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The model of Reggeized one-pion exchange is applied to exclusive reactions with low multiplicity. A
definite variant of the model (the OPER model) is applied to reactions in which one or two pions are
produced in 7N and NN collisions. Practically all the characteristics of these reactions are described
quantitatively in a model with fixed parameters values: the energy dependence of the cross sections, the

mass distributions for systems of two and three particles, the momentum-transfer distributions, the cms
angular distributions of = N and 77 pairs, and the appearance of near-threshold peaks in the @ N, w7, mom, and

N7 systems (the Deck effect).
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INTRODUCTION

There is now available a large amount of diverse ex-
perimental information on particle-production process-
es at medium and high energies (up to about 1500 GeV)
for exclusive experiments, i,e., experiments in which
all the particles are identified and their four-momenta
measured. In order to elucidate the mechanism of in-
elastic processes, it is important to attempt to describe
quantitatively this complete set of data in the framework
of some simple model,

We set forth here the results of applying the Reg-
geized one-pion-exchange model to the production of
one or two pions in NN and 7N collisions in the energy
range 2—205 GeV.

Wherein lies the difficulty in the theoretical descrip-
tion of multiple particle-production processes? In the
first place, in the large number of independent kinema-
tic variables. For comparison, let us consider some
two-particle process, for example, elastic 7N scatter-
ing, We set ourselves the task of deseribing approxi-
mately (with error + 20%) the differential cross section
at sufficiently high energies. We write the amplitude as
a sum of the contributions of the Regge poles P, P,
and p:

Tax= 2 veexp (RI) . (8) (510", i=P, P', p: 1)
1

where 7;(t) is the signature factor; y; and R{ are
parameters characterizing the residues of the Regge
poles, If the nucleon spin is taken into account, two
helicity amplitudes must be associated with each of the
poles; however, bearing in mind the nature of the ex-
perimental data, as a first approximation we shall
ignore the contribution of the poles P and P’ to the
amplitude with change of helicity, Then, in order to
describe the differential cross sections of the various
channels of elastic 7N scattering and charge exchange,
at least eight free parameters are needed. The param-
eters of the trajectories are assumed known.

What occurs on the transition to particle-production
processes? Apparently, the picture must become much
more complicated. Let us consider, for example, the
production of a 7* meson in a 77p collision at a few GeV:

p—natn. (2)
In view of the success of the theory of complex angular

momenta in the description of two-particle reactions,
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one would naturally attempt to apply it to inelastic
processes, This was done for the first time by Ter-
Martirosyan.! Among the concrete multireggeon mod-
els, the most widely used is the Chan— Loskiewicz—
Allison model, 2 In these models, the phase space of the
reaction (2) must be split into several kinematic re-
gions, of which the most important are those corre-
sponding to the production of resonances in the 777 and
71 systems and the region in which all the two-particle
masses are large, With allowance for what we have
said, we describe the reaction (2) by the graphs

&
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(the wavy lines correspond to the exchange of Regge
poles).

Considering different resonances and Regge poles,
one can attempt to describe the reaction cross section

(2).

A pole with negative G parity (,A,) can contribute to
graph a; with positive G parity (P, P, p), to graph b;
and a pair of Regge poles with different G parities
[(P, ), (P’: ), (P,Az)], to graph c.

Since each reggeon pair or each reggeon—resonance
pair has its own parameters, the total number of free
parameters may be very large (many more than ten).

However, virtually all the experimental data on the
reaction (2) can be described by means of one graph
corresponding to the exchange of a Reggeized pion:

I‘?/r-
T__ -
E:\\ﬂw (4)
P n

by introducing just one or two free parameters. The
amplitude corresponding to this graph contains the
block of elastic 77 scattering off the mass shell of one
of the pions. The free parameter characterizes the
form factor describing the departure of the amplitude
from the mass shell. There is only one graph here, but
it contains quite a lot: diagrams corresponding to the
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production of resonances (p,f) in the 7 7* system by the
exchange of the 7 pole (Fig. 3a) and two-reggeon
diagrams corresponding to the exchange of (rP), (xP",
and (mp) pole pairs (3c), It is important that all the
constants in these graphs are fixed and determined by
the on-shell 7*r~ scattering amplitude,

Why is pion exchange singled out in the background of
the other poles? It is frequently said that exchange of
the 7 pole predominates only when |#| ~u? (4 is the
pion mass), and the contribution of the region with
these small momentum transfers to the cross section
of the various processes is small, so that pion ex-
change should not be singled out, In fact, the parameter
is not p? but some mass characteristic of the strong
interaction, and it is approximately equal to 0. 5—1
GeV,

Let us consider this more closely.

