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Abstract: The available charge-exchange data for zrN ~ pN, rN ~ coN and p-co interference ef- 
fects in the momentum range 6-17 GeV/c are analyzed. Duality considerations are used to 
constrain as much as possible the exchanged Regge poles and also to relate their contribu- 
tions to those made by the same Regge exchanges in rrN -~ f°N and 7rN -~ A2 N. Combined 
with an empirical investigation of the Regge cut contributions, this allows a simultaneous 
description of vector and tensor meson production. The resulting amplitudes are used to pre- 
dict interference effects in the common KK decay channel of f0 and A 2. Other predictions 
include K*(1420) and K*(1420) production, and many polarization effects. 

1. Introduction 

With the increasing abundance of data on resonance production processes, it has 
become possible to investigate closely the structure of the exchange amplitudes. The 

usefulness of a description in terms of t-channel Regge-pole exchange with s-channel 
modifications (cuts or absorption) has been confirmed [1 ]. The simplest approach 
would be to restrict the Regge-pole exchanges by dual constraints (exchange degen- 

eracy, etc.), factorization and SU(3), and to restrict the cuts to amplitudes of zero 
over-all helicity flip n. We shall pursue such a simple approach with its considerable 
predictive power and shall try to identify any possible indications for relaxing the 

constraints. 
The advent of spectrometer data on the production of higher mass resonances 

will introduce a further exciting line of investigation. Higher mass (and spin) reso- 

nances are produced in reactions that have the same exchange quantum numbers as 
their basic counterparts (e.g. nN -~ f0N or 7rN ~ gN relative to 7rN -~ pN). It is thus a 
challenge to existing theories to account for the production mechanisms of such 
states. Dual theories, both more generally through local duality applied to finite 
mass sum rules [2, 3], and more specifically from the explicit dual model vertex 
structure [4], have characteristic predictions to make. We use these ideas to make a 
preliminary study of tensor meson production based on the knowledge of vector 
meson production. 

In sect. 2, we discuss the available data ( 6 - 1 7  GeV/c) on nN ~ oN and rrN ~ coN 
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and establish models for the exchange contributions. Interference effects between p 

and co production amplitudes are observable as a result o f  p - c o  electromagnetic 
mixing in the 7rTr decay, and also from comparison with the SU(3) related pro- 
cesses KN -~ K*N and KN -~ K*N. Our decomposit ion of  the p and co production 
amplitudes into exchange contributions is consistent with data on such interference 
effects and, in sect. 3, we discuss predictions for nucleon polarization observables 
which will provide further insight into the amplitude structure. 

Armed with a model for vector meson production,  in sect. 4, we use the dual 
model expectat ions as a guide in discussing the charge-exchange tensor meson pro- 
duction reactions ~rN -+ f0N and ~rN -+ A2N. The available data are well described. 
As an additional sensitive test, we present, in sect. 5, predictions for the interference 
effects to be seen in the KK decay channel which is common to A 2 and f0. Likewise 
K*(1420) and K*(1420) production are discussed. 

Conclusions are presented in sect. 6. 

2. Vector-meson product ion 

Spin-I meson product ion on nucleons involves six helicity amplitudes which are 
connected to the observable density matrix elements as follows (see also appendix A) 

o~ = P o o d o / d t  = I P ° l  2 + IP 0 I 2 = [Pol 2 , 

°-u = (P l l  - P l - 1 ) d ° / d t  = IP~_-+ 12 + IP+-12 = IP_ 12 , 

°n = (Pl l  + P l - 1 ) d ° / d t  = I P ~ I  2 + I P ¢ - I  2 = IP+I 2 , 

~fJ  Re P l o d O / d t  = Re (P~-+P~_ + e &  P°+*_) , (2 .1 )  

where 

+ - /'1-(~t1+1 + 1 
Pf, v - v ~ ~=. Xv - H a y )  • 

Allowance [5, 6] can be made for the presence of  S-wave background under the 
P-wave vector meson signal. Thus the modulus of  X = 0 and 1 unnatural parity ex- 
change contributions (o~) and o u ) ,  their interference Re Pl0 ,  and the natural parity 
exchange contr ibut ion o n can be separated. Further  separation o f  the amplitudes 
requires, at present, assumptions about the nature of  the exchange contributions.  
In principle, however, polarization observables will allow [7] a determinat ion of  the 
moduli  and relative phases o f  each amplitude. In practice, an incomplete set o f  po- 
larization measurements (e.g. polarized target without recoil polarization analysis) 
will allow stringent tests of  the assumptions to be made about exchange amplitudes. 
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2 .1 .7r -p -+pOn 

The quantum numbers allowed in the t-channel are such that only a restricted 
set of  Regge-pole exchanges should contribute.  These are discussed in turn. 

2.1.1. rc exchange. We treat the pion as a Regge pole with a slope just like any other 
particle exchange. The proximity of  the J = 0 ~z-pole to the physical region implies 
that the Regge description is essentially the same for small t as a one-particle ex- 
change expression. From consideration of  the Chew-Frautschi plot for unnatural 
parity mesons we expect 

c~,,(t) = c£(t - / / 2 )  = 0 .82( t  - # 2 ) ,  

whe re / / i s  the pion mass and the value of  c~' comes from assuming linear exchange 
degenerate trajectories 7r - H or r / -  B. The J = 0 a-pole couples only to X t = 0 
0 mesons (k  s and X t refer respectively to s- and t-channel helicity frames). Away 
from the nonsense zero at G,( t )  = 0, however, a Regge rr t ra jectory  should couple to 
~'t =/: 0 and this contr ibut ion could become significant for - t  ~ 0.5 GeV 2. A simple 
estimate of  a reasonable strength for such a X t = 1 contr ibution comes [4] from the 
structure of  the dual resonance model vertex. This yields, for the t-channel helicity 
frame, 

< _ t)  

rrg m ( m  2 _ //2 _ 3t) (2.2) 

where m = m p  and rr t_ vanishes at t =//2 as discussed previously. In terms of  s-chan- 
nel helicity amplitudes, this takes on the simple form [4] 

(23  
7r~) nl 

The more popular assumption of  taking 7r t_ = 0 leads to rrs/Tr~ = 2 x f U { m /  
(m 2 + t - / / 2 ) ,  which is significantly different in the neighbourhood of  the zero of  
lr~) at - t  = m 2 - / / 2 .  

At the nucleon vertex, the 7r Regge trajectory couples to the helicity flip only. 
Thus its contr ibut ion to p 0 _  and P ~ _  will be in the above ratio. A simple para- 
metrizat ion for the X s = 0 ampli tude valid up to moderate t-values is 

7tO+ - _ X/-~-t'grr rn ebTrte ~iTrc~rr(t) ( PL t c~r(t) p~- - (2.4) 

//2 _ t X/m 2 -- 4//2 

where PL is lab momentum and P0 is chosen for convenience as 17.2 GeV/c. A con- 
stant factor has been included to assist the identification ofgTr with the residue of  
the t-channel 7r exchange pole (appendix A). 



A. C. Irving, C. Michael, Vector and tensor mesons 285 

2.1.2. A2 exchange. The A 2 Regge pole may couple to the amplitudes P+_ and 
P+++. We expect a trajectory 

aA(t) = 0.5 + ct't. 

