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1. INTRODUCTION

The existence of bound states of gluons called gluonia or
glueballs is a clear prediction'l’/of QCD but predictions of
their properties are less definite. While lattice QCD calcula-
tions of, e.g., the mass mg of the scalar gluonium o = (&8)
may now be with some reservation approaching approximately the
value My = 1.3 GeV 27 in a reasonable agreement with the in-
dependent estimates based on bags/3/ , QCD sum rules.42.b/
(see, however, "4¢/ where a possibility of a light and narrow
scalar gluonium is advocated) and others /5 /, the decay pro-
perties of ¢ are more puzzling. In particular, it is not cle-
ar whether its decay widths into ordinary hadrons should be
small or large °’ compared to its mass m, . Within a large
N, colour counting the widths of gluonia are O(l/Nf) and
thus are expected to be sm%}} of an order of ten MeV "6’ . How-
ever, in a previous paper an exception from the I/Nc -rule
has been demonstrated explicitly for the scalar gluonium o de-
caying into =m . A

In fact, analysing the coupling of ¢ to »7 on the basis
of low-energy theorems " of broken chiral symmetry and sca-
le invariance through the anomalous trace of the hadronic
energy-momentum tensor ‘1%’ implemented by using phenomenologi-
cal Lagrangians 1!/ | the following partial width has been

found 8 7
<5
m t
o » 7)) = 3 I, (1)
67b G,
where G, = <0 (ag /n )G:U G 10> is a familiar gluon con-

densate ‘127 of-QCD, C2  are the gluonic field strength ten-
sors and b = (1IN - ko)/3 with N, and N being the numbers
of colours and flavours, respectively. Although being of
0(1/N¢g) - order, (1) gives a large value of T'(o - 77 ) for
Ne = Np = 3 and the ITEP value of G, = 0.012 GeV* 127 if mg
were around or above | GeV. Such a conclusion has also been
independeéntly supported recently by Gounaris et al./13/ who
have found that a 0** gluonium cannot be narrow if it exists

at all.gﬁoreover » this agrees, too, with QCD sum rule analy-
sis in . . ORGP P
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The result (1) has been found/®/ under the assumption that
only a scalar gluonium ¢ dominates the following low-energy
theorems / 9/

ird4x<(n1(fux)H(M)|0> = ;-Go, (2)

etc., where the scalar gluonie current H(x) is given by the
anomalous trace of the hadronic energy-momentum tensor of

QcD /10/

H=-(o¥) =2 Z2a? o, (3)
K an B g

Other states like scalar qq, etc., mesons and eventual mixing

of ¢ with them were ignored and the effective Lagrangian used

for coupling of ¢ to pseudoscalar mesons’/®/ was constructed

so as to satisfy (2) and‘AB).

Although an inclusien of mixing with the quarkonium me-
sons alone does n7t seem to change the above conclusion, it
has been noted that if in addition a derivative coupling
term is introduced into the usual type of the linear sigma mo-
del Lagrangian/llb/ then the problem of large widths of the
ordinary scalar qq mesons as well as a heavy physical state
(called here G and resulting after mixing between the pure
gluonlumtr and a flavour SU(3)yp -singlet (u, d, s) quarkonium

S, =(1/3) % (uu+ dd+s§)) can be solved. Since this looks 1i-
ke a possible contrast with the result (1), we want to inves-—
tigate these effects in more detail here. Using phenomenologl—
cal Lagranglans/‘l/for broken chiral and scale invariance we
shall show in section 2 that, in fact, while such effects can
suppress the couplings of the heavier state G to the octet of
the pseudoscalar Goldstone mesons $¢; , the decay of the light-
er scalar particle ¢ still remains in agreement with (1) for
a small ratio of the squared masses M, /Mg << 1.

On the basis of the large - N, counting’’ 1 we shall find
that just thlS state ¢ having a large ¢ » 77 decay width of the
order O(l/N ) in agreement with (1) should play the role of
an effectlve physical gluonium while the narrow state G plays
the role of an effective SU(3)yp singlet quarkonium because
its coupling G¢¢ has the same behaviour in 1/N, expansion’/7?/
as the couplings S;#¢ for the nonet of the scalar q mesons
S, (1 =0, 1,..., 8) and so no contrast with (1) appears.

The exact, not dependent on M /Mc;expan31on results will
be presented in section 3. These results, however, are based
on some more sophisticated but reasonable assumptions on the
bare gluonium o and quarkonium S, masses M,, and My, , res-
pectively. In particular, we assume and discuss the attractive
po§sibi1ity that these masses are equal to each other, i.e.

