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Abstract. Ratios of coupling constants for these decays are compared with ¢ predictions and Jaffe’s
¢?@* model. In both models, the predicted ratio g2(k — Kn)/g?(c — ) is much too small. Also, for
qq, the predicted ratio gz(n — Kn/)/g2(/<a — K) is much larger than observed. Both models fail for
gQ( fo— KK)/ 92<a0 — K K). This ratio requires that fp has a dominant K K component. It arises naturally
because the f pole lies very close to the K K threshold, giving its wave function a long K K tail.

PACS. 13.25.Gv; 14.40.Gx; 13.40.Hq

1 Introduction

There are conflicting opinions whether o, &, ag(980) and
f0(980) are predominantly molecular states, gg or 4—quark.
There are now extensive data for their coupling constants
to pseudoscalars: (i) for o and fo to mm, nn and KK, (ii)
for k to Km, Kn and K7/, and (iii) for ao(980) to nm and
K K. The objective here is to compare all ratios of coupling
constants with predictions for g7 and ¢?g> states.

The o pole has been known to generations of theorists,
who extracted it from data on 77 elastic scattering, see the
summary given by Markushin and Locher [1]. The E791
group then observed it as a peak in DT — 7tr 7t [2].
Higher statistics data from BES for J/¥ — wrtn™ now
provide a better determination of the pole position M —
iI'/2 = (541 £ 39) — (252 £42)MeV [3]. If it is a ¢g state,
one would expect a brother with I =1 at a similar mass,
whereas the a((980) is over 400 MeV heavier.

Jaffe proposed that o and its relatives are ¢2¢> states [4].
His suggestion is that there is a pairing interaction form-
ing S—wave diquarks in the flavour 3 configuration: ud, ds
and us. Then 3 and 3 make a colourless nonet. The o is
the I = 0 member uddi, the k7 is usdd, ao(980) is s5(uu —
dd)+/2 and fo(980) is s5(ut + dd)/+/2. This scheme neatly
explains why ag and fj are nearly degenerate in mass and
heavier than the o by twice the mass of the s-quark. It also
fits in neatly with the intermediate mass of the . From the
latest combined analysis of E791, BES and LASS data, the
x pole is at (750739) — (342 £ 60)MeV [5].

There is support for Jaffe’s scheme from recent Lattice
QCD calculations of Okiharu et al. [6]. They find configu-
rations at large radii consisting of a qq pair joined by a flux
tube to a ¢q pair. At small radii, they find two meson-
meson pairs. The implication is that the massive “dressed”
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¢>@* configuration can decay by fission to two lighter pions
at small separations.

Figure 1a shows diagrams for decays of ¢g states.
Figure 1b shows fall-apart decays for four-quark states.
In principle, four-quark combinations can make not only
nonets but higher SU(3) multiplets, which Jaffe discusses
in detail. One can view his hypothesis as a final-state inter-
action which favours the nonet configuration.

An alternative possibility is that o and its relatives
are ‘molecular’ states created by long-range meson ex-
changes. There is a long history of proposals along these
lines [7—10]. If one takes the K-matrix element in the s-
channel from these Born terms, the unitarised amplitude
K/(1—1ipK) reproduces the observed mm S-wave quite well
up to 1 GeV and beyond. In all cases, the attraction from
exchanges is barely sufficient to produce resonances. In-
deed, for ay(980), the Jiilich group, Janssen et al. [10] find
only a virtual state. Likewise, unpublished calculations by
Zou and myself find that there is not quite enough at-
traction from K*(890) and p(770) exchange to generate
f0(980) or ap(980). Because of this, widths predicted for
ao and fy are particularly sensitive to meson coupling con-
stants. As a result, no comparison will be made here with
the ‘molecular’ hypothesis.

Although the amplitudes for 7w and K7 elastic scat-
tering can be predicted adequately from meson exchanges,
the nonet of p, w, K*(890) and ¢ cannot be predicted in
this way. Instead they appear as CDD poles [11]. This sug-
gests that o, k, ag(980) and f,(980) are not regular ¢q
states, although their formation may be related to short-
range qq components, as in the approach of van Beveren
et al. [12-14]. A new comparison with their model is in
preparation.