The ratio of  flip to non-flip coupling at the nucleon vertex may be related by factor- 
ization to that found in 7rN -+ r/N and KN charge exchange. In terms of  the invariant 
coupling A' and A for such processes we have A 2 exchange ratios 

A+ _ - ~ A  _ ~ ,  (2.5) 
A++ 2m N A '  r 

and thus r ~ 0.5 for the vector dominance expectation [8] A/A '  ~ -3 .7 ,  while 
r -  0.25 for the empirical values o f A / A '  ~ 8 found in effective pole fits to 
0 -  il + ~ 0-1+~ processes [9]. A parametrization for the s and t dependence of  the 
A 2 exchange pole contribution is 

, ~c~A(t)-I 

A +_ =-t'gAebAte-~i~rc~A(t)(P~o0) . (2.6) 

2.1.3. Cut contribution. The contributions from the rr and A 2 Regge poles have 
long been known [10] to be insufficient to describe the data on 7rN --, pN. In partic- 
ular, the data are non-zero in the forward direction, while the Regge contributions 
all vanish as t '  ~ 0. It is traditional [10] to incorporate a background, Regge cut, or 
absorptive correction C which does not vanish as t '  ~ 0. This can be motivated from 
s-channel Born term or dual arguments, via absorption of  low partial waves, or from 
a 7r-pomeron Regge cut. Our interest lies in an empirical description of  the data, 
however, so that we shall be content with a parametrization of  the cut C. The sim- 
plest assumption is that C only contributes to the s-channel helicity non-flip ampli- 
tude H I _ .  This leads to equal amounts of  cut in P+_ and P+_ .  The phase and ener- 
gy dependence of  C may be obtained from the experimental data and some theoreti- 
cal assumptions. Since Re PlO experimentally [6] has its extremum value relative to 
P0 and P_ ,  this implies that P0 and P_ have the same phase (phase coherence). Thus 
the phase of  C and of  the rr exchange contributions must be similar. Consideration 
of  their interference in P+ also leads to constraints [5] on their relative phase as a 
function of  t. A compromise, which also has the virtue of  being the naive absorption 
model result, is to take the phase from an effective trajectory 

ac( t )  = 0 + ½c~'t . 

The energy dependence of  the cut contribution is model-dependent - as a simple 
approximation we take the energy dependence to be given by the same effective 
trajectory as the phase. Thus the cut is approximated for convenience by an effec- 
tive (non-factorizing) pole with the above trajectory. Thus our parametrization is 
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, , a c ( t )  - 1  
+ 'brc~c(t)[.PL.t 

C + _  = C + _  = g c e b C t e  - ~  ! -~0  ] . (2.7) 

2.1.4. Our model. Our combinat ion of  rr and A 2 pole exchange and effective cut 
C differs from that of  Estabrooks et al. [ 11 ] only in details: the X t = 1 7r-exchange 
coupling and the A 2 nucleon non-flip couplings are retained. A further possible con- 
t r ibut ion - with A 1 quantum number exchange - will be reconsidered subsequently. 
Thus we have, in the s-channel helicity frame 
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Fig. 1. The moduli of  the production amplitudes for r r -p  --, p °n  at 17.2 GeV/c. The points are 
the s-channel helicity amplitudes of  ref. [ 12] extracted from the data of  ref, [ 13] and the curves 
are the fit o f  the model described in the text. For clarity, z IP_[ is plotted to exhibit the 180 ° 
phase change of  P+_  near ~ = 0.15 GeV. 
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Table 1 
Parameters for the models defined in the text in subsect. 2.1 0z p ~ o°n), subsect. 2.2 (rr-p 
coon) and subsect. 4.1 (rr-p ~ f°n) [Quantities in square brackets were not varied in the fits; 
the normalization ofgrr is calculated in appendix A. ] 

lrN-~ pN 

grr gA/g~r gc/grr brr b A b c  r 

( x / ~  (GeV -3) (GeV -1) (GeV 2) (GeV-2) (GeV 2) (GeV) 

[6.0] 5.17 -1.42 4.51 3.24 6.45 [0.5] 

nN ~ coN 

gB go/gA gz/gu CB/gB Cp/gB bOB 2 bco 2 
( x / ~  (GeV) (GeV -1) (GeV -1) ( G e V - )  ( G e V - )  

6.0 2.0 0.54 -0.20 -0.048 0.97 [= bCB ] 

7rN ~ fo N 

gTr gA/grr gc/grr gCz/grr brr bA bc 
( x / ~  (GeV -3) (GeV - l )  (GeV 2) (GeV-2) (GeV-2) (GeV 2) 

[8.4] 1.35 -0.84 -0.575 [4,51] [3.24] 3.89 

=.o+_ , e o + _ - o ,  

1 , ;  = + c+ e++ = o, 
t s! + -  - ' 

V 

+ _ + + _ + 
P+_ - A + _  +C+_ , P++ -A++ . (2.8) 

The moduli  o f P 0 , P  - andP+ obtained [11,12] from an analysis o f  the 17.2 GeV/c 
n - p  -+ 7r+Tr-n data [13] determine the parameters introduced above. The normal- 
ization (see appendix A) fixes g~r; bTr is given by the t dependence of  P0; the small 
t-value of  P+ o r P _  y ie ldsgc ;  the t dependence of  P_  constrains b C and then the 
shape of  P+ as a function of  t is sufficient to determine gA and b A. The fit is shown 
in fig. 1. Parameters are given in table 1. 

The energy dependence [ 11, 14] from 6 - 1 7 . 2  GeV/c is then a stringent cross 
check on the above determination.  The break seen [14] at 4 - 6  GeV/c in the t de- 
pendence o f  P6 is not accounted for, but the energy dependence out to t ~ - 0 . 3  is 
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0.5 

C~EF F 
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P+ n;N~pN 

O2 0~ 0.6 
- t  GeV2 

Fig. 2. aeff for IP+[ 2 as extracted from the 6 GeV/e [14] and 17.2 GeV/c [13] n p -+ o°n data 
in ref. [ 11 ] and the prediction of the model (curve). The trajectories assumed for the rr, A2 and 
cut C contributions are 'also shown. 

satisfactory. Among other possibilities, either a n trajectory of  slope l a !  exactly 
phase coherent with the cut C, or a small low-lying correction to P~ could be toler- 
ated by the data. The energy dependence of  P s_ is in agreement with our model, 
while the crucial test comes from c%ff for P+ as shown in fig. 2. Here the striking 
relative increase of  natural parity exchange from 6 to 17.2 GeV/c is accounted for 
by the A++ contr ibut ion at small t, the A++ - C+_ destructive interference at mod- 
erate t, and the A 2 dominance at larger t. Previous interpretations [15] of  nN-+ oN 
data have had much larger C contributions relative to A 2 at t ~ - 0 . 3  to - 0 . 5 ,  so 
that a much lower value of  aef f [close to ac ( t ) ]  had been expected. 

Our fit with the dual model estimate of  nt_/n~ (eq. (2.2)) is a considerable im- 
provement over taking n t_ zero when P~) would have had a zero at t ~ - 0 . 5  and the 
cut would have [11] a much flatter t dependence (b C ~ 1.0). As a compromise,  one 
can take n t_/n D at about 0.5 of  the dual vertex value eq. (2.2) when the cut t de- 
pendence is very reasonable (b c ~ 3.0). An equally acceptable fit can then be ob- 
tained by allowing r to be reduced to 0.25. This compromise description gives a sim- 
ilar value of  aef f for P+, and allows an improved description of  the p - c o  interference 
phases. Since our present aim is to retain as simple a description as possible in order 
to extend our analysis to the f0 production amplitudes, we shall retain the dual 
model expression for rrt_/rr~) of  eq. (2.2). 