2
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M2 = M2 =M% with the value of M around 1.3 GeV as may be
suggested by the quark model and by the recent QCD lattice
estimates 2/ taken seriously despite of the ex1st1n§ reser—
vations. Using, moreover, the''standard" values of G, 12,16/ e
shall find consistently with the results of the prev1ous sec—
tion that the heavier meson G has the predicted mass Mg =

(3/2) M and suppressed decays into #7 and KK while its
gluonlum companion € is predicted to be the &ide.state lying
probably below 1 GeV with the mass M,= (1/2)" M. The effecti-
ve SU(3)F singlet quarkonium G is in agreement with the
GAMS f, (1590) meson (the old name G(1590)) discovered at the
IHEP/18/ and the meson ¢ may not be inconsistent/1%/ with the
broad, not easily observable/19/ (see also/2/ and references
therein) state ¢ (900) below | GeV seen probably again recent-
ly by analyzing /21/ the AFS data 722/ obtained at the CERN's
ISR.

On the basis of these results we suggest in conclusion,
section 4, that a mixing pattern for the scalar q@ nonet is
far from the ideal one and could instead be analogous to that
for the pseudoscalar mesons = ,K ,» and n° with probably neg-
ligible mixing between the octet and SU(3)r singlet scalar
states. A picture that arises consists of the I =1, I = 1/2
and I = O scalar q@ octet members correspond1n§ to the experi-
mental candidates/19/ a, (980) and/or a,(1400)?72% K{(1350)
and £, (1300) (old names 5(980) and/or & (1400)9/2g , x(1350)
and f(lBOO)), respectively, and of other two SU(3)j singlets
G and ¢ representing by themselves lagre, approximately half-’
and-half mixture of the pure gluonic and quark degrees of
freedom 7nd corresponding probably to the experimental states
£ ,(1590)/18:19/ and ¢ (900)/2/ .

The present scenario of the scalar mesons does not explain
the S* (975)-state /19 (or even more states?’/ ) and thus we
encourage efforts for still other suppositions /2% 25,28/ made
to understand better the effects near the KK threshold.

2. THE ANALYSIS OF DERIVATIVE COUPLINGS
Let us recall that a convenient and original way to inves-—
tigate interactions of the qq scalar and pseudoscalar mesons

is to use a linear sigma model (LSM)/llb/ with the 3x3 field
matrix U(x):

U(x) = Aj(Sj(x) + i¢j(x)), ()




where Sj(x) and ¢;(x) (j =0, I,..., 8) are the qq nonet
scalar and pseudoscalar fields, respectively and AJ are the
Gell-Mann matrices A normalized to Tr(AiAj) = 28;; . Neglec-
ting the quark mass term, this model is described by the fol-
lowing Lagrangian

Coow= 7T, UMUY) - v, (5)
where the potential V is an arbitrary chiral invariant func-
tion of the fields under consideration. We assume that chiral
symmetry is spontaneously broken and reparametrize the fields
Si so as to have Sj(x) = <0|8; |0> + Sj(x), where S{(x)'s
are already correct fields and <0|S;|®>= (/3 A/2 )f,8;, with
fo =-f,, f, = 93 MeV being the pion decay constant as one
can easily see from the usual definition of f_ through the
axial current. At a tree level, Lagrangian (5) gives the

couplings between the scalars and pseudoscalar pairs as fol-
lows/Hb/ ‘

2
nond S -
ngsf/xj;er=‘1?‘“To—k‘*’dkij Sg(x)¢; (x)¢;(x), (6)

where dyi; = (1/4)Tr€lx;,xj } Ay) are fully symmetrical and
Mgk's are the squared masses of the decaying scalars, so their

widths are much larger than the experimental ones. A possible
way, out of this discrepancy has been suggested by Gomm et al.

in /1% yhere they have noted that an introduction of chiral

invariant derivative terms like, e.g.

Tr (9, Ud" UT UUT), ete. (7)

into (5) can add a derivative interaction term of the type
Ad.. 8 u

T Ykij k(X)(% b;(x)) (9 ¢ (x)), (8)
o

(A being an arbitrary number) to (6) and this again yields
amplitudes proportional to the squared masses of the decaying
scalar mesons. They have cqncluded/15/ that the general ampli-
tude for the decay S- ¢¢ as based on chiral symmetry is pro-
portional ‘to the squared mass of the decaying meson S, or
equivalently, the/ﬁeneral S¢¢ coupling 1is supposed to be of
+ a derivative type/!5/ ;

4 ¥

e s e

-

der y ~ o
Ly = Tk Sk (X)(9, ¢, (0 (37 (x ), (9)
where ¥ = 1 + A is the only (numerical) parameter to be speci-
fied from the scalar qq meson decays.
If a09989) is a qq state, then the width I'(a,(980) » 737 ) =
19

= 54 MeV implies
0.24 - 18°

y ={ 0.27 for 077,7'={ - 109 (10a)
0.34 Qo

where Oy * is the 7’ mixing angle. Knowing ¥, (9) predicts

all other decay widths, e.g,, for the K (1350)- Kz decay we
obtain
210 MeV 0.24
T (K*(1350) » Ko ) = { 260 MeV  for y = { Q.27 (10b)
420 MeV 0.34

in a good agreement with otherwise not very precise experimen-—
tal results/19/. In fact, if the partial decay width
' (Kx(1350) - K7 ) is experimentally known more precisely,
then (10b) would be more convenient for the determination of
¥y since (10b) depends neither onVenn’ ,,or on a particular
interpretation of a,(980) as, e.g. qg /2L2723< q2qe /28]
etc./?/ state. However, the agreement between (10a) and (10b),
if not accidental, seems rather to uphold the qq assignment
of the a0(980) state.

