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We provide the first explanation of the counter-intuitive scalar glueball couplings to pseudoscalar mesons
found in lattice QCD and predict hitherto uncalculated decay modes. Signifigantand (r)g(7m)g
couplings are found. We demonstrate the equivalence of linear and quadratic mass matrices for glueball-
guarkonium mixing. The equivalence of formalisms which deal with a glueball-quarkonium basis and only a
guarkonium basis is demonstrated. We show thaff g£500) is not the heaviest state arising from glueball-
quarkonium mixing for a glueball mass consistent with lattice QCD. The masses and couplings of scalar
mesons, as well as their valence content, are calculp®€%$56-282(199)02401-7

PACS numbgs): 12.39.Mk, 12.40.Yx, 13.25.Jx, 14.40.Cs

[. INTRODUCTION over, the recent lattice QCD calculation of Reff1] found an
unusual decay pattern for the scalar glueball, which is not
The existence of a gluon self-coupling in QCD suggestsonsistent wi.th any published_ model. We demonstrate that
that, in addition to the conventionglq states, there may be glueball dominance can explain this decay pattern. _
non-gq mesons: bound states built from gluons, called glue- N Sec. Il the canonical formulation of glueball domi-
balls. The abundance afgq meson states in the 1-2 GeV hance is introduced. Section Il merges glueball dominance
3 .
region and the possibility of glueball-quarkonium mixing @nd the °Po/flux-tube model to describe glueball decays.
make the identification of the would-be lightest ngg-me- Section IV discusses glueball-quarkonium mixing. Phenom-

sons extremely difficult. To date, no glueball state has beeﬁnc’log'_c""I w_nphcaﬂons are indicated in Sec. V and a sum-
firmly established, although the existence of glueballs hadhary given in Sec. V.
been established in lattice QCD.

Although the current situation with the identification of Il. GLUEBALL DOMINANCE

glueball states i.s rather complicated, some progress has beenWe assume the glueball dominance of quarkonium mix-
made recently in tr_\e scalar glueball sector, where both ®%hg; viz., there is no direct quarkonium-quarkonium mixing,
perlmer)tal and lattice QCD result§ seem to converge. Va”and theqg—q'q’ transition is dominated by the glueball
ous lattice QCD glueball mass estimates have been made |t the corresponding quantum numbers in the intermediate
the literature, and one of the differences stems from the watate[12].
the physical results are obtained from the raw lattice data: Although the validity of glueball dominance has not been
either by calculating the sting tension or thenass. UKQCD  shown in QCD, the conclusions drawn from glueball domi-
estimates 1.550.05 GeV by fixing to the string tensidd].  nance often agree with conclusions derived from the large
GF11 originally estimated 1.7240.07 GeV([2] by fixing to  number of colorsN,, limit of QCD:
the p mass. Later estimates include 1:70.06 GeV[3] and (i) Consider a Feynman graph whergapair annihilates
1.65+0.06 GeV[4]. Attempts at reconciling UKQCD and into an arbitrary number of gluons which then creatgcp
GF11 results yielded 1.570.09[5] and 1.63-0.09[3]. In  pair. In the largeN. limit the graph isO(1/N.) independent
what follows, we shall take the glueball masg, to be 1.6  of the number of intermediate gluons. This corresponds to
GeV. Accordingly, there are two experimental candidateghe finding (in glueball dominancethat the coupling be-
[6], fo(1500) andf;(1710), in the right mass range. tween mesons via an intermediate glueball is largely inde-
Recently, Ref[7] showed that the hypothesis where isos-pendent of the C-parity of the glueb@fl], i.e. the number of
calar meson mixing proceeds through an intermediate gluegluons that a glueball can be built from in perturbative QCD.
ball, called “glueball dominance,” can consistently account (i) Consider a Feynman graph wheg two gluons each
for isoscalar meson masses in variall€ sectors by em- create ajq pair (i.e. two quark loopswhich again combines
ploying glueball masses predicted by lattice QCD. Here wento two gluons;(b) two gluons combine to a single interme-
explore in detail the consequences of glueball dominance idiate quark loop and then combine to two gluofa. is
the scalar sector, which differs from any otd&F sector due O(l/NE) and(b) is O(1/N.). Glueball dominance postulates
to the relative proximity of the glueball and quarkonia that glueballs mix via a single intermediate meson, corre-
masses. Particularly, we demonstrate that the formulation adponding to(b), in agreement with the largd, limit.
glueball dominance in Ref§7,8] is consistent with glueball- (iii) The glueball dominance description of glueball decay
quarkonium mixing formulated in Ref$3,4,9,10. More-  postulates that the glueball couples to a meson, which then
subsequently decays. In order for this process to happen, the
time r for theqq pair created in the glueball to form a meson
*Email address: BURAKOV@T5.LANL.GOV should be significantly less than the timé& Xequired for yet
"Email address: PRP@T5.LANL.GOV anothergq pair to form so that the meson decays. In the
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largeN¢ limit, 1/T" is O(N.). The time taken for the created fggs V2fisfss

gq pair in the glueball to form a meson should be inversely mg?t — 3% > 5
proportional to the mass of the state, so tha O(1). Hence Mg~ Mg \/(mﬁn— ma)(mis— mé)

the largeN. limit gives the conditiont<1/" required by 2

glueball dominance. Another way to see the lageesult is V2finefss 5 21

to note that quark pair creation is suppresg@d1/N.)] but \/ > 2. o 2 Mhn 2 2

the quark rearrangement is f@(1)], so that created quarks (Mir—mg) (Mgg—mg) Mhn— Mg

in a glueball would rearrange to form a meson, rather than 2.9

create anotheqq pair.

