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Abstract We study the peripheral cross sections of resonances that cannot be produced by ,r-ex- 
change In particular, we concentrate on the four meson nonets expected as L = 1 quark 
states (i e., the JP = O+ ~rN(980), JP = 1 + A t, B, JP = 2 ÷ A2) We use SU(3), Regge poles, 
factonzataon, exchange degeneracy, pole extrapolation, and the vector-meson-photon 
analogy We predict the cross sections m both photoproduction and non-diffractive ha- 
dromc reactions In passing, we discuss the large unnatural-panty (B, K-QB) exchange 
contnbutaons and even the posslblhty of studying ~r*r ~ 7rto while avoiding the B produc- 
tion background 

1. Introduction 

In the past four years or so, meson spectroscopy has been consptcuous for the 
lack of dectswe answers to tmportant theoretical questxons [ 1, 2]. For instance, the 
parameters and even existence of the predtcted L = I quark resonance nonets are stall 
unclear 

One reason for lack of progress is our Ignorance of dfffractton processes. The con- 

fusing nature of dfffractwe meson productton was recently rexaewed [3, 4], and tt 
was concluded that peripheral non-dtffractwe resonance reacttons would be the most 
fruttful for studying resonance parameters (mass/wtdth) and quantum numbers. In 
this paper, we would hke to study quantitatively the theoretical predicttons for these 
processes and also the Imphcatlons of the rather sparse experimental data now avail- 
able. The reader is referred to the earlier review [3] for a purely quahtatlve treatment 
of these reacttons and the comparison wtth diffractive data 

We wall consider reactions of the type dlustrated in fig. 1 where a reggeon ex- 
change productxon mechanism has been assumed. The meson resonance M* will usu- 
ally be taken from the four L = 1 quark model nonets, although we brlefly consider 
some examples of L = 2 resonances (for example, the 3-(g) n o n e t -  the Regge re- 
currence of the p meson). The L = 1 nonets contain the lowest-lying examples of 
controversial resonances which cannot be produced by n-exchange. The dynamics of 
~r-exchange processes are well known [5], and, apart from an mterestmg apphcatton 
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~ t 
M(Sl,Pl ) '~ -  .t A '  M*(s~,/~3 ) 

~ R 

b 
N (s 2 ,p2 )  ~ . ~ N ,  D( s4, P4) 

Fig 1. Dmgram representing production of a meson resonance M* by exchange of reggeon R 
from an incident 0- particle M N represents the target nucleon The recoil particle will be taken 
from the L = 0 quark model ground state (1/2+ N octet or 3/2* D decuplet ) s t is the spin and 
/~ the s-channel hehclty s and t are the usual lnvanants and four-momenta,/, 1', b, b' and q are 
used m the text (subsect 3 5, sect 5, and appendix B). 

to A 1 and B photoproduct lon in sect. 7, we wiLl not  s tudy them in tlus paper. 
The organization o f  the paper is as follows" First,  in sect. 2 we define the meson 

states - both  purpor ted and supported - whose production we will study. Then, in 
sect. 3, we describe in some detail the theoretical weapons to be used to study our 
reactions Explicit ly,  we define our notat ion for hehclty amplitudes and detail our 
extrapolat ion ansatz, gwe the SU(3) and exchange-degeneracy (EXD) constrmnts, 
and describe the calculation of  meson-resonance radiative decay widths in an exph- 
clt quark model  [6] Note that two topics were exiled to appendices. These cover 
details of  our pole extrapolat ion procedure and a summary of  the quark model  of  
Feynman,  Klshnger and Ravndal [6] as applied to mesons. 

Sect. 4, speclallzmg to natural-parity exchange, describes the SU(3) and pole-ex- 
trapolation predictions and confronts them with data 

In sect. 5, we describe a generahzed vec tor -meson-photon  analogy model  for vec- 
tor or tensor Regge couplings, as recently proposed by Kashnger [7] The suppression 
of  1 ÷ production cross sections, discovered in sect.4, is accommodated very naturally in 

this model. We a t tempt  to subject the model  to a more detailed check, using at 
times quark model  predictions for v i r tua l -photon-meson vertices. Unfortunately,  
even less speculative apphcatlons are m poor  quantitative agreement with experiment 

In sect 6, we consider the (surprisingly) successful predictions o f  EXD for unna- 
tural pari ty exchange Meanwhile, hearkening to a different drummer,  we find a par- 
t lculafly fine place to study 1 + product ion - namely, by  zr-exchange in photon-in- 
duced processes Predictions for these cross sections will be found in sect 7 

Sect. 8 contains our conclusions. Further  quahtatwe discussion of  our results may 
be found in ref. [3] and has been omit ted from the current paper. 
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2. The L = 1 and 2 quark model  states 

In table 1, we list the four L = 1 quark nonets and indicate the possible expen- 
mental can&dates [8] for the theoretically expected states. As discussed in ref. [3], 
it is no accident that  those particles (~, e, S*, K~I(1420 ), f0(1260))  that can be pro- 
duced by n-exchange are quite well understood *. As we show m sect 4, the remain- 
mg 2 ÷ states have comparatively large cross sections and present no mysteries m 
their product ion dynamics. In this paper, we concentrate on the one remaining 0 + 
particle 0rN(980)) and the 1* particles. Table 2 contams their dominant decay mo- 
des taken from either experiment or SU(3) calculations [9, I0,  I 1]. As usual, some 
of the entries m tables 1 and 2 require qualification 

0)  The C meson seen m p~ collisions [8] has been tentatively identified as the 
strange partner of  the A 1. This is not  a watert ight assignment (for example, it may 
be in the B nonet) ,  and furthermore, the two Q's - hereafter denoted by  QAI and QB - 
may mix [10, I I ] We will, however, ignore such mixing in this paper. 

(n) The I = 0 1 ÷ mesons are represented only by  the D meson seen In p~ inter- 
actions The second I = 0 A 1 partner (D')  has been consistently Identified with 
either the E(1422) or the rather shaky M(953) **. There is essentially no experv 
mental information on h or h '  production.  

Theoretically, the situation is confused by the different mixing schemes. First,  
we can have "magic" mixing as exemplified by  the w and $; in this case, we write 
the I = 0 particles M* (magic - co )  and M* (magic - $ )  with an obvious notat ion 
(M* = D or h). Alternatively, we can have essentially no mixing as exemplified by 
the r /and  ~1', in this case, we write M* (octet)  ar/d M* (smglet). 

Table 1 
L = 1 quark states 

I = 1  

Strange 
I= 112 

I = 0  
singlet/oetet 
mixing (9) 

0 ÷ nonet 1 ÷ "B" nonet 1 ÷ "At"  nonet 2 + nonet 

u N (980) B(1235) At (1070) A2(1310) 

K (~ 1250) QB (1300--, 1400) QAI = C(?) K~(1420) 
(1240 ~ 1290) 

e (~ 750) h (9) D(1285) f°(1260) 

D' -- E(1422) 9 f'(1514) 
S* (1000) h' (?) or M(953) 

* There are stdl some difficulties with the 0 ÷ nonet but it ts not approprtate to dwell on them 
here 

** Rosner and Colglazler classify the D' as an unmixed smglet partner of the At and identify it 
with the M(953) reported by Agudar-Bemtez et al [12] 
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Table 2 
0 ÷, 1" meson decays 

389 

Particle Mass Decay Width Source of 
(GeV/c) (MeV/c) Width 

rtN(980) 0 98 rrrl 40 (a) 

B(1235) 1.235 nto 100 expt 

QB (see Kp 32 
caveat 0)) 1 380 K*rr 80 ] Co) 

Kto 9 

h(octet - 9) 1.01 np 40 (b) 
h(maglc-to - 9) 1 25 ~p 330 (b) 
h'(maglc-¢) 1 5 KK* + KK,* 75 Co) 
see caveat 01) 

A t 1.07 7rp 140 "expt" - 
s e e  

caveat 0v) 
QAI = C (see 1 24 Knrr 50 (c) 

caveat 0)) 
D(1285) 1 285 nz n  Fto t = 21 -+ 10 

KR, u 
D'(maglc-¢) 1 422 K,K* + KK,* 50 
= E Q )  
D' (s, nglet) any K,K* + KK,* 

expt 

(c) 

0 (c) 

Sources (a) SU(3) and e ~ nn = 300 MeV, (b) SU(3) and B ~ rr¢o = 100 MeV, (c) SU(3) and 
A 1 ~ ~ro = 140 MeV Caveats are expounded in sect 2 

Duah ty  schemes predic t  h, h '  to have magic mixing and D, D '  to be unmixed  [ 13] 

The nawe quark  m o d e l  predicts  exact ly  the opposi te  *, here  we can only constder  all 

possibilities 

011) Fo r  the 0 + mesons,  i f  the K is indeed the heaviest  m e m b e r  o f  the nonet ,  then  

no mixing  angle can be found  to fit the mass formulae [9] 

0v)  Note  that  the A 1 none t  parameters  in table 2 are perhaps a h t t le  dubious  

since they  are normahzed  to an A 1 mass and wld th  derived f rom diff ract ion data, 

and there are reasons to believe such parameters  to be unrehable [3] (Stmllar objec- 

tions, o f  course,  apply  to the Q parameters . )  However ,  comparable  results are given 

using the quark  mode l  to relate the A 1 and B couphngs [6, I0 ,  11]. Quanu t a twe  ** 
quark  predic t ion  for A 1 wid th  does, however ,  depend  on its mass, for  instance,  an 

* In the model of ref. [6], the B nonet is an orbital excitation of the rr nonet and so unmixed 
The A 1 being an L = 1 excRalaon of the p has magic mixing. However, the duahty arguments 
ofref.  [13] give the opposite result 

** See formulae m appendix A and table 17 
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A 1 mass of  1.285 GeV (equal to that of  the D meson) would increase its expected 
wMth to over 200 MeV *. Such mass changes (1.07 to 1 285) are allowed because 
current theories of  SU(3) mass breaking are quite phenomenologlcal. 

We must, of  course, bear these and other caveats m mind, during the succeeding 
sectmns. However, they are not a major difficulty - indeed, an tmportant motiva- 
tion for the theoretical models and estimates to follow is the predict:on o f  cross 
sectmns so that experunents can be designed to determine such ambiguous or un- 
known resonance parameters. 

Finally, we note that, at tunes, we wdl treat the L = 2 quark states These are ex- 
pected to consxst of  nonets with jPC = 2-+, 1--, 2-- ,  and 3-- .  The I = 1 members 
we will respectively denote by A 3, p' ,  A~' (as it is EXD friend of  A 1 - maybe A~' is 
the F 1 (1540) state [8]), and g. The I = 0 member of  the 3-  nonet with w-hke mxx- 
mg is Identified with the perversely named ~bN(1680), ref. [8]. 

3. Theory 

Here we detad the basle theoretical formulae to be used m the following. Sub- 
sects. 3 .1 -3 .3  have the pole-extrapolation, SU(3), EXD and factonzanon Ideas used 
m the natural panty exchange [we denote thxs V (for vector, e.g., p, w ..) and T (for 
tensor, e.g., A 2, f0 .,) hereafter] data comparison m sect 4. Subsect 3.4 is a com- 
parable discussion for unnatural panty exchange - see sect 6 for the corresponding 
data comparison. Subsect. 3.5 gives the quark model estimates [6] for meson radm- 
twe decays We use this m both quantxtatwe calculatmns m Klshnger's [7] general- 
lzed vector-meson-photon analogy model (sect. 5) and m predtctmg the photopro- 
ductlon of  1 ÷ particles (sect 7). So after this sop to a global overview, we plunge 
into a morass of  techmcal detad 

3 1. Pole extrapolatwn 
We first define some necessary hehc~ty-amphtude notation Describe the reaction 

1 + 2 ~ 3 + 4 by s-channel hehclty amplitudes HUs 3u4 u2ul (s, t) where s and t are 
the usual mvanants (see fig. 1) and/a z are the respectwe s-channel hehclttes Our nor- 
mallzatmn xs such that 

do_ 0 3893 ~ '  [H~s3u4 u2ut]2 mb/(GeV/c)2,  (1) 
dt 64~rm22p2b 

where ~ '  Is the usual spin-averaged hehcrty sum and m 2 the target mass. 
The expression for the hehcxty amphtudes corresponding to the exchange of  a 

Regge pole with trajectory et(t)Is up to an irrelevant sign [ 14] 

/../sP3U4 U2Pl = ..V(t') a '  S a(t) gu3ul(t)gu4u2(t)  PRB(s, t). (2) 
sin lr~ 

* See formulae m appendix A and table 17 
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Here. 
O)guiul(t)  are the s-channel residues. In our case, gu2u4 is a baryon-baryon resi- 

due known from factorlzatlon [see table 6].  Particle ! Is the 0 -  incident meson and 
3 the resonance. So gu3ul is known at the pole t = mv2  from the width of  particle 
3. We gwe the exphcit  formulae m appendix A. Again, we specify the "natura l"  pole 
extrapolatmn as 

guau, (t)  = (x/t-/my) l u a - u l  I gu3ut ( m y 2 )  (3) 

for the relatwe t-dependence of  the different amphtudes.  Eq (3) gives to g the mira- 
mum t-dependence tmphed by an evaswe (Toiler quantum number M = 0) Regge pole 
g h a s  no other  kinematic singularities or zeros. Eq. (3) specifies our assumptmn of  a 
smooth pole extrapolation.  Rather, to be exact, as we only look at amphtude ratms, 
we assume any other t-dependence (e.g., an intrinsic exponentml,  see eq. (9)) is inde- 
pendent  o f  the produced particle. 

(10 a ' ,  the slope of  the Regge trajectory,  is inserted for later convemence so that 
the couphngs g in eq. (1) are correctly [14] converted from residues m the/-plane to 
those m the m2-plane. This conversion Is t aca ly  assumed m the above dlscussmn (i) 
and m the exphclt  formulae of  appen&x A 

(m) V(t)/sinzra is the signature factor Specmhzlng to vector/ tensor exchange, it is 
again convement to normahze it so that V(mv2 ) = I for the negatwe signature (com- 
ponent  o f  the) Regge pole Here m v is the mass of  the first 1- particle on the trajec- 
tory.  Details are given m table 3. 