When a pure scalar gluonium field o(x) parametrized as/1a,c/

a{x)

Jo

U(X) =

o, exp €

), (11)

with 0 =<0} 0 |0> is added to the qq scalar Sj(x) and pseudo-
scalar ¢; (x) fields, then this system is described by the
following Lagrangian

£-L@oelmuiuty-v e, (12)

where the chiral symmetric potential V containing also o is
assumed/8:15/ to obey the trace anomaly equation

W1 5



myo b g o(ox) o4y 9V _gaV. _ , AV 13
Oy p=-75 G o ) = AV o S ¥H "S‘agbi’ (13)

to guarantee the realization of (2) in the present model. £

labels derivative terms like (7) 15/ and with a conventional

assignment of dimension | to U and ¢ these terms in £ * should
be the following, e.g.,

K, - %[Tr(UU+)]_1Tr(au ustutuuty,

. ;
a + +

Ky = —325 Tr (3 ugfuruu’y, (14)
00
3t

g = %?_34, _v__yg__jn_~Tr(@lU6“U+). etc.
o, [Te (U +)) %

in order £’ to be of dimension 4 in agreement with (3) and
(13) . In fact, there is an infinite number of possible deri-
vative terms of dimension 4 from which K, Ko and K, are the
simplest ones (for more discussions, see/15/). The terms (14)
are normalized so as to contain a "kinetic" term just in the
Eorm[(éusi)z F(ap(rbi)z]' .

The guide criterion that we shall use in the construction
of £% from K; is the requirement that €’ must give, first of
all, the term (8) needed to solve the problem of large widths
of the nonet of the ordinary scalar qq mesons S;(i =0, 1,...,
8). Moreover, we demand such an e _that does not changeé the
correct kinetic term of the fields S; and ¢; in (12) obtained
already from (]/A)Tr(apU9“1J+) before adding £ These requi-
rements together with the demand to use as simplest K; from
(14) as possible lead to the following £~ :

, K,+ K
g A KK oy

2 2 (15)

S
We easily see that, in fact, this simple form of £ gives the
needed suppression term (8) and so (15) is sufficient for our
purposes, i.e. to cure the large widths of S;. Thus, having
introduced the suppression effects through £’ (15) we deduce
their consequences also for the gluonium coupling to the pseu-
doscalar mesons in what follows. Besides (8) we get:

3
6

der A .

2
Lopp =~ =5 (x)(3,6,(x) , . (16)
o
from (15) with A =¥- 1 from (8) and 9).
The potential V satisfying (13) gives the following squared
mass sum rules

02M2 _ 3

3 seyme _ D
o 00 2 foMoo - EGO‘ (17a)
and
2 3 2
7 Mgy + \/E— (Mo =0, (17b)

where M%j are entries in the squared mass matrix for the ©
and S, fields. The nonderivative couplings S ¢ are given as
before in (6) while the nonderivative coupling od¢ is pro-
portional to Mgo . In particular, from (12) and (13) we get:

nonder 1 —2— M 2 o
= _ 1 /2 00 Q
£So¢¢ ) V3 T 8, (x)7(x) (18a)

in agreement with (6), and

nonder 2

1 2 ge ~ 3
Towp T Ve T W el (180)

In the following we shall concentrate on the couplings (18)
and their derivative counterparts (8) and (16). We shall re-
write them in more reliable forms in terms of the SU(3)p sing-
let physical mass eigenstates G, and ¢ defined as follows

G =4sing + 8, cosfd , ¢ =ocosf — Qsme, (19)
where the mixing angle § is given by:

2
2M

ago

2 2
Maa - Moo

tan 20 = - (20)

Using (19) and (20) the couplings (18) can be rewritten in
the forms

nonder - 2
1 2 M/ sing 2
g(w =_§V?;r*.f(x)¢i(x). (21a)

(o}




and
2
nonder 5 M cosé . '
Lo =“]§ e G(x)p 2 (%), . (21b)

o

. 2
where we have used the physical squared masses M~ and big
given as follows

Mz 2 2 2 2 ?Mz 5 sing
=M, cos 0 + Moosm 6 — 2M_ cosf sind,

(22)

2 2 .2 2 2 2 .
MG = Maasm 0 +‘Moocos 6 + 2M(Io cosf sind .