o ,
Here we review the glueball dominance picture discussed '€ masses of the physical isoscalar stdigsnd f are

in more detail in Ref[7]. The possibility of the transition
ggq—gg...g—q’q’ is accounted for by the quark mixing

amplitudes,A,y , which are included in the meson mass

square matriwritten down here in thess, (uu+dd)/v2
basig:

mitAgs  V2Aq,

A ) , (2.1)
ns m+ 2Ann

wheremggandm,;, n=u,d are the primitive(bare quarko-
nia masses.

obtained by diagonalizing this mass matrix:

m;, 0
o (2.6)
0 m; o

Ill. GLUEBALL DECAY
A. Scalar glueball decay to two pseudoscalar mesons

Glueball decay via glueball dominance was introduced in
Ref.[13]. We follow their approach, except for one improve-
ment. Referenc¢l3] coupled the decaying glueball to an

The quark mixing amplitudes can be represented in th@ff-shell meson, which then subsequently decays to the out-

standard form
A~ (vertex JX(propagatorx(vertex 2,

which reduces to

A G UG AU

wEaT) M 22

whereH 4
g, and|i) is a complete set of th@luon) intermediate states.
Because of the assumed glueball dominance, the(8unis
saturated by the low-lying glueball,

2

q9G = q
A= —= =2 Tqee=(daH3LIG) |pup —m2
qu a I qq

(2.3

for g=n(=u,d),s, and, in view of the factorization hypoth-
esis discussed in more detail in RET],

frncfsss
Asn=Ans= VAnn Ass™ \/( mz; mg)(mz; mg) )
nn G ss G
(2.9

wheref 5, defined in Eq(2.3), is the coupling of the in-
termediate glueball tayq, and mg is the corresponding
(physica) glueball mass.

Thus, the mass matri2.1) reduces to

going mesons. The coupling used for this latter process is
extracted from experiment where the off-shell meson is on-
shell. This should not introduce undue errors unless the cou-
pling is strongly dependent on energy of the off-shell meson.
In this section we shall deal with a case where the cou-
pling is strongly dependent on the energy of the off-shell
meson. Our proposed solution is to calculate the decay for
the correct energy of the off-shell meson by employing the
phenomenologically successfti, model[14,15. Since the
nonrelativistic 3P, and Isgur-Paton flux-tube decay model
give identical predictions for simple harmonic oscillator me-
son wave function§16], which we employ, our predictions

n.c. IS the quark pair creation operator for the flavor can also be viewed as predictions of the flux-tube model.

In fact, the flux-tube model, motivated from the strong
coupling limit of the Hamiltonian formulation of the lattice
gauge theoryfHLGT), added to glueball dominance affords
an intuitive picture of the decay process. In the lowest order
in perturbation theory glueballs can be viewed as rings of
flux in HLGT. Pair creation occurs in the first order of per-
turbation theory and breaks the flux-ring up into a meson.
The flux-tube connecting the two quarks in the meson then
breaks via the creation of a quark-antiquark pair with
vacuum €P,) quantum numbers to form two outgoing me-
sons[17].

The amplitude(in GeV) for the decay of the scalar glue-
ball to two outgoing mesons is then given by

Vaf i fog
M= ——"25 A(nT) + 25;‘;’“2 A9, (3.1

nn g ss G

wheref ;¢ andfsg are the couplings of the scalar glueball

to the intermediatenn and ss scalar mesons, respectively,
introduced in Sec. Il. We have also taken care to insert the
scalar meson propagator with the masses ordered according
to the prescription of glueball dominan¢2.5). .A(nn) and
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A(S9) are the intermediate scalar mesdR, model decay fied byI\N/IA,B,C [14], andp is the momentum of the outgoing
amplitudes to two outgoing mesons. We have assumed th@& meson in the glueball rest frame. The width is computed
only the ground state scalar mesons saturate the decay. from the amplitude in Eq(3.2) by using the standard for-
The full 3P, model amplitude is given in Appendix B of mula given by the Particle Data Gro{i§]. The pair creation
Ref. [14]; here we just write down the case of identical in- constanty, is usually taken to be the same fon andss
verse radiiB,= Bg= Bc=p for identical quark massésfor pair creation 14,18, as we shall do here.
simplicity (A denotes the scalar meson, aBdand C the The composition ofy and %’ is
outgoing mesons
— =sin #|nn)+cos |ss), "=cos f|nn)—sin 6|ss).
B Moo 169" ( sz) . 7 [nn) sS), 7# [nn) |_(§°,.3)
i, 9@”’19/326”[122]’ | o -
(3.2 We obtain the fqllowmg simple relationships between the
3P, model amplitudes wheiB,,8s,8c,p and the mock
where we neglected the factor arising from the flavors of theneson phase space are taken to be constant for all meson
mesons. The mock meson phase space convention is spedecay processes:

A=

uu+dd )

uu+dd | [uu+dd uu+dd - _
—KK |: -] v —nn' | A(ss—KK): A(ss—nn): A(SS—n7n')

=2:1:2sirf#:2 sin 6 cos :v2:2v2 cos6: —2v2 sin 6 cos 6. (3.9

When we takef i /(Mg — M2 = fogs /(M5 —mZ) (explained below we obtain

M(G— WW):M(GHKE):M(G—) nn): M(G—nn')=1:1:1:0. (3.5

This is the result one obtains when naively coupling theparameter fit. This parameter sets the overall decay strength
quarks in the outgoing mesons to the vacul[t8], often  of the glueball, and doesot influence the relative strengths
referred to as “flavor democratic coupling.” It would also of the various decay modes.

yield a hor'izontal line for our prgdictgd amplitudg i'n Fig. 1. The lattice resulisfor the , KK and decay modes
The lattice results were obtained in t8&J(3) limit. To 56 hiotted from left to right as the data points. It is non-
compare we shgll also adopt tB&)(3) limit in the réman-  vial that our results are consistent. The fact that the pre-
der of this section. Hence we take the couplings and quarEiction in Fig. 1 is not a horizontal line, as one naively ex-
masses to be identical, i.é5c=fss=Fsys)c and myy pects, indicates that the detailed dynamics of the flux-tube
_nllsiszrrgsf(ghows our results and 3P, models combined with the hypothesis of glueball
Tr?e solid line represents olur basic prediction. We fse dominance cqptures the correct strong interaction dynamics.
—0.4 GeV, found to enable a fit of a large rangé of Meso This success is not shared by other mode_ls of glueball dec_ay
dec.ays[14 ’18] Mock meson phase space is employed Sincrbased on perturbative QCD decay dynamics, where the naive
- %attern of Eq(3.5) ariseq21]. The other points and lines in

lth;f enaté:IeDs g_ prediction TA ftc;]r 6}!' pt’ c;sucgn be donte In Fig. 1 indicate parameter variations and are discussed in the
attice QCD. Since we work in the limi (3) symmetry, caption of the figure.

we take the mock meson phase space parameters to be thos e fit

of sayss mesons, i.eM,=1.49 GeV,Mg,M-=0.85 GeV fsuae
(see Table V of Ref.14]). We take the pair creation constant — 5 |=034:0.04. (3.6
to be y,=0.39[14]. Mg~ Msy(s)

Since all parameters are constrained, except for—

2 -
fsus)e/(MEye)—Mg), we regard our fitin Fig. 1 as a one- 211 predicts M/m,=0.834° 533, 2.654 0335, 3.099°0 353 for
scalar glueball decay taw, KK, 77, respectively{11,20, where
L s . o ) m, is the mass of thep meson. The predictions are given as a
The P, model amplitudes depend explicitly on the light and fynction of pseudoscalar mass, which we translate to the momen-
strange quark masses for decays where the initial quarks are diffetum of the outgoing mesong using conservation of energy?
ent from the quarks in the created pair. In this work we take the= mé/4— m|2331 where mpg is the relevant pseudoscalar meson
light and strange quark masses to be identical for decayto mass.
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FIG. 1. The amplitudeM (in GeV) plotted against the square of the momentum in the outgoing jstaie GeV?). The solid line is our
basic prediction and the data points are the lattice predictions, both of which are discussed in the text. We allow the following parameter
variations.(a) The dashed line differs from the basic prediction in that we take inverse radii motivated from studies of masses and wave
functions of mesons and gluebalf®mt decays. Ther andK inverse radii were estimated as 0.54 GeV and 0.53 GeV respeciB@lyso
we takeBg=B:-=0.54 GeV. We also talk the glueball to have a r.m.s. radi@ of ~% fm [1,37]. Assuming that the scaldP-wave

meson coupling to the glueball has the same size, one estimates for simple harmonic oscillator wave funcﬂgn,ﬁﬁ)at \/E yielding
Ba=0.6 GeV.(b) The solid black dots differ from the basic prediction, in that we adopt the relativistic phase space corjuéhlinHere

we make the replacemerits,— mg andM g , M c— \/mZPSJr p? in Eq.(3.2), wherempgis the outgoing pseudoscalar mass. From left to right
the points correspond to ther, KK and decay modes. The large points correspond¢e 0.4 [18] and the small points tgy=0.53
[15].

B. Scalar glueball decay to two mesons We see from Table | that the total width of the 1.6 GeV

Having predicted the scalar glueball decay to pseudoScalar glueball is 250-390 MeV excluding ) s(7m)s de-
scalar mesons, we are now in a position to make the firs$ays. There is also substantial phaie space dependence for
predictions in the literature of the decay of the scalar gluebalthe glueball decay amplitudes tor, KK, 77 andm(1300 .
to non-pseudoscalar mesons.

