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G.C FOX and AJ.G. HEY**
Califorma Institute of Technology, Pasadena, California 91109

Received 15 January 1973

Abstract We study the peripheral cross sections of resonances that cannot be produced by w-ex-
change In particular, we concentrate on the four meson nonets expected as L = 1 quark
states @ e., the J& = 0% my(980), & = 1* Ay, B,JF = 2* A,) We use SU(3), Regge poles,
factonzation, exchange degeneracy, pole extrapolation, and the vector-meson—photon
analogy We predict the cross sections in both photoproduction and non-diffractive ha-
dronic reactions In passing, we discuss the large unnatural-panty (B, K~QB) exchange
contributions and even the possibility of studying nr - ww while avoiding the B produc-
tion background

1. Introduction

In the past four years or so, meson spectroscopy has been conspicuous for the
lack of decisive answers to important theoretical questions [1, 2]. For instance, the
parameters and even existence of the predicted L = 1 quark resonance nonets are still
unclear

One reason for lack of progress 1s our 1gnorance of diffraction processes. The con-
fusing nature of diffractive meson production was recently reviewed [3, 4], and 1t
was concluded that peripheral non-diffractive resonance reactions would be the most
fruitful for studying resonance parameters (mass/width) and quantum numbers. In
this paper, we would like to study quantitatively the theoretical predictions for these
processes and also the implications of the rather sparse experimental data now avail-
able. The reader is referred to the earlier review [3] for a purely qualitative treatment
of these reactions and the comparison with diffractive data

We will consider reactions of the type iilustrated in fig. 1 where a reggeon ex-
change production mechanism has been assumed. The meson resonance M* will usu-
ally be taken from the four L = 1 quark model nonets, although we briefly consider
some examples of L =2 resonances (for example, the 37(g) nonet — 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 m-exchange. The dynamacs of
m-exchange processes are well known [5], and, apart from an mteresting application
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Fig 1. Diagram representing production of a meson resonance M* by exchange of reggeon R
from an mcident 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 ) 5,18 the spin and
4, the s-channel helicity s and ¢ are the usual invaniants and four-momenta, /, I, b, b’ and g are
used 1n the text (subsect 3 5, sect S, and appendix B).

to Ay and B photoproduction 1n sect. 7, we will not study them in this paper.

The organization of the paper 1s as follows* First, in sect. 2 we define the meson
states — both purported and supported — whose production we will study. Then, in
sect. 3, we describe 1n some detail the theoretical weapons to be used to study our
reactions Explicitly, we define our notation for helicity amplitudes and detail our
extrapolation ansatz, give the SU(3) and exchange-degeneracy (EXD) constraints,
and describe the calculation of meson-resonance radiative decay widths 1n an expl-
cit quark model [6] Note that two topics were exiled to appendices. These cover
details of our pole extrapolation procedure and a summary of the quark model of
Feynman, Kislinger and Ravndal [6] as applied to mesons.

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

In sect. 5, we describe a generalized vector-meson—photon analogy model for vec-
tor or tensor Regge couplings, as recently proposed by Kislinger [7] The suppression
of 1" production cross sections, discovered in sect.4,1s accommodated very naturally in
this model. We attempt to subject the model to a more detailed check, using at
times quark model predictions for virtual-photon—meson vertices. Unfortunately,
even less speculative applications are in poor quantitative agreement with experiment

In sect 6, we consider the (surprisingly) successful predictions of EXD for unna-
taral panty exchange Meanwhile, hearkening to a different drummer, we find a par-
ticularly fine place to study 1* production — namely, by m-exchange in photon-in-
duced processes Predictions for these cross sections will be found 1n sect 7

Sect. 8 contains our conclusions. Further qualitative discussion of our resultts may
be found 1n ref. [3] and has been omitted 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 candidates [8] for the theoretically expected states. As discussed 1n ref. [3],
it 18 no accident that those particles (k, €, S*, K#(1420), f4(1260)) that can be pro-
duced by m-exchange are quite well understood *. As we show 1n sect 4, the remain-
ing 27 states have comparatively large cross sections and present no mystenes in
their production dynamics. In this paper, we concentrate on the one remaining 0*
particle (my(980)) and the 1% particles. Table 2 contains their dominant decay mo-
des taken from either experiment or SU(3) calculations [9, 10, 11]. As usual, some
of the entries 1n tables 1 and 2 require qualification

(1) The C meson seen 1n pp collisions [8] has been tentatively identified as the
strange partner of the A;. This 1s not a watertight assignment (for example, 1t may
be in the B nonet), and furthermore, the two Q’s — hereafter denoted by Q A, and Qp—
may mix [10, [1] We will, however, 1ignore such mixing n this paper.

(1) The I =0 1* mesons are represented only by the D meson seen 1n pp inter-
actions The second / =0 A, partner (D') has been consistently 1dentified with
etther the E(1422) or the rather shaky M(953) **. There 1s essentially no expern-
mental information on h or h’ production.

Theoretically, the situation 1s confused by the different mixing schemes. First,
we can have “magic” mixing as exemplified by the w and ¢; 1n this case, we write
the J = 0 particles M* (magic —w) and M* (magic —¢) with an obvious notation
(M* =D or h). Alternatively, we can have essentially no mixing as exemphfied by
the n and 7', 1n thus case, we wrnite M* (octet) and M* (singlet).

Table 1
L =1 quark states
b2

0* nonet 1* “B” nonet 1* “A,” nonet 2* nonet
1508pin
I=1 N (980) B(1235) A,(1070) A,(1310)
Strange k (= 1250) Qp (1300 ~ 1400) Qa, =CO) K§(1420)
I=1/2 (1240 — 1290)
=0 e (= 750) h(?) D(1285) fo(l 260)
singlet/octet
maxing (?) . D' =E(1422)7 ,

S$* (1000) h' () or M(953) ? f'(1514)

* There are still some difficulties with the 0* nonet but 1t is not appropriate to dwell on them
here
*% Rosner and Colglazier classify the D' as an unmixed singlet partner of the A, and identify 1t
with the M(953) reported by Aguilar-Benitez etal [12]
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Table 2

0% 1* meson decays

Particle Mass Decay Width Source of

(GeV/c) (MeV/c) Width

mN(980) 098 ™ 40 (a)

B(1235) 1.235 Tw 100 expt

Qp (see Kp 32

caveat (1)) 1380 K*r 80 (b)
Kw 9

h(octet — ?) 1.01 o 40 (b)

h(magic—w — ?) 125 np B 330 (b)

h’(magic—¢) 1$ KK* + KK* 75 (b)

see caveat (11)

Ay 1.07 o 140 “expt” —
see
caveat (1v)
QAl =C (see 124 Knn 50 ()
caveat (1))
D(1285) 1285 nnn Tt = 21:+10 expt
KK=
D'(magic—¢) 1422 KK* + KK* 50 ©)
=E (7)
D' (singlet) any KK* + KK* 0 ©)

Sources (a) SU(3) and € — nw = 300 MeV, (b) SU(3) and B — 7w = 100 MeV, (c) SU(3) and
A; — wp = 140 MeV Caveats are expounded 1n sect 2

Duality schemes predict h, h’ to have magic mixing and D, D’ to be unmixed [13]
The naive quark model predicts exactly the opposite *, here we can only consider all
possibilities

() For the 0% mesons, if the x 1s indeed the heaviest member of the nonet, then
no mixing angle can be found to fit the mass formulae [9]

(tv) Note that the A; nonet parameters 1n table 2 are perhaps a little dubious
since they are normalized to an Ay mass and width derived from diffraction data,
and there are reasons to believe such parameters to be unrehable [3] (Stmilar objec-
tions, of course, apply to the Q parameters.) However, comparable results are given
using the quark model to relate the A; and B couphings [6, 10, 11]. Quantitative **
quark prediction for A; width does, however, depend on its mass, for instance, an

* In the model of ref. [6], the B nonet 1s an orbital excitation of the = nonet and so unmixed
The A; being an L = 1 excitation of the p has magic mixing. However, the duality arguments
of ref. [13] give the oppostte result

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

We must, of course, bear these and other caveats in mind, durning the succeeding
sections. However, they are not a major difficulty — indeed, an important motiva-
tion for the theoretical models and estimates to follow 1s the prediction of cross
sections so that experiments can be designed to determine such ambiguous or un-
known resonance parameters.

Finally, we note that, at tunes, we will treat the L = 2 quark states These are ex-
pected to consist of nonets with JPC =97+, 177,277, and 37", The I = 1 members
we will respectively denote by A4, o', Af (as1t1s EXD friend of A| — maybe Af 15
the F (1540) state [8]), and g. The / = 0 member of the 37 nonet with w-like mix-
ng 1s 1dentified with the perversely named ¢y (1680), ref. [8].

3. Theory

Here we detail the basic theoretical formulae to be used 1n the following. Sub-
sects. 3.1-3.3 have the pole-extrapolation, SU(3), EXD and factorization 1deas used
1n the natural panty exchange [we denote this V (for vector, e.g., p, w ..) and T (for
tensor, e.g., Ay, 0 ..} hereafter] data comparison n sect 4. Subsect 3.4 1s a com-
parable discussion for unnatural parity exchange — see sect 6 for the corresponding
data comparison. Subsect. 3.5 gives the quark model estimates [6] for meson radia-
tive decays We use this in both quantitative calculations in Kislinger’s [7] general-
1zed vector-meson—photon analogy model (sect. 5) and in predicting the photopro-
duction of 1" particles (sect 7). So after this sop to a global overview, we plunge
nto a morass of technical detail

3 1. Pole extrapolation

We first define some necessary helicity-amplitude notation Describe the reaction
1 + 2~ 3 + 4 by s-channel heltcity amplitudes Hy3#4 F2¥1 (g £) where s and ¢ are
the usual invanants (see fig. 1) and g, are the respective s-channel helicities Our nor-
malization 1s such that

do_ 03893
dr 2p2
64nm, “Pp,
where Z' 1s the usual spin-averaged helicity sum and m, the target mass.

The expression for the helicity amplitudes corresponding to the exchange of a
Regge pole with trajectory a(t)1s up to an irrelevant sign {14}

E' |H?3u4 K22 mb/(GeV/c)?, 1)

LI 5e
HYsta M2k = -SI-H% o s*D gy (8) By, (O PRB, ). )]

* See formulae 1n appendix A and table 17
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Here.

OF 1y (¢) are the s-channel residues. In our case, g, ., 1s 2 baryon-baryon rest-
due known from factorization [see table 6]. Particle 1 1s the 0™ inctdent meson and
3 the resonance. S0 gy, ,,, 1s known at the pole 7 = my2 from the width of particle
3. We give the explicit formulae in appendix A. Again, we specify the “natural” pole
extrapolation as

Busuy (O = Wtfmys—#l g, (my,?) 3)

for the relative #-dependence of the different amplitudes. Eq (3) gives to g the mim-
mum #-dependence implied by an evasive (Toller quantum number M = 0) Regge pole
g has no other kinematic singulanties or zeros. Eq. (3) specifies our assumption of a
smooth pole extrapolation. Rather, to be exact, as we only look at amplitude ratios,
we assume any other #-dependence (e.g., an mtrinsic exponential, see eq. (9)) 1s inde-
pendent of the produced particle.

(1) o, the slope of the Regge trajectory, 1s inserted for later convenience so that
the couplings g in eq. (1) are correctly [14] converted from residues in the j-plane to
those 1n the m2-plane. This conversion is tacitly assumed 1n the above discussion (i)
and 1 the explicit formulae of appendix A

(1) V(¢)/sinmma 1s the signature factor Specializing to vector/tensor exchange, 1t 1s
again convenient to normalize 1t so that V(mvz) = | for the negative signature (com-
ponent of the) Regge pole Here my; 1s the mass of the first 1™ particle on the trajec-
tory. Details are given 1n table 3.