Section 2 introduces some caveats. Both f,(980) and
ap(980) lie close enough to the K K threshold that they
must contain substantial K K components, resembling the
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Fig. 1. Decays of a qq, b qzqz states

long-range tail of the deuteron. It will be shown that the
ratio of these long-range components is close to 2, and can
account for the experimental ratio g*(fo — KK)/g*(ap —
KK). The experimental data also suggest mixing be-
tween o and f(980) in a mass range centred on the
K K threshold.

Section 3 shows that both g7 and ¢?G? schemes fail
to account for several ratios of ¢g2. Both schemes pre-
dict g2(£0(980) = KK)/g?*(ap(980) — KK) close to 1, in
disagreement with the experimental value 2.15+0.4. In
Jaffe’s scheme, this problem may be remedied by taking
f0(980) to be dominantly K K. There is, however, a re-
sidual problem in describing 0 — K K. The gq hypothesis
fails to fit the ratio g?(fo(980) — K K)/g*(ao(980) — KK)
even when f,(980) is taken to be dominantly K K. Both
schemes fail to account for the branching ratio g2(xk —
Kr)/g*(o — 7).

Section 4 points out the possible existence of a narrow
state at the n'n’ threshold. This does not fit into Jaffe’s
model. The summary in Sect. 5 attempts to reach some
conclusions.

From this point onwards, a¢(980) and fo(980) will be
abbreviated to ag and f unless there is possible confusion
with other states.

2 f0(980) must have a large K K component

At a mass just below the K K threshold, both fy and ag
must have a long range tail due to small binding energy.
Térnqvist [15] discusses this issue. His eqn. (15) gives a for-
mula for the K K component in the wave function:

_ |(](j >+ ZZ[—(d/dS) Re Hl(S)]1/2|AzBl >

v 1-3".(d/ds)Re II;(s) o @

where AB stands for molecular components K K, nn, 7,
etc. The quantity I7 is the propagator of the resonance and
Re ITkk (s) = ga\/4mi /s — 1 for s < 4mg; there is a cor-
responding term for nn. [Térnqvist’s equation is written
in terms of ¢g, but could equally well be reformulated in
terms of 4-quark states]. His formula is easily evaluated
to find the K K components in ag and fy as functions of
s. At the K K threshold, the binding energy goes to zero
and the K K wave function extends to infinity, so the K K
fraction — 1. Using BES parameters [16], the f,(980) has

D.V. Bugg: Decays of o, &, ap(980) and f(980)

a second sheet pole at (998 £4) — (17 +4)MeV, very close
to the KK threshold; there is a distant third sheet pole
at (851 +28) — (418 £ 72)MeV. The dominance of the nar-
row second sheet pole is used by Baru et al. [17] to argue
that fo(980) is mostly a K K bound state pole. The ao(980)
with parameters derived in [18] has a second sheet pole at
1032 — i85MeV and a third sheet pole at 968 —i245MeV.
This is closer to a conventional resonance and further from
the K K threshold.

Results from Térngvist’s formula are shown in Fig. 2 by
the dotted curves. This figure also shows line-shapes as the
full curves. If the K K component behaves as an inert cloud
for radii > 0.6 fm, the mean K K fraction integrated over
the line-shape is > 70% for fo and ~ 35% for ay.

2.1 Further caveats

It is first necessary to explain the view adopted here for
the broad o. It is a very curious resonance with unusual
features. Achasov and Shestakov were amongst the first
to clarify the relation with chiral symmetry within the
framework of the linear o model [19]. They pointed out
that it cannot be fitted adequately by a simple Breit—
Wigner resonance with a large constant width. It has a pole
at ~ 540 MeV, but the observed 7w elastic phase shift
goes through 90° at ~ 1 GeV. How are these two facts
reconciled?