2.2. 7rN -* coN 

We again discuss in turn the various expected exchange contributions. We con- 
sider data for the average o f n - p  -+ con and ~+n --~ cop so that any possible [15] ~r 
exchange via O-co electromagnetic mixing will not contribute.  
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2.2.1. B exchange. The unnatural parity meson spectrum is consistent with rr - H 
and r~ - B exchange degenerate trajectories split apart by about 0.23. Thus we take 
the B trajectory as 

c~ B = - 0 . 2 5  + c~'t. 

To allow for the splitting of  the trajectories, and relate B to n by exchange degen- 
eracy, we use 

)c~ B C%r 
B _  gB F ( - a B )  sinlnaB - ~ i ~ ( a B - ~ ) ( P L  (2.9t 

n gn F(-c~. )  cos½nc~rr ie \ P o  / 

For strong exchange degeneracy we would have gB = gn ; however since c~vr 4= (x B 
this comparison depends on p~.  A dual theory would lead to comparison at c~'s = 1 

or PL = 1/(2raNCh') which yields gB = 0.5 g~ as an expectation. The helicity couplings 
of  the B exchange are taken from the same model as for the n (eq. (2.3)). The dual 
vertex factor ensures a pure X t = 0 coupling at a( t )  = 0 but can also be evaluated at 
c~(t) = 1. This yields, at t = rnB,42 a ratio of  co production with X t = 0 to all of  0.2. 
This can be compared directly with the branching fraction of  co with X t = 0 in B 
decay to con which experimentally is quoted [16] as 0 .10-0 .16 .  Thus the dual vertex 
factor successfully reproduces the predominant X t = 1 coupling at c~(t) = 1, the B 
mass value. 

2.2.2. p exchange. This is expected to be exchange degenerate with the A 2 ex- 
change in p production and we write c~p(t) = C~A(t ) and 

p _ go i tan ½ nc~ A , (2.10) 
A2 gA 

where go = gA for strong exchange degeneracy of  the couplings. 

2.2.3. Cut C. The B-pole contr ibut ion discussed above gives rise to phase coher- 
ence for P_ and P0 and a specific ratio from eq. (2.3). The p contr ibut ion has a dip 
at ap( t )  = 0 in P+. To take account of  possible deviations from these expectations in 
the data, we introduce a cut in the n = 0 amplitude. Guided by the absorption model 
expectation o f  cuts mainly 180 ° out o f  phase with their respective poles, we para- 
metrize the phase and t dependence of  the cut as 

C~c(t)-I 
+ (ie-~ilrc~B(t)cBebCB t . - ~ i n c ~ ( t )  bc~t,(PL] (2.11) 

As discussed subsequently, data imply C B > Co, so we take C~c(t ) = C~B(t ) for the 
energy dependence o f  the cut. 

2.2.4. JPCI = 2 -  + 1 exchange. Unnatural parity exchange amplitudes in vector 
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meson production with nucleon non-flip coupling can only receive contributions 
from the exchange of  axial mesons (A 1 - D nonet) and their jPC = 2 + exchange 
degenerate partners (no resonance state known). Thus in ~rN -+ oN, A 1 exchange 
could contribute, but aside from other problems the A 1 contribution has a zero at 
a(t)  = 0 (from signature and absense of  known jPC = 0 - +  state), while the 7r con- 
tribution has a pole at c~(t) = 0. Thus the 7r is doubly favoured over the A 1 at 
c~(t) ~ 0. Conversely, in w production, the B exchange contribution has a signature 
zero at c~(t) = 0, while the Z (JPI G = 2 - 1  +) exchange contribution would not 
vanish at c~(t) ~ 0 and could be relatively important. The only clue for the helicity 
coupling of  Z exchange at the meson vertex comes from the ratio of  A 1 ~ p(X) + 7r 
with )t = 0 and 1 in models [17]. This leads to a dominant ;~t = 0 coupling and for 
simplicity we use eq. (2.3) to give the s-channel Z~-+ to Z0+ coupling ratio. For the 
t dependence of  Z exchange, we make the economical assumption that all the unnat- 
ural parity exchanges have similar slopes which leads to 

Z++ gz/gl3 c°sliTrc~z " ~Z-~B Y(1 - ~Z) ~P__LL 

B + _ - v / Z t  v sin~iTr~ B P(---~B) \Po] ' (2.12) 

where gz  controls the strength (sign unknown) and c~ z is taken as 0 + c(t. 
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Fig. 3. The data [18, 19] and model  fit to 7rN ~ coN cross section and s-channel density matr ix 
elements  at 6 GeV/c. The cross-section data at 5.5, 6.95 and 5.1 GeV/c have been scaled by 
0.82, 1.38 and 0.70, respectively [i.e. by (PL/6) -2"25 ] to an effective m o m e n t u m  of  6 GeV/c. 
The model  predict ion for 7rN --, wN at 17.2 GeV/c is shown by dot ted curves. 
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2.2.5. Our model. In summary the contributions considered are 

p0 :B0 e0+ :z0+ 
+ , 

P+_=B+ +C+_ , P + + = Z + + ,  

+ + + + + (2.13) P+_  = p + _  + C+_ , P++ = p++ . 

Insufficient data on 7TN -+ coN exist to extract a reliable energy dependence of  
the different components.  Thus we consider data [18, 19] in the region of  6 GeV/c, 
where it is best measured, and at tempt  to describe it with the above contributions 
linked to the previous model for p production.  Some information from p - c o  inter- 

ference phases is also anticipated. 
Setting gz  = 0, a considerable breaking of  exchange degenerary for B is necessary 

(three times expectat ion) and the large experimental  value of  P00 at small t is not repro- 
duced. The latter can be achieved readily by including a Z exchange contribution.  
The parameters of  a satisfactory description of  the data (see fig. 3) are shown in 
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Fig. 4. Argand diagrams o f  our p and to product ion ampli tudes with nucleon helicity flip, at 6 
and 17.2 GeV/c,  for - t  = 0.1 and 0.3 GeV z. For ease o f  comparison the  6 GeV/c ampli tudes  are 
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• - . + + 0 lines). Also shown are the  magni tudes  o f  the ( incoherent)  contr ibut ions p+~, A ; Z and Z~.. 
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table 1. As shown in the Argand diagram of fig. 4, the cut C has its phase mainly 
antiparallel to B_ to achieve the required P+/P_ ratio (Pl 1 large and positive). A 
small contribution (Cp) antiparallel to p serves to swing the resultant of P ~  anti- 
clockwise into better agreement with the p-co interference phase data (sect. 3). 
One unpleasant feature is that go/gA ~ 2, unlike the dual expectation of unity. This 
might be caused by normalization uncertainties in comparing the crosssection for 
producing a wide resonance (p) with a narrow one (co). However, in appendix A we 
discuss such normalization questions and no major uncertainty seems present. 

A direct test of this exchange decomposition of co production is in the energy 
dependence to higher energies and fig. 3 shows the 17 GeV/c prediction. 

3. Polarization and interference effects in vector-meson production 

The decomposition of the p and co amplitudes discussed in sect. 2 is shown in the 
Argand diagrams of fig. 4. Characteristic features are the t and s depenence of the 
phase of P +_ for p production, due to the interference between the cut C and A 2 
contributions. The phase of C °o is rather constant with energy and momentum 
transfer and influences the phases of P_+ for co production as previously discussed. 
The non-flip nucleon couplings to Z, p and A 2 are also all significant and will give 
substantial polarization effects. 

3.1. Interference effects 

The relative phases of p and co production amplitudes are observable from the 
electromagnetic p-co mixing in the 7rrr decay channel and via SU(3) from a compar- 
ison of K* and K *0 production. The p-co mixing in observable Pi (i.e. P+, P or P0) 
is controlled [20] by the bilinear combination of production amplitudes 

i , +eg+ (co),  e + + ( p ) e  + + ( c o )  _ _ 

1 ! 