Let us consider the peripheral production of the two
beams and compare the contribution of pion exchange
with the exchange of any other particle, say, the p
meson:

il e
S
T P

) \{: (5)

a b

The contribution of diagram 5a to the cross section is
proportional to f,/(f - u*)?, and that of diagram 5b, to
[/ (t= m})?, where f, and £, are unknown functions (there
is no interference between the graphs), I it is assumed
that these functions are approximately equal, then even
at comparatively large momentum transfers—about

0.5 (GeV/c)*—the contribution from the exchange of the
pion is four times larger than that of the p meson,
Analysis of the experimental data and model estimates
show that f; is actually greater than f, in inelastic
processes, and this enhances pion exchange even more,
In the majority of elastic processes, pion exchange is
either forbidden (rN or k2N scattering), or strongly
suppressed by the vanishing of the vertex for pion emis-
sion by a nucleon at zero momentum transfer (elastic
NN and NN scattering).

On the other hand, it has long been known that quasi-
elastic reactions like pp —~ A™n, 77 —~pn, 7°p — pda**,
among others, can well be described by means of the
one-pion-exchange model (OPE), The OPE model has
also been found to describe experimental data well when
it is applied to a number of processes of production of
one or two pions in the full phase space (without singling
out of resonances): pp ~pr'n, w°p —~n"m’n, pp —ppr’r",
pp—Dpr*n", wp —w*r*rp, etc. It would be difficult to
review all the investigations of this problem; we shall
consider here only the papers of Wolf? (exchange of an
elementary pion) and Berger® (exchange of a Reggeized
pion), although the majority of experimental publica-
tions concerning processes of this type describe the data
with some variant of the OPE model. There are indica-
tions that pion exchange is dominant in the production
of three or more pions, ® in inclusive processes, ®7 and
also in the production of heavy particles such as
nucleon—antinucleon pairs. ®
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However, in the description of experimental data dif-
ferent modifications of one-pion models are used, and
their parameters are changed for different processes
and even for different energies within one particular
process. There is no description of the experimental
data in the framework of a single model with one sys-
tem of parameters. The lack of correspondence be-
tween the models also appears in the Reggeization of the
pion: Sometimes an elementary pion is exchanged, and
sometimes a Reggeized pion. The existence of a pion
trajectory with a slope of about 1 GeV-? is the unequivo-
cal conclusion of the analysis®? of pnudo/dt as a function
of the energy in the reaction 77p — p'%,

In Refs. 10—17, a model of Reggeized one-pion ex-
change (OPER) was formulated with a view to describ-
ing processes with the production of pions in 7N and NN
collisions in a wide range of energies. In these papers,
the OPER model was used for the quantitative descrip-
tion of the processes pp —pur* (Ref, 10), np — ppr-
(Ref. 11), and 7"p —7"n*n (Ref, 12), In Ref, 13, the
model was used to analyze multiple production of pions
in 7w collisions and also to analyze qualitatively the in-
clusive spectra of secondary particles in 7N and NN
collisions, Quantitative calculations of the inclusive
spectra of the proton in pp collisions and a qualitative
analysis of the inclusive spectra in p — 7~ double charge
exchange in various beams were carried in Refs, 14 and
15. In addition, in Ref. 14 the model was used to de-
scribe exclusive processes of two-pion production in
NN and 7N collisions; the individual distributions in
these reactions and the energy dependence of the cross
sections was calculated, \

In this review, the production of one or two mesons
will be described in detail by a variant of the OPER
model that, as in Ref, 16, in which the reaction TP
— 7 r'1"p was studied, differs from the earlier model
by containing fewer parameters and giving a better de-
scription of the experimental data,

1. FORMULATION OF THE MODEL

We obtain here the general form of the matrix ele-
ments corresponding to the contribution of Reggeized
pion exchange to production of one and two pions, For
greater clarity, we formulate the model for the example
of the two diagrams

Py(g;)
All) t g £ Ale;) b P4s)
ST g =1 6
i < s ®
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e N v
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The two-block diagram (6a) determines the cross section
of the reaction

(7a)

whereas the one-block diagram b determines the cross
section of the reaction

Pp—> pprn,

(7b)

pp— pna’.

As will be seen from what follows, processes with
the production of two pions are better described by the
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model and introduce more stringent restrictions on the
general form of the form factor than processes with the
production of one pion, In view of this, we shall con-
sider first the expression for the matrix element cor-
responding to diagram (6a).

