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THE T40 PHOTON RADIATIVE WIDTHS OF LIGHT MESONS AS A TEST OF GAUGE
THEORIES WITH INTEGRALLY CHARGED QUARKS

Abstract

A test is made of the quark charges using the recently measured 2y
widths of the pseudoscalar {1, n, n') and tensor (AZ’ £, f') mesons.
The model for ;. is nonrelativistic quarkonium annihilation, includ-
ing binding and SU{3} breaking corrections. The flavour mixing between
the states (n, n'> 1{1450}) or (f, f', a(1720)) is given by a Tinear
guarkonium 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 giuonium amplitude = 0.6 in the 5'.
The integral charge quark model is consistent with the measured value
of r ( } only for effective gluon masses < 1.0 MeV/c {95 % C.L.).
Correctxons from radial excitations are discussed and it is concluded
that a pure quarkenium radial excitation interpretation of the i is un-
1ikely.

In the fractional charge model the measurements of ryy(f, ', Az)
indicate that the f and ' are almost ideally mixed quarkenium states.
In gauge integer charge models charged gluon annihilation may give
large contributions to T (f, f'). Such models are excluded by con-
straints from the strong decays f, f' > wm, KK and the experimental
upper limit on FYY(B)BR(B ~ KK). Comparison of the fitted SU{3) break-
ing parameters with perturbative QCD expectations suggests 4 = 100
+ B0 MeV/c,

1. INTRODUCTICN

The principal aim of the work presented here is to make a guantita-
tive discrimination between models with fractional charge (FC) or integer
charge (IC) quarks by using the wealth of experimental 1nformat1nn [i] 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 the n' 2v width T (n®), have previous-
1y 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 1o the difference in
the constituent masses of strange and non-sirange quarks). Binding ener-
gy effects are included in the static 1imit, 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 {5,6,71, which may be
large in absolute value, should largely cancel. This is particularly true
for the tensor mesons where the mass differences between f, ' and A2 are
small.

The essential predictioné 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), 1(1450)) and tensor (f{1270), f1{1515), 0(1720)) states
is described by a linear mass matrix in a non- strange quarkonium {jns>},
strange quarkonium (Js>) gluonium (1G>} basis. This model, presented in
Section 4, is similar te 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, 121 are incorporated. The symmetry break-



ing 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 1y transition widths:

PVY > V(P)y, 3y > Py (P =n, n's ¥ = p, w, o)

the forward cross section ratio:

O’('.I’T—p - ]"!n)/c('ﬁ-p + n'n)

and the ratio of decay widths:

Pnn(AZ)/FKK{AE)

all of which are sensitive to the flavour wave functions of n, n' are
used in a global it to determine the non-strange {x) and strange (y)
quarkonium amplitudes in the n and n’. Using these amplitudes in the
quarkonium formula for the n' width, the predicted values of PYY(n') in
the FC and IC models are compared with the experimental measurement,
Also predicted are the gluonium amptitudes in n, n', % BR(J/y » 1v),
BR(1 + KRn), T, (1),T, {r°) and LVNEIN Vs, u, g

A brief discussion is also given in Section 5 of corrections to the
ground state mode? used here from mixing with radial excitations, and of
the possibility of describing the 1(1450) as a radially excited pure
quarkonium state.

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

FYY(f)/FYY(Az) : ,Fvv(fl)/FYY(AZ)

suffice to completely determine the mass matrix for the (f, f*,0)
system,

The fiavour wave functions are checked by comparing with the experi-
mental values the predictions for;

TenlFhs TglFhy o (F'), Tl £

given by a model {13] based on 0ZI rule conserving amplitudes. The same

model is used for Fnﬂ(AZ)’ Ng(Ay) to constrain the non-strange quark

content of the n and to predict several other strong decay widths:
Tpp(T)s Tpy(T) where T = K**(1420), 4,
For the IC model, where the measured radiative widths predict large

gluonium amplitudes in the physical f, o, a further constraint on the

flavour wavefunction is provided by the experimental value [14] of:
FYY(@)BR(O + 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 discussien 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 alsc
briefly mentioned.



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)z)
of the photon probe:

0y = o+ [8/ 0+ 97)]ol®) m

Here i, o are labels for flavour and colour. ng) is a colour singlet
flavour dependent charge with fractional values:

ole) -+ 273 i

1

U, ¢, ...

{2}

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

Qés) is a flavour singlet, colour octet, charge expressed as a vector in
colour space as:

B8 - (-3, 13, 1/3) (3)

m is the effective gluon mass which is generated by spontaneous symmetry
bgeaking of the colour SB{3) symmetry. The propagator-Tike term in {1}
results from the mixing of a massive neutral gluon with the photon. In scme
theories [27?1 there is a unique mass for all gluons, charged or neutral,
while in others [23]1 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 q 2depen%ence shown in
{1). The value of mg is not determined by theory. If q° »» mg the colour
octet charge is suppressed, so that the effgctive qu%rk chgrge is the same
as in the standard FC model. On the other hand, if 97 << mg the effective
quark charges become those of the Han Nambu model:

(0 1 1) i

o
—
n

U, ¢, ...

(%)

(-1 0 Q) i = d, s, b, ...
As in (3) the vectars are in colour space,

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

my $ 200 Mev/c?,
In jet production allowance has te be made for the comrtribution of charged
gluons. The gluon electric charge is a pure octet of colour. However, ad-
ditional kinematic terms in the cross section propertional to qz/m2 cancel
the propagator factor in (1) when q2 >> m2 to give a non-vanishing cross
section in this Timit, unlike for the case of the quark colour octet
charge [243, Similar behaviour may be expected in the 2v width of a meson
from any charged gluon contribution in its wave function, but ne explicit
caleulations 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 sgquare of an
amplitude which contains as a factor the colour singlet projection of the
square of the quark charge (1//3) Q?, where:

4
2 L{o)]2 Mg [(8)]2
Q. == ' B (5)
T Ol (r2+at) (ni+as) %

The possibility to observe the colour octet charge Qés), below the
threshold for excitation of colour has been questicned by Lipkin £27].
Lipkin's objections (based on the existence of colour oscillations between
the two quark photon vertices in a yy + gqq 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-



onium states may still allow experimental sensitivity to the colour octet annihilation contribution is taken into account in the analysis of the
quark charge below threshold. This is because such widths are governed, in tensor mesons in the IC model presented below in Section 6.2,

current algebra language, by the axial anomaly [28,29] which probes the

short distance (high energy) behaviour of the guark currents, Similar be-

haviour may be expected in the quarkonium annihilation model used in this

paper, as it is equivalent, in constituent guark tanguage, to the current

algebra calculation of FYY(WO} [29]. The validity and predictive power of

the latter for the heavier pseudoscalar mesons n, n' 1s discussed in some

detail in Section 3.3 below.

The colour singlet projection of the charged squared cperator for
gluons in an IC theory is, in the limit qf , qg << mg, V2 {4 of the 8 co-
Toured gluons have charge +le). Comparing this with the value of Q? given
in Table I 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 quarkenium-gluonium 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 guarkonium and gluorium
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', @) sy-
stems, together with phenomenological constraints (ratios of iy or strong
transition widths) that are independent of the quark or gluwon charges.

Measurements of 2y radiative widths at ete” colliders which use vir-
tual photons cannot definitively exclude gauge IC models. They rather set
a very low {in the untagged case) upper 1imit on the parameter mg of the
theory. Definite exclusion of the IC model requires experiments using
processes involving the coupling of two real photons. Twe 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
mg >> <q2> so that the propagator suppression factor in (5) is not opera-
tive. Quantitative estimates of the upper Timit on m  require for mixed
quarkonium-gluonium states knowledge of the dynamics of the process g+g'
+ vyy. In Section 5 an upper limit on mg is found on the assumption that
the n' radiative width is dominated by quarkenium annihilation. This is
justified because the wave function at the origin vanishes for g+g' in
a 0 state. For the tensor mesons, on the contrary, the S-wave state is
allowed (forbidden) for g+g' {qd). The possible dominance of the q'g”



3. MODELS FOR THE 2y 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 VYector Meson Dominance (VOM)

This type of model, which relates the strong coupling constant fpw1T
to the electromagnetic decays:

+ - Q Q
Py W E B, wFTY, T TYY

was proposed by Gell-Mann, Sharp and Wagner (303, The amplitudes for
these processes are represented by the diagrams shown in Fig. 1, where
the notation for the coupling constants fpww’ fpy, wa is defined. The
transitions w+ﬂ0y, © - vy are related to fpm1T by VDM coupiings of 1,
2 photons respectively:

_ 2 2 6
I‘e’fe'(\” = CVmeVY (6a)
2 3
mi-m o7 c2 (2
_a wom o f
I‘ﬂoY(m) = 9g -T—w pY pwm (6b)
ml_l.'l
0 _a 3022 &¢
Pyt 192 ™ Foy o pun (6¢)
1 1

where V = pow Cp 1 L7

The dependence of the couplings on the photon (mass)2 and other mass ex-
trapolations are neglected throughout in this model.

10

Using the experimental values of T | {p}, T , _(uw), T“oY(m) (311,
{6a-c) give: e €

r (%) =
YY(‘IT ) 11 + 2 ey

to be compared with the experimental value [31]

r () =
) 7,95 + 0,55 eV.