The clue is that the width is strongly s-dependent, with
a zero at the Adler point s~ 0.5m2, just below thresh-
old. Experiments on 77 elastic scattering are done at real
values of s. In finding the pole, it is necessary to extrapo-
late the measured amplitude off the real s-axis. The Breit—
Wigner amplitude fitted to the data has a width of the form
I' = A(s)(s—sA)prr(8), where p is the usual Lorentz in-
variant phase space /1 —4m2/s; A(s) is a slowly varying
function of s. The phase shift goes to 0 at the w7 threshold.
However, the pole lies at sg = 0.23 —i0.27GeV2. In the ex-
trapolation to the pole, the factor (s —sa)pxr(s) develops
a large phase rotation of ~ 55° near the pole. Oller drew
attention to this earlier [20]. The result is that the pole
is approximately 55° ahead of the phase of the amplitude
along the real axis; there is a further small phase variation
arising from the slowly varying function A(s), but it is only
a few degrees in practice. Qualitatively, the broad 77 am-
plitude measured on the real s-axis may be viewed as a long
tail of the pole buried deep in the complex s-plane. Its
phase reaches 90° for real s ~ 1 GeV?2. In production data,
one sees a peak in the 77 intensity at ~ 500 MeV, but that
peak is hidden in 77 elastic scattering by the Alder zero in
that process [21]. Figure 2c of that reference shows a graph
of the mass at which the phase passes 90° for complex s.

The broad component of the mm S—wave continues
through the mass range 1 to 2 GeV. It stretches the imagi-
nation to interpret it as the tail of the o pole. It may there-
fore have a further origin in that mass range. For example,
Anisovich et al. [22] argue that is should be interpreted
there as a broad glueball.

For the k, the situation is even more extreme. The
phase rotation between the pole and the real s-axis is
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~ 85°. The long tail of this pole is fitted to K7 elastic
phase shifts determined in the LASS experiment of Aston
et al. [23]. Because of the very large phase rotation, these
phase shifts do not quite reach 90° over the mass range
where they have been measured.

The view being examined here is a narrow one, that
the amplitude for the so-called ¢ in the vicinity of the
KK and nn thresholds may be expressed in terms of just
two orthogonal states fp(980) and o. Likewise, the am-
plitude for the x may be expressed in terms of just two
orthogonal states x and K((1430). This could be an over-
simplification. The objective is to see where this view leads.

Resonances have a finite spatial extent. The nm S—
wave amplitude is known up to 1.9 GeV. One can take
the Fourier transform of the observed s-dependence to de-
termine the radius of interaction. The result is a rather
small RMS radius of 0.45fm [21]. This is quite enough
to produce a large form factor between the mass of the
o pole and 1 GeV, and likewise between the mass of the
t and the Kn and K7’ thresholds. One should remain
alert to the fact that coupling parameters are likely to
be s-dependent. It is therefore not realistic to use ratios
like g%(ap — nm)/g*(0c — 7w) for quantitative purposes,
because the poles are too far apart.

Data on ¢ radiative decays are analysed in an accom-
panying paper [24] and provide a precise measurement of
the ratio g>(c — KK)/g*(0 — n7) from interference with
f0(980). This will be taken as a reliable number at the K K
threshold. Data on mm — KK are also analysed in [24].
These data are fitted over a range of masses up to 1.9 GeV;
they appear to confirm the result from KLOE data within
a somewhat larger error.

There is a further caveat which is rarely discussed. For
an isolated o produced without f,(980), there is a multi-
ple scattering series for ¢ — 7w and K K. The f;(980) has
its own multiple scattering series. In 77 elastic scattering,
both the broad o and f,(980) appear strongly at 1 GeV
in Cern-Munich data [25]. The multiple scattering series
then contains additional terms of the form o — 71w — fy
and vice versa. These cross-terms are likely to lead to dy-
namical mixing of f,(980) and o unless the overlap of their
wave function happens to be zero. However, this mixing
can vary from process to process, depending on how much
of each is produced in the formation reaction. For example,

1 1.1

tion, dotted curves; 0.1 x RMS
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in J/¥ — wnm, the o is produced strongly, but there is
little or no fo(980) [3]. In J/¥ — ¢, the fo(980) is
produced strongly with a small o amplitude accompanying
it [16].

In elastic scattering, both o and f;(980) are produced
strongly. The analysis of data in the accompanying pa-
per [24] shows that a substantial 0 — KK component is
needed near the K K threshold with g%(c — KK)/g?*(c —
) = 0.6 £0.1. However, it appears to be somewhat lo-
calised near the K K threshold. KLOE data on ¢ — yr97°
will not tolerate a ¢ — KK component with the large
width of the o; this amplitude must be attenuated strongly
below ~ 800 MeV. It may be fitted using a rather strong
form factor exp —alk|?> where k is KK centre-of-mass
momentum.