Amplitude of the two-block diagram. We denote by B
and P, the colliding protons and by 24 and p, the created
protons, We denote also by @y, @2, 41,42 the momenta
of the initial and the final protons and by %4, %, the
momenta of the created pions, In what follows, we shall
need the notation

s=(Qy+0a)% si=(p+ k)% sa=(qe—+Fk)%  s3=(ky -+ k)% }
t= (0, —q)% ta=(Qe—g)% t= (11— —k)P=(Ca—ga—F)*

We write the matrix element corresponding to the
diagram (6a) in the form

Ma="Fy(t, s, 51 52 .- -) Taep (51, 14, 8) Top (80, Lo 1t —p3). (8)

Here, 1/(t- p?) is the pion propagator, which in the
region of small || is proportional to the signature fac-
tor n,(t) = exp[— ira, ()/2]/sin[ra, ¢)/2] =1/[rest - u*)/2];
T,,(S;, 1y, 1) are the off-shell elastic 7p scattering ampli-
tudes; F, is the form factor describing the factorized
dependence of the departure from the mass shell of both
amplitudes T,+, and T,-,.

What restrictions are there on the form of the func-
tion F,? First, as f— u’ the expression (8) must cor-
respond to the contribution of the pole diagram, 1,8,
Fo—+1last— u2, Second, Reggeization of pion exchange
requires that F, for ¢# u? have the form Fp~ (s,/8q)%r "
where s, is the square of the invariant mass for the
virtual pion; a,(f) is the trajectory of the Regge 7 pole.

The concept of the invariant mass for pion exchange
is vague but acquires a well defined meaning in the re-
gions of the so-called three-reggeon kinematics. In
these regions, all the two-particle masses are large
but the momentum transfers are small. Depending on
the longitudinal momenta of the particles, there are

_several such regions. The largest contribution to the
eross section of the reaction (7a) comes from the con-
figuration in which the longitudinal momenta of the
protons in the common center-of-mass system are
larger in magnitude than those of the pions (Fig. 1).

In this region, s,=sj;, So that the form factor must
have the dependence F,~ (s3/sg)* ‘). Using the kinematic
relation!’

slszsais(pz"“ﬁl) (n2+ D) 9)

(i is the pion mass and k;, are the cms perpendicular

momenta), which holds in this region, we rewrite the
form factor as

2L, uEiky, %l

Fz:[—"y i 1 i) u]-'l .

sp 54 83

(10)

In what follows, Eq. (10) will be the basis of the ex-

DIn regions in which the longitudinal momenta of the pions are
larger in magnitude than those of the protons, S, is certainty
not equal to S, and the form factor must be different. How=-
ever, calculations show that these regions make a small con-
tribution to the total cross section (in particular, because
of the large difference between the masses of the nucleon
and the pion).
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] FIG. 1. Region in the space of longi-
) tudinal momentum that makes the great-
est contribution to the cross section of
the reaction (3).

b gy gy -

3

pression for the form factor in the complete phase
space of the reaction (7a), !’

Some of the most interesting regions of the reaction
(7a) are the two-reggeon regions, in which one of the
two-particle masses is small (a resonance mass), and
all the others are large. All the momentum transfers
are small, as before, The diagram corresponding to
one of these kinematic regions has the form

&

7]
i j:: _’;ﬁ, (11)
E_.!:r\iéz
In it,
s mE samh G t<m® (mPa 1GeVR). (12)
In this region, s,=(gy+ks+k)*, and
Fa e i(ga - Fai ) sl (13)

Does the form factor (10) correspond to this expres-
sion? In fact, if we use the kinematic relation
Sy(gs +Fy+ky)* = S(u? +kf,), which is valid in the region
(12) and is analogous to (9), we can rewrite the form
factor (10) in the form

(14)

The first factor in (14) is equal to the expression (13),
whereas the second can be interpreted as a particular
form of the residue of the Regge pion pole for the
process shown in the diagram (11). In particular, this
factor leads to a definite dependence on the Treiman—
Yang angle in the center-of-mass system of the created
resonance,

Fo=[(g2- k2~ A'l)jt‘su}a"m [Ul'::.; —13) 5211"“)-

Assuming that the pion trajectory is linear, a,(f)
= a!(t—1?), we rewrite the form factor in the more con-
venient exponential form

Fomerp {[ M teatn (L2t Bsitye ). (15)

PR
Here, s,=1 GeV?; R} is a free parameter.

Turning to the description of the experimental data, a
natural first step would be to take the form factor in the
form (12) and assume that it contains all the dependence
of the 7N scattering amplitudes on the departure from
the mass shell, i.e., to set Ty, (S, fi, ) = Tysy(S, Ly, 1)
in Eq. (8). However, two facts were noted when this
theory was compared with experiment.