The model of Ref. [30] was gencralised to the case of the n, n'
mesons by Dalitz and Sutherland [32] * , Defining the SU{3) octet-singiet
mixing angle @ for then, n' by:

N = ngcosd - my sing (7a)

noo= ngsing + ny cos® (7b)

it is found that

2 . .
! o, Co0s 0 2 3
v /e (10) - 50 lpane+2g\ (m./m0) -
2
0, _ €08 © 2 3
Py, (/T (000 = 9550 [1zrtano] X /m0) (5b)

where R is the amplitude ratio A(nl - DY)/A(ﬂa + py). The parameters o,
R may be determined from the ratios of the ly transition widths:

mz.- m2 3 B 18
r {n')/T o (w) = —'2'—“ Ichose + 51n@
oY Ty m - m20 : - {9a)
it} m
2 213 2 (9b)
T (o) /To e} = & Mo = ™y
ny T 3| T2 cos® - Reos®
m -0

*) There is a sign error in (12b) of this reference. - % -> %. The R.H.S. of

(13b) then becomes simply 0.084. Also a factor {m /mno)3 is missing on
‘the R.H.S5. of (17). !
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Using the world average value of FYY(n‘) {see Section 5 below) and
the branching ratio for n'syy from {31], the full width of the n' is found
to be:

r = 240 £30 keV

nt

Taking other full widths and branching ratios from {311, the decay
widths in (9) are:

FOY(D') = 72t 8 key
Tho, () = 861 £56 kev
FnY (P) = 55 t16 kev

Solving {9a,b) for o, R then gives:

R o= 1.22 £0.22 o = -13° :6°
Eqns (8a,b) and the experimental value of TYY(HO) then predict:
P A0ty = 4.4 kev L () = 841 key

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

T ) = A5 £0.4 keY T, () = 0.56 +0.08 ke

This purely SU{3} calculation is in moderately good agreement with
experiment for 79 r andn'. The guark model and the nonet symmetry
assumption (see Section 3.3 below) further predict R =2 in good agree-
ment with the value found abcve. Since however the guark 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 Mode?l 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

12

rates. The essential features of the transition amplitudes in the model

are shewn in Fig. 2.

The process V » ete” 15 mediated by the quark annihilation diagram
(Fig. 2a). In this non-relativistic medel the qq state V is described
by a single parameter, the wave function at the origin ¢V(0). The decays
Y{P) = P{V)Y are singlte quark spin flip {(magnetic dipole} transitions,
whose strength is parameterised by the quark transition moment “p (Fig.
2b). Two diagrams with g {or q) spin flip contribute. The amptitude for
P + v¥ {Fig. 2¢) is the product of the amplitudes of Figs. Za, b. There are
4 such amplitudes corresponding to q (gq) 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. Za, b, c are [i2]:

2 g 2V ‘2
o - 1670 101Ai+i(0). (10a)
ete 2 i
M,
Q. 2
VP i
o 4y 3 [EAiAl Lol
Tay(V) = 9% Ky 57101 Mt {100}
Q 2
VP
) 3 |mafat Lt
IVY(P) = de kPV i ol i
ropy = 12wl |2]Ta%RP VR PETE: [10¢)
Yy STyt
2

|
Xi'Qi‘A\{'w\{'(O)I!

-
where ky, = (M, - M)/2 1,

Here Qi is the colour averaged guark charge for flavour i,/btiis the
effective quark moment (= 1 for a Dirac Quark) and Iﬁ is the overlap
integral between the P and ¥ 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 (10c) r_ (P}
may be expressed entirely in terms of re+e-(v) and PVY(P) or FPY(V}:

2
3 — 1l/2
- - M | 2 Tpy (V)T ee (V]
YY Tée |V 7V k!
k5 My l (11)
VP B

If Mo > M, the replacement

Tpy (V) > Ty (P)/3

is required,

The flavour amplitudes AF;’V are needed only to determine the sign
coefficients EE. For an ideally mixed ¢ and w:

14 > = }ss>
bw > = L/YZ(lud > + )dd>)

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

n_.n. _ n
G [ o

b= fw T Ly Ly =y gy -+l (12)

Substituting into (11) the measured values of

Fee(v)! T'm,(ﬂ'), Fuw(rll)) FT\YH))’ FHY(p)

[31], and calculated values of FnY(¢), FﬂY(m) {using {10b) and assuming
ideaily mixed w, ¢ and = —110) the following values are obtained for
the 2y widths:

T An) = 9.6 £ 0.9V, T

- 0.79 + 0.22 keV, T {n'} = 4.7 + 0.8 keV
Y Y(n) YY( )

~ The errors quoted correspond anly to the experimental errors on the
radiative widths in (9). Gocd agreement is found, within these errors,
with the experimental values given above.

14

If the decays P + vy are indeed described, at the quark level, by
(10¢) 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 (10c) Qy, Qi‘ are the results of independent colour sums for
quarks of flavour 1, i'. More directly it can be seen (Fig. 2¢) 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 Tittle 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 gq
annihilation process, where the two photons appear in the amplitude in
a symmetrical way is the basis of both the current algebra calculation
of TYY(WO} and of the quarkenium annihilation model, to be used Tater in
this paper, which will now be discussed in turn,

3.3 Current Algebra Estimation of PYYLEL

The 2v radiative width of the 70 was calculated by Adler £29] using
the PCAC equation, medified to take into account the contribution of
triangle anomaly diagrams {28]. Such a diagram is shown in Fig. 3a. The
theory predicts complete dominance of T (no) by these diagrams at the
unphysical point where (q1 + q2}2 = 0, An essential ingredientof the cal-
culation is the extrapolation of the matrix element of the divergence
of the axial vector current:

A
3A
<Y(q1)Y(qZ)|;—X]0>
X

*] The authors of [33] in fact used the word ‘quarkonium' to describe
the n°. They insisted, however, that the qg pair should be strongly
bound, In 1967 the concept of asymptotic freedom had yet to be
invented.
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from (q1 + q2}2 =0 to mﬂg.Because mﬂoz is small compared to a typical
Tight hadron (mass)2 of A1 (Gev/cz)2 one may hope that the neglect of
this extrapolation is justified . It is found that:
R
FW(’T )= 232 {13)
s

. M2 . . - .
Here S is éfAiQai where A? is the amplitude of 9;q; in the «° wave func-

tion, Q§iis the quark charge squared and fv is the weak 7 decay coupling
constant. The latter is found, from the decay width for = - pv, to have

the value 93 MeV. This gives 7.6 eV for FYY(HO), in good agreement with

the experimental value quoted above.

Allowing for octet-singiet mixing as in {7), relations similar to
(13) may be written for n, n':

o |58 51 2 4
r = cosg - i :
YY(n) ?ﬁg FE 56 -rl sing nn (143)
2
2 (s 5 i
' 8 . 1 3
r,n')=% SInB + = cosB | M 14b
vy 323 | T3 F J N {14b)
Sg, 5, are found, from the octet and singlet flavour wave functions:
Ing» = { /)T + tdd> - 2 155>) (15a)
Ing> = {7V + 1dd> + Is5>) (15b})

to have the values presented in Table 2 for the FC and IC guark models.
Using Table 2 (14) may be rewritten as:

2 2
1 . 3
r o fny =2 cos8 - 2/F crosing | m (16a)
il 192> F2 [ n
? 2
Ty(n')= 9———3 l? sing + 272 zr cosa | mwo, {16b)
192w FB n

v o= F8/F1*

*) Note that Fis F8 in (léa,b} are the reciprocals of the ampiitudes defined
with an identical notation in [34].

i6

where ¢ = 1, 2 for the FC, IC quark models. Eqgns (16) are derived from
PCAC in just the same way as (13), but now large mass extrapotations from
(q1 + q2)2 =0 to mi,m ? are involved, and Fi» Fg are not simply related
{as is fﬁ) to other well known physical processes.

Since in (16) ¢ is always multiplied by the unknown ratio r a purely
phenomenological analysis based on (16) cannot destinguish the FC {; = 1)
from the IC {z = 2) models {3|. A test that evaluated r on the basis of
the current algebra prediction for v (n')/r._{n'} I3] is untrustworthy as
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 (i0a-c) for FYY(n') and experiment is in-
conciusive, since, as discussed above, in this model the FC and IC models

necessarily give identical predicticns.

Further theoretical assumptions, or more detailed phenomenological
input is needed before FYY(H)’ TYy(n') become sensitive to the value of
r . If the conditions;

F. = F8

Flo= F

flavour SU{3) symmetry

8 ' nonet symmetry '
are imposed, then the measured value of FYY(n') clearly favours fractio-
nal quark charges {2]. The nonet symmetry assumption is however inconsi-
stent with the very strong breaking of this symmetry observed in the ﬂo,
n, n' masses [3]. If it is assumed instead that r = 1/2 (giving a large
breaking of ncnet symmetry, as observed for the masses of the states) the

measured value of T_.(n') gives ¢ = 2 and so favours the IC medel [3,34].

.\
To make a meaningful test further 'dynmamical' 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 quarkonium 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 amnihilation into gluons for the isoscalar states.

3.4 Quarkonium Annihiltation Model

Applications of the quarkonium model to the 1ight 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
[12,35,361, while other authors have considered guarkonium annihilation
as a model for the 2y widths of 1ight mesons [37-39].

