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THE HID PHOTON RAQI,\TIVE WIDTHS OF LIGHT MESONS AS A TEST OF GAUGE 

THEORIES 1/ITH INHGP.All Y CHARGED QUARKS 

Abstract 

ISSN 0418-9833 

A test is made of the quark charges using the recently measured 2y 

widths of the pseudoscalar (n°, n. n') and tensor (A
2

, f, f') mesons. 

The model for r is nonrelativistic quarkonium annihilation, includ-
YY 

ing binding and SU(3) breaking corrections. The flavour mixing between 

the states (n. n', 1 (1450)) or (f, f', s(l720)) is given by a linear 

quarkonium gluonium mass matrix which includes mass dependent SU(3) 

breaking corrections. 

For the pseudoscalars a fit is made to 5 experimental quantities 

sensitive to flavour mixing but independent of the quark charges. The 

best fit indicates a significant gluonium amplitude~ 0.6 in then'. 

The integral charge quark model is consistent with the measured value 

of r (n') only for effective gluon masses < 1.0 MeV/c2 (95% C.l.). 
yy 

Corrections from radial excitations are discussed and it is concluded 

that a pure quarkonium radial excitation interpretation of the 1 is un­

likely. 

In the fractional charge model the measurements of ryy(f, f', A2) 

indicate that the f and f' are almost ideally mixed quarkonium states. 

In gauge integer charge models charged gluon annihilation may give 

large contributions tor (f, f'). Such models are excluded by con-
YY 

s tra i nts from the strong decays f, f' -+ nn, KK and the experimenta 1 

upper limit on r (e)BR(e-+ KK). Comparison ·of the fitted SU(3) break­
YY 

ing parameters with perturbative QCD expectations suggests A = 100 

± 50 MeV/c. 
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1. INTRODUCTION 

The principal aim of the work presented here is to make a quantita­

tive discrimination between models with fractional charge (FC) or integer 

charge (IC) quarks by using the wealth of experimental information [1] on 

the 2y widths of light mesons that has been obtained at e+e- storage rings 

in the last few years. 

Tests, based particularly on then' 2Y width r (n'), have previous-
n 

ly been proposed [2,3,4] and seem, at first sight, to strongly favour 

fractional quark charges. The theoretical assumptions which are crucial 

for these tests are critically examined in Sections 3.1- 3.3. 

The model for the radiative widths used in the present study, de­

scribed in Section 3.4, is nonrelativistic quarkonium annihilation. 

Flavour mixing with glueball states is included. Allowance is made 

throughout for SU(3) breaking (i. e. effects due to the difference in 

the constituent masses of strange and non-strange quarks). Binding ener­

gy effects are included in the static limit, and for the pseudoscalars, 

the 1st order QCD correction. 

In comparisons with experimental data only the ratios of radiative 

widths are considered, so relativistic corrections [5,6,7), which may be 

large in absolute value, should largely cancel. This is particularly true 

for the tensor mesons where the mass differences between f, f' and A
2 

are 

sma 11. 

The essential predictions of gauge IC models for the 2Y radiative 

widths of mixed quarkonium gluonium mesons are summarised in Section 2. 

The flavour mixing of the ground state isospin zero pseudoscalar 

n(548),n'(958), \(1450)) and tensor (f(l270), f'(1515),G(l720)) states 

is described by a linear mass matrix in a non-strange quarkonium (Ins>), 

strange quarkonium (Js>) gluonium (IG>) basis. This model, presented in 

Section 4, is similar to that previously considered by Schnitzer [81, 

Rosner [9], and Rosner and Tuan [10]. The most important difference is 

that here SU(3) breaking corrections, as suggested by QCD ideas, and 

previously considered in [11, 12] are incorporated. The symmetry break-
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lng is found to be large, and to change essentially the predictions of 
such a model. 

The analysis of the pseudoscalar mesons is presented in Section 5. 
The measured values of the ly transition widths: 

P(V) + V(P)y, J/o/ + Py (P = o, o'; V = p, w, $) 

the forward cross section ratio: 

o(1r-p + nn)/o(rr-p -~ n'n) 

and the ratio of decay widths: 

rorr(A2)/rKK(A2) 

all of which are sensitive to the flavour wave functions of n, n' are 
used in a global fit to determine the non-strange (x) and strange (y) 
quarkonium amplitudes in the n and n'. Using these amplitudes in the 
quarkonium formula for then' width, the predicted values of r (n') in yy 
the FC and IC models are compared with the experimental measurement. 
Also predicted are the gluonium arnp.litudes inn, n', 1-; BR(J/lp -)- n). 
BR(1 + KKn), ryy (1),ryy (rr0) and ryytl), V = p, w, $. 

A brief discussion is also given in Section 5 of corrections to the 
ground state model used here from mixing with radial excitations, and of 
the possibility of describing the t(1450) as a radially excited pure 
quarkonium state. 

The tensor mesons are considered in Section 6. Here the measured 
radiative width ratios: 

r yy( f)/r yy(A2) r YY(f' )/r YY(A2 ) 

suffice to completely determine the mass matrix for the (f, f', e) 
system. 
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The flavour wave functions are checked by comparing with the experi­
mental values the predictions for: 

rrrrr(f), rKK(f), rrrrr(f'), rKK(f') 

given by a model {13] based on OZI rule conserving amplitudes. The same 
model is used for rnn(A2), rKK(A2) to constrain the non-strange quark 
content of then and to predict several other strong decay widths: 

•• rpp(T), rpv(T) where T = K (1430), A2 

For the IC model, where the measured radiative widths predict large 
gluoniurn amplitudes in the physical f, e, a further constraint on the 
flavour wavefunction is provided by the experimental value [14] of: 

r yy(G)BR(G + KK) 

In the IC model analysis the possibly large contributions of charged 
gluonium annihilation amplitudes to the two photon radiative widths are 
taken into account. 

A critical discussion of the models used and the results obtained, 
particularly in relation to similar related work, is given in Section 7. 
Other recent tests of the gauge IC models using 2y interactions are also 
briefly mentioned. 
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2. GAUGE INTEGRAL CHARGE QUARK MODELS 

The 'naive' IC model as originally proposed by Han and Nambu [15] is 
already ruled out by measurements of high transverse momentum jet produc­
tion in tagged photon-photon collissions {16,17] as well as by a recent 
experiment [18] that observed the direct production of photons in ly e+e­
annihilation into hadrons. There exists however a class of gauge models 
which unify the strong, weak and electromagnetic interactions [19-23] 
where the electric charge of quarks depends upon the q2 (i. e. -(mass) 2) 
of the photon probe: 

Q . 0 Q(o) + [m2/(m2 + 02)JQ(8) (1) 
Ctl l g g (X 

Here i, a are labels for flavour and colour. Q~o) 
flavour dependent charge with fractional values: 

Q(o) 
1 

2/3 u. c, 

= -1/3 = d, s, b, ... 

is a colour singlet 

(2) 

Q(B) is a flavour singlet, colour octet, charge expressed as a vector in 
a 

colour space as: 

q(8) = (-2/3, 1/3, 1/3) ( 3) 

m is the effective gluon mass which is generated by spontaneous symmetry 
g 

breaking of the colour SU(3) symmetry-. The propagator-like term in (1} 
results from the mixing of a massive neutral gluon with the photon. In some 
theories (22] there is a unique mass for all gluons, charged or neutral, 
while in others [231 only one neutral gluon and the charged gluons acquire 
(possibly different) masses. In the latter case the other neutral gluons 
remain massless, respecting an exact SU(2) colour symmetry. In general in 
such theories the electric charge of quarks has the q2 dependence shown in 

(1). The value of mg is not determined by theory. If q
2 

>> m~ the colour 
octet charge is suppressed, so that the effective quark charge is the same 
as in the standard FC model. On the other hand, if q

2 
<< m~ the effective 

quark charges become those of the Han Nambu model : 

6 

+ 

Qi ( 0 1) u, c, 

( -1 0 0) d, s, b, ... 
(4) 

As in {3) the vectors are in colour space. 

The published measurements of tagged jet production [16,17] have 
been shown to be consistent with the expression (1) for the quark charge, 
provided that: 

m
9 

~ 200 MeV/c2. 

In jet production allowance has to be made for the contribution of charged 
gluons. The gluon electric charge is a pure octet of colour. However, ad­
ditional kinematic terms in the cross section proportional to q 2 ;m~ cancel 
the propagator factor in (1) when q2 >> m~ to give a non-vanishing cross 
section in this limit, unlike for the case of the quark colour octet 
charge (24]. Similar behaviour may be expected in the 2y width of a meson 
from any charged gluon contribution in its wave function, but no explicit 
calculations have been made to date. 

The two photon radiative width of a meson in the quarkonium annihi­
lation model (see Section 3.4 below) is proportional to the square of an 
amplitude which contains as a factor the colour singlet 
square of the quark charge (1//J) Q~, where: 

2 -( 0 ) 2 + 22 
{ 

m~ 
Qi =; [oi ] (m~+qi)(m9+q2) [o~sJ] 2} 

projection of the 

(5) 

The possibility to observe the colour octet charge q( 8), below the 
a 

threshold for excitation of colour has been questioned by Lipkin [27]. 
Lipkin's objections (based on the existence of colour oscillations between 
the two quark photon vertices in a yy + qq amplitude, which add non-diago­
nal terms to the colour sums in (5)) are not universally accepted [24-26]. 
It is however suggested in [27] that the 2y widths of pseudoscalar quark-
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onium states may still allow experimental sensitivity to the colour octet 

quark charge below threshold. This is because such widths are governed, in 

current algebra language, by the axial anomaly [28,291 which probes the 

short distance (high energy) behaviour of the quark currents. Similar be­
haviour may be expected in the quarkonium annihilation model used in this 

paper, as it is equivalent, in constituent quark language, to the current 

algebra calculation of ryy(n°) [29]. The validity and predictive power of 

the latter for the heavier pseudoscalar mesons n. n' is discussed in some 

detail in Section 3.3 below. 

The colour singlet projection of the charged squared operator for 

gluons in an IC theory is, in the limit qi , q~ << m~, 1Z (4 of the 8 co­

loured gluons have charge ±le). Comparing this with the value of Q~ given 

in Table 1 for the different quark flavours in the FC and IC models, it 
is clear that charged gluons can give an important contribution to the 2y 

widths of mixed quarkonium-gluoniurn states. This is the same as saying 
that discrimination between the FC and IC models using the 2y widths of 

such states first requires knowledge of the quarkoniurn and gluonium 

amplitudes in them. These amplitudes are determined in the following ana­

lysis using a linear mass matrix for the (n. n'. t) or (f. f', e) sy­

stems, together with phenomenological constraints (ratios of ly or strong 

transition widths) that are independent of the quark or gluon charges. 

Measurements of 2y radiative widths at e+e- colliders which use vir­

tual photons cannot definitively exclude gauge IC models. They rather set 

a very low (in the untagged case) upper limit on the parameter mg of the 

theory. Definite exclusion of the IC model requires experiments using 

processes involving the coupling of two real photons. Two recent examples 

are mentioned in Section 7 below. In the following if the IC and FC mo­

dels are compared without qualification it is tacitly assumed that 

m~ >> <q 2> so that the propagator suppression factor in (5) is not opera­

tive. Quantitative estimates of the upper limit on mg require for mixed 
quarkonium-gluonium states knowledge of the dynamics of the process g+g 

~ yy. In Section 5 an upper limit on mg is found on the assumption that 

the n1 radiative width is dominated by quarkonium annihilation. This is 
justified because the wave function at the origin vanishes for g+g- in 

a o-·state. For the tensor mesons. on the contrary, the S-wave state is 
allowed (forbidden) for g+g- (qq). The possible dominance of the g+g-

8 

annihilation contribution is taken into account in the analysis of the 

tensor mesons in the IC model presented below in Section 6.2. 
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3. MODELS FOR THE 1y RADIATIVE WIDTHS OF LIGHT MESONS 

Before presenting the quarkonium annihilation model to be used 

subsequently in this paper, a brief critical review is given of other 

models for the 2y widths of mesons. In particular the relevance and pos­

sible sensitivity of these models to the determination of the quark char­

ges is discussed. Although some of the models were proposed twenty or 

more years ago, it is only recently that experimental data of sufficient 

quality [1,2] to test their predictions has become available. 

3.1 Flavour SU(3} and Vector Meson Dominance (VDM) 

This type of model, which relates the strong coupling constant fpwn 

to the electromagnetic decays: 

+ - 0 0 
p, w + e e , w + n y, n + yy 

was proposed by Gell-Mann, Sharp and Wagner [30]. The amplitudes for 

these processes are represented by the diagrams shown in Fig. 1, where 

the notation for the coupling constants f , f , f is defined. The pW'r py usy 

transitions W+TI0y, n° + yy 

2 photons respectively: 

are related to f by VDM couplings of 1, 

re+e-(V) 

rnoy{w) 

r (n°) 
YY 

1 f 1 
a Cvmv Vy 

=% 
- 2 ]3 1 1 
Lmw -m1fo f py f pwTI 

m3 
w 

- a1 3 1 f2 f1 
- m m1f f PY wy pwTI 

where V p,w c = 1 
P TI 

1 
cw = "30' 

pwn 

(6a) 

(6b) 

(6c) 

The dependence of the couplings on the photon {mass)2 and other mass ex­

trapolations are neglected throughout in this model. 