First, it was found that in the off-shell 7N scattering
amplitude the vacuum pole is singled out, and this has
a stronger dependence on the mass of the virtual pion
(#) than does the resonance part of the amplitude or the
other Regge poles (p and P'). To take this into account,
we multiply the amplitude corresponding to the contri-
bution of the vacuum pole to off-shell elastic 7N scat-
tering by a decreasing exponential function:

Ty (si teo 1) = TTv (85 Ly P2 exp [RE (£ —p?)). (16)
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Second, it was found that the effective radius in (15) is
smaller than the value observed experimentally at
large momentum transfers |#| >1 GeV2 The increase
in the slope at large momentum transfers with reten-
tion of the factorization of the expression (15) could be
due to a change in the factors containing the perpendicu-
lar momenta:

K- kf. —w—e(t—py),

(17a)

It should be warned that this procedure is not unique,
but it leads to a successful description of the experi-
mental data and requires the addition of only one extra
parameter (c), and we shall therefore use this
procedure,

In Ref. 10, the off-shell p-wave 7N scattering ampli-
tude, T3;'(s;,t;), was expressed by means of an addi-
tional factor obtained in perturbation caleulations in the
resonance model;

= R D o (R (— ) TR (s £ 09).

1=t
Taw (se ty, f)f,\j TR

Here, @ is the modulus of the three-momentum of the
pion in the center-of-mass system of the pion and the
nucleon, Similar factors were obtained by Wolf? for the
partial-wave amplitudes. The parameter R% was found
in the region |7| <0.3 GeV? and is equal to 2,75 GeV=,
For this value of the parameter, the additional factor
for |t <0.3 GeV® varies very weakly, reaching its
maximal value (~1,1) at £=~ 0,1 GeV®, Taking into ac-
count the strong correlation between R% and the other
parameters, and wishing to simplify the model for the
off-shell 7 scattering amplitude, we shall ignore this
factor. The analogous factor describing the additional
dependence of the p-wave w7 scattering amplitude on the
departure from the mass shell will have a stronger ef-
fect, and will be taken into account later.

Finally, the form factor corresponding to the diagram
(6a) becomes

oo ([ mrin (£ 5 ) Jo- ) :
¥ = ki p—e(t—p). (17D)

The parameters of the model were fixed by the de-
scription of the experimental data for the reaction (7a)
at different energies, With the slope a/=0.7 GeV=? of
the pion trajectory, the three free parameters of the
model were found to be R3=0.8 GeV*, R2=1.3 GeV~?,
and ¢=0,08 (a!/=0.7 GeV™),

The slope of the pion trajectory is not a free parame-
ter since it cannot be determined independently (analy-
sis of the reaction 7°p —777*n gives the slope a/=1x0.3
Gev-l), A change in the slope must be compensated by a
change in the parameter R, To demonstrate the scale
of the variation, we give another set of parameters that
lead to an almost equivalent description of the reaction
(Ta): Ri=1.6 GeV-%, R2=1.3 GeV?, ¢=0.08 (a/=1
GeV),

DThe interference of the different graphs is small (not ex-
ceeding a few percent). Here, we do not consider effects as-
sociated with interference.
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We emphasize that the values of the parameters R%,
¢, and @, are strongly correlated, Since theory and ex-
periment were compared “by eye”, too great signifi-
cance should not be given to the choice of a particular
set of parameters, It is probably more important that
one can describe almost all the experimental data on the
reaction (7a) in the simple model with just three free
parameters,

Squaring Eq. (8)* and summing over the spins, we
obtain the following value for the square of the modulus
of the matrix element:

A dependence on the departure from the mass shell
occurs in the differential cross sections do,(S;, t;, £)/d%;
in Eq, (18) because of the additional dependence on the
¢ contribution of the vacuum pole to the 7N scattering
amplitude in Eq, (16).

Amplitude of the one block diagram. We denote by P,
and P, the colliding protons and by @4, @9,q4,q0 and k&
the momenta of the two colliding protons, the created
proton, the neutron, and the 7* meson, respectively.
We also introduce

s=(Qu+ 0% s1=(q k% sa=(g* k)% }
L=(Qi—aq) t=(C0s—q.)

We write the amplitude corresponding to the diagram
(6b) in the form

(19)

My=G ﬁ; (g2) psu (02) Fy(t, 8,8, . ) T asp (544 s )/(t— p?). (20)

Here, GV2u(g,)ysu(Q,) is the vertex of 7*-meson emis-
sion by the proton (G*/4r =14, 6).

We shall seek to determine Fj, like F,, from the
condition of Reggeization of the pion exchange. In the
region satisfying the condition of two-reggeon kinema-
tics $>> Sy > m?, §>» S>> m?, 4, t<m?, m*~1 GeV?, F,
must have the form (S,/5;)**’, Using the relation 5,5,
=S(u? +k}), which holds in this region and is analogous
to (9), we reduce the form factor to

Fy=exp{(B} +exln s (021 A3) (s5)]) (E— p2)}. (21)

Here s;=1 GeV*® and R} is a free parameter.