Table 3 
Signature factors 

Label m tables 4 and 5 Exphclt form 

Vl 21-[1 - cos~ra + lsmn,~] 
V 2 - cos~rct + tslnlr~ 
Va 1 
I"4 - ~[1 + cosna - *slnna] 
Vs 61- [2 - 4 cosTra + 4 lsmTra] 
V6 1[__  2 -- 4 coszra + 4/slnlra] 

The six signature factors to be used m eq (2) together with the lsoscalar factors m tables 4 
and 5 The latter detail the correspondence between the s~x factors and particular verUces V t 
are multlphed by the lsoscalar factor for V exchange unless this is zero when you use the T ex- 
change entry Note these forms are only vahd m the smaple EXD quark world discussed m sub- 
sect 3 2. 
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(w) PRB (s, t) ensures that H s has the correct kinematic behaviour at the physical 
region boundary and is mgemously normalized so that PRB (s, t) -* 1 as s ~ oo at 
fixed t q: 0, 1.e., 

PRB (s, t ) = X l  ~ l~ l -~ f l x2  ~lt~l+tzfl, 

x I = ½(1 - cOSOs)U/-t, x 2 = ½(1 + cOS0s), (4) 

v = ~(s - u), 0 s = s-channel c.m.s, scattering angle, 

/J1 =/al -/-t2, /af =/~3 - /a4" 

3 2. SU(3), EXD and factonzation.  V, T exchange for  meson verttces 
Consider the vertices g~l ~3 for 0-  (heliclty #1 = 0) goes to M* (hehclty/a3) by V 

or T exchange. SU(3) relates these couphngs for different M*'s in the same multlplet. 
For a gwen nonet of M*'s, we can write the predictions m terms of g(8, V), g(l ,  V), 
g(8, T), and g(1, T) where 8/1 labels the octet/smglet M* couplings and V/T the 
vector/tensor exchanged trajectory. Table 4 records the SU(3) isoscalar coefficients 
for M* = B and table 5 for the opposite charge conjugation M* = A 1. The ~ables can 
also be used for the 7r N and A 2 nonets with changes m particle nomenclature The 
coupling, for gwen charge states, is the relevant g(8/1, V/T)@ table 4, V/T factor (~ 
SU(2) Clebsch-Gordan coefficient for 3 ~ 1 + V, T. For the lsosmglet mesons, we 
designate the pure stagier/octet particles as M1, 8 and for the magic mixing combina- 
tions, we write 

Mto = (~/2M 1 +M8)/~/3, MO =(M 1 - x/2M8)/X/3. (5) 

Now we can further reduce our parameters - with the sign convention that V ex- 
change has signature factor proportional to - ~ ( -  1 + e -'rra) and T proportional to 
- ½(1 + e -ilrc~) (see table 3). Then duality (EXD) implies KN ~ (A 1, B)N is real and 
from tables 4 and 5 this implies 

g(8, V) = g(8, T). (6) 

Further the nawe quark model rules (Le., no disconnected graphs) imply 

g(1, V) = g(8, V), g(1, T) = g(8, T); (7) 

eq. (7) is only expected to be reasonable for magically mixed nonets. The only un- 
mixed nonet studied occurs when we take M* as the 0- nonet. Here Martin and 
Michael [15] find from 7 and ~/' production data that 

g(1 V / T ) ~ t  8 , ~ g (  , V / T )  

and a mixing angle for 71 and 7/8 which tends to increase the factor of 2 reduction 
of the amplitude for the (dominantly) SU(3) slnglet 77' particle. The situation is con- 
fused and not understood Further, as pointed out in the introduction, we do not 
even know what IS the correct mixing scheme for the 1 + mesons. So in the following, 
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Table 4 
SU(3) lsoscalar factors for the B honer 

393 

Particle 3 Vertex Value Vertex 
1 V 1 T 

Value Net 
signature factor 

B. 

n p 0 7r 

K, K*(890) -1 K, 

A 2 -2  V4 
fo 0 Vt 
K*(1400) 1 V3 

QB K, p - , , /3 /2  K A2 ~ V2 

~, ~, 1/,/~- ~ fo 1/,~- v: 

~r K * ( 8 9 0 ) - x / ~ -  lr K*(1400) - , v / ~  - V2 
QB ~: p 4 ~ -  K A2 - 3v5~- v3 

K co 1 / ~  K fo - l /x/)-  V3 

K, K*(890) 1 K, K*(1400) -1 V 3 
hto n p -x/6 7r A2 0 V 1 

K*(890) ~ K, K*(1400) 2 V2, h'¢ 
n p 0 ir A2 0 

K, K*(890)-1 /x /~  K, K*(1400) -x/3 II6 
h8 

Ir p --N/~" n A 2 0 V I 

K, K*(890) 2 x / ~  K K*(140O) 0 VI 
ht 

~r p - 2  Tr A 2 0 V 1 

0) These SU(3) lsoscalar factors differ by an Irrelevant overall factor from those m de Swart 
[45] 

(11) The signature factors V1--,6 are gaven m table 3 
(m) Unnatural-panty exchange couphngs are gwen by the replacement V to B, T to 7r nonet 

we shall always take the simple result tmphed by eqs. (6) and (7), t.e 

g(1, V) =g(1, T) =g(8,  V) =g(8, T) (8) 

Given this, t t t s  convement to note that, m any reaction of the type in fig 1, the 
net signature factor (V + T) takes one of the six forms in table 3. 

3.3. SU(3), E X D  and factonzat ton:  V, T exchange fo r  baryon vertwes 
Let N denote any member of the lowest-lying ½~ baryon octet * and D any mem- 

ber of the standard ~+ decuplet. Then the study of the simple PN -+ P(N, D) reac- 
tions (here P is any member of the pseudoscalar nonet),  has tsolated the values of 

* We will someUmes use N to denote the nucleon rather than a general member of the ½ * octet 
Our meaning will always be obvious m context 
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Table 5 
SU(3) lsoscalar factors for the AI, (A 2 and *rN(980)) nonets 

Particle 3 vertex vertex Net signature 
1 V Value 1 T Value factor 

,r ,o -2  ,r A 2 0 V 1 
A i Y-. K*(890) 1 K. K*(1400) -1 V3 

~, 0 '~ f0 x/2 V4 

QA ~, p - 3 , / ~  P- A2 - . , / ~  V2 
K, to 11x/2 g, fo 1/x/-2 V2 

*t K*(890) - x , / ~  7r K*(1400)  - x / ~  V2 

QA K ,o - N / ' ~  K A 2 ~ V 3 
K ,.,, -t/,vq K fo I/.v~ v~ 

g, K*(89o) -,,/3- K K*(1400) -I/,,/~ Vs Da 
rr ,o 0 n A 2 --x,/2- V 4 

Y-. K*(890) 0 K K*(1400) 2 x , ' ~  V4 
Di 

Ir p 0 7r A 2 - 2  114 

K, K*(890) -1  Y-. K*(1400) 1 Va 
Dco 

'n" O 0 "n" A2 -,q/6 V 4 

K*(890) ~ g, K*(1400) ~ V 2 
De, ,r O 0 *r A 2 0 

(t) These SU(3) lsoscalar factors differ by an irrelevant overall factor from those m de Swart 
[451. 
(n) The signature factors VI~6 ate given m table 3 
(m) The couplings are written out for the A l nonet. Replacing Al by corresponding A2 nonet 
members gives the latter's eouphngs Replacing At by *rN(980), V by B nonet, T by rr nonet 
gwes the unnatural-parity exchange *rN(980) couplings 
(iv) In fact, for Al, A2 unnatural-panty exchange, we need only make the same replacement V 
to B, T to ,rnonet 

gu2u4( t )  for the V, T --> N(N, D)vemces [16, 17] Of course, our knowledge of 
these g in overall sine and t dependence Is not umformly good for all N and D multi- 
plet members. However, It is not  appropriate to discuss this here, nor is it necessary. 
Thus, our estimates will be sufficiently crude (1.e. they are hopefully vahd to around 
a factor of two), that mceties of specific knowledge are not relevant. In partxcular, 
we will completely ignore absorption corrections [16, 18]. This can be justified (ra- 
tionalized) by both the resultant simphelty of the consequent pole-only descriptaon 
and also the unfortunate  fact that we strnply do not  know how to formulate a quan- 
tltatwe absorption model for these complex reactxons. This defect 0.e., omission of 
absorption corrections) can be partially compensated by regarding the Regge estima- 
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Table 6 
Baryon couphngs 

Vertex Hehc~ty state Value 

(f°) co -~ NN g++ -4  
g÷_ 0 

(A2)p ~ NN g++ -1  
g+_ -4 , / 7  

(K**)K* ~ N~ g++ -1  9 
g+_ 2 4 4 x ~  

(K**)K* ~ N.~ g++ -1 2 
g+_ - 2  44 x/-L-t - 

(A2)o ~ N ~(1234) g~2/z4 6 St~2t~4x/Z-t 
(K**)K* ~ N~'*(1385) g/z2tLa 10 S/z2/~4x/C-/- 

The values ofg,u2~ 4 to be used in eq (2) with the parameterlzatlon descnbed m subsect 3 3 
S/z2U 4 is given m eq (12) 

tes, m the followmg, as "effectwe" pole (+ cut) contributions. However, this is not 
really satisfactory, as we shall use factonzat~on to relate reactions o f  different spin- 
structures and doing this with "effective" poles Ignores completely the spin-depend- 
ence of  absorption [ 16, 18]. 

So, bearing m mind the above caveats, we record m table 6, the values we shall 
use m the succeeding sections for gu~ u4" These numbers are normahzed so that  they 
give reasonable fits to PN ~ P(N, D) d o / d t  data when combined with the values of  
gulu3 (V, T -~ PP) recorded m eq. (59) of  appendix A. As usual (m this paper),  the 
numbers m table 6 must be mult lphed by  an SU(2) Clebsch-Gordan coefficlent to 
find the amphtude for a gwen charge state; this time it ts the coefficient appropriate 
for V, T ~ 2, 2[-. Not only this, but  an extra, and entirely phenomenologlcal,  t-de- 
pendent  factor is necessary. This turns out to be 

f = ~ . 4 . 6  exp[al t ' ] ,  (9) 

where the peripherallzmg a i were chosen to be 3 "5 for total  s-channel non-flip (n = 
Igl - / a l l  = 0 in eq. (4)) and 1.0 for the remalmng amphtudes. 

t '  in eq. (9) is, as usual, t - t r a m  where t = tmm is the physical region boundary.  
The use of  t '  rather than t m eq. (9) - a p r ton  elther is reasonable - improves agree- 
ment  with data at low energy. (They are the same asymptotical ly.)  

Again, we note that we use conventional V, T trajectories, 1.e 

p, A2 ' co, f0 : or(t) = 0.5 + 0.9t  
(10) 

K*, K** t~(t) = '0.35 + 0.9t. 
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The spin-dependence of  V, T ~ ND couplings m table 6 is denoted by the "umt"  
vector Sv2 v4 whose four (independent) members are normahzed by 

IS~__ ~12 + IS~__}I 2 + IS}}I 2 + IS~ ~_12 = 1. (11)  

The hehcity dependence of  S is irrelevant for d o / d t  but is constrained by the ex- 
permaental observation of  a dip in do~dr at t = 0 (i.e. S~ ~(t = 0) = 0) and the Sto- 
dolsky-Sakurai decay distribution for the decuplet. S is certainly not umquely de- 
termmed by this, for instance, it is rotation mvanant [16]. However, a reasonable 
choice is 

1 3 $1 3 =S l  i = 0 ,  $1 I =~-, Sl 3 = ~ / ,  (12) 

where most people would like eq (12) to be true for t-channel helicmes. 
The quahty of  the representatmn of  PN -~ P(N, D) data by the symbohc parame- 

terlzatmn described in this sectmn is indicated m fig. 2 *. The poor agreement be- 

1 0  

o) 7 r - p - b  ~'On 

5 9 GeV/c 

0 II ti 

+ 
o 

O0 1 I 
0 0.2 0 4 

I~ - p ~ 7rOfl 

13 3 GeV/c 

)414)t). t 

+ 

c) ~+p ... ~o/,,++ 
S G~V/: f 

) K - p  " "  K-~ n 

5 GeV/c 

I I . I I I 
O 0  02 0 4  O 0  0 2  0 O 0  0 2  0 4  

-I (GeV/c) 2 -t (GeV/c) z 

* The w / f  ° exchangeparameters are not tested m fig 2 The to/p ratio comes from total cross 
K-+*p to K+n sections, K°LP ~ K°S p data and the ratio of K±p --, K~*n 
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2 ÷+ 

O0 . . . .  0 '5 0 0 '  ' ' ' 0 '5 

-t (GeV/c) 2 

| ' l  J) K - p ~  7.r- ~+ 

!} 5 9 5  GeV/c 

Fig 2 Comparison of the simple parameterlzatlon of subsect 3 3 (sohd curve) wzth experimental 
data from refs (a), (b), [19], [201. (c), 1211 (d), [221 (e), (g), [23] (f), [24], [25] (h), [26] 
(0, (I), [27] An ,ndlcataon of the danger of "umversal" parameters Is the dotted hne m (c) which 
uses instead of eq (10), (Xp(t) = 0 58 + t and reduces the a t m (9) by 1, otherwise, the paramete- 
nzatlon is identical to that described m subsect 3 3 and represented by the solid curve in (c). 

tween theory and experiment can be traced to violation of  EXD around 5 GeV/c 
(K-p ~ zr-~ + somewhat larger than 7r+p ~ K+~ ÷, K-p  ~ rr0A larger than 
~(rr-p ~ KOA)), fadure of  Regge energy dependence (compare lr÷p ~ K÷~ ÷ at 6 and 
14 GeV/c), and inadequacy of  "unwersal" parameters 0r -p  -+ nOn can be fi t ted much 
bet ter  than fig. 2 with Regge-pole model)  