Above the K K threshold, data on 7 — K K again re-
quire a rather strong form factor to fit the observed strong
decrease in the cross section from 1 to 1.8 GeV. The result
is a broad peak in the coupling to K K over a mass range
roughly 800 to 1300 MeV. A straightforward possibility is
that there is mixing between f;(980) and o, peaking there.
For this reason, the analysis in the next Section will focus
on ratios of g2 only close to K K and nn thresholds.

2.2 Systematic errors for coupling constants

Flatté formulae have been used in fitting ag and fy, but ig-
noring coupling of ao(980) to n'm and f,(980) to nn. Tests
adding these couplings suggest that effects are small com-
pared with errors assigned by the experimental groups.
The BES data have been refitted allowing the nn coupling
explicitly, but the data suggest no coupling to this channel.
The main source of systematic error for the fy is the effect
of possible mixing with ¢. This mixing depends on un-
known wave functions. The coupling constant for 0 - KK
is particularly sensitive to this mixing, but errors assigned
in [24] are intended to cover the range of possible form fac-
tors fitted to both o and fy.

The o pole was determined by the BES collabora-
tion [3] fitting several different Breit—~Wigner forms. The
quoted systematic errors cover this range of possibilities.
Some authors have raised the possibility of unknown ‘non-
resonant backgrounds’ in the o. However, without edu-
cated guesses about such possible backgrounds, there is
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no limit to the possible range of parameters which can be
fitted. The approach adopted here is to fit a simple em-
pirical s-dependent width including the Adler zero; errors
for the fitted parameters cover the likely range of possi-
bilities. The same approach is adopted for the . There,
the main problem in fitting parameters is unknown mixing
with K((1430). However, the latest refit to LASS, BES and
E791 data [5] arrives at a consistent picture from the three
sets of data; the range of parameters fitting all three sets of
data will be used to cover possible systematic errors. There
is a small systematic discrepancy with LASS data around
1.2 GeV, and its effect on possible coupling to Kn will be
discussed in Sect. 3.3.

Parameters of o and k are completely insensitive to pre-
cise locations of the Adler zeros.

3 Comparison of g2 with ¢gq and Jaffe’s
model

It is necessary first to discuss the selection of data used
for this comparison. The ¢ pole will be taken from the
high statistics data of BES, where there is a clearly visible
peak with a well defined mass and width [3]. The s pole
will be taken from the combined analysis of E791 and BES
production data and LASS phase shifts [5]. The f,(980) ap-
pears as a strong peak in BES data for J/¥ — ¢rt 7~ and
@K+ K~ [16]. Its width is precisely determined by the 7r
peak because of the very good mass resolution. The signal
is clearly visible near threshold in the K K channel. The
ratio of events in this peak to that in the w7 peak deter-
mines the branching ratio g?(K K)/g?(n7) accurately.

The a(980) is subjected to detailed scrutiny in an ac-
companying paper [24] which compares a fit to Kloe data
on ¢ — ynm° with an earlier determination from Crystal
Barrel data [18]. There is agreement within errors, and
values of ¢ are taken from the combined analysis. Most
other experimental determinations quoted by the Particle
Data group are fitted to a Breit—Wigner resonance of con-
stant width, an assumption far from reality.

The comparison of g? made here is motivated by a simi-
lar comparison for well known ¢g states such as p(770)
and K*(890). After allowing for effects due to identical
particles (discussed in detail in the next section), the pre-
diction for g(K*(890) — K7)/g?(p — 7m) is 3/4. This
agrees well with experiment if one allows a P—wave Blatt—
Weisskopf centrifugal barrier for both decays with a rea-
sonable radius of 0.5 fm. For ¢ and its relatives, no centrifu-
gal barrier is involved between mesons, so a comparison
of g2 should be a meaningful test of the models.

3.1 Formulae

Formulae for coupling of o, k, ag and fy to ¢qg have been
given by Anisovich, Anisovich and Sarantsev [22]. Corres-
ponding formulae for ¢?g? are given by Jaffe in Table 7
of his publication [4]. However there is an important sub-
tlety concerned with these formulae for identical particles
w and 7.