Since we have fitted Eq3.6) using mock meson phase IV. GLUEBALL MIXING
space, we again use this convention and hepge 0.39
[14]. We again usg8= 0.4 GeV and do the calculation in the
SU(3) limit with the ss mock meson mass&fl4]. The re- 1. Glueball-quarkonium linear mass matrix
sults are indicated in Table I. The primitive glueball ampli- . .
tudes should be understood to be correct up to a sign. Th“e In Ref. [10], Weingarten suggested the following<3

analytical expressions used for the amplitudes can be found'€ar Mass matrix, which stems from the Hamiltonian for-
Y mulation of QCD, to describe the mixing of a glueball and

A. Glueball-quarkonium basis

in Appendix A. quarkonia:
mg z V2z
3Taking the parameters fonn mesons, i.e.IVIA= 1.25 GeV, z mg 0 |, 4.9
Mg, Mc=0.85 GeV[14], would give scalar meson widths ter, iz 0 m-
— nn

KK and »7n~20% larger. A fit to the lattice data then yields a
different value forfSU(3)G/(m§U(3)—mé). The predictions for the wherez stands for the annihilation amplitude of quarkonium

glueball widths torrm, KK and 77 are identical, and the dominant into a glueball which has dimensionalitynas$ and repre-
width in Table 1, toa, 7, is 1% different from the value quoted.  sents a counterpart of ours which have dimensionality

014022-4



SCALAR GLUEBALL MIXING AND DECAY PHYSICAL REVIEW D 59 014022

TABLE I. Amplitudes for the decay of a scalar glueball to two mesons in GeV. For P-wave decays the linear momentum dependence is
explicitly separatedwith p in GeV). The amplitudes for a 1.6 GeV glueball should be regarded as our predictions for the primitive glueball.
The other amplitudes are to be used for calculation of the decays of the physical states. Thdimdhlttimg all partial wavesare listed
in the final column for a 1.6 GeV glueball, assuming that all resonances are narrow. All calculations are for mock meson phase space, except
the widths in brackets in the last column, which are for relativistic phase spaceyyithosen to agree with lattice QCD predictions for
glueball decay torm, KK and 7. When both S- and D-wave amplitudes are possible the amplitude is the S-wave amplitude. The ratio
(D-wave amplitude)/? S-wave amplitude) is-4.2 and—4.1 for decays of a 1.6 GeV glueball tp and ww, respectively, and-4.0 for
decay of a 1.8 GeV glueball #§* K*. (77)g stands for ghypothetical narrow u+dd)/v2 resonancé,(600) which decays dominantly
to 7w [6]. It may be related to the low mass tail of tlig(1370)/,(400—1200). Because of the large width and uncertain mass of the
physical (u+dd)/v2 scalar resonance, the predictions should be viewed as being anywhere between zero and the upper limit quoted.

Decay mode Wave 1.4 GeV 1.5 GeV 1.6 GeV 1.7 GeV 1.8 GeV WiNtaV)

T S 1.31 0.96 0.55 0.093 -0.41 6 (6)
KK S 2.8 2.7 2.0 1.6 1.0 8182
nm S 3.2 2.9 2.4 2.0 1.4 2127
am P 10.D 11.20 11.7% 12.00 12.3 177 (87)
m(1300 7 S 1.1 1.4 1.8 2.3 237)
pp S 3.3 3.0 2.6 61(46)
ww S 35 3.1 2.7 16(12)
K* KCF S 4.1

(wm)s(mm)s S <9.6 <10.2 <10.9 <115 <121 <490 (<160)

(mass¥. In order to test our results by comparing with avail- wherer is a complex number. The masses of the two physi-
able lattice QCD data, we should establish a relation betweegal states are now determined from the equations
this linear mass matrix and our mass squared one.

m? -+ my, =Mt mi— A(2+12), (4.9
2. Glueball-quarkonium quadratic mass matrix 0
We first rewrite Weingarten’s matrix for the squares of 2 2 _ 2 2 2 2.2
the glueball and quarkonia masses and show its equivalence mfomfé ManMss™ Al2MghrMyg)-
to glueball dominance in the 22 subspace spanned by (4.9
qguarkonia. We then establish a relation between Weingar- . _
ten’s linear and our quadratic mass matrices. We take the equivalence of the matri¢@s5) and(4.2) to
So consider mean the equality of the corresponding eigenvalm%os
2
5 me, .
mg f V2f 0 _ :
5 The eigenvalues of Ed4.2) are determined from the fol-
f mg 0 [, (4.2 lowing three equations:
V2 f 0 mﬁ; 2
2 2 _ 2 2 2
mg +mp + mf(,)—mGJr me—+mg;, (4.6)

where the vanishing off-diagonal elements indicate that there
is no direct quarkonium-quarkonium mixing, i.e., glueball
dominance.

