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I. INTRODUCTION 

The progress made in the last few years in meson spectroscopy is illus

trated in Fig. 1, which shows the number of mesons listed in the PDG tables 

versus year (dashed line). The states with known quantum numbers are in

dicated by a solid line. The former is about constant, showing the increasingly 

conservative attitude of PDG in time, whereas the latter has almost doubled 

during the last three years. This progress is mainly due to the appearance 

of high statistics experiments allowing in many cases a detailed phase shift 

analysis. At the same time the production mechanism of those mesons has 

been understood. The importance of this connection between what and how 

something is produced has been emphasized by Fox et al. ( 1) and recently by 

Kane. (
2

) I will illustrate the progress made in the case of 'TT'TT and K'TT elastic 

scattering (Section II) and the 3'TT and K'TT'TT analyses (Section III). Section IV 

discusses formation experiments in NN, and Section V contains miscellaneous 

results. 

II. 'TT'TT AND K'TT ELASTIC SCATTERING 

Apart from minor sources (like Ke 4 ) the main information of 'TT'TT and K'TT 

scattering comes from the so-called Chew-Low Extrapolation. (3 ) Measuring 

the cross section for 'TTA -+ 'TT'TTA1 
, one can obtain by performing the limit 

dO'('TT'TT-+ 'TT'TT) = lim 
2 t-+m 'TT 

. 2 
t-m . 'TT 

V'TTAA' 
(2.1) 

the 'TT'TT cross section [t is the momentum transfer between A and A', and 

... 
'"work supported in part by the U. S. Atomic Energy Commission. 
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FIG. 1. Number of meson states listed in the PDG tables 
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V(t)TTAA' the TTAA' vertex] . In the physical regibn other exchanges contribute, 

as the appearance of M::rfOTTTT decay moments in the t-channel helicity system 

(THS) shows, and therefore a precise extrapolation requires- the understanding 

also of the non-TT-exchange amplitudes. 

A. TTTT below 1 GeV 

The old question of the so-called up-down ambiguity of the I = 0 TTTT S-wave 

above the p -meson was resolved two years ago by Proto popes cu et al. ( 
4

) in 
; -

favor of the down solution by extrapolating the reactions 

(2.2) 

(2.3) 

according to Eq. (2.1). As we will see later, this can be justified in this case. 

Last year the result(S) of a high-statistics experiment of the CERN-MUNICH 

spectrometer for 
- - + TT p-+TT TT n (2 .4) 

at 17 GeV/c _(300K events) and this year( 6) at 7 GeV/c (40K events) had become 

available. The measurement at the lower beam momentum has been done be-
L cause of the ~uch better acceptance at low TTTT masses. The moments (YM) 

in the p region at 17 GeV /cas a function. of ,.,J-1 are shown in Fig. 2. One sees 

that large M = 1 moments in the THS occur. More seriously, all moments 

are almost constant as a function of ,.,J-1 below It! <0.15Gev 2 , which makes 

a simple extrapolation according to (2.1) prohibitive. Therefore additional 

assumptions have to be made. All analyses done on the CERN-MUNICH data 

are more or less motivated by the following simple model, the so-called 

electric Born term model (EBTM). (
7

) It leads to the same amplitudes as the 

poor man's absorption model. (B) To the TT-exchange graph (OPE) one adds 

the nucleon Born terms as 

TT 
TT TT TT TTTT 

T = + n + (s +-+u) 

n 
p 

p n 
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At small It I A 2- exchange can be neglected. The graphs (2.5) lead to the fol

lowing predictions for the ratio of 1r1r moments (SHS) at high energies: 
m t+ m 2 

(Y2)/(Y2)= 1r1r 1r 
1 2 2 _r-;:-

2m "'-t 
1T 

2 
t + m . 

1T (Y~)/(Y~) =[¥ 2 2 4 
t +m ·t+m 

2 t+m 
1T 

m 
1T1T 

1T1T 1T 

(2.6) 

As Fig. 3 shows~ these predictions are in excellent agreement with the data.( 5) 

The zero at t = m2 
is nicely reproduced. Other properties of this model are: 

1T 

SC: only nucleon flip in the SHS occurs, therefore one has spin coherence 

at the nucleon vertex. 

PC: ·Since the Born terms are real, amplitudes with the same angular mo

mentum £ of. the 1r1r system have the same phase (phase coherence). 

CM: It expiains why the THS moments m = 0, 1 are approximately constant 

as a function ~f t (It I< 0.15 GeV
2
). The original purpose of introducing the 

EBTM was to couple the p to a conserved current.(?) instead of using such 

an oversimplified model for extrapolation, one uses all or partly the assump

tions listed above. In the presence of S and P waves SC is sufficient, (9 ) for 

inclusion of higher waves PC is also needed. ( 10 ) CM is very convenient be

cause it avoids any extrapolation in t. As shown in Ref. 11 one can use the 

moments in the region 0.01 < t < 0.15 Gev
2

. All other analyses use amplitudes 

with the same spin structure as in the EBTM to extrapolate to the pole. The 

five recent analyses done on the CERN-MUNICH data are listed in Table I 

(input data, assumptions, mass range, and type of analysis). All are essenti

ally energy (m ) independent. Ochs et al. (H) constrained their energy-in-
1T1T 

dependent analysis by a K-matrix fit, in order to remove the ambiguities 

above 1 GeV (see below) and to fix the D-wave below the p -mass (essentially 

the tail of the f meson) which is very poorly determined by the data, as 

pointed out in Ref. 12. Manner(b) fits several small t and m bins to a 
1T1T 

parametrization in t and m . Both EM and Manner use dispersion relation 
. 1T1T (14) + -

predictions by Basdevant et al. for the D-wave. All 1r 1r analyses use 

I = 2 phases which are compatible with a recent determination of Hoogland 

et al. ( 15) In a previous publication of EM they showed that apart from the 



-6-

10 10 

8 

a 6 
i 

0 
I I 11 

,, '0' 

-2 

-4 

I I 
c 

-0.4 -0.4 

-0.6 """"'---'----'----..___..___.____.____.____"'----'----"-0.6 
-t {G~Vtc)2 

XBL 749-1625 r 

FIG. 3. Ratios of 1T1T moments as function oft (same data 
as Fig. 2) in the s-channel helicity s2stem. 
(a) - (Yf)/(Y~), (b) - (Yp, (c) (Y1)/(Y6). In all 
three cases the zero at t = m2 as predicted by the 

iT ' 
EBTM _(curves) is clearly demonstrated. 
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.. TABLE I. Analyses of the CERN -Munich data. 