The amplitudes for the ¢ ~¢¢ and G-+»¢¢ decays as obtained
from (21) can equivalently be obtained from the following de-

rivative couplings

. , _ ,
—v%f;io(’—e(xxa# ¢i (x)%, and \/—'Z:--i‘f’i—(’-c(x).wum(x» . (23)

or, adding them together and using (19) we get (23) in the
following compact form:

21§ 2 24
e | 8, (x)(3, ¢ () - (24)

We see Ehat the nonderivative couplings (18) are equivalent

to the derivative one (24) in such a sense that both (18) and
(24) give the same correct amplitudes for the decays ¢ ->¢¢ and
G »¢¢ of the physical states ¢ and 6 (19). Summing up (24)
and (8) we obtain the complete S ¢¢ derivative coupling as
follows -

der

) ~ 2
£50¢¢ =V >;o 8,(x)(9;, ¢ (2", (25)

which is in agreement with (9) regardless of the presence of
o. Without going into details it is worth to note here that
the results (9) and (16) can also be independently obtained
from (12)-(15) within the general nonlinear sigma model ap-
proach 7112/ yhen instead of (4) U is parametrized nonlinearly,
i.e., U= HZN where Il=exp(irj ¢; /Rf;) and 2 =r;8; are
the field matrices of the pseudoscalar Goldstone mesons ¢;
sand EPe scalars §; , respectively.

LY

8

w%;h the use of (17b) the coupling o¢¥¢ (18b) becomes equal
to Mg, /2, and so, the corresponding decay ¢ » ¢¢ amplitu-
de obtained from (18b) is expected to be reduced by the ampli-
tude obtained from (16) if the masses of ¢ and S, are compa-
rable and if ¥y is small, y<< 1, i.e. A=-~1, (10). In contrast
to such an expectation, (9) and €16) may suggest that while
the S; »¢¢ decays are suppressed when ¥ << 1 (10), at the sa-
me time the pure gluonium o ~-¢¢ coupling (16) can be large for
a heavy o. We conclude that because of a probably nonnegligib—
le mixing between ¢ and S, (20) the amplitudes for the decays
o »¢d and S,-+¢d are not well defined quantities and any
claims concerning them may not be reliable. Instead, we should
investigate the correct couplings e¢¢¢ and d¢¢) of the physi-
cal states ¢ and G.

Using (16), (19) and (25) we get the complete ¢¢¢ and G d¢
derivative couplings as follows

Lepd = Begp (X)(d, b5 (x)7, (26a)
and
agd = Bagg G(X) (9, ¢; (x))7, €26D)
where

1__ - .
B = Y. cosg - \/—i —fL sing , (27a)

o

and :

1-y 2 .
Bogg = oS0 + Vg —f};—-cose. (27b)

To make clear the connection of the present picture with
our previous results (eq. (1)) on the gluomium decay, we shall
analyze (27) in the limit of large squared mass Mgb' Labelling

A (28)

for given values of f, and ¢, we get

tan 29 = (29)
G
t° -1 4 _b g t
2 o M

ot
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from (17) and (20). Solving (29) for tan¢ we obtain two so-

lutions written as expansions in Go/Mio 002
2
1 b G 1 G .
tanf, =-t[1 + - 2. + O ° ],
o t2,0 2 of MZ oM (30)
and tanfy = -(tan61)~1,' i.e., sin 62 = + cosfy. and COB0y = sing, .

We see that use of ; instead of 6, in (22) and (27) does not
change the squared masses and decay widths of ¢ and G if they
are interchanged simultaneously, i.e. ¢ <»G and thus we can
put the angle € =46, (30) without loss of generallty With the
value of 9 (30) the squared masses M,/ and MG (22) as well
as the COupllngS epd  and GquS 27) can easily be evaluated

within the G /'vloo o, expansion. We get

Go
My - -1 _‘95 —2-[1 + 0( 2G22_ N, (31a)
1 % UoMoo
and
S M2 o, P b CGoyy g So (31b)
o0 241 2 02 90 Mgo
The couplings (27) then become
¥ 2 4
1 ‘ 9 9 M . M
Behp = {1+[y(t +1) -t7] Mez + Of MZ )}' (32a)
o\/t +1 G G :
2 4
2 . 2 2 M M
oo -1 {[y(t 1t -t —5 4 0l ;)}- (32b)
oot 241 Mg Mg

We see that the coupling epd (32a) of the lighter particle
¢ does not depend on y in the leading 0(1) order of the ex-
pansion in G, /o) M‘g0 (or, due to (31), in M /MG) The width
I'(e > 7n) calculated in this approximation (1 e., neglecting
O(Mz/M%) corrections) on the basis of (26a), (31) and (32a)
is given just by (1) with M, replaced by M,. The difference
between (1) and ['(¢ » #7) occurs at the O(M 2/“1%) level where
also a dependence on Yy appears. Thus, our previous result
(eq. (1)) is a good approximation for the decay width I'(e »7n)
ofaphe relatively light particle ¢ (when compared to its hea-