The diagram for quarkonium annihilation into two photons is shown
in Fig. 3b. The qf are assumed to annihilate as free particles. The flux
factor giving the interaction probability is proportional to ]q)(ﬂ)[z,

Iaw/ar|$:0 for 07, 2% states respectively. y(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

_ _ _ é _ i
m, = my o= m. = 336 MeV/c M 532 MeY/c

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 FYY is given by the expression:
- )
T (P = —T4"‘”2 T T A" fQ.C”in.’(o)}
Yy i 73'(m$+ME/4) i i

{(17)

18

here:

1 .2 . R .
73 Qi = colour singlet projectionof (quark charge)z, see (b)
MP = mass of state P

m = constituent quark mass (i = ns,s)

P . — 4.
Ai = amplitude of 9;9; (i = ns,s) in the flavour wavefunction

of P

P . .

wi(o) = spatial wavefunction at the origin
y 1/2
f?CD = first order QCOD. correction [41] = [}- 3.38 as(miﬂ
m

where [39,42]

. (153-19 N.) 1
a (M) = a (M) |1 - m}-us(lﬂ) n ln(F)Jl
ag{M) - 12y

(33- 20,) In (ME/%)

giving:

o (m) = 0.42 acfm ) = 0.31
for:

Ne = number of guark flavours = 4

A = 90 Mev/c [42)

as(mns}, ﬂs(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.
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Eqn {17) is the generalisation to several flavours of the classical
parapositronium formula [43] when allowance is made for non-vanishing
binding effects (i.e. Mp, in general = 2 mi)' For one flavour and My,
=2 fgs {17} reduces to the classical formula™ cn neglecting the QCD
correction.

The corresponding formula for the tensor mesons is [71:

2
2 2(1/2 T
1) - i1sznef |F 8 [1-d(misty) = 28(m; /M) l ks 1 (18)
Yy 5 1 m}' i |ar Y"=O_J

Here no QCD correction is included,

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]:

i) 1/ 185003 = (m /m )3/ (19a)

]awns/ar|r=0/|3¢zs/ar[r=O = (mnS/m5)5/4 (15b)

The mass scaling in (19%a,b) corresponds to a Togarithmic potentiatl
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: o', p', ¢'{see the discussion in Section 5.7 below}.

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

*) Egn {24) of [39] also gives the classical formula in the zerc bind-
ing energy limit, but disagrees with (17}, The origin of the dis-
crepancy between these two formulae is unclear. Egn (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-
1y true for the f, A2 which have masses differing by only 4 % and wave
functions which are found to contain almost purely non-strange quarks,

At the time of writing the status of explicit calculations of re-
lativistic corrections is unclear. In [7] use of the non-relativistic
formula (18) in conjunction with the wave functions found in [35] gives
vatues for FYY(AZ)’ FVY(f) about 50 % larger than the experimental values.
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 Moriarty |45]. As in meson systems the g {q) is always ef-
fectively in the colour field of the g (g) it seems appropriate to use the
constituent mass in the propagator factors of (17, 18). The current quark
masses are relevant to free quarks |45] or to quarks that are effectively
‘free' by asymptotic freedom because they participate in a process of
scale § >» my . Neither of these possibilities are realised in light meson
systems.
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4, LINEAR QUARKONIUM GLUONIUM MIXING MODEL

The analysis presented here uses a linear mass matrix o describe
flavour mixing. This mixing, induced, in Towest order of QCD, by two
gluon exchange (Fig. 4a), is directly analogeus to that induced in the
K0-K° system by Why” exchange (Fig. 4b). In the latter case a Tinear
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:

2 2
A S M) (20)

This was later given some theoretical justification in a boots-
trap type model where the 'constituents' of the mesons are alse 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
1401, the simple SU(3) symmetry breaking pattern underlying the GMG for-
muta 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
QCD in [40].

2z

It is more natural in such an approach, following [12,4C], to use
a linear mass matrix.

The model presented here is similar to that previously used to dis-
cuss quarkonium gluonium mixing by several authors [8-10] except that
mass dependent SU{3) breaking corrections are inciuded. Similar SU{3)
breaking effects for pure quarkonium states using both quadratic [11,49]
and linear [12] mass mixing formulae have been considered befere in the
1iterature,

The mass matrix is diagonalised using as basis Ins >, s>, 1G>

where:
pns > = (W2) [ Juud+ | dd]
js> = 155> (21)
tGx = 199>

The state G> is supposed to be a pure gluonium bound state (glue
ball}. Howaver, the mass mixing formalism would be identical if |G»
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:

Mns + 20 V2 g V2 R
M = | 7 s M+ 2% 28 (22)
V2 B ' B Mg

The diagonal terms of the matrix are urmixed quarkonium or gluonium

masses (M Mg s MG) or potential energy terms (2, 2%1) generated by

annihi]at?zn intc gluons. Mns’ MS include hyperfine splitting correc-
tions. The off diagnonal temms (/2Zs, /28, Zg) correspond to flavour
changing transition amplitudes. The interpretation of the five annihila-
tion amplitudes in Ferms of the lowest order perturbative QCD diagrams

is given in Fig. 5.
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The parameter 1-7 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:

og(mg) [mis N Mf,/tﬂ (ms )3/4

Z(Mp)

-2 VA
as(mns)[Ts + MP/QJ ns (232)
=1z [-mrzls * Ms/ﬂ :
=fp
i S B (pseudoscalars)
UPS + MP/%]
1/2
a (m,) -am /M) ¢ 28(ms/MT)2J‘ m Y i N1
Z(MT) i “s(mns) ] 7-1/2 Eﬂ:ﬁ ﬁ;;
I M ™ Mg t
il 1/2
- [1-a(m /o) + 28(m /) l
T 1 N |1/2
- s 'ns
(tensors) {23b)

The lowest order QCD predictiens 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 lTarge and mass dependent,

The mass dependence of TILimplies that its eigenstates are not, in
general, orthogonal. Writing an eigenstate {j> as*:

1j> = x.ins> . . 24
J= xJins + les> + zJ]G> (24)

The ratio yj/xj is found to depend only on the mass eigenvalue Mj’ M
M, and Z(Mj)

ns?’

M, - M)
- d ns
yj/xj = (14/2) 1 (Mj) TME_:_H;T_

i. e. it is independent of the strength of the mixing amplitudes «, 8.

(25)

Of the six parameters necessary to completely defineqTLthree may be
detérmined from the physical masses of the states using the eigenvalue

*) Here the notation of {9] is followed.
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equations, while Mns is given by the mass of the isospin one non-strange
state (ﬁo, Ay for 0, 2+). This leaves two free parameters, which are
chosen to be Zp or Z; and M. In tha phenomenological fits presented be-
low these parameters are varied so as to minimise the overall xz. 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 MSA
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5. PSEUDQSCALAR 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, ' are determined by using measured 1y 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 [31,507 for the n»
ns e Mg and Zp are varied so as to minimise the XE of a fit to the ex-
perimental data. Since Mns = Mﬁo the physical masses determine, via the
eigenvalue equations all six parameters needed to specify qTL .

The quark charges are then tested by comparing the predictions given
by (17) for the IC and FC models with the experimental value of T__{n'}.
For this an estimate of ¢(0) for the n' is needed. This is obtained from
the experimental value of Fe+e-(w) and (10a) 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 1({1450). These provide further tesis of the over-
all consistency of the model.

5.2 Constraints from the Transitions P(V) - V(P)¥

For transitions between the 1ight pseudoscalar and vector mesons,
constraints previously given by Rosner [3] are used. Eqns (10b) and the
measured ratios:

ryled/ o, (w)s v 0t/ 0 (W), T (9)/T70,(w)

yield the constraints on L Y ‘presented in Table 4. It is
assumed that u; = I, = 1 in {10b), but SU{3) breaking resulting from

is included.
me ¥ mS s 1hC

C 26
A further constraint is provided by the measured ratio:

T (7T (319)

Noting that, quite generally, factorisation is expected between the
transition amplitude for J/w + ffy (f = ns, s, ¢) and the corresponding
element of the mass matrixTYL{22) then {31}:

o Pl 3 5, I

{
{ n' > }
4.2 £ 0.7

T

(5, (370) = (26)

n'y

The factorisation is illustrated in Fig. 6, where as an example, the
corresponding lowest order QCD 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 Pracesses Using the OZI Rule

As pointed out by Okubo and Jagannathan [51] use of the 0ZI (Okubo-
Zweig-Iizuka [52]1) rule in hadronic processes can provide information on
the flavour content of the n and n' mesons. Here the ratios:

L nlR2)/ Tyg(Ag)
gg{m prn'n)/og{n pnn)

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

To calculate PPP(T) a simple model [13] based on additive duality
amplitudes, with a correction factor to account for phase space and the B-
wave angular momentum barrier, is used. Unlike in [13] however SU(3}
breaking is allowed for by assuming a constant ratio (see Fig. 7a):

Mai» (65) (@) .
A(gd > (4] (dns))
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g is found to be 0.89 + 0.06 from a fit to the measured values of i)
Fﬁv(f, ') FKE(f’ f'} described in Section 6.2 below.

The model gives [31]:

5
P
2
Lo} Tyr(As) = 2 (pﬁ] (X, + v yn)z (27)

3.0x0.4

Here v allows for a pessible violation of the 0ZI rule by a 'Zu' (see
Fig. 5) type amplitude.

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

ix ., + vy,
x_ﬂ+_V_TL= 0.74 £0.04
7 I (28)

where the 0ZI rule violating amplitude is aszumed to be process inde-
pendent. To simplify the fitting procedure, and in view of the small ex-
perimental errer 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 beTow, the best fit value of v is consistent

i1}

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 matrixTMare pre-
sented in Table 5, while .the eigenvectors corresponding to the physical
n o, n', 1 states are shown in Table 6. Errors are quoted at the XﬁIN + 1
level.