Table 3
Signature factors

Label 1n tables 4 and 5 Explicit form

Vi %[1 — cosma + sinna]

Vs — cosma + sinTa

Vs 1

Va - %[1 + cosma — sinmwa)

Vs é[2 — 4 cosma + 4 1s1nma]
Ve %[— 2 — 4 cosma + 4 1s1nmar)

The s1x signature factors to be used 1n eq (2) together with the 1soscalar factors 1n tables 4
and 5 The latter detail the correspondence between the six factors and particular vertices V;
are multtplied by the 1soscalar factor for V exchange unless this 1s zero when you use the T ex-
change entry Note these forms are only vahid in the ssmple EXD quark world discussed mn sub-
sect 3 2.
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(1v) PRB(s, £) ensures that H has the correct kinematic behaviour at the physical
region boundary and is mgeniously normalized so that PRB(s, £) > 1 as s ~> o at
fixed r #0, 1.e.,

PRB(s, /) =x1%lu1—uf1 xz%'“lﬂ‘f‘,

x, =51~ cosf yv/—t, Xy = 5(1 + cosby), @

v=3(s — u), 6= s-channel c.ms. scattering angle,

“1=“1_I~12, “f=l~13—u4-

3 2. SUQ3), EXD and factorization. V, T exchange for meson vertices

Consider the vertices g, ,,, for 07 (helicity uy = 0) goes to M* (helicity u3) by V
or T exchange. SU(3) relates these couplings for different M*’s in the same multiplet.
For a given nonet of M*’s, we can write the predictions m terms of g(8, V), g(1, V),
g(8, T), and g(1, T) where 8/1 labels the octet/singlet M* couplings and V/T the
vector/tensor exchanged trajectory. Table 4 records the SU(3) isoscalar coefficients
for M* = B and table S for the opposite charge conjugation M* = A;. The tables can
also be used for the my and A, nonets with changes n particle nomenclature The
coupling, for given charge states, 1s the relevant g(8/1, V/T) ® table 4, V/T factor®
SU(2) Clebsch-Gordan coefficient for 3 > 1 +V, T. For the 1sosinglet mesons, we
designate the pure singlet/octet particles as M; g and for the magic mixing combina-
tions, we write

M, =(2My +Mg)N3, M, =M, —V2Mx)N3. )

Now we can further reduce our parameters — with the sign convention that V ex-
change has signature factor proportional to — (= 1+e?™*) and T proportional to
—1(1 +¢7'7%) (see table 3). Then duality (EXD) implies KN — (A}, B)N 15 real and
from tables 4 and S this implies

g8, V)=g(8,T). (6)
Further the naive quark model rules (1.e., no disconnected graphs) imply
&(1,V)=g(8,V), £(1,T)=g@8,T) )]

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 1 and 1’ production data that

&(1, V/T) ~ 3 g(8, V/T)

and a mixing angle for n; and ng which tends to increase the factor of 2 reduction
of the amplitude for the (dominantly) SU(3) singlet n’ particle. The situation 1s con-
fused and not understood Further, as pointed out 1n the introduction, we do not
even know what 1s the correct mixing scheme for the 1* mesons. So in the following,
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Table 4
SU(3) 1soscalar factors for the B nonet
Particle 3 Vertex Value Vertex Value Net
1 v 1 T signature factor
m o 0 m Ay -2 Va
B. n w V2 w fo 0 1
K K*(890) -1 K K*(1400) 1 Vs
QB K P —\/3/—2 I_( Ag W V2
K w 1V2 K fo 1INVZ v,
w K*(@890) —/3/2 =« K*(1400) /372 V,
Qp K Py V32 K Ay =32 Vs
K w IN?2 K fo YN/
0 K K*(890) 1 K K*(1400) -1 Vs
w w ) -6 Ay 0 Vi
W K K*890) 2 K K*(1400) 2 V,,
4 n o 0 n A, 0
n K K*(890) -1/4/3 K K*(1400) -3 Ve
8 n p —+/2 T Ay 0 Vi
h K K*(890) 2v/2/3 K K*(1400) 0 vy
! n P -2 ™ A, 0 Vi

(1) These SU(3) 1soscalar factors differ by an 1rrelevant overall factor from those in de Swart
[45]
() The signature factors V'y_,¢ are given 1n table 3
(1) Unnatural-parity exchange couplings are given by the replacement V to B, T to » nonet

we shall always take the simple result implied by eqs. (6) and (7), 1.e
g(1,V)=g(1,T)=g(8,V)=£(8,T) (3)

Given this, 1t 1s convenient to note that, in 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. SUQ3), EXD and factonization: V, T exchange for baryon vertices
Let N denote any member of the lowest-lying 1* 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 1s any member of the pseudoscalar nonet), has 1solated the values of

* We will sometimes use N to denote the nucleon rather than a general member of the 1 * octet
Our meaning will always be obvious 1n context
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Table §
SU(3) 1soscalar factors for the Ay, (A; and m(980)) nonets

Particle 3 vertex vertex Net signature
1 \' Value i T Value factor
n P -2 n A,y 0 Vi
Ay K K*(890) 1 K K*(1400) -1 Vs
" w 0 n fo N/ Vs
3 K o 32 K A, -/32 V,
A K o 1N2Z K 1 12 V)
n K*(890) 32 n K*(1400) —/372 Vs
Qp K o —/3/2 K A V372 Vs
K w —1/\/2— K fo 1/\/2_ V3
D K K*@890) —/3 K K*(1400) -1//3 Vs
8 iy p 0 n Ay -2 Va
D K K*(890) 0 K K*1400) 2273 Va
! w p 0 n Aj -2 Va
D K K*(890) ~1 K K*(1400) 1 Vs
w w p 0 w Ay -6 Va
o K Kx890) 2 K K*Q400) 2 Vs
4 n p 0 m A, 0

(1) These SU(3) 1soscalar factors differ by an irrelevant overall factor from those in de Swart
[45].

() The signature factors Vy_, ¢ are given 1n table 3
(m) The couplings are written out for the A; nonet. Replacing A; by corresponding A, nonet
members gives the latter’s couphings Replacing A; by my(980), V by B nonet, T by = nonet
gves the unnatural-panty exchange m(980) couplings
(iv).In fact, for A,, A, unnatural-party exchange, we need only make the same replacement V
to B, T to » nonet

Zuuq(?) for the V, T > N(N, D) vertices [16, 17] Of course, our knowledge of
these g in overall size and ¢ dependence is not umformly good for all N and D multi-
plet members. However, 1t is not appropriate to discuss this here, nor 1s 1t necessary.
Thus, our estimates will be sufficiently crude (1.e. they are hopefully valid to around
a factor of two), that niceties of specific knowledge are not relevant. In particular,
we will completely ignore absorption corrections [16, 18]. This can be justified (ra-
tionalized) by both the resultant simplicity of the consequent pole-only description
and also the unfortunate fact that we simply do not know how to formulate a quan-
titative absorption model for these complex reactions. This defect (1.e., omission of
absorption corrections) can be partially compensated by regarding the Regge estima-
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Table 6
Baryon couplings
Vertex Helicity state Value
®)w - NN Lo -4

&ye 0
(Az)p — NN A -1

g, ~4/=F
(K**)K* > NT I -19

8, 244\/-t
(K**)K* > NA s -12

g 24471
(A2)p - N A(1234) Bupua 6 Suyusv-t
(K**)K* — NY*(1385) 8uzua 10 Sypugav-t

The values of Supug 10 be used 1n eq (2) with the parameterization described 1n subsect 3 3
Sppug 18 @venimeq (12)

tes, in the following, as “effective” pole (+ cut) contributions. However, this 1s not

really satisfactory, as we shall use factorization to relate reactions of different spin-
structures and doing this with “effective” poles ignores completely the spin-depend-
ence of absorption [16, 18].

So, bearing in mind the above caveats, we record m table 6, the values we shall
use tn the succeeding sections for g, ,,, . These numbers are normalized so that they
gve reasonable fits to PN — P(N, D) do/d¢ data when combined with the values of
8uus (V, T—>PP) recorded in eq. (59) of appendix A. As usual (in this paper), the
numbers 1n table 6 must be multiplied by an SU(2) Clebsch-Gordan coefficient to
find the amplitude for a given charge state; this time 1t 1s the coefficient approprate
for V, T— 2, 4. Not only this, but an extra, and entirely phenomenological, ¢-de-
pendent factor 1s necessary. This turns out to be

f=‘% expla, '], ©)

where the peripheralizing a; were chosen to be 35 for total s-channel non-flip (n =
|1, — el=01n eq. (4)) and 1.0 for the remaining amplitudes.

t'in eq. (9) is, as usual, r—¢,,, where 7 = . 1s the physical region boundary.
The use of #' rather than ¢ 1n eq. (9) — a prion either 1s reasonable — 1mproves agree-
ment with data at low energy. (They are the same asymptotically.)

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

P, Ay w,f0:  oaf)=0.5+0.9¢

10
K*, K** .  a(t)=0.35+0.9z (19
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The spin-dependence of V, T - ND couplings 1n table 6 is denoted by the “umt”
vector S, ,, Whose four (independent) members are normalized by

(S1_ 312 +181_12+(S1112+(SL3/%=1.
272 I~z zZ2 z27

(11)

The helicity dependence of S 1s irrelevant for do/dt but is constrained by the ex-
perimental observation of a dip in do/dr at £ =0 (i.e. SL ,)L(t =0)=0) and the Sto-
dolsky-Sakurai decay distribution for the decuplet. S 1s certainly not umquely de-
termined by this, for mstance, it 1s rotation invariant [16]. However, a reasonable

choice 1s
S _3=811=0, S8
272 22

=1
a

S13 =43,

22

(12)

where most people would like eq (12) to be true for #-channel helicities.
The quality of the representation of PN - P(N, D) data by the symbolic parame-
terization described in this section 1s indicated 1n fig. 2 *. The poor agreement be-

[o]o]]

w-p-~70n b)
59 GeV/c

7r~p~» 7%
13 3 GeV/c

c)

Opt

+
T p-T

5 GeV/c

d) K™p —’;(an
5 GeV/c

00

02 04 00
-1(Gev/c)?

00

o2 04

00 02 04
-1(GeV/c)?

* The w/f 0 exchange Jxarameters are not tested in fig 2 The w/p ratio comes from total cross
sections, KoLp ~ K%p data and the ratio of K*p - K**p to K*n— K**n
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Ol 1. 1
B fl Tt p=K¥z*t g).‘n'*'p*K*'Z+
Mot L 5 GeV/c F\ 14 GeV/c

I
ol .1_‘\ -\

rw+p - KPY* ( r } ;

o 6 GeV/c

< t

= .

8 ool I 1 J 1 1 1 i 1 “l 1 A.. 1 i 1

<

‘g h w'p*KOA ﬁ) K'p-—-rroA

5 6 GeV/c } 395 GeV/c

~

b

© o1 (8 ;
4 Kp=7m 3zt
i 395 GeV/c

Ol

00 0% 00 05 00 05
-1 (GeV/)?