Consider the Breit—-Wigner amplitude a for a process
involving non-identical particles: K™K~ — ag — 0,

a= ITKtK— I . 2)
m? — s — (g2, pyr + Ik PKK)

The integrated cross section involves an integral 47 over
the solid angle. For KK — fy — m97°, isospin Clebsch—
Gordan coefficients combining two isospins 1 to I = 0 lead
to a final state (7t7n~ —7%7% + 7= 7 %)/v/3. The 7n~
cross section may be determined by counting 7+ over the
whole solid angle. At a particular angle 6, there are two
amplitudes 7% (0)r~ (0 +7) and 7~ (7 + 0)7 ™ (#) which add
coherently. The integrated intensity over angles is (4/3)4r.
For 7070, there are again contributions 7°(6)7° (7 + 0) and
70(m 4+ 0)7°(6), but the angular integration should now be
done over only one hemisphere, to avoid counting both 7°
from a single event. The result is (4/3)2w. The total nm
integral is (6/3)4w. So the identity of the pions leads to
a doubling of the 77 branching ratio and g2 _, and likewise
for nn.

The hypothesis to be tested here is that all members
of a ¢G nonet have the same coupling constant g (apart
from effects of identical particles and Clebsch—Gordan co-
efficients). Anisovich and Sarantsev include the factor 2 for
identical particles explicitly into branching ratios for w7
and nn. That convention will be followed here. However,
Jaffe gives formulae for amplitudes without the identity
factor and leaves the user to put it in.

For qq states, the following linear combinations will be
used:

0 =N cos ¢+ s§sin ¢ (3)
fo=-—nnsin¢+ sscos ¢, (4)

where nf = (u + dd)//2. Diagrams of Fig. 1a for decay of
I =0 qq states lead to a final state

cos ¢

V2
(5

A=[u (au-+dd+VAss) a+d (u+dd+V2s5) d]

+s[au+c§d+\/Xs§] sing. )

The factor v/A is introduced by Anisovich and Sarantsev
to allow for possible differences between nn and ss. There
is a one-to-one correspondence between each term in this
series and the possible diagrams of Fig. 1a.

The 1 and " will be written as

1 = nf cos fp — s5sin Op (6)
n' = nisin fp + s5 cos Op (7)
19 = 1 cosfp + 1’ sin Op (8)
ns = —nsinfp 41’ cosfp , (9)

where fp is the pseudoscalar mixing angle; the value
sin fp = 0.608 4+ 0.025 will be used [26]. A straightforward
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expansion of (5) gives

A=[mm cos? Op + 1 — 7t —gpat
L VAKORO — KK ) <50
< e

+[K°K°— K~K* 4+ Vnnsin®0p]siné;  (10)
contributions from nn’ and 71 have been omitted for sim-
plicity.
The ag leads to a final state
F(ap) = u(@u+dd + vA3s)d; (11)
after using G parity to eliminate 77 final states (or alterna-
tively the Pauli principle), the surviving amplitude is

1 _
Fl(ao) = E(WOWJF-I-?TJFno)—I—\/XK*KO. (12)
For the x™T,
F(t)=u (au+Jd+ \/X§s> 5 (13)
1
——=(no—m") Kt + 7K+ VK.

V2

(14)

Resulting ¢ branching ratios (integrated over charge
states) are shown in column 2 of Table 1.

Jaffe’s model requires a non-strange I = 0 component
N which may be written

N = (1/2)(uddu + dudd + uudd + ddui)
=(1/2) (nomo + 7070 -t — mtrT) .

(15)
(16)

There is an orthogonal state with hidden strangeness

S = (1/2)(uiiss + ddss + usst + dssd) (17)
= (1/2) (V2mons ~ K*K~ + K°K°) . (18)

Further states are
ag = (1/v2)(udss +ussd) (19)
=(1/V2) (rTns+ KTK°) | (20)
kT = (1/V2) (usdd + dsud) (21)
= (1/2) [K* (0 +7°) +\/§K°w+} L (22

The quantities N and S replace n7i and s3 in (3) and (4).
The third column of Table 1 shows branching ratios for Jaf-
fe’s model.

3.2 Conclusions from f(980), a¢(980) and o

The parameter A of Anisovich and Sarantsev was preserved
in Table 1 for reference purposes; however, it does not sys-
tematically improve agreement with experiment, so it will

Table 1. Ratios of g2 predicted by ¢g and q2cj2 models; ¢ = cos 0p, s = sin 0p

Ratio of g2 e

(k = Kn)/(o — 7mr) 1/(2cos? ) 1/(2 cos? ¢)
(k= Kn)/(k — Km) (c—\/ﬁs)2/3 /3

(k= Kn')/(k — Kr) (s+\/2_)\c)2/3 s%/3

(ag = ™) /(a0 — KK) 2¢2 s>

(ag — ")/ (ag = KK) 252 ?