The following comments maybe made on the results of the fit:
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The mass M. of the pure ss quarkenium 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 formuia [9]

gqives:

(Myr - my)? 2
A b - Aﬁﬂ;-frng—— = 0.77 GeV/c

which is 15 % larger than the fitted value. The more refined ana-
lysis of Section 5.7 gives MS = 0.644 GeV/cz, oniy 4 % less than

the fitted value.

The unmixed pseudoscalar glueball mass is found tc be 1.22 x Q.05
GeV/cZ. This is at the lower Iimit of the range of masses found in
a lattice gauge calculation [54]:

_ +0.24
MG = 1.42 -0.17

and somewhat lower than predictions of 1.3 - 1.4 GeV/c2 using

Bag [55] or Potential [56) madels, respectively. The interpretation
of the state |G > as a radially excited pure quarkonium state [57]
will be discussed below in Section 5.7,

As found previously [40,58,58] the annihilation term o is large
{0.36 GeV/cZ) as compared to the pion mass. This expiains, even in
the absence of direct mixing with the heavy state | G >, the large
deviation from ideal mixing observed in the 7%, 7, n' masses. More
unexpected perhaps is the somewhat smailer value of g (0.153
GeV/cz), as colour charge factors favour ggg over qdg 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 glucnium.

It should be remarked that in the present modet the transitions

J/gy > 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 'gquarkonium' transition amplitude o(x + Zy) to the
"gluonium' amplitude Rz {see Fig. &) is 5.6, 3.3 for n, ', respec-
tively. The SU(3) breaking parameter Z_ has a dramatic effect on the

ratio of trangition rates in (26). Setting Z, = 1 gives:

p



29

Ty {3/0)/T, (37) = 36
illustrating the importance of including SU{3) breaking tc 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 QCC estimate of 1.04 (see Table 3). Consider-
ing the large experimental uncertainty in the value of g 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 0ZI ryle violating parameter calculated from the
fitted values of Xoontr Yoo and (28) is:

v = -0.01 + 0.03

consistent with zers, 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 adnixtures of the state 1G> in all three physical states. All
states contain roughly equal amplitudes for strange and non-strange
quarks, while the n' and i each have a |G> amplitude of 0.6-0.7,
but with different signs.

Recently the decays:

Jiy o+ PY P = mKnm'; V= puw$,K*

have heen measured in the MARK III detector at SPEAR. A preliminary ana-
lysis using only the simplest (singly disconnected) 0ZI rule vielating
diagrams has reached a similar conclusion to the present paper on the me-

cessity for a gluonium component in the n' [60,611. It is found that [61]:

2
X2+ = 1.1 £0.1
yTl

| )

2, Hﬂf' = 0.65 % 0.12

=

-30

which may be compared with:

Xty 0.98 = 0.04

X 0.62 + 0.06

i

v Y

2
n
2
n

oI o e B AN

from Table 6. In more detail, the fitted values of x oy ¥ '

in the MARK ITI analysis are ir agreement with the values in Table 6
except for Ixn.l where a value of 0.34% 0.04 is guoted, inconsistent

with the constraint given by FpY(n')/FﬂDY(m)shown in Table 4. A possible
resolution of this discrepancy may be the inclusion of doubly disconnected
0Z1 role viplating diagrams in the MARK III analysis. In any case fwo
completely independent phenomernological analyses each indicate an ampli-
tude of % 60 % ‘non ground state quarkonium' in the n* flavour wave
function*.

5.5 Tests of the Quark Charges

Before the gquarkonium annihilation formula (17) can be used to test
the quark charge factors Q? for the £C or IC model (Table 1) a fuyrther
phenomenciogical input is needed fo 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:

EAGIET (29)

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

*} Strictly speaking the phengmenclionical analyses demonstrate 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 guarkonium admixtures which are 'inert' because of a
much smaller wave-function at the origin, should alsc be censidered
a priori. See the discussion in Section 5.7.
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Pyy(nl)/ryy(n)' The actual value of the wave function is estimated by
assuming that, for a fixed mass, it is independent of the spin state of
the gquarks. A similar assumption was made in [38]. Then:

s ()] = Jons (@) (30)
where HP = MV'

In this way the wave function at the origin for the y}' can be
deternined from the measured decay width of & into e'e” [31):

Sﬂaz 5.33 uS(Mw) © 12
opgrte) = 207 (1= |2 (0)| (3N
w

0.71 + 0.07 keV

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

|41], is taken inte account. With A = 90 MeV/c, a (M) = 0.26. The extra-
polation of ¢{0) from Mw to MP (P =19 n', 1) is done using the exponent
n determined by (29).

The experimental situation of T_ (n',n) is sunmarised in Table 7. The
six independent measurements of I'_(n'} are consistent with their weighted
average (XZ = 5.0, 5 D.F.} unlike the four measurements of FYY(”) (xz =
29, 3 D.F.). For the n the two {self consistent) recent measurements of
Crystal ball and JADE [1] are considered separately from the Primekoff
values {69,70f.

The average values of TYT(nI’n) from Table 7 and {29} yield:

n=2.6+0.3 FC
) 50.30
=102 55 g

Eqns {17,29-31) then predict the values of Fvv(ﬂo’nl’$) presented in the first

two columns of Table 8 for the FC, IC models respectively. The IC model is
emlmhdbypy“nﬁ,andFCisshmnmy ﬁvmwedbyFT#nM.

For the t© (17) is written:

r_ (1) = 2ma
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| . 3.38
w

2
2 Mo

Y 3 eglm ) (32)

2 ol 2z
(mﬂS+MﬂD/4)

The value of (70} for a given #{0) is the same in the FC and IC
models, but because of the dependence of |w([])|2 on n, the overall consi-
stency of the model is still checked by the measured value of rYY(no).

Since: 3
2 >> mﬂo
Mns T
FYY("U) is effectively % I/mis and so is very sensitive to the assumed

constituent quark mass. The effect of changing Mg from the standard
value of 336 MEV/c2 to 300 MeV/c2 is shown in Table 8.

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

i} I {n) from [73] DESY Primakoff experiment

i) rY {n) from [74] Cornel} Primakoff experiment

ii1) (17), (31) without the QCD correction

iv) pure guarkonium wave functions {5 = -120) for n, n'

It can be seen that T (70) somewhat disfavours beth Primakoff measure-
ments, an¢ favours the QCD corrected formulae. The very strong dependence

of I'__(n%)on L should not however be forgotten - a small change in L

can render both (i1) and {iii) compatible with experiment within the large
errors. The ‘no gluonium' case (iv) gives a predicted value of ¢ (') which
Ties 2.3¢ 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 the n' wave function.

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

presented in Table 8 in the limit ms >> <q2> where mg is the effective
gluon mass in the IC theory and <q2> is the average value of q2 of the vir-

tual photons contributing to the experimental determination of FYY' If the
additional assumption is made in the IC mode] that the radiative width is
dominated by quarkonium annihilation (i. e. charged gluonium annihilation
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is neglected) then the measured value of T__(n')can provide an upper limit
on the parameter mg of the I1C model. The neglect of gluonium annihilation
may be justified by the vanishing of ¢(0) in the pseudoscalar g+g_ > vy
amplitude,

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

2
. . 111 mg
fry(mhe = B \ 1 (39)
(mg+q1) (mg+q2)

where < > demotes an average over the distribution of q?, qg for the expe-
rimental measurement.

In experiments detecting n' production in ete™ collisions [64-68]
a stringent cut of 5 200 MeV/c is typically made on the fransverse momen-
tum of the n' (P? ) relative to the efe” beams. This constrains q%, qg

to low values and reduces the upper Timit on mg.

Performing the average in (33) using the exact "Tuminosity function®
for transverse photons [71} gives the curves of FYY(HI)EXP/PYY(“I)IC as
a function of m_ shown in Fig. 8. Curves are drawn for P”gs 0.1, 0.2
GeV/c, an? without a P? cut. In all cases the condition [Y? | < 0.5
{where Y1 is the lab. rapidity of the n'} is imposed. This last cut is
to allow for the lTimited angular acceptance of the detectors used in [64-
681. It corresponds to an angular cut > 30° for the decay products of the
n'.m, is limited to € 0.6 MeV/c?® for P?l £ 0.1 GeV/c?, and to £ 1.0
MeV/c% in the absence of a P¥’ cut, by the experimental value of PY {n")
given in Table 7. Both limits are quoted at the 95 4 confidence level,

5.6 Predictions for 1(1450)

Some predictions for radiative decay widths and branching ratios of
the 1(1450) are compared, in Table 9, with the existing experimental data.
The prediction for BR(J/y+~Y) uses the measured BR{J/yrmy) [311 and (26)
with the replacement n' = ¢. The 1y transition widths 7 (1), rm (1), ()
are given by (10b) and the flavour amplitudes in Table 6. A1l the predic-
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tions are consistent with the present experimental limits.

Of particular interest is BR{J/y>1y) BR(1-py) which checks {admit-
tedly within a large error of + 40 %) the predictions for BR(J/¢>1y) and
Tpy(1). The later is sensitive to the large non-strange guarkonium com-
ponent in the 1. Crucial tests of the model are provided by Tyylt)
BR(1+KKm) and BR{J/y+ty) BR(1»9y), the latter checking the strange guar-
konium component of the 1,

It is interesting to note that the predicted values of FQY(1}, TmY(1),
Tyyl1) when inserted in the Van-Royen Weisskopf formula (10c¢) give Tyvy(1)
= 9.9 keV, in good agreement with the quarkonium annihilation prediction
of 10 + 3 keV,

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

66(rp > i) / (1P + n'n)

(see section 5.3 above). As the non-strange amplitudes in the n' and 1 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 1(1450}

Several authors [57,72-74] have suggested that the 1(1450) may be interprets
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 [40,47] is used to relate the masses of the pseudoscalar and

vector states:

: 32wa_(m ) 2
M%sp) - mls,y = 4 ol - _?_S,Z_L ND
m.