__ ~+[ipi+(p)12 + [pi+_(p)[2]~ [ipi+(co)[2 + [ei (co)12]~ eiOi.  (3.1) 

Thus the relative phase Oi can be measured directly (with no ambiguities), while the 
coherence ~i can only be determined if the o~ -~ 7rn branching ratio is well known. 
The relation to K* production from SU(3) is 

-- pi(co) + p i ( , ) ,  V -e;(K : e (co) - P ; ( , ) ,  (3.2) 

where the phases are such that K* production would be real for exchange degenerate 
Regge poles in p and co production. Thus for observables: 

i p i ( K , ) 1 2 _ l p i ( ~ ) i 2 = 2 R e  [p++(p)p++(co)i i , +pi+ _ ( p ) p i  _ (co)* ] 

= 2~i[IPi++(p)l 2 + Ip i_ (p )12]  ~ [IP~+(co)l 2 + IPi (co)12] ~- cos 0i .  (3.3) 
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Table 2 
p-co interference phases 

293 

Amplitude - t  6 GeV/c 17.2 GeV/c 

(GeV z) 4, ~ 4' data 4, ~ 4, data 
(degree) (degree) (degree) (degree) 

0-0.08 69 0.54 70 _+ 30 69 0.43 
Po 0.08-0.2 69 0.77 69 0.68 

0.2 -0.45 69 0.81 45 ± 30 69 0.84 

0 0.08 218 0.47 218 0.36 
P 0.08-0.2 106 0.38 70 -+ 25 106 0.32 

0.2 -0,45 87 0.71 120+- 15 87 0.64 

0-0.08 93 0.36 75 +- 30 180 0.19 
P+ 0.08-0,2 188 0.38 140 ± 20 241 0.64 

0.2 -0.45 241 0.84 170-+ 20 255 0.95 
205 -+ 15 
230 +- 7 

The phase (4,) and coherence (~) are defined in the text (eq. (3.1)). The preliminary data for 4, is 
taken from refs. [14] (6 GeV/c) and [11] (17.2 GeV/c). The observed strength ofo co inter- 
terence effects in nN --, ncrN data is controlled by ~F(co ~ nn). Compared to the usual assump- 
tion of complete coherence (~ = 1), our predictions for ~ will result in values of I'(to ~ rrn) 
enhanced by 1/~. 

L 

Thus the difference of K* and K* observables yields similar information to p-co  

interference, but uses the assumption of SU(3) and gives only ~i cos ~i. The relative 
normalization of K* and K* is also difficult to obtain with good precision experi- 
mentally. A comparison with preliminary p - a )  interference and K* - K* data at 

6 GeV/c [14] is presented in table 2 and fig. 5. The two types of data agree general- 
ly with each other and with the expectations of our models for p and co production. 

Since the co ~ rrn branching ratio is not well determined, the coherence ~ has not 
been determined experimentally. The relative coherence, however, is found [14] to 

be smaller for P+ than for P_  or P0 and this is in general accord with our expecta- 
f + tions. The change in phase with increasing I tl o P++ for p production as the A 2 

takes over from the cut combined with the relatively important P+ contributions ++ 
yields a too-pronounced swing in p co interference phase for P+. This feature can 
be improved by resorting to the solution (sect. 2) for p production with n t / ~  re- 
duced and a consequent less steep t dependence of the cut and less dominant" P+++ 

o 
contributions. The phase of 90 between the B and 7r exchange in P0, and the 
phase of ~> 90 ° between P and co production in P_ are well reproduced by our 
model amplitudes. A strong energy dependence of the p-co phase for P+ is also in- 
dicated in table 2. 

The K* and K* charge-exchange observables are in acceptable agreement except 
1 for P_ .  Here, aside from a small effect due to g PSS present in the data, the effects 

of SU(3) breaking must be considered. This could be due to cuts which are not SU(3) 
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Fig. 5. Our SU(3) prediction and K* production data at 6 GeV/c (pHoo(do/dt), ( ,oH +- olH_I ) 
(do/dt)). For the comparison with the preliminary data of ref. [14], which contains ~ PSS in 
each component and uses the mass cut (0.83 < mKn < 0.95 GeV), the prediction has been mul- 
tiplied by a factor 0.443. 

octets in the t -channel  - a serious possibility since the pomeron  exchange is no t  
empirically an SU(3) singlet and also Regge-Regge cuts can cont r ibute .  An alterna- 
tive exp lanan t ion  lies in SU(3) b roken  mass values which enter into the expression 
for the crossing matr ix  used to ob ta in  the s-channel 7r exchange cont r ibut ions  to P_  
from the t -channel  expressions in which X t = 0 is dominan t  (eq. (2.2)).  Thus for the 

vertex a -~  m by  n exchange 

rrs- 2 r n , ~  -L-- t '  w 

7r~ m 2 + / ~ 2 _ a  2 
(3.4) 
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This ratio is larger for K -+ K* than for 7r -+ p processes. Thus in agreement with the 
data, a larger value o f P  /Po for K* (or K*) compared to p would be expected since 
the destructive interference of  the cut enhances the effect beyond t = - /a  2. 

3.2. Polarization effects 

Fig. 6 shows predictions for p and co production polarization, as well as for 
7N ~ 7r+N where vector dominance (7 - P 6o/2.8) has been used. The polarization 
plotted,  Pn, is that arising from natural parity exchange alone 

= lm tp+  P+* "~ Po =Pnort +Puou . (3.5) Pnon - 2 .  v-++ +_J , 

In our model Pu is zero for P production and thus for p production and to a good 
approximation for photoproduct ion Pn can be equated with Po/on,  which is the 
quanti ty plot ted as data [21 ] in fig. 6. The structure in the polarization arises from 
the phase of  P + _ ,  which swings from the phase of  C p to that of  A 2 as It I increases 
and which thus passes through 90 ° relative to P+++ = A++ at an intermediate t-value. 
The energy dependence o f P  N for nN --, pN and 7N ~ 7r+N is also characteristic of  
our model  with its significant A 2 - CO interference which shifts with energy. 

Pu for co product ion depends on the sign of  the Z contr ibution which has not 
been determined.  The effect of  introducing an exchange degenerate A 1 contr ibut ion 
in 7rN ~ pn will be very small as argued previously and this is shown quantitatively 
for our choice of  A 1 - Z  trajectory in table 3. Such small A 1/Tr ratios will not affect 
differential cross section and density matrix observables in which they enter qua- 
dratically, while polarization effects are linear in A 1/Tr and so could become signifi- 
cant at I tl  ~ 0.3 or larger. 

0 I i I I I 

16 Ge 

-0.5 ~ ~ N  

- 1 . 0  I 1 l i i I 

I I i i i i 

0 5 G eyf  I 

I ~ / .L-yN~n~N 
- - 1 , 0  / I I I I I 

o 0.2 0.4 
- t  

17.2 Ge~" 1 

t l/ "~ N~pN 
I T"'t i i A I-1.0 

, , , , , 0 °-z 

V T~ N ~w N 
I I I I I I O 

o 0.2 0.4 
GeV 2 

Fig. 6. Predicted nucleon polarization in vector meson production. The more reliably estimated 
natural parity exchange component (see eq. (3.5)) is shown. The prediction for "rP -~ ~r+n ob- 
tained from vector dominance is compared with data [21] at 5 and 16 GeV/c. 
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Table 3 
The ratio of  z(JPI  G = 2 - 1  +) to B exchange in helicity zero amplitudes at 17.2 GeV/c (as de- 
duced from our model) and the exchange degeneracy prediction for the equivalent quantity A1 fir 
in 0 production 

- t  IZo/Bol IAlo/Tvol 
(GeV 2 ) 

0.05 1.76 0.0094 
0.1 1.24 0.023 
0.3 0.67 0.112 

Further polarized target observables can be measured [7] with the target polar- 
ization in the scattering plane. Quantities which are interference effects between 
natural and unnatural parity exchange can then be analysed. Thus the relative phase 
of P O_ n + a d P++, for instance, can be tested in rrN ~ oN. Such observables can be 
constructed from our parametrizations for the amplitudes and checked from the 
Argand diagrams of fig. 4. 