16

e o e

'ing 8,

vier companlon }3), i.e., if Mf<< Me,and as expected on gene-
ral grounds /11a I'(¢e »a7 ) becomes exactly (1) in the limit
MZ - (or ME - o). ‘

For given values of o, and f  (and t, see (28)) the coupl-
(32a) depends on ¥ beginning from the next - to -
leadlng order O(MQ/M%) while the coupling &ag¢e¢ (32b) 1s y =
dependent already in the leading order O(1) of the M, /MG ex-—
pansion. Remarkably, the coefficients of these dependences
are equal to each other, i.e. to the factor [y(l + t%)-t?]. Thus,
the suppression of the G¢¢ coupling by requiring y to obey
the following equation
y(t2 + 1) - t2 <0, . : (33)
implies independence of ge¢¢ of ¥ up to the order O(M /Mz)
and vice versa. 2/ :

Since in the large N, counting 7 fo ~ O(N ) and g, ~0(N,),
ie. t - O(]/N/’) (see (28)), we have vV ~'O(I/Nc) from (33)
and thus we expect small y, which is, in fact, in agreement
with the fit (10). Then the Sj-¢¢.and G »¢é decay amplitudes
calculated from (9), (26b) and (32b) have anomalous behaviour
0(1/N, \/N ) instead of O(1/yN_)’®/ as expected on general
grounds 77 for the amplltudecof the 0ZI allowed decay of a _
quarkonium meson into two qq mesons. The conventional O(l/\/N )
behaviour of (9) and (32b) would be realized if ¥ =1 (or A =
=0), i.e., no £ term (15) is present in (12). However, the °
presence of £ in (12) (i.e. A# O and Y # 1 as given by
(33)) provides the cancellation of the terms of the conven-
tional order O0(1/yN.) in (9) and (32b), and results in the
unusual, anémalous 0(1/ N, \/N ) behaviour of the amplitudes
for decays S; »¢¢ and G - ¢¢ , while the coupling epd (32a)
still re'na1ns of the order O(I/N ) as it should be for a gluo-
nic state/8.7/ mention here that a gluonium interpretat-—
ion of the 11ghter state ¢ 1is also supported by the fact that
just this particle almost domlnates (2), and the neglected
contribution again is O(M /MG) Thus, this suggests that the
roles of the effactive, phy31cal SU(3)r singlet gluonium and
quarkonium are played by the lighter ¢ and heavier G states,
respectively. :

3 HALF~ AND- HALF MIXTURE OF THE PURE GLUONIUM AND
QUARKONTUM?

One may question the appllcab111ty of the M /MG expansion
especially if difference between Moo and M 1s negligible,

11



an? so, we shall here analyze such a case separately, without
using this expansion. In particular, we shall discuss the ca-
se based on the following assumption

2 2 2
M =M. =M (34)
with M lying around 1.3 GeV in the interval 1.2 - 1.4 GeV,

T?is assumption is interesting not only theoretically to ve-
rify the results of the previous section when mixing is large
g@ = :ASO) but it might turn out to be approximately realized
in the hadronie world.

Og the one hand, (34) may be suggested by the quark model
p?ov1ding M2, = (2M3(1=1/2) + M2 (I=1))/3 [or, in a linear ver-
sion, Moo= (2M(1=1/2) + M(1=1))/3] with M(I=1/2) and M(I=1)
being the masses of the I=1/2 and I=I qq scalars, respective-
ly (see also/28/ ). When these states are K,(1350) and a (980)
the q?adratic formula predicts Moo= 1.24 GeV while the 1fnear
one gives Moo= 1.23 GeV, both in agreement with (34). If
a,(989) is not a qq state and the I=l qq scalar state is e.g.
ao(1400)/2&/, then both the formulae suggest for M. a higher
v§1ue, namely, Myo= 1.37 GeV still, however, in coggcidence
with (34), Thus, regardless of the interpretation of a (980)
the value of M,, probably lies in the interval 1.2 - 1?4 eV
(34). On the other hand, recent lattice Q€D calculations
w?en taken (despite the existing reservations) seriously pre-
dict Mg, to lie also around 1.3 GeV in, the interval 1.2 -

1.4 GeV. The other independent estimates of the gluonium ¢
mass a§57ased on the bags’® |, QCD sum rules /42 4b , and
othgrs are reasonably consistent with (34), too. On this
b§31s we believe that the assumption (34) is not only plau-
§1b1e but may also be successful phenomenologically. Combin-
ing (17a), (28) and (34) we get

2
1 9 og G
_-— = & 2 =1 4 3%0_
z 3 Lz ’ >
t : M2£2 (35)
where we have put b = 9 for Ne= Np = 3. Having taken M = 1.2 -

1.4 GeV (34) we obtain M*5= 0.012~0.017 GeV* which coincides

Vlth the interval of the "known standard" values /12.16/ of G

P.e., we have approximately G, = szi. Then (35) gives >
3

! 1
t_\/.__b":_z_, (36)

L2

where we have chosen the positive sign for t and, correspon-
dingly, we choose € = =450 in order to label again the light-
er state as ¢ (compare with (30)).