In Ref, 10, to describe the reaction (7b), the form
factor F; in the form (21) with R} =2, 75 GeV-? was used.
It was also assumed that the entire dependence on the
departure from the mass shell is contained in the form
factor, i.e., in Eq. (20): T,s,(Sy, ty, 8) = Tps,(Sy, #y, 1?).
In this very simple variant, the model gives a success-
ful quantitative description of virtually all the experi-
mental data on the reaction (7b) for momenta of the
incident proton from 2 to 30 GeV/c.

On the other hand, as we have already noted, reac-
tions with the production of two pions require the in-
troduction of an additional dependence on f for the con-
tribution to the 7NV scattering amplitude of the vacuum
pole in the form (16) and a change in the behavior of the
form factor in the region |£| = 1 GeV? of the form (17a).
Retaining the factorization properties of the form fac-
tors, it would be natural to attempt to describe the
reaction (7b) under these two conditions,
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FIG. 2. Two-reggeon graphs for the reactions pp— pnr* (a)
and 77p— r"7'n (b).

In all the calculations that follow we shall use the
form factor

Fy=exp {(Hf aﬂn[q - J) (!—p!)} : i
W 2B —c(t— ) RI=1.9Gev* | 22)

with an amplitude T, 5(Sy, ¢, f) satisfying the condition
(16).

Squaring (20), averaging, and summing over the
spins of the nucleons, we obtain the following value for
the square of the modulus of the matrix element:

(23)

Amplitudes containing blocks of vivtual mm scatteving.
Above, we have obtained the amplitudes for the produc-
tion of one or two pions in NN collisions; these were de-
termined by the off-shell 7N elastic scattering ampli-
tudes. We now generalize the model to analogous
processes in pion beams. The matrix elements of the
corresponding processes naturally depend on the off-
shell 77 scattering amplitude.

| B[ =2G2| t| F((8n)2 s, doxep (s, By, 1), d]/(t— )%

We note first that in this variant of the model the
basic parameters (R}, R}, R}, ¢) which characterize the
dependence on the departure from the mass shell
(f— 1) should not change; for consider the two-reggeon
regions of the processes pp —pr*n and 7°p — 71’0 at
sufficiently high energies, Figure 2 shows the two-
reggeon graphs, It can be seen that the two graphs dif-
fer only by the vertices connecting the p, p’, and p
Regge poles with the nucleon (see Fig. 2a) and pion
(see Fig. 2b) lines. In the theory of Regge poles, the

" residues at these vertices depend only on the momentum
transfer #; and do not carry information about the mo-
mentum f transferred from the proton to the neutron.

To be specific, we give the explicit form of the am-
plitudes corresponding to the two diagrams

P a2 et
~=~meeily ki S——=x 7y, s

1 ~ gk, a rEseEk

B omg) ¢ s (24)
= i
P t, g 7 n
P
a b

The diagram (24a) contributes to the cross section of

-

the process 77p —n"7"1"p, and the diagram (24b) cor-
responds to the cross section of the process 77p —rr'n:

Mo=FoT g (Sg 4, 1) Trp (S, b2, 1)/ (E—1%);

Fy=exp{(R3 -+ e In [sx{%3/508,82]) (1—p2)};

- PR —c(t—p?), i z2a>0; (25)

T —e(t—pD), i 2 <O

wi=p2 4k, —ec(t—p).
The diagram (24b) contributes to the cross section of the
process P —~nr'n:
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ﬂf6= G V§F1T’[—ﬂ+ (Su !h t) E‘:"J:‘;ui:’(t g I"lz}; ]
Fy= exp {(Ri -+ o In [S¥2/(S8))]) (¢ — )}
Wk —c(t—pd), i

wi= 5
PRy, —e(t—u?),  if

2an>0;

(26)
Saa << 0.

In these expressions, z,, is the cosine of the scatter-
ing angle in the 77 scattering block in the center-of-
mass system of the block, The selection conditions with
respect to this angle, which appear in the definitions of
«3 and %, are needed to distinguish the configuration in
which the 7~ meson is faster than the 7* meson from the
opposite configuration in the common center-of- mass
system, As we have already noted, the form factor
must have a different dependence in these configurations.
We recall that we ignored the corresponding change
with proton transverse momentum in the dependence
of the form factor on the transverse pion momentum in
the 7N scattering block [+ in (25)]. The form factor
would have to be made more complicated to allow for
this dependence, and it might be necessary to introduce
new parameters,

The 7 scattering amplitudes T,,(Sy, 3, f), like the
7N scattering amplitudes, contain an additional depen-
dence of the contribution of the vacuum pole on ¢ in the
form (16). In addition, in these amplitudes we have
taken into account the additional dependence of the P-
wave amplitude on the departure from the mass shell
with a power cutoff in the form
Q(Sq . 1) (1—¢p)

Q(Sy. ty. u?) (L1=c,0(Sy. ty, 1).Q(Sy. f1. 13) (27)

T RTINSt Y

It (Spitis 1) =

The value ¢,=0.7 was found for the parameter from
analysis of the experimental data.