: (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 notatior is used to denote the
vector and pseudoscalar states. In (34) y(0) is assumed to be the same
for the 331 and 130 qq states,

For a potential of the form:
Vir) = ar¥ (3%)

the ratio of the wave functions at the origin for the $-wave grouﬁd and
first excited states, wl(U), ¢2(0)s respectively, IS given by [441:

(36)

2 4
wZ(O) 2y (T
“‘1(65 I=y{v)

where y{v) = % (%%%) and -2 < v g0,

If both the 351 and 1S0 wave functions obey (356}, then using the
ground state splitting m, - m, and the physical p' mass, (34) gives pre-
diections for M“.as a functiorn of v, The results for v = 0, -1/2, -1 are
shown in Table 10. Choosing v = 0* gives a value of L in good agreement
with the experimental mass of 1300 £100 MeV/cz.

The strong hyperfine operator:

- S .
OHF = gjﬁ?i; §(r) 51 Sj (37)
will also mix ground and radially excited states of a given spin parity
and flavour content. Si’ Sj are the spins of the quarks of mass ms mj se-
parated by distance r. The spin vector product takes the values:
3
5;t 5. = U4 {789)
J H
-3/4 ("Sy)

*) This correspon&s to a logarithmic potential which has been shown [751
to give a good description of the masses of heavy {cC, bB) quarkonium

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

For the isospin zero pseudoscalar states the operator ()G describing
quarkonium annihilation inte multigluen states (see Fig. 5) will contribute
to both fiavour didgonal (a) and flavour non-diagonal (Zo) mixing. OHF on
the other hand gives aonly 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 (ISO)
ns s
ground state a mass matrix in the basis wl \ ¢1 is used:

Q ns
Mlns - 3A1 + 20 Vela
) (38)
Q S
Veia My - 3A1 + 2%

The hyperfine mass splittings Ags, ﬂi are given by the ¢ - ¥ mass diffe-
rence and (34):

ns _ _
by = Mg - M)A (39a)

o (m )
s ANs st's

4500} w0
%U%s”¢m(m’2ms (39b)

Taking the values of the quark masses and o, from Section 3.4 and using
(19a):

85 =9 Mev/cP.

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

Mo = M, - 4] = 926 Mey/c?

The value of M, = MO -3a5 1is found to be 644 Mey/c* close to the
fitted value, including giuonium mixing,of 670 10 MeV/c2 (Table 5), With
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0
Ins

-3l =M - 135 MeV/ct

M 1

and eigenvalues corresponding to n(548), n'(958) for {38) the eigenvalue
equations may be solved for o and Z*. This gives:

o = 384 MeV/cE, 7 - 0.421

The value of o agrees well with that found including gluonium mixing,
a = 360 £18 MeV/cz, but Z is significantly (26 %) lower than the mean
of Z(Mn}’ Z(Mn.) as given the fitted value of Zy in Table 5 and (23a).
So the magnitude of the SU(3) breaking agrees better with the perturbative
QCD estimate when gluonium mixing is included, than for the pure gquarke-
nium case.

The transition amplitudes o, Za, 22a are proportional to the wave
function at the origin. Egqn (36) may be written as:

1“’2(0)‘ - Y“h(o)l (40)

where, for the favoured value v = 0 of the exponent in (35}, ¥ = 0.66.
Using (40) the mass matrix (22) may be generalised to include the first
radially excited quarkonium states. The matrix in the basis w?s, wgs, ¢i,
wgs, G is given in Table 1i. The unperturbed guarkonium mass terms are
given by the relations:

K- M+ 3a = 0606 Gev/c?
W = M - ale v2 - 1.532 gev/c
(41)
My = M -3 ~ 0.926 GeV/c®
Mgs = y& - Ain = 1.639 GeV/c2

The $U(3) breaking parameters are estimated from (?3a) to be:

*} Here assumed to be mass independent.
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211 = 0.53 Z12 = 0.65 222 = 0.72 (42)
The different values account for the different mean masses appropriate to
various mixing amplitudes.

1f gluonium mixing is absent the eigenstates are found by diagona-
lising the matrix formed by the first 4 rows and columns of Table 11.
With o = HeV/cz, ¥ = 0.66 and other parameters as in (41), (42) the
eigenvectors and eigenvalues {in MeV/cZ) are:

ny(520) = 0.709[7° > + 0.068[¢]* > - 0.673|¢i> +0.202[v5 >
n'(978) = 0.659]y"S > - 0.339[y"% > + 0.670[w3> - 0.035[95 >
1 1 1 1 2
(43}
n,(1515) = -0.016[]° > + 0.584[W5° > + 0.272{¥3> - 0.765]w; >
n,(1830) = 0.252[¥}" > + 0.734[45" > + 0.156143> + 0.611]v5 >

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 = Xt sz
(44)

Yep T oyt

Here the subscripts 1, 2 on x, y refer to the ground and first excited
states, respectively. To correct for the effect of radial ex¢itations in
transition amplitudes, x, y in the pure ground staFe case are replaced by
Kafr Yor' The phase convention used here is that w}(O), w%{O) have the
same sign.

The values of X, y from Table 6 are compared with Xafr Yo from (43,

44} in Table 12. For (n, ql) or {n*, ni) the absolute values agree within
15 % or better, and the relative signs are the same.
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Is it possible that the physical 1{1450) can be identified with the
state n2(1515) of (43)? From (26) with the replacements n' -+ Mo, B =0
it is found that

BR(J/® + np(1515)Y) = 2.6 x 1077

as compared to the experimental branching ratic [61]:

BR(J/P + 1(1450)Y) > 4.9 x 107

The Tow predicted branching ratio resulis from the relative negative
sign of Xafs Yar in n, 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/y decays makes a pure quarkonium radial ex-

c¢itation interpretation of 1 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 1G> 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
diagonalising the full 5x5 matrix of Table 11 with g = 153 MeV/c2 (as in
Table 5) and a somewhat larger value for MG of 1550 MeV/cz, all other para-
meters being the same as in the solution (43). The eigenvalues and eigen-
vectors are:

v

M (513) = 0,728 [¥]°>+0.07 {#5° >-0.647{4]>-0.197|v;>-0.086[G

7 (936) - 0.612]wTS>-o.2681w25>+0.595|¢§>-0.001Jw§>-o.265le >
1(1446) = 0.108]y°>-0.681[y0%>-0.088|45>+0.134|45>+0.706]6 >  (45)
1 z 1 2
n,{1540) = 0.007 |y +0.230 1y05>+0,238]03>-0.850 |¢°>+0.41 |G >

2 1 2 1 s
ny(1958) = 0.289[4]°>+0.637 |y5°>+0.185 |43 >0.470]y5>+0.50 |G >

*) Mixingwith higher radial excitations may give an M,
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The corresponding values of ¥afr Yor for Ny ”i are shown in Table
12,

The geheral conclusion to be drawn from (43,45) and Table 12 is
that predictions based on the non-strange or strange quarkonium content
of the n and n' are 1ittle effected by radial mixing. This is illustrated
in Table 13 where the predicted radiative width FYY (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), (4b) the n, state has a relatively
Targe production rate in radiative J/y decay. Solution (45) and (26) with
n' = ny gives:

BR{J/¥ > n5(1958)Y) = 4.8 x 107

It is tempting to identify the né with the spin-parity 07 enhancement in
the 1.5 - 1,9 GeV/cz* mass region recently observed by the MARK IIT col-
laboration [76]. From the product branching ratio [76]:

BR(J/¥ » x¥) BR{x » p%0%) - (7.7 £3.0) * 107°

(where x is the spin parity 0 projection of the »000 enhancement observed
in the channel 2n 2w ) 2 lower Timit for the branching ratio of an iso-
spin zero state may be estimated:

BR(J/¥ > X(1=0)Y) > (2.3 £0.9) x 1073

consistent with the prediction above for né .

It should finally be pointed out that the selution (45) is in any
case ruled out because it predicts, using (26) with n' +~ 1 a value of
! mass in better
agreement with the observed enhancement than solution (45)
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N 1078 for BR{J/y » 1{1446)v), a factor of 2x10™* smalier than the ex-
perimental Tower limit! As in (43) and for the same reason, the Ny state
can also not be identified with the physical 1.

The validity of the model can only be tested by making a much more
detailed analysis than that presented here. & global fit varying a, g » MG
taking into account higher radial excitations as well as finite width
offects 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 beyend 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 guarkonium radial excitation interpretation of the
(1450} is very unlikely.

i1) Predictions sensitive to the quarkonium amplitudes in n(548),
n' (958) are 1ittle effected by mixing with radial excitations.

A comparison of the present analysis with previous work on radial
excitations in Jight mesons {72-74] will be given in Section 7 below.