It is here worth mentioning a possible reliability of the
present treatment. First of all, we have based our considera-
tions on a particle dominance of, e.g., H in (2) and (3), but
the assumption (34) that masses of scalars are 0(l) GeV can
make the relevance of the low—energy theorems like (2) for H
much less certain. However, we are encouraged by the general
success of analogous predictions based on vector meson domi-
nance’/29/ even though vector mesons have also masses 0(1) GeV.
Thus, our results may be successful as well since another ap-
proximation that we have used, namely, the neglect of pseudo-
scalar meson masses is generally well controlled, too. More-
over, the reliability of our investigations depends on the
validity of (34) as well as on the knowledge of the value of
the gluon condensate G,. We have argued above that the present
"knowledge" of M, , M,, and G, also suggests our results may
be successful.

From (17b), (22), (34) and (36) we get

M - L M and Mg = 2 M (37)
€ ‘\/—é' x 2 L
in a good agreement with (31). Using in (37) M from the inter-
val (1.2-1.4) GeV (34) one obtains the values of M, and M g
lying in the intervals (850-990) MeV and (1470-1710) MeV, res-—.
pectively, the average values being M, = 920 MeV and Mg =
= 1590 MeV for the average M = 1300 MeV (34). With (36) and
¢ = -45° the couplings (27) become

1ty , (38a)

Begpgp = Jz %
and
1 -
B o = :f? 32001. (38b)

For t = 1/2 (36) and ¥ = 0.2-0.4 (10) the difference between
the exact result (38) and the approximate one (32) is small
and this again testifies to the applicability of the M?/Mé
expansion with the reasonable value of expansion parameter
Mf/Mé = 1/3 (37). Moreover, (32b) suggests that for ¥y > 0.2
and t = 1/2 (36) the coupling BGg¢é can even be more suppres-
sed since small (due to the approximate validity of (33) in
this case) leading order contribution[y(tza-l)‘-tz]is expec-
ted to cancel the next-to-ledding order in Mf/}lécontributions
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(see (32b)). This also agrees with (38b) show{ng the complete
suppression of the G¢gp coupling, i.e. Bgpg= O, if y = 1/3
while 8.pgp (38a) is still large and unsuppressed giving the
width T'(e (920) > #»n ) = 380 MeV for the lighter state ¢ with
the mass around 920 MeV.

Thus, consistently with (10), for v <
+ar and G »KK are strongly suppressed and this property of ,l
G together with the predicted mass My = 1.59 GeV forces us to t
identify G with the GAMS f, (1590) meson, recently discovered !
at the IHEP/18/ | Although the state G is an approximate half- \
and-half mixture of the pure quarkonium S, and gluonium o sta-
tes, nevertheless, G plays the role of the effective physical i
quarkonium SU(3)f singlet state, as we have shown on the ba- |
sis of the large N, counting in the previous section. In this
sense the scalar G is analogous to the approximately SU(3)
singlet pseudoscalar quarkonium 7 °. It is amusing to note
that in both the cases the difference between the actual phy-
sical squared masses and the squared masses of the correspond-
ing pure q@ SU{3)y singlets as predicted by the quark model
are large and approximately equal, i.e. bi%— Mgo::O.SS GeV?
and m%' - (2n1§+-m%)/3 = 0.75 GeVZ2., The dominance of the G -

»nm and G -5 q decays/ls/ can then naturally be explained
as an enhancement/l7”w/ of couplings between the scalar and
pseudoscalar SU(3)p singlets due to the unsuppressed transi- %
tions_between the quark and gluon degrees of freedom in O

and O channels/9 . We also note here that the present in-
terpretation of f,(1590) = G may offer us a possibility to
have the decay J/¥ » y£f,(1590) suppressed several times in
comparison with the case’3/ when f,(1590) is either a pure
gluonium/3oh/or a pure quarkonium ‘17’. Thus, we might get
BR(J/¥ 4 yG) = 0(107%) as the experimental results- 32 -about
the J/¥ - ypy and J/¥ » yn'n decays seem to indicate.