2. DESCRIPTION OF EXPERIMENTAL DATA

The model of Reggeized one-pion exchange was com-
pared with the experimental data on production of one or
two pions by means of the amplitudes obtained above
with fixed values of the five free parameters: Ri=1.9
GeV=?, R}=1,6 GeV™?, Ri=1,3 GeV™?, ¢=0.08, and
c,=0.7, with the slope a,ko 7 GeV"2 of the pion trajec-
tory The calculations were performed on a computer
using special mathematical programs intended for in-
tegration in the phase space of the created particles
and adapted to the particular form of the matrix ele-
ment, The Monte Carlo method was used for the integra-
tion and the errors in the calculations of the various
distributions were a few percent. The on-shell elastic
7N and 77 seattering amplitudes were tabulated, In the
mass range M,y <2 GeV (M,, <1.4 GeV) phase-shift
analysis was used; in the regmn of larger masses,
Regge-pole parametrization (discussed in more detail
in the Appendix) was used. Since each of the amplitudes
decreases rapidly with increasing virtual mass of the

Bl fv/“’) A, q/ ,/’

ot
-
ﬂ»!f \7[ “(ky) Sacart -
o H
T ﬂ‘z} f:'{ 0 \"‘t.jz-
B(9,) z

FIG., 3. Graphs corresponding to the reaction pp—ppr'n~ in
the OPER model.
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FIG. 4. Energy dependence of the cross section of the reac—
tion (7a),

exchanged pion, the integration with respect to this
variable was cut off at | 7| =2 GeV?,

Description of the process pp —ppr*r-

The reaction (7a) in the one-pion-exchange model cor-
responds to the three graphs shown in Fig, 3. In the
calculations, only the squares of the amplitudes cor-
responding to Figs, 3a and 3b were used since the rela-
tive contribution of Fig, 3c, and also the contribution
due to interference of different graphs, to the total
cross section does not exceed a few percent,

We take the process (7a) as basic for determining the
parameters R%, R:‘;, and ¢, and we proceed from two
facts: First, the matrix element determining this
process depends only on the 7V scattering amplitudes
(see Fig, 3), which have been well studied experimen-
tally, and not on the 77 scattering amplitudes, in whose
values large uncertainties exist; second, the reaction
(7a) has been well investigated experimentally in a wide
range of energies up to 205 GeV.

The energy dependence of the cross section of the re-
action (7a) is shown in Fig, 4. The theoretical curve
corresponds well to the experimental data in the range
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FIG. 5. Distributions with respect to the mass of the pr* sys-
tem in the reaction (7a) at the momenta 6.6 GeV/c (a; Ref. 18)
and 12 GeV/e (b; Ref. 19). The dashed curve is the contribu-
tion of combinations containing a pion and 2 nucleon from
different blocks of Fig. 3,
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of momenta from 3 to 205 GeV/c. With increasing en-
ergy, the rate of decrease of the cross section decreas-
es. Theoretically, this is due to the presence of a vacu-
um pole in the 7V scattering blocks. The rate of de-
crease of the cross section depends strongly on the
parameter R, For example, at Rf:o the total cross
section of the reaction is almost independent of the
energy,

The traditional variables whose distributions are
studied experimentally at different energies are the
following: the masses of the pr*, pr°, and 7*7" pairs;
the mass of the three particles pr*r"; the square of the
momentum # transferred from the initial proton p; to
the system p;7*(p;77); and the square of the momentum
t, transferred from the initial proton (p,) to the final
proton p; (i=1,2), The distributions with respect to the
masses of the pr°, pr”, and pr*r" systems were obtained
by symmetrizing with respect to the two final protons,

The distributions with respect to the masses of the
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FIG. 7. Distributions with respect to the masses of the o (a)
and pz~ (b) systems at 205 GeV/c (Ref. 20) and with respect
to the mass of the pr*7~ system at 205 and 28. 5 GeV/e (e, d,
respectively). Of the two pym*n” combinations, only the one
with the smaller mass was taken into account in plotting
histogram ¢; 1) p7* combinations from one block; 2) b7 com-
binations from one block,
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pr* and pr- systems at momenta 6.6 GeV/c (Ref. 18)
and 12 GeV/c (Ref, 19) are given in Figs. 5and 6, and
those at 205 GeV/c are given in Figs. 7a and 7b (Ref.
20). ® The dashed curves in Figs. 5b and 6b are the con-
tribution of the combinations containing a pion and a
nucleon from different blocks in the graphs of Figs. 3a
and 3b. In what follows, we shall call these combina-
tions “background combinations, ” in contrast to the
main combinations for which the pion and nucleon be-
long to the same block. In the pr* system one observes
a high peak in the region of the isobar A**(1236), and in
the pr~ system three small peaks in the regions of the
resonances A°(1236), N*(1520), and N*(1960).% All
these resonances are contained in the 7N scattering
blocks, and are therefore reproduced theoretically. In
this connection, we note two circumstances: 1) Experi-
mentally, one does not observe significant production of
any new resonances not contained in the 7N scattering

" blocks; 2) the model reproduces quantitatively not only
the cross sections for the production of resonances, but
also their background.