Using the 

(6a-c) give: 

r (no) 
yy 
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experimental values of r + _{p), r + _(w). r o (w) 
ee ee 1ry 

11 ± 2 eV 

to be compared with the experimental value [31] 

r (no) 
yy 7.95±0.55eV. 

( 31]. 

The model of Ref. [30] was generalised to the case of then, n 

mesons by Dalitz and Sutherland [32] *. Defining the SU{3) octet-singlet 

mixing angle e for then, n' by: 

n n8cose- n1 sine (7a) 

n n8sine + n1 case (7b) 

it is found that 

, o cos
2
e l l fyy(n )/fyy(n ) = .,---- tane+1R 1 (mn,/mno) 3 

(Sa) 

fyy (n)/fyy(n°) c~s 1e ll-1Rtanei 1(mn,/mno) 3 
(Bb) 

where R is the amplitude ratio A(n 1 + py)/A(n8 + py). The parameters e, 

R may be detennined from the ratios of the ly transition widths: 

rpy(n')/rnoy(w) 

rny(P) /rnoy(w) 

[
r/, _ m1l3 

- n P - --z----z 
m - m o 

W n 

1 lm~-m~J
3 

j 1 1 
m - m o 

W n 

lr~cose + s i ne]

1 

(9a) 

'11 [case- Rease 

(9b) 

*) There is a sign error in {12b) of this reference. - ~ + ~- The R.H.S. of 

(13b) then becomes sir,lply 0.084. Also a factor (m /m o) 3 is missing on 
n n 

the R.H.S. of (17). 



11 

Using the world average value of r (n ') (see Section 5 below) and 
yy 

the branching ratio for 1'·*yy from [31], the full width of then' is found 

to be: 

r , 240 ±30 keV n 

Taking other full widths and branching ratios from [31], the decay 
widths in (9) are: 

r PY In') 
r -rroy (w) 

rOY IP) 

72 ± 8 keV 
861 ±56 keV 

55 ±16 keV 

Solving (9a,b) for 8, R then gives: 

R 1.22 ±0.22 8 = -13° ±6° 

Eqns (8a,b) and the experimental value of ryy(1r 0 ) then predict: 

,. 
'yy( rl') 4.4 keV r n (q) 0.41 keV 

which may be compared with the experimental values (see Section 5 below): 

,.yy 1'1') 4.5 ±0.4 keV ryy In l 0.56 ±0.08 keV 

This purely SU(3) calculation is in nmderately good agreement ~lith 
experiment for :r 0 , n and n' . The quark mode 1 and the no net symnetry 

assumption (see Section 3.3 below) further predict R = v'2 in good agree­

ment with the value found above. Since however the quark concept is no­

where used in the pure SU(3) calculation it sheds no light whatever on the 
question of the quark charges. 

3.2 The Model of Van Royen and Weisskopf 

Van Royen and Weisskopf [33] were among the first authors to use 

quark properties in a detailed way to calculate radiative transition 

11 

rates. The es senti a 1 features of the transition amp 1 i tudes in the mode 1 

are shown in Fig. 2. 

The process V ~ e+e- is mediated by the quark annihilation diagram 

(Fig. 2a). In this non-relativistic model the qq state Vis described 

by a single para!lleter, the wave function at the origin i.fiy(O). The decays 

V(P)-+ P(V)Y are single quark spin flip (magnetic dipole) transitions, 

whose strength is parameteris~d by the quark transition moment ~p (Fig. 

2b). Two diagrams with q (or q) spin flip contribute. The amplitude for 

P-+ YY (Fig. 2c) is the product of the amplitudes of Figs. 2a, b. There are 
4 such amplitudes corresponding to q (q) spin flip and to exchange of the 

photons. Taking into account flavour mixing in the V, P wave functions, 

the radiative widths for the processes in Figs. 2a, b, care (12]: 

re+e-IV) 

I pyiV) 

rvyiPJ 

ry,IP) 

_ 16rra2 i'O.AV,INIO) 1

2 
- -- 1 1 111 

f1 2 i v 

= 4o. k3 
3 VP I

IAVAP 0; 12 
1 1 1 Rii Pi I i 

4a kJ IIAVAP 0; 1'1 
PV i 1 l i r:l; ;Ji I i 

12rra
2

M
3 1I I 'AVAP _Q_;_ M.. I lf1 -3

1
2 

P V i 1 1 r.1i I 1 1 V 

I 

v v 'I z x ;.o;.A;.~;·IoJ 1 
2 2 

where kvP o l''v - Mp)/1 f1v. 

Here Q. is the colour averaged quark charge for flavour i, ~-is the 
1 I 1 

effective quark moment (= 1 for a Dirac Quark) and I; is the overlap 

I lOa) 

I lOb) 

I !Oc) 

integral between the P and V spatial wave functions. The SU(3) symmetry 

limit is given by setting all flavour dependent parameters, with the ex­
ception of the quark charges, to constant values. 
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Because of the factorisable form of the amplitude in 

may be expressed entirely in terms of r + -(V) and rv (P) e e y 

rYY(P) 
9M3 

p 
" 100 

~ c~ ~-rpy(V)ree(V)l1/2'2 
k M -~ 

VP v I 

If Mp > Mv the replacement 

rPy(V) 7 rVy(P)/3 

is required. 

(!Oc) r (P) 
yy 

or rp/V): 

(11) 

The flavour amplitudes A~,V are needed only to determine the sign 

coefficients s~. For an ideally mixed$ and w: 

/.$ > = )SS> 

1w > = 1/IZ(Iuii >+Ida>) 

and arbitrary octet singlet mixing angle for (n,n'): 

sn = sn "' -sn sn' "' sn' sn' + 1 
p w $ p w rp (12) 

Substituting into (11) the measured values of 

ree(V), rpy(n'), rwy(n'), rny(q,), rnY(p) 

[311, and calculated values of rny(rfl). rny{w) (using (lOb) and assuming 

ideally mixed w, rp and = -11°) the following values are obtained for 

the 2y widths: 

ryy(~0 ) , 9.6 ± 0.9 eV, ryy(n) 0.79 ± 0.22 keV, ryy{n') = 4.7 ± 0.8 keV 

The errors quoted correspond only to the experimental errors on the 

radiative widths in {9). Good agreement is found, within these errors, 

with the experimental values given above. 

14 

If the decays P + yy are indeed described, at the quark level, by 

(lOc) there is no possibility to test the quark charges using these pro­

cesses. The colour octet charge contributes only when the amplitude con­

tains the colour sum of the squared quark charge operator for a given 

flavour. In (lOc) Q1, Q1, are the results of independent colour sums for 

quarks of flavour i, i'. More directly it can be seen (Fig. 2c) that the 

amplitude factorises into two ly transition vertices, linked by a colour 

singlet hadron propagator. Since however we expect from the asymptotic 

freedom of QCD that quarks will behave at short distances as free par­

ticles, there is perhaps little physical justification for an asymmetri­

cal diagram as shown in Fig. 2c, where one photon is produced by a short 

distance qq annihilation process, and the other by a non-annihilation 

spin flip transition which produces a far-off-shell virtual vector 

meson*. 

The idea that the P + 2y transition is itself a short distance qq 

annihilation process, where the two photons appear in the amplitude in 

a symmetrical way is the basis of both the current algebra calculation 

of ryy(~0 ) and of the quarkonium annihilation model, to be used later in 

this paper, which will now be discussed in turn. 

3.3 Current Algebra Estimation of r ~ 
yy 

The 2y radiative width of the ~0 was calculated by Adler (29] using 

the PCAC equation, modified to take into account the contribution of 

triangle anomaly diagrams [28]. Such a diagram is shown in Fig. 3a. The 

theory predicts complete domi.nance of r (~0 ) by these diagrams at the 

unphysical point where (q 1 + q2)2 
= 0. ~essential ingredient_of the cal­

culation is the extrapolation of the matrix element of the divergence 

of the axial vector current: 

aA). 
<y(q1)y(q2) 1--xJO> 

ax 

*) The authors of [33] in fact used the word 'quarkonium' to describe 

the ~0 . They insisted, however, that the qq pair should be strongly 

bound. In 1967 the concept of asymptotic freedom had yet to be 

invented. 
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from (q 1 + q1)
2 = 0 tom 0

2
. Because m o2 is small compared to a typical 

2 n 2 zn 
light hadron (mass) of% 1 (Gev/c ) one may hope that the neglect of 

this extrapolation is justified . It is found that: 

11 3 a S m 
( o) n n 

r YY n • ::::-J::Z ( 13 ) 
32n f 

n 

Here Sn is &fA~O~; where A~ is the amplitude of q1q1 in the n° wave func­

tion, 0~; is the quark charge squared and f n is the weak 1r decay coup 1 i ng 

constant. The latter is found, from the decay width for n ~ ~v. to have 

the value 93 MeV. This gives 7.6 eV for r (n°), in good agreement with 
YY 

the experimental value quoted above. 

Allowing for octet-singlet mixing as in (7), relations similar to 

(13) may be written for n, n': 

a
2 58 51 . 3 

[ 

1 

ryy(n) = ~ r;::- case - -r:- s1n8] c 
32n 8 1 n 

2 
ryy(o')• ~2n3 [ 

s s 11 3 
~sine+!. cose j m , 
a I ~ 

s8, s1 are found, from the octet and singlet flavour wave functions: 

1 oa> = ( /it>)(luu> +ida>- 2 1ss>) 

ln1> = ( /13")(1UU> + tdG> + 1sS>) 

(14a) 

(14b) 

(15a) 

(15b) 

to have the values presented in Table 2 for the FC and IC quark models. 

Using Table 2 {14) may be rewritten as: 

1 r r _ a 1 
yy(n) -~ ~ case - 2/Z ,r sine 

192lr F 
8 

r , _ a 1 . 
1 I n(n )-~ ~ s1ne + 212" ,r case 

192n F8 

r = F8/Fl* 

1

1 3 
en (16a) 

11m~, ( 16b) 

*)Note that F1, F8 in (16a,b) are the reciprocals of the a~plitudes defined 

with an identical notation in [34]. 

16 

where ~ = 1, 2 for the FC, IC quark models. Eqns (16) are derived from 

PCAC in just the same way as (13), but now large mass extrapolations from 

(q 1 + q2)
2 = 0 to m~,mn~ are involved, and F1, F8 are not simply related 

(as is fn) to other well known physical processes. 

Since in (16) s is always multiplied by the unknown ratio r a purely 

phenomenological analysis based on (16) cannot destinguish the FC (s = 1) 

fran the IC (;: = 2) models j3J. A test that evaluated ron the basis of 

the current algebra prediction for r (n ')/r (n ') [3] is untrustworthy as 
py '('( 

the experimental ratio is considerably larger than the prediction for 

either the FC or IC models (16 as compared to upper limits of 7.1, 1.8 for 

the FC, IC models). Another test [4] based essentially on the agreement 

between the prediction given by (lOa-c) for r (n') and experiment is in-
YY 

conclusive, since, as discussed above, in this model the FC and IC models 

necessarily give identical predictions. 

Further theoretical assumptions, or more detailed phenomenological 

input is needed before r {n), r (n'} become sensitive to the value of 
yy yy 

s . If the conditions; 

FTI 

Fl 

Fa 

Fa 

flavour SU(3) symmetry 

' nonet symmetry ' 

are imposed, then the measured value of r (n') clearly favours fractio-
n 

nal quark charges [2]. The nonet symmetry assumption is however inconsi-

stent with the very strong breaking of this symmetry observed in the n°, 
n. n' masses [3]. If it is assumed instead that r = 1/2 (giving a large 

breaking of nonet synmetry, as observed for the masses of the states) the 

measured value of rn(n') gives s = 2 and so favours the IC model [3,34]. 

To make a meaningful test further 'dynamical' information is needed. 

In particular a quantitative estimate of SU(3) and nonet symmetry breaking 

effects must be made. The aim of the present work is to make such an esti­

mate using a non-relativistic quarkoniurn model where SU(3) breaking is ac-
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counted for by the difference in constituent masses of the strange and 

non-strange quarks, and nonet symmetry breaking by the interplay of 

large binding corrections and contributions to the potential from 

quarkonium annihilation into gluons for the isoscalar states. 

3.4 Quarkonium Annihilation Model 

Applications of the quarkonium model to the light mesons have been 

made by many authors. Potential model calculations of the mass spectrum 

taking account of the strong hyperfine splitting effects in the S-wave 

states have been successful in explaining the observed mass Spectrum 

[12,35,36], while other authors have considered quarkonium annihilation 

as a model for the 2y widths of light mesons [37-39]. 