3 4 SU(3), EXD and factonzation" Unnatural-panty exchange 
In a perfect world (full of  dreaming spires and beloved o f  theonsts), , the treat- 

ment  of  unnatural-pari ty exchange would be identical to the natural pan ty  (V, T) 
&scusslon of  subsect. 3.2. Thus, neglect A 1 (and its EXD friend) honer exchange 
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There IS evidence for  this from rr-p ~ o0n data [28, 29] and against f rom both 
hypercharge-exchange reactions (the analysis of ref. [30] needed sizable QA1 ex- 
change) and polarization seen in n-p -+ (rr0rr0)n [31 ]. We will not dwell on such 
murky matters but rather consider just the exchange of ~r and B nonets. As in sub- 
sect 3.2, we Introduce four couphngsg(8/1, rr/B)with SU(3) lSOSCalar factors given 
m tables 4 and 5. Again, we Ignore the SU(3) slnglet ambiguity and place 

g(8, 7r/B) = g(1,7qB). (13) 

If  EXD were correct, we would also have 

g(8, 7r) = g(8, B). (14) 

Ttus relation has been tested by comparison of n-p ~ wOn with rr-p -* p0n and 
7r+p -~ 600A ++ with lr+p ~ p0A +÷ [32]. The p - 6 o  interference effect m the latter re- 
action confirms the sign and phase prediction [33] of eq. (14). However, the magni- 
tude of the differential cross sections show that eq. (14) underestimates the B ampli- 
tude by a factor of 1.5 to 2. Let us express this discrepancy" 

g(8, rr)/g(8, B) = 7 (I 5) 

where the above data gives 7 for the rr, B -+ PV vertex We consider it most reason- 
able that for the general n, B -+ PM* vertex, one should assume that 7 is not equal 
to its EXD value 1 but takes on a value independent of the produced meson M*. In 
practice this implies that we find from experiment the ratio of rr couplings 

g(8, It) [Tr_..pM. to g(8, Ir) l ._.p v 

for any M* nonet and then predict the B, K, QB exchange M* reactions by multi- 
plying the corresponding (I.e s a m e  exchange) V production reaction by the n-ex- 
change ratio. In the case where the M* and V nonets have opposite charge conjuga- 
tion, this as (trivially) modified by Clebsch-Gordan coefficients determinable from 
tables 4 and 5. Symbolically we can summarize our prediction as 

PN -~ M 1 *N "B-nonet" = PN ~ V2N "B-nonet" (16) 
exchange exchange 

PN ~ M 3*N lr 

exchange ~Clebsch-Gordan factor 2. 
PN ~ V4N ] 7r 

I exchange 

Here M* z are different members of the same SU(3) meson resonance multiplet, 
V 2, V 4 are members of the ground state 0, to nonet. To use (16), we must have as 
input, V production data by B nonet exchange. These are summarized in table 7 
[34-37,  40] and dlustrated in figs 3 and 4 Thus, choosing a representative experi- 
ment in each case, we accumulate (,o00 + 011 --  P l -  1) d° /d t  for both B exchange 
(fig 3) [34, 35] and K - QB exchange (fig 4) [36, 37] The following comments 
are In order. 
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Table 7 
Parameterizatlon o f  unna tura l -pan ty  exchange around 5 GeV/c 

399 

Exchange React ion Plab ( . o o o + P  11 - p I - 1 ) d a / d t  

(mb/(GeV/c) 2 ) 

B #+n ~ coOp 5 0.35 e 2t 

B 7r+p~ co °A++ 5 0 6 e 2t 

K - Q  B K N ~ (co, p, ~)~  ~ 5  0 

K - Q  B K-p  --, (p, co)A --- 

~ (K-p --, ¢A) = 3 9 0 047 e 2t 

~- 0r -p  --, K*(890)A) 

K - Q  B ~ ( K - p - - , p - Y * ÷ ( 1 3 8 5 ) )  3 9  * 0.09 e at 

K - Q  B ~ (K-p --, p-Y*+(1385))  5"5 * 0 024 e at 

* We average these as 0 077 e at (Plab/3.9)-3 

I 0  - I 0  

n~ 

i 

Q.. 
+ 

g 
ca. 

Q. 

(a) 
.rr+ n..~ ~Op 
at S I GeV/c 

I 
0 2 5 

- t '  (GeV/c) 2 

.2 

(b) ~ p_.. o ~++ 
at 5 5 GeV/c 

I I I 
2 5 

- t '  (GeV/c) z 

Fig 3. (Plab/5)~ (#oo + P 11 o p I - 1)da/dt  representing the unnatural-par i ty  exchange part  o f  
co productaon m (a) Ir÷n --+ co p (ref. [34])  and (b) rr÷p ~ to ° A ~  (ref [35]).  The parameter lzmg 
curves are summarized  m table 7 

0)  We do not  include any ~. data, e g., K-p  --> (6o, p )~ ,  because m agreement 
with our prejudice about a small K ~ N ~  couphng, there is li t t le ev]dence for unna- 
tural p a n t y  exchange in such reactions. Trivially, we then predict the same lack of  
unnatural-pari ty exchange m all KN --> M*~. processes. Although th~s agrees wlth 
current data, zt is not  stringently tested. 
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Fig. 4 (Poo + P t t - P t - 1)do/dt for vector-meson production by unnatural-panty hypercharge 
exchange. The data for the mx reacttons m the figure are from refs [36, 37] The parametenz- 
mg curves are discussed m subsect 3.4, and summarized m table 7 

(ix) One may wax eloquent for many a moon  on the standard folklore apphed to 
the hypercharge-exchange reactions in fig. 4. Here, rather than a full core dump, we 
present a restrained soliloquy. 

SU(3) predicts the equahty o f K - p  ~ pA to K-p ~ ¢oA and K-p ~ CA to 7r-p 
K*A. This agrees with experiment as indicated m fig. 4 and demonstrated by the 
nice analyms o f  Agullar-Bemtez et al [36, 38] .  

Further, EXD predtctsK-p -* CO, ~ ) A  = l ( K - p  ~ ~bA, 7r-p -* K'A) .  This is less 
successful - the "moving phase" reacnons (¢ and K* producnon) lying lower than 
thexr "real" counterparts Co, co produchon).  A closer exammatlon shows that this 
effect Is even bxgger in the natural-panty component  of  these reactions. Ttus is 
pleasing for mmdar systematlcs are seen m K-+p ~ K*+-(890)p [39] .  However, such 
hne-reversal breaking, although interesting, xs just one of  those niceties which are 
irrelevant for our rough estimates. 

01i) It is noteworthy that decuplet producUon (e.g. zr+p -* 6o0A ~ and 
K-p -* p -Y*+(1385) )  has a larger unnatural-panty exchange than their octet counter 
parts (e.g. 7r+n -* ~o0p, K-n ~ p-A).  Invoking a bit o f  *r-B EXD, this can be traced to 
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the larger rrN~ than 7rNl~ couphng. This is particularly clear m K-p -~ p-Y*+(1385) 
because, in addition, the natural-panty exchange is much smaller than for K-n ~ p -A  
(note the x / - t  for Y*(1385) m table 6). It follows that one pre&cts that p-Y*+(1385) 
Is all unnatural-panty exchange around 5 GeV/c. This is clearly supported by the 
data [36, 4 0 - 4 2 ]  compded m table 8. 

K-p ~ ~ Y*0(1385) is a fly in the ointment for fig. 4 reveals it to be fully an order 
of  magnitude below the SU(3)/EXD prediction of  ~ (K-p ~ p-Y*+(1385)) One 
could attempt to explain th~s as a combination of. 

(a) tmm effects the physical region boundary at 3 "9 GeV/c for ¢ Y*°(1385) is 
- 0 . 1 8  (GeV/c) 2 while for p-Y*+(1385), it is - 0  07 (GeV/c) 2. 

(b) K-p ~ ~bA exhibited some suppressmn compared with K-p ~ (p, co)A: thinking 
of  this as a line-reversal breaking ("mowng phase" smaller than "real"), we would ex- 
pect ~b Y*0(1385) to be lower than the EXD pre&ctmn 

(c) Finally, we note that the ~ Y*°(1385) data plotted m fig 4 appears a httle 
anomalous, thus, the fractxon of  unnatural-panty exchange m CY* at 3, 3 15 and 
3.3 combined, 3.9 and 4.6 combined, 4.1, 4.48 and 5.5 GeV/c is 0.79 + 0.13, 
0 85 + 0.15, 0 32 + 0.1, 0.64 + 0.25, 0.68 - 0.14, 0.77 + 0 15 (respecUvely, from 
refs. [43, 44, 36, 40, 41, 40])  The third value, used m fig. 4, is low compared with 
the other experimental estimates. 

One could attempt to clanfy the situation by consldenng zr+p -~ K*+(890) Y*÷ 
(1385) which SU(3) predicts to be equal to K-p -~ p-Y*+(1385) However, low sta- 
tistics and mismatching energies defeat this vahant effort. As recorded m table 8, 
SU(3) is satisfied at 5 5 GeV/c but the K-p -~ p-Y*+(1385) has a rapid energy de- 
pendence from 3.9 to 5.5 GeV/c (which is, however, consistent with the Pl~3b be- 
havaour which would not be unreasonable for K - QB exchange). 

Table 8 
Y* producUon by unnatural-panty exchange * 

Reaction /'lab o(~b) Poo + P 11 - P 1-1 Ref 

K-p ~ a-Y*+(1385) 3.9 92-+8 I 0 .95±01 
4 6 62 ± 10j (0 ~ It') ~ 0 l (GeV/c) z) 
4.1 70 -+ 41 1.17 :t 0.12 
4.48 10 ± 6 0 53 -+ 0.17 
55 16_+7 1 1 2 ± 0 0 6  

2(K-p ~ 4>Y*°(1385)) 3.9 40 ± 10 / 0 32 ± 0 1 
4.6 36 -+ 8 J  
4.1 24 ± 24 0.64 ± 0 25 
4.48 18 -+ 3 0 68 ± 0 14 
5 5 18 ± 10 0 77 ± 0.15 

Ir+p~K*+(890)Y*+(1385) 5.5 21 -+ 4 0.7 ± 0 1 

361 
36] 
401 
41] 
401 
36] 
361 
401 
411 
401 
421 

* Lower energy data (e g refs. [43, 44]) omitted from table 
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3.5. Quark model calculation o f  meson resonances radiatwe decay widths 
To subject Ktshnger's model for vector reggeon couphngs to a quantitative test, 

~t :s necessary to know the amphtudes for wrtual photoproductlon of meson reson- 
ances M* from "ground state" pseudoscalar mesons M; these are related to the ma- 
trix elements for radiative decay M* ~ M + 7(q2). The matrix elements revolving 
real photons are also needed for our photoproductxon one-pion exchange predactions 
m sect. 7. Since no experimental reformation is avadable on these processes (apart 
from the co -+ 7r7 decay), one must needs resort to a model. We choose to calculate 
these matrix elements m the quark model of Feynman, Kashnger and Ravndal [6] 
(FKR). We could, of course, use the familiar non-relatlvastac quark model as ex- 
pounded for baryons by, for example, Copley, Karl and Obryk [46]. However, for 
photoproducUon of nucleon resonances, the two models y:eld very similar results. 
There may be slgmficant differences in electroproductlon [47, 48] and further 
both may indeed be wrong for such processes [49]. Anyhow, we shall support the 
local team who concentrated primarily on baryon-resonance productmn. 
The calculation for mesons as not only similar but easier. To make this paper self-con- 
tained a brief summary of the FKR model apphed to mesons as contaaned m appendix 
B. 

Let M*, M and 7(q 2) have momenta l', I and q, respectively, wath l '2 = m .2 and 
12 = m 2. Then define F u in terms of the current matrix elements * by 

2 m*V~, = (llJ~ll'). (17) 

These amplitudes Fu will be evaluated m the meson resonance rest frame for the 
process M* -* M + 7(q 2) where the photon three-momentum Q* of modulus Q* as 
taken along the z-axis and the scalar and longRudmal parts of the current matnx 
elements are related by the current conservation conchtlon 

Q*F z : v*Fo, (18) 

where q = (~*, Q*) m thas frame. Thus, we need consider three amphtudes. 
2 m*F O, the matrix element o f J  0, corresponding to the amplitude involving hehcaty- 
zero v:rtual photons; 2 m'F±,  the matrix elements of the spherical components of 
the current, (Jx + tJy)/X/2, corresponding to amphtudes revolving transverse photons. 
The labels on F±, 0, therefore, refer to t.ehannel helicmes of the photon, which xs then 
(minus) the hehclty of M* as M is spmless. 

The results are derived m appendix B and summarized m table 9. In the latter, we 
write the amplitudes for either the lsospm-1 M *+ -~ ~r+~/(q 2) or the lsospln- 1 
"K *''+ -+ K+7(q 2) - they always have the same numerical coeffic:ents. For posture 
charge conjugaUon C nonets, the lSOslnglet mesons have zero couphngs; for negatave 
C, we multxply table 9 by 

X/3, X/6,-370 for  S8, S~Sw ,  S~ (19) 

to get isosmglet S ~ ~t0')'(q 2) with the four mixing possibxlmes. These properties are 
derived using SU(3) and the idenUfication 7 -- P + ~ o  - ~ / 2 ~ .  

• Throughout this paper, out states ate normahzed eovanantly by (p Ip') = 2 E(2n)a~ a(p_p,) 
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Table 9 
Radiative meson decays In the quark model, M*+~ 7r +3'(q 2) 

jPC Quark model Isospln 1 F o/4 G F +/4 G 
L S M *r 

1 ÷- 1 0 B + - ~ ' / 6  ~ / 6  

0 ÷÷ 1 1 rtN(980)+ 0 0 
1 ÷+ 1 1 A~ 0 ~r/4 
2 ÷+ 1 1 A~ 0 6r/4 
2 -÷ 2 0 A~ ,52 F/[2~/31 T6/2 
1-- 2 1 p'(~)+ 0 r 62/[6N/60] 
2-- 2 1 A~ ÷ 0 r ~2/[6~/121 
3-- 2 1 g+ 0 r ti2/[6~/15] 

Kinematic quantities are defined m eqs (73), (76) and (79) SU(3) related amplitudes dis- 
cussed in subsect 3.5 L = 1, 2 particles are defined in sect 2 

4. SU(3) and pole-extrapolat ion tests, natural-parity exchange f o r  t h e  L = I s ta t e s  

Ttus was covered very thoroughly in ref [3], and we wall not  repeat all the argu- 
ments gwen there. 