Of great interest are the distributions with respect to
the mass of the pr*r~ system, which are shown in Figs,
Te (p=205 GeV/c) and 7d (p=28.5 GeV/c), and also
in Figs. 8a (p=6.6 GeV/c) and 8b (p=12 GeV/c). At
6.6, 12, and 28,5 GeV/c both p;7*r~ combinations are
taken into account, whereas at 205 GeV/c only the com-
bination with the smaller mass is taken into account.
The dashed curves in Figs. 7b and 8a correspond to
pr*r~ combinations that combine a pr* pair (curve 1) or
pr- pair (curve 2) from one block with a pion from the
other. A characteristic feature of these distributions is

At this momentum, only poor statistics (191 events) were
accumulated, so that the distributions could be plotted only
with a large step.

OThe jump in the distribution with respect to the mass M+
at the point M, =2 GeV is due to the poor fitting of the
resonance amplitude and the Regge amplitude at this point
(see the Appendix),
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the peak with mass 1.7 GeV, its contribution to the
total cross section increasing with increasing energy.
The peak arises in the combination in which the pr*
pair belongs to one block, which corresponds to the
experimentally observed large width of the peak cor-
responding to decay into the isobar A**(1236) and the

7" meson. (We recall that in the M. mass distribution
the isobar A** is predominant,) From the fact that the
absolute value of the cross section in the region of the
peak hardly changes as the momentum is changed from
28. 5 to 205 GeV/c we draw the following conclusion:
At these energies, the peak is generated basically by
exchange of the vacuum singularity. This peak in the
model has a kinematic origin, and both the profile of
the spectrum and the energy dependence of the spec-
trum are well reproduced theoretically. In the litera-
ture, the appearance of this peak is called the Deck
effect.

The 7*7~ mass distribution is shown in Fig. 9. The
distributions have a peak near the threshold centered
around 0,4—0. 5 GeV, the position and width of this
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FIG. 10. Distributions with respect to the momentum trans-
ferred to the pr*7m system at 6.6 and 205 GeV/c (a and b,
respectively); (M -<3 GeV) and the pr* (p77) system at 12
and 8.1 GeV/c (c and d, respectively).
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peak being practically independent of the energy, We
emphasize that, in complete agreement with the model,
Fig. 9 reveals virtually no trace of the p-meson peak
which is usually observed in production of the 7*r~ sys-
tem in other reactions.* On the one hand, the small
cross section for production of the p meson indicates
that there is a small contribution of the pole diagrams
in which production of the p meson is allowed:

n v ’rﬂ-‘ ”
ME' 8 o=ty (28)
\

b

[for example, diagrams with the exchange of 7° and "
mesons (28a)]; on the other hand, it indicates that there
is a small cross section of rescattering in the one-pion-
exchange model (28b),

The distributions with respect to the momentum
transferred from proton to proton, 1,, are shown in
Figs. 10a and 10b. The upper scale corresponds to the
data obtained at 6.6 GeV/c. The theoretical curve
satisfactorily describes the experimental data right up
to momentum transfers of about 1,5 GeV®, The lower
scale refers to the data obtained at 205 GeV/c. The ex-
perimental data are restricted to the region of low
masses of the pr'7~ system (M,,+- <3 GeV), Despite the
wide variation of the energy and the nature of the dis-
tributions (the slope of the distributions varies by about
a factor of 3), the theoretical curves describe the ex-
perimental data well.

The last distribution which remains to discuss is that
with respect to the square of the momentum transferred
from proton P; to the p;n* or p;m" system [these two dis-
tributions are identical because of the symmetry of the
reactions (7)]. This distribution is the one most

9The graphs of Figs. 3a and 3b do not contain resonances in
the r*7~ system, whereas the graph lc is proportional to the
'™ —nln) cross section, in which there is no p-wave reso-
nance of the p meson because the 7’ mesons are identical.
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directly related to the form factor F, and the one which
is the most sensitive to a change of its parameters.
Figures 10c and 10d are the experimental data obtained
at 12 and 8.1 GeV/c. The dashed curves in these figures
refer to the combinations consisting of a proton and a
pion from different blocks, and can be regarded as
backgrounds in the investigation of the form factor. It
can be seen from the figures that the background makes
a large contribution even in the region of very small
momentum transfer, which considerably complicates
the analysis of the form factor and makes it harder to
extrapolate the experimental data to the pion pole,