Fig 2 Comparson of the simple parameternization of subsect 3 3 (solid curve) with experimental
data from refs (a), (b), [19], [20]. (c), {21] (d), [22] (e), (g),[23] (D), [24], [25] (h), [26]
1), 0, [27] Anindication of the danger of ““‘umiversal” parameters 1s the dotted line 1n (c) which
uses 1nstead of eq (10), ap(t) =0 58 + t and reduces the a,m (9) by 1, otherwise, the paramete-
nization 1s 1dentical to that described 1n subsect 3 3 and represented by the solid curve 1n (c).

tween theory and experiment can be traced to violation of EXD around 5 GeV/c
(K'p > n~Z* somewhat larger than 7*p - K*Z*, K™p - n0A larger than

L(@"p » KOA)), failure of Regge energy dependence (compare 7*p > K*Z* at 6 and
14 GeV/c), and inadequacy of “umversal” parameters (7”p - 7%n can be fitted much
better than fig. 2 with Regge-pole model)

34 SU(3), EXD and factonization- Unnatural-panity exchange

In a perfect world (full of dreaming spires and beloved of theorists), the treat-
ment of unnatural-parity exchange would be 1dentical to the natural panty (V, T)
discussion of subsect. 3.2. Thus, neglect A, (and its EXD friend) nonet exchange
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There 1s evidence for this from 7n7p > pOn data [28, 29] and agamnst from both
hypercharge-exchange reactions (the analysis of ref. [30] needed sizable Q4 , ex-
change) and polarization seen 1n 77p = (7070)n [31]. We will not dwell on such
murky matters but rather consider just the exchange of 7 and B nonets. As 1n sub-
sect 3.2, we introduce four couplings g(8/1, n/B) with SU(3) 1soscalar factors given
m tables 4 and 5. Again, we 1gnore the SU(3) singlet ambiguity and place

&(8, n/B) =g(1, n/B). (13)
If EXD were correct, we would also have
&(8, m) = g(8, B). (14)

Thus relation has been tested by companson of 77p - «%n with #7p - pOn and
7*p > wOA™ with n*p > pOA*™ [32]. The p —w interference effect in the latter re-
action confirms the sign and phase prediction [33] of eq. (14). However, the magm-
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"

(8, m)/g(8,B)=» (15)

where the above data gives v for the 7, B~ PV vertex We consider 1t most reason-
able that for the general m, B - PM* vertex, one should assume that v 1s not equal
to 1ts EXD value 1 but takes on a value independent of the produced meson M*. In
practice this imphes that we find from experiment the ratio of 7 couplings

8B, ™| ppy» 088 M|, py

for any M* nonet and then predict the B, K, Qp exchange M* reactions by multi-
plying the corresponding (1.e same exchange) V production reaction by the m-ex-
change rati0. In the case where the M* and V nonets have opposite charge conjuga-
tron, this 1s (trivially) modified by Clebsch-Gordan coefficients determinable from
tables 4 and 5. Symbolically we can summanze our prediction as

PN~ Ml *N “B-nonet” PN~ VZN “B-nonet” ()

exchange exchange

PN —>M;*N

exchange

X ® Clebsch-Gordan factor?.

PN-V,N

L
exchange

Here M*, are different members of the same SU(3) meson resonance multiplet,
V,, V4 are members of the ground state p, w nonet. To use (16), we must have as
mnput, V production data by B nonet exchange. These are summarized 1n table 7
[34—37, 40] and 1llustrated in figs 3 and 4 Thus, choosing a representative experi-
ment 1n each case, we accumulate (0o + p17 — 1 _ 1)d0/d? for both B exchange
(fig 3) [34, 35] and K — Qg exchange (fig 4) [36, 37] The following comments
are 1n order.
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Table 7

399

Parameterization of unnatural-parnty exchange around 5 GeV/c

Exchange Reaction Pap (pootp11 — pl _y)da/dt
(mb/(GeV/c)?)
B a'n— wop 0.35 e
B p - wlat 06 &%
K-Qp KN-= (w, 0, ®)Z ~35 0
K—'QB K P (P, W)A = 2t
a(KP"d’A): 39 0047¢
7 (1'p > K*(890))
K-Qp L&p-0Y*a138s) 39* 0.09 &%
K~Qp } Kp—oY*3ss) 55+ 0024 ¥
* We average these as 0 077 &' @Lap/3-973
10— 10~ .
- (o) - (b) tp-+u0a
| o o . at 55 GeV/c
L at 51 GeV/c L
5 -
N N
s 5
< | S
‘—
.
+8 | "
&
o
Qa 2+ 2k
5
&
"F
—e—i
1 L |
o] 2 2 0] 2 5
-t' (Gev/c) -t (GeV/c)?

Fig 3. (Plab/s) (Poo + P11 — P1~1)do/dt representing the unnatural-panty exchange part of
w production 1n (@) #*n - w p (ref. [34]))and b) 7*p - w O A% (ref [35]). The parameterizing

curves are summarized 1n table 7

(1) We do not include any Z data, e g., K'p = (w, p)Z, because 1n agreement
with our prejudice about a small K —~ NZ coupling, there 1s little evidence for unna-
tural parnty exchange in such reactions. Trivially, we then predict the same lack of
unnatural-parity exchange 1n all KN - M*Z processes. Although this agrees with

current data, 1t 18 not stringently tested.
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K p— Aw K'p-—=Ap

Ty T

F
-
k-
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| } " 4 +
t + +— —+

1/2(K"p— Ag)

I/2 (w~p—K"°A)

T T

Iy

g

V2K p=p Y*)

T

{Poo * Py ~ P do/dt at 39 Gev/e

05

T

L .

2 5 2 5
-t' (Gev/c)? ' (GeV/e)2

Fig. 4 (pgo + P11 — p1 —1)do/dt for vector-meson production by unnatural-panty hypercharge
exchange. The data for the six reactions in the figure are from refs [36, 37] The parametenz-
ing curves are discussed 1n subsect 3.4, and summarized in table 7

(i1) One may wax eloquent for many a moon on the standard folklore applied to
the hypercharge-exchange reactions in fig. 4. Here, rather than a full core dump, we
present a restrained soliloquy.

SU(3) predicts the equality of K'p>pAtoK'p>wAand K'p—>¢Atonp—~>
K*A. This agrees with expeniment as indicated in fig. 4 and demonstrated by the
nice analysis of Aguilar-Bemitez et al [36, 38].

Further, EXD predicts K™p > (0, w)A = 1(K™p = ¢A, n7p = K*A). Thus is less
successful — the “moving phase” reactions (¢ and K* production) lying lower than
their “real” counterparts (p, w production). A closer examination shows that this
effect 1s even bigger in the natural-parity component of these reactions. This is
pleasing for similar systematics are seen in K*p = K**(890)p {39]. However, such
line-reversal breaking, although interesting, 1s just one of those niceties which are
irrelevant for our rough estimates.

(ui) It 1s noteworthy that decuplet production (e.g. 7p > w%A*™ and
K'p = p”Y*+(1385)) has a larger unnatural-panty exchange than their octet counter
parts (e.g. m*n— wp, K™n—> p~A). Invoking a bit of 7-B EXD, this can be traced to
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the larger 7NA than 7NN coupling. This 1s particularly clear in K™p = p"Y*+(1385)
because, 1n addition, the natural-parity exchange s much smaller than for K™n > p"A
(note the v/—¢ for Y*(1385) 1n table 6). It follows that one predicts that p"Y**(1385)
1s all unnatural-panty exchange around 5 GeV/c. This 1s clearly supported by the

data [36, 40—42] compiled 1n table 8.

K p > ¢ Y*0(1385) 1s a fly 1n the omntment for fig. 4 reveals 1t to be fully an order
of magnitude below the SU(3)/EXD prediction of £ (K'p - p"Y**(1385)) One
could attempt to explain this as a combination of.

() ¢y, effects the physical region boundary at 39 GeV/c for ¢ Y*0(1385)1s
—0.18 (GeV/c)? while for p"Y**+(1385), 1t 1s —0 07 (GeV/c)2.

(b) K™p > ¢A exhibited some suppression compared with K™p = (o, w)A: thinking
of thus as a line-reversal breaking (“moving phase” smaller than “real”), we would ex-
pect ¢ Y*O(1385) to be lower than the EXD prediction

(c) Finally, we note that the ¢ Y*0(1385) data plotted in fig 4 appears a little
anomalous, thus, the fraction of unnatural-parity exchange in ¢Y* at 3,3 15 and
3.3 combined, 3.9 and 4.6 combined, 4.1, 4.48 and 5.5 GeV/c1s 0.79 £ 0.13,
085+0.15,032+0.1,0.64 £0.25,0.68 £ 0.14, 0.77 £ 0 15 (respectively, from
refs. [43, 44, 36, 40, 41, 40]) The third value, used 1n fig. 4, 1s low compared with
the other experimental estimates.

One could attempt to clanfy the situation by considering 7*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 valiant effort. As recorded in table 8,
SU(3) 1s 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 PI;% be-
haviour which would not be unreasonable for K — Qp exchange).

Table §

Y* production by unnatural-parity exchange *

Reaction Py o(ub) P00+ P11-P1-1 Ref

K™p— p Y*+(1385) 3.9 92+8 } 0.95+01 (36]
46 62+ 10 ©<It'1<01(GeVic)?y  [36]
4.1 70 £ 41 1.17 £ 0.12 [40]
4.48 106 053+0.17 [41]
55 16+7 112006 [40]

2Kp—¢Y*°(1385)) 3.9 40+ 10} 032:01 [36]
4.6 36+ 8 [36]
4.1 24 24 0.64 + 025 [40]
4.48 18+ 3 068014 [41]
55 18+ 10 077+0.15 (40]

w*p—>K*+(890)Y*t(1385) 5.5 21+ 4 0.7 01 [42]

* Lower energy data (e g refs. [43, 44]) omitted from table
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3.5. Quark model calculation of meson resonances radiative decay widths

To subject Kislinger’s model for vector reggeon couplings to a quantitative test,
1t 15 necessary to know the amplitudes for virtual photoproduction of meson reson-
ances M* from “ground state” pseudoscalar mesons M; these are related to the ma-
trix elements for radiative decay M* = M + y(g2). The matrnix elements involving
real photons are also needed for our photoproduction one-pion exchange predictions
in sect. 7. Since no expenmental information 1s available on these processes (apart
from the w - my decay), one must needs resort to a model. We choose to calculate
these matnx elements in the quark model of Feynman, Kislinger and Ravndal [6]
(FKR). We could, of course, use the famihar non-relativistic quark model as ex-
pounded for baryons by, for example, Copley, Karl and Obryk [46]. However, for
photoproduction of nucleon resonances, the two models yield very similar results.
There may be sigmficant differences 1n electroproduction [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 production.
The calculation for mesons 1s not only similar but easter. To make this paper self-con-
tained a brief summary of the FKR model applied to mesons 1s contained 1n appendix
B.

Let M*, M and 7(¢2) have momenta [, [ and g, respectively, with I'2 = m*2 and
12 = m2. Then define F 4 in terms of the current matrix elements * by

2m*F, = 1T, 100, (17)
These amplitudes F, will be evaluated 1n the meson resonance rest frame for the

process M* ~ M + ¥(g2) where the photon three-momentum Q* of modulus Q* 1s
taken along the z-axis and the scalar and longitudinal parts of the current matnx
elements are related by the current conservation condition

Q*F, = v¥F, (18)

where g = (*, 0*) 1n this frame. Thus, we need consider three amplitudes.
2 m*F, the matrix element of J, corresponding to the amplitude involving hehicity-
zero virtual photons; 2 m*F, , the matrix elements of the spherical components of
the current, (J,, * z.Iy)/\/2, corresponding to amplitudes involving transverse photons.
The labels on F, o therefore, refer to #-channel helicities of the photon, which 1s then
(minus) the helicity of M* as M 1s spinless.

The results are denved 1n appendix B and summarnzed 1n table 9. In the latter, we
write the amplitudes for either the 1sospin-1 M** - 7*y(g?) or the 1sospin- }
“K*7* > K*y(g2) — they always have the same numerical coefficients. For positive
charge comugation C nonets, the 1sosinglet mesons have zero couplings; for negative
C, we multiply table 9 by

V3,V/6,3;86  for Sg ST:8,; S5 (19)

to get isosinglet S - 10y(g2) with the four mixing possibilities. These properties are
dernved using SU(3) and the identification v = p + $w — §3/2¢.

* Throughout this paper, our states are normalized covanantly by {pip"» =2 E (21r)3 sa(p—p')
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Table 9
Radiative meson decays in the quark model, M** - w*y(g%)
HC Quark model Isospin 1 Fol/4G F /4G
L s M* -
1" 1 0 B* - 55/6 7/6
0+ 1 1 mN(980)* 0 0
1+ 1 1 A} 0 sr/4
2+ 1 1 A3 0 sr/4
27t 2 0 A3 82 5/12v3] 78/2
1" 2 1 ') 0 r §2/[68/60]
2-" 2 1 A}t 0 r82/[64/12]
3-- 2 1 g 0 r 52/[6+/15]

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

4. SU(3) and pole-extrapolation tests. natural-parity exchange for the L = 1 states

Thus was covered very thoroughly in ref [3], and we will not repeat all the argu-
ments given there.

