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ABSTRACT 

A detailed comparison has been made between predictions of 

elementary one-pion exchange (OPE) and existing experimental 

data. The Benecke-Diirr (BD) parametrization was used to describe 

the vertex functions. The BD parametrization has one free parameter, 

R, for each vertex. The momentum transfer (t) distributions as 

measured between 1.6 GeV/c and 10 GeV/c for the reactions zp - 

A*A* (A I A(1236)), pp - A*n, v+p-A*p” and n-p-w’ 

were used to fit the parameters RANT, RNNa and R 
P=a 

which 

describe the NNn, ANn and pm vertices. With the 3-parameter 

fit an excellent description of the data is achieved for 1 tl < 1 Ge v2 

(Sub. to Phys. Rev. ) 

* 
Work supported by the U. S. Atomic Energy Commission and the Bundesministerium 
fur Wissenschaftliche Forschung, Germany. 

**On leave of absence from the Deutsches Elektronen Synchrotron (DESY). 



at aI1 energies, a result which independent of any model demonstrates 

that the energy dependence of these reactions is that of elementary one- 

pion exchange. From the R parameters values for various pionic rms 

radii were deduced: 

= (1.06 * O.O4)f, <r&x>1’2 = (0.86 f 0.02)f 

and <r2 1’2 
Pm 

> = (0.65 * ,05)f. The NNn and ANT values agree with 

results from %N and ep scattering. As a further consistency check, 

the BD parametrization was used to describe 833, the (3/2, 3/2) pion 

nucleon phase shift, in the neighborhood of the A. A good fit to the 

833 data is found with a value for RAKT which agrees within 20% of 

that from the fit to the t distributions. The OPE predictions were 

calculated for the reactions rip -- pa+n‘*x- in absolute magnitude and 

compared with available experimental results on effective mass - and 

momentum transfer distributions at beam momenta between 2.1 GeV/c 

and 20 GeV/c. In general, the shape of the distributions is quite well 

reproduced. Bumps which are present in the p2n mass distributions 

and which may be taken as evidence for the production of nucleon isobars 

can be understood as reflections of the OPE process. The OPE contri- 

butions are substantial at all energies ; they amount to -40% near thresh- 

old and increase to w9oo/C at 20 GeV/c, in contrast to the naive (?) ex- 

pectation ,&at, at higher energies the exchange of particles with higher 

spin dominates. 
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I. INTRODUCTION 

Since the idea of the dominance of the One-Pion Exchange (OPE) was 

developed a decade ago, ’ numerous OPE calculations have been carried out 

using different techniques to calculate off-mass shell corrections for the vertex 

functions involved. For some reactions, a quite sncceesful description of the 

experimental data was achieved by either using a form factor approach or by 

applying absorption corrections. 2,3 However, in general, these models pre- 

dicted much too high cross sections for processes where particles with higher 

spins are involved such as x-p-r&. 4 

The failure can be traced back to the Born approximation which is used to 

calculate the off-shell behavior of the vertex functions. At this stage, DUrr 

and Pilkuhn proposed, in analogy to potential scattering, to use instead of the 

Born factors the complete penetration factors for the angular momentum 

barrier. 5 This type of off-shell correction overcomes the difficulties with 

particles of higher spin. Following Dtirr and Pilkuhn, it was found that experi- 

mental data on the processes v’vAh+fp” (where A is the 33 TN resonance 
tt-+-t 

with a mass of 1.236 GeV) and ‘i;p-A A were well described by the OPE 

model for four-momentum transfers squared up to -0.6 GeV 
26 

. However, at 

larger momentum transfers, the theoretical cross sections were still larger 

than those measured experimentally. 

Recently, a more satisfactory modification of the vertex functions was pro- 

posed by Benecke and DWr which retains the previous advantage but which leads 

to a rapid fall off of the vertex functions with high momentum transfers, 7 Their 

approach introduces one free parameter R for each partial wave contributing to 

the vertex function. The parameters R have to be determined from experimental 
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data. It will be shown that having fitted the parameters RN, RA and Rp for the 

NNv, NAT and pnlr vertices the OPE model gives an excellent description of the 

experimental differential cross sections up to It! = 1 GeV2 measured at incoming 

momenta between 1.6 GeV/c and 16 GeV/c for the processes 

I;P-A 
“a” 

(1) 

PP -A*n (2) 

+ *o 
a~-A P (3) 

7&--~” (4) 

The rms radii, 2 l/2 <r > , derived for the vertices from the fitted vertex functions 

are consistent with ep and np scattering: The pionic radius of the nucleon turns out to 

be <$Nr> l/2 = 

radius, but which 

(1.06 f 0.04)f which is about 20% larger than the electric charge 

agrees well with the rms radius for vN scattering of 1. If obtained 

from an optical model analysis of ?rN diffraction scattering data. The result for 

1’2 the pr?r vertex is <ri,,> = (0.65 f 0.05)f. The rms radius for the ANT 

vertex, <rkT > I’2 = (0.86 f 0.02)f is within the errors the same as that found 

for the ANy vertex. In case of the ANn vertex, an additional consistency check 

was made by fitting the (on shell) 633 phase shift to the Benecke-Diirr parametri- 

zation. A good description of 633, i.e. of the energy dependence of the A width, 

is achieved for ems energies up to 1.42 GeV with RA On she11 = (2.2 k 0. l)GeV-l, 

a value which agrees within 20% with RA Off she11 = (1.76 i O.O3)GeV-’ as obtained 

from the fit to the momentum transfer distributions. 

The close agreement of the OPE curves with the data for reactions (1) - (4) 

leads to the following conclusions: 

a) The energy behavior of the measured differential cross sections for 

(1) - (4) is that of elementary one pion exchange (the off-shell corrections 

applied depend only on the momentum transfer). 
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b) At emall momentum transfers (several pion mass squared) the off-shell 

corrections approach those given by the Porn approximation (which ie 

believed to be correct near the pole). The magnitude of the cross section 

predicted by the OPE ,model for small momentum transfers is therefore 

essentially a consequence of the (measured) values of the AN~F and pnn 

decay widths. The agreement at 8mall momentum transfers then means 

that there the differential crosB eections for (1) - (4) are of the order 

expected for elementary OPE. 

A third evidence in favor of one-pion exchange comes from the A and p decay 

distribution observed for (1) - (4): they require a dominant contribution from the 

exchange of a Jp = O- object (see also remark below). 

Finally a recent direct check of the OPE model has been made by Schlein 

and co-workers8 in the case of the reaction pp-pnn+. The experimental dif- 

ferential cross sections for this reaction at small momentum transfers were used 

to determine the n+p elastic scattering CroBB Be&ion, u 
“+P 

(MJ, in the region of 

the 33 vN resonance by a Chew Low extrapolation. A comparison with the measured 

values of c + (M) was made. It was found that the result depends critically on the 
=P 

extrapolation function used. A remarkably good agreement was accomplished 

with the Dtirr-Pilkuhn parametrization which at small momentum transfers is 

equivalent to that of Benecke and DUrr. 

These evidences have been taken as a justification for the present analysis. 

The production mechanism for reactions (1) - (4) may, however, be much more 

complicated and the success of the elementary OPE model accidental. In such 

a case, the model still has some merit in that it allows the description of a large 

amount of experimental data with few free parameters. With all these precautions 

in mind, we assume from now on, that the dominance of elementary one-pion 

exchange is a good hypothesis. 
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Encouraged by the success for reactions (1) - (4), an attempt was made to 

determine the extent to which OPE explains features of the reactions: 

a+P -p7r+Yr+7r- (5) 

T-P -plr+n-?r- (6) 

To this end, the R parameters for all XT - nlr and aN - nN partial waves which 

enter into the calculation of the vertex functions have to be determined. This is 

achieved by using experimental.data on the reactions A-P -mr+lr-, 7r-p - A*n-n- 

and v-p -pi-p”. As a by-product, the T = 2 ?TA elastic scattering cross section 

is obtained. 

In calculating the OPE contributions to the reactions *p-dx+7rW, all 

possible OPE diagrams are evaluated but the interference terms are neglected. 

The comparison with the experimental data is done for the entire range of beam 

momenta over which these reactions have been studied, i. e., from 2 GeV/c to 

20 GeV/c. The following conclusions can be drawn: 

1. The OPE contributions are quite substantial: They amount to N 40% of 

the total reaction near threshold and increase to N 99% at 20 GeV/c! 