The diagram for quarkonium annihilation into two photons is shown 

in Fig. 3b. The qQ are assumed to annihilate as free particles. The flux 

factor giving the interaction probability is proportional to 1~(0)[ 2 , 
[a~;ar[~=o for 0-, z+ states respectively. ~(r) is the spatial wave func­

tion of the state. 

The current algebra prediction using the triangle anomaly graphs 

(Fig. 3a) gives a result independent of the quark masses. In contrast 

the ratio between the constituent quark mass and the physical mass of the 

state plays an important role in the quarkonium annihilation model. Con­

stituent quark masses of 

mu = md mns = 336 MeV/c
2 

ms 532 MeV/c2 

as determined from baryon magnetic moments, and the masses of non-iso­

scalar light mesons [40] are used as fixed parameters in the present 

analysis. 

For the pseudoscalar mesons r is given by the expression: 
YY 

r (P) "4na2 ~.-, Q~ Mp ,\P fqcul··p(O) 112 
YY ---r-11 7J (m~+M~/4) 1 1 1 I ( 17) 

here: 

1 2 
7J Qi 

Mp 

m; 

Ap 
1 

'l;(o) 

fQCD 
1 

where [39,42] 

"s(M) 

a~(M) 

giving: 

c'\ (mns) 

for: 

Nf 

A 
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colour singlet projectionof (quark charge) 2, see {5) 

mass of state P 

constituent quark mass (i = ns,s) 

amplitude of q.q. (i = ns,s} in the flavour wavefunction 
1 1 

of P 

spatial wavefunction at the origin 

first order QCO correction [41] " 1-1- 3.38 ( ~ 1/2 L -n- as m; ~ 

~ (153-19 Nf) 
a~(M) l' -2n(33-2 N,) a~(M) ( M2)~ ln ln f:l j 

12n 

(33- 2flf) ln (M2/A2 ) 

0.42 "s(ms I 0.31 

number of quark flavours 4 

9'o MeV/c [42] 

cts(mns}, as(ms) will be treated as fixed parameters with the above values 

in this analysis. The sensitivity of the results obtained to the value of 

A will be briefly discussed in Section 7. 



19 

Eqn (17) is the generalisation to several flavours of the classical 

parapositronium formula )_43_] when al1owance is made for non-vanishing 

binding effects (i.e. Mp, in general ~2m;)· For one flavour and Mp 
= 2 m;• (17) reduces to the classical formula* on neglecting the QCD 
correction. 

The corresponding formula for the tensor mesons is [7]: 

I' (T) = 1152rrJ' [" 0; 1-4(m./MT) + 28(m./M )2 
yy -----;--- i 73" l l T 

r.l; 

1/2 AT ~a~;~J -~2 
1 ar r=o 

Here no QCD correction is included. 

( 18) 

The ratio of the wave functions {or the derivatives of the wave 
functions) at the origin for different quark flavours in a state with a 
fixed mass is given by non-relativistic potential theory [44]: 

l~ns(O)I/1~5 (0)1 = (m /m )3/4 ns s 

la~ns/arlr~o/la¢,/arlr~o ~ (rnns/m,)S/4 

The mass scaling in (19a,b) corresponds to a logarithmic potential 
which gives a good fit to heavy quarkonium mass spectra and also de­
scribes well the masses of the first radially excited light meson 

states: 'If', p', ¢'(see the discussion in Section 5. 7 below}. 

( 19a) 

(19b) 

The question of the relevance of a non-relativistic theory to 
light meson systems should certainly be asked. A semi-quantitative dis­
cussion for the pseudoscalars will be given in Section 7. Here it is 
simply remarked that since, in all cases, only the ratio of radiative 
widths is considered when comparing theory and experiment relativistic 

*) Eqn {24) of [39] also gives the classical formula in the zero bind­
ing energy limit, but disagrees with (17). The origin of the dis­

crepancy between these two formulae is unclear. Eqn (17) is however 
identical to (8) of [37] in the static non-relativistic limit 

p = 0, when the QCD correction is neglected. 
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corrections may be expected to largely cancel. This should be particular­
ly true for the f, A2 which have masses differing by only 4% and wave 
functions v1hich are found to contain alr.Jost purely non-strange quarks. 

At the time of \'lriting the status of explicit calculations of re­

lativistic corrections is unclear. In ri1 use of the non-relativistic 

formula (18) in conjunction with the wave functions found in fjs-J gives 
values for r (A2), r (f) about 50 % larger than the experimental values. n n · 
After including relativistic corrections the predictions fall about a 
factor of 3 below the experimental values. In contrast, for the f' the 
relativistically corrected value gives better agreement with the experi­
ment. Relativistic corrections for pseudoscalar mesons are discussed below 

in Section 7. 

The relationship between constituent and current quark masses has 
recently been discussed in the context of lattice gauge calculations by 
Samuel and l~oriarty [45[. As in meson systems the q (q) is always ef­
fectively in the colour field of the q (q) it seems appropriate to use the 
constituent mass in the propagator factors of (17, 18). The current quark 
masses are relevant to free quarks j45] or to quarks that are effectively 
'free' by asymptotic freedom because they participate in a process of 
scale Q » m1. Neither of these possibilities are realised in light meson 

systems. 
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4. LINEAR QUARKDNIUM GLUONIUM MIXING MODEL 

The analysis presented here uses a linear mass matrix to describe 

flavour mixing. This mixing, induced, in lowest order of QCD, by two 

gluon exchange (Fig. 4a), is directly analogous to that induced in the 

K0-~0 system by w+w- exchange (Fig. 4b). In the latter case a linear 

mass matrix has always been used. Neutrino oscillations are similarly 

described by a linear mass matrix. 

The origin of the use of quadratic mass mixing formulae for the 

mesons was the approximate success of the quadratic Gell-Mann Okubo 

{GMO) mass formula: 

M2 1 2 K 4 (3 M + M
2

} 
n " 

(20} 

This was later given some theoretical justification in a boots-

trap type model where the 'constituents' of the mesons are also mesons 

[46]. Since now, however, the masses of the pseudoscalar and vector 

mesons are most simply understood in terms of strong hyperfine splittings 

[40,47] resulting from 'chromomagnetic' terms in the potential, and from 

flavour mixing effects (for n, n') induced by gluonic intermediate states 

[401, the simple SU(3} symmetry breaking pattern underlying the GMO for­

mula is in any case not expected to be valid [47)*. From this point of 

view the success of the quadratic GMO formula (20) is fortuitous. The use 

of quadratic mass formulae can, however, be justified if the current al­

gebra approach is used [48]. 

The philosophy adopted here follows closely that of [40] in seeing 

how far a simple model, based on constituent quarks and non-relativistic 

potential theory and including (as will be seen below) perturbative QCD 

estimates can go in describing the mass spectrum and transition ampli­

tudes of light hadrons. 

*) This remarkable paper contains many of the successful predictions 

for the light hadron mass spectrum rederived, after the advent of 

QCO in [40]. 
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It is more natural in such an approach, following [12,40], to use 

a linear mass matrix. 

The model presented here is similar to that previously used to dis­

cuss quarkonium gluonium mixing by several c>.uthors [8-10] except that 

mass dependent SU(3) breaking corrections are included. Similar SU(3) 

breaking effects for pure quarkonium states using both quadratic [11,49] 

and linear [12] mass mixing formulae have been considered before in the 

1 iter a ture. 

The mass matrix is diagonalised using as basis 1ns >, IS>, IG > 

where: 

1 ns > 

Is> 

\G> 

( 1Ji7-l [ 1 uu> + 1 da>l 

1 sS> 

I gg) 

(21} 

The state G> is supposed to be a pure gluonium bound state (glue 

ball). However, the mass mixing formalism would be identical if IG> 

were any unitary singlet state (for example a radially excited pure 

quarkonium state). Such alternative explanations of the (1450) will be 

discussed in Section 5.6 below. 

The mass matrix with the above basis is: 

M + 2a ns IZ Za IZS 

m. IZ Za Ms + z2a zs (22} 

as zs MG 

The diagonal tenns of the matrix are urmixed quarkoniurn or gluonium 

masses {Mns' Ms• MG} or potential energy terms {2a, z2a) generated by 

annihilation into gluons. Mns' Ms include hyperfine splitting correc­

tions. The off diagnonal terms (/2Za, /2s. Za) correspond to flavour 

changing transition amplitudes. The interpretation of the five annihila­

tion amplitudes in terms of the lowest order perturbative QCD diagrams 

is given in Fig. 5. 
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The parameter 1-Z is a measure of the strength of SU(3} breaking ef­

fects. With massless gluons and the factorisation properties suggested 

by Figs. 4a,5 Z can be estimated as: 

a 5 (m 5 1 [~~s + M~/4l (m5 J/4 
Z(Mpl o ~ ---

as(r.tns) ~s + !>lp/~ mns 

Z(MTI 

zp [m~5 + M~/4] 
rm; • M~~~ 

(pseudoscalars) 

- as(ms) 
- as(mns) 

I 21
111 2 5/4 

,_l-4(m/Mrl + 28(m/Mr) 1_ lmns) (""--) 

· [1/2 r.ls mns 
ms -+ mns 

1/2 
"' Z [t-4(m/Mrl + 18(m/Mr1

1
] 

T! ms -~ mns \1/2 
(tensors) 

(23al 

( 23b 1 

The lowest order QCD predictions for Z(Mp}• Zp• Z(MT)' ZT are pre­

sented in Table 3. It can be seen that, particularly for the pseudosca­

lars, the expected SU(3) breaking effects are large and mass dependent. 

The mass dependence of1TLimplies that its eigenstates are not, in 

general, orthogonal. Writing an eigenstate \j> as*: 

lj> = x.Jns> + y.Js> + z.IG> (24) 
J J J 

The ratio yjjxj is found to depend only on the mass eigenvalue Mj• Mns• 

M5 and Z(Mjl 

Y/Xj o (1/,/Z) Z 
(M. - M I 

(M.I J ns 
J (M. - M ) 

J s 
(251 

i. e. it is independent of the strength of the mixing amplitudes a. 8· 

Of the six parameters necessary to completely define1Tlthree may be 

detennined from the physical masses of the states using the eigenvalue 

*) Here the notation of [9] is followed. 
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equations, while ~s is given by the mass of the isospin one non-strange 

state (n°, A2 for 0-, 2+). This leaves two free parameters, which are 

chosen to be Zp or ZT and M
5

• In the phenomenological fits presented be­

low these parameters are varied so as to minimise the overall x2• The 

fit values of these parameters may then be compared with the perturbative 

QCD expectations of Table 3 for ZP, ZT or quark model expectations (in­

cluding hyperfine splitting corrections [40,47] in the case of the pseudo­

scalars) for Ms. 
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5. PSEUDOSCALAR MESON ANALYSIS 

5.1 Analysis Method 

The procedure adopted to test the IC and FC models for the pseudo­

scalar mesons is to first make a fit where the flavour amplitudes x, y, 

z for n• n' are detenmined by using measuredlY and strong decay transi­

tion widths that are independent of the quark charges. The mixing matrix 

(22) is used with fixed masses 548, 958, 1450 MeV(c2 [31,50] for the n• 

n'• '· M
5 

and ZP are varied so as to minimise the x2 of a fit to the ex­

perimental data. Since Mns ~ M~o the physical masses determine, via the 

eigenvalue equations all six parameters needed to specify 11t. 

The quark charges are then tested by comparing the predictions given 

by (17) for the IC and FC models with the experimental value of r (n'). 
YY 

For this an estimate of ~(0) for the n' is needed. This is obtained from 

the experimental value of re+e_(w) and (lOa) on the hypothesis that ~(0} 

is spin independent for a given mass and flavour composition. 

Predictions are also given for various transition rates and branch­

ing ratios involving the t(1450). These provide further tests of the over­

all consistency of the model. 

5.2 Constraints from the Transitions P(V) + V(P)y 

For transitions between the light pseudoscalar and vector mesons, 

constraints previously given by Rosner [9] are used. Eqns (lOb) and the 

measured ratios: 

rny(p)/r,oy(w), rPY(n')/r,oy(w), rnY(.P)/r,oy(w) 

yield the constraints on xn , xn, , yn' presented in Table 4. It is 

assumed that ~i =I; = 1 in (lOb), but SU(3) breaking resulting from 

mns t ms is included. 
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A further constraint is provided by the measured ratio: 

rn'y(J/~)/rny(J/~) 

Noting that, quite generally, factorisation is expected between the 

transition amplitude for J/~ ~ ffy (f = ns, s, g} and the corresponding 

element of the mass matrix11t(22} then [31]: 

rn'y(J/~)/rny(J/~1 
{[M.~-M 2 ,] 3 [a(x ,+Zy ,)+Sz ,]) 2 

"' n n n n (26) 

{ n' + n I 
4.2 ± 0.7 

The factorisation is illustrated in Fig. 6, where as an example, the 

corresponding lowest order QCO diagrams are shown. The factorisation pro­

perty is expected, however, to be of more general validity than the spe­

cific QCD diagrams shown in Fig. 6. 