4.1. 2* production

Consider the processes mp - A, *p around 5 GeV/c. There 15 large fO exchange
[50] contnbution which from parity conservation 1s helicity flip at the 7A, vertex
As we will discuss 1n sect. 6, there 1s also B exchange (coupling mainly to helicity-
zero A,’s), and so here we eliminate both B and a rather scrawny p exchange by
forming [50]

dogy/de =} do/dt {(z*p > A,*p) + (1p > Ay p) — (7'n > A20p)}. (20)

The data coming from the recent careful partial-wave analysis of the Illinois
group [51] 1s shown 1n fig. 5. This also gives the parameter-free prediction of the
pole-extrapolation model described 1n subsects. 3 1—3 3 The amazing agreement
between theory and expeniment [51, 52] 1s quite embarassing. Although such a
wondrous sight must be accidental, a reasonable concord between theory and expe-
nment was to have been expected. Thus, both theoretically and experimentally, this
reaction 1s dominated by the spin-flip amplitude that consistently shows well-nigh
perfect Regge pole behaviour (compare n”p = 790, K™p > K*p, etc.).

Now let us use SU(3) and factonzation to calculate all the hypercharge-exchange
reactions producing members of the 2* nonet. In practice, we just calculate the pole
extrapolation predictions but as this model agrees so well with 7N - A, N, this 1s
almost equivalent to just using SU(3) and factorization to relate all 2* production
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7N—=A,N 1=0 Exchange
5 GeV/c
r - NU/SUNY (A3)] 2<|t|< 3
— — NU/SUNY (A3)] (Gev/c)? only

= Tiiinois

—— Pole -extrapolation Theory
[C(az = mp) = 73 MeV]

do/dt
mb/(Gev/c)? ©

| ! { L L
°o 02 04 06 08 10

- (GeV/c)?

Fig 5 Companson of the data of refs. [51, 52] for aN =+A, N with the pole extrapolation model
described 1n subsects. 3.1 and 4 1. The I = 0 exchange contribution is defined 1n eq (20) and
do/dt comes from renormahzing ntp - A, *p do/dt by the ratio of cross sections of the I = 0

N = AN to that of charged A; production. (This 1s given 1n the compilation in ref [51] ) Note
that the total A, cross sections 1n ref. [52] should be ignored as they come from an incorrect

(as shown by data of ref. [51]) extrapolation of datan 0.2 < {¢| < 0.3 (GeV/c)z. The different-
1al cross sections are, however, quate valid as shown 1n the figure.

to 7N - A,N *. The expenimental and theoretical cross sections are shown 1 table
10 The reader 1s hornfied, 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 involving A’s have sizable unnatural-panty exchange contributions which
around 5 GeV/c are bigger than the natural-panty values listed in table 10 (see sect.
6 and take a quick peep at fig. 18). Secondly, only about hdlf the expenimental
cross section occurs 1n the range 0 < —¢' < 1(GeV/c)? for which the theory 1s calcu-
lated. Unfortunately, the theory 1s not even reliable past —¢' = 0.5 and so cannot
estimate the whole cross section — again the data 1s generally not given for a “small”
t' cut However, fig. 6 shows a nice comparnson of theory and experiment do/dt
(not just production cross section) for 77p > K*(1420)Z0. We choose this reaction
as the =0 eliminates most of the unnatural-parity exchange while the available of
do/dt removes the second difficulty.

Some of the discrepancies cannot be explained away. One serious techmcal diffi-
culty 1s that even, say at 5.5 GeV/c, ¢,,,, for K'n — f'Z 15 —0.2 (GeV/c)?, this

* These SU(3) predictions will differ from direct relation of amplitudes at ¢ = 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, nonet cross sections *

Reaction Plab o(ub) Ref

Theory Expt

7p - K*(1420)A 45 92 205+4 (26]
7p— K*(1420)A 6 56 1123 (26]
77p - K*(1420)z° 45 38 1042 [26]
a7p - K*(1420)(A /%) 7 63 3t 179 [53]
Kp~ AdA 3.9 74 23 £21 [36]
Kp—Ada 4.1 67 <18 [40]
Kp— AIA 46 55 23+ 14 [36]
Kp— A2A 5.5 37 <5 [40]
Kn— A3A 4.48 11.1 31+8 [41]
Kp- A;z* 3.5 15 5013 (54]
Kn— A3;z° 448 6 135 (411
Kp—t2A° 3 14 150 £ 60 [55]
Kp—fOA° 39 8.1 46+ 127 20 £ 10) [36]
Kp—£°° 4.1 73 80 + 33 [40]
K p— £7A° 46 6 60+ 8T (25 +5) [36]
Kp—f£%° 55 4 12¢5 [40]
Kp—fA° 101 1.3 6+5 [56]
Kp- o= 3 6 110 £ 60 {55]
Kp—f°s° 39 37 25+9 [36]
Kp-fos° 46 29 1515 [36]
Kn—fz- 55 4 2417 (57
Kp—-fA 39 9.8 74 [36]
Kp-fa 4.1 9 22+ 14 [40]
Kp—fA 46 7.7 19+ 4 [36]
Kp~fA 46,5 45 [58]
Kp-fA 55 5.4 20:6 [40]
Kp—fA 6 4.7 94 [59]
Kp-fz° 39 3.5 0:3 [36]
Kp-fg° 4.6 31 53:2 [36]
Kn-fz" 55 1.6 21:3 [57]
Kp-f£(a/z% 4.25 13 24+8 [60]

* The well-known 7N — A,N 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 in —¢’
1 The numbers 1n brackets give the cross sections 1n the forward hemisphere,
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o]

"W'D—"Kaozo zou
r 45 GeV/c

do/dt _{_‘
b
(G«ranv/é)2 o= SU(3) Theory

oo0

§) 02 04 06 08 10
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Fig 6 Comparison of n7p — K*°(1420)2° data from ref. {26] with the SU(3) theory expounded
1n subsect. 4.1. To obtain do/df we have cheated somewhat by renormalizing the listed de/d¢ for
np— K*°(1420)A by the ratio of production cross sections for n p - K”‘°(1420)2:0 over

n p —» K*0(1420)A. (All data from ref [26].)

physical region boundary suppresses the theoretical cross sections below their naive
value. This ¢, suppression 1s probably not correctly represented in our formalism,
for the difference between the theory and experiment gets particularly bad at low
energies where, because of 7, ., 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, 1t would also be nice to find out how much unnatural-panity ex-
change there really 1s in the Z data. If there 1s violation of the simple rule (no unna-
tural-panty exchange in T production), 1t will be easier to see in, say 7 p >K*(1420)Z'
(ssmply because there is generally more unnatural-parity exchange in 2" than 17 pro-
duction, see sect 6).

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

4 2. T* production

Fresh from our stunning trrumph with the pole extrapolation model for 7N - AN,
we show a similar comparison for 7N - BN in fig. 7. Theory 1s well over an order of
magnitude too big and quite the wrong shape. In fact, the 7N - BN data has a sim1-
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Fig. 7. Companson of #*p — B*p data from refs [70, 71] with the pole-extrapolation model
described 1n subsects 3.1 and 4 2 do/dr comes from normalizing data from a simple mass cut

to quoted B cross sections from a Breit-Wigner fit to the whole mass distribution, If the small

|#] data 1s not to be attributed to B production as conjectured 1n subsect 4.3, this method will
be out by up to a factor of 2 1n the normalization of the data at larger |£| (even 1if this 1s pure B).

lar ¢ dependence to aN - A, N and suggests dommance of a spin-flip amplitude. The
theory, on the other hand, 1s mainly non-flip. Thus, both the data and Kislinger’s
generalized photon-Regge pole analogy to be discussed 1n the next section, suggest
we should drop the non-flip (at the 7B vertex) coupling. For this reason, fig. 7 also
shows 7B spin-flip part of the pole extrapolation prediction. This agrees with the
data to within the factor of 2 uncertainty 1n the model. So 1t is convenient to define
our SU(3) factonzation prediction for the whole B nonet to be half the spin-flip
part of the pole extrapolation value. This 1s shown 1n fig 8 for K™n = B™A, theory
and experiment [64] agree excellently. Note we do not expect afy siZable unnatural-
panity contributions to 1* production for 17 states can only couple in hehcity 1 to
such an exchange.



408 G C. Fox, A.J.G Hey, Production of meson resonances

o1
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Fig 8 Comparnson of K™n — B~A data at 4.9 GeV/c from ref. [64] with the SU(3) prediction,
based on the 7N — BN data of the previous figure, and discussed 1n subsect. 4 2

The largest non-diffractive amplitude producing a member of the A; nonet 1s the
f0 exchange n*p — A *p Here, of course, we are confused by the much larger dif-
fractive component, and so we must turn to other largish (as there 1s a healthy NA
non-flip coupling) amplitudes K'n— A7 A and n”p = QOA. The former 1s discussed
in ref [3], the A; may have been seen [72], but the large background precludes a
decisive statement. There 1s a clear Q signal 1n the second reaction [26], 77p » QOA
at a mass of 1 29 GeV/c and this data 1s shown 1n fig 9. Unfortunately, the size of
the cross section is quite consistent with this being either the Q belonging to the A,
or to the B nonet. We assign 1t to the A; nonet, leaving us with no 77p > 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 in fig 9, is consistent with the
same definition (1.e., one half the spin-flip part of the pole extrapolation) for A,
nonet predictions as for the B. Thisis qualitatively consistent with the Kishinger model
to be discussed soon and table 12 takes this definition for its theoretical predictions

The remaining rather pauce data on A; and B nonet production 1s summarized
in tables 11 and 12 The h data 1s discredited [8], quite interesting, however, 1s the
7*n > DOp data [66] shown in the form of do/dz 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, giving values for the expected cross sections
for some L = 1 production reactions at 15 GeV/c. do/d¢ curves were presented in ref. [3]
and are not repeated here. Actually, we should admut that a different and perhaps
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7 p —= (Krr)® A
.24 < m (K ww) < 1 34 GeV/c (Y* Removed)
SU(3) Theory —— 7w p—=QQ A

o p—= A
ol (o
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do/dt
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Fig. 9 Comparison of #7p — (Knm)®A data from ref. [26] for the mass-cut 1 24 < m(Knn) <
1.34 GeV/c with the crossed Y*(1385) bands removed The normalization 1s simply from the
events per microbarn at each momentum corrected for unobserved Kann charge states. The theo-
retical curves correspond to the two expected Q mesons, Q4 ., and Qp- As decnibed 1n subsect
4.2, both curves come from halving the value of the Q spin-flip part of the pole extrapolation
formulae. This 1s only justified by SU(3) for Qg

Table 11
B nonet cross sections *
o(ub)
Reaction Decay Plab Theory Expt. Ref.
K'n—hls" atnn® 21 135 (h octet) 37:11 (61]
53 (h magic-w)
a*p ~hla+ wtaa® 4 8 (h octet) 150 (62]
23 (h magic-w)
K'n—->B A all 3 31 102 + 26 [63]
Kn—-BA all 49 12 29+ 8 [64]

* Omitting #N — BN (a compilation of such data may be found 1n ref. [65]). All theoretical
cross sections are calculated by integratingm 0 < —¢' <1 (GeV/c)z.
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Table 12
A nonet cross sections ¥

a(ub)
Reaction Decay Plab Theory Expt Ref
n*n-D’p mN(980) ¥t 27 52 *x 44 : 8 (66]
ap—D%n K*K%* 25263 unknown ) (67]
D — KKn
7 p—Dn K*K%r* 2933 branching ratio 10 + 4 (671
7np—Dn KK A* 3842 17+5 {67]
ap-D%A*  wtny 8 7 ** 25+ 8 (68]
Kp~D°A  mn(980)*n* 55 15 %= <6 [69]
7 p - Q%A (Kmm)® 45 8 135t [26]
p—~ Q%A (Kam)© 6 65 g7t [26]

* Omutting diffractive data All theoretical cross sections are calculated by integrating in
0< - <1(GeV/c)
** Using no decay branching ratio for D and assuming 1t to be pure octet
T Cross sections from simple mass cuts 1 24 < m(K#n) <1 34 (GeV/c)z, crossed Y* bands re-
moved and 0 < —#' < 1 (GeV/c)?

o= D0 (—= 7 (980 w)p
27 GeV/c

Expt o (-t<1) 26ub

s> 1) 18ub
oIl o t1>118p

AS
do/dt
mb/(GeV/c)?