This result is quite surprising because, naively, one expects at higher 

energies the exchange of vector mesons and/or particles of higher spin 

to become the dominant processes. 

2. The shape of mass distributions and of distributions of various other 

kinematical quantities which have been studied are rather well reproduced 

by the calculation. This is especially true if the contribution of one of 

the OPE diagrams is isolated, (which can be done by making a cut in 

the four-Plomentum transfer and/or selecting events in the A* and/or 

p? regions). 
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Similar OPE calculations, applying Ferrari-Selleri corrections, have been done 

earlier for reaction (5) at 4 GeV/c incident momentum. 9 Recently, Raubold” 

has investigated the OPE contributions for the reactions (5) and (6), using the 

Dllrr-Pilkuhn parametrization~and taking the interference terms between the 

different OPE diagrams into account. He concludes that above 4 GeV/c the OPE 

model gives a fair description of these reactions. 

One remark is in place concerning the decay-angular distributions of, say, 
G++ the isobars produced in pp -A A . It is well known that deviations from 

isotropy are observed in the distribution of the azimuthal decay angle of the iso- 

bar, in contrast to the prediction of a pure OPE model such as the one used here. 

It is also known that the observed deviations in the decay distributions can be 

explained by the absorption model for OPE. 3f Therefore, an adequate description 

of both differential cross section and decay distribution, can be expected from an 

OPE model which uses the Benecke-DUrr parametrization for vertex functions 

and takes absorptive effects due to initial state and final state interaction into 

account. Such a calculation has not yet been done. 

II. THE OPE CROSS SECTION AND THE BENECKE-DtiRR PARAMETRIZATION 

In this section the cross section formula for a typical OPE diagram is given, 

in the Benecke-DUrr approach. We consider the contribution of the diagram (a) 

in Fig. 1 to the reaction x+p-- p?r+n+r-. The following definitions are made: 

rr,, Pin’ pout, 1$8’ r;, 7r- 

are the four-momentum vectors of the corresponding incoming and outgoing 

particles. 

s = (7r+ h + PiJ2 - square of total cm energy. 

P* - c. m. momentum in the initial state. 
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= ii Pin - Pout ( ( +7f+b) - 7 square of the four momentum transfer. 

p - pion mass 

mP- 
nucleon mass 

m2 = (+ + 7r-)2 - square of Xi ?rr- rest mass. 

0 - angle between incomjng n+ and outgoing ?rz in the ~2~ rest frame. 

qt - momentum of the exchanged pion in the ni?i- rest frame. 

qt = w, P2, m2) where 

m:-2m!j(G+m!j) + (mi-mi)2 
l/2 

2 
4m3 I 

* ( = P out 
+q2 - square of prt rest maas. 

Q- angle between incoming and outgoing proton in poutr+b rest frame. 

Qt = P(t, m2 38) 
P’ 

momentum of the exchanged pion in the poutr+b rest frame. 

du 
7r+7r- 

(m, cos 8, t) du + (M, ~08 8, t) 
I p7T 

d cos 0 d cos@ 

differential cross sections for the reactions 7r+n-- n+?r- and n+p--r + p 

respectively where one of the incoming pions is virtual with a mass squared of t. 

The differential cross section corresponding to the diagram a) of Fig. 1 is 

given by the following expression: 
11 

5 da 
dltj d m d cos 8 d M d cos0 

= 

du + -(m, cm 8, t) 
1 

47r3p*2s m2% T xd cos 0 -ah. *gQ 
Q +(M, cos @‘b, t) 

(t-p2)2 t 
” ,j co8 8 (7) 

Here G(t) is a correction to the pion propagator. The other unknowns in Eq. (7) 
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Q (m, co8 4 t) Q +@I, CO8 a t) 
are the off-sdell cross eections n+7r- 

d CO8 8 and bs 

which are connected to the corresponding on-shell cross sections 

du 
*+7r- 

(m, COB 8 ) do +(m, coa@) 

d CO8 8 and ” d cos8 for elastic r+lr- and p?r+ scattering. 

If we now assume that the scattering at both vertices, takes place in states with 

definite angular momentum I and L and definite parity, we can replace u + ,(m, t) 

and Q ,(M, t) by their partial cross sections c!, _ (m, t) and oL +(M, t). *(&is is, 
P”’ 7r’lr 

of course, true also for the differential cross eectione.) 

In the Born approximation, the off-shell cross sections 

on-shell cross sections by 11 

(m, t) = (:y qa 
2-f 

(m) 

and 

P?” 

are related to the 

(8) 

Q,k + W, t) = 
P= 

(9) 

where J is the total spin of the TN state, q and Q are the ?T?T and ?rN ems momenta: 

and 

q = PC2,jk2, m2) 

Q = P(cr2, +, 2, 

and the +(-) sign applies for positive inegative) intrinsic parity of the wN state. 

The following form of Eq. (9) i.6 better suited for our purpose: 

For L = J - l/2 

Qt uL + (M, t) = 
(M*mp)‘-t - Qt 2L 1 1 Qo-$ + (M) (94 p7T (M*mp)2 -p2 Q 
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I 

andfor L = J + l/2: 

L 
Qt = +PW) = W y,j2 - p2 

w 
PT (MF~+,)~ -t 

In both cases the upper (lower) sign applies for positive (negative) intrinsic 

parity of the nN state. As one can see from the definition of (it and Qt, the 

off-shell cross sections in the Born approximation behave like t ti and t2L *’ 

for large It I, and, therefore, the OPE cross section may diverge for large Itl. 

This unpleasant behavior is the cause of difficulties with the OPE model when 

reactions involving particles with higher spin were considered. 

A more appealing behavior of .the off-shell cross sections is suggested by 

Renecke and Diirr. For convenience, some of the arguments given in their paper 

are repeated here. In essence, Benecke and Diirr assume that the elastic scat- 

tering of particles a and b via 

a + b-a* + b’ 

can be described by the exchange of a scalar particle x with mass mx (see Fig. 2). 

Then going off-mass shell with one of the particles, say particle a, the relation 

between the off-shell and the an-shell scattering amplitude as a function of the 

off-shell mass of a is obtained. As a result, the factors (2)@ and($)2L 

which appear in Eqs. (8), (9a) and (9b) are replaced by the functions 

5 (qtR) and t tQtR) 
urn (qW k t&R) : 

(m, t) = 
l-5 (qtR) I 
I.$ (qR) qus+T- (m) 

ForL = J- l/2: 

(Mi m )2 - t 
QpL +f”, t) = m 

uL (QtW 
t (&RI ‘$+ (w ( w 

P= P 
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For L = J +‘1/2: 

QpL + W, t) = WQtR) Q$ 
pn (M r mp)2 - t \ (&RI pT+ (M) (114 

As before, the upper (lower) sign applies for positive (negative) parity of the nN state. 

In the above expressions & has been put equal to R, and u,(x) is defined 
X 

by 

up = -& QQ (l+ 5) 

where Q&z) are the Legendre Functions of the second kind. Speical cases of 

the functions u$x) are 

u,(x) = $ In (4x2 + 1) 

u,(x) = --+ 
i 

2 
w ln(4x2+l)-1 

2x 4x 1 

(12) 

(13) 

The functions u&x) have the following general properties: 

u (x) 21 
P - x for x << 1 ( l*a) 

up - -L ln(4x2) for x >> 1 
X2 

(144 

Hence, for small value of ItI the off-shell cross sections have the behavior given 

by the Born approximation which gives the proper behavior near threshold. For 

large It I values, they behave like 
1 1 andT, 

t2 
1 respectively, in contrast to the 
t3 

Born result. The mechanism responsible for the vertex corrections will, in 

general, be more complicated than that described by the diagram of Fig. 2. 

Using the BD parametrization means that its effect-will be approximated by the 

exchange diagram of Fig. 2 with an effective mass l/R. 
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III. FIT OF G(t) AND THE R PAR.8IMETEBS 

In order to evaluate the OPE ‘cross section in the Benecke-DUrr parametriza- 

tion (BD), we have to know the function G(t) and the parameters R. It is assumed 

that there is one parameter R for each partial wave contributing to the off-shell 

scattering cross sections. The function G(t) and the R parameters wfll be deter- 

mined by fitting the OPE cross section to the differential cross sections, dddt, 

measured experimentally. For this purpose the favorable reactions are quasi- 

two body reactions where one partial wave (at each vertex) dominates the off- 

shell cross sections. The analyses, which have been done using form factor 

and absorption models, indicate that the processes (1) - (4) are likely to be 

dominated by OPE. 