4. Tensor meson production 

4.1. Introduction 

Spin-2 meson production on nucleons involves 10 helicity amplitudes which are 
related to density matrix elements and decay angular distribution moments as de- 
scribed in appendix A. The combinations which correspond to specific exchange 
naturality are 

1-+_ 1 1 2 + - _ 1  2 H ~ .  (4.1) 

D 1 + and D 2+ are the natural parity exchange amplitudes. 
For spin-2 production, removing the spin 0 and 1 background in the decay 

channel is much more difficult than the analogous problem for spin-1 production. 
The presently available data on tensor meson production are also considerably less 
complete than for the vector production we have discussed. This leads us to try to 
combine our models for the exchange amplitudes in vector meson production with 
some additional theoretical input to describe the tensor meson amplitudes. This 
proves very useful as a preliminary study of tensor meson production. 

Application of local duality to Regge + particle total cross sections [2] or to 
Regge + particle -+ particle + particle amplitudes [3] allows a general discussion of 
the relative production mechanisms for states of different mass but similar exchange 
quantum numbers. A much more specific analysis can be made by employing [4] 
the Regge recurrence production vertices in the dual resonance model. The latter 
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(dual boost model) yields specific expressions for the t dependence and helicity de- 
pendence of  the Regge-pole exchange vertices for producing states on the same 
Regge trajectory (e.g. p f - g  or c~-A2).  We shall employ and investigate such dual 
model relations. The other necessary contribution, the cuts, will be deduced from 
the experimental data as far as possible. 

4.2. 7rN ~ f O N  

The exchange contributions will be the same as those for 7rN -+ oN discussed in 
sect. 2 and we present here the "dual boost" predictions for f0 production relative 
to O. 

4.2.1. n exchange. At t = ~t 2 the coupling reduces to the relevant partial decay width 
to nn. The dual boost prediction of  Ff ~ 0.85 Pp is smaller than the experimental 
[6] ratio Ff - 1.03 Yo" However, the discrepancy is not serious a factor of  1.1 in 
the production amplitude only. Our f0 model is normalized to the experimental 
width as described in appendix A. 

The k t = 0, 1 ,2 or k s = 0, 1,2 contributions from Reggeized 7r exchange have 
been calculated [4]. In the s-channel the helicity coupling ratios, normalized to 1 at 
t =/l  2 for k t = 0, are given by 

2 s 1 PaXO =~[rn 2 +2/~ 2 + ( t - u  2) (2-1 /c~ ' rn2) ]  , 

2 s 
PaX1 _ 

PAX22 s = - ½ x / 3 t '  , (4.2) 

where 4p 2 = m 2 - 4/12 and m is the tensor meson mass. The t-dependence of  fo pro- 
duction relative to p production is given by the dual vertex factor 

1 , P , c ~ ( t )  
1 

lri _ f s ~ / ~ e b n t  e-~in~n(t)~ L~ 
+-  -gTr X i  ta 2 _ t \ ~ 0 1  (4.3) 

Compared to eq..(2.4), the only difference in t-dependence comes from the factor 
X s. Thus for k s = 0, n 0+_ is a steeper function of  t for f0 production than for O pro- 
duction, since X~) is at small t equivalent to an exponential with slope 0 9  GeV -2 .  
This is a very clean prediction, characteristic of  the dual vertex factor, since the 
more general dual approaches [2, 3] predict, on the contrary, an f0 t-dependence 
less steep than for the P. These latter approaches are, however, less specific since 
they apply to the sum of  all helicity contributions. 

4.2.2. A 2 exchange. The ratio of  natural parity exchange to unnatural parity ex- 
change is expected to decrease with higher masses produced in all dual-based ap- 
proaches [2, 4]. The specific "dual boost"  model gives gA/g~r ~ 0.7 of  the o-produc- 
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tion ratio. The ratio ofX s = 2 to X s = 1 is also specified: 

A 2+ 2 m x / 7 ~  

A 1+ - m 2 + U2 _//2'  (4.4) 

where aA2 (v 2) = 1. 
The t-dependence of  A 1+ is expected to be the same for f0 as p production and 

the ratio r of  ++ to + -  nucleon couplings is also retained. 

1+ e-~ iTraA(t ) ( PL ~ aA(t)-I 
A+_ = --gA t'ebAt \~0]  (4.5) 

4.2.3. C exchange. In specific absorption models, the cut strength is tied to the 7r- 
pole strength and t dependence. Thus no substantial change from p to f0 would 
have been expected. In practice, data show [6, 22] a reduction in gc/g,~ (at small t) 
of  ~ 0.7 in going from the p to f0. No explanation exists except for the possibility 
that some of  the cut could come from A 2 absorption which would then decrease by 
such a factor as discussed above. Data analysis also indicates [12] the necessity of  

• • 2 • . . , .  , 3 _  

a n  n = 1 cut in the amplitude H+_  which vanishes like x / 7 7  instead of  ( - t ) 5  as the 
pole contributions. Thus we choose a parametrization 

cl+ +- = C1-- = g c  ebCt e-~i 'ac(t)(PL ) c~C(t)-I 

\ 7  ! 

2+ C 2 -  ~/77rgc2 ebC t -~iTrac(t)[PL~ c~C(t)-I 
C+ _ = = e ~770 ] , (4.6) 

where C~c(t ) is chosen the same as for p production. 

4.2.4. Our model. In summary our exchange contribution are 

D 0_ = frO_, 

1-=rr+l~ + c l ~  1+ _ 1+ CI++_, D++=A++, D+_ , D+_  - A + _  + 1+ 1+ 

D2~  = n2~ + C 2-+_ , D+_2+ -A+_- 2+ + C2+_, D++2+ = A++.2+ (4.7) 

A complete separation o f J  = 2 effects from J = 0 and 1 in the f0 region exists 
[12] at 17.2 GeV/c. This was achieved by parameterizing the f0 production ampli- 
tudes and we show the result in fig. 7. Our dual boost plus p-production model ap- 
proach is easily able to reproduce the amplitudes as shown in the figure. The para- 
meters are given in table 1. In this description o f  fo amplitudes the 7r contributions 
were completely fixed as described above; the A 2 contributions were fixed except 
for gA/g, which is forced to be substantially smaller than the dual value; gc ,  bc  and 
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Fig. 7. The t "° product ion  amplitudes at 17.2 GeV/c. The points are the amplitudes as extracted 
in ref. [12] and the curves are our model  reconstruct ion o f  them. 

gcz were free and obtain reasonable values. Thus the dual vertex factors with little 
freedom reproduce the whole complex structure of the f0 production amplitudes. 
In particular, D O is given entirely by the 7r contribution and the shrinkage of  slope 
compared to p production is exactly predicted. The fraction of  natural parity ex- 
change in f0 production is relatively small as predicted by the dual approaches and 
is consequently not well determined. We are thus unable to confirm the expected 
decrease in gA/g~ from p to f of  0.7. Our f0 production amplitudes are consistent 
with lower energy data. Such data exist either as bounds on J = 2 contributions [23] 
or with specific background assumptions [19] to separate out the f0 component 
(see fig. 8). 