4.1. 2 ÷productton 
Consider the processes lr-+p ~ A2-+p around 5 GeV/c. There is large f0 exchange 

[50] contr ibut ion which from pan ty  conservation is hehclty flip at the rrA 2 vertex 
As we wtU discuss In sect. 6, there is also B exchange (coupling mainly to hellcRy- 
zero A 2,s), and so here we elmainate both  B and a rather scrawny p exchange by  
forming [50] 

doo/dt = ~ do/dt {0r+p ~+ A2+P) + 0r-p -+ A 2-p) - 0r+n -+ A20p)}. 1"20) 

The data coming from the recent careful partial-wave analysis of the Illinois 
group [51 ] is shown m fig. 5. This also glves the parameter-free predlctlon of the 
pole-extrapolat ion model  described in subsects. 3 1 - 3  3 The amazing agreement 
between theory and experiment  [51, 52] is quite embarasslng. Although such a 
wondrous sight must  be accidental,  a reasonable concord between theory and expe- 
riment was to have been expected. Thus, both  theoretically and experimentally,  this 
reaction is dominated by the spm-fhp ampli tude that  consistently shows well-nigh 
perfect Regge pole behaviour (compare n-p  ~ nOn, K-p  ~ K*-p,  etc.). 

Now let us use SU(3) and factorlzatlon to calculate all the hypercharge-exchange 
reactions producing members of  the 2 ÷ nonet.  In practice, we just  calculate the pole 
extrapolat ion predictions but  as this model  agrees so well with nN ~ A2N , this IS 
almost equivalent to just  using SU(3) and factorlzatlon to relate all 2 ÷ product ion 
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I O[  ~rN-"AzN I=0 Exchange 
5 GeV/c 

NU/SUNY (A~)'[ z<t~l< 3 
- - NU/SUNY (AM) j- (GeV/c) z only 

r ~  ' i ' Illinois 
'~f'~ "<\'~'N Pole-extrapolahon Theory 
~/] ~ [F (Az~ 7rp) = 73 MeVJ 

do-/d t 
mb/(GeV/c)  2 0 I  

t 

001 I I I I \ I 
02 04 06 08 I0 

- t '  (GeV/c) 2 

Ftg 5 Comparison of the data of refs. [51, 52] for ~rN ~A2 N with the pole extrapolation model 
descrthed in subseets. 3.1 and 4 1. The I = 0 exchange contrthutmn Is defined m eq (20) and 
do/dt comes from renormallzmg ~t±p ~ A 2 ±p da/dt by the ratm of cross sections of the I - -  0 
~rN ~ A 2 N  to that of charged A2 productmn. (This is gwen m the compilation m ref [51] ) Note 
that the total A2 cross secttons m ref. [52] should be ignored as they come from an incorrect 
(as shown by data of ref. [ 51]) extrapolatmn of data m 0.2 < I tl < 0.3 (GeV/c) 2. The different- 
ml cross sections are, however, quite valid as shown m the figure. 

to 7rN ~ A2N *. The experimental and theoretical cross sections are shown m table 
10 The reader Is horrified, for the theory consistently underestimates the experi- 
mental cross sections by anything up to a factor of  4. This is not due either to a fail- 
ure of  SU(3) or even our incompetence - rather It comes from two facts. First, the 
reactions mvolving A's have sizable unnatural-panty exchange contributions which 
around 5 GeV/c are bigger than the natural-panty values hsted m table 10 (see sect. 
6 and take a qmck peep at fig. 18). Secondly, only about h~lf the experimental 
cross section occurs m the range 0 ~<-t' ~< 1 (GeV/c) 2 for wluch the theory is calcu- 
lated. Unfortunately, the theory is not even rehable past - t '  = 0.5 and so cannot 
eshmate the whole cross section - again the data is generally not gwen for a "small" 
t' cut However, fig. 6 shows a nice companson of  theory and expenment do/dt 
(not just productton cross section) for 7r-p ~ K*(1420)Z 0. We choose this reaction 
as the Z0 elumnates most of  the unnatural-panty exchange while the avadable of  
do/dt removes the second difficulty. 

Some of  the discrepancies cannot be explained away. One senous techmcal diffi- 
culty is that even, say at 5.5 GeV/c, tmm for K-n ~ f'Z is - 0 . 2  (GeV/c) 2, this 

* These SU(3) predwtlons wall differ from direct relatmn of amplitudes at t = 0 as the two me- 
thods will have different dependence on non-degenerate (SU(3) breaking) mass values. 
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Table 10 
A 2 nonet cross sections * 

Reaction Plab o(~tb) Ref 

Theory Expt 

7r-p ~ K*(1420)A 4 5 9 2 29 5 ± 4 [26] 

7r-p~ K*(1420)A 6 5 6 11 -+ 3 [26] 

n - p ~  K*(1420)~ ° 4 5 3 8 10 -+ 2 [26] 

rr-p ~ K*(1420)(A/2: °) 7 6 3 31 +_ 19 [53] 

K - p ~  A°A 3.9 7 4 23 ± 21 [361 

K-p --, A°A 4.1 6 7 < 18 [401 

K-p--, A°A 4 6 5 5 23 ± 14 [36] 

K-p ~ A°A 5,5 3 7 < 5 [40] 

K-n--, A~A 4.48 11.1 31 ± 8 [41] 

K-p ~ A~r.* 3.5 15 50 -+ 13 [54] 

K - n ~  A~2; ° 4 48 6 13 ± 5 [41] 

K-p--, f°A° 3 14 150 -+ 60 [55] 

K-p--, f0A ° 3 9 8.1 46 ± 12t (20 ± 10) 136] 

K-p ~ f0A0 4.1 7 3 80 +- 33 [40] 

K - p ~  f0A° 4 6 6 60 ± 8t (25 ± 5) [36] 

K-p ~ f°A° 5 5 4 12 ± 5 [40] 

K-p ~ f°A° 10 1 1.3 6 ~ 5 [56] 

K - p ~  foZo 3 6 110 ~ 60 [55] 

K-p--, f °X ° 3 9 3 7 25 ± 9 [36] 

K-p--, foXo 4 6 2 9 15 ± 5 [36] 

K-n---, f o x -  5 5 4 24 ± 7 [57] 

K-p ~ f'A 3 9 9.8 7 ± 4 [36] 

K-p -~ f 'A 4.1 9 22 ± 14 [40] 

K-p --, f 'A 4 6 7.7 19 ± 4 [36] 

K-p ~ f 'A 4 6,5 45 [58] 

K-p -~ f 'A 5 5 5.4 20 ± 6 [40] 

K-p ~ f 'A 6 4.7 9 ± 4 [59] 

K-p--, f'2: ° 3 9 3.5 0 ± 3 [36] 

K - p ~  f, xo 4.6 3 1 5.3 ± 2 [36] 

K-n --, f'2;- 5 5 1.6 21 ± 3 [57] 

K-p ~ f ' (A/Z °) 4.25 13 24 ± 8 [60] 

* The well-known ~rN -~ A2N cross sections are omitted. All cross sections are corrected for un- 
seen decays and the theoretical cross sections were formed_by Integration from 0 to 1 m - t '  
The numbers In brackets gdve the cross sections m the forward hemisphere. 
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Fig 6 Comparison of n-p ~ K*°(1420)~ ° data from ref. [26] vath the SU(3) theory expounded 
m subsect. 4.1. To obtain da[dt we have cheated somewhat by renormahzmg the hsted dtr[dt for 
n-p -~ K*°(1420)A by the ratio of production cross sectaons for 7r-p ~ K*°(1420)~: ° over 
~r-p ~ K*°(1420)A. (All data from ref [26].) 

physical region boundary suppresses the theoretical cross sections below their naxve 
value. This tmm suppression IS probably not correctly represented m our formalism, 
for the difference between the theory and expertment gets particularly bad at low 
energies where, because of tmm, the theory has a slower energy dependence than the 
simple Regge prediction. The data, if anything, fall faster than Regge as energy in- 
creases Further, it would also be race to find out how much unnatural-panty ex- 
change there really is in the E data. If  there is violation of the simple rule (no unna- 
tural-panty exchange m ~ production), it will be easier to see m, say 7r-p-+K*(1420)E q 
(simply because there is generally more unnatural-panty exchange in 2 + than 1- pro- 
duction, see sect 6). 

Most of the ambxgumes described above wall be smaller at 15 GeV/c and table 13 
lists a selection of predicted cross sections at that energy. 

4 2. I ÷productton 
Fresh from our stunning triumph with the pole extrapolatxon model for rrN ~ A2N, 

we show a similar comparison for IrN -~ BN m fig. 7. Theory xs well over an order of 
magmtude too big and quite the wrong shape. In fact, the 7rN -* BN data has a stml- 
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Fig. 7. Comparison of u±p ~ B±p data from refs [70, 71] with the pole-extrapolation model 
described m subsects 3.1 and 4 2 do/dt comes from normahzing data from a simple mass cut 
to quoted B cross sections from a Brelt-Wlgner fit to the whole mass dlstrlbutmn. If the small 
Itl data is not to be attributed to B productton as conjectured m subsect 4.3, this method vail 
be out by up to a factor of 2 in the normahzatlon of the data at larger I t I (even ff this is pure B). 

lar t dependence to lrN ~ A2N and suggests dominance of  a spin-flip amphtude.  The 
theory, on the other hand, is mainly non-fhp. Thus, both  the data and Klshnger's 
generahzed photon-Regge pole analogy to be discussed in the next section, suggest 
we should drop the non-flip (at the rrB vertex) couphng. For  this reason, fig. 7 also 
shows rrB spin-flip part of  the pole extrapolaUon predlctzon. This agrees with the 
data to wittun the factor o f  2 uncertainty m the model. So ]t is convenient to define 
our SU(3) factonzat~on pre&ction for the whole  B nonet  to be half  the spin-flip 
part o f  the pole extrapolat ion value, This is shown in fig 8 for K-n  ~ B-A, theory 
and experiment [64] agree excellently. Note we do not  ~xpe~t-afi-y siZable-unnatural- 
pan ty  contr ibut ions to I + product ion for 1 + states can only couple m hehcl ty  1 to 
such an exchange• 
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Fig 8 Comparison of K-n ~ B-A data at 4.9 GeV/c from ref. [64] with the SU(3) prediction, 
based on the rrN ~ BN data of the prevmus figure, and discussed m subsect. 4 2 

The largest non-diffractive amphtude producing a member of  the A 1 nonet is the 
f0 exchange n-+p --> A 1 +-p Here, of  course, we are confused by the much larger dlf- 
fractwe component,  and so we must turn to other largish (as there is a healthy NA 
non-flip couphng) amplitudes K-n  ~ A~A and 7r-p ~ QOA. The former is discussed 
in ref [3], the A 1 may have been seen [72], but the large background precludes a 
declswe statement. There Is a clear Q signal m the second reaction [26], n-p ~ QOA 
at a mass of  1 29 GeV/c and this data is shown m fig 9. Unfortunately, the size of  
the cross section is quite consistent with this being either the Q belonging to the A 1 
or to the B nonet. We assign it to the A 1 nonet, leaving us with no lr-p ~ Q ° A  
data for the latter would be at higher mass lurking under the "K*(1420)" signal 
(see fig 8 of  ref. [3]) This assignment, as shown m fig 9, is consistent with the 
same defimtlon 0.e., one half the spin-flip part of  the pole extrapolation) for A 1 
nonet predictions as for the B. This is quahtatwely consistent with the Klslinger model 
to be discussed soon and table 12 takes this definition for its theoretical predictions 

The remaining rather pauce data on A 1 and B nonet production IS summarized 
m tables 11 and 12 The h data is discredited [8], quite interesting, however, is the 
7r+n -~ D0p data [66] shown m the form of  do/dt in fig 10 The unknown mixing 
and branching ratio of  the D, plus the low energy of  the data, precludes unambiguous 
conclusions, we can, however, be satisfied with the agreement between theory and 
experiment for the pure octet assignment-for the D 

Table 13 summarizes our predictions, gwmg values for the expected cross sections 
for some L = 1 production reactions at 15 GeV/c. da/dt curves were presented In ref. [3 ] 
and are not repeated here. Actually, we should admit that a different and perhaps 
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Fig. 9 Comparison of ~r-p ~ (K~rTr)°A data from ref. [26] for the mass-cut 1 24 < m(KTr~r) < 
1.34 GeV/c with the crossed Y*(1385) bands removed The normahzatlon is stmply from the 
events per mlcrobarn at each momentum corrected for unobserved KTr~r charge states. The theo- 
retical curves correspond to the two expected Q mesons, QA1 and QB" As decnbed m subsect 
4.2, both curves come from halving the value of the Q spin-flip part of the pole extrapolation 
formulae. This is only justified by SU(3) for QB 

Table 11 
B nonet cross sections * 

oOzb) 

Reaction Decay Plab Theory Expt. ReL 

K-n ~h° :~  - ~r+rr-lr 0 2 1 135 (h octet) 37 + 11 [61] 
53 (h maglc-~o) 

7r+p ~ h °A++ rr+n-Tr 0 4 8 (h octet) 150 [62] 
23 (h magic-w) 

K - n ~  B-A all 3 31 102 ± 26 [63] 
K-n ~ B-A all 4 9 12 29 ± 8 [64] 

* Omitting 1iN ~ BN (a compdatlon of such data may be found m ref. [65]). All theoreUcal 
cross sections are calculated by integrating in 0 < - t '  < 1 (GeV/c) 2. 
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Table 12 
A 1 none t  cross sections * 

React ion Decay Plab Theory 

o(~b) 

Expt  Ref  

lr+n ~ D ° p  7rN(980)~Tr +- 2 7 52 ** 

n -p  --, DOn K-+K°n;  2 5 ~ 2 63 u n k n o w n  
D --, KK1r 

~-p ~ DOn K-+K°Tr ~ 2 9 --* 3 3 branching ratio 

lr-p ~ DOn K+K°~r ~ 3 8 ~ 4 2 

¢c+p ~ D0A ++ ~+Tr-ra 8 7 ** 

K-p ~ D0A lrN(980)~'lr + 5 5 1 5 ** 

~-p ~ Q°A (K~rlr) 0 4 5 8 

lr-p -~ Q°A (Klrn) ° 6 6 5 

44 +- 8 [66] 

