approach are de-
41]

and

scribed elsewhere.
Briefly, the saturation is perturbative in powers of the current algebra

quark mass § and the 1/N parameter, where N is the number of colors. We

consider the following Ward identities

3o 3
4 b 2 o 2 -
1 [ d 10,8200 3 22 0) - 5%% °r( /2 = P /2 72 Fon)

= - ([ [en ]y “.1)



where H’ 1is the chiral symmetry breaking part of the Hamiltonian and we saturate
by the pseudoscalar (P) states 1, 1’ and G only. The decay constants are
defined according to

2
(OIB”A:]P) = mF o a=0,8 4.2

and
(o3 a° - /2 X r FF|P) = 25 (4.3)
T 3 4m Mfop - :
The decay constants for the radial excitations (R) are defined similarly

2
(olaqu[m = Fome (4.4)

In the chiral (or N - ») 1limit radial excitations are not Goldstone particles
and thus their masses do not vanish. Since 8uAS goes like § (a quark mass)

in this 1limit, we conclude that Fa is proportional to 6. This justifies

R
neglecting radial excitations when saturating chiral Ward identities because
their contribution is down by a power of §. In contrast Fﬂ = 0(8).

The decay constants are directly related to the wave function at the origin

for the pseudoscalars,zs]
¥(0) < /m F (4.5)
from which we conclude that
\IIR(O) = § (4.6)
while
1
WP(O) « §% “%.n

That is, the wave function at the origin of the radial excitations 1is small rela-
tive to the ground state wave function.

Returning to Eq.(4.1) with a,b = 0,8, we find
2 1 2.2
meFg. = 3 W = DmpFe, (4.8)
P

- 2 =
m” = %‘“PFsP(FSP“”fZ Fop) 4.9)
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2 2 o (2 = (2
3mTT = ?mp[(l“gp +/2 FOP) - z(FOP - FoP) ] (4.10)
= = 2
0= %} (Fp-F pmiFg, (4.11)

where all decay constants have been normalized to Fn = 1. These equations are
generalizations of our previous work41] in that the glueball has been included
in all pertinent identities, and we have added a fourth sum rule,43] Eq.(4.11).
. _ s Tant Faer Fomr Fon Foor Fop Tre
Fo,n,, FoG are regarded as unknowns, we have four equations in ten unknowns.

For the time being we assume FK = Fg,ﬂ = Fn = 1, an assumption to be tested be-

low. We are left with eight unknowns and four equations.

If the decay constants F

At this point we appeal to experiment to provide additional constraints.
While we will not completely succeed in solving for all the unknowns, we will
find an interesting relation involving TI'(G—vyy) and I‘(G-Kl_(-n).

First we take the ITEPM*] approach to V¥ - yP, mediating the OZI forbidden

decay with the anomaly operator tr FF:

X 2
3 2 s T m?
By -y _ i |<0|‘/_§ ol )l . (4.12)

Bv - vD Py | E |
(OI‘\/_% T tr FFI'I])
Using branching ratio data we find
Fon” f‘o 2
L) - 1ehox 0.2 (4.13)
O.nl' o.nl
A similar approach to  — yG yields
F-F \?
oG ~oG _ 0.32 :i:_O.16 %.14)
Fo'ﬂ'-FO'ﬂ, B(G - KKrmr)

(We are left with the branching ratio factor because only the product
B(y—-vyG) B(G~KKT) has been measured.

The P - 2y rates provide another constraint. Using BuAS and aqu as
interpolation fields for 7, 17’ and G, we have



8 2 1 %em ~

au.Au. = % mPF8P§P + —3/_3 4_1'1 tr emFem (4.
o 2 2 /2 O[em =

ap_Ap. =ZP> mPFoP§P + 3 3 4_11 tr FemFem (.

15)

16)

where Fem 1s the electromagnetic field strength tensor. Taking matrix elements

between (Ol and |2v) states and using Sutherland's theorem and standard cur-

rent algebra techniques, we have

1.12 = 0.53 F0T1 + Foﬂ/ + FoGR .
-0.131 = Fgps + Fg R A
where R 1is the following amplitude ratio
r=AC=2y (4
A(T ~2v)

At this point we have eight equations involving eight unknowns in addition to
two missing data R and B(G—~KKT). We proceed as follows.