Input data Plab = Range of 
m'IT'IT Type of 

Reference (GeV /c) Assumptions (GeV) analysis 

Ochs( H) 17 sc, PC, CM 0.61-1.89 EI + K matrix 

EM(12) 17 sc 0.51-0.97 EI 

EM(13) 17 SC,'PC, CM 1.02- 1. 78 EI 

Manner 17 sc, PC 1.0 - 1.89} EI, over 

Manner 7 sc, PC 0.28-0.56 
large m 

'IT 'IT 

and t bins 
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usual phase-coherent solution, an incoherent ~olution .is ~lso pps sible, ( 13 ) 

which can be ruled out by comparing the S-wave with 1r 0 1r 0 data(i 3 ) or. results 
+ + - ++ from 7T p -.'TT 7T ~ (see below). To compare the results we use for the I = 0 

S-wave a nonrelativistic effective range formula 

_£_ 
m 7T 

cot tP 
0 

1 1 2 =-o--zrp, 
ao 

(2.7) 

where p is the 'TT'TT center-of-mass momentum. Figure 4 shows that the three 

groups agree we.ll (a rather unique situation in phase shift analysis), and the 

simple formula (2.7) fits the data up to the KK threshold. For the P-wave we 

use a relativistic Breit-Wigner formula for the p, leading to 

cot o1 
= 

1 
(2.8) 

where Po denotes the value of p at s = s 0 . The extra factor 1 /.fS on the 

left-hand side of Eq. (2.8) reflects the fact that r(s) is a total decay rate and 

therefor.e not Lorentz invariant. Again all analyses agree among each other 

and with (2.8). In principle of 7 GeV /c data are subject to a 15o/o normalization 

error which applies simultaneously to the Sand P wave. A big change in the 

normalization would spoil the good agreement between the S and P wave derived 

from the 17 GeV /c data which are normalized to the unitarity limit of the p . 

The low- energy parameters from the fit are listed in Table II. They pose 

several difficulties with theory. Both scattering lengths fail the predictions 

of Weinberg(
1

b) by a factor of 2 to 3. Du~ to the drastic simplifications en

tering this calculation, we consider this as not seribus. A value of 0.5 m - 1 
7T 

for ag is compatible with Ke
4

, 1T 0 1r0 (
14) and K-+27T. (17) Results( 18 ) from an 

analysis of low-energy 'TTN data with dispersion relations lead to a somewhat 
0 -1 . 0 

smaller value a
0 

= 0.12 ± 0.18 m'TT . The very small value of -0.06 < a 0 < 0.03 

m-
1 

obtained from 7T production data near threshold is based on a misuse of 
7T (19) . 

the isobar modeL Also, (2. 7) has no second sheet pole corresponding to 

the badly needed E resonance. The data do not rule out a more complicated 

formula that can contain a distant resonance pole. ·Nevertheless the 

I = 0 S-wave reflects strong attractive forces in this channel. This strong 

attraction is denoted by E in the following, independently of whether it corre

sponds to a resonance or not. The most serious trouble is the value of 



. .: 

0 0 .U 0 ~ I 0 S 0 J 6 

-9-

s/m~ 
10 20 30, 40 50 

4~----~--~----~----~----~----~--~~--~~ 

3 

00 2 
c.o 
C' -0 u 

0.2 

+ Manner 
+ Estobrooks-Mortin 
t: Ochs 

0.4 0.6 
s(GeV2 ) 

0.8 

XBL745~331.4 

FIG. 4. I= 0 lTlT S-wave from two analyses done on the 
17-GeV/c data[+=- Ref. 12, +=-Ref. 11] and one 
analysis [• = Ref. 6] on the 7-GeV /c data from the 
CERN-Munich group. Plotted is p/mlT cot og as a 
function of s = m2 . The straight line corresponds to 
a .nonrelati vi stic lTe"l'fecti ve range- formula. (see text). 
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TABLE II. Low-energy parameters for 1T1T scattering 
(based on the straight-line fits in Figs. 3 and 4). 

Experiment 0.48 ± 0.02a 

· Weinberg( 16} O.t7 

r·m 
1T rso 

(MeV} 

0.53 ± 0.03 779 ± 1 

a · 0 
Phases of Ref. 6 alone lead to a

0 
-1 =(0.44±0.10)m . 

1T 

ro 
(MeV} 

150 ± 10 0.10±0.01 

0.033 
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of a
1
1 = 0.10 m- 3 . Di sper sian relation calculations ( 

14
) predict almost the 

'IT -3 
Weinberg value of 0.033 m inside narrow limits. A large value seems to 'IT 
be very hard to accommodate without introducing new singularities (see D. 

Morgan's mini rapporteur's talk). 