(0 =mm)/(c = ) (02 +v/2Xs% tan ¢>22/3 (02 —+/2cstan ¢>)2 /3
(0 — KK)/(o — ) (\/X ++/2tan (;5) /3 (1/3) tan2 ¢
(fo—mm)/(fo — ) (CQ—\/ﬁSQCOt¢)2/3 (62+\/§cscot¢)2/3
(fo— KK)/(fo — 77) (VA-vaeoto) /3 (1/3) cot?
(fo— KK)/(ag — KK) (singz&—\/Q/_/\cos¢>)2 cos® ¢

Table 2. Ratios of 92 for ¢qq and q2(j2 models predicted from 92(f0 — KK)/gz(fo — 77), compared with experi-
mental values from [24]; alternative solutions are with ¢ positive (first solution) or negative (second)

22

Ratio of 92 qq q°q Expt
(fo—=mm)/(fo — mm) 0.37+£0.140r 0.83+0.09 3.114+0.080r1.07+0.18 <0.33
(fo = KK)/(ap — KK) 1.11+0.04 0r 2.96 +0.03 0.9340.01 2.1540.4
(6 = KK)/(oc — 7mr) 0.69+£0.020r0.024+0.01 0.03+0.01 0.6+0.1
(0 —=mm)/(c — 7m) 0.21£0.010r0.0440.01 0.06£0.020r0.234+0.02 0.20£0.04
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be set to 1. The initial objective is to show that the data
for these decays are inconsistent with either ¢g or ¢2¢> for
fo(980).

Let us start from the ratio ¢*(fo — KK)/g*(fo —
7m) =4.214+0.46, which is well determined from recent
BES data on J/¥ — ¢rtn~ and ¢ KK~ [16]; statisti-
cal and systematic errors have been combined in quadra-
ture. These data lead to two possibilities for the mixing
angle ¢. For ¢g, they are (17.3+0.7)° or (—29.0+2.0)°.
The errors cover purely experimental errors for the ratio
g(fo — KK)/g*(fo — 7r); in Table 2, errors from this
source are propagated and added in quadrature with errors
from the pseudoscalar mixing angle fp. The first solution,
¢ = +17.2° agrees with experiment for three ratios, but
fails for g(fo — KK)/g?*(ap — K K). The second solution,
¢ = —29.0° fails for three ratios.

The ¢?3® scheme leads to two solutions with ¢ =
£(15.7£0.9)°. Neither solution agrees with all experimen-
tal ratios. The branching ratio of fy — nn is far above the
experimental limit and the branching ratio for 0 - KK is
far below experiment.

In view of the prediction from Sect.2 that fy(980)
should contain a large KK component, we immediately
turn to the case where f¢(980) is pure K K:

oc=nncos¢p+ KKsin¢ (23)
fo=—nnsingp+ KK cos¢ (24)
S=KK. (25)

Results are shown in Table 3. For ¢g, the only change to
(10) is the disappearance of the term 77 sin® p. There is
therefore no change to values of ¢, and entries 2 and 3 re-
main unchanged. Entry 1 is marginally improved and entry
4 is slightly worse. There is no improvement in the ratio
¢ (fo - KK) /(a0 — KK).

For Jaffe’s model, S of (18) is replaced by (1/v/2)
(K°K® — KTK~). The value of ¢ changes to +(21.7+
1.2)°; there is an improvement in the ratio g¢*(fo —
KK)/g*(ap — KK) to a value within one standard de-

vation of experiment. However, entry 3 is still far from
experiment.

One can try to improve the agreement for the qQ(j2 sce-
nario by including a small amount of the hidden strange
component S of Jaffe’s model, using

U:Ncosqb—l—%sinqﬁ (26)
KK
foe —Nsingt+ 22 EEE oo, 27)

V1+a?

However, it turns out that there is no solution which gives
agreement with both fo — 77 and 0 — K K. The best that
can be achieved is to increase g%(c —+ KK)/g*(c — ) to
0.29, still a factor 2 smaller than experiment.