5.3 Constraint from Strong Processes Using the OZI Rule 

As pointed out by Okubo and Jagannathan [51] use of the OZI (Okubo­

Zweig-lizuka [52]) rule in hadronic processes can provide information on 

the flavour content of the n and n' mesons. Here the ratios: 

r nrr(A2)/r KK(A2) 

of(rr-p+n'n)/of(rr-p+nn) 

(where af denotes the forward scattering cross section) are chosen. 

To calculate rpp(T) a simple model [13] based on additive duality 

amplitudes, with a correction factor to account for phase space and the 0-

wave angular momentum barrier, is used. Unlike in [131 however SU{3) 

breaking is allowed for by assuming a constant ratio (see Fig. 7a): 

A(qq + (gs) (gs)) 

A(qq + (qiis) (qns)) 
s 
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~ is found to be 0.89 ± 0.06 from a fit to the measured values of 
r (f, f') rK-K(f, f') described in Section 6.2 below. 1m 

The model gives [31]: 

r nrr(A2)/r KK(A2) "? r~r (xn 

=3.0±0.4 

2 
+ v yll) (27) 

Here v allows for a possible violation of the OZI rule by a 'Za' (see 
Fig. 5) type amplitude. 

The duality diagram of Fig. 7b and the experimetal measurement 
[53] give the constraint: 

n o0.74±0.04 
., x ' + v Y n' I 
xll + v Yll (28) 

where the OZI rule violating amplitude is assumed to be process inde­
pendent. To simplify the fitting procedure, and in view of the small ex­
perimental error in (28), only (27) is used in the fit, (28) being used 
to eliminate the parameter v from (27) neglecting the experimental error 
in (28}. In fact as shown below, the best fit value of v is consistent 
with zero. 

5.4 Results of the Fit to the Mass Matrix 

The best fit to the 5 constraints (4 from 1y transitions, 1 from 
strong decays) which is summarised in Table 4, has a x2 of 1.85 for 3 
degrees of freedom. The fitted parameters of the mixing matrix~Tlare pre­
sented in Table 5, while .the eigenvectors corresponding to the physical 
n , n', t states are shown in Table 6. Errors are quoted at the X~IN + 1 
level. 

The fo 11 owing comments may be made on the results of the fit: 

i) 
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The mass M
5 

of the pure sS quarkonium state may be compared with 
the expectation from the hyperfine mass splitting formula [40,47] 
(see Section 5.7 below). A simplified version of the formula (9] 
gives: 

M5 = M$ 

2 
(MK* - MK) 

M0 - M'lT 
2 0.77 GeV/c 

which is 15 % larger than the fitted value. The more refined ana­

lysis of Section 5.7 gives M
5 

= 0.644 GeV(c2, only 4% less than 
the fitted value. 

ii) The unmixed pseudoscalar glueball mass is found to be 1.22 ± 0.05 
GeV/c2. This is at the lower limit of the range of masses found in 
a lattice gauge calculation [54]: 

MG " 1.42 +0.24 
-0.17 

and somewhat lower than predictions of 1.3- 1.4 GeV/c2 using 
Bag [55] or Potential [56] models, respectively. The interpretation 
of the state\ G >as a radially excited pure quarkonium state [57] 
vlill be discussed below in Section 5.7. 

iii} As found previously [40,58,59] the annihilation term a is large 
(0.36 GeVJc2) as compared to the pion mass. This explains, even in 
the absence of direct mixing with the heavy state 1 G >, the large 
deviation from ideal mixing observed in the n°, n, n' masses. More 
unexpected perhaps is the somewhat smaller value of s (0.153 
GeVJc2), as colour charge factors favour ggg over qqg couplings by 
a factor 9/4 (see Fig. 5). The suppression is, however, naturally 
explained in the naive gluonium model as the wave function at the 
origin vanishes for pseudoscalar gluonium. 
It should be remarked that in the present model the transitions 
JN-+ Py (P = n, n', 1.} are not, as is commonly assumed, dominated 
by the glueball component in the flavour wave functions. In fact the 
ratio of the 'quarkonium' transition amplitude a(x + Zy) to the 
'gluoniurn' amplitude Bz {see Fig. 6) is 5.6, 3.3 for n, n', respec­
tively·. The SU(3) breaking parameter ZP has a dramatic effect on the 
ratio of transition rates in (26). Setting Zp = 1 gives: 
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rn'y(J/.)/rny(J/•) • 36 

illustrating the importance of including SU{3) breaking to obtain 
the good overall fit shown in Table 4. 

iv) The SU{3) breaking parameter ZP ~ 0.89 ± 0.03 is some 14% smaller 
than the lowest order QCD estimate of 1.04 (see Table 3). Consider­
ing the large experimental uncertainty in the value of a

5 
this 

agreement is quite satisfactory. The sensitivity of Zpto the scale 
parameter A of QCD is briefly discussed below in Section 7. 

v) The value of the OZI rule violating parameter calculated from the 
fitted values of x , , y , and (28) is: n.n n.n 

v • -0.01 ± 0.03 

consistent with zero, justifying the use of the simple duality 

amplitudes shown in Fig. 7a for processes involving n• n'. 

vi) The flavour wave functions presented in Table 6 indicate signifi­
cant acknixtures of the state I G> in all three physical states. All 
states contain roughly equal amplitudes for strange and non-strange 
quarks, while then' and\ each have a lG> amplitude of 0.6-0.7, 

but with different signs. 

Recently the decays: 

JN + PV P = n,K,n,n'; V = p,w,¢,K* 

have been measured in the MARK III detector at SPEAR. A preliminary ana­
lysis using only the simplest (singly disconnected) OZI rule violating 
diagrams has reached a similar conclusion to the present paper on the ne­
cessity for a gluonium component in then' [60,61]. It is found that [61]: 

x2 + Y2 
n n 
2 2 

xn' + Yn' 

1.1 ± 0.1 

0.65 ± 0.12 

which may be canpared with: 

2 
xn 

2 
xn' 

+l n 
2 

+ Yn' 

0.98 ± 0.04 

0.62 ± 0.06 
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frcm Table 6. In more detail, the fitted values of x , , y , 
n,n n.n 

in the MARK III analysis are in agreement with the values in Table 6 
except for lxn' I where a value of 0.34± 0.04 is quoted, inconsistent 

with the constraint given by rpy(n')/r~ 0Y(W)shown in Table 4. A possible 
resolution of this discrepancy may be the inclusion of doubly disconnected 
OZI role violating diagrams in the MARK III analysis. In any case two 
completely independent phenomenological analyses each indicate an ampli­
tude of~ 60% 'non ground state quarkonium' in then' flavour wave 
function*. 

5.5 Tests of the Quark Charges 

Before the quarkonium annihilation formula (17) can be used to test 
the quark charge factors Q~ for the FC or IC model (Table 1) a further 
phenomenological input is needed to estimate the spatial wave function at 
the origin of the state in question. Following previous authors [37,38,62] 
the ansatz is made that the wave function at the origin has a power law 
dependence on the mass of the state: 

1•~,(0)12 :tM: (29) 

For a given quark charge assignment the exponent nvis determined from 
(17), the flavour amplitudes in Table 6 and the experimental ratio 

*) Strictly speaking the phenor:~enolo~ical analyses der.10nstrate only that 
there is an 'inert' portion of the flavour wave-function as probed by 
photon pairs or by quark line diagrams. Other explanations, e. g. 
radially excited quarkonium admixtures which are 'inert' because of a 
much smaller wave-function at the origin, should also be considered 
a priori. See the discussion in Section 5.7. 



31 

r (n')/r (n). The actual value of the wave function is estimated by 
yy yy 

assuQing that, for a fixed mass, it is independent of the spin state of 

the quarks. A similar assumption was made in l38i. Then: 

I p • I v I l"ns(O) I " Wns(O) (30) 

where Mp = MV. 

In this v1ay the \'lave function at the origin for the il' can be 

detemi ned from the measured decay width of CJ' into e + e- [31): 

21 5.33a(M)l 2 
r + -(w) " s"" 1 - , w l•w (o) I 
ee '9tf TT ns 1 

w 

(3\) 

= 0.71 ± 0.07 keV 

w- ¢mixing is neglected, but as in (17) the first order QCD correction 

1411, is taken into account. \~ith A"' 90 MeV/c, asU1J = 0.26. The extra­

polation of tj!(O) from Mw to t1p (P"' 1r
0, n', t) is done using the exponent 

n determined by (29). 

The experimental situation of r (n' .n) is summarised in Table 7. The 
yy 

six independent measurements of r (n') are consistent with their weighted 
2 n 2 

average (x = 5.0, 5 O.F.) unlike the four measurements of r (n) (x = 
yy 

29, 3 D.F.). For then the two (self consistent) recent measurements of 

Crystal ball and JADE Ill are considered separately from the Primakoff 

values 169,70\. 

The average values of r (n' .n) 
yy 

n = 2.6 ± 0.3 FC 

+0.30 
1.02 -0.37 !C 

from Table 7 and (29) yield: 

Eqns (17,29-31) then 

two columns of Table 
predict the values of r (rfl,n' ,t) presented 

yy 
8 for the FC, IC models respectively. The IC 

excluded by r (n'), and FC is strongly favoured by r (nO), 
yy yy 

For the n° (17) is written: 

in the first 

model is 

2 
fyy(nO) = 2;a M2 ,o 

2 2 2 
( mns +M1ro/ 4) 
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1
-.1 - 3.38 o (m )-ll•"o(O) 12 

1r s ns ns (32) 

The value of r (nO) for a given ~(0) is the same in the FC and IC 
yy 2 . 

models, but because of the dependence of 1~(0)1 on n, the overall consl-

stency of the model is still checked by the measured value of r (nO). 
YY 

Since: 

m~s 
2 

m,o 
>> -4 

ryy(n°) is effectively~ l/m~ 5 and so is very sensitive to the assumed 

constituent quark mass. The effect of changing m from the standard 
2 2 ns 

value of 336 MEV/c to 300 MeV/c is shown in Table 8. 

i) 

i;) 

iii ) 
iv) 

Table 8 also presents the FC model values of ryy(nO,n' ,t) using: 

r (n) from [73] OESY Primakoff experiment 
yy 

r (n) from [74] Cornell Primakoff experiment 
yy 

(17), (31) without the QCO correction 

pure quarkonium wave functions (s = -12°) for n, n' . 

It can be seen that r (no) somewhat disfavours both Primakoff rneasure-
YY 

ments, and favours the QCD corrected formulae. The very strong dependence 

of ryy{n°)on mns should not however be forgotten - a small change in mns 

can render both (ii) and (iii) compatible with experiment within the large 

errors. The 'no gluonium' case (iv) gives a predicted value of r (n') which 
yy 

lies 2.30 above experiment. This is additional suggestive evidence, inde-

pendent of that presented above, of the necessity, within the present model, 

for an explicit gluonium component in then' wave function. 

As stated in Section 2 the IC model is only excluded by the results 

presented in Table 8 in the limit m2 >> <q2> where m is the effective 
9 g 

gluon mass in the IC theory and <q2> is the average value of q2 of the vir-

tual photons contributing to the experimental detennination of r . If the . yy 

additional assumption is made in the IC model that the radiative width is 

doolinated by quarkonium annihilation (i. e. charged gluonium annihilation 
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is neglected) then the measured value of r (n')can provide an upper limit 
yy 

on the parameter m
9 

of the IC model. The neglect of gluonium annihilation 

may be justified by the vanishing of ~(0) in the pseudoscalar g+g- ~ yy 

amplitude. 

Eqns (5,17) and Table 6 then give for the IC model: 

~ J) 1.11 m4 

ryy(n' lie ~ ryy(n' )Fe + g 
1 1 1 1 

(mg+q1) (mg+q1) 
(33) 

where< > denotes an average over the distribution of qf, q~ for the expe­

rimental measurement. 

In experiments detecting n' production in e+e- collisions [64-68] 

a stringent cut of~ 200 MeV/c is typically made on the transverse momen­

tum of then' (P~·) relative to the e+e- beams. This constrains qi, q~ 
to low values and reduces the upper limit on m~. 

Performing the average in (33) using the exact "luminosity function" 

for transverse photons (71] gives the curves of ryy(n' )Exp/ryy(n' lrc as 

a function of m
9 

shown in Fig. 8. Curves are drawn for pn'~ Q 1 0 1 
I T " • , ' 

GeV/c, and without a P? cut. In all cases the condition IY11 I < 0.5 

(where yn' is the lab. rapidity of then') is imposed. This last cut is 

to allow for the limited angular acceptance of the detectors used in (64-

68]. It corresponds to an angular cut~ 30° for the decay products of the 

n'. m is limited to~ 0.6 MeV/c 2 for Py' ~ 0.1 GeV/c 2 , and to f. 1.0 

MeV/c~ in the absence of a pnT' cut, by the experimental value of r (n') 
yy 

given in Table 7. Both limits are quoted at the 95% confidence level. 

5.6 Predictions for t{1450) 

Some predictions for radiative decay wi.dths and branching ratios of 

the l(1450) are compared, in Table 9, with the existing experimental data. 