The relevant OPE diagrams are shown in Fig. 3. The corresponding OPE 

cross sections are conveniently expressed in terms of the following quantities: 

1 T~~@‘k t)i2 = 2 
(M + m )’ - t u 1 tQtRA) 

tM + yJ2 - F 2 U1 (QR,) Q>ll,(w (15) 

I 
2 u&R ) 

T,&m, t)l 2=m u1 (@$I ’ “,+T- W-4 

2 2 

I TNN#)12 = (-t) 
1 + RNqN 

2 2 “g2 
’ + RNqNt 

(16) 

where qN = P(U”, mi, mE)y qNt = ‘(h mE, mi) and g2 is the NN% coupling 

constant with g2 = 14.6 for x0 and g2 = 29.2 for r* . RA, Rp and RN are the 

R parameters for the ANT, px7~ and NN?r vertices. For the NNT vertex, the off- 

shell behavior is calculated a la Diirr-Pilkuhn’ since the BD parametrization 

leads to complex expressions for bound state scattering. 
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The OPE cross sections are then given for-&--A A by : 

d3c 1 
I TANS tm, t, 1 

2 
dltldmdM = 4n3p*2s 

c2tn T 

tt- P212 
I ANrt”I t)12 

for PP -A*n by: 12 

for n+p-A “p” by: 

for 7-p -rp” by: 

(18) 

(19) 

(20) 

(21) 

The differential cross sections, du/dltj, for the processes (1) - (4) are obtained 

experimentally by considering all events in certain As3 and p” mass intervals 

which typically are 200 MeV wide. The OPE cross sections will be integrated 

+I- over exactly the same A and p” mass regions. In this integration partial waves 
++ 

other than the p waves from A and p” are contributing. Their effect on the 

off-shell corrections is supposed to be negligible for the A* region. In the case 

of the p” region, there are T = 0, 2 s wave contributions to cr + _(m) which 

according to 7r7r phase shift analyses, amount to 10 - 20%. l3 ?rFonr these 8 wave 

contributions, a value of R = 0.01 GeV 
-1 was used in calculating the off-shell 

corrections. A description of how the off-shell corrections were made in the 

presence of several partial waves is given in the appendix. The elastic 71-+r- 

and 7r’p cross sections used in the calculations are-shown in the appendix (Figs. 

26a, c). 
14- 17 The experimental data on du/dItl for the processes (1) - (4) are shown 

in Figs. 4 to 7 for different beam momenta. In a least squares fit simultaneously 
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done to all these cross section values (except those shown in Fig. se), the 

function G(t) and the parameters RA, RN and Rp were deter-d. The following 

ansatz has been made 
2 

G(t) = s 

In a first fit, a value of 140 GeV2 was obtained for the parameter c in (Eq. 

(22). Therefore, we put G(t) = 1 and the fit was repeated. The resulting values 

for RN, RA and Rp are given in Table I. The X2 of the fit was 161 with 98 degrees 

of freedom. The errors of the R parameters have consequently been increased 

byafactorof $. 
\i 

The OPE cross sections for the processes (1) to (4) as 

resulting from the fit are shown by the curves in Figs. 4-7. They follow closely 

the experimental points for all four processes at all beam momenta. (The experi- 

mental data for *+p -A-p0 at 16 GeV/c (Fig. 6e) were not used for the fit. In 

this case, therefore, the OPE curve is a prediction.) 

IV. DISCUSSION OF THE VERTEX FORM FACTORS 

In this section we want to compare the vertex functions as obtained 

from the above fits with the information on these quantities from various other 

sources, e.g., ep and TN scattering. In doing this one has to keep in mind that 

the vertex functions have been determined from data at 1 tl s 1 GeV2 and there- 

fore they may not be applicable at larger momentum transfers. In fact the cal- 

culated OPE cross sections are larger by a few percent than those measured 

experimentally when integrated over all t values allowed by kinematics, implying 

that, in the absence of destructive interference with other processes, the vertex 

functions fall off more rapidly at momentum transfers 1 t 1 > 1 GeV2 than those 

given by the BD parametrization. 
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1. It is common to define the form factor Fabe(t) associated with the vertex 

abe as the ratio of the actual vertex function Vabe (t) to the vertex function VB 
abett) 

given in the Born approximation: 

This leads to 

F AN# = i$ 

Fp,,W = g_ qt 
112 

or in general (except for bound state scattering) to 

(23) 

(239 

GW 

t2w 

with 

where m a, mb are the masses of the particles a, b and ma 3 ,u + m 
b’ 

Interpreting F(t) as the Fourier transformation of a spherically sym- 
l/2 

metrical density distribution the rms radius <r2 > - can be calculated from 18 

< r2> = 6% evaluatedatt’ = 0 (24) 

where t’ = t - t pole = t-p2. 
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The rms radii obtained from Eq. (24) for the various vertices are given in Table I. 

Their values range from 0.6 to 1.1 fermi. 

The pionic radius of the nucleon, l/2 < rzN,> = (1.06 * .04)f, is larger by 

about 200/c than the electric charge radius of the proton, < ri > = (0.83 f O.O2)f, lg 

but is rather close to the rms radius for TN interaction, < rir> 112 = l.lf, as 

deduced from elastic ?rN scattering via the relation <r”,,> = 4A. Here A is the 

exponential slope of the differential cross section for xN elastic scattering. The 

rms radius for the AN?‘r vertex, <rmr 2 >1/2 = (0.86 f O.O2)f, agrees quite well 

with the same quantity for the AN? vertex: <r2 AN?> 
l/2 E 0.84f. The latter 

value is obtained from the Ml transition form factor for the ANy vertex as 

measured in inelastic ep scattering. 20 

2. In Table I the rms radii for various other vertices are also given. The fits 

of the corresponding R parameters are discussed in Section VI. One notices that 

the rms radii for the baryonic vertices are of the order of 0.8 - 0.9f and for 

mesonic vertices 0.6 - 0.7f, although the values of the R parameters may differ 

by as much as a factor of 2, due to the different masses and angular momenta 

involved. Therefore, a good guess for the value of R and hence for the form 

factor can be obtained by using Eq. (24) and choosing a proper <r 
2 l/2 

> value, 

e.g., 0.85f for baryonic vertices and 0.65f for pionic vertices. 

3. Off-shell corrections for resonance scattering and the deviation of on-shell 

scattering from a simple Breit-Wigner formula are intimately connected. Both 

are a consequence of the angular momentum barrier. According to Benecke 

and Diirr, the same R value which governs the off-shell behavior determines the 

energy dependence of the resonance width. The appropriate place to test this 

idea is the 33 TN resonance for which very precise phase shift data are available. 
21 

The dependence of 633, the 33 phase shift, on the nN rest mass M is expressed 
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in terms of the 33 resonance mass MO, width I’6 and RA by: 

with 
MoQ ?tRAQ) 

F(M)=F - 
OMQo 9(RaQ1;, 

(25) 

where Q,, Q are the cm momenta for ?rN masses of MO and M respectively. 

Figure 8 shows 6 
33 

as a function of M. Equations (25), (25a) were fitted to 

these values for M up to 1.42 GeV and the following parameter values were 

obtained: 

MO = (1.233 f 0.001) GeV 

rO = (0.114 i 0.001) Gev 

RA = (2.2 f 0.1) GeV-’ 

The experimental values on 633 are quite well described by the fit (see curve 

in Fig. 8). The important result is that the values obtained for RA from off- 

shell scattering and from the analysis of S33 agree with each other within -20% 

V. THE PION-REGGE TRAJECTORY 

The experimental measurements on da /dltj for the process (3) exhibit a 

striking shrinkage of the width of the forward peak with increasing beam momentum 

(see Fig. 6). At first glance, this may be taken as clear evidence for a Regge 

behavior of the pion, assuming that the process (3) is completely dominated by 

OPE. The OPE calculations, however, which were done for an elementary pion 

do show the same effect (see curves in Fig 6. ). As was explained in a previous 

note, 6 the apparent shrinkage in the OPE model is mainly due to the large A* 

and p” mass intervals over which the data have been taken. 