6. TENSGR MESON ANALYSIS

6.1 Analysis Method

The relatively smal) mass splittings between the tensor mesons AZ’
£, f', 0 and the consistent experimental values of PY (A, £, TF),
which are summarised in Table 14, allow a more straigEtforward deteymi-
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:

P (EMT(Ry)) = 3.4 40.5 r,(f)/T, (Ay) = 0.13 +0.06

Mns = MAZ’ and the masses of the f, f', © states 1.270, 1.520, 1.720
GeV/c2 {31,501 then completely determine the mass matrix {22) for a
given guark charge assigrment**,

To test the quark charges the resulting flavour amplitudes are
checked by phenomenological constraints obtained from:

i) The experimental upper limit [14]:
FYY(O)BR(O+KK) £ 0.3 ke¥ (95 % C.L.)

i1)  The ratio [31):
BR(J/U+F'y)/BR(J/y>Fy) = 0.2 £0.09

jii)  The strong decay widths {31}

*)  In fact SU{3) breaking in |aw/arir=0 is allowed for via (19b} but
]3¢n3/3rlr=0 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 MS and Zy (as in the pseudoscalar case) to
give x2 = 0.
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rﬁﬂ(f) = 149 £17  Mev

FKK fy = 5.2 £ 0.7 MeV
' -

Flt) = 59 410 Mev

T {f') = 0.8+ 0.3 MeV

T

The model for the sirong decays is the same as that used to derive
(27). For the FC model two additional phenomenological parameters are
required, a reduced width FO and an SU(3) breaking parameter £ (see
Fig. 7a). The model is further checked using the decays:

K**(1420) + Km, Kn, K*(892)7, Ku, Ko

A, (1310} -+ nm, KK

In this connection a solution of the probTem 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 domirant contribution from charged gluon annihila-
tion to the 2y width *. This is allowed for by a parameter y defined so
that (18) becomes:

2 2| 1 l2
sl Gy 7. A 8 2 | Mg
I‘W(T)—T——il—/—gl..._ Pva B | (46)

Here Qsi‘ is the gluon charged squared {4 of the 8 gluons in IC models
have charge *e), Since in the IC model large gluonium ampiitudes are
found in the f, @ for some ¥ values a further parameter r defined as:

arn i TI6> _ <K'KITIGs (47)

r=
rta ) Tinss  <KK7) Tins>

*) Recall that g+g' annihilation is allowed in S-wave for JP = 2+,
whereas ¢g 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. Egn. (47) as-
sumes SU(3) invariance. Consistent with this £ is also set equal to unity
for the IC model analysis. Including SU(3) breaking (% 20 % correcticn)
is not expected to charge the overall conclusion of the IC analysis pre-
sented beiow.

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 .

(b) The experimental widths[  (f}, Fﬂﬂ(f') are used in (49) below to
determine the parameters [g.r,

{c) The predicted values of FKR(f), PKK(f') (using (49)) and
FYY(O)BR(@+KK) {using(46,51)) are compared with the experimental
measUrements in (iii, i) above.

(d) v 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', 8 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:

JFr= sy =L (U 1 dd)

| f'>=-1{s > = —-] ss>

The © is essentially decoupled from quarkenium. Although this may be con-
sistent with @ being an almost pure glueball, no constraints on the
branching ratios can be obtained by considering interference between the
gluonium and quarkenium components of @ as in [10]. Another consequence
of the weak mixing is that if the @ is mainly glueball the ’bare’ 2t glue=-
ball mass must be very close to the physical g mass.

The mixing parameters are small:
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a= -23 MeV/c2 g= b MeV/c2

while the SU(3) breaking parameter ZT is found to he 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 ZT'

MS is found to be 1.525 GeV/c2 in good agreement with the expec-
tation:

M = 2 Mgexsly = 1540 GeV/c?
of naive quark counting. This is consistent with $U{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), following [82] the |ns> component of the f, and the iso-
spin one A2 wave function are replaced hy:

1

[ns'> = = (1.05)ul>+ 0.95|dd>)

]A2> (48}

V2
= Ly (0.95uT>- 1.05|dd)
For i) relatiyistic correcticn factors of 0.24 were applied to
(18) for the f, A, and 0.36 for f' [7]. Neither SU(2} breaking, nor re-
lativistic corrections change the almost pure jdeal mixing pattern for

f, f" with weak quarkonium admixtures in the G.
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The relations used to describe the strong decays T ™ PP are
{10,13]:

PF) = T (ke + rag) (493}
Fo KK

Teglf) = 3—'E% (Exg + Y2y + 2rzgy (49b)

r_(f)=rT T (Xer + TZgy)

o o KM f (49¢)

r (f')=r° KK (B + 2 yor + 2 r2.,) -

KK S f f (49d)

where r is defined in (47) and & in Fig. 7a. The K factors are By pgm
and account for phase space and a D-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 mode} Zg g 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 (X2 = 3.8, 2 D.F.,) is obtained to the
widths in (49) with:

Fo = 146 26 MeV & = 0.89 £0.06

The fitted and experimental values are compared in Table 16. This sc-
lution also predicts (from {26) with the replacements n' ~ f', n + f}):

BRI/ + f'y) |
R = o
in good agreement with the experimental value {if) in Section 6.1).

The measured width Tyw (f') in Table 16 is derived from the experi-
mental full width 67 +10 MeV* corrected for the measured ©  (f') and for

Fﬂn (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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rx'
an(f‘) = Tg_K_". (xf. + /7 ﬁyi} (50)

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

n = s (nsy - fs3)

which is close to the fit solution in Table 6. T (f') 35 estimated
to be 7 MeV, corresponding to a 10 % branching ratio of ' into np .

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 formuTae similar to (49,50}. For the T -+ PV decays therA2+pﬂ decay
is used as input and a D-wave barrier-phase space factor Py Pz is in-
cluded. Of the eight predictions, six are in reasonable agreeﬁent with
experiment, and one, an(F') is as yet untested. The predicted value of
K** 5 ¢, 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 T_ (f) using rK"(K**)
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 guarkonium component in the wr decay
mode. The K** o+ Kn decay differs, however, from f + mm in that a number
of different final states with the same flavour content as Kw is guite
large. In fact the channels K*n, K*rn , and Kg all have appreciable
branching ratios. In contrast, in the f decay, the only competing channel
is 47 which is strongly suppressed by phase space factors. The Tow ob-
served rate for K** o+ Kn may then be a consequence of unitarisation cor-
rections (final state scattering effecis) among the channeis Kr, wa,
K , Ko ; the Km channel being preferentially absorbed into the other
channels. It is interesting to note that the sum of all the predictions
for the various decay chamnels of K** in Table 16 is 106 MeY¥ in excellent
agreement with the measured total width of 100 10 MeV [31}.

in conclusion the flavour amplitudes found from the measured 2y
widths of f, €', A, and (18) give, in the FC mode?, a good description of
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both the strong f, f'.decays and the ratio of the radiative decays of J/y
into f' and f. As the © is effectively decoupled from the ground state
quarkonium sector a pure glueball interpretation is possible. It could
alse, however, be a radially excited quarkenium state that does not mix
with the ground state, or some other weakly mixed exotic state such as

q2 ﬁz (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 alsc 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/y 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 FYY(f)/FYY(AZ)’ FYY(fI)/FYY(AZ) are shown as a function of
the parameter v of (46) in Fig. 9. Small values of vy give large gluonium
amplitudes in the f, f'. For large y { 10 the © appreaches a pure glue-
ball state. FYY(O) given by (46) taking as input the measured value of
FYY(f) is shown as a function of v in Fig. 10.

To compare with the experimental upper limit on FYY(O)BR(O + KK) [14],
the partial width for @ = KK is found using

5]
ro KK
FK?(G) =3 K; (xe + /2 Yo t P4 rze) (51)

with Fo’ r determined from the experimental widths T _ (), Fﬂn(fl)’ and
(49a,c) with £ = 1. The dependence of FY4G)BR(@ -+ KK} on v 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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. - 7. DI
The corresponding predicted values for FKK(f)’ FKK(f‘) as a function 7. DISCUSSION

of y found using (4%h,d) are compared with experiment in Fig. 12a,b. The o
prediction for T{f » ¥K) lies within 2o of experiment only for v > 5. As the analysis of 2y radiative widths presented here uses the
This would give T (G)8R(0 » KK ) > 2 keV in contradiction with [14]. non-relativistic quarkonium annihilation formulae {17,18) it is impor-
RAl ‘ tant to examine the validity of such a description for Tight meson systems.
The IC model is, therefore excluded by the experimental values of
[ (8)8R(E > KK}, Tl f.F') for all values of . Eqn {17} assumes a factorisation between a short distance amnihila-
Y KK 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 & is very much smaller than r, the mean radius
of the qg systemn. A parameter of merit for the applicability of (17) is,
therefore, A/r, which should be small for the quarkonium description to
be valid. The parameter A2 is of the order of the inverse of the quark

propagator:
mg + M2/4

and so can be estimated from the mass of the state and the appropriate
constituent quark mass, For harmonic osciilator wave functions the mean
radius of the gq system is:

2/3

ro=(2/n) $(0) (52)
Values of &/r for the 2y decays of singlet positronium, my, n. . n' o,
and m° are presented in Table 17. For positronium, the Bohr radius is
taken for v, ¥{0) for Ny , M. is estimated from the leptonic widths of
Wﬁ:[Vw using (10a), but including the first order QCD correction as in
(31). For n, n' @(Q) is given by (29-31), while for the 7 the value
derived from the experimental pion charge radius {39,871 is taken:

1/2 1
2/3 13
v(0) /3 _ 7 (?ﬁ) ;;?;Tfé} = 104 MeV (53)

- To calculate A, masses of 1.85, 5.0 GeV/c2 are taken for ¢, b quarks.
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It can be seen from Table 17 that the difference in a/r between
heavy and 1ight quark systems is not large. There is a factor ™ 2 between
¢F and the Tight quark states which have simitar values ™ 0.45. The dif-
ference between even bb and positronium is, however, mu?h larger, a fac-
tor 2 100. As the ground state S-wave function peaks at the erigin, large
values of &/r should reduce the flux factor and hence the radiative
width. However, the n, n' have similar values of &/r, so this suppression
factor should largely cancel in the ratic of FY{ ﬂﬁ to FYY (M) which is
used to estimate the exponent n in (29).