The prediction for BR(Jf'/'+'Y) uses the measured BR(J/•JMJY) [31] and (16) 

with the replacement n' + t· The 1y transition widths r (l ), r (1 ), r (t) 
. . . ~ ~ .h 

are g1ven by (lOb) and the flavour ampl1tudes 1n Table 6. All the pred1c-
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tions are consistent with the present experimental limits. 

Of particular interest is BR(J/IjJ-+ty) BR( t+py) which checks (admit­

tedly within a large error of :!: 40 %) the predictions for BR(J/tjt+n) and 

fpy(t). The later is sensitive to the lar9e non-strange quarkonium com­

ponent in the 1. Crucial tests of the model are provided by ryy(t) 

BR(t+KK~) and BR(J/tjt+ty) BR(,~y), the latter checking the strange quar­

konium component of the t. 

It is interesting to note that the predicted values of fpy(t), rwy(t), 

r ¢y( l) when inserted in the Van-Royen \lei ss kopf formu 1 a ( lOc) give r yy( t) 

= 9.9 keV, in good agreement with the q·uarkonium annihilation prediction 

of 10 ± 3 keV. 

A further important test of the model is the cross section ratio: 

of(~-p + ln) I af(~-p + n'n) 

(see section 5.3 above). As the non-strange amplitudes in then' and' are 

predicted to be almost equal, the above cross section ratio should be 

close to one at high energies, where phase space corrections are small. 

5.7 Radially Excited Quarkonium Interpretation of ,(1450) 

Several authors[57,72-74] have suggested that the t(1450) may be interpret7 

ed as a radially excited quarkonium state. A brief discussion of this pos­

sibility is now given. Mixing amplitudes are derived from the ground state 

mass matrix. General results of non-relativistic potential theory are then 

used to connect the ground and first excited states. 

The best established radial excitation states experimentally are the 

vector mesons p'(1600) and $'(1680) [311. The strong hyperfine mass split­

ting formula [40,471 is used to relate the masses of the pseudoscalar and 

vector states: 

M( 3S)- M( 1S) ~411i 
1 0 p 

321Tas(m;) 

9 mi 

. '1 
~ ~(0) 

(34) 
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Here i = ns, s denotes flavour and p ~ 1, 2 for the ground and first ex­

cited states, respectively. Spectroscopic notation is used to denote the 

vector and pseudoscalar states. In {34) ~(0) is assumed to be the same 
3 . d 1 -for the s1 an $

0 
qq states. 

For a potential of the form: 

V(r) " !r" (35) 

the ratio of the wave functions at the origin for the S-wave ground and 

first excited states, 1J;1(0), 1J;2(0), respectively, is 9iven. by [44]: 

1 [ ] v-1 '~1(0) I " 1-y(v) 2+V 
iVj[1lT 1-Y(VT (36) 

where Y(\l) = i (*) and -2 < \l ~ 0. 

If both the 3s1 and 1s
0 

wave functions obey (36), then using the 

ground state splitting mp- mn and the physical p' mass, (34) gives pre­

dictions for Mn,as a function of \l. The results for \l = 0, -1/2, -1 are 

shown in Table 10. Choosing \l = 0* gives a value of mn' in good agreement 

with the experimental mass of 1300 ±100 MeV/c2 

The strong hyperfine operator: 

32na 
OHF"~o(r)S. S mimj 1 J 

(37) 

.will also mix ground and radially excited states of a given spin parity 

and flavour content. S., s. are the spins of the quarks of mass m., 
l J l 

parated by distance r. The spin vector product takes the values: 

s; · sj 1/4 

-3/4 

(3S1) 
(1\) 

mj se-

*) This corresponds to a logarithmic potential which his been shown [75J 

ta give a good description of the masses of heavy (CC, bO) quarkonium 

states. 
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which yield (34) for the vector-pseudoscalar mass splitting. 

For the isospin zero pseudoscalar states the operator OG describing 

quarkonium annihilation into multigluon states (see Fig. 5) will contribute 

to both flavour diagonal (a) and flavour non-d-iagonal (Za) mixing. OHF on 

the other hand gives only flavour diagonal interactions. Because of the 

opposite signs of OHF' OG radial mixing is expected to be weaker for iso­
spin zero, than for isospin one states where only OHF contributes. 

To estimate the annihilation amplitude for a pure quarkonium (1S
0

) 
. . h b . ,,,ns ,,,s . d ground state a mass matr1x 1n t e as1s ~ 1 , ~1 1s use : 

[

M0 3o"5 +1o 1ns 1 

IZZo 

IZZo 

0 
M1s 3o~ + z1oJ 

(38) 

The hyperfine mass splittings ~~s ~~ are given by the P - n mass diffe­

rence and ( 34): 

ons " (M - M )/4 
1 p n (39a) 

~s = ~ns 
1 1 ( 39b) 

Taking the values of the quark masses and as from Section 3.4 and using 

(19a): 

~~ = 94 MeV/c2 

Neglecting annihilation mixing for the vector state, (34) then gives: 

0 s 1 M15 " M~ - o1 " 916 MeV/c 

The value of Ms = M~s -36~ is found to be 644 MeV/c2 close to the 
fitted value, including gluonium mixing, of 670 ±10 MeV/c2 (Table 5). With 
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11°
1 

- 3,nls ~ M ~ 135 lleV/c2 

ns " 

and eigenvalues corresponding to n(548), n'(958) for (38) the eigenvalue 

equations may be solved for a and Z*. This gives: 

a~ 344 MeV/c2, z 0.421 

The value of a agrees well with that found including gluonium mixing, 

a= 360 ±18 .~V/c2 , but Z is significantly (26 %) lower than the mean 

of Z(M ), Z(M,) as given the fitted value of Zp in Table 5 and (23a). 
n n 

So the magnitude of the SU(3) breaking agrees better with the perturbative 

QCD estimate when gluonium mixing is included, than for the pure quarko­

nium case. 

The transition amplitudes a, Za, z2a are proportional to the wave 

function at the origin. Eqn (36) may be written as: 

1~2(0)1 ~ vi~~(O)I (40) 

where, for the favoured value v = 0 of the exponent in (35), Y = 0.66. 

Using (40) the mass matrix {22) may be generalised to include the first 

radially excited quarkonium states. The matrix in the basis ~rs, ~~s, ~~. 

~~s, G is given in Table 11. The unperturbed quarkonium mass terms are 

given by the relations: 

M'lns 
M 

TI 
+ 3 b.ns 

1 
~ 0. 606 GeV I c2 

0 M _ 6. ns y2 1.532 Gev;/ 
M2ns ~ 

p' 1 
~ 

(41) 

Mo 
1s 

~ M. - 6. ~ 0.926 GeV/c2 

0 M. _ 6. Sy2 1.639 GeV/c
2 

M2s ~ 

1 
~ 

The SU(3) breaking parameters are estimated from (?.3a} to be: 

*) Here assumed to be mass independent. 
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711 ~ 0.53 712 ~ o.65 722 o.n (42) 

The different values account for the different mean masses appropriate to 

various mixing amplitudes. 

If gluonium mixing is absent the eigenstates are found by diagona­

l ising the matrix formed by the first 4 rows and columns of Table 11. 

With a~ MeV/c2, Y = 0.66 and other parameters as in (41), (42) the 

eigenvectors and eigenvalues (in MeVtc2) are: 

n1(520) 

nj (978) 

n2(1515) 

' n2(1B3o) 

0.7091~~5 > + 0.0681~~5 > - 0.6731~i> + 0.2021~~ > 

o.659l~~s > - o.339l~~s > + o.67ol~i> - o.o35l~i > 

(43) 

-0.0161~~5 > + 0.5841~~5 > + 0.272l~i> - 0.765l~i > 

0.252l~;s > + 0.7341~~5 > + 0.156l~i> + 0.6lll~i > 

To compare this solution with the pure ground state results of Table 

6 it is useful to define 'effective' flavour amplitudes by the relations: 

xef = xl + Yx2 
( 44) 

Yef = Yl + Yy2 

Here the subscripts 1, 2 on x, y refer to the ground and first excited 

states, respectively. To correct for the effect of radial excitations in 

transition amplitudes, x, yin the pure ground state case are replaced by 

xef' Yef: The phase convention used here is that ~i(o), ~~{0) have the 

same sign. 

The values of x, y from Table 6 are compared with xef' Yef from (43, 

44) in Table 12. For {n. n1) or (n', ni) the absolute values agree \'/ithin 

15 % or better, and the relative signs are the same. 



39 

Is it possible that the physical \{1450} can be identified with the 
state o2(1515) of (43)? From (26) with the replacements o' + o2, S ~ 0 
it is found that 

BR(J;~ + "2(1515)Y) ~ 2.6 X 10-4 

as compared to the experimental branching ratio [61]: 

BR(Jf~ + t(1450)Y) > 4.9 X 10-3 

The low predicted branching ratio results from the relative negative 
sign of xef' Yef in n2 and is relatively insensitive to their precise am­
plitudes. The large discrepancy (a factor of 19) between the observed and 
predicted rates of radiative J/~ decays makes a pure quarkoniurn radial ex­
citation interpretation of l very unlikely. 

It is an obvious question if a satisfactory solution can be found by 
mixing in a glueball state with the radial excitations, and identifying the 
predominantly IG >state with the physical as done above in the ground­
state-only analysis. A reasonable fit to the n• n', 1 masses is given by 
diagonal ising the full 5x5 matrix of Table 11 with s = 153 MeV/c2 (as in 
Table 5) and a somewhat larger value for MG of 1550 MeV/c2, all other para­
meters being the same as in the solution (43). The eigenvalues and eigen­
vectors are: 

'\ (513) ~ o. mj~s>+o.o7j~~s >-o.647f~:>-o.197l~l>-o.os6IG > 

oj (936) 0.612f~;s>-0.268j~~s>+0.695j~:>-0.001j~l>-0.265jG > 

~(1446) ~ 0.108\~;s>-0.681\~~s>-0.088j$j>+0.134fo/l>+0.706jG > (45) 

o2(1540) ~ o.oo7j~;s +0.230j~~s>+0.238I~i>-0.850I~:>+o.41 jG > 

o2(1958) ~ o.289j$;s>+0.637I~~s>+O.IB5j~j>+o.47ol~l>+o.5o jG > 
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The corresponding values of xef' yef for n1, ni are shown in Table 
12. 

The general conclusion to be drawn from (43,45) and Table 12 is 
that predictions based on the non-strange or strange quarkonium content 
of the nand n' are little effected by radial mixing. This is illustrated 
in Table 13 where the predicted radiative width ryy (n') given by the 
ground state only solution {Table 6), {43) and (45) are compared for the 
FC and IC models. For all three solutions the IC model is excluded by 
the experimental width. 

In both of the solutions (43), (45) the n2 state has a relatively 
large production rate in radiative J/~ decay. Solution (45) and (26) with 
n' + nz gives: 

BR(J/$ + o2(1958)Y) ~ 4.8 x 10-3 

It is tempting to identify the nz with the spin-parity 0- enhancement in 
the 1.5- 1,9 GeV/c2* mass region recently observed by the MARK III col­
laboration [76]. From the product branching ratio [76]: 

BR(J/~ + XY) BR(x + o0 o0 ) (7.7 ±3.0) x 10-4 

(where x is the spin parity 0- projection of the P0 P0 enhancement observed 
in the channel 21T+21T-) a lower limit for the branching ratio of an iso­
spin zero state may be estimated: 

BR(J/~ -> x(I~O)y) ~ (2.3 ±0.9) x 10-3 

consistent with the prediction above for nz 

It should finally be pointed out that the solution (45) is in any 
case ruled out because it predicts, using (26) with n' + t a value of 

*) Mixing with higher radial excitations may give ann~ mass in better 
agreement with the observed enhancement than solut-ion (45) 



41 

~ 
-6 -4 

10 for BR{J/tiJ + t(l446)y), a factor of 2xl0 smaller than the ex-

perimental lower limit! As in {43) and for the same reason, the n
2 

state 

can also not be identified with the physical t. 

The validity of the model can only be tested by making a much more 

detailed analysis than that presented here. A global fit varying a. 6 , MG 

taking into account higher radial excitations as well as finite width 

effects and relativistic corrections (which are expected to be more im­

portant for radial excitations than for the ground state) is needed. 

Such an investigation is beyond the scope of the present paper whose 

primary aim is to make a meaningful test of the quark charges. 

The two essential conclusions of this brief study of effects of 

radially excited states are: 

i) A pure quarkonium radial excitation interpretation of the 

t(1450) is very unlikely. 

ii) Predictions sensitive to the quarkoniurn amplitudes in n(548), 

n' (958) are little effected by mixing with radial excitations. 

A comparison of the present analysis with previous work on radial 

excitations in light mesons {72-74] will be given in Section 7 below. 
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6. TENSOR MESON ANALYSIS 

6.1 Analysis Method 

The relatively small mass splittings between the tensor mesons A2, 

f, f', 0 and the consistent experimental values of r (A2, f, f'), 

which are summarised in Table 14, allow a more strai~~tforward determi­

nation of the flavour mixing matrix than for the pseudoscalar mesons. 