Proposition 1.The mass matrix4.2) is equivalent(gives

2 o 2 2 2.2 _ 92 2 2 2
mef0+mef6+mfomfé—mennﬁLmess

2 2 2
the same physical quarkonia magsesglueball dominance +miamgs—3f%, (4.7
in the 2x2 subspace spanned by quarkorisith f g
=fsw). mzmZ m% = mamm2— f2(2m%
Proof. First, we rewrite the mass matr{g.5) (with f,ng G o e s ss
=fsx) in the following form: +m§7)_ 4.8
2.2 2
Mgs—r°A  V2rA _ e It then follows from Eqs(4.4),(4.6) and Eqs(4.5),(4.9) that
V2rA mﬁn; 2A m»é— mnﬁl

2 2m2_ 2\ 2 2\
2 2mggtremes o (24 r9)migmsg

2 7 Mg~ 7 7
mg— M 2mgtmyy ¢ 2megtmi
=\ =z =2 4.3
Me ™ Mss and, from Eqs(4.4—(4.7),
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2+r2 2m§ﬁ+r2m§g it is clear that Eq.(4.11) follows if both conditions(i) and
f2= 3 mg— 3 A. (4.10 (ii) of proposition 2 are satisfied. O
The equivalence of Eq$4.2) and(4.12) also implies the

Using the definition of in Eq. (4.3), the equivalence of Eqs. following relation betweerz and f:  f=2z(mg+mgg). In
(4.9 and (4.10 follows by simple algebra. Also, using the the scalar sector where the glueball and quarkonia have com-
definition of A in Eq. (4.3, and inserting it in either Eq4.9) ~ Parable masses, it reduces to
or (4.10, we obtain thatt f=f o=fsx . O
This important result means that glueball dominance is
nothing else but an effective representation of the glueball-
quarkonia mixing in the X 2 subspace spanned by quarko- f=2zms. (4.13
nia. The relation is only possible because both formulations
describe the physics in terms of the same basis states.
It is natural to defind=f ;o= fsg, noting that Eq(4.2)
assumes$SU(3) symmetric couplings. This definition is con- For any othed”© multiplet, mg>mgg, and, respectivelyf
sistent with what is obtained when the equivalence of the 2= zm .
X2 and 3x3 formalisms is demanded in proposition 1. An explicit numerical example of the equivalence of lin-
The mass matrix4.2) possesses, however, more generalear and quadratic mass matrix formulations is given in Ap-
ity than the naive glueball dominance picture in th&2  pendix B.
quarkonia subspace. This is because the former, in contrast
to the latter, allows one to obtain the valence glue content of
the physical quarkonia and the valence content of the physi- B. Scalar meson spectroscopy

cal glueball. . . o .
Proposition 2.The linear, Eq.(4.1), and quadratic, Eq. As the relation between Weingarten's linear mass matrix

(4.2), formulations for the scalar mesons are equivalent pro@nd our quadratic mass matrix is established in the previous
vided that(i) z2< mé ,mﬁﬁ,mﬁg, (ii) Mgg— My=<m, Mg OF subse_ctlor_l, we are ready to C(_)n5|der scalar meson spectros-
M Mee< Mg . copy |mpI|ed by glueball d(_)mmar_]ce, and compare our re-
Proof. We take the equivalence of the linear, E¢.1), ~ SUlts with the lattice QCD simulations of Ref8,10.
and quadratic, Eq4.2), formulations to meati) the equal- We sh'all first show that within the glueba!l domlnance
ity of the eigenvalues of the matrid.2) to the eigenvalues hypothesis, thefo(1500) cannot be the heaviest isoscalar
squared of the matri4.1), (ii) the equality of the eigenvec- Scalar meson arising from ground state,ss and glueball
tors of both matrices, for the same values of the input parammixing if mg>1.5 GeV?
etersmg,m,7,Mgs. Denote the matriceét.1) and (4.2) by The argument is as follows. There are three possibilities:
Mjin and Myqayq, respectively, the corresponding diagonal- (i) Mss<mg, (i) Mgs>mg, (i) Mss=mg . The main prop-
ized matrices by\ i, andA g4, and the matrix that diago- erty of the 3x3 mass matrice§!.1),(4.2) (we do not prove it
nalizes theM’s by S (it is the same forM;;, and M gayq here is that upon mixing the higher mass primitive state
because both have by construction the same eigenvictors becomes more massive, while the lower mass primitive state
SinceA i, = diag(mg ,me,m; ), becomes less massivee., the mass splitting between the
o0 higher and lower mass primitive states increases as a result
of the mixing. Therefore, in casé) mg>mg>1.5 GeV; in
case(ii) mf6>msg>me>l.5 GeV. Finally, in casdiii) it
can be shown that the physice$ and glueball states have
masses=+m2+f, and therefore, one of them is always
A%, =SM;nS™ - SM;,S *=SM3 S, higher thanmg>1.5 GeV.
4 Hence, thef,(1500) is not the heaviest isoscalar scalar
Agaud=SMgaudS meson arising from ground state,ss and glueball mixing.
If the existence of bothfy,(980) and f,(1370)/ (400
—1200) is confirmed by experiment, there has to be an extra
Mqaud:Mﬁn (4.11) degree of freedom to account for the existence of these
states.
Thus, the linear and quadratic formulations are equivalent
provided that Eq(4.11) is valid.
Since the square of the mass maiidx) is “This conclusion may be modified by the inclusion of effects be-
yond glueball dominance, e.g., coupled chanf2, which may

2 5 2 2 2\ _
Afj, =diagmz ,mf(,) ,mfo)—Aqaud.