Preliminary results of a group working with then 

reaction 'IT- p-+ 'IT- 'IT+ n at 3.2 GeV /c indicate a value of 

spectrometer( 20) on the 
0 .4_ -1 ll 

a 0 + 2 = (0 .26±0 .0 S)m'IT 
+ -for the 'IT 'IT scattering length, closer to the current algebra value. However, 

they neglect any P-wave and non-OPE contribution in the Chew- Low extrapola

tion. In view of the puzzling results, we want to remark that all analyses of 

the CERN-MUNICH data make the assumption of spin coherence for the un

natural exchange amplitudes. Two checks are possible. From SC it follows 

that the rank of the 'IT'IT density matrix cannot exceed 2. In the p region posi

tivity allows a determination of the eigenvalu~s of the density matri) 21 ) which 

are shown as a function of r-f in Fig. 6 for the 17 -GeV /c data. Only two·. 

eigenvalues are significant from zero, as one would expect from SC. If this 

is not true for smaller m the 'IT'IT phases may change. An ultimate check 'IT 'IT 
can be only provided by experiments with a polarized target. Another con-

sistency check(
22

) can be made by using the reaction (2.2). We assume the 

f91lowing simple spin structure of the ~p system (r p, r ~ are the helicities of 

~ and p): 

(2.9} holds in the following cases 
. (25} 

1} 'IT-exchange + absorption. 

2) Stodolsky-Sakurai for natural exchange. <23 } 

3) Quark model of Bialas et al. ( 24} 
+-f- -- (22) 

4} (~ p} couples to a conserved current. 

T 
r - r 
~ p 

(2.9) 

(2.9} reduces the number of independent amplitudes by a factor 8/3. It can be 

tested by using the double decay momenta of the p and~. These predictions 

are found to be in good agreement with the data. (
22

) As surning (2 .9}, the con

tribution of the natural exchange can be _projected out by the following com

binations of ~-moments: 

Knowing the amount of natural exchange to p production, the S-wave can be 
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FIG. 6. The eigenvalues x of the S-P wave rrrr density 
matrix in the p region as a function of ,;-::f. (from 

·Ref. 21). If spin coherence is valid, only two can 
be non- zero. 
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determined experimentally and compared with the prediction of rr + rr- phase 

shifts. The experimental values for the S-wave rr + rr- cross section are shown 

in Fig. 7 together with the cross sections calculated from (2. 7) and the non

phase- coherent solution of Ref. 13. Clearly the latter can be ruled out by the 

data. Also the drop in the cross section due to the opening of the KK threshold 

is clearly visible in the data. The agreement of the phases of Ref. 4 with these 

data and the determination from rr- p-+ rr + rr- n supports their method using the 

extrapolation formula (2.1) without considering any non-OPE background. 

Another possible bias results from the poorly known I= 2 phases. Dis

missing somewhat deliberately all results from low energy( 26 ) and from 

deuterium experiments( 26 ) the remaining more recent determinations( 15 • 27) 

are in reasonable agreement (see Fig. 8) but do not allow any separation be

tween scattering length and effective range formula. The I = 2 phases seem 

to correspond to a smaller value of a~ which gives another inconsistency for 

the dispersion relation calculations. In Ref. 28 a large negative I = 2 scattering 

length is claimed from an experiment at 5 GeV /c on rr + p-+ rr + rr + n. In view of 

the apparently large systematic errors in this determination, this result should 

be treated with caution. 

B. rrrr above 1 GeV 

Above m = 1 GeV rrrr becomes inelastic and therefore ambiguities must 
TrTr 

occur. To fix the unknown overall phase M'anner uses the Breit-Wigner reso-

nances f and g; Ochs et al. ( 
11

) require the same phase as in the energy

dependent K-matrix fit. EM( 13) express their results in moduli and relative 

phases. Since their finding is very similar to those of Ref. 6, we will not 

discuss it in detail. The remaining discrete ambiguity can be characterized 

by the imaginary parts of the zero trajectories( 29) in z = cos() : .. 
TrTr 

L 
T(s,z) = z

0 
Il [z- z.(s)]. 
i=1 1 

(2.11) 

If only IT 1
2 

is measured, z.-+ z * leads to a 2L ambiguity for L + 1 partial 
1 i 

waves. Continuity in energy requires that a transition from one solution to 

another can occur only where Im zi (s) = 0. Since the interference of the 

OPE with the background is also measured, this treatment of the ambiguity 

is not quite correct. One has to reflect Im z. ( s) and perform a new fit to the 
1 

data. A plot( 6) of Irn z. ( s) as function of ..[8 = m is shown in Fig. 9. The 
1 TrTr 

solutions compatible with unitarity can be labelled by the values of Im z. at 
1 

•. 
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FIG. 7. lTlT S-wave eros s section (Ref. 22) from the re
action lT+p-.. lT+lT-6++ at 7 GeV /c as function of MlTlT 
(0< I t I < 0.4 GeV 2). The solid line is based on the 
phases of Ref. 11 and the assumption of lT-exchange. 
The dashed line corresponds to the phase-incoherent 
solution of Ref. 12a, which is ruled out by the data. 
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-18-

m = 1.5 GeV. Since they are published, {
6

) we present two extreme cases 
lTlT 

(--- and ++-) for the S{P) wavein Fig. 10(11).· Solution(---) shows no 

structure at all. Both EM and Manner slightly favor this solution, without 

being able to rule out the {++-) solution which shows an even stronger p' so

lution. Frogatt et al. {3 0) showed that the solution of Ochs does not average 

any reasonable Regge amplitude as duality requires. For improvement they 

take IT 1
2 reconstructed from the phase of Ref. 11 {ignoring the additional ex

perimental information from background OPE interference) together with fixed 

t dispersion-relations to determine a new phase. This method has been suc

cessfully applied by Piettarinen{ 31 ) in lTN scattering. The new solution now 

satisfies duality. Their P-wave is indicated by the dashed line in Fig. 11, 

which clearly favors the {++-) solution of Ref. 6, leading to a nice p' signal. 