The work presented here differs from more general analyses, previous-
1y 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, '), 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 [4C], for the pseudo-
scalars, 13 experimental guantities {3 masses, 5 ratios of ly widths, 2
ratios of strong interaction processes and 3 2v decay widths} are de-
scribed by % parameters: o, 8, ZP’ Mns, n. Since, however, MnS can bhe
independently estimated (Section 5.7 above} and the SU(3} breaking para-
meter agrees well with the perturbative QCD estimate (23a), the only
really 'free' parameters area, B, n.

For the tensors 14 experimental quantities (3 masses, two ratios of
2y radiative widths, 1 ratic of 1y widths and 8 strong decay widths} are
described by 6 parameters o, 8, Z_ Mns’ Tys & Experiment is, in
fact, equally well described by the pure guarkonium selution with
a= 8= BZT = 0, in which case there is only one adjustable parameter
[ since MnS agrees well with the quark counting estimate and, as will
now be shown £ can also be estimated from a simple periurbative QCD ar-
gument.

If the duality diagrams in Fig. 7a are replaced by the Towest order
QCD diagrams the 'sea' quark pair will result in each case from a single
gluon coupling. This implies:
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£ - as(ms)/as(mns)ilfz (54)

which gives £ = 0.86 for & = 90 MeV/cZ, 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 the n, n' mixing problem
using a linear mass matrix. They did not, however, allow in their ana-
Tysis the possibility of explicit gluonium admixtures and neglected
QCD radiative corrections. A very rapid dependence of the mixing matrix
for the isospin zero pseudoscalar mesons [401 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 replacingthe facters depending on MP i

{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 QCD 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 charmonium and bottomium
systems, are completely inapplicable to light quark systems. As previous-
1y pointed out by Paschalis and Gounaris [391, however, the important
parameter is the ratio of A to the Tightest constituent quark mass Moo
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 ccC
and bb 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 reépect, in that it is expect-
ed to be particularly insensitive to higher order GCD corrections, even
though e {m ) ~ 0.4,

To second order in QCD ZP is given by:
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. ct.s_(ms) [1+ C(ITlnS, M s M) as(ms) as(mns)hl [ms:] 3/4 5

P as(m 2 | [

ns’ 1+ C(mgs Moo M) as(ms)

The secand order QCD correction corresponds to four gluon exchange,
and the function C depends on the relative strength of the two gluon and
four gluon amplitudes. The mathematical form of (55) implies that the
second order QCD correction to Zp is smatl even though as(ms), as{mns) may
be quite Targe. With as(mns) = 0.43, as(ms) = 0.31 and C = const = 1 the
second order correction is only 4 %. Even in the pathological case when C
+ « the second order correction is only 26 %. A similar argument can be
given for the insensitivity of £ to higher order corrections.

1f the comparison between the fitted values of ZP and £ and the QCD
predictions is taken seriously the scale parameter A can be estimated.
The fitted value of Zg compared to (23a) gives:

A= 135 £ 7 MeV/c
A< 148 MeV/c 95 % C.L.

whereas £ = 0.89 30.06 and (54) gives

+45
0 6o

he 150 Mevscl 95 % C.L.

A= Me¥/c

In view of the dependence of the propagator and wave function factors in
{23a) on the constituent quark masses, the quoted errors and upper Vimits,
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 conservalive 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 ete” annihilation, structure
functions and heavy gquarkonia [42].

The parameter with the least clear physical interpretation in the
pseudoscalar mesen analysis is the exponent n describing, in a static
non-relativistic model the mass dependence of {w(o)\z. Interpreting the

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

valid procedure in states where binding energies are so large}, then
n=2.6 0.3 is close to the u3 scaling law of a Coulomb potential [441.
On the other hand ¢c, bb quarkonia [75] as well as the masses of the
isospin one states m, 7', p, o' (Table 10) favour a near logarithmic
potential giving a u3/2 law for E¢(0){2. A steeper mass dependence than
this corresponding to a singular potential {see Table 10) would contra-
dict QCD expectations as such potentials are expected to become dominant
2t 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 |w(0)i2. For-
mulae relating the non-relativistic wave function at the origin wNR(O)
to the fully relativistic Bethe Salpeter wave function ¢BS{0) have
vecently been obtained by Durand and Durand {881, For S-wave qq states

of mass Mg 2 mq it is conjectured that:

‘wBS(O)Iz K o)} (56)
4mq .
If the wnﬁﬂ{o) is estimated from the pion chgr??zradius using {53}
(wnich is based on a static derivation of <r“>""", using harmonic os¢il-
lator wave functions [39]) then, on replacing the non-relativistic wave
function in (32) by the Bethe Salpeter wave function from (56}, T (7n0)
=4.0, 7.2 eV form = 336, 300 Me\l/c2 which may be compared* with the

*) Note that {32,56) give a dependence of T (no) on the constituent
quark mass {which is known to a precision of only % 10-20 %) of

(1)
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experimental valtue of 7.85 = 0,55 ev [31]. In addition the value of n of

2.6 £ 0.3 given by {17,29) and the experimental ratio T__{n'¥/T. _{(n)
NR, YY yY

(indicating that w:E(O) B wv {0} 1is consistent with {%6) and supports the

interpretation of the strong dependence of the radiative widths of
1ight mesons on the mass of the state, (used as an ansatz in previous
purely phenomenological analyses E3?,38,62\), as being due to relati-
vistic corrections. 1t is clearly of interest to have a procf of {56).
A similar relation for M 3 2 mq is proved in lssi,

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

change in {w(O)jz in passing from the w to the ' mass. In this case
the discrimination between the FC and IC models is very insensitive to
the value of n. If this correction to |w(0)[2 is neglected r (n'} is
found to be 3.3, i4.3 keV for the FC, IC models, respectively, still

strongly favouring the FC model.

There are several differences between the analysis of radial mixing
presented in Section 5,7 above and the work of Frank and 0'Donnell {[72-
74]. Specifically, in [72-74):

i) SU(3) breaking is neglected.

i) Annihitation 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, Iwn+1(0)|>|wn(0)| thus favouring stronger mixing of
higher radial excitations.

iv) In [74] the decays JA) = Py are assumed to be mediated only by
the gluonium component of the pseudoscalar meson wave function.

Concerning 11}, 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 Onr and Og is not accounted for in [72-74].
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The choice of & harmenic oscillator potential iii) gives a noor
fit to the 7 - ', p = p' mass differences. In [73] the predicted values

of Mosy M 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/y decays into n, n' are dominated rather by the quar-
konium component of the wave function.

For the tensor mescns the results of the present analysis may be
compared to those of Resner and Tuan [10]. With fracticnal quark charges
a good description is here cbtained of the 2y decay widths of f, f*, A2
and of the strong decay widths for f, f' » @wm , KK which were originally
propesed in [L0] to constrain possible solutions. The main difference
from {10] is that @ is here found to be ailmost completely decoupled from
the quarkonium sector, sc that no light is shed by the solution on the
strong decays of the &. The question of the nature of the ©: gTueball,
radial excitation, 4 quark state, ... is left open,

The 1C model (always in the Timit mé »> <q») is excluded by the
tensor meson anatysis as no solution can be found which is consistent with
the f, f', A, 2y widths, f, f' + 7, KK and the experimental upper limit

T o o
on ,Yy(O)BR(G + 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 51 MeV/cz. 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] T suggested the use of & sum rule due to Worden [83] in a
resonance saturation approximation to determine EQ4 and hence test the
guark 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,%0]1 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 my
1ies in the interval 150 to 350 MeV/cz. This is in contradiction with
the result of the present study using FYY(n'} (Fig. 8). The difficulty
of this type of analysis (as clearly peinted out in [26]) is to extract
the contribution of the vy » qq, Yya-g+g‘ terms, which alone are sensi-
tive to the quark charges, from higher order QCD processes [911, higher
twist processes [92] 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 P events, over and above the Born
term vy + q@ has been made. It is perhaps more prudent t¢ await the re-
stlts of such an amalysis hefore interpreting an experimental excess in
terms of the IC model.

The main limitation of the present analysis (and also of [24-26,901)
is due to the virtuality of the photons when 2v ccllisions are investi-
gated at eTe” colliders. Definite exclusion of gauge IC models (nat 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:

where the final state photon is produced at large momentum transfer
(> 2 GeV/c). The aim was to isolate the parton level subprocess:

Y¥q *+ ¥4

whose amplitude contains the coupling fo a quark of two real photons and
50 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 -+ ryx

where both photons are produced at large momentum transfer. The subproces-
ces contributing are:

—_— + -
qq > ¥y s 99 Y

(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 mode] prediction. In the IC model, however, a very large conhtribution
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 coupte to pairs of massless photons.
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TABLE 1

TABLE 2

TABLE 3
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Values of Q?
Flavour FC
4
Uy, €y . -
1
dl S! b) LU —3—

*} Q§, qg << ms assumed in (5)

Yalues of Sj (see Egns (12,13)}

- d e
Sj h g f A Qon'
FC
1
3 1
" /3
1
S =
8 /6
5 2
/3

*) Qf. qg << mé assumed in (5)

&0

TABLE 4 Results of the Global Fit to the nm, n', 1 Mass Matrix
1. Physical Constraints

IC*
Physical Constraint Experimental Value Fit Value
2
> ny ) a)= 0.73 £0.10 6 3
1 %%ﬁﬁ:“%%;y [xn] 0.67 20.0
s ++W8Y) %)= 0.63 10,12 0.50 0.0
I{¢ > n a).
RO |y, 1% = 0.74 20.06 0.73 £0.03
i T o) 3 4 2
T, X .0 0. 3.2 0.3
IC* by
I'{d/gen'y
1 TP 4.2 £0.7 4.2 0.7
V2
£
/B a) Values from Ref. [9]
4 b) Values from Ref. [31]
/3

TABLE § Results of the Global Fit to the n, n', i Mixing Matrix
II. Mixing Matrix Parameters

Lowest Order Factorised QCD Predictions

for SU(3) breaking parameters

State Z{Mj)
n 0.57
n' - 0.73 Z? =
1 0.86
f 0.79
f! 0.77 i =

e 0.73

1.04

0.83

Mo 0.135 GeV/ci (Input)
M, 0.67 0.01  GeV/c

My 122 20.05  Gev/c)

[ 0.360 0,018 GeY/c

8 0.152770- 004 gey/c?