It follows from this relation and

that

2 2 . -
mg + 3z Z(Mg+Msg)  v2Z(Mg+ Myp) be especially relevant for scalar staf{@8]. Referencd22] finds
zZ(mg+mgg) mi?" 72 V272 , that the masses of the states are always lower than those of the
5 ) ) primitive states. We believe this to be an artifact of the inclusion of
v2z(Mg+ Myp) V2z m.+22 only low-lying channels, which could lead to misleading results
(4.12 [23].
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1. Glueball-quarkonium coupling f TABLE IlI. Solution to Egs.(4.6)—(4.8), (4.17), (4.18, and Egs.

In Ref. [3], Lee and Weingarten estimate the mixing pa—(4'6)_(4'8)‘ (4.15, (4.18.
rameterz to be

Eqgs.(4.6)—(4.8), Eqgs.(4.6)—(4.8),
|2|=56+37 MeV. (4.14 (417, 418 (419 418
_ o _ _ mg, MeV 170340 1649°5
Equation (4.14 implies, via Eg. (4.13 with mg=1.65 my,, MeV 1218+70 124852
+0.06 GeVl[4], mes, MeV 154617 1527+ 23
f|=0.19+0.13 Ge\%. (415  Mnn» MeVv 1296+33 12727

[f], Ge\? 0.305+0.09 0.19-0.13

This implies that in the flavoBU(3) limit where we take

Msy(3) = Mnn= Mgs= Mgp=Mycx = 1.43 GeV [6] (and the

samemg=1.65+0.06 GeV, The reason for the latter requirement is tlig¢1500) is
established in more decay channels than any other scalar

038 meson, and we should therefore construct our simulation of
mE—mZys) =0.28 431, (4.16  scalar meson spectroscopy with the constraint that one of the
masses of the physical states be 1503 MeV [6].
consistent with the value needed from glueball deffag. For the second simulation, we employ E4.15 in place
(3.6)]. of Eq. (4.17). The solutions to Eqg4.6)—(4.8),(4.17),(4.18
We take from Eq(3.6), definingmgg=(myz+mgg)/2, for the first case and Eq$4.6)—(4.8),(4.15,(4.18 for the
second case are presented in Table II.
f B N We note that the value df obtained in the first case is
m?é _méq =0.34+0.04. (417 consistent with the value extracted from lattice QUEY.

[4.19)]. It is also in agreement with values extracted phe-
nomenologically for different®© meson nonets in Ref7]
which all are in the interval 0.27—0.32 G&We however
We now wish to consider two simulations for the disagree with lattice QCD that the primitigsis at least 200
glueball-quarkonia mixing based on the quadratic mass mavieV below the primitive glueball[3,4] but only =70

trix (4.2), and extract the masses of the primitive quarkonia+ 30 MevV, as seen from our solutions farss in the two

?;ighe physical states, with the help of E¢$.15 and cases considered. We also note thjéin —+ mZz)/2 which is

We use Eqs(4.6)—(4.8) for the masses of the physical _142&: 2_4 and 1.4(& 25 MeV in the two cases, respectively,
statesmg, my,, My, is consistent Wlthan =1429+6 MeV [6].

For the first simulation, we also employ E@.17 and With f_>0, the_ vale_nce cqnte_nt of the three physical states
obtained in the first simulation is

2. Two simulations for glueball-quarkonium mixing

mg=1.6 GeV, mg—m,;;=250+50 MeV, (4.18

the latter being a typical mass splitthetweenss andnn 1703 =(0.821+0.02|G) +(0.493+0.02) |sS)
states for different meson multiplef§,24], and solve the

system of 5 equation@.6)—(4.8),(4.17),(4.18 for mg, my_, +(0.287+0.05 uu+dd 4.19
My, Mggandf, by fixing my;=1.5 GeV. v2 |’

5In a most recent papé4], Lee and Weingarten introdu&U(3) |1500 = —(0.410+0.04)|G) +(0.860+0.02)|sS)
breaking effects, in terms of different valuesofor G-nn, G-ss
mixing, Zgnn/Zgs=1.198-0.072, and estimate |zg5sd=43 uu+dd
+31 MeV, which implies, with the above ratiolzg ;=54 —(0.305-0.08 V2 ’ (4.20

+40 MeV, similar to Eq.(4.14).

Note that we could use the mass squared splitting for quarkonia,—
mZ—mZ, in place of the linear one in Eq4.18. With, e.g., the
value for this mass squared splitting 0:66.01 GeV, since forthe ~ 'Note that, although we do find a solution with>mg for both
remaining threeP-wave nonets(in Ge\?) 2(mi* _mg )=0.64, simulations, the values fon,; and_m_sgobtalned are too hlg_h to be

2 2 2 5 2 ro accommodated by any of the existing quark models; typically

2(mK1A_ma1):O'66' ZGnKlB_mbl):O-GS [24], the solution is ~1.6 GeV, mgz—1.8 GeV. Also, fy(1500) is the lightest of the
mg= 1694+ 27 MeV, m¢,=1242+21 MeV, Mn=1314  tnree scalars. Our results are therefore in agreement with the con-
+12 MeV, mg=1542+-8MeV, |[f|=0.285-0.06 GeV, and  clusion of Ref[3] that the situation where the primitiaS state has

(Mt mgy/2=1432+10 MeV, consistent with the case of the a higher mass than the primitive glueball is incompatible with lat-
linear mass splittingmiddle column, Table )L tice QCD.
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|1218=—(0.397£0.08|G) +(0.133- 0.05|sS) stantial, depending sensitively on the width and mass of the
intermediatef ; coupling to (m)g (see Table )l There are
uu+dd indeed indications of substantialr@r) (7 7) s decay modes
+(0.9080.09 } ' (421 jn ,(1500) andf,(1710)[6,26,3.