Ol

A, Exchange SU(3) Theory

B D Pure Octet
NO Decay Branching
Ratio Included

| 1 A 1 |
o2 04 06 08 K¢}
-1 (GeV/c)?

Fig. 10. Comparnson of the SU(3) theory discussed 1n subsect 4 2 with 7*n— Dop at 2 7 GeV/e
from ref [66] We have included no decay branching correction for the theoretical D calcula-
tions as the observed 1rN(980)¥ at decay 1s believed to be dominant We have chosen the pure
octet I = 0 mixing assignment for the D meson.
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Table 13

Predicted natural-panty exchange cross sections at 15 GeV/c

B Nonet a(uﬁ) Ay Nonet o(ub) A, Nonet o(ub)

ap~ QRA 14 mp~>QQ A 115 ap-K*C04200A 11

m'p~> Qpz* 165  w'p->Q} Tt 13 w*p - K**(1420)z* 1.2

Kn-BA 17 Kn—>A/A 14 Kn—Ay A 12

Kp-Bz* 1.9 Kp—A;'s* 16 Kp- Ay Tt 14

Kp-h A 125 Kp-DgaA 025 Kp-f°aA 06

Kp~h,z° 0.7 Kp-Dgz® 015  Kp-f°%° 035

K'p~hyA 115 Kp->D,A 09 Kp—fA 09

K‘p—*h¢E° 06 Kp-Dz% 05 Kp-fz° 05

K'p-Qfn 615  Kp-Q3n 415  Kp-K*1420n m

7 p—h_n 45 np— Dgn 26 np—fn exchange
' p—Dyn 40

7p—Bn 12 np— An 29 7p—A2"n 51

These come from integrating the SU(3) models in sect 4 for0 < —¢' <1 (GeV/c)2 at an in--
adent momentum of 15 GeV/c. Isospin invariance may be used to dertve other reactions Table
6 will give A™ and Y* reactions

better definition of our “SU(3) prediction” was given there. Thus, 1n our earlier
paper, we took the whole pole extrapolation cross section and multiplied it by ex-
periment divided by theory for n*p > B*patSand v p - Q%lA at 4.5 GeV/c. Also
some correction was made for EXD violation 1n these earlier calculations. Here our
simpler prescription allows the reader to easily adjust the predictions to account for
future knowledge and improvements 1n the canonical parameters given in subsect.
3.3.

4.3. The peak at small t in B production
We must now come to the feature, first reported [71, 73] at the 1972 Batavia

conference which has caused us some considerable pain. We had glossed over the
small —# peak in #"p = B™p shown 1n fig. 7 *. This omussion seems at first sight
rather unforgivable, for the conclusion of the last section was that the B differential
cross section was flat and showed no evidence for the non-flip amplitude expected
mn a naive theory Perhaps the data 1s showing a small non-flip B coupling, we say
small, simply by comparng theory and experiment 1n fig. 7. However, there 1s an-
other explanation which requires no B non-flip coupling. Remember that the data
[70, 71] plotted 1n fig. 7 came from a simple 7w mass cut and had no background

subtraction. Now a possible background i this reaction 1s 7w 1n a £ = 17 state.

* A peak at small ¢ 1n 7¥p — (mw)*p 15 also seen at 7 GeV/c (ref. [73] and S Flatté, private com-
munication) The effect, 1n the preliminary data, 1s less pronounced than in the 9 1 GeV/c n"p-B
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T p— (Tw)”p
i1 <mrw <1 38 Gev/e
9 | GeV/e

O I+
do/dt E +
mb/ 2 1 Theory has
(GeV/c) arbitrary normahzation

Shape 1s a prediction

(o]
T p— (rw)* p

116 <m (7w) < | 28 GeV/c
5 Gev/c

T

00l 1
00 02

-1 (GeV/e)?

Fig 11 Companson of aN — (nw)N data in the B region with the background expected at small

t from the m-exchange process nN — (o' - mw)N See the text (subsect. 4.3) for a specification of
the theoretical curves and as to why the normalization of the data in this figure differs from that
m fig 7

This, unlike the B, can be produced by m-exchange and 1s expected to be strongest
near £ = (. We use the (poor man’s absorption) PMA m-exchange model [5] to esti-
mate this background, determimng the only unknown parameter (4 1n e4? amplitude
t-dependence) from fits to 7N — pN data. This gives us an unambiguous prediction
for the shape of the background #-dependence. Fig. 11 shows this prediction 1s 1n
striking agreement with experiment Here the theory has been normalized to the data
at 9.1 GeV/ec This was done because the absolute normalization of the theory has
enormous uncertainty as 77 — 7w scattering 1s unknown. As an example, we took a
17 p’ resonance at 1.45 GeV/c with width 300 MeV and the (ndiculous) partial widths
L p =T, =150 MeV The curves in fig. 11 come from multiplying this theory by 3.
Bearing in mind the numerous uncertamties, this seems O.K (We would be happier
however, 1f experiment had a lower normalization ..)

The discerning reader will have noticed that the normalization of the data in figs.
7 and 11 are different. This occurred because fig, 7 comes from normalizing da/d¢
corresponding to a simple mass-cut to the quoted B cross section (the latter coming
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from a Breit-Wigner fit to whole mass distribution allowmng background and reson-
ance tails, etc.). Fig. 11 was obtained by taking the observed number of events in
the mass-cut and normalizing using the event per microbarn equivalent of the exper-
mment. Also note that the theory does not have the expected P_zlab m-exchange be-
haviour 1n fig 11 This follows simply from the different mass-cuts used at 5 and 9.1
GeV/e

We should not continue. The correct answer will only come from a careful part-
1al-wave analysis of the original data summary tapes. Note that 1f one had a nice 70
detector, 77p = (mw)Pn would be a very favorable place to 1slolate the 7 pole. Com-
pared with 77p - (mw)p, m-exchange is increased by a factor of 2 and B production
reduced by a factor of 2 (calculating the relevant ratio of A, to w + A, exchange at
5 GeV/c and small ¢)

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

5.1 Introduction

As we have just seen, 1t 1s necessary to account for the apparent suppression of
the 1" axial vector meson cross sections. This suppression s, in fact, predicted by a
model for vector-trajectory Regge couplings recently proposed by Kishinger [7]. In
the next subsections, we describe the assumptions of this model and outline some
elementary calculations using Kislinger’s form for the Regge amplitudes. Our treat-
ment parallels that of Ravndal [74] 1n a related problem, and we consider hoth
elastic 7N scattering and meson-resonance excitation. Since the vector-trajectory
couplings 1n 7N elastic scattering are rather well-known (see subsect. 3.3), we can
eliminate an unknown overall constant and predict the meson-resonance cross sec-
ttons 1n terms of the meson matnx elements of a conserved SU(3) current. To ob-
tain an estimate of these cross sections, 1t is therefore necessary to have a model
for these matrix elements They can be related to virtual-photon amplitudes
M* =M + v(g2), and for this we use the FKR relativistic quark model [6] described
mn subsect 3 5 and appendix B. This model has its deficiencies and ambiguities, but
a specific quark model has the virtue of correct SU(3) properties and should give
predictions of the right order magnitude.

5.2. Kislinger’s model

Kislinger’s [7] model 1s a generahized vector-meson—photon analogy. In the model,
the vector-meson Regge-pole couplings are wrtten 1n terms of a vector operator whose
matrix elements are assumed to be proportional to those of the photon *. Kislinger
writes the Regge amphtude in the form

TGs, £) = BOs*VOL U RY 1D (B IRy, B, (21)

* Kislinger’s model may perhaps be made more plausible by recent work (refs [75, 76]) suggesting
a connection between the bilocal operators of deep-inelastic ep scattering and reggeon couplings
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where, as tllustrated in fig. 1, the four momenta of the particles in MN ~ M*N are
L b1 and ', respectively. We put ¢ =I' — ! whence the standard invariants are ¢ =
q2 and s = (I + b)2.

The important ingredient of the model 1s the assumption that the matrix elements
of the vector operator R§; are simply proportional to those of the corresponding con-
served SU(3) current J4;. In terms of some universal function r(¢), we therefore wnite

(k' |RK; kY = r(z) <K' |I5 1 K. (22)

For the w and p trajectories, we may express the coupling in terms of the familiar
electromagnetic current matrnx elements.

TR D=1 (T HD, (23)
p) I
@ (W

where the conservation condition 1s
g™l =0. (24)

This condition leads to a zero in the non-flip off-diagonal transitions M* -~ M
+v(g?) for g% = 0 and so suppresses these amplitudes in resonance M* production
Thus is 1n qualitative agreement with the data discussed 1n the previous section. To
obtain more quantitative predictions, it is necessary to have some model for the
photo-electric meson-resonance matrix elements. This 1s where we shall turn to the
explicit FKR quark model; and 1n the next subsection, we denve the necessary for-
mulae.

5.3. Formalism
We now outline the kinematics of elastic scattering and meson resonance produc-
tion:
7+N->m+N, (25)
7+ N->M*+N. (26)

We evaluate the contribution to the differential cross section resulting from vector-
meson Regge-pole exchange, where the Regge amplitude 1s written as (egs. (21) and

(23))
TG, £) = P(O)”O 1 IH D B'1T ). @7

P(r) is some universal function, which together with the common baryon-antibaryor
vertex, we will eliminate by taking the ratio of reactions (26) and (25) and so predict-
ing (26) in 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 w? Regge contributions. (w 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-
sider just the pO 4nd w exchange that are elementarily related to electromagnetic cur-
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rent matrix elements. Application of tables 3—5 will then give all other vector/tensor
exchange processes.

In both cases (1 e., reactions (25) and (26)), the matnx element at the nucleon
vertex 1s just the electromagnetic form factor, and, therefore, normalizing our spinors
by itu = 2 my where b2 = b'2 = m§;, we have

B\, 16Y=a (b") Ty (2) u(d), 28)

where ', (£) = A(t)y, + B(f) (b +b"), and A(#), B(t) are just Linear combinations of
the usual nucleon forin factors G (¢), Gy (f) which need not concern us here.
Now we can write in the high-energy limit

dofde=——20" TP, (29)
16 ms2
where the spin-averaged ' | T|2 takes the form
2112 = P(ry? 202 ppivp | (30)
Here M*" and B*” are respectively meson and baryon tensors
M, =L IDAID, B, =011 GBIIB"). (31

Taking the spin-average gives
B, =1 Te[(# +my) T,(2) B+ my) T, (32)
where since q"MW = 0, we may replace b'“ by b, n T, and so obtain
eff _
B‘w = ab“bv + ﬁgw,
a=4[4? + 4myAB + B (amy? - q?)], (33)

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

WD =@+ 1), £,(0) (34)
where £, (t) is the pion form factor. This leads to the expression
2
dofdt (elastic) = 2D 2202 Lo |7 (1)1, (35)

where one should distinguish « of eq. (33) from trajectory a(z).