3.3 Results for the <

Table 4 shows predictions for o, x and ag. For the first
entry, the predicted ratio is almost the same for ¢g and
q*@?; the best values of ¢ are chosen from Table 3. At
the position of the s pole, |pkr| =0.821 and at the
o pole |prr| =0.936. Using the width observed for the
o pole by BES, 504 4 84MeV, both ¢g and ¢?g? predict a x
width of 236 + 39MeV. Such a narrow x would be extremely
conspicuous; it is completely ruled out by the data, which
require a width roughly a factor 3 larger [5]. Nonetheless,
the experimental ratio g%(k — Km)/g?(0 — mr) quoted in
Table 4 requires some explanation. The first value 2.14 +
0.28 is obtained from the conventional expression MI/|p|
at the pole. However, it is debatable what effect the
Adler zero has on the width. Experimentally, the width
is parametrised as A(s)(s—sa), where A(s) is a slowly
varying exponential factor preventing the width from in-
creasing continuously with s. The o pole lies closer to its
Adler zero than the k pole. The Adler zero might there-
fore suppress the width. An extreme view is to factor the
term (s—sa) out of the width and examine the ratio of

Table 3. Ratios of 92 for ¢ and qzqz models predicted with fo pure KK

Ratio of g2 qq T Experiment
(fo = mm)/(fo — ) 0.134+0.01 0.13+0.01 <0.33
(fo— KK)/(ap — KK) 1.11+0.04 or 2.96 +0.03 1.73+40.03 2.1540.4
(6 = KK)/(o — nrr) 0.69+0.02 or 0.02 4 0.01 0.02+0.02 0.6+0.1
(0 —=mm)/(c — 7m) 0.13+0.01 0.13+0.01 0.20£0.04

Table 4. Ratios of g2 predicted by ¢g and q2 ch models and experimental values

Ratio of 92 qq q2(j2 Expt

(k— Km)/(0 — 7m) 0.55 0.58 2.1440.28 to 1.35+0.10 [3, 5]
(k— Kn)/(k — KT) 0.004 +0.005 0.2040.01 0.0640.02 [5]

(k— Kn')/(k = K7) 1.0040.01 0.13+0.01 0.29+0.29 [5)]

(ap — m™)/(ag — KK) 1.21+0.06 0.4040.03 0.7540.11 [25]

(ag = 7")/(ag — KK) 0.7940.06 0.6040.03 -
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A(s) at the pole. This gives the second result of Table 2,
1.3540.10. Incidentally, the small error arises from a can-
cellation between correlations involved in finding the pole
position.

Consider next decays x — Kn'. For ¢, entry 3 of
Table 4 shows that the predicted ratio g?(k — Kn') /g*(k—
K) is large and ~ 2.5 standard deviations away from
experiment. It is possible that the K7 signal may be at-
tenuated by a form factor, but this would make the dis-
agreement worse. If the broad k signal were to couple
strongly to Kn', one should see a strong dispersive effect
in the vicinity of this threshold. There is no sign of any
such effect in the data. It therefore appears that there is
a discrepancy with the gq hypothesis.

Entry 2 shows predictions for K. Both are small. Nei-
ther model makes an accurate prediction, though they
both give small numbers like experiment. The ¢2§? model
does not fare so well. However, a warning is that [5] points
out that the fit to LASS data is not perfect around 1.2 GeV,
fairly close to the Kn threshold. This problem may well
arise because the s-dependence being fitted presently
to the data is the simplest possible and may be over-
simplified; the error quoted for the experimental value is
purely statistical and does not allow for possible systematic
error. The simple fact is that there is no evidence for struc-
ture in the broad kK — K7 at the K'n threshold. It would be
valuable to have data directly for the K'n channel.

The fourth entry of Table 5 compares g?(ag — nr) with
g%(ap — K K). The experimental ratio is rather well known
from the combination of Crystal Barrel data and KLOE
data [24]. Tt is over three standard devations larger than
predicted by Jaffe’s model. The ¢g prediction is higher than
experiment. However, the momentum available in nm de-
cays is 325 MeV /c and a form factor with an RMS radius of
0.75 fm could bring the ¢g prediction into agreement with
experiment; for the ¢G> case, such a form factor would
make matters worse. From Sect. 2, the a(980) must con-
tain a K K component of ~ 35%. This is neither small nor
large. It is possible that a more refined model allowing for
this 35%K K component might change the level of agree-
ment with the ¢?q? hypothesis, but it is not presently clear
how to construct such a model. The present conclusion is
that qg gives better agreement with experiment.