The two-photon widths of the various states provide strin-

and shows that the physical glueball contain0% glue  gent consistency checks for our results. In the flaok(3)
and ~30% qq, while each of the physical quarkonia con- limit the yy width for a stateag|G)+ asdss) + aql(uu
tains ~15% glue and~85% qq. The overall signs for the +dd)/v2) is proportional to
states have no physical significance.

Although the masses of the physical states do not depend

on the sign off, the valence content of the physical states fsuae 5 2
does. Namely, we find that under the inversion of the sign of *6ag|— |+ agst —any (5.1
f both the quark content of the physical glueball and the glue Msue) ~ Mg V2

content of the physical quarkonia change their sign. How-
ever, it is not difficult to see that th&P, model decay width
of the physical states remains invariant under the inversioivhere we have taken the charges of the quarks into account,
of the sign off. Hence, for the study of masses and decayind normalized the expression to be unity when the state is
of scalar mesons, one needs to consider the tageonly.  built purely fromss. Here we have also assumed from glue-
Notwithstanding the similarity of the results obtained, ball dominance that the primitive glueball can decay, with an
there is a principal difference between our approach and th&d hocsign which cannot be obtained from the fit in Eq.
of Refs.[3,4,10. Lee and Weingarten choose the input pa-(3.6), to two photons via an intermediate scalar meson. Note
rametersmg, Mg, M,y and z to obtain the three physical that primitive glueball decay to two photons is at variance
masses. Although the input parametets and z obtained  With the usual assumptidri9,31 (motivated from perturba-
are consistent with their lattice QCD calculations, the masdive QCD) that the primitive glueball has negligible two-
splitting mes— m,7~50 MeV is atypical of that provided by Photon coupling. The latter case can be obtained from Eq.
constituent quark models in E¢4.18. Moreover, the Gell-  (5.1) by putting fgys)c=0.
Mann-Okubo—type relatiormﬁn—k m§§: 2m§;=2m§3 [24] If we take physical states built from a pure primitive glue-

. . S U+ dd) i -
does not hold in their approach. In contrast, our approacf?a”’ ssand (iutdd)/v2 states, we obtain the two-photon

does not assumen, and Mes individually, but only their Wldth ratio 4212?5 using Eqs(36) and(51) For the state§
difference. To compensate, we need one more input paran? Eas.(4.19—(4.21) we obtain the two-photon width ratio
eter: we require that one of the physical masses be in agref' the statesf((1370) fo(1500) fo(1710) to be6:1:10 or

ment with the well-established scalar stf€1500). 17:0.4:0.03 with the glueball—qua_rkonium coupling in Eq.
(3.6), and 11:0.05:2 with no primitive glueball decay to two

photons.
If one takes model-dependent estimates of two-photon
For some time there has been a controversy over the sphidths ofss, i.e. 0.16—-0.20 ke\/32], one observes that the
J assignment of ;(1710) and, hence, the existence of a scatwo-photon width off,(1500) is consistent with the experi-
lar state at this massl9]. This matter is not yet fully re- mental bound 0f<0.17 keV[33]. Sincefy(1370) is domi-
solved. Our results in Sec. IV B suggest thgt1500) cannot nated by light quarks, our estimate for the two-photon width
be the heaviest state arising from glueball-quarkonium mixof fo(1370) is Z(6-17) times the two-photon width of
ing. Hence we highlight recent evidence fod&0 compo-  (uu+dd)/v2 (3.25-6.46 keV[32]). This is consistent, 5.4
nent in f;(1710). BES separated bothJa=0 and aJ=2  +2.3 keV[6], from experiment. There are currently no ex-
component, with the scalar state having mass 1780 MeV angerimental estimates foyy width of theJ=0 component of
a width of 85+25 MeV [25]. There are also claims of &  f,(1710).
=0 signal at 1756 15 MeV with width 16G+- 40 MeV [26], From Eqgs.(4.19—(4.2]) it is clear that the glueball con-
and with mass 17043 MeV with width 124°3% MeV [27].  tent of f,(1710) @=0) is significantly higher than that of
mg obtained in Table Il is consistent with these experimentalf ;(1500) andf,(1370), which are similar. This can be tested
masses. by evaluating the states’ coupling to two gluons in the model
Thea,w decay of the primitive glueball is expected to be of Ref. [19]: B(fy(1710)}~gg)=0.5 [34] and B(f,(1500)
larger than any pseudoscalar decay mode. There is some evi-gg) =0.3—0.5[35] or 0.64+0.11[34]. Since the expecta-
dence for the production df,(1500) viaa; exchange inthe tion for a glueball is thatB(G—gg)=0.5 [35], both
reaction 7 p—at7n, i.e. an a;7 coupling of the fy(1710) andfy(1500) are consistent with a sizable glueball
fo(1500), in CERN-Cracow-Munich data with a polarized component and wittiy(1710) having a larger glueball com-
target[28]. We urge experimenters to allow for trg7r  ponent. Moreover, Ref.31] concludes thafy(1370) may
decay mode in partial wave analyses. This applies to Crystdilave some glueball admixture, smaller thi{1500) and
Barrel at CERN for analysis ofr* 7~ #%#° [29] and  f,(1710), but is dominantly quarkonium, partially in agree-
atm wt 7 data, and to Mark lllm* 7=~ * 7~ data[26]. ment with our results. Predictions here are complicated by
The () g(7m)s decay of the glueball can be very sub- the large width off ,(1370) [35].