-17- 



One may ask whether the data, in addition to these kinematical effects 

possess any genuine shrinkage. In order to study this question, the experimental 

data for the reactions (1) - (4) were fitted to the following equations: 

QRew 
i 

QoPE 
i 

dt = dt ditt) a 2 W) 

*fefw . 
(26) 

where the index i refers to the reactions (1) - (4), ldt are the reggeized 
dcGpE 

cross s ec tions , - are the OPE cross sections given by the Eqs. (18) - (21), d; 
d,(t) are arbitrary functions of t and o(t) is the effective trajectory. A factor 

*OPE 
i 

1‘ . 

- N s-2 1 
d,oPE . 

*2 is contained in - it . The factor 
sP 
integration of the theoretical cross sections over 

The values obtained from the fit for di(t) and 

it 
takes care of the proper 

the mass regions. 

a(t) are summarized in Table II. 

Figure 9 shows o(t) as a function of t. Also given in Table II are the results of 

a fit where the expression di(t) a 2 a(t) was replaced by 

di(t) a2 a(t) = d; 
2o!’ (0) (t - p2) 

da! where di and ai are constants, and a’(O) = x . The fit yields o’(0) = 

-(O. 051 f 0.062) GeVa2. 
t=O 

The net result is that the effective trajectory is zero 

within the errors for -0.6 GeV2 < t < 0. 

VI. DETERMINATION OF FURTHER R PARAMETERS OF THE 7~ AND KN SYSTEMS 

Knowing the values of RN, Ra and Rp, we can go on to determine the R 

parameters of other partial waves of the 7~ and TN systems. 

a) For instance, the experimental data on 

n-p -Ilf” (27) 

agree with the assumption that this process is dominated by OPE. The unknowns 

in the OPE cross section for (27) are the elastic 7rT+7rT- cross section u 
7r+7r- 

(m) in 
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the f region and Rf, the R parameter for the hnr vertex. They were determined 

by fitting the OPE cross sections to the experimental cross sections dc/dltl for 

(27) as measured at 4 GeV/c22a and 8 GeV/c (Fig. 1Oa and b). “’ For (r 
n+s- 

(m) 

a Breit-Wigner formula centered around the f” was used. The value obtained 

for Rf is 

Rf = (3.23 f 1.46) GeV -1 

The resulting x+lr- cross section is contained in Fig. 26~. The value of u + -(ml = 

(26 f 2) mb at the fo mass (1.26 GeV) may be compared with the unitary lrn& for 

a T = 0, d wave contribution to cr 
r+7T- 

(m) which is +j 7rA2 = 28.5 mb at m= 1.26GeV. 

The experimental points for da/dltl of the process (27) are well described by the 

fit (see the curves in Figs. lOa, b). 

b) There is experimental information available17c (Fig. 1Oc) on the process 

r-p -+ng” (28) 

where go is a 7r7r resonance with mass m” = 1.66 GeV, T 
g 

G = l+ and Jp = 3-(1). 

This process presumably proceeds also via OPE and therefore an analogous fit 

can be made to obtain CJ 
7-r-k 

(m) in the g region, and R g. The cross section 

u ~ ,(m) in the g region as determined by the fit is given in Fig. 26~. The 
7rR 

statistical accuracy of 0 + -(m) when averaged over the g region is f 10%. The 
7r7r 

value of u 
?T+7r- 

(m)atm= mg of 7.5 mb is much smaller than the unitary limit 

for a T = 1 f wave of 28 xX2 = 51 mb, indicating a high inelasticity for this 

partial wave. This conclusion is supported by the experimental observation of 

a sizeable 47~ decay mode for the g meson. 
23 

The determination of Rg is rather 

poor. This is due to the small number of go events so far observed experimentally, 

and to the fact that with higher 7~7~ mass, the difference between on-shell momentum 

(q) and off-shell momentum (qt) becomes smaller for the same t value and there- 

fore, da/d1 t 1 is less sensitive to the value of the parameter R. With Rg = 4.5 GeV 
-1 
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a good description of the experimental doJdltl values is obtained. (see curve 

in Fig. l&z). It should be pointed out that OPE calculations using a form factor 

or absorption corrections fail to fit the t dependence of the cross sections for 

the processes (27) and (28), because of the relatively high f and g spins. 4 
On 

the other hand, the Renecke-Dtirr parametrization leads to a good fit with 

reasonable values for the parameter R. 

c) The experimental data on the reaction 

and on the process 

x-P -A*,- x- (30) 

can be used to determine the T = 2 na cross section, (T f *(m), and the R 
?rn 

parameters for the different partial waves contributing. Previous OPE 

analyses 13a, 16e, 24,25 of the experimental data for (29) and (30) have shown 

that consistent values for CT f *(m) are obtained from both reactions and for 
7r7r 

different beam momenta. The relative contributions of the P = 0, 2, 4 partial 

waves to 0 rt *(m) have been taken from a 7~ phase shift analysis. 13a (The 
lrlr 

exact treatment of the off-shell cross section in the presence of several partial 

waves, is described in the appendix. ) The experimental cross sections for 

reaction (29) as measured at 4 GeV/c 16e and for reaction (30) as measured at 

11 GeV/c 26 and 16 GeV/c 16f were then fitted to the corresponding OPE cross 

section formulae in order to find (T * Jm), and the parameters RTe:R20, R22, 
IrT 

R24’ Only experimental data at small momentum transfers I t I <, 0.5 GeV2, 

were used for the fit. 

The differential cross sections do/d/t ( for the process (30) as measured at 

11 GeV/c and 16 GeV/c are shown in Figs. 11, 12 for different 7rT-xT- mass 

intervals together with the fitted OPE cross sections. Figure 13 shows the 
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outcome of the fit for a 
nf7rf 

(m). The cross section values obtained from two dif- 

ferent reactions and at different beam momenta agree within the errors with each 

other. Below m = 0.5 GeV the data are statistically insignificant and do not allow 

to deduce u * Jm) to better than a factor of 2 - 4. 
7rT 

At m = 0.5 GeV u * Jm) is 
7rf 

About the same values for u f *(m) were obtained earlier 13a in a form factor 
“26 analysis and recently in a study very similar to that one described here which 

used the Wrr-Pilkuhn parametrization for the off-shell corrections. The fit 

yielded the following R values: 

R20 ‘= 0.0 rfr 0.01 GeV-’ 

R22 = 3.59 * 1.19 Gev-l 

R24 = 4.5 GeV-’ 

The value of R24 is not well established for the same reasons mentioned above 

in the case of R . 
82 

The small value of R20 indicates that the off-shell corrections 

for T = 2 s-wave 7~ scattering are negligible. This result was expected since 

in the Benecke-Mlrr model the off-shell corrections are mainly an effect of the 

angular momentum barrier. The value of R22 is approximately the same as 

that of Rf ( E Ro2). 

d) The main contributions to the x+p elastic scattering below 2 GeV come 

from the P33 and F37 partial waves. The parameter RP33 has been determined 

ab0ve (Rp33 E RA). The value of RF37 can, in principle, be obtained from a 

fit to data on pp - pr+n with M + being in the region of the F37 resonance mass 
P” 

W F37 = 1.95 GeV). Since MF37 is large, the momentum transfer distribution 

is not very sensitive to the value of RF37. A value of 4.5 GeV-’ was chosen 

for RF37. The experimental data 15b are compatible with this value. 
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e) An attempt was made to determine the R parameters of the T = l/2 TN 

partial waves from an OPE analysis of measurements at 11 GeV/c 27 and 16 GeV/c 16f 

on the process 

A-P -p7r-p O (31) 
The OPE diagram for (31) is that of Fig. Id with or’ and ?ri being in the p” mass 

region. OnIy data at small four momentum transfers between incoming ?r- and 

outoging p” were considered. In spite of that restriction, there is a substantial 

amount (- 30%) of background which is produced by the OPE diagram of Fig. If. 