Table 4 shows predictions for ag — 7n’. Presently there
are no data for this ratio. Such data are important to com-
plete the picture.

3.4 Discussion

Neither ¢g nor Jaffe’s model gives reasonable agreement
with experiment. The failure to predict the ratio g2(fo —
KK)/g*(ap — KK) may reasonably be attributed to the
fact that fo has a dominant K K cloud. With this correc-
tion, Jaffe’s model predicts a ratio within 1o of experiment.
However, ¢q still fails to predict this ratio. This is because
(12) predicts g*(ap — K K) a factor 2 larger than (20) of
Jaffe’s model.

However, the critical point where both ¢ggq and Jaffe’s
model fail seriously is the prediction ¢g*(x — K7)/g%(c —

7) = 1/(2cos® ¢). This is in complete contradiction with
experiment.

An alternative scenario is that o, x, ag and fj are driven
by meson exchanges [7—10]. These calculations show that
nw and K7 phase shifts may be reproduced by taking
Born terms from the meson exchanges and unitarising the
amplitude using the K-matrix. The calculations provide
a valuable clue. All these resonances are only just bound.
Coupling constants of mesons need to be adjusted (within
their errors) to reproduce phase shifts for 7w and K7 and
resonance masses and widths for fy and ag. As coupling
constants increase, phase shifts vary more rapidly with
s, i.e. resonances become narrower. This is the reverse of
what happens for ¢g states treated as CDD poles. It seems
likely that this point is at the root of the disagreement be-
tween data and the comparisons made here with ¢g and
¢%@* models.

Oller [27] makes a comparison with a scheme along
these lines where K-matrix elements for ¢ and  are taken
from chiral perturbation theory. Resonances are then gen-
erated dynamically. This gives a more promising agree-
ment with SU(3) and he claims to obtain reasonable agree-
ment with a ¢g nonet. However, he predicts a coupling of
fo — mm (which is nearly the same as his ngns) almost as
large as to K K. The new BES data for f,(980) rule out
that possibility, which would lead to a dramatic fall in the
fo — KK and 77 signals at the nn threshold.

4 Structure at the nn’ threshold?

An important experimental question is whether there
is a further ssss state. This is foreign to Jaffe’s nonet.
GAMS have reported tentative evidence for a narrow
state in nn’ at 1914 MeV, almost exactly the n'n’ thresh-
old [28]. They claim I'(7%7%)/I"(nn’) < 0.1. Such a state
should decay easily to nr’. If it were narrow, as GAMS
claim (I" = 90135MeV), its decays to n'n’ would be sup-
pressed by phase space. This is a similar situation to
f0(980), which appears as a narrow cusp in 7w, but is
much more difficult to observe in KK, despite strong
coupling to that channel. Barberis et al. [29] report an
nn’ enhancement with M = 1934+ 16MeV, ' =141+
41MeV, but favour quantum numbers J¥€ = 2++. This
could well be a different well-known resonance f2(1920),
seen prominently in decays to nw, ww and nmw. They
also see a threshold enhancement in 7'y’ with M =
2007 £ 24MeV, I' =90 £ 43MeV; this could be f2(1920)
(q@ 3Py) or its well established 3Fy partner f2(2001),
observed in all of 7w, ny, ny’ and fon with consistent
mass and width [30]. The key to sorting out this situ-
ation is to get high statistics data on nn’ with good mass
resolution.

5 Summary

There is evidence that fp(980) must have a substantial K K
cloud, as predicted in Sect. 2. The basic pointer to this
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conclusion is that the ratio g*(fo - KK)/g*(ao — KK) is
at least a factor 2 larger than can be fitted by either ¢g or

3.

Otherwise, conclusions are negative; but it may be im-
portant to know what does not work. This negative conclu-
sion should not be surprising for ¢g, in view of the fact that
masses are far from the usual nonet configurations such as
w, p, K*(890) and ¢. Predictions for relative widths of k
and ¢ fail badly for both ¢g and Jaffe’s model. Meson ex-
change models fare better in predicting 77 and K7 phase
shifts. These models predict that o, x, fo and ag are only
just bound. The large decay widths of ¢ and « reflect this
fact: they decay easily to lighter 7w and K7 systems. An
approach along these lines will be considered in a separate

paper.
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