


































So we are back to the standard form for the I = J = 0 phase-shift shown 

in Fig. 10( c) and ready to address the question: what is the lightest broad 

I= 0 scalar? For reasons that I examine below, PDG92's answer is fo (1400) with 

width r = 150-400 Me V. In contrast, Michael Pennington and I eo) unhesitatingly 

plump for something in the range(63
) 

fo(1000) width r 700 MeV 

for the following reasons: 

(i) Analysis of 1r1r phase shifts from threshold to 1.4 GeV along with an extensive 

set of related reactions (the AMP analysis (47
)) yields a resonance pole at (900-

i350) MeV (cf. Hyams et al's 1973 result of (1049 -i250) MeV (64
)). 

(ii) For an intuitive feel as to what is going one0
) , take the standard form of 88, 

as shown in Fig. 10( c) (full line) and 'remove' the rapid / 0 (975) phase excursion. 

One then sees a slow, steady ascent of the residual phase shift (dashed line) just 

like 8K1r (Fig. 10(a)). 
(iii) Our resonance spectrum now accords well with the weighted mean of the 

partial-wave cross-section in line with notions of duality. 

How does this square with PDG's fo (1400) and their casting it in the role 

of lightest broad fo? PDG base their recommendation (24
) on an assortment 

of resonance signals derived from 1r1r, J( k and TJTJ final states (65
•
66

•
29

). They 

appear to place most reliance on the paper reporting the AFS experiment on 

pp ___. pp1r+1r- (
65

); in particular, they cite an amplitude analysis therein that 

'shows that [the] 1r1r S-wave dominates up to 1.6 GeV with no room left for other 

scalars besides fo (975) and fo (1400)!' The first thing to say is that the analysis 

in question is confined to the subset of data with M1r1r above 1 GeV (i.e. after the 

first precipitate fall of the 1r1r spectrum). The whole 1r1r spectrum from threshold 

to 1.4 GeV has in fact been well-fitted along with a large quantity of other I = 0 

data in the AMP analysis referred to above (47
). Far from excluding fo (1000), 

it strongly reinforces it . What the AFS analysis does do is indicate a second 

/ 0-resonance signal at (M = 1420± 20 MeV with width r = 460± 50 MeV), 

seemingly from the need to fit the second dip in their 1r1r S-wave spectrum (65 ). 

Other evidences for fo (1400) cited by PDG come from an assortment of I< k 
(
66

) and TJTJ (29
) production experiments, in each case after amplitude analysis to 

isolate the S-wave signal. The J( R experiments disagree even on the qualitative 

form of the S-wave cross-section below 1400 MeV but mostly concur in finding 

narrow fo signals above 1400 (e.g. Etkin et al. (66 ) report fo (1463), width 118 

MeV). Analysis of the TJTJ experiment (29
) yields a two hump S-wave from which 

the authors derive a pair of / 0-resonances. The upper hump provides one of the 
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major evidences for fo (1590) to be discussed below. PDG suggest that the lighter 

GAMS resonance- fo (1220), width 320 Me V- is another facet of fo (1400). Given 

the proximity of the lower peak to 1]1] threshold, it would seem more natural to 

make the link to fo (1000); only multi-channel fits can decide. 

What all this adds up to is persuasive evidence for extra S-wave structure 

above say 1200 MeV without specifying what that structure actually is. For that, 

we must mostly await the new (and future) data and comprehensive analyses 

that include them. However, further fo signals are already claimed - not only fo 

(1525) -+ K!? from LASSes) (already discussed), but fo (1590) -+ 1J1J (and other 

channels) from GAMS e 9
) and the scalar metamorphosis of the 0, fo (1710) e 5

). 