V. PHENOMENOLOGY
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VI SUMMARY <Mty and (i) Mg~ Myr<myz,Mgg or My, Meg
arMg - The conditions mentioned are always satisfied in this
work, and an illustrative example of the equivalence can be
found in Appendix B.

In this paper we suggest a coherent view at the scal
glueball as having the following properties:

(i) A (physica) intermediate state in scalagq . . -
annihilation-creation transitiongcalled “glueball domi- The f(1500) is not the heaviest state arising from
nance”). glueball-quarkonium mixing, implying that if the existence

(i) A state decaying to two mesons via an intermediate?’ both fo(980) andf,(1370)/(400—-1200) is confirmed,
scalar meson. allowance should be made_ for an ad_dmonal degree of free-

(iii) A primitive state which mixes with the primitivan dom. The glueball-quarkonium coupling extracted from our
(n=u,d) andssquarkonia to form three physical scalar me- glueball decay analysis is consistent with estimates from lat-
sons.. tice QCD.

Three main assumptions are employed in this work: glue- Thg mass of the physical _glueball is consistent with the
ball dominance, S(B) symmetry and the assumption that €XPerimentalf,(1710). Experimental two-photon anily

only ground state quarkonia are relevant to scalar gluebaldiative decay data are consistent with the valence content
mixing and decay. predicted for the physical states.

As can be seen in Fig. 1, glueball dominance together
with the calculation of energy dependent couplings in the ACKNOWLEDGMENTS

Po/flux-tube model can account for the counterintuitive We wish to thank T. Barnes, V. M. Belyaev, D. V. Bugg,

primitive glueball couplings torm, KK and #7 found in . punwoodie, T. Goldman, N. Isgur, W. Lee and D. We-

lattice QCD. In Take | a total glueball width of greater than ingarten for valuable discussions during the preparation of
250-390 MeV with a dominard, = decay of 70-180 MeV  this work.

is predicted. Decay torf)g()g may also be significant
as was observed experimentally figy(1500) andf ;(1710).

The quadratic mass matrices in th& 2 quarkonium and
3% 3 glueball-quarkonium formulations are equivalent. The The glueball decay amplituddggvaluated in Table)lto
linear and quadratic :8 3 glueball-quarkonium mass matri- various outgoing states atr 5= Bg= Bc= and identi-
ces are equivalent under the requirements ttiat z2 cal quark masses

APPENDIX A: GLUEBALL DECAY COUPLINGS

2 ~ ~
f 8m" MBMC 2 2
M=— SU(3)G . G~ < 773,4)/0 expl — p L,
Mg 3y~ Mg M B 12

G

where

1 for o, KE, nn

2
) 1 _ (S-wave
— for pp, ww, K*K*

27 p 2 e
w="3m E for pp, ww, K*K* (D-wave

211/2
o

o2t L 19(p2 1 p)4

w=3m |t 18lg “27\8
_211/25 1 19 p 2 1 p 4
== "3 |17 180 270

for a7 (P-wave

™|

for w(13007 (S-wave

B

B

for fo(600)fo(600) (S-wave.
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APPENDIX B: NUMERICAL EXAMPLE

uu+dd
OF THE EQUIVALENCE OF LINEAR |1383 = —o.4qG)+o.295_s}+0.84’ } ,
AND QUADRATIC MASS MATRIX FORMULATIONS \Z

An illustrative example of how proposition 2 works is the
case analyzed by Weingarteii0] where, for the input \hich is in excellent agreement with the corresponding va-
=1635 MeV andz=77 MeV, the masses of the three physi-
cal states aremg=1710 MeV, mf6=1.5 GeV and My,

=1390 MeV. To translate this linear mass case into our

mass squared one we use the relatierz(mg+mgyg) near uu+dd
Eq. (416 which, with mgg=(m.+ms/2, gives f |1710=0.871G)+0.34s5+0.3 5
=0.24 Ge\t. When this f and the same input masses

squared are used in E(4.2), we obtain the masses of the

physical states, mg=1706 MeV, mf6=1.5 GeV, My,

=1383 MeV, which are in excellent agreement with Wein-

garten’s case, and the valence content of the physical states, 11500 = —0.19G)+0.94sS — 0_4% uu+ dﬂ
V? 1

|1706=0.87G)+0.34sS) +o.3% uut dﬂ ,

%)
ut+dd ut+dd
|150c>=—o.1ae>+o.sqs_s}—o.41‘ — } |139C)=—O.4dG)+O.2&s_s§+0.84} - }
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