Another complication comes from the fact that apart from P33 there are at least 

six more partial waves with significant contributions to n-p scattering below 

2 GeV, i. e. , Sll, Pll, D13, D15, F15 and F17. 21 Because of these reasons 

and because of the limited statistical accuracy of the experimental data, only 

rough estimates of the corresponding R parameters were obtained: 

Rpll = 0.34 GeV-’ RD15 = 5.5 GeV-1 RSll = 0.03 GeV-1 

The values of RD13, RF15 and RF17 have been chosen to be 4.5 GeV -1. * 

VII. COMPARISON OF THE REACTIONS r*p-ep~*r+n- WITH THE OPE PREDICTIONS 

For the comparison of the OPE predictions with the experimental data on 

the reactions : 

“+P -p7r+r+*- 

a Monte Carlo program (OPEM) was written. 
28 The program constructs events 

of the type (5) or (6) which then are weighted according-to the OPE cross section. 

* 
The treatment of the relative contributions of the different partial waves to the 
off-shell corrections for the r-p system is discussed in the appendix. 
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With this method the theoretical prediction for any experimental distribution of 

the reactions (5), (6) can be calculated since it is also possible to compute 

quantities for systems involving particles from different vertices (for instance, 

in the case of the pn+ distribution for reaction (5) both pr+ masses were calcu- 

lated for each Monte Carlo event). 

This type of Monte Carlo calculations can be very computer-time consuming, 

especially at high beam momenta where the kinematical allowed range of four 

momentum transfers is large and where, therefore, the majority of Monte Carlo 

events may have an extremely small weight, depending on the method used for 

constructing these events. The ideal method of constructing Monte Carlo events 

is one which leads to the same weight for each event - as nature does. A pro- 

cedure which within a factor of 2 - 4 achieves this goal and which was applied 

in the calculation, is described in the appendix. In evaluating the OPE cross 

sections, the vertex functions were put equal to zero for momentum transfers 

ItI > l.GeV2 for reasons discussed in Section IV. 

A. The reaction (5) “+p --) pn+n+r- 

There are three OPE diagrams (Fig. la - c) which contribute to reaction 

(5). The diagrams a and b, which give identical contributions are dominating 

by far the OPE cross section since the elastic pn+ and ?r+?r- cross sections are 

on the average much larger than the elastic px- and n+*+ cross sections. There- 

fore, as the R parameters relevant for the plr+ and n+n- systems have been 

obtained with fair accuracy, the OPE predictions for the reaction (5) are supposed 

to be sound, except for the negligance of terms due to the interference of the 

three diagrams. 

The comparison of the OPE predictions with the experimental 

data16e, f, 29,30 was at beam momenta between 1.95 GeV/c and 16 GeV/c. Since 
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there is no free parameter left the OPE calculation gives predictions which are 

absolute in magnitude. The mass and momentum transfer distributions, as 

measured at different momenta, are shown in Figs. 14 - 17 together with the 

OPE curves. 

The outstanding features of reaction (5) are the production of A*, p” and 

f”, a substantial fraction of which is due to the formation of the two body states 

A*p” and A*f” (see Figs. 14~; 15e, f; 16b, d; 17b, d). Comparing the experi- 

mental distributions with the OPE predictions, one notices that: 

1. The fraction of the OPE contribution to reaction (5) increases with 

increasing momentum (see also Table IU), being 46% at 2 GeV/c and -90% at 

16 GeV/c. 

2. The amount of A* production is correctly predicted to within 25 o/c over 

the whole momentum range. At 2 GeV/c there appears to be a discrepancy with 

respect to the position of the A*: experimentally, the A 
ii- contribution is 

centered at N 1220 MeV whereas the OPE curve peaks at -1190 MeV. 

3. The observed cross section for p” production is larger than that pre- 

dicted by OPE. The difference can readily be explained by A2 production via 
+ 

“+P-PA~ 

with A2 subsequently decaying into p’?r+. The cross section for this reaction 

is N 0.3 mb at 4 GeV/clGeand w 0.2 mb at 16 GeV/c. 
16f The A2 meson, of 

course, cannot be produced via OPE in this reaction. 

4. The agreement between theory and experiment is particularly good when- 

ever the contribution of one of the diagrams is separated out. This is done by 

either requiring a small momentum transfer to one of the 7~ orrN mass com- 

binations or by selecting events in either the p” or A* band. 
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B. The reaction (6) ~r’-p -p?r+lr-?r- 

Three OPE diagrams can contribute to reaction (6). They are shown in 

Figs. Id -f. All three diagrams are of the same strength but only for the first 

two diagrams (where A-T- are produced at one vertex and plr+ at the other) can 

the contributions be calculated with some confidence. The R parameters for the 

n-p system are less accurate and therefore the OPE cross section given by the 

third diagram are not well determined. 

For the comparison with the OPE model experimental data for beam 

momenta between 2.1 GeV/c and 20 GeV/c were considered 31,22,32,33,16f, 34 
. 

The Figs. 18-25 show distributions of effective masses and momentum trans- 

fers at various momenta. The pr+ and 7~+1~- mass distributions exhibit strong 

A* and p” signals respectively. In addition, production of A0 and of nucleon 

isobars around 1500 MeV and 1700 MeV is present in the pr- mass distributions. 

Again the OPE curves are predictions for shape and magnitude of the cross 

sections. If we take the OPE predictions at face value, conclusions very 

similar to those for reaction (5) can be drawn: 

1. The fraction of the OPE contribution to reaction (6) increases with 

increasing momentum (see also Table IV), being N 46% at 2 GeV/c and N 96% 

at 16 GeV/c. At 20 GeV/c the OPE cross section seems to be larger than the 

experimental one by about N 5- 10%. 

2. The shape of the n+p mass distribution in the A mass region and the 

cross section for A $3 production is remarkably well reproduced for momenta 

above N 4 GeV/c. 

3. The observed amount of p” production is larger than predicted by OPE. 

Again the difference can be explained by A2 production via 

T-P -P A; 

-25- 



with A2 decaying into p ‘?r-. This conclusion is supported by the s+n- mass 

distribution shown in Fig. 22h for events outside the A region. There the OPE 

curve is in close agreement with the data. 

4. The OPE model predicts the production of A’, N1518(D13) and N1688(F15), 

all of which show up in the pi- mass distributions. The agreement with the experi- 

mental p7r- mass distributions is quite remarkable for events which are produced 

at small momentum transfers and which are free from reflections from A 
+I- pro- 

duction (Fig. 22f, g). 

5. The p*+~- mass distributions exhibit an accumulation of events at the 

low mass end and a strong peak at high masses (Figs. 21b, 22d, 23h, 24~). The 

high mass peak is well accounted for by the OPE model and is there a consequence 

of the peripheral production of the ‘lr?r system and of the forward peaked nN 

scattering angular distribution entering at the baryon vertex. The low mass bump 

becomes more pronounced if events in the A* region are selected and those 

with a T+T- mass combination in the p” region are excluded; a strong peak centered 

around - 1550 MeV emerges (see Fig. 22e). Now, the OPE curve nearly matches 

this peak. Hence, the peak at 1550 MeV is - at least partly - of kinematical 

origin, and cannot be taken as evidence for the production of N1518 and/or 

N1688 and for their decays into pr+n- unless one wants to invoke the Chew- 

Pignotti mechanism 35a . The situation is reminiscent of that of the A region 

in the 37r mass spectrum of reactions (5) and (6). 

6. In Fig, 25, some momentum transfer distributions, measured at 13 GeV/c 

and 20 GeV/c are compared with the OPE model. If events from the A* region 

are selected which have no ~‘7r- combination in the p” region (i. e., isolation of 

the OPE diagram of Fig. lf) the OPE predictions agree perfectly with experiment 

(Fig. 25a, b). If the opposite selection is made (i.e., p”, no A*), the OPE 

curves agree only at small momentum transfers with the data, the experimental 
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cross sections being larger at higher momentum transfers (Fig. 25c, d). The 

discrepancy can be traced back to p” mesons coming from A2 decay (see above). 

As mentioned above, the OPE contributions for reactions (5) and (6) were 

calculated neglecting the interference terms between the OPE diagrams. The 

analysis of Raubold 10 indicates these terms to give a sizeable positive contri- 

bution at medium beam momenta and a small one at higher beam momenta 

(;Z 6 GeV/c). Therefore, one expects the differences between the present OPE 

calculations and the experimental data for (5) and (6) at lower energies to become 

even smaller when these interference terms are included in the calculation. 