If we take this as an argument for the existence of the p', still its width 

caused some confusion. In Table III various determinations (
3 2

-
34

) are col

lected together with my own fit to the phases of Ref. 11, which takes into 

account the phase space factor in the total width due to the dominant Ep de

cay mode. {
33

) One sees that r p 1 depends largely on one's prejudice about 

the background and the resonance form. Also the new solutions of Ref. 6 will 

add four more columns. 

An experimental decision about the existence of p' can be provided by 

accurate data on lT- p -+ lT 0lT 0n. As Fig. 10 shows, the S-wave is very different 

for the various solutions. Present data do not allow making any conclusion. 

Another way to, study mesons in this region is to look at their KK mode. 

Measuring lT-p-+ KSKSn, one can extract lTlT-+ KK amplitudes under assump

tion of dominant lT- exchange~ From the known lT'IT' -+ lTlT phases and two- chan

nel unitarity one can obtain o(KK -+ KK) for the I = 0 S-wave. This has been 

done by Beusch et al. (35) with their data at 9 GeV /c. The up-down ambiguity 

leads to two solutions, one showing a rapid energy variation in the f- region, 

the other favors a large negative scattering length in KK, to be expected 

from the S':' as a virtual bound state (see Fig. 12). 

At this co.nference, data on pp-+ K~K~lT+lT- in the region of Plab= 0.7-0.75 

GeV /c have been presented. {36) They found an enhancement at threshold in 
. . 

the K~ K~ mass spectrum that one would expect from the phases of Ref. 4. 

Present data are not sufficient to distinguish between a resonance and a virtual 

bound state. The result of any of those fits depends on the parametrization 

one starts with. The resonance parameters together with earlier determina

tions are listed in Table IV. 
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TABLE III. p' parameters 

A B c D E 
(Ref. 11) (Ref. 3 2) (Ref. 33) (Ref. 34) 

X 0.25±0.05 0.23 ± 0.05 0.248 ± 0.014 < 0.20 

m 
p' 

1590 ±50 1650± 50 1617 ±5 1540 1600 ± 150 

r 180 ±50 250 ±50 420 ± 20 > 350 broad 
p' 

TABLE IV. 
~:: 

S parameters 

Ref. - 36 4 11 91 92 

M 1040 ±4 997 ± 6 1007 ± 20 987 ± 6 1012±6 

r 52± 10 54± 16 30 ± 10 52± 12 34 ± 10 
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FIG. 12. KK-+ KK S-wave phases from Ref. 35 as a 
function of the KK-mas s. Above 1.2 GeV there are 
two solutions corresponding to the up-down ambiguity 
above the f-meson. 
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The decay of mesons into K+K- has been studied by the CERN-MUNICH 

group(b) and the EMS group at Argonne. 
37 

Figure 13 shows the mass spectrum 

from preliminary data(b) at 18.8 GeV /c for It!< o:zs Gev
2

. Thethreshold en-

·* hancement produced by the S effect, the interfering A
2 

and f meson, and the 

g meson are clearly visible. In the 2-GeV region the N. (Y~) distri'!lutioh. · 

shows (Fig. 14) an enhancement around 2 GeV mass. The N (Y ~)moment 
shows approximately the pattern one expects from an interference between 

the g meson and a new £ = 4 meson with M = 2 GeV and r = 250 MeV. Addi-

tional support for this interpretation comes from an experiment at the CERN 

f2 spectrometer(38) measuring tr- p -+ tr- tr + n at 12 GeV /c .. The trtr moments 

(uncorrected for acceptance) are shown in Fig. 15~ which indicates additional 

structure above the g meson due to the J. =4 wave.. Before establishing that 

this is a resonance, one has to wait for phase shift analysis to be done on 

these data. 

C. Ktr Scattering 

The low- energy Ktr system is easier to analyze than trtr, because the D-
. >!< 

wave is negligible and the K' (890) is relatively narrower. Using the pole 

. extrapolation, Matison et al. (38a) resolved the up-down ambiguity for the 

. I . * 
S-wave above the K (890) in favor of the down solution (no narrow K unless 

r < 7 MeV) by studying the reaction 
K 

( 2 .12) 

To check on the influence of non-OPE background in this reaction, we can do 

the same analysis as for the tr reaction ('2 .2) by using the b.++ moments to 

separate off the S-wave cross section. (22 ) The comparison of this analysis of 

the data of Ref. 38a with the prediction of their Ktr phases is shownin Fig. 16. 

Both agree reasonably well; therefore, the non-OPE background does not af

fect the extrapolation too much. Above 1 GeV, results from the SLAC spectrom

eter(39) are presented at this conference for reaction (2.12) and the reaction 

:_ - + 
K p-+ K tr n. (2.13) 

* Figure 17 shows the Ktr moments as a function of the Ktr mass. Both K (890) 
~~ 

and K (1400) are sitting on a large background. From the ratio of this back-

ground in the N (Y~) and N (Y~) distributions, one concludes that the background 

must be mainly S-wave (resp. SD wave interferen~e). From the absence of any 

structure in the N (Y~! moments near 1400 MeV one can eliminate the possible 3-

assignment for the K'''(1400) listed in the PDG tables. (40)In Fig.18 the moments 
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expected ihterterencc 
for M4 = 2000 MeV 

r4 = 250 MeV 

. . 0 
FIG. 14. Unnormalized .moments N (Y L)- for L = 7, 8 as a 

function of MK- ·from the reaction rr p ~ K-+K-n at 
18.8 GeV /c. 6 Tfhe curve corresponds to what is ex
pected from the interference of f( 2000) ~ K-t K- with 
(Jp = 4-+) with the g meson (Jp = 3-). 
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(nqt corrected for acceptance) from the reaction 
1r-p-1T-1T+n at 12 GeV/c. ·-
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+ -FIG. 16. K rr S-wave cross section (tit) from th~ reaction 
K+p-+ rr-6-H at 12 GeV /c 22 for It I< 0.4 GeV using 
the 0 ++ decay moments to separate natural exchange 
and unnatural exchange contribution to the Krr P-wave . 