Secondly, take the resonance production reaction (26). We can analyze the meson
M, (summed over the unobserved M* helicities) in a manner familiar from inclusive
electroproduction processes. With an ingenious normalization put

M, =, - (-9)a,/a®1 1}, — (-9)a,/a®] 2W,(@*)im (36)
+2m(—g,, +q,4,/4%) W,@).
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Wy and W; can be calculated in terms of the amplitudes F , introduced in sub--
sect. 3.5, namely,
*2
m
Wi@?)==—[IF, 1> +1F?), 37)
W,@®) =2m(-q*10*?) [(~a210*?) \Fy12 + L (IF,1% +1F_|1 )],

where, as usual,

w2 = Ln* +m)’ — V(e —m)? — 7] 38)
4 m*2 .
Taking the high-energy limit, we find

2
dU/dt =P§2 s2a(t)—2 }TO‘ [_qZ/Q*Z]

X {(—q*1Q*) |Fy|? + 1 (IF, 1% +1F_1%)} (39)

We now take the ratio of (39) and (35) to ehminate o and the unknown P2(t)
This gives

doV° —4°\ [(—4> 2 2 2
(7N - M*N) |Fol*+5 (IF 1* +1F_%)
dr - (Q*Z) [(Q*Z) ° ] (40)
VO
O (N> N) If, @2

This equation summarizes the content of Kishinger’s model for our processes. The
amplitudes Fy , are obtamed from table 9 and some cunning 1s needed while insert-
mng the correct SU(3) and signature factors from tables 3 to 5 Further, we should
note that, as discussed 1n appendix B, the FKR model has trouble in predicting the
q? dependence of the Fy,, amphtudes. So we shall use eq. (40) only to obtain the
leading behaviour as £ — 0. The ¢-dependence will be put in via the canonical para-
meterization of subsect. 3.3

5.4 7*n-> wOp

Before using the formula (40) for speculative estimation of 1* 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
reaction 7°n > wOp and 77p - 7¥n to the radiative width of the w meson. Namely,
manipulation of eq. (40) gives

do/dt(n*n > wOp) _3nltiD(w ~> my)

do/dt(n"p > n0n) | ez Q*3
exchange

~1.7 1. @1

This 1s perhaps an unrehable prediction as simple Regge theory 1s a poor approxi-
mation to the natural-parity part of 7*n > w%p. However, let us use our EXD/SU(3)/



G C Fox, AJ G Hey, Production of meson resonances 417

factorization folklore to convert eq. (41) into a relation between K™p -» K™*p and
K™p = KOn; both of which are dominantly overall spin-flip amplitudes and nicely
described by Regge poles.

This gives
Kp->K*p| _ =0.66Kp > KOn l B “42)
pp non-flip pn spin-flip
natural-panty
exchange
Around 10 GeV/e, this reads [22, 77]
=~ 100 ub = 0.66 of =~ 50 ub; (43)

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

This 1s shown 1n fig. 12 where we have used eq. (42) for the relative couplings but
included subdominant terms using the canonical folklore described 1n sect. 3. Note
how excellently the shape of K™p - K*7p 1s reproduced, this indicates the excellence
of the Regge-pole approximation. Shown is not only the Kislinger predictions (41)

Natura! Parity Exchange

10
r (@K p—=Kp [ F (b) w*n—=w
10 GeV/e 6 95 GeV/c

o
L
>

[
e
>

€ SU(3) Prediction
- ol Fit from K* Fit
s -
T
=

I

Q’ " e
+_ {
S Kislinger

Model +
Kishnger *,
Modet
i ] 1 1 L n N |
o] 05 o] 08
-’ (GeV/c)2

Fig 12 Comparson of the predictions (dotted curves) of the Kislinger model — Eqs (41) and
(42) 1n subsect § 4 — with experimental data on K™p — K*™p (ref [77]) and n*n — wop (ref [78]
In each case, the decay density matrix elements of the vector particle have been used to 1solate
natural-panty exchange The solid curves come from multiplying this prediction by 3 8. SU(3)
relates the curves 1n (a) and (b) as descnibed 1n subsect. 3.2.
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and (42) but the eyeball fit to the K* data gotten by multiplying the Kislinger pre-
dictions by 3.8 (in cross section). The deviation of the latter from 1 1s then our best
measure of the model’s rehability.

3.5, Predictions for production of L = 1 and L = 2 quark states

We now turn to the Kislinger + FKR quark-model predictions (upon every sin 1s
another sin...). To employ it, we use the expression (40) at ¢ = 0 and so find the
ratio of p exchange n7p - A;%n, #°p = A,0n, #p > h ,n to n7p -> 70n. This gives
us an estimate of PM* -+ V, T couplings 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 w production foretold — being, in each case, about a factor of 10 too small in
cross section. In spite of this, the predicted do/d¢ shapes are good and the ratio of
B A;.A, production 1s similar to that in the SU(3) spin-flip pole extrapolation

10 10
(o) #N—= A N (b) m*p—eB*p
(fo Exchange) (w, Ay Exchange)
F 5 GeV/c B 5 Gev/c

£ Hpg
o1 —4— oI +

mb,
(Gev/cl } ‘

001+ 001
Kislhinger

Kishinger
Model

L 1 L 1 _—l 1 L 1
o2 Q4 [o] -1 [0} - 10 02 04 06 08 - [Xe3
-t'(Gev/e)? -t'(Gev/e)?

Fig. 13. Comparison of the Kislinger model described in subsect 5 5 with data on #N — A,N
(ref [51], see fig. 5) and n*p — B*p (ref. [70], see fig 7)
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Table 14

Resonance cross section 1n ub at 5 GeV/e

Reaction Expt. Kishinger Model Ad hoc
spin-flip model

n*'p—B'p 92 + 16 (1ef. [70]) 10 80 *

np—A'n ? 1.5 135

aN-—-» AN =0) 127 + 23 (zef. [51]) 12 127

n*p~ A3'p ? 1.5

(fo exchange)

n*p—p''p ? 015

(w, A, exchange)

a‘'p—> A *'p ? 073

(w, A, exchange)

np— gon ? 0.6

(A, exchange)

* Not a prediction but the defining normalization of all the 1* SU(3) predictions discussed n
subsect 4 2

model. This adds confidence perhaps to the use of the latter for the prediction of
A, nonet cross sections.

One cunosity 1s that, as one might expect from vector dominance, the Kishnger
model for 7°n - wOp only deviates from the pole extrapolation model by about a
factor of 2 1n cross sections. The pole model lies between the dotted and solid curves
on fig. 12 and comes from the usual estimate of the w — mp couplings by assuming
this (virtual) state dominates-the w —> 37 decay. However, the similar A, - mp pole
model hes, as shown 1n table 14, a factor of 10 above the Kislinger model. The fail-
ure of the vector dominance model in this case suggests that one might be able to
reformulate the Kislinger model to agree better with vector dominance and hence
with the data.

Thus, we conclude that the Kislinger model only gives a qualitative description of
the data. It could be interesting to subject it to further qualitative tests comparing
the 7N decay angular distribution observed in n*p - n0(n*p) (and descnibed by Regge
p exchange illustrated 1n fig. 14) with that observed in photoproduction YN - N.

Tt 20

-

~

Proportional to (I=3/2) ¢

Fig 14 An untested prediction of the Kislinger model discussed in 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 1gnore
w-exchange processes, which have large cross sections and are well understood [3, 5],
and treat only B and approximately EXD K — Qg exchange reactions. It turns out
that the latter are quite big around 5 GeV/c and often dominate the (suppressed)
V-T exchange contributions.

6 1. ¢(1680) production
As described 1n ref. [3], the reaction 7*n - ¢ (1680)p provides a particularly
clean test of the 1deas 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
7'n > ¢ (1680)p

| B-exchange

+
=r*n>uPp | x Tn~>g%p : @a4)
B-exchange  71'n - p0p n-exchange
where ¢ (1680) 1s the w-hke I = 0 magic mixed member of the 3™ nonet. Now the
m-exchange p and g production reactions have essentially the same z-dependence con-
trolled by our old friend, the pion pole Thus (44) predicts, in agreement with the
data shown 1n fig. 15, that ¢\y(1680) [79] and w production [78] should have the
same ¢-dependence The relative magnitude is just the ratio of the observed cross
sections for g [81] and p [80] production. Correcting for non-zero #,,,,, suppressing
the g production, we get from (44) at 6.95 GeV/c

Ugp [710 > ¢ (1680)p] = 0.4 (U, [7"n > w0p]) 45)

where U, Usy, are respectively the fractions of unnatural-panty (B) exchange in w
and ¢y productlon Puttingin U, 0.5, o(n"n~ «Op)=86.4 +12.8 ub [78],
gives 17 ub for the unnatural- parlty contribution to ¢y production at 6.95 GeV/c.
Thus is mcely consistent with the measured ¢y cross section of 33 ub for the dom-
nant (?) 7*n 70 decay [79]. This suggests Usy = U, = 0.5 and so we mark the
curve 0 4 (m*n = w0p) on the plotted ¢y data mn ﬁg 15. We predicted the ¢y natural-
parity exchange * in the last section, but the values are too unreliable to confirm or
deny Uy ~05.

Note that we immediately predict a comparable cross section (1.e. = 30 ub) for
7*p = ¢ (1680)A™. (m*p > WO A** 15 bigger than 77p - wOn, see fig. 3, but the
@A™ reaction 1s suppressed by 7., )

* Actually the data discussed 1n subsect 6 3 suggests Upn =1 - which 1s also consistent — 1f
less wondrously — with our estimates above
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[Ke} 10
(a) w*n—» o0p (b) m*n—= ¢, (1680) p
- 6 95 GeV/e o at a0
6 95 GeV/c
ol % [o}] >-—1_ %:f
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Fig. 15. Companson of (a) »*n — wop (ref. [781)and (b) n*n — &N(1680)p (ref [79])at 6.95
GeV/c discussed in subsect 6.1 The solid curve 1n (b) 1s 0 4 times an eyeball fit to the data in
(a).

Also we can use the analogue of (44) to predict other L = 2 quark state cross
sections. In particular, the I = 0 member of the JP¢ = 17" nonet will be produced by
B exchange and decay into n*n"n0 Ths cross section will be suppressed by the
small 77 coupling of the 7 = 1 member of this nonet [82] (identifying the latter with
the p") to which coupling, the cross section will by (17) be proportional. However,
m view of the mass and mixing uncertainties, we will not pursue these speculations

6.2 my(980) production

The my(980) cannot be produced in meson-baryon collisions by either V, T or
m-exchange; 1t can be produced by B exchange in 7N - m(N, A) and K — Qp ex-
change n KN - myY Eq. (16) provides a direct estimate of these cross sections
terms of the ratio

R=9D~> €%n) _2T1(e)

~(0.5, 45
o(np —)pon) 9 I'(p) “3)
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which 15 expressed above as the ratio of the couplings squared at the 7 pole. These
we have evaluated cavalietly to give R~ L. The uncertainties 1n the width, mixing
and even assignment to the 0" nonet of the ¢ precludes accurate determination of
R.

If U denotes “unnatural-parity part”, we predict
77p > my¥n =1 U@*n »> 0p),
7*p -y OA™ =4 Un*p > 04,
Kp-m0z%=0, 46)
$ Kn->my"A)=Kp->mOA=} UK p~>wA),
Kp->m, Y=L UKp~pY*)

The values of the cross sections on the right-hand side are recorded in table 7 and
after a small accounting for the ¢, suppression (this is at worst a factor of 0.75 at
5 GeV/c) directly give the (unknown) m\(980) cross sections. We interpolate table 7
to the desired energies using a Pl—a%: behavior for B exchange * and Pl-a% for strange-
ness exchange. The results are recorded 1n table 15 where the agreement between
theory and expeniment is spotty; theory clearly 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
mN(980) = 7™ cross sections

o(ub)
Reaction P11, (GeV/e) Theory Expt. Ref.
lab

PP 32,412 80 8+4 [84)
TpaN P 5 40

n*p— m’att 5 100

Kn—-ny'A 211,2.65 unrehable <13 [85]
Kn—an'A 448 13 153 [86]
Kp~ nN‘Y*" 39,46,5 13 24+1 [87]
Kp—ayY** 4.1 14 <6 [69])
Kp—>ayY* 5.5 7 9+3 [69]

* Ref. [83& concludes that the (integrated) unnatural-parity (B-exchange) component of
a*n — W' p has an effective intercept m the range 0 to —0.3.
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6.3. Production of the 2* nonet by unnatural-panity exchange
We can similarly estimate the unnatural-parity contribution of 2* nonet produc-
tion in terms of the ratio

~1.37, 47

o(a"p ~> pOn) @
which we take from expermental data [88] at 15 GeV/c where 1,,,,, effects are
small. We then get

U(r*n > A,%p) = 1.37 U(n*n > wp),
Un*p = AP A%) = 1.37 Un*p > w0 A™),
UKN = (A,, {0, .)Z) =0, (48)
U(n™p ~ K*(1420)A) = 1.37 U("p - K*(890)A),

and a host of stmilar relations.