No attempt has been made to attack the problem of the A region which is 

commonly referred to as the Deck effect, 35b the reason being that the inter- 

ference terms mentioned above cannot be neglected when dealing with this question. 
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APPENDIX I 

OFF-SHELL SCATTERING IN THE PRESENCE OF SEVERAL PARTIAL WAVES 

Consider the case of A’T- - ~+lr- scattering with one of the incoming pions 

having a mass squared of t, and all other pions being on the mass shell. With 

the definitions of Section II: 

m 7r+7r- rest mass, 

qt = w, P2s m2) initial state momentum in the W+T- frame, 

q = PC29 P29 m2} final state momentum in the R+A- rest frame, 

e cm scattering angle, .i. e., angle between incoming and outgoing 

r+ in 7r+R- rest frame. 

The off-shell differential cross section for this process is given by 

.w = 5 t j cCT AT(m, cos 8, t)12 

8’ 3- f A0 (m, cos 8, t) +iA’(m, cos 8, t) =- 
m2 ‘t 

+ 5 A2 (m, cos 8, t) 
2 

The partial wave expansion for the isospin amplitudes AT(m, cos 8, t) reads 

AT(m, cos 8, t) = TC (21 + 1) an T(m, t) Pp08 e ) 
I 

Pp (cos 8 ) are the Legendre polynomials, * following Benecke and Diirr the amplitudes 

aiT (m, t) are expressed in terms of the on-shell scattering phase shifts 68 , T the 

T T. inelasticity coefficients q8 and the parameters Rm . _ 

(4 
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The functions u&x) are defined in Eq. (12). If only one partial wave .contributes, 

one obtains 

where the meaning of the coefficient CT can be read off from Eq. (Al);b lVT(rn) is 

the partial-wave cross section and CT 2 cf9 T(m) is the contribution of the partial 

wave to the on-shell elastic scattering cross section if all other partial wave 

amplitudes are zero. In the OPE calculations, instead of Eqs. (Al) - (A3), 

following approximation was used: 
du 

7r+7r- 
(m,cw 8, t) 

T uf(qtRf) 
qt d COS 8 

Y bm T 
“a(gRm 1 

q*+ - 
R n 

with 

b;f = 
+f+ ,tm) 

.7r7r 

$? C$$?- tm) 
, i.e., c cb;f = 1 

T 1 
ll7T 

In Eq. (A5), * + _ (m) is the total on-shell elastic scattering cross section, 

w gibe; the on-shell scattering angular distribution with 
1 

/ 
w d CO8 8 = i 

-1 

the 

W) 

ow 

The approximations made in Eq. (A5) are twofold: The off-shell corrections 

are weighted by the partial wave cross sections, and not according to Eq. (A3); 

the off-shell angular distribution is taken to be equal to the on-shell angular 

distribution. For ?r+rr+ and aN scattering, formulae analogous to (Al) - (A6) apply. 

Eq. (A5) is exact if only one partial wave amplitude is non zero; therefore, a 
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good approxiniation of Q(m, cos 8, t) 
d CO8 e is obtained whenever one partial wave 

dominates the scattering amplitude, which is the case in the p” and fo regions 

for =+r- scattering, and in the A region for TN scattering. In the case of X-p 

scattering, several partial waves of the same strength are present in the region 

from 1500 MeV to 1700 MeV cm energy. Since, however, the R parameters 

for theT=i TN system are not well determined, it is felt that Eq. (A5) gives 

an adequate approximation also for this region. 
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APPENDIX II 

gn AND TN SCATTERING DATA USED AS INPUT TO THE OPE CALCULATIONS 

A. aN Scattering 

The cross sections for elastic mr+ - p scattering as shown in Figs. 26a, b 

were taken from a compilation of Foccaci and Giacomelli. 36 For the angular 

distributions, the experimental data of Lath 37 and of Helland et al., 38 were -- 

used up to M = 2.1 GeV. At higher energies the angular distributions were 

described by an exponential form appropriate for diffraction scattering: 

dW 2BQ2 
d COB e = 

e 

-213Q~(i - COB e) 
1 _ e-4BQ2 

W) 

with Q = Pg2, <, Ik12) being the cm momentum and B = 7.0 GeVm2 and 

7.7 GeVm2 for ?r’p and r-p scattering respectively. 

The coefficients b: were taken from the phase shift analysis of Bareyre et al. 39 

B. 7r7r Scattering 

Figures 26c, d show the n’?r- and r*r * elastic scattering cross sections. 

They are based on phase shift analyses 13a, d and on the fit results discussed in 

Section VI. Polynomials in COB 8 were used to describe the ~MT angular distri- 

butions at lower energies: 

dW 
d CO8 8 = c dn cos% 

The coefficients dn are listed in Table IV. At higher energies, m > 1.4 GeV 

the equivalent expression to Eq. (A7) was used with B = 5.6 GeVm2 for both 

?r’?r- and x*lr’ scattering. 
13a, d The values of the coefficients b: were estimated from phase shift analyses. 
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APPENDIX III 

MONTE CARLOJNTEGIUTION 

The Monte Carlo integration of a function f(x) over the interval 

xa< x<x b is done by calculating f(x) at N points xi, i = 1, . . . , N, randomly 

distributed in and summing up: 
XL u 

/ 
f(x) dx = e 2 f(Xi) Xb - xa N 

X a i=l 

The Monte Carlo integration of the OPE cross section for say, the diagram of 

W) 

Fig. la is done in the same way. According to Eq, (7), the cross section is 

given by 

d7c(t, m, 8, 4, M,@, 0) 
d(t(d m d cos 8 d cp d M d COB @I da 

da (m, cos 8, t) 
1 2 1 7r+7T- 

m qt 7% 
1 = 

4s3p*s d CO8 8 tt - cc212 
d* 

*gQt & pn 
+@I, ~0s 0, t) 

d cos@ (A91 

In contrast to Eq. (7), the integration over the azimuthal angles $I and (9 

(Treiman Yang angles) in the n+s- and pa+ rest systems has not yet been carried 

out in Eq. (AS). The Monte Carlo integration of (A9) then consists in chasing 

N sets yi: ti, mi, Bi, ei, Mi, Bi, ai randomly distributed over the volume 

ta c t < tb, . . . , @a c @ c eb and summing the OPE weights gi: 

d70(ti, mi, . . . 8 @i) * 
ttb” ta) tmb- ma) ’ l ’ teb- 9,) 

gi= dtdm...d& N (Al01 

Thevolume ta< t < tb, .., ,a,< @ < @b contains the whole kinematically 

allowed region. For parameter sets yi beyond the kinematic limit the weight 
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I 

gi is set equai to zero. From the set yi the four momentum vectors Pi, J = 1, 

. . . , 4 of the four final state particles can be constructed. ,Hence, W-&IIDW have 

events defined by the vectors Pj and can as for real events, calculate the distri- 

bution of any quantity derived from those, the only difference being that the 

weights of the events are not equal to unity, but given by gi. 

Transformation of Variables : 

A Monte Carlo integration of the OPE cross section in terms of the variable 

set yi is not very- efficient: the OPE cross section is large only a) for small 

values of 1 t 1, b) when m is in the p” region and /or M in the A region, c) when 

cos 8 * 1, cos Q m 1 in the case of high a+n- and pn+ masses, The main vari- 

ation of the OPE cross section comes from 1 

(t -P2j2 
, u+ ,tmh c +tW =d 

n?r 
from ‘the angular distributions 

Pa 

dw+ - dw 
-i&s 

lr+ 
and ii-&z3 

(see Eq. (A5)). Therefore, intead of the variable set yf, the following variables 

are used: 

T(t) = 1 
t-/L2 

(Alla) 

-dt 

tw2)2 m 

c n-v 
(m) E 

/ 
c+ -(ml) dm’ 

m 7FTf 
a 
cot38 dw+ _ 

w+ p08 e) E 
n-8 / d l0Sne dcos8 

-1 

(Allb) 

(Allc) 

M 

c +(W = 
PR J 

CT +(M’) dM’ 
Ma ‘r 

(Alld) 
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and 
cos dW + 

w +(cos 8) = 
J 

p?’ d cos@ 
P?’ 

d co88 
-1 

(Alle) 

Due to this change of variables a factor of 10 to 100 is saved in computer time. 