. The curve gives the OPE prediction of the analysis of 
Ref. 38a_. 
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13 GeV /c. The high moments show evidence for a 3-
K':' ( 1800). 
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in the higher mass region [both reactions (2.12) and (2.13) combined] are 

shown. A broad bump around 1800 MeV is seen in all even moments N (Y~) 
up to L = 6. The L = 5 moment shows the interference pattern one expects 

+ * - * from an interference of the 2 K (1400) with a 3 K with mass 1800-1850 MeV 

and a width of 200 ~eV. This bump has been observed earlier, ( 
41

) but the 

statistics of these e-xperiments did not allow a determination of the spin. A 
.· -·- . (42) 

large S-wave under the K.,, ( 1400) has also been reported from an c;tnalysis 

of reaction (2.13) at 10 and 16 GeV /c. Parameterizing their result as a non

relativistic Breit-Wigner resonance (equivalent to Eq. 2.7), 

.E. cot & = 
Po 

2 
mo- s 

moro' 

they find the values of m 0 = 1245 ± 30 MeV and r O = 485 ± 80 MeV. This just 

says that one has a strong S-wave interaction, but by no means a resonance. 

Similar results have been found earlier by Cords et al. (
42

a) yielding values of 

mo = 130 5 ± 30 and r 0 = 330 ± 60 MeV. A big difference between TTN and TT'TT' 

or Krr analyses is lack of information on total cross section in the latter case. 
+ -In principle one can measure, for example, at(TT rr ) in the reaction 

t Att th" TT p _.. w + any 1ng 

by the Chew-Low extrapolation. Attempts have been made( 43 ) ignoring other 

exchanges than TT. However, the assumption (2.9) on the 6.p coupling enables 

one to separate the contribution of the high-lying natural trajectories p
1 

A
2 

· · · 

This is a definitive advantage of 6. ++ inclusive over n inclusive reactions. 

Inclusive experiments with measured 6. ++ would be of great help in the high

mass TTTT or Krr region. 

III. MESONS SEEN IN 3rr AND Krrrr DECAY MODE 

The key word in this field is the so-called Illinois partial wave analysis 

program by As coli and his disciples. ( 
44

• 45 ) How well As coli did his job one 

can see from the fact that not only his method but also his program is used 

by all analyses except one. (
46

) The amplitude for a reaction like 

TTN-o-TT1TT2TT3N (3.1) 

is expanded in quasi-two-body states p 
12

rr
3

, p 
13

rr
2

, E
12

rr
3

, f
12

rr
3 

• · · , 

where p ik TT, fik ir, •• · stand for P, D, ... wave interaction between TT i and TTk. 

For K induced reactions 
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* one has both sequences EK, p K, fK and 'ITK, rr K (890). The amplitude for the 

process (3.1) is then expanded into partial waves 

T (3rr) = ~ DK(n
3

rr) R( sik) TK, 
PERM 

(3.3) 

ik 
K 

where D describes the dependence on the three Euler angles of the 3rr system 

usually with respect to the incoming 'IT direction (THS), K abbreviates the total 

spin J, helicity r, decay system p rr, E'!T, · · · and parity. R(sik) contains the 

phases describing the rrirrk subsystem and TK are the amplitudes for producing 

the 3rr system. Finally one has to sum over all K and the three possible 

permutations of rr 
1 

rr 
2 

rr 
3

. For reaction (3 .1) this is necessary to satisfy 

Pauli's principle. Still (3.3) is the most general expansion. Assumptions 

come in by the so-called isobar model:( 45 ) 

(i) One restricts J to values less than 2 or 3, depending on the total mass 

M
3

rr of the 3rr system and neglects all contributions where rr i, rr k are' in an 

exotic state: · Experimentally there is no need_ to include helicities lr I > 1 in 

the THS. Therefore only amplitudes Tk with lr I < 1 are considered. 

(ii)' In general TK depends on the total energy s, momentum transfer t, 

and the Dalitz plot variables. Factorization implies that T depends only on 

the production variables s ,M 3'!T, and t. 

Due to limited statistics many additional assumptions have to be made as 

to phase coherence (all amplitudes with the same J are relatively real), spin 

coherence (only no flip at the nucleon vertex), etc. All analyses perform 

maximum-likelihood fits to include cuts for N>:< production and acceptance 
+ + + -corrections. There are two ways to perform the fit. The rr p -.. rr rr rr p 

analysis at 7 GeV /c of Ref. 46 uses the amplitudes as fitting parameters, 

h 11 h h d 
. . (42, 44, 47-51) 

w ereas a ot · ers use t e 3rr ens1ty matnx, · 

KK 
p = ~ 

nucleon 
spins 

( 3. 2) 

This choice has the advantage of a unique solution. However, one has to 

worry about the rank condition (Rgp 54). Using the amplitudes this is built 

in, but then one has to fight against the ambiguity problem, as for any partial 

wave analysis. For low values of J both are equivalent. Since most of the 
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results on 3rr are known I will discuss only a few topics which are new and/or 

have impact on the existence (or nonexistence) of resonances. The only estab

lished resonances are A
2

(1300) in 3rr and the K>:<(1400) in Krrrr. A split A
2 

is 

now conclusively ruled out by a BNL experiment( 5
2

) with more than 10 standard 

deviations in the reaction 1T- p _. K°K- p at 23 GeV /c. At the last conference 

C. Michael( 53 ) concluded on the basis of private communications that the energy 

dependence of the production cross section of A
2 

decaying into K°K- drops 

f h -n 'h 05 . 't d (42,44,47) M . aster t an s Wlt n = • , as seen 1n 1 s p 1T ecay. y vers1on 

of private communications of CERN results(
54

) are shown in Fig. 19. 