The existence of the state G implies, however, the existen-
ce of the lighter and very wide state ¢ with the mass M¢ be-
low 1 GeV playing the role of the effective gluonium. The wi-
de meson ¢ is not probably so easy to observe and, in fact,
there are no such scalar mesons listed in recent issues of
the particle data listings/lg/ . However, very recently Au
et al./2a/ have analyzed the AFS data 22/ obtained at the
CERN ISR "gluonium - search experiment' and they have claim— !
ed/21/ to see a state ¢ (900) (besides other three states
S; (994), S$,(988), and € (1.43)) with the mass and width aro- :
und 910 MeV and 350 MeV, respectively, in a good agreement
with the predicted gluonium ¢ . If the ¢(900)7n7 coupling were
definitely by a factor of 2 larger than the ¢ (900)KK one’21/,

1/3 the decays G -

. theg the gluonium interpretation of ¢ (900) may be in troub-
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les, but as is seen from Table VI of ref.fgl/such a result is
inconclusive. For example, the solution Kj in/2l/ suggests
that these couplings are approximately equal to each other
thus upholding a gluonium assignment for ¢ (900). So, the wide
¢ (900) meson/ 21/ may not be inconsistent with the predicted
gluonium ¢ , but any definite claims need a more precise expe-
rimental determination of its parameters.

We would also like to mention that there were already sug-.
gestions to interpret the old broad =»7 s-wave state below
1 GeV as a gluonium. On the basis of the analysis in/20/ | Men-
nessier et al./14/ have concluded, too, that such a state cou-
ples almost universally to n7 and KK as required for the
gluonium. Novikov et al.”3!/ have suggested to search for a
gluonium lying below 1 GeV in the radiative decay J/¥- ynmnm,
but we are not very optimistic about the possibility of ob-
serving J/¥ » yc for a wide ¢ even if BR(J/V¥ - ye y=0(10-3)/31/,

On the other hand, Au et al./21/ have announced the narrow
state $;(991) with the width of 21 MeV to be a gluonium can-
didate while other two states ¢ (900) and S,(988) are inter-
pEetéd by these authors as the I=0 scalar (1/2) % (uu + dd) and
ss quarkonia, respectively, the interpretation being not trou-
ble — free in the quark model. Moreover, unlike the case of
a very wide scalar gluonium, the decay J/¥ -yS,;(991) could be
rather restrictive for a narrow gluonium candidate S;(991)
and the lack of such a decay may represent a serious problem
for this state.

4. CONCLUSION

In the previous sections a picture of two SU(3)y singlet
scalar states G and ¢ has been presented and compared with
experiment. These states are half-and-half mixtures of the
pure gluonium ¢ and pure quarkonium S,. Also, we have shown
that the heavier state G playing the role of the effective
physical quarkonium is in good agreement with the GAMS f,;(1590)
meson/18/ while the lighter ¢ being an effective gluonium is
not probably inconsistent with otherwise inconclusive data
on a broad 7z s-wave state ¢ (900) below | GeV /142,21

This suggests that the singlet-octet mixing for the qq sca-
lar mesons is probably negligible, too, and the unmixed aq
scalar octet members S;(i = I,...,8) are approximately reali-
zed in the real world. Choosing the I=1/2 and I=] members of
this octet as K (1350) and a,(980) (or a, (1400)/23/ if a,(980)
is not a qJ state), and using the Gell-Mann-Okubo mass formu-
la we easily find the mass Mg of the state Sgn~‘,(l/f>r)"’2 (uu +
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+ dd - 2 ss). The GMO mass formula used in both versions,
quadratic and linear, predicts the masses (Ms)quad and (Mg)y;, >
respectively, as follows

(M ) quad

- 145 GeV, (Mg )y, = 147 GeV, (39)

when a0(980) is a qq state, or we have

M)

8 quad (M

g ) = 1.33 GeV, (40)

lin
if a,(980) is not a qJ state, but instead, a qq state is, e.g.
ao(IAOO)/Z&/ The predictions (39) (or (40)) can be compared
to the mass of the meson f, €1300) /19/ whieh, unfortunately, is
not known very precisely. The mass and width of f,(1300) vary
from experiment to experiment and lie /19/ in intervals (1.25-
1.45) GeV and (150-400) MeV, respectively, and so we see a
reasonable agreement with both (39) and (40), but we canmnnot
conclude reliably which .of the predictions (39) and (40) is
satisfied better. It is amusing to note that the results of
Au et al./2t/ being in a better agreement with (39) may mild-

"1y uphold a qJ assignment of a,(980). The effective coupling

(9) gives the dominant decay rate of Sg=f,(1300) just into

mm and for y from (10) the estimated values of the decay
widths are also in a reasonable agreement with otherwise in-
conclusive experimental data/19/ on the decays of fq(1300).
For example, using ¥ = 1/3 as in the previous section and Mg=
= 1.3 GeV, we estimate I'(Sg(1.3) »ar) = 275 MeV and I' (Sg (1.3)-
+ KR) = 60 MeV from (9). The decay Sg~ 77 is even more sup-
pressed than the decay Sg » KR if then % mixing is taken in-
to account.