7 -+ 2 [67] 

I0 +- 4 [67l 

17 + 5 [67] 

25 + 8 [681 

< 6 [69] 

13 5 t [26] 

8 7 ' I26] 

* Omit t ing dlffracUve data All theoretical cross sections are calculated by integrating in 
0 < - t '  < 1 (Gee /c )  2 

** Using no decay branching ratio for D and assuming It to be pure octet  
~" Cross sections f rom simple mass  cuts 1 24 < m(K1rlr) < 1 34 (GeV/c) 2, crossed Y* bands  re- 

moved and 0 < - t '  < 1 (GeV/c) 2 

OI 

dcr//d t 
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heory 
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NO Decoy Bronchmg 
Roho IncLuded 

I I I I I 
02  0 4  06  08  I 0  
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Fig. 10. C o m p a n s o n  of  the  SU(3) theory  discussed in subsect  4 2 with ~r÷n ~ DOE at 2 7 GeV/c 
f rom ref  [66] We have included no decay branching eor rec tmn for the  theoretical D calcula- 
tions as the  observed ~rN(980) ~ ~r ± decay is beheved to be dominan t  We have chosen the  pure 
octet  I = 0 m~xlng assignment  for the  D meson.  
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Table 13 
Predicted natural-panty exchange cross secnons at 15 GeV/c 

B Nonet o(td~) AI Nonet o(t~b) A 2 Nonet o(t~b) 

7r-p ~ Q~A 1 4 rr-p ~ Q~I A 1 15 r:-p --* K*0(1420)A, 1 1 

*r+p ~ Q~3Z + 1.65 ~r÷P ~ Q~l z+ 1 3 *r÷p --," K*÷(1420)2; + 1.2 

K-n ~ B-A 1 7 K-n ~ A1-A 1 4 K-n --* A2-A 1 2 

K-p ~ B-~; + 1.9 K-p ~ A 1 -Z + 1 6 K-p ~ A 2 -Z ÷ 1 4 

K-p -~ htoA 1 25 K-p ~ DsA 0.25 K-p ~ f°A 0 6 

K-p ~hwX; ° 0.7 K-p--* D8X; ° 015 K-p ---, f °Z  ° 035 

K-p ~ hq~A 1 15 K-p ~ DIA 09  K-p ~ f 'A 09  

K-p ~ h0X:° 06  K - p ~  DlX ° 0.5 K-p ~ f'X; 0 05  

K-p ~ Q~3n 6 15 K-p ~ Q~I n 4 15 K-p -* K*(1420)n t rr 
7r-p ~ hton 4 5 *r-p ~ Dan 2 6 u-p ---, fn J exchange 

*r-p~ Din 4 0  
*r-p ~ B°n 12 lr-p ~ A°n 2 9 ,r-p ~ A2°n 5 1 

These come from integrating the SU(3) models m sect 4 for 0 < - t '  a 1 (GeV/c) 2 at an m-- 
cadent momentum of 15 GeV[c. Isospm mvarmnce may be used to derive other reaclaons Table 
6 will gwe a÷+ and Y* reactions 

be t te r  def ini t ion o f  our  " S U ( 3 )  p red ic t ion"  was given there. Thus, m our  earlier 

paper,  we took  the whole pole  ex t rapola t ion  cross section and mul t lphed  it by  ex- 

per iment  divÀded by  theory  for 7r+p ~ B+p at 5 and ~r-p ~ QOAIA at 4.5 GeV/c .  Also 

some cor rec t ion  was made  for E X D  violat ion in these earlier calculations.  Here our  

simpler prescr ipt ion allows the reader to easdy adjust the predict ions  to  account  for 

future knowledge  and improvements  in the canonical  parameters  given in subsect. 

3.3. 

4.3. The peak at small t m B productlon 
We must  n o w  c o m e  to  the feature,  first repor ted  [71, 73] at the 1972 Batavia 

conference  which has caused us some considerable pare. We had glossed over  the 

small - t  peak m rr-p ~ B-p  shown m fig. 7 *. This omission seems at first sight 

rather unforgivable ,  for  the conclus ion o f  the last section was that  the B differential  

cross sect ion was flat and showed no evidence for the non-flip amphtude  expec ted  

m a naive theory  Perhaps the data  Is showing a small non-fl ip B coupl ing,  we say 

small, s imply by  compar ing  theory  and exper iment  m fig. 7. However ,  there is an- 

o ther  explana t ion  whmh reqmres  no B non-fl lp couphng.  R e m e m b e r  that  the data  

[70, 71] p lo t t ed  m fig. 7 came f rom a simple rr~o mass cut  and had no background  
subtract ion.  N o w  a possible background in this react ion is rr6o in a JP = 1- state. 

* A peak at small t m ~r*p ~ (*r~o)+p IS also seen at 7 GeV/c (ref. [73] and S Flatt6, private com- 
munication) The effect, m the prehmmary data, Is less pronounced than m the 9 1 GeV/c ~r-p-~B 
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Fig 11 Compar ison  o f  ~rN ~ 0rw)N data  m the  B region with the background expected at small 
t f rom the ~r-exchange process rtN ~ Lo' ~ ~rto)N See the text  (subsect. 4.3)  for a specification o f  
the theoretical curves and as to why  the normahzataon of  the  data m tlus figure differs f rom that  
m f i g  7 

Thts, unhke the B, can be produced by rr-exchange and is expected to be strongest 
near t = 0. We use the (poor man's absorption) PMA rr-exchange model [5] to esti- 
mate this background, determining the only unknown parameter (A in e a t  amplitude 
t-dependence) from fits to ~rN ~ pN data. This gwes us an unamb]guous prediction 
for the shape of  the background t-dependence. Fig. 11 shows this predlcuon Is m 
striking agreement w~th experiment Here the theory has been normahzed to the data 
at 9. I GeV/c This was done because the absolute normahzatlon of  the theory has 
enormous uncertainty as 7rrr ~ ~rco scattenng is unknown. As an example, we took a 
1-/9' resonance at 1.45 GeV]c with width 300 MeV and the (ridiculous) partial widths 
U,,  r = r~rto = 150 MeV The curves m fig. I I come from multiplying this theory by 3. 
Beanng in mind the numerous uncertainties, this seems O.K (We would be happier 
however, if experiment had a lower normalization .. ) 

The discermng reader wall have noUced that the normalization of  the data m figs. 
7 and 11 are different. This occurred because fig, 7 comes from normalizing do/dt 

corresponding to a simple mass-cut to the quoted B cross sectmn (the latter cormng 
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from a Brelt-Wigner fit to whole mass distribution allowing background and reson- 
ance tails, etc.). Fig. 11 was obtained by taking the observed number o f  events in 
the mass-cut and normalizing using the event per mlcrobarn eqmvalent o f  the exper- 
unent. Also note that the theory does not have the expected P-21a b 7r-exchange be- 
hawour In fig 11 Thts follows simply from the different mass-cuts used at 5 and 9.1 
GeV/c 

We should not continue. The correct answer wdl only come from a careful part- 
lal-wave analysis of  the ongmal data summary tapes. Note that ff one had a race n ° 
detector, ~r-p ~ (rr6o)°n would be a very favorable place to lslolate the 7r pole. Com- 
pared with n-p ~ 0rw)-p, It-exchange is mcreased by a factor o f  2 and B production 
reduced by a factor of  2 (calculating the relevant ratio of  A 2 to 60 + A 2 exchange at 
5 GeV/c and small t) 

5. Model calculations of  natural-parity-exchange meson-resonance cross sections 

5.1 lntroductton 
As we have just seen, it is necessary to account for the apparent suppression of  

the 1 ÷ axial vector meson cross sections. This suppression is, in fact, predicted by a 
model for vector-trajectory Regge couphngs recently proposed by Klshnger [7]. In 
the next subsections, we describe the assumptlons o f  this model and outline some 
elementary calculations using Klslinger's form for the Regge amplitudes. Our treat- 
ment parallels that of  Ravndal [74] m a related problem, and we consider both 
elastic 7rN scattering and meson-resonance excitation. Since the vector-trajectory 
couphngs m nN elastic scattenng are rather well-known (see subsect. 3.3), we can 
ehmmate an unknown overall constant and predict the meson-resonance cross sec- 
Uons in terms of  the meson matrix elements of  a conserved SU(3) current. To ob- 
tain an estimate of  these cross sectmns, ~t ~s therefore necessary to have a model 
for these matrix elements They can be related to v~rtual-photon amphtudes 
M* --> M + 3,(q2), and for th~s we use the FKR relativistic quark model [6] described 
m subsect 3 5 and appen&x B. This model has its deficiencies and ambtgultles, but 
a specific quark model has the virtue of  correct SU(3) propertaes and should give 
predlctmns of  the right order magnitude. 

5. 2. Kislinger's model  
Klshnger's [7] model as a generahzed vector-meson-photon analogy. In the model, 

the vector-meson Regge-pole couplings are written in terms of  a vector operator whose 
matrix elements are assumed to be proportional to those of  the photon *. Klsllnger 
writes the Regge amphtude in the form 

T(s, t) ~(t)saV (t)-I ' ta , = (1 [Rv[I)  (b [Rvulb) ,  (21) 

* Klshnger's model may perhaps be made more plausible by recent work (refs [75, 76]) suggesting 
a connection between the bdocal operators of deep-inelastic ep scattering and reggeon couphngs 
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where, as illustrated in fig. 1, the four momenta of the partmles m MN ~ M*N are 
l, b, 1' and b' ,  respectively. We put q --- l' - I whence the standard mvariants are t = 
q2 and s = (l + b) 2. 

The important ingredient of the model Is the assumptmn that the matrix elements 
of the vector operator R~z are stmply proportmnal to those of the corresponding con- 
served SU(3) current J~¢. In terms of some umversal function r(t), we therefore wnte 

(k' IR~  lk)  = r(t) (k'  I~v[k).  (22) 

For the 60 and p trajectories, we may express the couphng in terms of the familiar 
electromagnettc current matrix elements. 

(I'IR~p) It) = r ( t)  (1' [JUll), (23) 
( . , )  (P) 

(- , )  

where the conservatmn condition ts 

qP(l'],I u] I) = O. (24) 

Ttus condmon leads to a zero in the non-fl~p off-diagonal transmons M* -~ M 
+ 7(q 2) for q2 = 0 and so suppresses these amphtudes m resonance M* production 
This is m quahtative agreement with the data discussed m the previous sectmn. To 
obtain more quantitative predictions, it is necessary to have some model for the 
photo-electric meson-resonance matrix elements. Th~s IS where we shall turn to the 
explicit FKR quark model; and m the next subseclaon, we denve the necessary for- 
mulae. 

5.3. Formalism 
We now outline the kinematms of elastic scattering and meson resonance produc- 

tion: 

lr + N-+Tr + N, (25) 

rr + N -+ M* + N. (26) 

We evaluate the contribution to the differential cross section resulting from vector- 
meson Regge-pole exchange, where the Regge amplitude ts written as (eqs. (21) and 
(23)) 

T(s, t) = P(t)s a(t)-I  (l'[JUll) ( b ' [ J [  b). (27) 

P(0  is some universal function, which together with the common baryon-antlbaryor 
vertex, we will eliminate by taking the ratio of  reactions (26) and (25) and so predmt- 
ing (26) m terms of the known differential cross section for (25). Eq, (27) involves 
the matrix elements of  the electromagnetic current and is thus appropriate for p0 
and ¢o 0 Regge contributions. (¢o exchange obviously does not contribute to the elas- 
tic reaction.) However, note that Kislinger's model has the identical EXD and SU(3) 
properties to the idyllic world discussed in subsect. 3.2. Thus, it is sufficient to con- 
sader just the p0 ~nd ¢o exchange that are elementarily related to electromagnetic cur- 
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rent matrix elements. Apphcatlon of  tables 3 - 5  will then give all other vector/tensor 
exchange processes. 

In both cases (1 e., reactions (25) and (26)), the matrix element at the nucleon 
vertex is just the electromagnetm form factor, and, therefore, normalizing our spmors 
by flu = 2 m N where b 2 = b '2 = m~/, we have 

(b'lJ#l b) = ff(b') Fu(t) u(b), (28) 

where Fu(t  ) = A(t)T# + B(t) (b + b')# and A(t), B(t) are just linear combinations of  
the usual nucleon form factors GE(t ), G M (t) which need not concern us here. 