a(A
2 

_:. p rr -)has the same energy dependence as a(A
2 

_. K-K0 }. Since the ratio 

A
2 

to A
1 

or A
3 

production is independent of the energy, A
2 

must have a sub

stantial coupling to P exchange in addition to p and f. Support for P and f 

coupling comes from an experiment on 3rr production on nuclei. (50) Figure 20 

shows that both 1+ and 2+(A
2

} cross section in the region 1.2 ::;M
3

1T < 1.4 have 

the sharp increase at small t due to coherent production. A
2 

is suppressed 

since ~~ (A
2

} must vanish at t = 0 because of parity conservation. This ex

plains why A
2 

has not been seen in bubble chamber experiments on coherent 

production of deuterium. (51 ' 55) From that we conclude that p exchange 

(dominant spin flip) cannot be large. To check this we consider the charge 

h . + + - o ++ (56> h I . exc ange reachon 1T p- 1T 1T rr t::. • T e 3rr mass spectrum at 7 GeV c 1s 

shown in Fig. 21. Using the coupling (2.9} for the t::.++ p vertex, we can sep

arate natural exchange (shaded area}. There is hardly any A
2 

signal left, 

which means A~ must mainly be produced by B exchange and not by p. The 

suppres sian of p exchange in the A
2 

production has been predicted theoreti

cally by Hoyer et al. (5 ?} and G. Fox et al. ( 1} 

Now we turn to A
1 

production, the peak of 1+ S (prr) wave near M
3

1T= 1100 

MeV. As shown by As coli et al. (58 } the main features can be accounted for 

by the Deck model. Especially the prediction of the relative phases between 

the various amplitudes are in surprisingly good agreement with experiment. 

The relative amount of P and f exchange for A
2 

production can be obtained 

by a Regge fit to a(A
2

} (solid line in Fig. 19). Adding the A
1 

Deck model to 

A 
2 

production, one can predict the relative production phase (52) between the 

A 1 and A 2 , shown in Fig. 22 as a function of Plab for various t intervals in 

agreement with the experimental data. Another striking feature is the cor-
+ rect prediction of the relative phase of ,... 90° between the 1 P(Err) and the 

1 + S( p rr) waves in the A
1 

region. ( 58 ) The mass spectra for the 1 + S ( p rr) and 
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FIG. 20. Contribution of the 1 +s and 2+D states to the 
rrA-+ 3rr.A! cross section at 23 GeV /c from . 
Ref. 50 in the mass range 1.2 < M

3 
< 1.4 GeV as a 

function of t'. The curves are fits -gf the form eBt' 
(for 1 +) and It' I eBt I (for 2+). 
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of Refs. 44 and 47, and the curve is the prediction of 
the Deck model for A 1 and a P-f Regge fit for A 2 
(taken from Ref. 59). 
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2+D (plT) waves are shown in Fig. 23 together with the relative phase to the 

0- wave from Ref. 46: A
2 

shows the phase variation as expected for a B. W. · 

resonance, whereas A
1 

shows for Jt J < 0.1 GeV
2 

no sighlficant phase variation. 

Also the peak moves going to the J t J-interval 0.1 < J t } < 0.6 GeV
2

. All this 

makes a resonant interpretation very doubtful. Bowler 
60

) proposed a model 

of a superposition of a diffractively produced resoance and a background 

picking up the resonance phase- by final state interaction. By appropriately 

chosen coefficients this leads, as he says, to an almost constant phase in the 

total amplitude and to a reasonable fit to the A
1 

line shape of Ref. 47. He 

predicts the mass of the A
1 

to be about 1300 MeV. This rather artificial 

resonance interpretation of the A
1 

is mainly motivated by the need of the 

quark model for 1 + states. Clearly analysis of charge- exchange data will be 

able to make the decision, if it is not done already (see Fig. 21). In their 

6 GeV /c lT + d data S. Dado et al. (61 ) found in the final state lT +K+K- d an en

hancement around 1575 MeV in the 1rKK mass distribution. They identify this 

bump with the F 
1

(1540) meson. The decay di~stributioris are compatible with 
- + + -·' 2 and 1 . 1 and the observed dominant K lT decay would allow a Deck-

- type interpretation. 

Another problematic state is the A
3 

bump [2- S (f1r)] around 1700 MeV. 

Figure 24 shows the phase of this wave relative to 0- as function of M
3

lT. Ex-
. t . th + ( 4 8 ' 4 9) f h . . h - . . penmen s w1 lT seem to avor a p ase var1ahon, w ereas lT experl-

ments(44• 47 ) do not. Sine~ N>!' pollution may affect the angular distribution in 

experiments with lower beam momentum, we have to wait for further experi

ments at high energies and better statistics before claiming any effect. 