For the tensors the mass dependence of the wave function derivative 

at the origin can be safely neglected*. The two measured ratios: 

ryy(f)/fyy(A2) = 3.4 •0.5 rYY(f')/rYY(A2) = 0.13 •0.06 

M = MA2• and the masses of the f, f', 0 states 1.270, 1.520, 1.720 
ns 2 GeV/c [31,501 then completely determine the mass matrix {22) for a 

given quark charge assignment**· 

To test the quark charges the resulting flavour amplitudes are 

checked by phenomenological constraints obtained from: 

i) The experimental upper limit [141: 

fyy(0)BR(&+KK) ~ 0.3 keV (95% C.L.) 

ii) The ratio [31]: 
BR(J/W+f'y)/BR(J/W+fy) = 0.2 ±0.09 

iii) The strong decay widths [31] 

*) In fact SU(3) breaking in la~;arlr=o is allowed for via (19b) but 

ja~nsfarlr=o is taken to be the same for all states. 

**} In practice a (zero constraint) fit was made to the two radiative 

width ratios by varying M and ZT {as in the pseudoscalar case) to 
2 s 

give x = 0. 
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r (f) = 149 ±17 MeV 
rrrr 

rKtf) = 5.2 ± 0.7 MeV 

rKJ0f') = 59 ±10 MeV 

r,,(f') = 0.8 ± 0.3 MeV 

The model for the strong decays is the same as that used to derive 
{27). For the FC model two additional phenomenological parameters are 
required~ a reduced width r

0 
and an SU(3) breaking parameter ~ (see 

Fig. 7a}. The model is further checked using the decays: 

K*\1420) + Kn, Kn, K*(892)n, Kw, Kp 

A2 (1310) + nrr, KK 

In this connection a solution of the problem of the 'anomalously large' 
f width, raised in [13] is proposed. 

For the IC model a meaningful quark charge test must take into 
account the possibly dominant contribution from charged gluon annihila­
tion to the 2y width*· This is allowed for by a parameter y defined so 

that (18) becomes: 

r (T) = l152rr~ Q; [ -~ 
Y'( --,--1 i 7J ... 

!J ~ 
+ zYZIJ•=l l

zl,.,r lz 
Q~;' 3 ~s I r=o 

( 46) 

Here Q~i' is the gluon charged squared (4 of the 8 gluons in IC models 
have charge ±e). Since in the IC model large gluonium amplitudes are 
found in the f, 0 for some y values a further parameter r defined as: 

- <TT+TT-1 TIG> 
r = ~<.::rr +•,"-:!1--'T'-'I"'n""s-> 

<K+K-1 Tl G> 

<K+K-1 Tl ns> 
(47) 

*) Recall that g+g- annihilation is allowed inS-wave for JP = 2+, 

whereas qq annihilation must be at least P-wave~ implying that ~(0) 

vanishes in this case. 
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is required to describe the strong decays in {iii) above. Eqn. (47) as­

sumes SU(3) invariance. Consistent with this S is also set equal to unity 

for the IC model analysis. Including SU(3) breaking (~ 20 %correction) 
is not expected to charge the overall conclusion of the IC analysis pre­
sented below. 

The procedure to test the IC model is then as follows: 

(a) The mass matrix and hence the flavour wave functions are determined 

as described above for a given value of y. 
(b) The experimental widthsfTf~f), rTT~f') are used in (49) below to 

determine the parameters r 0 , r. 

(c) The predicted values of rKK(f), rKK(f') (using (49)) and 
ryy(0)BR(0+KK) (using(46,>1)) are compared with the experimental 
measurements in (iii, i} above. 

(d) y is varied through an arbitrary range~ 0 so as to fit {if possible} 
the 3 experimental widths in (c). 

6.2 Results for Fractional Quark Charges 

The flavour wave functions of the f, f', 0 determined as described 
above are presented in the first 3 rows of Table 15. It can be seen that 
f, f' are predicted to be almost ideally mixed states: 

f > 1 ns> 1 
=7Z 

1 f'>=-ls >=-Iss> 

(I UU> + I cfih) 

The 0 is essentially decoupled from quarkonium. Although this may be con­
sistent with 0 being an almost pure glueball, no constraints on the 
branching ratios can be obtained by considering interference between the 
gluonium and quarkoniurn components of e as in [10]. Another consequence 
of the weak mixing is that if the 0 is mainly glueball the 'bare' 2+ glue­

ball mass must be very close to the physical 0 mass. 

The mixing parameters are small: 
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2 -23 MeV/c 
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~ ~ 5 MeV/c 2 

while the SU(3) breaking parameter z
1 

is found to be 0.34, considerably 

smaller than the QCD prediction of 0.53 in Table 3. As the mixing ampli­

tudes are so small the solution is, however, relatively insensitive to 

the value of z1 . 

M
5 

is found to be 1.525 GeV/c 2 in good agreement with the expec­

tation: 

2 
M5 2 MK **- MA 1.540 GeV/c 

2 

of naive quark counting. This is consistent with SU(3) breaking in the 

tensor mesons being dominated by the non-strange strange quark mass 

difference, leading to the observed ideal mixing. 

Also shown in Table 15 are the solutions obtained when corrections 

are applied for: 

i) SU(2) breaking corrections [82] 

or 

ii) relativistic corrections [7]. 

In i), follOI'l'ing [82] the t ns> component of the f, and the iso­

spin one A2 wave function are replaced by: 

Ins'>~~ (1.05/uu>+ o.95ldih) 

IA 2> ~ ~ (0.95Iuu>- 1.05Idct>) 
(48) 

For ii) relativistic correction factors of 0.24 were applied to 

(18) for the f, A2 and 0.36 for f' [7]. Neither SU(2) breaking, nor re­

lativistic corrections change the almost pure ideal mixing pattern for 

f, f' with weak quarkonium admixtures in the e. 
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The relations used to describe the strong decays T + PP are 

[10,13]: 

r (f) 
TITI 

r KK(f) 

f TITI(f') 

ro(Xf+rzf) 

ro KK 
~ 3 K (sxf + l'l Yf + 2rzf) 

~· TI 
ro r (xf' + rzf') 

TI 

r(f')~ro 
KK 3 

K' 
K 

~ 
(sxf' + J'l. yf' + 2 rzf,) 

( 49a) 

(49b) 

( 49c) 

(49d) 

where r is defined in (47) and ~ in Fig. 7a. The K factors are~ p~m 
and account for phase space and a 0-wave angular momentum barrier. Eqns 

(49) are, except for the inclusion of the SU{3) breaking parameter ;, 

identical to those used in [10]. 

For the FC model zf,f' are negligibly small so that (49) are inde­

pendent of r in this case. Using the solution in the first three rows 

of Table 14 a satisfactory fit (i = 3.8, 2 D. F.) is obtained to the 

widths in (49) with: 

r = 146 ±6 MeV 
0 

s ~ 0.89 ±0.06 

The fitted and experimental values are compared in Table 16. This so­

lution also predicts (from (26) with the replacements n' + f', n +f): 

BR~JN _, f'y) 
BR JN _, fy) 0.15 

in good agreement with the experimental value (ii) in Section 6.1). 

The measured width rKK (f') in Table 16 is derived from the experi­

mental full width 67 ±10 MeV* corrected for the measured r~~(f') and for 

r (f') which is estimated using the relation analogous to (49): 

"" 
*) This value is consistent with the 1980, 1984 particle data group 

values. In [31] a significantly larger value of 75 MeV was given. 
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+IZ~;yi) 

In (50) the n wave function is approximated by: 

In>=~· C[ns>- [s>) 

which is close to the fit solution in Table 6. r (f') is estimated 

to be 7 MeV, corresponding to a 10% branching rilio off' into nn . 

(50) 

Also shown in Table 16 are experimental and predicted decay widths 

of several other processes of the type T ~ PP and T ~ PV calculated 

using formulae similar to (49,50). For the T ~ PV decays the _Az+pn decay 

is used as input and a 0-wave barrier-phase space factor ~ P5 is in-em 
eluded. Of the eight predictions, six are in reasonable agreement with 

experiment, and one, r (f'} is as yet untested. The predicted value of 
~~ nn 

K + Kn, however. lies a factor of 1.6 above the experimental measure-

ment, well outside the range of errors. 

Rosner in [13] used a similar model to predict r (f} using rK (K~~) 
nn n 

as input, and concluded that the former is anomalously large. In [13] 

this was explained by the hypothesis of a glueball component of the f 

interfering constructively with the quarkonium component in the nn decay 

mode. The K~• ~ Kn decay differs, however, from f + nn in that a number 

of different final states with the same flavour content as Kn is quite 

large. In fact the channels K*n, K*nn , and Kp all have appreciable 

branching ratios. In contrast, 'in the f decay, the only competing channel 

is 4n which is strongly suppressed by phase space factors. The low ob­

served rate for K~* + Kn may then be a consequence of unitarisation cor­

rections (final state scattering effects} among the channels Kn, K*n, 

K•nn, Kp ; the Kn channel being preferentially absorbed into the other 

channels. It is interesting to note that the sum of all the predictions 

for the various decay channels of K~* in Table 16 is 106 MeV in excellent 

agr.eement with the measured total width of 100 ±10 MeV (31]. 

In conclusion the flavour amplitudes found from the measured 2y 

widths off, f'. A2 and (18) give, in the FC ~odel, a good description of 
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both the strong f, f' decays and the ratio of the radiative decays of J/~ 

into f' and f. As the 8 is effectively decoupled from the ground state 

quarkonium sector a pure glueball interpretation is possible. It could 

also, however, be a radially excited quarkoniurn state that does not mix 

with the ground state, or some other weakly mixed exotic state such as 

q2 q2 (841. Hyperfine mixing with radial excitations should be strongly 

suppressed because of the vanishing of the wave function at the origin 

in the tensor states. The ideal mixing found in the ground state also 

indicates that gluonium annihilation mixing should also be weak for 

radial excitations. 

Finally it may be remarked that the weak gluonium amplitude found 

here in the f is inconsistent with the solution proposed in (85] to ex­

plain the 'anomalous' decay angular distribution of the f produced in 

radiative J/~ decays [86]. 

6.3 Results for Integral Quark Charges 

The gluonium amplitudes, z, found for the f, f' and 0, from the mea­

sured ratios ryy(f)/ryy(A2), ryy(f'}/ryy(A2) are shown as a function of 

the parameter y of (46) in Fig. 9. Small values of y give large gluonium 

amplitudes in the f, f'. For large y ~ 10 the 0 approaches a pure glue­

ball state. ryy(G} given by (46) taking as input the measured value of 

ryy(f} is shown as a function of y in Fig. 10. 

To compare with the experimental upper limit on ryy(G)BR(0 .... KX) [14], 

the partial width for 0-). KK is found using 

rKK(G) 

8 
ro KK 

= T K (x8 + 12 y8 + 2 rz) 
• 8 

(51) 

with r
0

, r determined from the experimental widths run(f). rnn(f'), and 

(49a,c) with S = 1. The dependence of ryf0)BR(G + KK) on y is given in 

Fig. 11. The 95 % C.L. upper limit of 0.3 keV (14] gives a similar limit 

on y of 0.5. 
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The corresponding predicted values for rKK(f}, rKK(f') as a function 

of y found using (49b,d) are compared with experiment in Fig. 12a,b. The 
prediction for f{f + KK) lies within 2o of experiment only for y > 5. 

This would give ryy(G)BR(0 + KK ) > 2 keV in contradiction with [14J. 

The IC model is, therefore excluded by the experimental values of 

ryy (8)BR(G + KK), rK~f,f') for all values of y, 
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7. DISCUSSION 

As the analysis of 2y radiative widths presented here uses the 

non-relativistic quarkonium annihilation formulae (17,18) it is impor-

tant to examine the validity of such a description for light meson systems. 

Eqn (17) assumes a factorisation between a short distance annihila­

tion process and a flux factor, proportional to [~{0}[ 2 , giving the pro­

bability that the quark anti-quark pair find themselves at small mutual 

separation. This will be a good approximation if the typical range of 
the annihilation process~ i.s very much smaller than r, the mean radius 

of the qq system. A parameter of merit for the applicability of (17) is, 

therefore, ~/r, which should be small for the quarkonium description to 
be valid. The parameter 62 is of the order of the inverse of the quark 
propagator: 

m2 + M2!4 q 

and so can be estimated from the mass of the state and the appropriate 

constituent quark mass. For harmonic oscillator wave functions the mean 
radius of the qq system is: 

r (2/n) ~(0)-2/3 (52) 

Values of ~/r for the 2y decays of singlet positronium, nb, nt , n' , n 

and u0 are presented in Table 17. For positronium, the Bohr radius is 

taken for r. W(O) for nb , nc ~s estimated from the leptonic widths of 

1r.Jr/~ using (lOa), but including the first order QCD correction as in 
{31). For n, n' W{O) is given by (29-31), while for the TI

0 the value 

derived from the experimental pion charge radius [39,871 is taken: 

2/3 u r3 )1/2 I l 
~ ( o l = I :z '2ii ::;:z,mj 104 MeV (53) 

To calculate~. masses of 1.85, 5.0 GeV/c2 are taken for c, b quarks. 
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It can be seen from Table 17 that the difference in D/r between 

heavy and light quark systems is not large. There is a factor~ 2 between 

cc and the light quark states which have similar values~ 0.45. The dif­

ference between even bb and positronium is, however, murh larg·~r. a fac­

tor~ 100. As the ground state s-wave function peaks at the origin, large 

values of tJr should reduce the flux factor and hence the radiative 
width. However, the n, n' have similar values of 11jr, so this suppression 

factor should largely cancel in the ratio of rY1 r{) to ryy (T1) which is 

used to estimate the exponent n in (29). 