Each of these last two could occupy key positions in our final classification. Thus, 

fo (1710) (provided its scalar/tensor spin ambiguity is final resolved in favour of 

scalar) could be the first fo radial recurrence, whilst fo (1590) has been proposed as 

a candidate for the scalar glueball. As evidence for this latter assignment, GAMS 

(29
) especially emphasise the 1590's preference for 1]1] (and according to them a 

fortiori 7]7] 1
) decay modes (however this is from the standpoint of a particular non­

standard model of scalar glue ball decays). The more conventional expectation 

would entail a straight-forwardly singlet decay pattern without the avoidance of 

1r1r and J(!? decay modes that GAMS stress. It seems not unlikely that, in the 

final analysis, the GAMS decay modes, 1]1], 1]1]1 and 47r, will turn out after all to 

have 1r1r and J( R counterparts, perhaps shifted in mass; if so, it will be very 

interesting to see what 1r1r : J(!? : 1]1] ratios prevail. What appears beyond doubt 

is that there are surplus scalars - thus non-(QQ) candidates. Only future data 

and careful analyses will tell us how many. 

I conclude with a pair of questions that are central to how we view the scalar 

spectrum overall: 

(i) Is a0 (980) the only I = 1 S-wave object below, say, 1600 MeV 

or is there something else? This has clear and important (but not decisive -

see (ii) below) bearing on the identity of the ground state I= l(QQ). Attention 

has previously been focused on the GAMS a0 (1320) signal (53
) (whose empirical 

shortcomings have already been described). Now we are offered an alternative 

candidate at higher mass by Crystal Barrel e 7
•
40

). 

(ii) Are the fo (975) and a0 (980) alike or different? Very different 

scenarios would ensue if either or both of fo and a0 were shown to have a large 

'true' width in the sense of Sect. 4.2. As illustration, suppose fo is confirmed as 

'narrow' e0
•
45

•
46

) but ao is found to be 'broad' as several authors have suggested 

(
67

). Not only would this obviously kill the molecule and 'minion' interpretations 
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of fo and a0 but, depending on the width and branching ratios actually found, 

could allow a0 (980) to be reconsidered as a candidate for the I = 1( QQ) (68 ). 

At present, we cannot rule out such a possibility because we do not really know 

f 8 w(a0 )- for lack of accurate data on a0 --+ (I = 1 )I< k. Likewise we need better 

information on (I= O)I< K to check conclusions on rBwUo). This highlights the 

pervasive need for improved I< f< data. 

6 Conclusions and outlook 

That concludes my pre-Como tour of the light meson. What lessons emerge? 

First, whilst stressing the key role of unitarity in parameterizing and eo- ordi­

nating various resonance signals, I noted the limitations of present practice. Once 

the number of channels grows (essentially beyond two), or three-body final states, 

except of very restricted type, enter, present methods are either inadequate or 

impractical or both. Here is one area calling for fresh ideas. 

I touched on the great variety of production process that can bear on meson 

spectroscopy. Some appear to offer exceptional promise for future exploitation. 

Two photon production could provide a powerful means of probing C = + mesons 

and have great potential for discriminating alternative compositions. Present 

data, being a by-product of e+ e- annihilation studies, is limited in scope. Custom 

built photon-photon facilities (69
) could transform this. Another promising and 

expanding area is central production, with its ability to produce well-isolated 

samples of a whole variety of meson final states, not only of natural but also of 

unnatural parity (70
). Production systematics need much more study in order to 

exploit this resource to the full. 

A key area for this year is the family of scalars. Surveying the pre-existing 

information, I restated the argument eo) that the lightest I = 0 scalar is a very 

broad fo (1000) and stressed the need for more information on __ the ubiquitous fo 

(975) and a0 (980) systems especially in their I< f< final states. Once the new 

results (5
•
27

•40 ) are assimilated, we will need to take stock of the enlarged scalar 

spectrum that emerges. 

For contingent reasons, the emphasis this year has been on natural parity 

states, however possible JP= o- and 1+ non (QQ) candidates like "7 (1420) and 

!1 (1420) are just as interesting and also need much more investigation. Light 

spectroscopy is a seamless web and we need advance on all fronts to grasp the 

overall design. 
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Table 1: Types of non(-standard) (QQ) configuration 

In addition to the regular M2 = ( QQ) mesons of the non- relativistic quark model 

which group into (mostly ideal) flavour nonets distinguished by t~eir orbital and 

radial excitations, we may have: 

• MOLECULES (M2, M~) - and other four and more quark configurations 

• CHROMOCULES - glueballs (GG), hybrids (QQG) etc. 