Now we can wnte m the high-energy hmlt 

do/dt = 1 6 ~ s 2 ~ '  I TI 2, (29) 

where the spin-averaged ~ '  I TI 2 takes the form 

~ ' [ T [  2 = P(t)  2 s 2a(t)-2 MUVB#r (30) 

Here M uv and B ur are respectively meson and baryon tensors 

M~o = ( l ' l J I l )  qlJv[ l'), B#r = (b ' lJIb)  (b I J i b ' ) .  (31) 

Taking the spin-average gives 

B~, r = ~ Tr [(b' + m N) P ( t )  (b+ mN) Fr(t) ] , (32) 
r where since qUMur = 0, we may replace b # by b# m F# and so obtain 

Beff#r = °tb# br + fig#r' 

a = 4 [A 2 + 4mNAB + B2(4mN 2 - q2)], (33) 

= q2A2" 

Now we must turn to the meson vertex M#v where we treat the two reactions 
(25) and (26) separately. In the (simple) elastic scattering (25) we get 

(l'lJ#ll) = (l + l')# f~r(t) (34) 

where fn(t) is the plon form factor. This leads to the expression 

do/dt (elastic) = ~ s 2"(t)-2 ¼ el If~r(t)l 2, (35) 

where one should distinguish ot of  eq. (33) from trajectory t~(t). 
Secondly, take the resonance production reaction (26). We can analyze the meson 

Muu (summed over the unobserved M* helicities) m a manner famdiar from inclusive 
electroproduction processes. With an ingenious normalization put 

M r  = I t  - (l'q)q#/q 2] [l u - ( l 'q)qJq 2] 2W2(q2)/m (36) 

+ 2 m(--guu + q~qu/q 2) Wl(q2 ). 
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W 1 and I¢ 2 can be calculated in terms of the amplitudes FO,+ - introduced m sub-- 
sect. 3.5, namely, 

_ m .2 
Wl(q2 )----m-- [IF+12 + IF-12]' (37) 

W2(q2 ) = 2 m(-q2/Q .2) [(_q2[a,2)iFo12 + ~. (i/7+12 + IF_I2)I, 

where, as usual, 

a , 2  _ [(m* + m) 2 - q2] [(m* - m) 2 - q2] (38) 

4 m .2 

Taking the tugh-energy lmait, we find 

P(t) 2 s2a(t)-2 do/dt = - - ~ -  ~a [_q2/Q,2] 

X ((_q2/Q,2)iF0[2 + ~ (i/7+12 + IF_I2)) (39) 

We now take the raUo of (39) and (35) to chromate t~ and the unknown p2(t) 
This gives 

dtd°V°(rrN--> M'N) = ( ~ , 2 )  I ( ~ ' 2  ) - q 2  _q2 If012 +~- (IF+ 12 + [F_I2) ~ 

d°V° (rrN -> 1rN) be (q2)l 2 
dt 

(40) 

This equation summarizes the content of Kashnger's model for our processes. The 
amplitudes F0,_+ are obtained from table 9 and some cunning is needed wtule insert- 
mg the correct SU(3) and signature factors from tables 3 to 5 Further, we should 
note that, as dtscussed m appendix B, the FKR model has trouble in predicting the 
q2 dependence of the F0, ~ amphtudes. So we shall use eq. (40) only to obtain the 
leading behavlour as t ~ 0. The t-dependence wall be put mvta the canonical para- 
metertzat~on of subsect. 3.3 

5.4 rr+n ~ coOp 
Before usmg the formula (40) for speculaUve estimation of I ÷ cross sections, we 

first note that we can subject the Kislinger model to a simple test without any addi- 
tional quark model assumptions. Thus, the model relates the p exchange parts of 
reacUon rr+n ~ coOp and zr-p ~ Ir0n to the rachatwe width of the co meson. Namely, 
mampulaUon of eq. (40) gives 

do/dt(rr~n ._> coOp) _ 3rt It II-'(co --> zr~,)~ 1.7 Itl. (41) 
do/dt(lr-p ~rOn) p e 2 Q,3 

exchange 

This is perhaps an unrehable prediction as simple Regge theory IS a poor approxa- 
matlon to the natural-parity part of 7r*n ~ coOp. However, let us use our EXD/SU(3)/ 
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factorization folklore to convert eq. (41) into a relatmn between K-p --> K-*p and 
K-p ~ K,0n; both of  wluch are dominantly overall spin-flip amphtudes and nicely 
described by Regge poles. 
Thls glves 

K-p ~ K*-p = 0.66 K-p ~ K.0n I (42) 
p~ non-flip I p~ spin-flip 
natural-panty 
exchange 

Around 10 GeV/c, ttus reads [22, 77] 

~, 100/ab = 0.66 o f ~  50/~b; (43) 

on estimating the percentage, the dominant terms are of  the quoted cross sections. 
We deduce that Kishnger's model underestimates the K* cross sections by a factor of  
3 to 4 m cross section. 

This is shown in fig. 12 where we have used eq. (42) for the relatwe couphngs but 
included subdominant terms using the canomcal folklore described zn sect. 3. Note 
how excellently the shape o f K - p  ~ K*-p is reproduced, this ln&cates the excellence 
of  the Regge-pole approximation. Shown is not only the K]shnger predictions (41) 
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Fig 12 Comparison of the predlcUons (dotted curves) of the Klshnger model - Eqs (41) and 
(42) in subsect 5 4 - with expertmental data on K-p ~ K*-p (ref [77]) and Ir*n ~ coOp (ref [78] 
In each case, the decay density matrix elements of the vector particle have been used to isolate 
natural-panty exchange The sohd curves come from multiplying this predicUon by 3 8. SU(3) 
relates the curves m (a) and (b) as described m subsect. 3.2. 
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and (42) but the eyeball fit to the K* data gotten by multiplying the Kislinger pre- 
¢hctions by 3.8 (m cross secUon). The deviation of  the latter from 1 Is then our best 
measure o f  the model's rehabihty. 

5.5. Predictions f o r  production o f  L = 1 and L = 2 quark states 
We now turn to the Klslmger + FKR quark-model predictions (upon every sin is 

another sin...). To employ it, we use the expression (40) at t = 0 and so find the 
ratio o f p  exchange rr-p --> A10n, ~r-p ~ A20n, ~r-p ~ hton to n-p -* 7r0n. This gwes 
us an estimate ofPM* ~ V, T couphngs to be used together with the parameters of  
subsects. 3 .2 -3  to predict all the cross sections for the production of  the 1* and 2 ÷ 
nonets. 

The results are shown in fig. 13 and table 14. They are even more disappointing 
than 60 production foretold - being, in each case, about a factor of  10 too small in 
cross section. In spite of  this, the predicted do/dr shapes are good and the ratio of  
B A 1 .A 2 production is slmdar to that in the SU(3) spin-flip pole extrapolation 
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Fig. 13. Comparison of the Klslmger model described m subsect 5 5 voth data on ~rN -* A2N 
(ref [51], see fig. 5) and ~r*p -* B÷p (ref. [70], see fig 7) 
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Table 14 
Resonance cross seetmn m ~tb at 5 GeV]c 

419 

Reaction Expt. Kaslmger Model Ad hoc 
spm-fhp model 

~r÷p -* B÷p 92 ± 16 (ref. [70]) 10 
Ir-p --* Al°n ? 1.5 
~rN ~ A2N (/= 0) 127 ± 23 (ref. [51]) 12 
n*p ~ Aa+p '7 1.5 
fro exchange) 
rr+p --, p'+p 9 0 15 
(to, A2 exchange) 
n+p--, A1 *+p 9 0 73 
(to, A2 exchange) 
lr-p --+ g°n '~ 0.6 
(A2 exchange) 

8 0  * 

135 
127 

* Not a prediction but the defining normahzation of all the 1" SU(3) predictions discussed m 
subsect 4 2 

model. This adds confidence perhaps to the use of  the lat ter  for the predict ion o f  
A 1 nonet  cross sections. 

One curiosity is that, as one might expect  from vector dominance, the Kashnger 
model  for 7r+n --* w0p only deviates from the pole extrapolat ion model  by  about a 
factor of  2 m cross sections. The pole model  hes between the dot ted  and sohd curves 
on fig. 12 and comes from the usual estimate of  the 6o -+ 1tO couphngs by  assuming 
this (virtual) state dominates  the co --* 3n decay. However, the slmdar A 2 ~ 7tO pole 
model hes, as shown m table 14, a factor o f  10 above the Klslinger model.  The fail- 
ure o f  the vector dominance model  in this case suggests that one might be able to 
reformulate the Klslinger model  to agree bet ter  with vector dominance and hence 
vath the data. 

Thus, we conclude that  the Kashnger model  only gwes a qualitaUve description o f  
the data. I t  could be interesting to subject it to further qualitatwe tests comparing 
the nN decay angular distribution observed in Ir*p ~ rr00r*p) (and descnbed by  Regge 
p exchange illustrated m fig. 14) with that observed in photoproduct ion  ")'N -* lrN. 

~.÷ ~0 

p p 

- ~ ( I .  312) q Proper tlonal to 

N N 

Fig 14 An untested predlcUon of the ]Oshnger model discussed m subsect 5.5. 
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6. Estimation of unnatural-parity-exchange cross sections 

We complete our discussion of the production mechanisms of meson resonances 
by considering the unnatural-parity-exchange component. To be exact, we ignore 
7r-exchange processes, which have large cross sections and are well understood [3, 5], 
and treat only B and approximately EXD K - QB exchange reactions. It turns out 
that the latter are quite big around 5 GeV/c and often dominate the (suppressed) 
V - T  exchange contnbutlons. 

6 1. $N(1680) product ton  

As described in ref. [3], the reaction lr÷n --> ~bN(1680)p provides a particularly 
clean test of the ideas expounded in subsect 3.4 As the 3- and 1- nonets have the 
same charge conjugation and (presumably) the same I = 0 mixing, eq. (16) reads 

n+n -> ~bN(1680)p [ B-exchange 

=¢r+n~co0P IB-exchange X 7r+n~g0p I ' (44) 
rr+n -+ pOp n-exchange 

where ¢~N(1680) Is the co-lhke I = 0 magic mixed member of the 3- nonet. Now the 
n-exchange 19 and g production reactions have essentially the same t-dependence con- 
trolled by our old friend, the plon pole Thus (44) predicts, in agreement with the 
data shown in fig. 15, that qbN(1680 ) [79] and 60 production [78] should have t h e  

same t-dependence The relative magnitude is just the ratio of the observed cross 
sections for g [81] and/9 [80] production. Correcting for non-zero tram suppressing 
the g production, we get from (44) at 6.95 GeV/c 

UCN [rr+n -* ¢N(1680)p] = 0.4 (Uto [rr÷n -* w0p]) (45) 

where Uto , UrN are respectively the fractions of unnatural-panty (B) exchange in co 
and ~b N production. Putting in U w ~ 0.5, o(lr+n -* coOp) = 86.4 -+ 12.8/tb [78], 
gives 17/ab for the unnatural-parity contribution to ON production at 6.95 GeV/c. 
This is nicely consistent with the measured q~N cross section of 33 pb for the domi- 
nant (9) rr+~r-u0 decay [79]. This suggests UrN ~ Uo~ = 0.5 and so we mark t h e  

curve 0 4 (lr+n ~ coOp) on the plotted ON data m fig. 15. We predicted the SN natural- 
panty exchange * in the last section, but the values are too unreliable to confirm or 
deny U0N ~ 0 5. 

Note that we immediately predict a comparable cross section (Le. ~ 30/ab) for 
rr+p ~ ¢N(1680)A ~. (~r+p ~ co0A +÷ Is bigger than lr-p ~ coOn, see fig. 3, but the 
~,bN A++ reaction is suppressed by tmm ) 

* Actual ly  the  data discussed m subsect  6 3 suggests U~N ~ 1 - which  ts also cons i s tent  - If  
less  w o n d r o u s l y  - w i th  our  est imates  above  
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Fig. 15. Comparison o f  (a) lr*n ~ coop (ref. [78]) and (b) rr*n ---, ¢N(1680)p (ref [79])  at 6.95 
GeV[c dlseussed m subsect 6.1 The solid curve in (b) ~s 0 4 t]mes an eyeball fit to the data m 
(a). 

Also we can use the analogue of  (44) to predict other L = 2 quark state cross 
sections. In particular, the I = 0 member o f  the jPC = 1 - -  nonet will be produced by 
B exchange and decay into lr÷rr-Tr 0 Tins cross section wall be suppressed by the 
small rrlr couphng of  the 1 = 1 member o f  this nonet [82] 0dentlfylng the latter with 
the/9') to which coupling, the cross section will by (17) be proportional. However, 
m view of  the mass and mixing uncertainties, we wdl not pursue these speculations 

6.2 rrN(980 ) production 
The 1rN(980 ) cannot be produced in meson-baryon collisions by either V, T or 

rt-exchange; it can be produced by B exchange in ~rN -~ ~rN(N , A) and K - QB ex- 
change in KN ~ rrNY Eq. (16)provides a &rect estunate o f  these cross sections m 
terms of  the ratio 

oUr-p -~ e°n) _ 2 f '(e) 
R = 

o(lr-p ~ p0n) 9 P(p) ~" 0.5, 
(4s) 
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which Is expressed above as the ratio of the couplings squared at the ,r pole. These 
we have evaluated cavalierly to give R ' ~  ~. The uncertalntaes in the width, mlxang 
and even assignment to the 0 + nonot of the e precludes accurate determination of 
R. 

If  U denotes "unnatural-parity part", we predict 

,r-p -~ ,rN0n = ~ U0r+n -~ ~o0p), 

~÷p -~ ~NOA+÷ = ~ U(*r÷p ~ co0A++), 

K-p -* IrN02~ 0 = 0, (46) 

(K-n -* nN'A ) = K-p -~ nNOA = ~ U(K-p -* teA), 

K-p ~ 7rN-Y*+ = ~ U(K-p ~ p"Y*+). 

The values of the cross sections on the right-hand side are recorded in table 7 and 
after a small accounting for the t ram suppression (this is at worst a factor of 0.75 at 
5 GeV/c) dtrectly give the 0mknown) *rN(980 ) cross sections. We interpolate table 7 
to the desired energies using a P~a?b behavior for B exchange * and Pi'la3b for strange- 
ness exchange. The results are recorded in table 15 where the agreement between 
theory and expenment is spotty; theory deafly overestimates the cross sections at 
the lower momenta. At the higher momenta, there is encouraging agreement. We 
must await better data on both the left and nght sides of (46) to really judge the 
validity of these relations. 