The results on KlTlT are much less conclusive, because the system is more 

complicated and usually much fewer statistics are available. In addition one 

has in the non- charge- exchange reaction K and lT with equal charge. In the Q 

bump roughly 25o/o of all events allow also a fit with interchanged K and lT. This 

is precisely the region where one can distinguish Kp and K,:,lT final states. In 

a study( 49 ) of the reaction lT + p-+ lT + lT -lT +p at 8, 10, 23 GeV /c and K- p-+ K-lT -lT + p, 

K 0lT+lT-n at 8, 10, 16 GeV /c( 62 • 63) the (3lT) and the two K reactions have been 

compared. Their results are quoted in Table V which gives the fraction of un

natural states (0-, 1 +), natural exchange, resonance production in 2+, the mass 

interval, and the exponent in a- Plab-n Obviously the (3lT)
6 

Q = 
0 

and 

(KlTlT)b.Q=O behave very similarly, but also (KlTlT)b.Q= 1 has a large fraction of 

natural exchange in contrast to what we saw before the (3lT) b.Q= 
1 

b.++ reaction. 
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TABLE V. Contribution to the (3'11") b.Q = 0 and 

(K'1T'IT)6Q = O,i cross section 

for 'IT+p-'IT\r+'IT-p(-49) and Kp-K'IT'ITN. (62,63) 

. Unnatural spin Natural + 2 resonance Mass 
parity (31t) states exchange contribution interval 

- 90o/o -iOOo/o -1 Oo/o 0.8-2.0 

-90o/o -95o/o -10o/o 1.0-2.1 

-6 So/o -soa;o -3 So/o 1.04-1.56 

Exponentn 
in aa:P- n 

lab 

-o.s 

1.5-2 
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ot 10 and 16 GeV/c 
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p 2-J • s-wove I K.(I420)Tr • K! 12 

a) 
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9 Olfferen~e I 
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b) 
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M ( K 7T 7T ) , Ge V 
XBL 749-1640 

FIG. 25. a) Comparison of the experimental Kmr mass 
s~ectrum (solid line) with the contributions of 
1 S(K':' rr + Kp) (+)and z- S(K':'(1400)rr +Kf] (*). 

b) Difference between the total mass spectrum 
and the combined 1+s and z-s intensity. 
This shows that apart from 1 +s near 1300 ( 2-S near 
1700 MeV) other partial waves must be present to 
build up the Q(L) enhancement. 
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K-p-K_1r_1r+p 40 GeV/c 
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+ >:< 
FIG. 26. b) Relative phase of 1 S(K TT) against other 

partial waves as a function of MK showing a similar 
behavior of the Q as the A 1 . TTTT 
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Only the energy dependence behaves differently. In Fig. 25 the mass spectrum 
' + • 

of Ref. 62 is given together with the fraction which goes into 1 (K,,.1T) and 2 

[K':'':'(1400)1T]. These states do not exhaust the Q and the L bump; other states 

must be present. CIBS-ILL(
64

) assumed that the analogous states are present 

as in the 31T system. Their result for break up of the cross section into various 
+ >!< • 

partial waves is shown in Fig. 26a. 1 S (K 1r) dommates, but there are other 

smaller partial waves peaking at different places. The complicated shape of 

the Q bump is then due to a sum of many small partial waves added to the 

dominating 1+ S-wave. As in the A
1 

case there is not indication for a phase 

variation of 1+ over the Q bump region (see Fig. 26b). Also there is no need 

for two resonances QL and QH which have been proposed(
65

) to explain the 

non-B. W. shape of the Q. The analysis of Ref. 66 more or less confirms 

these conclusions. Due to the lack of statistics, the final states in many waves 

are assumed to be phase coherent. Releasing this constraint for the 1+ S(Kp) 
+ * . 66 and 1 S(K 1T) waves phase coherence seems to be badly violated. This can 

be finally answered only by experiments which identify 1T and K. 

IV. FORMATION EXPERIMENTS 

This field is characterized by many new data, but no reliable analysis has 
(67) 

been performed. At the last conference all the narrow S, T, U states 

claimed by the CBS group( 6 B)have been buried in the background. The first 

(S) has risen as the new total cross sections from the BNL( 69) on pp andpd 

show. A narrow bump withprobably I = 1 has been observed at M = 193 2 ± 2 

MeV and r = 19 ± i MeV. In the following we want to discuss new experi

ments in the T and U region showing that these states must be much broader. 

The reactions investigated are: 

pp --. pp, nn 

PP __. 1T + rr- , 1To1To 
- ·+ - . 
pp "+ K K , KL KS 

(4.1a, b) 

(4.2a, b) 

(4.3a, b) 

In reaction (4.3b) at a mass 1970 MeV a structure in the cross section has 

been reported, (70) which has not been seen by Ref. 71. New data of Ref. 72 

favor the result of Ref. 71, as the authors say. 

Another way to measure NN -.rrrr consists in the Chew- Low extrapolation 

of the reactions 

1T- p -.(pp)n 

rr-p-.(pn)p 

(4.4) 

(4. 5) 
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with a slow n(p). Reaction (4.4) is the only pure 'IT exchange reaction I know of. 

To see this we can compare the expansion coefficients(
73

) a of the cos 8-. n pp 
distribution in terms of Legendre polynomials .at small t with the corre-

. sponding on-shell moments(7
4

) derived from reaction (4.p~). As Fig. 27 

shows, both are in reasonable agreement. The coefficients show a typical 

resonance-dominated energy behavior. Reaction (4.5) has been measured in 

an experiment with the ·n:-spectrometer at 12 GeV /c. (
75

) The cos epn dis

tribution changes rapidly with M- (Fig. 28a). pn is a pure I = 1 state. If 
pn 

only 'IT-exchange contributes, the forward- backward asymmetry should vanish, 

which is nicely satisfied experimentally (Fig. 28b). For both reactions (4.2a) 

and '11':'11'- .... pp as derived from (4.4), partial wave analyses have been 

t · d 7 3 ' 7 4 N f · · 1 . b t . . t . . t ld b d ne . o 1rm cone us1on a ou sp1n-par1 y ass1gnmen cou e rawn 

except (i) several resonating states together with a complicated background 

are needed, (ii) if there are any resonances, the daughter level is populated. 