300 A. C. Irving, C Michael, Vector and tensor mesons 

10000 

I00C 

(.9 

100 

' I I ' I ' 

• r t *n~ f °p  ~_ 

. . . .  rCn-  A° p 

% 5.1 GeV/c 

d r  

I [ , I [ I 
0.2 0.4 0.6 

- t' GeV 2 

Fig. 8. f0 and A 2 production differential cross sections at 5.1 GeV/c. The points are those of 
ref. [19] and the curve is the model prediction. 

4.3. 7rN ~ A2N charge exchange 

Available data on ~r-p -+ A0n or 7r+n -> A0p afford little help in constructing a 
model. A combinat ion of  exchange degeneracy relations applied to 7rN ~ f0N, and 
dual boost relations applied to ~N --, coN give strong predictive power. The more so, 
since exchange degeneracy breaking has been investigated while comparing 
7rN --, oN with 7rN -+ coN and the dual boost relations have been tested in going from 
~N -+ pN to 7rN --, f0N. For the individual exchanges we assume the following. 

4.3.1. B exchange. This is taken as exchange degenerate with the fo product ion 
exchange contributions employing the same B/Tr ratio as eq. (2.9) with gB/gTr fixed 

at the O-co value. 

4.3.2. P exchange. This is taken as exchange degenerate to the A 2 exchange am- 
plitudes in f0 product ion together with the factor go/gA -- 2 used in relating p to co 
production (eq. (2.10)). Note that this factor of  2 largely compensates for the fact 
that the gA/gn ratio in f0 product ion was much less than the dual boost  value from 
P production.  That the dual prediction persists is not unreasonable, since p exchange 
in ~ ~ A 2 shares the same coupling as A 2 exchange in n --* p when evaluated at the 
common A 2 pole and p pole. 
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4.3.3. Z exchange. The ratio of Z to B is as in eq. (2.12) with gz/gB fixed at the 
co production value (table 1) and B exchange as above. 

4.3.4. Cut contributions. The effective cut in co production (C/gB)co is scaled by 
the same factor as the f0 cut is in relation to the p cut: 

(C/gB)A2 = (C/gB)w (gc/g~r)fo (gc/gn)p 1 . (4.8) 

The t dependence of  the co cut is already very flat, so that it is maintained un- 
changed for the A 2 production cut. In the same spirit, we also introduce an helicity 
2 cut with the ratio of  C2/C the same as in f0 production (gc2/gc). 

4.3,5. Our model. In summary, the exchange contributions are 

0 0 i = i i D~_ = p{_ + C~ D + _ = B + _ ,  D+_ B + _ + C + _  , 

DO+=zO+, D~+ =Zi+, D+/+=p/++, (4.9) 

wherei= 1-,2 and/= 1+,2+. 
The model is completely specified in advance by a mixture of  theoretical and 

phenomenological constraints. The predicted differential cross section for A 2 pro- 
duction is compared with some data at 5.1 GeV/c [19] in fig. 8 and the agreement 
is seen to be reasonable. Better data in the 3~ or r/Tr decay mode, including density 
matrix elements or decay moments, would be of  great interest in testing our ideas 
for the charge-exchange production of  A 2 . 

Mearge evidence [24] on the energy dependence of  7r+n ~ A0p suggests a de- 
crease of  cross section with %rf ~ 0 consistent with the dominant unnatural ex- 
change in our model. 

Finally, in this section, we review the status of  the dual boost factors which 
proved so useful in constructing tensor meson production amplitudes: In relating f0 
production to p production, the 7r exchange contribution is completely specified. 
The agreement is reasonable for the normalization (Ff/I'o), and excellent for the 
t-dependence o f  the X s = 0 amplitude (b f b~ ~ 0.9 GeV-2).  The helicity struc- 
ture proposed also avoids the problem of crossing matrix zeros in P0 and D O and at 
the same time gives a satisfactory account of  the measured helicity couplings on the 
exchange degenerate B-meson pole (B ~ co~ dominantly X,~ = 1). The expected 
suppression of  natural parity exchange relative to unnatural parity exchange in 
going from 0 to f0 production is found in our analysis, but is stronger than antici- 
pated. The same comparison between w and A 2 production is closer to the expecta- 
tion o f  the dual vertex model. A similar comparison of  natural parity exchanges in 
data for ~rN -,  pN and ~rN -+ A2N with I t = 0 also suggests [ 1 ] that they decrease 
somewhat more rapidly for the production of  higher spin resonances than in the 
model. 
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5. Interference effects in f0 and A 2 production 

An Argand diagram of  the f0 and A 2 production amplitudes of  our model at 
17.2 GeV/c is shown in fig. 9. Compared to the O-co situation (fig. 4) the most 
noticeable difference lies in D~+ which is dominated by the cut and so remains near 
180 ° compared to of+. Thus (unlike p, co production) the phase difference be- 
tween f0 and A 2 natural parity production amplitudes varies little with - t  (~  120°). 
The dominant unnatural parity-exchange amplitudes have a phase approximately 90 ° 
ahead for f production compared to A 2 production. 

Just as for p and a) production, the relative phase between f0 and A 2 production 
amplitudes is observable - and in two independent ways. The K*(1420) and 
K~(1420) charge-exchange production reactions are related by SU(3) to f0 and A 2 
analogously to eqs. (3.2) and (3.3). Fig. 10 shows the prediction of  our model for 
the production cross-sections of  these mesons compared with data [25, 26] near 4 
GeV/c. Normalization uncertainties, particularly with a deuterium target, make this 
a rather imprecise test. Relatively well normalized data with density matrix element 
information would be needed to investigate the interference effects properly. 

f °AND A z PRODUCTION AMPLITUDES AT 172 GeV/c 

- t  = 0.1 OeV2 

t* 01_ 

o~~:. 
- DJ 

0 5 
-t = 0.3 OeV ~ I , ~ i ~ l(l~b)~ GeV -~ 

DI 

Fig. 9. Argand diagram of the model nucleon flip amplitudes for f0 (solid lines) and A 2 (dotted) 
production at 17.2 GeV/c at - t  = 0.1 and 0.3 GeV 2. For clarity the (exceedingly small) ampli- 
tudes D A2 are not shown. 
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Fig. 10. Comparison of our SU(3) predictions for K-p --, ~ o  (1420)n (solid line) and 
K+n --* K*°(1420)p (dotted line) with the 4.2 GeV/c data [25, 26] (solid and open points, re- 
spectively). The 4.6 GeV/c deuterium data of ref. [26] has been scaled by (4.2/4.6) -2 to an ef- 
fective momentum of 4.2 GeV/c. 