Table 15 
,rN(980) ~ *r-~ cross sections 

o(vb) 

Reaction Plab(GcV/c) Theory Expt. Ref. 

n-p--+ ~rN-P 3 2, 4 12 80 8 + 4 [84] 

*r-p --+ ,rN- p 5 40 

Ir+p ~ ~rN°A ++ 5 100 

K-n -* nN-A 2 11, 2.65 unrehable < 13 [85] 

K - n ~  nN-A 4 48 13 15 ± 3 [86] 

K-p ~ ,iN-Y*+ 3 9, 4.6, 5 13 2.4 + 1 [87] 

K-p ~ nN-Y*+ 4.1 14 < 6 [69] 

K-p -~ 7rN-Y*+ 5.5 7 9 ± 3 [69] 

* Ref. [831 concludes that the (mtegTated) unnatural-parity (B-exchange) component of 
n+n -~ w°p has an effective intercept m the range 0 to -0.3.  
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6.3. Production o f  the 2 ÷nonet by unnatural-panty exchange 
We can simdady estimate the unnatural-parity contribution of  2 ÷ nonet produc- 

taon in terms of  the ratio 

R - a(rr-p -~ f0n)  ~ 1.37, (47) 
o0r-  p ~ p0n) 

which we take from experimental data [88] at 15 GeV/c where tram effects are 
small. We then get 

U(rr+n ~ A20p) = 1.37 U(rr÷n ~ coOp), 

U(rr+p -> A20A ++) = 1.37 U(rr+p -+ co0A++), 

U(KN ~ (A 2, f0 .... )•) = 0, (48) 

U(rt-p ~ K*(1420)A) = 1.37 U(rr-p ~ K*(890)A), 

and a host o f  slmdar relations. 
" At 5 GeV/c, the experimental [34] cross section for lr*n ~ A20p is 190 -+ 40/~b 

Using the work in sect 4, we find the p-exchange contribution is but 12 gb. You 
may argue that this is unrehable for Regge-pole theory is known to be a disaster for 
the natural-panty part of  the basic reacUon lr+n -->coOp. However, fig. 12 does show that 
our SU(3)estimate for rr+n --> coOp, although predicting an unobserved WSNZ (wrong- 
sagnature nonsense zero) at t = - 0 . 6  (GeV/c) 2, has the right magmtude for small t. 
Consequently, it underestimates the cross-section by (only) a factor ol 2 to 3. we 
assume th~s is our error m the A 2 cross section estimate by p exchange. Meanwhde, 
(48) predicts that the B-exchange contribution ls 140/ab - m pleasing agreement 
with experiment and mchcatmg that unnatural-panty exchange is 5 to 10 times big- 
ger than natural-panty exchange at this energy *. As the same ratio in ~r÷n -~ coop 
1s around 1 (see, for instance, refs. [34, 35, 78]), it follows that unnatural-panty ex- 
change ls, relative to V, T exchange, more strongly coupled to the 2 ÷ than the 1 - 
states. Fig. 16 indicates that a similar s~tuahon ~s present m lr÷p ~ A20A ÷÷. This 
figure also confirms that we are pre&ctmg the right t-dependence for such processes. 
Another experimental confirmation can be found m 10 GeV/c K-p scattenng [77], 
where the ratio zr + B exchange/co + f0 exchange is found to be larger for K-p --> 
K*-(1420)p than for K-p --> K*-(890)p. SU(3), o f  course, relates t/us observation to 
our previous predictions. 

We cannot resist commenting that we have previously [16] pointed out that the 
natural-panty exchange (A2) poUutlon of  lr+p ~ p0A ++ 1s very small at - t  ~ O(m2n) 
and so this reacUon 1s the best for studying ~rrt scattering. The above discussion shows 
that the s~tuatlon is even better for 7r+p -~- fo/x++ and as shown in fi~ 17, at / ' lab = 

* One cannot meamngfully use the A2 ° d m e.'s quoted m ref. [34] to estamate the amount of 
unnatural-panty exchange as the A~* d.m e.'s m the same reference do not agree with those of 
ref. [51] 
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Fig 16 Comparison of experimental data on n+p --+ A2°A ÷* at 5 5 GeV/c from ref [89] with 
the natural-panty (p) exchange contnbuUon calculated as m subseet. 4 1 and the unnatural- 
panty (B) exchange contribution calculated from eq (48) m subsect 6 3 

50 GeV/c (the high momentum makes tmm small), the neghglble background makes 
studies of  lrTr scattenng above 1 GeV/c zrlr mass very clean [93]. 

One can predict the unnatural-panty component of  the multitude ofhypercharge ex- 
change 2 ÷ reactions (see table 10). However, natural-panty exchange is now no 
longer represented by sickly spin-flip p and A 2, but rather by healthy K*(890, 1420) 
exchange. Correspondingly, unnatural-panty exchange, although bigger by around 
a factor of  2, no longer dominates over natural-panty exchange. As there is, as yet, 
no separation of  the data into natural- and unnatural.panty components,  a clean dis- 
cussion is impossible. We will take just one example. 

The ratio rr-p -~ K*(1420)A to rr-p ~ K*(1420)X 0 m table 10 is larger than the 
simple V-T exchange prediction. This discrepancy is correctly identified with unna- 
tural-panty exchange which is large for the first and roughly zero for the second re- 
action. Actually at 4.5 GeV/c, Po0 was measured for rr-p ~ K*(1420)A and found. 
to be * 0.63 + 0 09 for 0 <~ - t '  ~< 0.5 (GeV/c) 2. Tlus again indicates theamportanee 

* Slmdar conclusions can be drawn from the density matrix elements for K-p ~ (f, f')A reported 
at 3 9 and 4.6 GeV/c (ref [361) 
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Fig 17. Expected natural-parity exchange (A2)background in (a) ~r÷p ~ p°A** (refs [90, 91]) 
and (b) rr+p ~ f°A++ (refs [90, 92]). The theory curves are calculated using the formahsm des- 
crlbed m subsect. 3.2 and 4 1, and are discussed m subsect 6 3 The deviation of the data m 
fig. 17b from the unwersal P~ab da/dt curve is probably due to dafferent mass cuts used to defin 
the fo m refs [90, 92]. teff is  defined as t' + tmm (evaluated with the mean masses of  the reson 
antes)  

o f  unnatural-panty exchange for A reactions. Table 7 and eq (48)  gwe the curves 
shown in fig. 18. The predicted unnatural-panty exchange is a factor o f  2 to 3 too 
big. This could  be due to m a n y  things. For one,  our cosmic  esUmate m table 7 does 
overestimate the 7r-p ~ K * ( 8 9 0 ) A  cross secUon. R e m e m b e r  this is a moving-phase 
reaction whose  cross section IS reduced, for reasons b e y o n d  our ken,  from the E X D  
value m table 7. We wil l  not  wriggle more  but leave this sect ions as a sp len&d quali- 
tative success. 
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Ftg 18 Comparison of experimental data on *r-p ~ K*°(1420)A at 4 5 GeV/c (ref [26]) vath 
natural-panty (K*(890) - K*(1420)) exchange contnbutaon calculated as m subsect. 4.1 and 
the unnatural-panty (K - QB) exchange contnbuUon calculated from eq. (48) m subsect. 6 3 

7. Photoproduct ion of  meson resonances 

One of  the lessons o f  the previous secttons was that our poor  knowledge of  the 
1 ÷ nonets reflected thezr small hadromc cross sectzons compared with,  say, healthy 
*r-exchange reactions, for instance, *r-p ~ p ° n  and *r*p ~ f0A ÷÷ (see fig 17). It Is 
interesting to note that  the B and A 1 can be produced by  n-exchange m photon  re- 
duced processes, Their expected cross sections can be estimated rehably by  pole extra- 
polation; failure to observe them with the predicted size would be unambiguous evi- 
dence against their existence. As we saw in fig. 7, pole extrapolataon for their hadron- 
ic product ion by  vector-tensor exchange ts a trickier busaness. 

Consider a typical  process 

"t + P ~ M *+ + n (49) 

where M* is any non-strange I=1 meson resonance. We can calculate the *r-exchange 
Born ampli tude (illustrated in fig. 19) as 

T Born = e ( M*l/u(0)17 ) 1 (NI Iu(0) IN) .  (50) 
t - m  2 

?r 

Tlus can be evaluated at the pion pole in terms o f  the nN]~ coupling G and the 
M *+ -+ *r+'y radiatwe width.  As described m subsect 3.5, we use the F K R  quark model  
to estzmate the latter.  The Born cross sect.ton given by  (50) can be calculated as (taking 
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Fig. 19. Production of meson resonances by ~exchange at 4.7 GeV The theoretical curves are 
dascussed in sect 7. As described there, the cross sectaons quoted m table 16 correspond to half 
the do/dt values m the figure 

the charged 7r-exchange reacUon (49)) 

doaorn/dt  = 2 [rr~G2/4zr] 1 Itl (51) (s-m2)2 (t-m )2 
× 2 m  .2  (IF+l 2 + IF_I2). 

The quantities IF+ 12 = IF  I 2 are gotten by placing q2 = 0 m the formulae o f  
table 9. Using tlus table plus eq. (51) gwes the cross sectlon ratios reported in table 16. 
As usual one can finesse the argument, and use the pole-coupling values tmpllcit m 
eq. (51) plus the PMA model [5] for off-shell 7r-exchange processes. After fitting 
rtN -* pN (as described in the rrN -* (p' -* 7r~o)N calculations of  subsect. 4.3), tlus is a 
parameter-free theory. The results are gwen in fig. 19. 

Note that the FKR model predicts l~(co ~ PT) = 1.9 MeV - essent]ally twice the 
experimental value. Correspondingly the theoretical do[dt for yp ~ cop m fig. 19 is 
around twice the experimental value. One should perhaps then also halve the predicted 
do[dt for A1, A 2 and B in fig. 19. However, there is no compelling reason as to why 
the fatlure o f  the FKR model is a simple meson independent overall factor. 
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Table 16 
Cross sectmns for ,r-exchange m M* photoproductlon 

ReacUon Cross sectaon (t~b) at E. r = 4 7 GeV * 

3'P ~ top 1.25 (theory normahzed to this value from ref [94] ) 

Tp ~ B°p 0 1 
3'P ~ AI +n 0 5 

"rP "* A2 +n 0 9 

* cross sections at other energtes may be estimated using Pfa2b behavlour of ,r-exchange processes. 

Anyhow, we have adopted this simple expedient in table 16 and have renormalized 
the cross-section estimates by experiment over theory for 7P ~ coP (This IS the un- 

natural-panty part o fTp  -~ cop extracted [94] using polarized photon  data.) Our 
predict ion for 7P ~ A~n of  0.9 #b at 4.7 GeV compares satisfactorily with the data 
o = (1.2 ± 0.4), (2.5 _+-~ 5), (0.6 +- 0 3) at 4.3 (ref. [95]),  4.7 (ref. [961), and 5.25 GeV 
(ref [95]), respectively. There is no report  o fTp  ~ A+I n as ye t  * - It would be inter- 
esting to look for our -~/ab predicted cross section around 5 GeV. As we have emphas- 
reed, non-observation of  the A 1 at this level of  cross-section would be declswe evi- 
dence against its exastence. 

3'P --> "B"p  has been reported [96] with a 1/ab cross section around 5 GeV[c.  

This is much larger than our estimate (which is so small because the n-exchange 
couples to the "co part"  of  7 = P + "~ co); A 1/~b cross section is presumably natural- 
pan ty  exchange (A 2 or Pomeranchuk) 

Using the results of  table 9, one can also calculate the n-exchange contr ibut ion to 
the product ion of  the L = 2 quark states. At  low energies, these are suppressed by  
tmm effects, but  once this stralt3acket is o 'ercome, 7P ~ SN(1680)p is some 10% of  
7P ~ top The other L = 2 mesons coupling to the p part of  the photon have slmdar 
cross sections, while those, e.g. 7P ~ g÷n, that have the misfortune of  seeing but  the 
co-like photon  are, as usual, (~)2 smaller, i.e. around 1% of  7P --> coop. 

Finally, we give m fig 20, the PMA predictions for the produced M* resonance 
density matr ix  elements. Those for qep ~ cop are, o f  course, obscured by the large 
Pomeranchuk term. The other reactions should, however, be realistic and observable 

* We would hke to thank Dr G SmadJa for many conservataons on the experimental dlfficulttes 
with 3'P ~ A*I n. 
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Fig. 20 Predactlons of the PMA n-exchange model for the decay density matrix elements for 
vector mesons photoproduced by n-exchange This figure is discussed m sect. 7 

8. Conelusions 

We have done battle with the filth and pestilence of  expenmenta~ data; pre&ctmg 
the essentially unknown cross sechon m terms of  the barely known. We have curdled 
together many theories (Regge poles, SU(3), factorizatlon, EXD, pole extrapolation, 
Regge-pole-photon analogy), each of  which is only accurate to sorue factor o f  2. 
Nevertheless, a pleasing picture has emerged. 

Firstly, the current poor knowledge of  the l + (and stmllarly o f  higher - perhaps 
non-quark) meson states is only temporary. Their predicted cross sectlons recorded 
m tables 13 and 16 should be eastly within reach of  future spectrometer or large 
bubble-chamber experiments. These mesons can be fruitfully examined m both ha- 
dromc and photoproduction non-&ffractwe processes. 

There is a pretty structure m the exchanged quantum numbers around 5 GeV/c, 
which will clearly repay deeper mveshgataon We find flat cross sechons - only half 
of  which lies m - t  < 1 (GeV/c) 2. We find large unnatural-panty exchange in 0 +, 2+and 3- 
production - its strength increases relative to natural-panty exchange as we increase 
the mass of  the produced meson and move up the p - A 2. . trajectory We find 
natural-parity-exchange cross sections whose non-flip components are greatly sup- 
pressed. Tins can be qualitatwely understood m a vector-meson-photon analogy 
model recently proposed by Klshnger. A quantltatwe explanatlon is, however, stall 
lacking. 
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We found a possible rr-exchange peak peeping out at small t in rr-p -+ (rrco)-p; this 
suggests that quantitative studms of  mr -+ 7r~o may well be possible in the future. 

We wonder what systematms await discovery for forward-baryon and backward- 
meson resonance formation. We hope our work will stimulate theoretmal and expe- 
rimental study m these fields. 

We would hke to thank Mark Klslmger and Finn Ravndal for theoretmal adwce, 
K.W. Lal and H.A. Gordon for an invaluable DST and Alex Firestone for help m 
processing it. 

One of  us (AJGH) does not feel he deserves any credit for the poetic value of  
flus work. 

Appendix A. Explicit pole-extrapolation formulae 

Here we record the formulae relating the s-channel residues gz zl (t), introduced 
m subsect. 3.1, at t = m2v to the decay width 1' of  3 -+ 1 + V(V ~l th  mass m V 15 the 
(1-) partmle on the exchanged Regge trajectory R m fig. 1). 

Specmhzmg at once to the special case of  interest s 1 = 0,/a 1 = 0, we have, from 
general pnnciples, 

gu3 (my  2) = ~ l /  £ r ( 2 ~  + I )  
~,3 y F(a + X 3 + 1)F(ct-  ~'3 + 1 ) 

x (mv/T13y ~ exp (~ inX3)( -1)  s3+xs 7"x3 a~Sx3~,3 (-×3"*), 

where t = mv 2, a = 1, 

T12 = [t - (rn I + rn3)2] I t  - (m I - m3)2] ,  

cos X3** = -- [t + m23 - m12]/T13 , 

sm X3** = 2 m3mvi /T13  . 