Certainly polarization experiments can turn pp .... '11'1T into a rich field for reso

nance hunters. Also the data of the Brown- Bari-MIT collaboration on 

pp .... '11'0 rr0 , TJ'II' 0 in this energy range (results at one energy have been submitted 

to this conference <76))are very useful for separating the two isospins. New 

data on the enhancements - 2.2 GeV (so called T- region) and- 2.4 GeV (U- region) 

have been repOrted at this conference (eros s section( 77) for reaction ( 4 .16) and 

da, f ·. b th t' (41)( 78 • 79 )] Th T d U .ff t dt e = 180 o or . o . reac 1ons . . e an e ec s are seen as 

bumps in a (pp-+nn) (Fig. 29). Figures 30a, b show the backward cross section 
- - (78) - - (79) 

for pp-+pp and pp-+nn as a function of Plab' indicating a fair amount of 

resonance production in that region. The T and U enhancements have been . 
' - (80 81) - 0 0 0 (82) 

observed earlier in several other experiments: .at(pp) ' and pp-+p p 'IT . · 

Table V lists the values for mass, width, and cross section for both enhance

ments. Since in none of the cases has spin parity been measured, different 

reactions can very well show different objects. 

V. MISCELLANEOUS RESULTS 

Various other topics will be covered by the mini- rapporteurs. I will 

mention· only a few results: The spin parity of the TJ' (960) can be still 0 or 

2-. The Dalitz plot favors 0-, whereas TJ' in the K- p-+TJ 1 A data of BNL

Michigan (
83

) shows anisotropic decay angular distributions in the very forward 

direction. New data of C. Baltay et al. do not support these anisotropies;(
84

) 

for a detailed discussion see Ref. 85. The most puzzling fact is the large 
+ - + -ratio R of the electromagnetic decay TJ 1 -+1T 1T y and the strong decay 11'-+rr rr 1']. 



u u u 0 4 J 0 8 0 5 4 

-45-

t 

t 

t 

1.8 2.0 2.2 2.4 2.6 2.8 3.0 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

INVARIANT MASS (GeV) 
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FIG. 27. Legendre coefficients for the differential eros s 
section of pp-+ rr-rr + as a function of the invariant 
mass (.from Ref. 74). The open points are results 
fron1 the reaction rr-p-+ ppn, assuming rr exchange. 
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FIG. 28. Cos f)- distribution (THS) for the reaction 
pn ( ) ~ 

rr-p-- pn pat 12 GeV /c 75 for various pn masses. 
If only rr exchange contributes, the forward- backward 
asymmetry has to vanish, which is shown in the 
bottom histogram as a function of M- . 

pn 
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FIG ._30. _a) Backward cross section (da /ciD) 
180

o for 
pp-+ pp as a function of the laboratory momentum 
[ >f:, Ref. 79; •• Ref. 93; ¢, Ref. 94]. 
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FIG. 30. b) Backward cross section (da/du) _
0 

as a 
function of the laboratory momentum for u-
pp-+ rin (_,from Ref. 78) and pp--. pp (¢from Ref. 94). 
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TABLE VI. T, U parameter 

RAS( 81 } O'T 
(80) o o o(85} p p 1T 

- -( 77) pp-nn 

MT 2193± 2 2187± 3 -2200 -21so 

MT 98 ± 8. 56± 8 -6o -so 

aT(mb) 2.32 ± 0.13 1.85 ± 0.25 1.5-2.0 -o.2 

Mu 2360± 2 2363± 2 -2360 

ru 168 ± 8 171 ± 10 -150 

au(mb) 2.06±0.20 2.52±0.18 ? 
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A recent evaluation based on the world data (8 S) yields 

R = 0.87 ± 0.06 . 

If T) 1 is indeed 2-, then the angular momentum barrier would suppress the 

strong decay. 

There are new results on two radiative decays using the Primakoff 

effect. (86 ) Browman et al. (87 ) meqsured the T)-+2y decay rate 

r(T)-+2y) = 0.324 ± 0.046 (keV), 

which is 3.5 standard deviations away from the previous value( 88 ) r = 1.0 ± 0.2 

keV. As the authors of Ref. 86 point out, their data are in rough agreement 

with·the raw data of Ref. 87, and they concluded that the background has been 

underestimated in the old experiment, From coherent production of p- on 

~uclear targets, B. Gobbi et al. 89 found a value for the radiative decay 
-

p - yrr 

r(p--+ TT-y)= 35 ± 10 keV, 

which is in poor agreement with the SU
3 

prediction of - 100 keV. 

Exotic mesons have been searched for and no evidence has been found for 

their existence. This subject has been reviewed recently by Cohen. (90) 

VI. CONCLUDING REMARKS 

One of the striking features of meson spectroscopy is the persistent ab

sence of states with spin-parity o+, 1 + (E, €, A
1 

Q · · ·) which are needed in the 

quark model to fill up the L = 1 qq multiplet. Those states all have in common 

that they are S-waves in their main decay mode (€ -+ rrrr, K ....... KTT • · ·). If we 

interpret the quark model as providing strong attractive forces in non- exotic 

channels, the following qualitative argument can give an understanding of why 

€ or K should not be seen as resonances. If the potential between the two rr' s 

has a simple shape with finite range (dashed line in Fig. 31), one can have 

for the S-wave either a bound state for strong coupling or a strong phase shift 

for smaller couplings, but not a resonance, which requires a repulsive wall in 

order to trap an unstable state. Such a wall is provided by the angular mo

mentum barrier for P and higher waves (dotted line in Fig. 31), which gives 

the shape as indicated by the solid line when added to the potential. Such an 

effective potential can easily give a resonance. This explains how one can 

reconcile the observed strong $-interaction in both rrrr and Krr with the quark 

model. 
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