The work presented here differs from more general analyses, previous­

ly published (for example [12,35,36]) which aimed to fit the entire mass 

spectrum of light meson states, in that experimental constraints are more 

rigorously applied to specific states (n, n' and f, f' ), and that the 

number of adjustable parameters is kept to the absolute minimum. In [12] 

45 different state masses were fitted, but 11 adjustable parameters are 

used to describe only the potential. In the present analysis, taking the 

quark masses as fixed by baryon magnetic moments [40], for the pseudo­

scalars, 13 experimental quantities (3 masses, 5 ratios of 1y widths, 2 

ratios of strong interaction processes and 3 2y decay widths) are de­

scribed by 5 parameters: a, B, Zp• Mns' n. Since, however, Mns can be 
independently estimated (Section 5.7 above) and the SU(3) breaking para­

meter agrees well with the perturbative QCO estimate {23a), the only 

really 'free' parameters are a , 13, n. 

For the tensors 14 experimental quantities (3 masses, two ratios of 

2y radiative widths, 1 ratio of ly widths and 8 strong decay widths) are 

described by 6 parameters a, B. Zp, Mns' r
0

, 1;. Experiment is, in 
fact, equally well described by the pure quarkonium solution with 

a = B = BZT = 0, in which case there is only one adjustable parameter 

r
0

, since Mns agrees well with the quark counting estimate and, as will 
now be shown s can also be estimated from a simple perturbative QCD ar­

gunent. 

If the duality diagrams in Fig. 7a are replaced by the lowest order 

QCD diagrams the 'sea' quark pair will result in each case from a single 

gluon coupling. This implies: 
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< = las(ms)/as(mns) 11/1 (54) 

which gives~ = 0.86 for A 90 ~.eV/c 2 , in good agreement with the fitted 

value of 0.89 ±0.06. 

It is the inclusion of large SU(3) breaking corrections that di­

stinguishes the present work from previous studies of quarkonium glu­

onium mixing [8,9,10,13]. Stanley and Robson [12] have already realised 

that such corrections are the key to solving then, n' mixing problem 

using a linear mass matrix. They did not, however, allow in their ana­

lysis the possibility of explicit gluonium admixtures and neglected 
QCD radiative corrections. A very rapid dependence of the mixing matrix 

for the isospin Zei'O pseudoscalar mesons (40] on the mass of the state 
is not supported by the present analysis. In fact a solution almost iden~ 

tical to that in Table 6 is given by replacing the factors depending on ~1p in 

(23a) by unity. The SU(3) breaking parameter ZP must, however, be signi­

ficantly less than unity. 

The good agreement found between the fitted values of Zp, ~and the 

naive perturbative QCO predictions may seem, at first sight, fortuitous 

as conventional wisdom would say that such perturbative calculations, 

which may be of only doubtful validity for the channonium and bottomium 

systems, are completely inapplicable to light quark systems. As previous­

ly pointed out by Paschal is and Gounaris [39], however, the important 

parameter is the ratio of A to the lightest constituent quark mass mns· 

As quarks always appear 'dressed' in hadrons it is clearly this mass, 
and not the current mass of the QCD Lagrangian which is appropriate here. 

If A is indeed as low as 90 MeV as indicated by QCD analyses of the cC 

and bD systems [42], as(mns) is still a 'small' number and perturbative 

calculations may still be expected to have an approximate validity, even 
for light quark systems. It will now be shown, from general arguments 
that Zp is a privileged parameter in this respect, in that it is expect­

ed to be particularly insensitive to higher order QCD corrections, even 

though as(mns) ~ 0.4. 

To second order in QCD Zp is given by: 
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~ . ~4 

_ as(ms) 11 + C(mns' ms' M) as(ms) as(mnsll [m5 J ( ) 
Zp - a::Tm.::J - 55 

as mns [1 + C(mns' mns' M) a
5

(m
5

) I mns 

The second order QCO correction corresponds to four gluon exchange, 

and the function C depends on the relative strength of the tw·o gluon and 

four gluon amplitudes. The mathematical form of (55) implies that the 

second order QCD correction to Zp is sma 1 1 even though IY. 
5 

(m5). c\ (m05 ) may 

be quite large. With a
5

(m
05

) = 0.43, o.
5

{m 5) = 0.31 and C = canst = 1 the 

second order correction is only 4 %. Even in the pathological case when C 

+ oo the second order correction is only 26 %. A similar argument can be 

given for the insensitivity of S to higher order corrections. 

If the comparison between the 

predictions is taken seriously the 

The fitted value of Zp compared to 

A = 135 ± 7 MeV/c 

A < 148 MeV/c 

fitted values of Zp and ~ and the QCD 

scale parameter A can be estimated. 

(23a} gives: 

95 % C.L. 

whereas s = 0.89 ±0.06 and (54) gives 

A = 70 +45 MeV/c 
-60 

A~ 150 MeV/c
2 95 % C.L. 

In view of the dependence of the propagator and wave function factors in 

(23a) on the constituent quark masses, the quoted errors and upper limits, 

derived only from the statistical errors on the fitted quantities should 

be treated with caution. However: 

A = 100 ±50 MeV/c 

would seem to be a reasonable estimate from the internal consistency of 

the two estimations with: 

A~ 200 MeV/c 
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as a conservative upper limit. Both the value and the error on these 

estimates of the scale parameter of QCD compare quite favourably with 

other estimates from gluon production in e+e- annihilation, structure 

functions and heavy quarkonia [42]. 

The parameter with the least clear physical interpretation ln the 

pseudoscalar meson analysis is the exponent n describing, in a static 

non-relativistic model the mass dependence of 1~(0)1 2 . Interpreting the 

mass of the state as proportional to a reduced mass ~ (not evidently a 

valid procedure in states where binding energies are so large), then 

n = 2.6 ±0.3 is close to the ~3 scaling law of a Coulomb potential [441. 

On the other hand cC, bb quarkonia [75] as well as the masses of the 

isospin one states n, n', p, p' (Table 10) favour a near logarithmic 

potential giving a ~3 1 2 law for 1~(0)1 2 . A steeper mass dependence than 

this corresponding to a singular potential (see Table 10) would contra­

dict QCO expectations as su'ch potentials are expected to become dominant 

at short distances, for quarkonia heavier than bb, certainly not for 

light quarks. 

The mass dependence described by the exponent n should then rather 

be interpreted as that of the relativistic correction to 1~(0)1 2 . For­

mulae relating the non-relativistic wave-function at the origin ~NR(O) 

to the fully relativistic Bethe Salpeter wave function ~BS(O) have 

recently been obtained by Ourand and Durand [88]. For $-wave qq states 

of mass M ~ 2 mq it is conjectured that: 

[.,ss(o)[z = ~ l'i>(O)i~RI2 (56} 

4mq · 

If the tV rr{O) is estimated from the pion charle rad-ius us;ng (53} 

(which ;; based on a static derivation of <r2> 
12 , using harmonic oscil-

1 a tor wave functions [39]) then, on rep 1 acing the non-re 1 ati vi sti c wave 

function in (32} by the Bethe Sal peter wave function from (56), r (nO) 

= 4.0, 7.2 eV for IDns ~ 336, 300 MeVtc2 which may be compared* wi~ the 

*) Note that (32,56) give a dependence of ryy(n°) on the constituent 

quark mass (which is known to a precision of only~ 10-20 %) of 

(mns)-6! 
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experimental value of 7.85 ± 0.55 eV [31[. In addition the value of n of 

2.6 ± 0.3 given by (17,29) and the experir.1ental ratio r (rr' )/r ('l) 

(indicating that ¢~~(0) :t 1./J~R(O) is consistent with (sJ) and s~;ports the 

interpretation of the strong dependence of the radiative widths of 

light mesons on the mass of the state, (used as an ansatz in previous 

purely phenomenological analyses 137,38,62[), as being due to relati­

vistic corrections. It is clearly of interest to have a proof of (56). 

A similar relation forM ~ 2 r.1q is proved in lssi. 

In the quark charge test n is only needed to estimate the small 

change in !~(0)] 2 in passing from thew to then' mass. In this case 
the discrimination between the FC and 

the value of n. If this correction to 

found to be 3.3, 14.3 keV for the FC, 

strongly favouring the FC model. 

IC models is very insensitive to 

1•(0)! 2 is neglected r (n') is 
n 

IC models, respectively, still 

There are several differences between the analysis of radial mixing 

presented in Section 5.7 above and the work of Frank and O'Donnell [72-

74]. Specifically, in [72-74]: 

i) 

ii) 

SU(3) breaking is neglected. 

Annihilation mixing via the operator OG of different radial exci­
tation states is neglected. 

iii) The choice of a harmonic oscillator potential gives a wave 

function at the origin that increases with principal quantum 

number, ll./!n+1(o)j>]tf!n(O)j thus favouring stronger mixing of 
higher radial excitations. 

iv) In [74] the decays J/tjJ-+ Py are assumed to be mediated only by 

the gluonium component of the pseudoscalar meson wave function. 

Co~cerning ii}, explicit evaluation of the mixing matrix (Table 11) 

shows that in the present analysis the neglected mixing amplitudes are 
large. In particular the important cancellation between the contributions 

of OHF and OG is not accounted for in [72-74]. 
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The choice of a harmonic oscillator potential iii) gives a poor 

fit to the 11 - rr', p - p' mass differences. In [73] the predicted values 

of m
11
,, mp' lie, respectively 2, 3 standard deviations below the experi­

mental values [31]. 

As for (iv) the work presented here indicates, on the contrary, 

that radiative J/~ decays into n. n' are dominated rather by the quar­
konium component of the wave function. 

For the tensor mesons the results of the present analysis may be 

compared to those of Rosner and Tuan [10]. With fractional quark charges 

a good description is here obtained of the 2y decay widths of f, f', A2 
and of the strong decay widths for f, f' ~ nn , KK which were originally 

proposed in [10] to constrain possible solutions. The main difference 

from [10] is that G is here found to be almost completely decoupled from 

the quarkonium sector, so that no light is shed by the solution on the 

strong decays of the G. The question of the nature of theE1: glueball, 

radial excitation, 4 quark state, ... is left open. 

The IC model (always in the limit m2 >> <q2>) is excluded by the 
g 

tensor meson analysis as no solution can be found which is consistent with 

the f, f', A2 2y widths, f, f' -~ nn, KK and the experir:1ental upper 1 ir.1i t 

on rYY(e)BR(e-+ KK). 

In summary the results presented in Sections 5.5, 6.2, 6.3 strongly 

favour the FC model, always with the caveat that the effective gluon mass 

is not ~1 MeV/c2. In conclusion, brief mention is made of other recent 

experiments or analyses relevant to the discrimination between gauge IC 
and FC quark models. 

In [34] I suggested the use of a sum rule due to Worden [89] in a 
resonance saturation approximation to determine E Q4 and hence test the 

q 
quark charges. In [34] it is wrongly stated that the recent measurements 

of 2Y widths when used in the sum rule favour the IC model. After correct­

ing a sign error in the contribution from the charged pion Born term and 

adding, for the IC case, the contribution from the charged gluon box dia­

gram, it is found that the sum rule is equally valid in the FC and IC mo­

dels and so does not discriminate between them. 
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A number of studies have been made [24-26,90] of high PT jet pro­

duction in singly tagged yy collisions in the context of the gauge IC 

models. The most recent of these (26] concluded that the q2 dependence 

of recent PLUTO data is consistent with the IC model provided that m 

lies in the interval 150 to 350 MeV/c2. This is in contradiction wit~ 
the result of the present study using r YY( n' } (Fig. 8). The difficulty 

of this type of analysis (as clearly pointed out in [26]) is to extract 

the contribution of the yy + qq, yy+ g + g- terms, which a 1 one are sens i­

tive to the quark charges, from higher order QCD processes [911, higher 

twist processes (921 or simply the tail of the diffractive distribution. 

At the time of writing no detailed comparison of experimental data with 

these conventional sources of high pT events, over and above the Born 

term yy + qq has been made. It is perhaps more prudent to await the re­

sults of such an analysis before interpreting an experimental excess in 

terms of the IC model. 

The main limitation of the present analysis (and also of [24-26,90]) 

is due to the virtuality of the photons when 2y collisions are investi­

gated at e+e- colliders. Definite exclusion of gauge IC models (not as 

done here, the establishment of a stringent upper limit on mg) requires 

a process involving two real photons, so that the 'propagator suppression' 

factor of (1) is absent. 