- At 5 GeV/c, the experimental [34] cross section tor 7*n Azop is 190 + 40 ub
Using the work in sect 4, we find the p-exchange contribution is but 12 ub. You
may argue that this 1s unreliable for Regge-pole theory is known to be a disaster for
the natural-parity part of the basic reaction 7*n ->w9p. However, fig. 12 does show that
our SU(3) estimate for m*n - w¥p, although predicting an unobserved WSNZ (wrong-
signature nonsense zero) at ¢ = —0.6 (GeV/c)2, has the nght magmtude for small ¢.
Consequently, 1t underestimates the cross-section by (only) a factor ot 2 to 3. we
assume this 1s our error in the A, cross section estimate by p exchange. Meanwhule,
(48) predicts that the B-exchange contribution 1s 140 ub — 1n pleasing agreement
with experiment and mdicating that unnatural-parity exchange is 5 to 10 times big-
ger than natural-parity exchange at this energy *. As the same ratio in 7*n - «0p
1s around 1 (see, for instance, refs. {34, 35, 78]), 1t follows that unnatural-parity ex-
change 1, relative to V, T exchange, more strongly coupled to the 2* than the 1~
states. Fig. 16 indicates that a similar situation 1s present 1n 7*p - A, 0A™*. This
figure also confirms that we are predicting the right #~-dependence for such processes.
Another experimental confirmation can be found 1n 10 GeV/c K™p scattering [77],
where the ratio m + B exchange/w + f0 exchange is found to be larger for K™p -
K*~(1420)p than for K™p - K*7(890)p. SU(3), of course, relates this observation to
our previous predictions.

We cannot resist commenting that we have previously [16] pointed out that the
natural-parnity exchange (A,) pollution of m*p - p0A** 15 very small at —t ~ O(mz,,)
and so this reaction 1s the best for studying nm scattering. The above discussion shows
that the situation is even better for 7*p - fOA** and as shown in fie 17, at P,y =

* One cannot meaningfully use the A20 d m e.’s quoted in ref. {34] to estimate the amount of
unnatural-panty exchange as the A;* d.m e.’s 1n the same reference do not agree with those of
ref. [51]
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Fig 16 Companson of experimental data on n*p — AzoA“ at 5§ § GeV/c from ref [89] with
the natural-panty (p) exchange contribution calculated as in subsect. 4 1 and the unnatural-
panty (B) exchange contribution calculated from eq (48) in subsect 6 3

50 GeV/c (the high momentum makes ¢, small), the negligible background makes
studies of @7 scattering above 1 GeV/c nm mass very clean [93].

One can predict the unnatural-panty component of the multitude of hypercharge ex-
change 2" reactions (see table 10). However, natural-panty exchange 1s now no
longer represented by sickly spin-flip p and A,, but rather by healthy K*(890, 1420)
exchange. Correspondingly, unnatural-parity exchange, although bigger by around
a factor of 2, no longer dominates over natural-parity exchange. As there 1s, as yet,
no separation of the data into natural- and unnatural-panty components, a clean dis-
cussion 1s impossible. We will take just one example.

The ratio 77 p = K*(1420)A to n”p - K*(1420)=Z0 1n table 10 1s larger than the
simple V-T exchange prediction. This discrepancy 1s correctly identified with unna-
tural-panty exchange which 1s large for the first and roughly zero for the second re-
action. Actually at 4.5 GeV/c, pg was measured for 77p - K*(1420)A and found
10 be *0.63 £ 009 for 0 < —¢ <0.5 (GeV/c)2. This again indicates the tmpertance

* Similar conclusions can be drawn from the density matrix elements for K™p ~ (f, £)A reported
at 39 and 4.6 GeV/c (ref [36])
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Fig 17. Expected natural-panty exchange (A,) background 1n (a) »*p — p%A** (refs [90, 91])
and (b) n*'p~>f OA** (refs [90, 92]). The theory curves are calculated using the formalism des-
cribed 1n subsect. 3.2 and 4 1, and are discussed in subsect 6 3 The deviation of the data in
fig. 17b from the unmiversat Plzab do/dt curve 1s probably due to different mass cuts used to defin
the £% 1n refs [90, 92). tcgp is defined as '+t (evaluated with the mean masses of the reson
ances)

of unnatural-parity exchange for A reactions. Table 7 and eq (48) give the curves
shown in fig. 18. The predicted unnatural-parity exchange 1s a factor of 2 to 3 too
big. This could be due to many things. For one, our cosmic estimate 1n table 7 does
overestimate the 77p - K*(890)A cross section. Remember this 1s a moving-phase
reaction whose cross section 1s reduced, for reasons beyond our ken, from the EXD
value 1n table 7. We will not wriggle more but leave this sections as a splendid quali-
tative success.
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Fig 18 Companson of experimental data on #7p - K*®(1420)A at 4 5 GeV/e (ref [26]) wath
natural-panty (K*(890) — K*(1420)) exchange contribution calculated as 1n subsect. 4.1 and
the unnatural-panty (K — Qp) exchange contnbution calculated from eq. (48) in subsect. 6 3

7. Photoproduction of meson resonances

One of the lessons of the previous sections was that our poor knowledge of the
1* nonets reflected their small hadromic cross sections compared with, say, healthy
m-exchange reactions, for tnstance, 77p - pOn and #*p - fOA** (see fig 17). It 1s
interesting to note that the B and A, can be produced by n-exchange in photon -
duced processes. Their expected cross sections can be estunated reliably 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 extrapolation for their hadron-
ic production by vector-tensor exchange 1s a trickier business.

Consider a typical process

Yy+p-=>M*"+n (49)

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

T Bom=¢ ( M*|j, (0)I7)

S V7, (O)INY. (50)

m
This can be evaluated at the pion pole in terms of the 7NN coupling G and the
M** > %y radiative width. As described 1n subsect 3.5, we use the FKR quark model
to estimate the latter. The Born cross section given by (50) can be calculated as (taking
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Fig. 19. Production of meson resonances by m-exchange at 4.7 GeV The theoretical curves are
discussed in sect 7. As described there, the cross sections quoted mn table 16 correspond to half
the do/dt values 1n the figure

the charged m-exchange reaction (49))

1 (2]
(-mf)? (t—m2)?
X 2m*2 (1F,12 +|F_|?).

The quantities | F,_| 2= |F | 2 are gotten by placing q2 = 01n the formulae of
table 9. Using this table plus eq. (51) gives the cross section ratios reported in table 16.
As usual one can finesse the argument, and use the pole-coupling values implicit 1n
eq. (51) plus the PMA model [5] for off-shell m-exchange processes. After fitting
7N - pN (as described in the 7N - (p’ = mw)N calculations of subsect. 4.3), this is a
parameter-free theory. The results are given in fig. 19.

Note that the FKR model predicts I'(w = py) = 1.9 MeV — essentially twice the
experimental value. Correspondingly the theoretical do/d¢ for yp = wp in fig. 19 is
around twice the experimental value. One should perhaps then also halve the predicted
do/dt for A;, A, and B in fig. 19. However, there 15 no compelling reason as to why
the failure of the FKR model is a simple meson independent overall factor.

40 gon/ At = 2 [maG2/4n) &)
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Table 16

Cross sections for n-exchange 1n M* photoproduction

Reaction Cross section (ub) at E’Y =47 GeV *

AP~ wp 1.25 (theory normahzed to this value from ref [94])
Yp— B°p 01

w— A" 05

vp—+ Ay'n 09

* Cross sections at other energies may be estimated usin Pi2 behaviour of m-exchange processes.
g Hab gep

Anyhow, we have adopted this simple expedient in table 16 and have renormalized
the cross-section estimates by expertment over theory for yp - wp (Ths 1s the un-
natural-panty part of yp = wp extracted [94] using polarized photon data.) Our
prediction foryp > A5n of 0.9 ub at 4.7 GeV compares satisfactorily with the data
6=(1.2204),(25 fl g), (0.6 £ 0 3) at 4.3 (ref. [95]), 4.7 (ref. [96]), and 5.25 GeV
(ref [95]), respectively. There 1s no report of yp ~ A* | n as yet * — 1t would be nter-
esting to look for our } ub predicted cross section around 5 GeV. As we have emphas-
1zed, non-observation of the A; at this level of cross-section would be decisive evi-
dence against its existence.

yp = “B”’p has been reported [96] with a [ ub cross section around 5 GeV/c.

This 1s much larger than our estimate (which 1s so small because the n-exchange
couples to the “w part” of ¥ = p + § w): A 1 pb cross section is presumably natural-
panty exchange (A, or Pomeranchuk)

Using the results of table 9, one can also calculate the m-exchange contribution to
the production of the L = 2 quark states. At low energes, these are suppressed by
tmun effects, but once this straitjacket 1s o’ercome, Yp > ¢ (1680)p 15 some 10% of
vp ~ wp The other L = 2 mesons coupling to the p part of the photon have similar
cross sections, while those, e.g. yp = gn, that have the misfortune of seeing but the
wlike photon are, as usual, () smaller, 1.e. around 1% of yp ~ wOp.

Finally, we give in fig 20, the PMA predictions for the produced M* resonance
density matrix elements. Those for yp = wp are, of course, obscured by the large
Pomeranchuk term. The other reactions should, however, be realistic and observable

* We would like to thank Dr G Smadja for many conservations on the experimental difficulties
with yp—> A*yn.
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Fig. 20 Predictions of the PMA n-exchange model for the decay density matnx elements for
vector mesons photoproduced by m-exchange This figure 1s discussed 1n sect. 7

8. Conclusions

We have done battle with the filth and pestilence of expertmenta! data; predicting
the essentially unknown cross section in terms of the barely known. We have curdled
together many theones (Regge poles, SU(3), factorization, EXD, pole extrapolation,
Regge-pole—photon analogy), each of which 1s only accurate to some factor of 2.
Nevertheless, a pleasing picture has emerged.

Furstly, the current poor knowledge of the 1* (and similarly of higher — perhaps
non-quark) meson states 1s only temporary. Their predicted cross sections recorded
i tables 13 and 16 should be easily within reach of future spectrometer or large
bubble-chamber experiments. These mesons can be fruitfully examined 1n both ha-
dronic and photoproduction non-diffractive processes.

There 1s a pretty structure in the exchanged quantum numbers around 5 GeV/e,
which will clearly repay deeper investigation We find flat cross sections — only half
of which lies 1n —# < 1 (GeV/c)2. We find large unnatural-panty exchange in 0, 2*and 3°
production — its strength increases relative to natural-parity exchange as we increase
the mass of the produced meson and move up the p — A,. . trajectory We find
natural-parity-exchange cross sections whose non-flip components are greatly sup-
pressed. This can be qualitatively understood in a vector-meson—photon analogy
model recently proposed by Kislinger. A quantitative explanation is, however, still
lacking.
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We found a possible 7-exchange peak peeping out at small ¢ 1n 7 p - (7w) p; this
suggests that quantitative studies of 77 - mw may well be possible in the future.

We wonder what systematics await discovery for forward-baryon and backward-
meson resonance formation. We hope our work will stimulate theoretical and expe-
nmental study 1n these fields.

We would like to thank Mark Kislinger and Finn Ravndal for theoretical advice,
K.W. La1 and H.A. Gordon for an invaluable DST and Alex Firestone for help in
processing it.

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

Appendix A. Explicit pole-extrapolation formulae

Here we record the formulae relating the s-channel residues - (?), introduced
n subsect. 3.1, at ¢t = m? y to the decay width " of 3 > 1 + V(V w1th mass my; 15 the
(17) particle on the exchanged Regge trajectory Rn fig. 1).