(52) 

(53) 

Finally, ~x3 is the (t-channel) hehcsty amplitude V¢ -~ 1 + -3, and is related to the 
generally more useful 3 --} 1 + V amphtude by an irrelevant hehclty independent + 1 
sign. The latter amphtude (also denoted ~x3) 1s related to F(3 ~ 1 + V), the width for 
3 to decay into 1 + V, by 

1"(3 -~ 1 + V) = ~ I'~Xs12Q*/(81r(2s3 + 1) m23), (54) 
~-3 

where Q* 1s the momentum of 1 or V for the decay of 3 at rest. Using the observed value 
for I'(3 -+ 1 + V), eq. (54) enables one to determme ZXs I~'x312. If there is only one 
independent spin amphtude, this is sufficient to determine gu3(mv2), up to an irrele- 
vant phase, using (52). Otherwise, one needs a model for spin CA3) dependence of  the 
decay amplitude. 
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For the tensor meson decays, 2 ÷ -* 0-1-,  panty allows only a D-wave decay, (or 
equivalently, one independent t-channel hehclty amplitude), and the decay width 
is indeed sufficient to determine the s-channel helicity residue gua" For the axial vec- 
tor meson decays, 1 ÷ ~ 0-1 -, the situation is more complicated since both S and D 
waves are allowed, corresponding to both hehcity 1, and helicity O, decay amplitudes 
being non-zero. To determine the s-channel gu3 residues, it is necessary to have a 
model for the amount of  D wave present, since this essentially determines gu3" This 
we shall take from a naive SU(6)W quark coupling model for the decay. The model 
predicts that one hehcity amplitude for A 1 and B decay is actually zero, this cor- 
responds to the S and D wave amplitudes exactly canceling in one hehcxty amplitude. 
Colglazier and Rosner [10, 11] have suggested that this is in disagreement with ex- 
periment and, in fact, that the S-wave component in this model may be unreliable. 
Nevertheless, their analysis showed that the magnitude of the S- and D-wave contn- 
butlons was actually in reasonable agreement, and that only the relative S-D phase 
prediction of the SU(6)W model was violated. As can be seen from eq. (52), the 
value o f g  at t = 0 essentially depends on the magnitude of the D-wave contnbution; 
so we are content to use the naive SU(6)W model [97] for the IDI/IS[ ratio. The 
reader is referred to FKR [6] (subsect 3.5, appendix B) or Colglazier and Rosner 
[10, 11] for the more sophisticated approaches. 

In a collinear frame, the SU(6)W symmetric vertex functions may be constructed 
m a sunple way from quark graphs. The SU(6) wave functions for the L = 0 and L = 1 
mesons are [11] 

~ , ~ )  = ~  c~b + =  eb) v 5 b, z, o, 

Ml(•a) ' ~33 

(55) 

+ r% % ( 5 0 . b ,  L = 1. 

The symbols P, V, B, S, A and T are the 3 X 3 matnces for the 0 -÷, 1 --,  1 ÷-, 0 ÷÷, 
1 ÷÷, 2 ++ meson nonets, respectively. The 2 X 2 matrix C m quark spin space is 

I 0 c = Joy = . (56) 
- 1  

The index t represents a polanzation vector for one unit of  angular momentum, and 
e !, e'i, % specify the polarization of the vector, axial-vector and tensor mesons res- 
pectwely. SU(6)W mvariant vertices are constructed by contracting indices accord- 
hag to the quark graphs (see fig. 21) and insisting that W-spin is conserved in the cre- 
ation of the q~ pair. The coupling then has the form 

M + ("re) M (°ta) D M (~d) (57) 
z (~a) ([Jb) bar ('yc) 
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_ . ~ , b )  (/Lb 
{ot~ CI 

(a, o) (),, c) 

~ , ¢) 

Fig 21 Quark model graph for the 3-meson vertex calculated m appendix A Each quark is re- 
presented by a pair of indices (a, a) where ¢t specifies its SU(3) and atts spin state. 

The mat r ix  

1 O, ~ °zC  (58) 

insures that  Vlb and  qd are created m a spm state S = 1, S z : 0, Le. a state of  W-spin 
zero. This prescript ion Is the natura l  extens ion of  SU(6)W from L = 0 meson  coup- 
lings to a coupl ing involving an L = 1 meson.  W-spin ts still conserved. This symme- 
try Is sometimes called SU(6)W ~ O(2)L z. 

The predict ions are summarized in table 17. To use them, we decompose the pre- 
&cted  hehci ty  amphtudes  in to  S and D partial  waves and correct the la t te r  by  
(Q*/Qo) 2 where Qo is taken as 0.42 GeV/c - an average decay m o m e n t u m  for the 
L = 1 mul t ip le t  Table 17 then gives us the necessary ratio of  spin states to allow 
eqs. (52)  and (54)  to determine gua ( m y  2) absolutely.  

For  completeness,  we remember  tha t  for our  pole ext rapola t ion pred:cUons, we 
need the ratio of, say ,g( l rAlP ) to g(mrp). The lat ter  can be found  from eq. (54) 
using 1-'09 ~ m 0 to find directly ~' (p ~ mr) - for as we said, this only  differs by  an 

Table 17 
SU(6)W(~)O(2)Lz predictions for L = 1 meson decays M* ~ PV 

M* Hehctty amphtudes 

~'~.=0 ~.=1 

2*+(A2 nonet) 0 (from panty) - 1/x/2 a ( T[ V, P] ) 
I++(AI nonet) 0 -1/x/2 a (A[V, P]) 
1 +- (B nonet) a (B {V, P}) 0 

Here a is an arbitrary parameter, A, T, V and P are 3 × 3 SU(3) matrices (see text of appen- 
dtx A), [ ] = commutator, { } = anticommutator and ( ) = trace. The SU(3) lsoscalar part of the 
traces are precisely the numbers given m tables 4 and 5. 
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irrelevant sign from the explicit case ~(~r ~ rrp) for which (54) Is written. For the 
record, we note (54) gives 

I~" (Tr ~ rrp)l = 5.35 for F o = 120 MeV, 

I~" (K ~ 7rK*(890)1 = 3.2 for rK .  = 50 MeV. (59) 

As usual, these numbers must be multlphed by an appropnate Clebsch-Gordan 
coefficient to get the coupling for a g~ven charge state. 

A p p e n d i x  B.  F K R  Q u a r k  m o d e l  f o r  m e s o n - r e s o n a n c e  e x c i t a t i o n  

We review the formahsm of ref. [6] used in subsect. 3.5. The mesons are repre- 
sented as states of a quark-antlquark (q~) system which is descnbed by the (essent- 
laUy mass-squared) operator 

g = 2(PR2 +Pb 2) + i ~ 2 ( U a  - Ub)2; 

Pa and Pb are the quark and antlquark four-momenta, respectively, and u a and u b 
the corresponding conjugate position variables. The external momentum of the q~ 
state may be separated by introducing the total momentum P =Pa +Pb and an inte- 
rnal momentum ~" 

1 =½ 
ea = ½ P - -  2X/2 ~'' Pb P + ~', (60) 

with position variables R and z conjugate to P and ~: 

U a = R - x / 2 z ,  Ub =R +x/2z .  (61) 

The mass-squared operator becomes 

K = p2 _ N, (62) 

where 

-- N = ~ ~2 + ~. ~2z2 ' 

N ~s the true mass-squared operator and depends only on the internal moUon, for 
mesons N has the form of a sLmple four-d~mensional harmonic oscillator, giving eigen- 
values spaced by ~ As usual, m harmomc-oscillator problems, ~t is convenient to 
introduce creation and annthdat~on operators for the internal oscillator excitations 

= ~" + i z, c = ~" - t z .  ( 6 3 )  

These satisfy the communication relation 

[cu' c+v ] = - guy" (64) 
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Thus, to exclude time-like excited states with negative norm, the physical assump- 
tion ~s made that m the rest system of  the meson, only space-lhke excitations exist 

(P 'e)  IM*> = 0. (65) 

The vector current Is obtained by a mmtmal couphng prescription 

~a ~ ta - ea~, (66) 

which leads to an interaction 5 N v ,  with a wave of  polarization vector eu and mo- 
mentum qu'  given by 

b 
8N v = eUJ  = e u 2 ~ ea(l~a7 u e 'q "ua +Tueiq "ua~a). (67) 

o~=a 

I f  we use symmetnzed SU(3)wave functions for the quark a and antaquark b m the 
meson, treating the antlquark simply as a quark of  negative charge, the sum over a 
may be removed. One calculates only the con tnbuuon  from the,quark a and multi- 
plies by 2 eq. (67) becomes 

e ' J  = 4 e ae'qUa (2(Pa'e) - #•). (68) 

We now specialize our results to the frame in which the mitlal excited meson of  
momentum 1' ~s at rest and the wrtual photon of  momentum q Is emitted in the po- 
sitwe z-direction. Elementary kinematics in this frame may be summarized as 

1' = l + q ,  l ' 2 = m  .2, 12 =m 2, (69) 

l ' = ( m * , 0 ) ,  I = ( E 2 , - Q * ) ,  q =(v* ,Q*) ,  

where 

m . 2  _ m 2 + q2 
b,~ = 

2m* 

Q.2 = 1 [(rn* + m) 2 - q21 [(m* - m) 2 - q2], (70) 
4 m ' 2  

g2 _ E2 + rn _ (m* + m) 2 - q2 

2m 4mm* 

We can now follow the same procedure, detailed for baryons by FKR, to express 
the current operator m a form to be evaluated between two-component Pauh spmors. 
We obtaan 

J e u = 4 g  2 exp [½q2~ _V~]-~q .c+]ea  

X {Ira* - ~v* - Q*2/2mg2 - ~ 4 ~  (Co + +¢0)1 eo 

+ ~ (c ÷ + c) .e  + Q* 'e  [~ + v*/2mg 2] 

+ 1 o ' Q * ^  e [1 + t,*/2mg21} exp [1/~/~2 q ' c l ,  (71) 
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where one should distinguish the charge e a of  the quark from the polanzatlon vector 
(e 0, e). For transitions to final state mesons m the ground state, the interaction 
"simplifies" to. 

Jtte tt = 4 G(m*, q2) ea 

× {[m* - ~ v* - Q*2/2mg2]e 0 +x/¼ ~2 e ' c  

+ Q* 'e  [~ + v*/2mg 2] 

+ 1 o 'Q*A e [1 + v*/2mg2]} exp [--8 Cz], (72) 

where we have placed 

G(m*, q2) =g2 exp [q2/212], 8 = Q*/~/~2. (73) 

With all this preliminary, ~t Is straightforward to calculate the heliclty amphtudes 

F±,O. 

2m*F u = ( M I J I  M*), (74) 

F 0 is gxven by  the matrix element o f J  0 and F_+ by the corresponding spherical com- 
ponents of  Ju, 

F+= ~2  (Fx +- %). 

The results are 

F0(q2 ) = 4 G (Mlea ~" e-SCzlM*), 

F_+(q 2) = 4 G ( M l e  a {7~c~ + o+_ r} e-6czlM*), (75) 

where 

1 s = ~ [4 m m *  + m .2 - m 2 + q2],  7 = x / ~ / 4 m * ,  (76) 
8m .2 

x/2 Q* (m+m*) 
r =  

[(m + m*)  2 - q2] 

The operators 

c t = .z- 1 ¢ct +_ iCty), 
+ N/ l -~x  X 

are the creation operators for states of  definite z-component of  orbital angular mo- 
mentum. Note that we have defined 

o_+ = ~ (o  x -+ toy).  

With the above formalism, we can now calculate all our meson radmtive matrix 
elements m the way illustrated for baryons m appendix 4 of  FKR. The meson wave 
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functxons are written m the usual way, as an example, we gave those for the rr + and 
p+. 

i.÷> (1+>1->-I->1+>) Io> 

I+>I+> } 
Ip*> =2-~ (uH + Hu i) I/~/2 (I+>I-> + I->I+>) I0> 

I->I-) 
where u, d (and s) label the three quarks, I+) and [ - )  are their two spin states and 
[0> ~s the ground state of  the spatxal oscillator. The L = 1 and 2 wave functions are 
constructed similarly and the relevant results are recorded m table 9 and dascussed in 
subsect 3.5 and sects. 5, 7. 

Finally, we must admit that a multitude o f  sins are absorbed in G whose 
definmon must be changed from its naive value (73). The formulae, as derived, imply 
the degenerate mass formulae 

m*2(N) = m 2 + N ~2 (77) 

for a mulUplet corresponding to N exc~tatlons. However, we will use the non-dege- 
nerate observed masses m actual calculations. This is not  w~thout repercussxons, for 
instance, the current conservation condition 

v*F 0 = q*F  z (78) 

is only satisfied for the degenerate mass spectrum (77). Evaluated with observed 
masses, (78) is vaolated and thxs is partxcularly disastrous for the light mass lr. Simi- 
larly the F0,_+ amplitudes m table 9 only gave correct threshold behavior (orbital 
angular momentum state l behaves hke Q,t)  for the symmetrical value (77) for [2. 
For these and other reasons, Ravndal [47] chose rather than (73) 

G(m*, q2)=  exp [ - K * 2 / ~ ]  exp [1 5 q2] (1 -c lZ/4m*2) l - N ,  

K* = (m .2  - m2)/2m *. (79) 

This insures a good fit to the plon form factor if we replace ~" gaven by (76), with 

~"(m = m*) _1 (80) - -5 '  

wluch removes an embarassmg zero m the ~r form factor at q2 = --4 m2~r Fortunately 
these dffficultxes with the elastic form factor wall not cause us especml pare, as we 
shall only use (75) for off-dmgonal matrix elements. Further, we will take them 
only at t = 0 and so avoid the amblgumes m the phenomenologacal q2 dependence 
of  (79) 

In our numerical calculations, we take [6, 47] [2 = 1 (GeV/c) 2. 
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