Equations (4.8) and (4.11) can'be written in terms of x = FST]' and
y = FSG as
2 2 2
Am —xm,n,+ymG (4.
m2 . .
B—2T1-=x+ATGy=O 4.
m m
n’ n’
where
2 4 2 1 2 2
e (4
F . -F
B = on o (A
Fon'- on’

17)

.18)

.19)

the

20)

21)

.22)

.23)

.24)
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(A and B are given by Eqs. (4.13) and (4.14) up to a sign.) If the system of

8"]' and F8G’
hence G - 2y by Eq.(4.18). (This points out that the remaining equations are

equations could be solved for F they would determine R and

underdetermined.) The condition that the ellipse and straight line of Eq.(4.20)
and Eq.(4.21) intersect is

pom
7
A2 = B2 —zm']lz— - (4.25)
g g
which by Eq.(4.14) is a constraint on B(G—~K&m),
F 7 2 4 2
- 7
0.32 £ 0.16 on” o1 ™ .26)

B(G ~ Kir 2 2

Fon ‘- Fo’n "/ moam mé

- 0.44

Amz is a sensitive term which was originally given by (Fn_ is.scaled to unity).

2 _ 4 2 1 2 2 2
e =g FKmK -3mo- F8nm,n . 4.27»
If we take FIZ< = 1, then
2 _ 2
Am” = 0.325 - Fan(0.301) 4.2

Then varying F8 from 1.00 to 0.95 causes the limit on B(G-KKm) to vary from
12 + 6% to 36 + 18%. On the other hand there is evidence that FK = 1.15, which
by itself would lead to no restriction on B(G -Kfrr).l*sl

The conclusion is that the equations determining G — yy are quite sensitive
to small variations of the parameters. Additional experimental constraints are
needed to stabilize the solution.

For amusement and possible instruction, let us assume that the ellipse and
straight line of Eq.(4.20) and (4.21) just touch so that we have a unique solu-
tion, corresponding to the equal signs in the above inequalities. Then picking
a value of Amz (i.e., picking a value of FK and Fg'ﬂ) fixes A and there-
fore B(G-~KKm). x and y are given by
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—Am2
x = &8 y = Ax (4.29)

Bm

=N

and the rate T(G—vyy) is determined by

3
m 2
PG=yy) = TN ~yy) —3- <ﬁ1—31) 4.30)

e\ Y

Varying Am2 from 0.024 to 0.074, which corresponds to extremely small variations
in the decay constants, causes the limits on B(G—KKm) to vary from 12% + 6%

to 60% + 30%. The rate on T(G-vyy) then varies from 8.6 KeV to zero, values
not inconsistent with those determined more precisely in earlier sections by
other means. The Ward identities accommodate the presence of glueball contribu-
tions and should be useful in the future in correlating glueball parameters with

other pseudoscalar decay constants.

V. SUMMARY AND CONCLUSIONS

The G(1440) qualitatively satisfies all criteria for a glueball: It is an
isosinglet preferentially produced in hard gluon channels which mediate OZI in-
hibited processes in an SU(3) symmetric way. V¥ — vN’, ¥ - V1, V¥ - yG, and
G - 6m are all related by a singlet glueball coupling mechanism. A simple pole
model predicts G - sw, pY, wY, Yy, pmm, and Tm, accounting for a partial
width into these channels 1.75 times the G — KKm partial width. If, as conjec-
tured, 90% of all decays have been accounted for, we have B(G—~KKm) = 33%. The
vy partial width is estimated to be (6 to 17) KeV x B(G -KKrr). The small
G — T rate is explained by a cancellation between G — &t — Tm  and
G -~ M€ — Mnmm  amplitudes which has been observed in the corresponding 7’ and
s(1275) amplitudes.

Thus all lights are green for glueball status, but other possibilities should
be entertained. While the G does not fit naturally into a pure radially ex-
cited nonet (its mass is too low) more sophisticated configuration mixing schemes
can accommodate it, For a standard octet singlet mixing angle of eR = -18°,
its role as a pure radial excitation is consistent with not being seen by Stanton,
et al., in wp — Gn and with nat seeing s(1275) at SPEAR in V — vX.

Finally, axial Ward identities accommodate glueball contributions and appear

to be consistent with glueball parameters.
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