Specializing at once to the special case of interest sy = 0, yy =0, we have, from
general principles,

2 mh(2a + 1)
8us (my”) = ‘:_—"3 Vr(a+)\3 +DNa—A; +1)

X (my/Tys)® exp G inhg) (<1F3* 23 7y %, (-x3™), (52)
where t = mvz, a=1,
Ty3= [t — (my +my)?) [t — (m, — mp)*),

cos x3°° =—[t+ mz3 - m12]/T13, (53)

sin x;” =2 mamyi[T, 5.

Finally, 73, 1s the (¢-channel) helicity amplitude V - 1 +3, and is related to the
generally more useful 3 = 1 + V amplitude by an irrelevant helicity independent * 1
sign. The latter amplitude (also denoted ¥,) 1s related to I'(3 > 1 + V), the width for
3 to decay into 1 +V, by

TG~ 1+V)= 2 [7,,|20%/(8n(2s; + 1) m2y), (54)
A3

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 determine 2;\3I7;\3|2 If there is only one
independent spin amplitude, this 1s sufficient to determine gus(mv ), up to an 1irrele-
vant phase, using (52). Otherwise, one needs a model for spin (A3) dependence of the
decay amplitude.
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For the tensor meson decays, 2* = 0717, panty allows only a D-wave decay, (or
equivalently, one independent s-channel helicity amplitude), and the decay width
1s indeed sufficient to determine the s-channel helicity residue g,,,. For the axial vec-
tor meson decays, 1* - 0717, the situation is more complicated since both S and D
waves are allowed, corresponding to both helicity 1, and helicity 0, decay amplitudes
being non-zero. To determine the s-channel g, , residues, 1t is necessary to have a
model for the amount of D wave present, since this essentially determines g, ;. This
we shall take from a naive SU(6)y, quark couphng model for the decay. The model
predicts that one helicity amplitude for A; and B decay 1s actually zero, this cor-
responds to the S and D wave amplitudes exactly canceling 1n one helicity amplitude.
Colglazier and Rosner [10, 11] have suggested that this is in disagreement with ex-
periment and, n fact, that the S-wave component 1n this model may be unrehable.
Nevertheless, their analysis showed that the magnitude of the S- and D-wave contri-
butions was actually in reasonable agreement, and that only the relative S-D phase
prediction of the SU(6);, model was violated. As can be seen from eq. (52), the
value of g at # = 0 essentially depends on the magnitude of the D-wave contnibution;
so we are content to use the naive SU(6);y model [97] for the [D|/|S| ratio. The
reader 1s 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);, symmetric vertex functions may be constructed
mn a simple way from quark graphs. The SU(6) wave functions for the L =0and L = 1
mesons are [11]

MW)(M) =P Cy + V% (e20C)y,  L=0,

@) = o -1
M ony =B b * 7356 Oy
1 ’
+Aa57§ ei]ke] (Ok C)ab (55)

+T°‘ﬁeu.(a]C)ab, L=1.

The symbols P, ¥, B, S, A and T are the 3 X 3 matnces for the 07*, 177, 177, 0**,
1**, 2** meson nonets, respectively. The 2 X 2 matnx C in quark spin space is

0 1
-1 o}

The 1index 1 represents a polanzation vector for one umit of angular momentum, and
€, €}, €, specify the polarization of the vector, axial-vector and tensor mesons res-
pectively. SU(6);, mvariant vertices are constructed by contracting indices accord-
ing to the quark graphs (see fig. 21) and insisting that W-spin 1s conserved in the cre-
ation of the qq pair. The coupling then has the form

(ye) ) 8d)
M iy MO 3y Dy M

C=iay=

(56)

(ve) 7
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{a,q) (y,0)

(a,0) (y,0)

Fig 21 Quark model graph for the 3-meson vertex calculated in appendix A Each quark 1s re-
presented by a pair of indices (o, g) where « specifies 1ts SU(3) and ¢ 1ts spin state.

The matrix
-t [’ )edoc )
V2l od v2 7

insures that q;, and q; are created 1n a spin state S = 1, §, =0, 1.e. a state of W-spin
zero. This prescription 1s the natural extension of SU(6);, from L = 0 meson coup-
lings to a coupling involving an L = 1 meson. W-spin 1s still conserved. This symme-
try 15 sometimes called SU(6)y, @ O(2)y , .

The predictions are summanzed 1n table 17. To use them, we decompose the pre-
dicted helicity amplitudes into S and D partial waves and correct the latter by
(Q*/Q0)2 where Q 15 taken as 0.42 GeV/c — an average decay momentum for the
L =1 multiplet Table 17 then gives us the necessary ratio of spin states to allow
egs. (52) and (54) to determine g, (mvz) absolutely.

For completeness, we remember that for our pole extrapolation predictions, we
need the ratio of, say, g(mAp) to g(nmp). The latter can be found from eq. (54)
using I'(p = n7r) to find directly ¥ (p > nm) — 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* Helicity amphitudes

Tr=0 Ta=1
2**(A, nonet) 0 (from panty) ~1//2 a(TTV, P
1**(A{ nonet) 0 ~1/N/2 a AV, PD
1*" (B nonet) B {v, Pp 0

Here o 1s an arbitrary parameter, 4, 7, ¥ and P are 3 X 3 SU(3) matnices (see text of appen-
dix A), [ | = commutator, {}= anticommutator and ¢) = trace. The SU(3) 1soscalar part of the
traces are precisely the numbers given 1n tables 4 and 5.
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irrelevant sign from the explicit case ¥(m = mp) for which (54) 1s wntten. For the
record, we note (54) gives

|¥ (m > mp)l = 5.35 for ') = 120 MeV,
|¥ (K = nK*(890)| =3.2 for 'gx = 50 MeV. (59)

As usual, these numbers must be multiplied by an appropnate Clebsch-Gordan
coefficient to get the coupling for a given charge state.

Appendix B. FKR Quark model for meson-resonance excitation

We review the formalism of ref. [6] used in subsect. 3.5. The mesons are repre-
sented as states of a quark-antiquark (qq) system which 1s described by the (essent-
1ally mass-squared) operator

k=22 +P Y+ 50, - u)%;

P, and Py, are the quark and antiquark four-momenta, respectively, and u, and u,,
the corresponding conjugate position variables. The external momentum of the qq
state may be separated by introducing the total momentum P =P, + P, and an inte-
rnal momentum ¢

Pa=%P—5\—1/—2§, Pb=§P+5\—1/E§, (60)
with position variables R and z conjugate to P and ¢:

u, =R -2z, Uy =R +/2z. (61)
The mass-squared operator becomes

k=P _\, (62)
where

~N=12+1Q222,

N1s the true mass-squared operator and depends only on the internal motion, for
mesons N has the form of a simple four-dimensional harmonic oscillator, giving eigen-
values spaced by 2 As usual, in harmonic-oscillator problems, it 1s convenient to
mtroduce creation and anmhilation operators for the internal oscillator excitations

ct= @{ﬂ'l/%z, c= Vz%g—z ng. 63)

These satisfy the communication relation

lew %] = — gy, (64)
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Thus, to exclude time-like excited states with negative norm, the physical assump-
tion 1s made that 1n the rest system of the meson, only space-like excitations exist

@ oIM®=0. (65)
The vector current 1s obtained by a mimimal coupling prescription

fa_)’a_ea‘ﬁ’ (66)

which leads to an interaction SNV, with a wave of polarization vector e, and mo-
mentum q,,, given by

b
BNV =) = 2 25 e, (P, €9 a 47,6l 4ap), 67)
a=a
If we use symmetrized SU(3) wave functions for the quark a and antiquark b 1n the
meson, treating the antiquark simply as a quark of negative charge, the sum over
may be removed. One calculates only the contnbution from the quark a and multi-
plies by 2 eq. (67) becomes

eJ=4e 2 (2(P,e) — ¢¢). (68)

We now specialize our results to the frame in which the 1nitial excited meson of
momentum /' 1s at rest and the virtual photon of momentum q 1s emitted in the po-
sitive z-direction. Elementary kinematics in this frame may be summarized as

I'sitq, I?=m*2, 2=m?, (69)
I'=(m*,0), I=(,,—0%, q=@*0%,
where
oo = m? +q2’
2m*
o* =4—ml*; [(m* +m)? — q2] [(m* — m)? - ¢?], (70)

g2 =E2 +m=(m*+m)2 -q?
2m 4mm* )

We can now follow the same procedure, detailed for baryons by FKR, to express
the current operator 1n a form to be evaluated between two-component Pauli spinors.
We obtain

J#e"‘ =4¢% exp 1420 —V1/Q g c'le,
X {[m* — {v* ~ 0*2[2mg? —EQ (c5* + o)l €g
ViR (" te)et Q*ee [} +v*/2mg?]
+10°Q*A e [1+v*/2mg?]} exp [1V/Q g c], 1)
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where one should distingwish the charge e, of the quark from the polanzation vector
(g €). For transitions to final state mesons 1n the ground state, the interaction
“simplifies” to.

J et =4 G(m*, q?) e,
X {[m* — Lv* — 0*2/2mg2] ey +ViQec
+Q* e [L+v*/2mg?)

+10°Q*Ae [1 +v*/2mg?]} exp [-6 c,l, (72)
where we have placed
G(m*,q) =g exp [¢2/2Q], 6 =Q*NVQ. (73)

With all this preliminary, 1t 1s straightforward to calculate the helicity amplitudes
F, o-

2m*F, = M\J IM®), (74)

Fy 1s given by the matnx element of Jo and F, by the corresponding spherical com-
ponents of J,,,

o 1 .
Ft= +72—(Fx t le).

The results are

Fo(@»)=4G Mle, Te™5z|M¥),

F,@)=4GMle, {Tc, + 0, r} e5¢z|M¥), (75)
where
T=—L [mm* e m*2 —m? 4 g2, T=vQlam?, (76)
8m*2
= V2 Q* (mtm*)

[(n +m*)? - ¢?]
The operators

to=s L ot st

of, =7 5 i),

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

0, =3 (0x 10)).

With the above formalism, we can now calculate all our meson radiative matrix
elements 1n the way illustrated for baryons in appendix 4 of FKR. The meson wave
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functions are written 1n the usual way, as an example, we give those for the n* and
+

P

|1r+)=71§ (ua—au)71§(|+>|—>- |=)1+)) 10)

1 [+)]+)
lo™ =75 @d +du) {IV2(DI2+]14) | 10
[==)

where u, d (and s) label the three quarks, |+) and |—) are their two spin states and
[0) 1s the ground state of the spatial oscillator. The L = 1 and 2 wave functions are
constructed similarly and the relevant results are recorded 1n table 9 and discussed in
subsect 3.5 and sects. 5, 7.

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

m*2(\N)=m2 +N (77)

for a multiplet corresponding to NV excitations. However, we will use the non-dege-
nerate observed masses in actual calculations. This is not without repercussions, for
mstance, the current conservation condition

v*F, =q*F, (78)

1s only satisfied for the degenerate mass spectrum (77). Evaluated with observed
masses, (78) 1s violated and this is particularly disastrous for the light mass 7. Stmi-
larly the Fy , amplitudes in table 9 only give correct threshold behavior (orbatal
angular momentum state / behaves like 0*)) for the symmetrical value (77) for £.
For these and other reasons, Ravndal [47] chose rather than (73)

G(m*, q%) = exp [- K*2/Q] exp [15¢%] (1 — @*/4m*H)' Y,

K*=(m*? — m®)2m*. (79)
This msures a good fit to the pion form factor 1f we replace’s” given by (76), with
S(m=m*)=1, (80)

which removes an embarassing zero 1n the 7 form factor at q2 =—4 m2,r Fortunately
these difficulties with the elastic form factor will not cause us especial pain, as we
shall only use (75) for off-diagonal matrix elements. Further, we will take them
only at £ = 0 and so avoid the ambiguities in the phenomenological g2 dependence
of (79)

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