A more complete test in principle, analogous to p -co  interference, is provided 
[27] by the common decay channel of  f0 and A 2 into KK. Both mesons can decay 
by strong interactions with comparable strength into K0K 0 and K+K and inter- 
ferences between their combined production and decay amplitudes will result. Gen- 
eralizing eqs. (A.3)- (A.7)  of  appendix A this gives observable combinations of  the 
form 

[Fi~(s, t ) B f (m)  + Ai~(s, t) BAe(m)[  2 , (5.1) 
# 

where F~ and A~ (i = 0, 1- +, 2 +) represent production amplitudes (assumed approximately 
constant in KK invariant mass m) and B f and B A2 are the decay factors of  eq. (A.5). 
The phase and modulus o f  these decay factors are illustrated in fig. 11. The mass, 
width and branching ratio parameters used are collected in appendix B. The relative 
phase 5f - (~h2 of  the f0 and A2 resonance decay factors is also shown as a function 
of  KK mass in fig. 11. This is of  interest since it is the variation o f  this phase with m 
that allows the ambiguity in the sign of  the relative f and A 2 production phase to be 
resolved. Thus, like p - c o  interference, a more complete measurement is possible in 
principle and with no SU(3) assumptions. The relevance of  the relative phase de- 
pending on m is understood on considering the interference term in eq. (5.1): 
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Re(FiuAi~.Bf(m)B a2 (m)*) 
/a 

[Aul } IBf(m)[ IBA2(m)lcos((~i + 6f(m)- 8Az(m)). 
u u (5.2) 

The known m variation of  B and thus 5 then allows the f - A  2 relative production 
phase ~b i to be uniquely determined. 

In practice this effect can be well controlled since, because of  isospin, the f 0 - A  2 
interference changes sign both with the change from proton to neutron target (as for 
O-CO interference) and with the change from K+K - to K0K 0 decay channel. An 
easy way to visualize the respective signs for the four relevant processes is via duality 
diagrams as shown in fig. 12. Thus processes (b) and (c) l r -p  -+ K - K + n  and 
~+n -+ KOK.0p have real production phase duality diagrams (like KN -+ K*(1420)N) 
while (a) and (d), 7r-p -+ KOK0n and rr+n -+ K+K-p ,  have rotating phase (like 
K.N -+ K*(1420)N). Thus for processes (b) or (c) the production phases will be as 
drawn for the Argand diagram of  fig. 9, while for (a) or (d) an extra 180 ° is needed. 
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Fig. 14. The predicted mass spectrum do/din of 7r-p ~ KKn at 17.2 GeV/c integrated over 
It[ < 0.5 GeV 2 ((a) (b) and (c)) and over 0.2 < Itl < 0.5 GeV 2 ((d) and (e)). (a) and (d) show o, 
the full mass spectrum; (c) shows the helicity zero contribution o0; and the helicity one and 
two contributions are given by their natural (o+) and unnatural (a_) parity contributions in (b) 
and (e). (f) shows do/dt integrated over the region 1170 < mK~ < 1410 MeV as a function oft. 
The ~r-p ~ K°K°n (K+K-n) predictions are shown by full (dashed) curves. Contributions pro- 
ceeding via f0 (A2) production are shown by single- (double-) dotted curves. 

As an example,  consider the con t r ibu t ion  to [D0 [2. At m ~ mf0 the fo Breit-Wigner 
phase is ~ 50 ° ahead of  the A 2 resonance decay phase (see fig. 11) and the f0 pro- 
duc t ion  ampl i tude  is ~ 70 ° ahead of  the A 2 product ion  (see fig. 9) so that  the over- 

all relative phase will be ~ 120 ° (destructive) for (b) or (c) and ~ 120 ° + 180 ° (con- 
structive) for reactions (a) or (d). 

More comprehensive predict ions are shown in figs. 13, 14 and table 4 for differ, 
ent combina t ions  of  observables in 7rN -+ KP~N. Fig. 14 shows the various compo- 
nents  o f  do /d in  for It[ cuts o f  0 < I tl  < 0.5 and for 0.2 < I tl  < 0 . 5  GeV 2. The 
latter cut samples the region of  largest p roduct ion  phase difference in D 1_ so ex- 
hibi t ing larger interference effects in da_ /dm  and hence in do/dm (do+ldm is small 
and the helici ty zero p roduc t ion  phase difference is independent  of  t in our  model) .  
A general feature of  the predicted mass spectra of  figs. 13 and 14 is that  the maxima 
of bo th  7r-p -~ K - K + n  and zr p -+ KOK0n are shifted from the posi t ion of  the domi- 
nant  f0 (1270 MeV) towards  higher masses (to 1325 and 1300 MeV, respectively). 
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Table 4 
The predicted normalized moments of the KK angular distribution in 7r-p ~ KKn at 17.2 
GeV/c and m KK = 1310 MeV (< Y°o > = l/x/47r) 
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Moment K°K ° K+K - 

<Yo2> 0.132 0.140 

(Y~ > -0.010 -0.009 
~Y~> 0.089 0.118 
<y4 ) 0.081 0.082 
<y2) 0.062 0.051 

(Y~ > 0.032 0.030 
<Y~> 0.011 0.013 
<Y44) 0.002 0.001 

For n - p  -* K - K + n  (or equivalently n+n ~ KOK0p) the shift is more marked and a 
definite asymmetry around 1325 MeV is anticipated. 

Also shown in fig. 14 is d o / d t  (in the mass region 1.17 < m  < 1.41 GeV) for 
n - p  --, K + K - n  and rr-p ~ KOK0n. The interference effects are seen to be small. 
Another way to exhibit the data is to show the normalized moments ( y L ) ( e q .  (A.6)) 
for KK production. However, these are predicted to have very weak m dependence 
and small interference effects. This is understandable since in general each ( y L )  is a 
sum over many exchange components whose contributions tend to be diluted. In 
table 4 we give the predicted values of the ( y L )  at m = 1310 MeV, where the KK 
spectra are approximately maximal. Only the ( y 4 )  moments will be independent of 

S- and P-wave background uncertainties. 

To make maximum use of interference effects, care of these J < 2 contributions 
and of accurate relative normalization will be needed experimentally. Another source 

of uncertainty is the precise f0 ~ KK (and to a lesser extent A 2 -~ KK) branching 
ratio. The quoted [28] value of f0 ~ K~/ f0  __, all = 0.05 -+ 0.03 is based on data 

samples in which the effects of f0 _ A2 interference have had to be taken into ac- 
count in principle. Thus, since we have a reasonable model for the relative strength 
and phase of f0 and A 2 production in nN --, KK, N, we are in a position to re-evaluate 
the f0 __, KK branching ratio. As an example, fig. 13 shows data [29] on n - p  
KOK0n at 12 G e V / c ,  together with our (absolute) prediction* including f0 _ A2 
interference and using f0 ~ K~,/f0 __, all = 0.025. Taking account of the normaliza- 

tion error on the data, and the possible contribution of S- and P-wave KK; this 
yields a KK/all branching ratio 0.025 -+ 0.01. Our curves in fig. 14 are evaluated 
with this branching ratio which has the virtue of being closer to the theoretical 

* This contrasts with the experimental analysis [29] of the same data which added incoherent- 
ly fo and A2 and, estimating equal contributions of the two resonances, compared with the 
then existing fo production data in the nTr mode and claimed fo --, K~x/fo ~ nn ~ 0.05. 
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value from SU(3). Thus, ideal mixing in the tensor meson nonet gives equal f0KK 
and A2KK couplings and allowing for D-wave phase space ['fOK~ = 0.7 
['A2KK ~ 3.4 MeV, i.e. I ' ( f  0 ~ KK)/Y(f  ° ~ all) ~ 0.02. 

6. Conclusions 

(i) The simple exchange-model ideas of  exchange-degenerate, factorizing, SU(3) 
symmetric t-channel Regge poles, together with empirical cuts in over-all non-flip 
amplitudes, have proved a very useful guide to the data. Exchange-degeneracy 
breakings of  up to factors of  2 have been found necessary, in particular between p 
and A 2 exchanges in vector meson production. It is important to consider a prior i  

all allowed pole exchanges (i.e. B, A 1 , Z ...) and then argue why their contributions 
might be negligible (as for A 1 exchange in ~N ~ pN). 