Statistical Accuracy: 

The number of Monte Carlo events required for a reliable calculation of 

the OPE cross section depends on the statistical accuracy of the cross section 

in each bin. Suppose we observe n events with independent weights gi, i = 1, . . . . 

n in a certain bin, of say, the pn+ mass distribution. What is the error AG of 

the cross section G, 

G = i$l gi (A121 

in that bin? An estimate of AG can be obtained as follows: The distribution of 

’ the weights gi has a mean value 
n 

a mean square deviation 

and an error of the mean 

g = ~ C gi ) 
i=l 

Therefore, 

(Al31 

AG = A(@) = dw=Q$ fornB1. (A16) 
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TABLE I’z 
l/2 

Rparameters and rmsradii <r2 > as obtainedfrom 

fits to the momentum transfer distributions. 

RN 

RA 

R 
P 

Vertex 

NNa 

ANn 

P=* 

l/2 

R-l <r2> 
(GeV ) (0 

2.86kO.08 0.57k 0.02 1.06 rtO.04 

1.76i 0.03 0.35 *0.01 0.86*0.02 

2.31st0.19 0.46 *0.04 0.65 *to.05 

Rsll Sll NT 0.03 0. 0. 

Rpll PllN7~ 0.34 fixed 0.1 0.14 

RD13 D13 NT 4.5 fixed 0.9 0.9 

RD15 DE NT 5.5 

RF15 F15 NT 4.5 fixed 0.9 0.8 

RF17 F17 Nx 4.5 fixed 0.9 

R 
F37 F37 Nn 4.5 fixed 0.9 0.7 

R pr)T=O pr) 0.01 0. 0. 

Rf f TT 3.23 kl.46 .65 *.29 0.58 *0.26 

R 4.5 fixed 0.9 0.5 
g is TX 

R20 prqT=2> I=0 (m) 0.0 *O.Ol 0. 0. 

R22 (mr)T=2, @ (na) 3.59 l 1.19 0.72 ~0.24 0.72 zkO.24 

R24 (7r7rT=2, k4 (mr) 4.5 fixed 0.9 0.6 
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TABLE II: Results from the Reggefits. 

&pwe . QOPE 

a) iit = dt .i d (t) s2 cr(t) 

i=l l ** 4 for the , , reactions (l), . . . , (4) 

-t WI 
WV? 

dl(t) dz( ) t d3(t) d4(t) 

0 - 0.1 0.060* 0.040 0.67 f 0.14 0.78* 0.13 0.70* 0.13 0.79* 0.12 

O.l- 0.2 0.0 f 0.013 0.9 it.2 1.04 * 0.07 1.11* 0.15 1.04* 0.09 

0.2- 0.3 0.0 f 0.078 1.06* 0.41 l.OOa 0.33 1.10* 0.43 1.08 f 0.29 

0.3- 0.4 -0.81G4* 0.15 1.20* 0.90 0.88 f 0.55 1.08 f 0.75 0.84 f 0.42 

0.4- 0.5 0.0 f 0.21 0.98 f 0.97 0.85~1~ 0.72 0.98 f 0.93 --- 

0.5- 0.6 0.03 f 0.37 0.95 f 1.7 l.Ol* 1.57 0.67 f 1.16 --- 

i= 1 , l ** , 4 for the reactions (l), . . . ,(4) 

. 

CY' = -(0.051* 0.062)GeV-2 

so1 = (0.58 f 1.1)GeV2 dol = 0.9oi 0.044 

so2 = (2.9 * 2.4)Ge v2 d02 = 1.00* 0.049 

so3 = (1.5 f 1.5)GeV2 dO3 = 0.96 f 0.060 

so4 = (1.3 f 1.4)GeV2 d04 = 0.98 f 0.050 
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I 

OPE 
TABLE III: Comparison of observed (cexp) and OPE predicted (o ) 

cross sections, The contributions of the OPE diagrams 

(a)-(f) shown in Fig. 1 are given separately. 

a) n+P -plr+r+?r- . 

beam 
momentum 

(GeVh) 

1.95 

4.0 

8.5 

16 

exp CT 
mw 

3.64 f 0.20 29 

3.13 * 0.0716e 

2. 330 

1.28 f 0. 1516f 

b) r-p ---p*+n-K- 

(4 -t(b) 

1.47 

1.80 

1.29 

0.93 

cOPE (mb) 

(c) 

0.08 

0.17 

0.23 

0.24 

total 

1.55 

1.97 

1.52 

1.17 

beam 
momentum 

(GeV/c) 

1.59 

2.1 

2.75 

4.0 

8.05 

11 

16 

20 

exp u 
w4 

0.88 f 0. 0417a 

1.67 f 0. 0831 

1.83 i 0. 0517b 

1.95 f 0. 1o22 

1.27 f 0. 0732 

1.3 * o.133 

1.08 f 0. 151(jf 

0.89 rf: 0. 0634 

(d)+(e) 

0.13 

0.22 

0.34 

0.60 

0.62 

0.59 

0.55 

0.53 

OPE(mb) u 

(f) total 

0.44 0.57 

0.45 0.67 

0.50 0.84 

0.57 1.17 

_ 0.51 1.13 

0.46 1.05 

0.42 0.97 

0.39 0.92 
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TABLE IV: Coefficients dnof ~AngularDietributians 

(dW/d cos8 = ca,cos 67 
+- +- a) 7rr-?r7r 

(G:V) dO dl 

0.28 - 0.4 

0.4 - 0.5 

0.5 - 0.6 

0.6 - 0.7 

0.7 - 0.8 

0.8 - 0.9 

0.9 - 1.0 

1.0 - 1.1 

1.1 - 1.2 

1.2 - 1.3 

1.3 - 1.4 

0.5 

0.42 

0.35 

0.36 

0.27 

0.35 

0.37 

0.27 

0.65 

0.21 

0.21 

0.10 0.24 

0.21 0.45 

0.30 0.42 

0.38 0.69 

0.26 0.45 

0.17 0.39 

-0.10 0.69 

0 -2.82 

0 -1.95 

0 -1.95 

dz 

0 

0 

0 

d4 

3.95 

4.70 

4.70 

b) n*7r*-+*~* 

I (G:) I dO 
I 

d2 
I 

d. i 
-4 

I 

0.28 - 0.8 0.5 

0.8 - 1.0 0.31 0.48 0.15 

1.0 - 1.2 0.30 0.18 0.70 

1.i - 1.4 0.30 -0.y 1.60 
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FIGURE CAPTIONS 

1. a) - c) The three OPE diagrams for the reaction ?t+p-ppa+r+r-. 

d) - f) The three OPE diagrams for the reaction r-p--prr+?r-a- . 

2. Approximation of the scattering process a + b-a’ + b1 by the exchange 

of a scalar particle x with mass mx. 

3. 
G++ 

OPE diagrams for the reactions Gp-A A (a), pp-A*n (b), 

x+P -A++p’ (c), s-p-q’(d). 
$+ i-t 

4. Differential cross sections du/dltj for events of reaction (1) in the A , A 

mass region. The curves give the result of the OPE fit. 

a) at 3.6 GeV/c 14a (1.13 GeV < ME A c 1.33 GeV) 

b) at 5.7 GeV/c 14’ (1.15 GeV < MA’ A < 1.35 GeV). 
, 

5. Differential cross sections da/dItj for events of reaction (2) in the A* region. 

The curves give the result of the OPE fit. 

a) at 4 GeV/c 15a (1.08 GeV < M < 1.40 GeV) 

b) at 10 GeV/c 15b (1.125 <M < 1.325 GeV). 

6. Differential cross sections ti/dIt( for events of reaction (3) in the A++, p” 

region. The curves in a) - d) give the result of the OPE fit. The curve for 

the 16 GeV/c case, (e), is a prediction of the OPE model. 

a) at 2.35 GeV/c 16a (0.675 GeV < m c 0.825 GeV, 1.185 GeV c M c 1.285 GeV). 

b) at 3 - 4 GeV/c 16b (0.68 GeV < m < 0.86 GeV, 1.12 GeV < M c 1.32 GeV). 

c) at 4 GeV/c lfjd (0.66 C&V < m < 0.86 GeV, 1.12 GeV c M < 1.32 GeV). 

d) at 6.95 GeV/clGC (0.64GeV<m<0.88GeV, 1.12GeV<M<1.42GeV). 

e) at 16 GeV/c 16f (0.68 GeV < m < 0.86 GeV, 1.12 GeV C M < 1.32 GeV. 
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7. Differential cross sections Wdjtl for events of reaction (4) in the p” region. 