7 0.89 £0.03

A11 errors are purely statistical, guoted for

22
K= K L
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Reference

{63]
[64]
[65]
{66]
[671
(683

[69]
[701
[1}
[1]

TABLE & Results of the Giobal Fit to the n, n', 1 Mixing Matrix
ITI. Flavour Amplitudes
X ¥ z
n 0.67 0,03 -0.73 £0.03 -0.13520.008
n'  0.50 +0.04 0.61 20.05 -0.62 £0.08
0,53 £0.056 0.45 20.06 0.72 £0.07
Errors are purely statistical, quoted for
2 2
X = Xmin T 1
TABLE 7 Experimental values of the Two Photon Radiative Widths of
then and . The First Quoted Error is Statistical the
Second Systematic.
FYY(n ) (keV}) Experiment
5.4 2.1 T{n').BR(n"+vy)
5.8 £1,0 1.2 MARK TI1
6.2 £1.1 0.8 CELLO
5.0 0.5 0.9 JADE
3.8 £0.26 £0.43 PLUTO
5.0 0.4 0.7 TASSO
Average 4.5 x0.4 all experiments
T (n keV
1.0 £0.22 Primakoff (DESY)
0.324 +0.046 Primakoff (Cornell)
0.56 +0.12 £0.09 Crystal Ball
0.56 £0.05 +0.08 JADE
Average 0.56 =0.08 Crystal Ball and JADE only
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TABLE § Predictions of Branching Ratios and ly Radiative Widths

for 1(1450)

Prediction Experimental Value Ref,

BR( /1Y) (8.6 2.0)x10™° (4.9 £0.74)x107 ¥ (61]
BR(1+KKrr) D) 0.42 £0.10 -
BR(vpy) ©) (1.2 20.6)x107% -

T (UBR(1KRr) 4.3 +1.6 kev <7 kev 95 % CL (1]

8 ke 95 % CL (1

. (1)BR(¥pY) 0.12 £0.05 keV 1.5 keV 95 % €L 168]

BR{I/V1YIBR(ov) (1.0 20.4)x107%  (0.88 £0.28 20.15)x107 4 (61

| (1.1 :0.24 £0.25)x1070 €} (613

BR{J/¥1Y)BR(1Y) (1.1 £0.3)x107°  2.1x107% 90 g cL ©) 1613

BR{J/¥>1 JBROWY) (1.2 +0.4)x107°  2.3x10™% 90 % cL ©) £61]

Ty (¥) 1160 £350 keV
(1) 124 £33  keV
Foy(V) 129 39 keV

a) Lower limit given by assuming 100 % BR in EKm.

b) Using the value (4.9% 0.74)x10“3 for BR(y~y1)BR{1+KKr). This is the
weighted average of the MARK II, Crystal Ball and MARK III results

presented in Ref. (61].

c} Using FpY(x) as given above and T{1) = 95 5 MeV, corresponding to the
weighted average of the values of the MARK III and DMZ Collaborations

as quoted in Ref. [61].
d} Crystal Ball Collaboration.
e} MARK III Coilaboration.

TABLE 10

1330

1430

1520

W=

64

reduced mass

Mass Scaling for |y(0}]

2
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TABLE 12 Values of 'Effective’ Flavour Amplitudes for Different
Mixing Solutions

Xef Yof = Zef

oM

n 1 n n n n

Sotution

dz/

AClzmzs

U0z,
sur

veEg-

I

1
ADZ + v £)
su

0.67 0.50 -0.73 0.61 -G.14 -G.62 Ground states
only with
gluonium
{Table 6)

07 +

A9/
22
AT
11707,
suz
ON

0.75 .43 -0.81 0.65 - - Ground states
and first radial
excitations
without gluonium
(Eqn (43))

1
APZ + ¥ £-)

29¢lz

Wz ulez - (v e) -
Uzoga

0.78 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

Experiment:

Values of PYY(n') (keV} for Different Mixing Solutions

FC

5.5

5.3

5.9

4.5 £0.4 keV¥

Ic

20.3

57

Solution

Ground states only with
gluonium
(Table 6)

Ground states and first
radial excitations
without gluenium

{Eqns (43))

Ground states and first
radial excitations

with gluenium

{Eqns {45})

TABLE 14

Average
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Experimental Values of the Two Photon Radiative Widths
of the Tensor Mesons f, ' AZ‘

The First Quoted Error is Statistical the Second Systematic.

T (F) (keV)

2.3 20.5 £0.35
3.6 0.3 =0.5
3,2 +0.2 £0.6
2.7 0.2 x0.6
2,5 x0.1 0.5
2.3 0.2 20.5

2.85 x0.26

Average

FYY(f‘) (keV)

0.11 0,02 £0.04

Fyplfg) (kev)

0.77 20.18 £0.27
0.81 £0.19 £0.27
0.84 £0.07 £0.15

0.82 £0.13

Experiment

PLUTO

MARK I
TASSQ
Crystal Ball
CELLO

JADE

TASSO

Crystal Ball
CELLO
JADE

Ref.

[771
(78]
(79]
[80}
[81]
(1

[14]

(80}
{65]
1]
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TABLE 15 Flavour Mixing Amplitudes for f, f', 6. TABLE 16 Experimental, Fitted and Predicted Widths for the
FC Quark Model Strong Decays T > PP, T > VP
State X 4 z solution Process Experimental Width (MeV) a) Theoretical Width (MeV)
f 0.998 0.068 -0.016 non rel. £ o o 149 + 17 145 (Fit)
Eqn (16
f 0.065 -~ 0.998 0.01 (Ean (16D f o> KK 5.2+ 0.7 5.1 (fit)
G 0.016 0.011 0.9998 £ > 0.8 + 0.3 13 (fit)
'+ KK 59+ 10 D) 50 (fit)
f 0.987 0.061 -0.147 non rel. ; ; (pred.)
. " - pred.
£ 0.071 - 0.994 0.081  With 5U{2)
breaking [82] Ay > KK 5.3 0.6 6.4 (pred.}
8] 0.141 0.088 0.986
A2 + nT 16.0 £ 1.5 20 {pred.}
f 0.986 0.067 -0.155 with relativistic K#* -+ Km 45 ¢ 5 73 (pred.)
£ 0.079 - 0.993 0.094  corrections (7] K#* > Kn 2.9+ 1.7 [83] 0.6  (pred.)
9 0.148 0.1011 0.984 A, > om 7+ 4 7 Input
K** > Kp 8.8+ 1.0 5.6 (pred.)
Kak > K 4.2 + 1.6 [83} 1.5 (pred.)
kx> K 25 3 3 19 {pred.)

a) Unless otherwise indicated all experimental values are taken
from Ref. [31].

) Total width corrected by subtracting T (f'), ﬁlﬂ(fl} as described
in the text.
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TABLE 17 Figure Captions

Fig. 1  Coupling constant definitions in the Gell-Mann Sharp Wagner model.

System ASTY i
a) voe'e’, Db) w>1ly, ¢} 1 > vy
Is positronium  2.6x107°
° Fig. 2 Oiagrams contributing to radiative decay processes in the Van Royen
Weisskopf model.
W 0.17 + -
a)veee, b)Y V{P) PV, ¢} Py
n 0.23
< Fig. 3 Quark annihilation diagrams contributing to FYY(P) in different
" 0.52 models.
a} Triangle graph ¢iving the axial anomaly in the current
. 9.38 algebra calcuiation.
b) Quarkonium annihiilation diagram.
° 0.49

Fig. 4 a) Flavour mixing amplitude via twe giuon 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 matrix ML(22).

Fig. 6 Lowest order QCD diagrams i1tustrating the factorisation between
amplitudes contributing to JA) radiative decays and the corre-
sponding elements of the mass mixing matrix.

Fig. 7 Duality diagrams used to estimate strong decay amplitudes.
a) MM W b} wp-~>nin‘)n

Fig. 8 The ratio of the experimental to predicted values of FYY(n'}
in gauge integer charge quark models as a function of the effective
gluon mass mg.
p; < 0.1 GeV
B. an < 0.2 GeV

C. No an cut



Fig.

Fig.

Fig.

Fig.

10

11

12
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Amplitude of |G> in the f,f',® as a function of the parameter vy.
{See (46)).

The twe photon radiative width of the € as a function of y.
(See (46)).

Tyy{8) BR (6 +KK) as a function of v {see (46)).
The IC model predictions as a function of y (see (46)) compared

with the experimental values for:
a) Tyglf)s  b) Tielf').

10,
11.
12.
13.
14,
15,
16,
17.
18.
19.
20.
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