We see that the scenario for the qq scalar mesoms present—
ed here is reasonably consistent with experiment and these
states are analogous to the pseudescalar mesons with negligib-
le singlet-octet mlxings The scalar qq octet mesons area (Q&D
and/or a,(1400), K (1350) and £,(1300), and are analogous %o
the pseudoscalars 7= , K and 7 whlle an analogue of 7° is the
scalar meson f,(1590). Although on the basis of the large N,
counting (section 2) the state G = f (T59O)/18/18 1nterpreted
as an effective SU(3)p singlet quarkon1un/17/ nevertheless,
being approximately a half-and-half mixture of pure gluonium
and quarkonium degrees of freedom its actual nature is rather
exotic,providing deviation from the quark-model prediction for
G. In partlcular there is a cons1derab1e dlfference between
M%} and M like between m? and (2mK + m )/3 Another exo-—
tic state of our scenario is the effective scalar gluonium ¢
jdentified here with a rather hardly observable wide state
¢ (90D) below I GeV.
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Although reasonable both theoretically and experimentaily,
the present picture does not explain the $*(975) state (or mo-—
re states7/21/) near the KK threshold as being made of qq or
two gluons/l‘“‘15 21,27,33/ and thus we here support still other
exotic, e.g. qqqq/go/, KK-molecule 26/, etc., explanations of
the KK-threshold effeet. So, to have more complete description
of the scalar mesons the introduction of such exotic states
seems to be necessary. However, quite reasonable and rather
successful description of gluonium and qq states presented
here suggests that mixing with scalar q232, etc., states is
probably negligible.
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UMpoKMI CKANAPHBIA FNIGHWA W KBAPK=-aHTUKBAPKOBLIH CKANAPHWI HOHET

06cy™nanTCcA CBA3U CKANAPHOrO FNIOHMA M KBApK-aHTHKBAPKOBWX CKANAPHLIX
COCTOAHUIA HOHETA C NCEBAOCKANAPHBIMA ME3OHAMU HA OCHOBE HU3KOIHEPIeTHYECKHX
TeopeMm HapyWeHHOW KWPanbHOM CUMMETPUM W MacwTabHOM MHBAPHWAHTHOCTU C MCNONb+
308aHneM (PEHOMEHONOrMUECKMX NarpaHmnaHoB. PaccMaTpnBaeTCA cMewnBaHwe MexAy
UNCTLIM FAOOHUEM O W SU(3)F-CMHFHETHNM xeapkonuem S,. bepa ana mMacc Sono
JHAYEHUA, NONYYANUWMECA W3 OUEHOK COOTBETCTBEHHO KBApPKOBOW MOAENW U HefaBHMX
KXA pacuetos Ha peweTke W McCnonb3ya ''cTaHAapTHuE'' 3HAYEHMA FAKOHHOrO KOHAEH-
cata, Mul NpPeacKa3bBaeM, UYTO 3TO CMEWMBAHWE B (PU3NYECKNMX COCTOAHUAX € WU G
npubnnautenbHo cocTasnAeT nonoeuHa Ha nonosuHy. (lpeackaswBaeTcA, uto G ceBOM-
MU cBOWCTBaMn coovsetcTteyer [AMC fo(1590) ~ ME30HY, a 3PPEeKTUBHLIN NIOOHWH
ABNAETCA WMPOKMM COCTOAHMEeM nexaumm Huwe 1 F3B. llpegnaraercA BO3MONHOCTHL
NocnefaoBaTenbHOro ONMCaHWA BCEro CKANApPHOro qq-woHeTa. Meaow S¥*(975) we
BXOAWUT B NPEANOXEHHYO KApTMHY HW KaK ¢g-, HM KaK Eg-COCTOAHWE, uTO paeT
BO3MOKHOCTL ANA ero eue Gonee 3IK3OTUUYECKOH MHTEpNpeTaywu.

Pabora suwnonHena B flaGoparopun Teopetnueckoi ¢manku OMAM.
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Lanik J. E2-87-483
Wide Scalar Gluonium and the Quark-Antiquark Scalar Nonet

The couplings of scalar gluonium as well as quark-antiquark scalar nonet
states to the pseudoscalar mesons are discussed on the basis of the low-
energy theorems of broken chiral symmetry and scale invariance Implemented
using phenomenological Lagrangians. Mixing between pu.. 1luonium o and the
SU(3)¢ singlet quarkonium So Is considered. Taking for the masses of $_ and
o the values based on estimates of the quark model and of recent QCd lattice
calculatjons, respectively, and using the '"standard" values of the gluon
condensate, the mixture of S, and o In the physical states G and ¢ Is pre-
dicted to be approximately half-and -half. We predict G to have properties
consistent with the GAMS fo(1590) meson, while € is predicted to be the wide
effective gluonlum state below | GeV, On this basis we suggest a possible
conslstent description of the whole scalar q§ nonet. The plcture contalins

$*(975) nelfther as q§ nor as gg state and we support thus stil] more exotic
Interpretation of the $*(975) effect.

The investigation has been performed at the Laboratory of Theoretical
Physics, JINR.
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