A recent CERN experiment [93] has studied the inclusive process: 

yLi 6 
+ yx 

where the final state photon is produced at large momentum transfer 

(> 2 GeV/c). The aim was to isolate the parton level subprocess: 

yq + yq 

whose amplitude contains the coupling to a quark of two real photons and 

so ·is proportional to Q~ as given by (5). The results of this experiment 

are consistent with the FC model, after allowing for higher order QCD 

corrections, thus strongly disfavouring the IC model. 
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Jayaraman and Rindani [94] have recently calculated the cross sec­

tion for the semi-inclusive process 

PP + yyx 

where both photons are produced at large momentum transfer. The subproces­

ces contributing are: 

+ -
qq ~ yy g 9 + yy 

(the second for the IC model only). The single experimental measurement 

of the process from the ISR at CERN [95] is found to agree well with the 

FC model prediction. In the IC model, however, a very large contribution 

from charged gluon annihilation is found which, depending on the detailed 

parameterisation of the gluon structure functions, predicts a cross sec­

tion which is a factor of 30 to 50 greater than the experimental measure­

ment. 

The overall conclusion from the analysis of these two experiments 

using real photons, and of this paper is the same: quarks have fractional 

charges, even when they couple to pairs of massless photons. 
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TABLE 1 

TABLE 2 

TABLE 3 
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Values of Q~ 

Flavour FC 

u, c, ... 4 
-3-

d, s, b, ... 1 
3 

*} 2 2 2 ql' q2 « mg assumed in (5) 

Values of Sj (see Eqns (12,13}} 

. 2 
S. ~ E E AJ Q . 

J a ; 1 al 

FC 

\ 
1 

11" 

SB 
1 

16 

s1 
2 

13 
*} 2 2 ql' q2 « m~ assumed in (5) 

IC* 

2 

1 

IC* 

1 

11 
I 

16 
4 

13 

Lowest Order Factorised QCD Predictions 

for SU{3} breaking parameters 

State Z(Mj} 

n 0.57 

0 0.73 Zp ~ 1.04 

0.86 

f 0.79 

f' 0. 77 ZT 0.53 

0 0.73 
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TABLE 4 Results of the Global Fit to the n, n', t t~ass Matrix 

I. Physical Constraints 

Physical Constraint 

rfo 7 ny } 
r w -+ nOy) 

r(p7orj 
r{w -+ no.Y 

r(2 
7 orrlb) 

r A2 -+ Kk 

a) Values from Ref. [9] 

b) Values from Ref. [31] 

Experimental Value 

lx I'}~ 0.73 ±0.10 
0 

lx
0

, I'}~ 0.63 ±0.12 

IY0 1'}~ 0.74 ±0.06 

3.0 ±0.4 

4.2 ±0.7 

Fit Value 

0.67 ±0.03 

0.50 ±0.04 

0.73 ±0.03 

3.2 ±0.3 

4.2 ±0.7 

TABLE 5 Results of the Global Fit to the n. n', i Mixing Matrix 
II. Mixing Matrix Parameters 

Mns 0.135 GeV/c2 (Input} 

Ms 0.67 ±0.01 GeV;c2 

MG 1. 22 ±0.05 GeV/c2 

n 0.360 ±0.018 Gev;/ 

B 0 1527+0·0004 GeV/c2 
. -0.005 

Zp 0.89 ±0.03 

All errors are purely statistical, quoted for 
2 2 

X = xmi n + 



TABLE 6 

TABLE 7 

Average 

Average 
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Results of the Global Fit to the n, n', 1 Mixing Matrix 

III. Flavour Amplitudes 

X 

n 0.67 •0.03 

n' 0.50 ±0.04 

0.53 ±0.05 

Errors are purely 
2 2 

X = Xmin + 1 

y 

-0.73 ±0.03 

0.61 ±0.05 

0.45 ±0.06 

z 

-0.135±0.008 

-0.62 ±0.08 

0.72 ±0.07 

statistical, quoted for 

Experimental values of the Two Photon Radiative Widths of 

then and n 1
• The First Quoted Error is Statistical the 

Second Systematic. 

ryy(n') (keV) 

5.4 ±2.1 

5.8 ±1.0 ±1.2 

6.2 ±1.1 ±0.8 

5.0 ±0.5 ±0.9 

3.8 ±0.26 ±0.43 

5.0 ±0.4 ±0.7 

4.5 ±0.4 

rrd"l (keV) 

1.0 ±0.22 

0.324 ±0.046 

0.56 ±0.12 ±0.09 

0.56 ±0.05 ±0.08 

0.56 ±0.08 

Experiment 

r(n'),BR(n'->-yy) 

MARK II 
CELLO 
JADE 
PLUTO 
TASSO 

all experiments 

Prirnakoff (DESY) 
Primakoff (Cornell) 
Crystal Ba 11 

JADE 

Crystal Ball and JADE only 

Reference 

[63] 

[64] 
[65] 

[66] 

[67] 
[ 68] 

[69] 
[70] 

[1] 
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TABLE 9 Predictions of Branching Ratios and ly Radiative Widths 

for t ( 1450) 

BR(J/'i"tY) 

Prediction 

-3 (8.6 ±2.0)x10 

BR(t+KKn) b) 0.42 ±0.10 

BR( t+py) c) (1.2 ±0.4)x10-2 

ryy(t)BR(t+KKn) 4.3 ±1.6 keV 

ryy(t)BR(t+py) 0.12 ±0.05 keV 

BR(J/'i"lY)BR(t+py) (1.0 ±0.4)x1o-4 

BR(J/'I"tY)BR(t+wY) 

BR( J/'i"t )BR('""i>Y) 

r py(') 

r wyt') 

rty(t) 

-5 
(1.1 ±0.3)x10 

-5 (1.2 ±0.4)x10 

1160 ±350 keV 

124 ±38 keV 

129 ±39 keV 

Experimental Value 

'(4.9 ±0.74)x10-3 a) 

~7 keV 95 % CL 
,;a keV 95 % CL 

~1.5 keV 95 % CL 

(0.88 ±0.28 ±0.15)x10-4 d) 

(1.1 ±0.24 ±0.25)x1o-4 e) 

2.1x1o-4 90% CL e) 

2.3x1o-4 90 % CL e) 

a) Lower limit given by assuming 100 % BR in KKn. 

b) Using the value (4.9± 0.74)x10-3 for BR(~t)BR(t+KKn). This is the 
weighted average of the MARK II, Crystal Ball and MARK III results 
presented in Ref. (61]. 

Ref. 

[ 61] 

[1] 

[ 1] 

[68] 

[ 61] 

[ 61] 

[ 61] 

[ 61] 

c) Using rpy(t) as given above and f(t) = 95 ±5 MeV, corresponding to the 
weighted average of the values of the MARK III and DM2 Collaborations 
as quoted in Ref. [61]. 

d) Crystal Ball Collaboration. 

e) MARK III Collaboration. 
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TABLE 10 

m ' v Mass Scaling for [~(0)[ 2 

n 

1330 0 " 
3/2 

1430 - 1/2 2 

" 
1520 -1 3 

" 

~ ~ reduced mass 
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TABLE 12 

xef 

n 
0.67 

0.75 

0. 78 

66 

Values of 'Effective' Flavour Amplitudes for Different 
Mixing Solutions 

Yef 'ef 
' ' ' Solution 

n n n n n 
0.50 -0.73 0.61 ·0.14 ·0.62 Ground states 

only with 

gluoniurn 
(Table 6) 

0.43 -0.81 0.65 - - Ground states 

and first radial 
excitations 
without gluonium 

(Eqn (43)) 

0.44 -0.78 0.70 ! -0.09 -0.27 Ground states 

and first radial 
excitations with 
gluonium 
(Eqn (45)) 
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TABLE 13 Values of ryy(n') (keV} for Different Mixing Solutions TABLE 14 Experimental Values of the Two Photon Radiative Widths 

of the Tensor Mesons f, f' A2. 

The First Quoted Error is Statistical the Second Systematic. 

FC IC Solution 
ryy(f) (keV) Experiment Ref. 

5.5 17.5 Ground states only with 

gluonium 2.3 ±0.5 ±0.35 PLUTO [77] 

(Table 5) 3.6 ±0.3 ±0.5 MARK II [78] 

3.2 ±0.2 ±0.6 TASSO [ 79] 

5.3 17.9 Ground states and first 2.7 ±0,2 ±0.6 Crys ta 1 Ba 11 [80] 

radial excitations 2.5 ±0.1 ±0.5 CELLO [81] 

without gluonium 2.3 ±0.2 ±0.5 JADE [I] 

(Eqns ( 43)) Average 2.85 ±0.26 

5.9 20.3 Ground states and first 

radial excitations r (f') (keV) 
with gluonium 

yy 

( Eqns ( 45)) 0.11 ±0.02 ±0.04 TASSO [14] 

Experiment: 4.5 ±0.4 keV 
r (A2) (keV) 
yy 

0.77 ±0.18 ±0.27 Crystal Ball [80] 

0.81 ±0.19 ±0.27 CELLO [65] 

0.84 ±0.07 ±0.15 JADE [I] 

Average 0.82 ±0.13 
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TABLE 15 Flavour Mixing Amplitudes for f, f', e. 
FC Quark Model 

State X z Solution 

f 0.998 0.068 -0.016 non rel. 

f' 0.065 - 0.998 0.01 (Eqn (16)) 

8 0.016 0.011 0.9998 

f 0.987 0.061 -0.147 non rel. 

f' 0.071 - 0.994 0.081 with SU(2) 

breaking [82] 
8 0.141 0.088 0.986 

f 0.986 0.067 -0 .155 with relativistic 

f' 0.079 - 0. 993 0.094 corrections [7] 

8 0.148 0.1011 0.984 

TABLE 16 

Process 

f ? TITI 

f ? KK 

f' + TilT 

f' + KR 

f' -+ llll 

A2 ? KK 

A2 -+ nn 

K** + Kn 

K** + Kn 

A
2 

+ pn 

K** -+ Kp 

K** -+ Kw 

K** ->- K*n 
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Experimental, Fitted and Predicted Widths for the 
Strong Decays T ~ PP, T + VP 

Experimental Width (MeV) a} Theoretical Width (MeV) 

149 ± 17 145 (fit) 

5.2 ± 0.7 5.1 (fit) 

0.8 ± 0.3 1.3 (fit) 
59 ± 10 b) 50 (fit) 

- 7 (pred.) 

5.3 ± 0.6 6.4 (pred.) 

16.0 ± 1.5 20 (pred.) 

45 ± 5 73 (pred.) 

2.9 ± 1.7 [83] 0.6 (pred.) 

77 ± 4 77 Input 

8.8 ' 1.0 5.6 (pred.) 

4.2 ' 1.6 [83] 1.5 (pred.) 

25 ± 3 19 (pred.) 

a) Unless otherwise indicated all experimental values are taken 
from Ref. [31]. 

b) Total width corrected by subtracting rnn(f'), r~~(f'} as described 
in the text. 
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TABLE 17 

Sys tern t,. I r 

1s
0 

positronium 2.6xlo-3 

'b 0.17 

'\; 
0.23 

n' 0.52 

" 0.38 

0 
TI 0.49 
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Figure Captions 

Fig. 1 Coupling constant definitions in the Gell-Mann Sharp Wagner model. 

a) v~e+e-, b) w ~ n°y, c) n° + yy 

Fig. 2 Diagrams contributing to radiative decay processes in the Van Royen 

Weisskopf model. 

Fig. 3 

a) V + e+e-, b) V(P) + P(V)y, c) P ·> yy 

Quark annihilation diagrams contributing to r (P) in different 
yy 

models. 

a) Triangle graph giving the axial anomaly in the current 

algebra calculation. 

b) Quarkonium annihilation diagram. 

Fig. 4 a) Flavour mixing amplitude via two gluon exchange in QCD. 

b) Flavour mixing amplitude via two W exchange in the weak 

interaction. 

Fig. 5 Lowest order QCD diagrams contributing to the elements of the 

mass mixing matrixl1l(22). 

Fig. 6 Lowest order QCD diagrams illustrating the factorisation between 

amplitudes contributing to J~ radiative decays and the corre­

sponding elements of the mass mixing matrix. 

Fig. 7 Duality diagrams used to estimate strong decay amplitudes. 

a) M + M N b) ,-P -> n(n')n 
' ' 

Fig. 8 The ratio of the experimental to predicted values of ryy(n') 

in gauge integer charge quark models as a function of the effective 

gluon mass mg. 

A. n' Pr S 0.1 GeV 

B. n' PT < 0.2 GeV 

c. No Prn' cut 
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Fig. 9 Amplitude of IG> in the f,f',a as a function of the parameter y. 

(See (46)). 

Fig. 10 The two photon radiative width of the e as a function of y. 
(See (46)). 

Fig.ll ryy(a)BR(a+KK) as a function of y (see (46)). 

Fig. 12 The IC model predictions as a function of y {see (46)) compared 

with the experimental values for: 

a) rKK(f), b) rKK(f'). 
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