(ii) The dual boost factors provide an economical description of  higher spin 
meson production. The predicted mass/spin dependence of the natural/unnatural 
pole couplings, meson vertex helicity couplings and production t dependences 
proved very satisfactory in the case of  p and f0 production. The dual vertex helicity 
couplings were also shown to describe well the dominantly Xco = 1 decay B ~ coTr. 

(iii) The empirically determined cut in p production has a remarkably steep t 
dependence, although this can be alleviated by modifying the 7r t/Try) ratio. For f0 
production the cut is relatively smaller at t = 0 and is less steep. No convincing theo- 
retical explanation exists, although one possible contributory factor was discussed. 

(iv) Improved data on the charge-exchange production of  60, A 2 and f0 over a 
range of  energies will allow many of  the above feature to be clarified. Together with 
polarization data, or data on the KK decay of  f0 _ A2 (predictions for which were 
presented), many more model-independent lines of  analysis become accessible. Our 
preliminary study of  tensor meson production can easily be extended to higher spin 
mesons - for instance the spin-3 states g and 60*(3-).  Thus the systematics of  the 
dependence of the production amplitudes on the external mass and spin can be 
established as soon as the relevant data becomes available. 

(v) Our preliminary analysis of  f0 _ A2 interference in 7rN -+ KKN (in which the 
important role of  the production amplitudes is emphasized) allows an estimate to be 
made of  the f0 ~ K~/ f0  ~ all branching ratio which we find to be 0.025 +- 0.010. 

We are grateful to Alan Martin and Penny Estabrooks for helpful discussions and 
communications. 

Appendix A. Normalization and spin 

Consider the process a + b ~ m + e, where m is a spin-J resonance of helicity X 
which decays with invariant mass m into two spinless particles c and d. In the rest 
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flame of m, the direction o fp  c is described by spherical polar angles 0 and 0 in a 
frame with Oy normal to the scattering plane and Oz either along Pa in the t-channel 
frame or along -Pe  in the s-channel frame. The helicity amplitude for a + b - c + d + e 
can be factorized into a production amplitude A J and a decay matrix element M J 

M J dJo(COS O)e ixo 
A ua ( s , t ,  m 2 , 0 , ( a ) = ~  AJXUa(s t , m  2) , (A.1) 

~tetSb X ge~'b" ' m2j _ m 2 - i m F T ( m  ) 

where 
87rm 

[MJI 2 =--~-- (2J + 1)mjPcd(m ) . 

We normalize A such that the differential cross section 

(A.2) 

do 1 

dtdm2d~2 (2703 

qcd 
- -  ~ tAuuaub (S, t, m 2, O, ~b)[ 2 , 

# 
(A.3) 

where an average over initial spin states and sum over final spin states is implied. 
Integrating over the decay angular distribution exhibited in eq. (A.1) 

do" ~ ,JXu 
= AUcUb(S, t, m 2 ) B J ( m ) l  2 

dtdm 2 u,x 
(A.4) 

where 
1 

[mjFcd(m)/Tr] ~ 
B J ( m )  - 

m 2 _ m 2 _ i m F T ( m  ) 

are the decay factors relevant. 
The generalization to the expectation value of the angular decay moments 

y L  (o, qb) gives 

(A.5) 

(y~4)=_ ~ ~ 2J+l , ~ (JJO0 ILO)(-1)  x' ( J J X - X ' r L M ) p J x  ' , 

with 

pjx,(m2) do 
dtdm 2 

(A.6) 

- 

Jk# a 
= ~ Re[A t%ub(S , t ,  m 2 ) B J ( m ) A  ( s , t ,  m 2 ) * B J ( m )  *] . 

# 
(A.7) 

For resonance production it is convenient to introduce production amplitudes 
averaged over the resonance mass spectrum and corrected for all decay modes. Thus 
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the natural definition of a production cross section is to integrate over the resonance 
peak: 

d o _  I~T m~ do 
dt P e l f  d m 2 - -  

d tdm 2 

l(m 2 , m 2) 

(2s a + 1)(2s b+ 1) 
~ Jk~ 

, [Aueub(S't'm2)12' (A.8) 

which introduces the average production amplitudes. The average I is defined so that 
it is unity for a narrow resonance. In general, it depends on the mass dependence of  
the production amplitudes A J and the decay factors B J: 

mh p_ 
I(m2,m 2) = - ~  / dm21BJ(m)l 2 ~ IAJ(m2)12/~ IAJ(m2j)[ 2 . (A.9) 

IS, k Is, k 
m ~  

Analogous averaged results hold for the moments  and density matrix elements of  
resonance production. For explicit expressions and an extension to a mixture of  spin 
states see ref. [23]. 

In the special case ofzr exchange at t =/22, however, the dependence of the pro- 
duction amplitude on m 2 is known and can be used to obtain the normalization of  
p and f0 production. Thus A J contains [6] an additional factor ofM J controlling 
the production of  resonance J by rr exchange. Thus 

mh mjl'cd(m2 ) qjm Pcd(m 2) l- 'T(mj) 1 

£J dm21m2_  m 2 _ imPT(m2)12 mjq Fcxt(m 2) 
(A.10) 

rr Pcd(mj) m~ 

This, combined with the Chew-Low formula [6], enables the production cross sec- 
tion at t -+/~2 to be normalized 

(t - /22)2  do.] _ 2~r g2 
- t '  -~  t=is2 m2p2 4rr CI(2J+ 1)mjFcd(mj)I"" (A.11) 

The right-hand side at PL = 17.2 GeV/c, with g2/4rr = 14.4, taking I~r = 1, has a 
value (6.55) 2/2b for p production (I = 1 ; c I = 1 ; P(mj)  = 0.143) and a value of(9 .2)  2 
for f0 production (I = 0; c I = ~; PTrTr(mj) = 0.81 × 0.182). These values are used for 
normalizing our production amplitudes by equating them to g2e2b~is~ (see table 1). 
Representative values o f I ~ ( m  2, m 2 )  calculated from the err phase shifts [6] are 

1°(0.490, 0.689) = 0 .495 ,  In0(0.078, 1.562), = 1.028. 

Thus about -+31" in m is needed to have I ° ~ 1. For the f0, with -+3F mass range 
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I [ = 0.96. Thus our normalization of the p and f production amplitudes corresponds 

in practice to taking a mass range of -+3F. For the co, which is very narrow, our pre- 
scription depends less on the production amplitude and is equivalent to taking the 
whole signal - to which -+3P is a good approximation. 

Appendix B. Decay amplitudes for f0 and A 2 

To evaluate the resonance decay factors B(m) (eq. (A.5) of Appendix A) we need 

the dependence of the total width 1" T and partial width Pcd on subenergy m. For a 
D-wave resonance it is customary to use a centrifugal barrier factor 

(qqR) 5 D2(qRR) 
r(m) : F(mR) D2(qR) , 

where D2(x ) = 9 + 3x 2 + x 4 , q is the decay momentum into the relevant channel, 
and R is a constant representing the radius of interaction. 

For the f0 we take [6] (in GeV units): mf = 1.27, mass dependence of F y from 
Py(mf) = 0.182, R = 3.5 with q as nTr decay momentum;  mass dependence of FKK 

from PK~,(mf)/PT = 0.025 (see text), R = 3.5 with q as KK decay momentum. 
For the A 2 we take [30] mA~ = 1.324; mass dependence of PT from I"T(mA2) = 

= 0.104, R = 3.5 with q as a 7rp decay momentum;  mass dependence of FKg from 

FK~(mA2)/F y = 0.06 [31 ], R = 3.5 with q as Kg, decay momentum, 
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