If particular mechanisms operate, non-standard types of ( QQ) system can 

an se: 

• GRIBOV'S 'novel hadrons' (OR 'MINIONS') (> QQ <o) 

• HEAVILY RENORMALIZED (QQ)'s 

(These can occur where resonances have very large widths leading to nonet 

mass and flavour patterns being appreciably distorted by final state interactions.) 

Non-(QQ) Signatures 

• EXOTIC QUANTUM NUMBERS 

• UNUSUAL PRODUCTION AND DECAY PROPERTIES 

• SPARE STATES 

Potentially misleading signals for ( QQ) or non ( QQ) states could come from: 

• NON-RESONANT ENHANCEMENTS FROM OPENING CHAN­
NELS. 

22 



Figure Captions 

Figure 1. Regge plots for natural parity non-strange mesons listed in ref (24 ). 

Figure 2. Primordial quark model states may be modified by final state interac­

tions (2°). 

Figure 3. I= 0 scalar and tensor mesons. Observed states (pre-Como) compared 

to quark model predictions (6 ) - see text for details. The case for 

replacing /o (1400) by fo (1000) as the lightest broad I = 0 scalar is 

given in Sect. 5. 

Figure 4. Alternative production processes. 

Figure 5. Branching ratios for Jj,P -+ {M x 103 for various mesons M versus 

mass (numbers taken from ref. (24
), t the "' (1440) entry is via the 

I< R 1r mode and / 0 (1710) via [{ !?). 

Figure 6. Example of how bumps need not correspond to resonances nor reso­

nance signals appear as bumps - AFS data on 1r+1r- central produc­

tion (65 ) and the corresponding AMP analysis fit (47
). 

Figure 7. Resonance and bound state poles and the sheet structure of the en­

ergy plane - how their relation is clarified by mapping onto a suitable 

k- (momentum) plane: (a) and (b) depict one channel examples as 

for the deuteron (bound state (a)) or corresponding spin-singlet (anti­
bound state (b)); (c) and (d) show two-channel examples with k2 the 

CM momentum of the inelastic- channel (two-body channels assumed 

throughout). For resonances like p (770) or / 2 (1270) far from in­

elastic threshold, the identity of the physically relevant nearby pole is 

unambiguous (c); for S-wave resonances close to inelastic threshold, 

the sheet structure ((d) and (e)) matters (d). Such resonances in gen­

eral have 'below threshold' (Sheet Il) and 'above threshold' (Sheet Ill) 

poles. Molecular resonances arising from intra-hadron forces of finite 

range only have one nearby pole, as happens for the deuteron (a). 

Figure 8. Diagrams to illustrate unitarity constraints - (a) among a set of scat­

tering amplitudes (T;j) describing strong transitions between a set of 

connecting channels (i,j = 1 ... n); (b) how amplitudes FlP) describing 

non-strongly interacting production processes (p) leading to the same 

set of channels ( i = 1 ... n) are related to the Tii- for details see refs. 
(47,30). • 
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Figure 9. Scalar meson spectrum pre-Como (for update see refs. (5
•
27

•
40

)). States 

shown are those listed in PDG'92 (24
) plus the very broad / 0 (1000) 

( 30) argued for in the text. PDG's 'confirmed' states are indicated 

either by open diamonds, 0 or circles, 0 , according as they are con­

ventionally viewed as (QQ) or non-(QQ) candidates. States that 

are 'unconfirmed' or whose spin is controversial have question marks. 

Dashed lines indicate possible shifts of assignment mentioned in the 

text: (a) alternative parametrization of the 1(0 ; (b) substitution of the 

newly reported a0 signal (27
•40 ) for the 'unconfirmed' a0 (1320) (53

); 

(c) replacement of / 0 (1400) by / 0 (1000) as candidate for the lightest 

I= O(QQ). 

Figure 10. Aspects of S-wave I< 1r and 7r7r phase-shifts: 

(a) DK1r(J = 1/2) according to the LASS experiment (51
); (b) the 

old UP- DOWN ambiguity of 8g(58 ); (c) the accepted modern form 

of og(I = 0) from threshold to 1.4 GeV (24
) plotted modulo 180° 

(full-line), and the residual phase after removal of the / 0 (975) signal 

(dashed line). This latter corresponds to the very broad / 0 (1000)(3°). 
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