The curves give the results of the OPE fit. 

a) at 1.59 GeV/c 17a (0.616 GeV <m < 0.85 GeV) 

b) at 2.75 GeV/c 17b (0.65 GeVc m< 0.85 GeV) 

c) at 8.0 GeV/c 17’ (0.675 GeV <m < 0.875 GeV). 

8. The 33 AN phase shift 633 as a function of the nN cm energy M. The data 

are taken from Ref. 21. The curve is the result of a fit with the BD parame- 

trization. 

9. The effective Regge trajectory cr(t) for the reactions (1) - (4) as obtained 

from the fit discusses in Section V. 

10. The differential cross sections doJdIt1 for the events of the reaction 7rwp-nfo. 

The curves give the result of the OPE fit. 

a) at 4 GeV/c22 (1.16 GeV <m < 1.38 GeV) 

b) at 8 GeV/d (1.17 GeV c m c 1.37 GeV) 

The differential cross section da/dIt( for the events of the reaction n-p -ng”. 

The curve gives the result of the OPE fit. 

c) at 8 GeV/c4 (1.60 GeV < m < 1.75 GeV). 

11. Differential cross sections da/dItl for events of the reaction 11 GeV/c 
27 

T-P -A* Z-T- (1.12 GeV c M < 1.34 GeV) for different r-lr- mass intervals. 

The curves give the result of the OPE fit. 

12. Differential cross section da/d)t( for events of the reaction 16 GeV/c 

T-P -A+%-*- 
16f 

(1.16 GeV < M < 1.32 GeV) for different ?~-‘IF- mass intervals. 

The curves ‘give the result of the OPE fit. 

13, The elastic differential cross section u f &m)for ?r*nfscattering as deduced 
ns 

from experimental data for the reactions 4.0 GeV/c ?t+p -. ?r + + ?r n 16e (Q 1, 

11 GeV/c ?r-p -A”n-n- 
27 

( Q ) and 16 GeV/c r-p-Awar- lfjf ( + 1. 
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29 
14. Effective mass distributions for the reaction 1.95 GeV/c r+p--pr+?r+?r- . 

The curves show the predictions of the OPE model. 

a) PT+ 

b) pri for events with it I 
p/pr+a 

~0.6 Ge v2 

c) 7r?- for events with ptia in the A region (1.12 GeV CM + c 1.32 GeV) 

ancl Itl 
pna 

P/PT;: 
c0.6Ge . 3 

15. Effective mass distributions for the reaction 4 GeV/c ~+p-p?r+r’?r 
-16e 

. The 

curves show the predictions of the OPE model. 

a) w+ 

b) p’lr- 

c) n+7r- 

d) ?rs;rr+ 

e) pri for events with IT+ 7~~ * b m the p region (0.66 GeV < M < 0.86 GeV) 

and ItI 
,P/Pr; 

<0.3Ge . v2 
?Q- 

f) nin for events with p+ in the A region (1.12 GeV < M + < 1.32 GeV) 

and ItI 
P/Pn; 

~0.3 GeV2. pra 

16. Effective mass distributions for the reaction 8.5 GeV/c r+p --ps+r+s- 
30 

for 

events with p lab cl GeV (p lab 
P 

p proton momentum in the laboratory system). 

The curves show the predictions of the OPE model. 

a) 

b) 

cl 

‘3 

Pr+ 

p*z for events with ?rir- in the p” region (0.66 GeV c M 
7r+?r- 

co.86 GeV) 

n+7r- b 

TUT- for events with pxi in the A* region (1.136 GeV c M 
P5 

< 1.336 GeV) 
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17. 

, 

18. 

19. 

20. 

Effective mass distributions for the reaction 16 GeV/c r’p--‘~f’ 
16f 

. 

The curves show the predictions of the OPE model. 

a) pr+ 

b) p*i for events with 11+8*-, in the p region (0.62 GeV < M 
*+1T- 

< 0.92 GeV). 

c) 7r+7r- b 

d) .iII- for events with pllz in the A region (1.08 GeV < M 
P”‘a 

< 1.40 GeV). 

Effective mass distributions for the reaction 2.1 GeV/c ?~-~P)T+R-T- 
31 

. 

The curves show the predictfons of the OPE model. 

a) PT+ 

b) P”- 

c) 7r+7r- 

Effective mass distributions for the reaction 4 GeV/c a-p-ps+r-a 
-22b 

. The 

curves show the predictions of the OPE model. 

a) PT+ 

b) PT- 

c) n+i- 

d) T-T- 

Effective mass distributions for the re,action 8.05 GeV/c ?r-p-p?r’7r-r- 
32 

. 

The curves show the predictions of the OPE model. 

a) P”+ 

b) pa- 

c) ?r+?r- 

21. Effective mass distributions for the reaction 11 -GeV/c n-p -p?r+?r-r- 
U” 

. 

The curves show the predictions of the OPE model. 

a) PT+ 

b) pa+?r- 

-47- 
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34 
22. Effective mass distributions for the reaction 13 GeV/c r-p-p’r-n- . 

The curves show the predictions of the OPE model. 

a) PT+ - 

b) P”- 

c) n+Tr- 

d) pr’?ra for events with r’rb not in the p region (0.66 GeV < M 
*+7r- 

< 0.86 GeV). 

e) pr+sa for events with pr+ in the A region (1.15 GeV c M 
b 

+ < 1.35 GeV) 

and lr’r, not in the p region (0.66 GeV < M A _ ~0.86 G:;). 

f) P”; 

P”+ 

g) P”; 

-+ 

for events with r’rb in the p region (0. 66aGeV < M 
r+lr- 

< 0.86 GeV), 

outside A region (1.15 GeV c M 
Pr+ 

cl.35 GeV), and It! ~0.2 GeV2, 
P/PT, 

for events with 7r+?ri not in the p region (0.66 GeV < M 
n+lr- 

c 0.86 GeV), 
a 9 

pr outside A region (1.15 GeV CM + ~1.35 GeV), and ItI ~0.2 GeV’. 
PT P/PT, 

h) ‘IT’T- for events with p?r+ not in the A region (1.15 GeV < M + < 1.35 GeV), 
P= 

and *+a-~- not in the A region (M 
7r+7r-Y- 

< 1.4 GeV) 

23. Effective mass distributions for the reaction 16 GeV/c r-p -pn+n-X- 
16f 

. 

The curves show the predictions of the OPE model 

b) pn+ for events with ItI 
P/Pn’ 

< 0.25 GeV2. 

c) PT’- 

d) pr- for events with ItI < 0.25 GeV2 

e) 7r+7r- 
P/Pr- 

f) 7r-7r- 

g) p7r+7rW for events with I tl 
p/pr+r- 

~0.25 Ge v2 

h) p?r+n- 
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34 
24. Effective mass distributions for the reaction20 &V/C r-P-PT+n-6 l 

The curves show the predictions of the OPE model. 

a) pn+ 

W PT- 

c) pr+“- 

d) ~T+R- 

e) 7r-?T- 

25. Momentum transfer distributions Wdltl from events of the reaction 
34 

T-p- pa+?r-s- . The curves show the predictions of the OPE model. 

a) Distribution of the square of the four momentum transfer, ItI for 

events with pf in the A region (1.15 GeV < M 
p/a++ 

+ < 1.35 GeV) and r+?r- 

not in the p region (0.66 GeV < M 
lr+lr- 

c 0.86 &) at 13 GeV/c. 

b) same as a) at 20 GeV/c. 

c) Distribution of the square of the four momentum transfer, It 1 
f/P0 

for 

events with a+lr- in the p region (0.66 GeV r: M 
7&r- 

< 0.86 GeV) and p?r+ 

not in the A region (1.15 GeV c M 
Pr+ 

c 1.35 GeV) at 13 GeV/c. 

d) Same as b) at 20 GeV/c. 

26. The elastic cross sections 

a) for p*+ scattering 

b) for pr’- scattering 

c) for 7r+7r- scattering 

d) for 7r*n* scattering 
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