Description of individual vegions of the veaction pp
—~ppr*nT. Study of the reaction mechanism. We have
shown above that the model of Reggeized one-pion ex-
change gives a satisfactory quantitative description of
the basic characteristics of the process (7a). The most
pronounced structures in the mass distributions are
the isobar A™(1236) and the peak in the pr'r~ system
around M,,.,.~1,7 GeV. Let us analyze these two struc-
tures in the model, As an additional verification of the
model, we shall investigate the angular distributions in
the center-of-mass systems of the pr* and pr” pairs
when they are produced peripherally. It is well known?!
that these angular distributions are the ones most sensi-
tive to the quantum numbers of the exchanged state,

The quasi-three-particle region of the reaction (7a)
PP— prA+* (29)

has been completely described in Ref. 18 for the mo-
mentum 6.6 GeV/c. In what follows, unless stated
otherwise, the experimental data will be taken from Ref,
18. The distributions with respect to the square of the
momentum transferred to the isobar are shown in Figs,
11a and 11b, To the mass of the isobar there corre-
sponds the following interval of masses of the pr*
system:

1.16 <M,, <1,3 GeV. (30)

The range of small momentum transfers is shown en-
larged in the inset in Fig, 11b:
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FIG. 12. Distributions with respect to M,+ (a) and My, (b)
in the reaction (7) under the restrictions (32), The dashed
curves are the background combinations.
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The dashed curve is the contribution of the background
combination, i.e., the combination of a proton and pion
from different blocks. It can be seen from the figure
that the relative contribution of the background combina-
tion is the same everywhere and equal to about 30%.
The maximum of the background curve occurs at small-
er momentum transfers than the maximum correspond-
ing to the main combination. This makes it difficult to
extrapolate the experimental data to the pion pole.
Figure 11c is the distribution with respect to the mass
of the pr~ system subject to the restriction (30). Allow-
ance for the background (see Fig. 11c) is most im-
portant in the region of the quasi-two-particle reaction
b~ AP
In Ref, 18, a careful study was made of the angular
distributions in the center-of-mass systems of the pr*
and pr- pairs under the following restrictions on the
cosine z}, of the angle between the emitted pr pair in the
common center-of-mass system:

[ 232] > 0,965. (32)

The distributions with respect to the masses of the p7°
and p7~ pairs in this kinematics are given in Fig. 12.
The mass distributions are described least well at

large values of the p7~ mass. Comparatively large
momentum transfers (1£] = 0.4 GeV?) correspond to this
mass region. The theoretical curve may depart from the
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experimental because the form factor is poor, but since
the statistics in this region are poor and the description
in the region of large masses of the p7~ pair without the
restriction (32) on the angles seems perfectly satisfac-
tory (see Fig. 11c), we shall not attempt to remove this
defect here,

We shall study the angular distributions in the Gott-
fried—Jackson coordinate system. For this, in the
center-of-mass system of the p;r* and p;7~ pairs (i=1,
2) we direct the z axis along the momentum &; of the
initial proton P;. We denote by 8* the scattering angle
of the proton in the p;m* center of mass system and the
corresponding angle in the p;7" center-of-mass system
by 6-. Following the four-momentum notation in Fig. 3,
we also introduce azimuthal angles in these systems:
(33)

p* = cos Beoy=1.2 124

1 Qi qa) Qi :Qj) )
Qe qal Qi Qi1 /!
Consider the angular distributions in the center-of-
mass system of the p7* pair. Following Ref. 18, we
shall characterize the distributions with respect to 6*
by means of averaged Legendre polynomials:

AF AT = (@21 1) (P, (cos07)-.

(34)

The on-shell differential cross section of 7'p scattering
can be written by means of these coefficients in the
form

do a

—r = ;;P (A7 A7) Py (cos B7).
1

(35)

The coefficients A}/A;, A3/A;, and A}/A] obtained
under the condition (32) are shown in Fig, 13 as a func-
tion of the mass of the pr* system, As can be seen from
Fig. 12a, one would expect the greatest difference be-
tween the angular distributions and the observed on-
shell distributions in the region of small and large
masses of the pr* pair, where the relative contribution
of the background combination is maximal, This effect
is observed in Figs. 13a—13c, Especially pronounced
distortions arise in the A}/A} curve at small masses,
Thus, the model of one-pion exchange is well confirmed
in the reaction (29) by the distribution with respect to
the polar angle 67,
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the on-shell coefficients.
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How critical is this distribution to the choice of the
model? As a possible mechanism of the reaction (29)
one could consider the exchange of other known Regge
poles with isospin equal to unity: p or A,. Since both
trajectories, in contrast to the 7- meson trajectory,
have the natural spin-parity relation, it is be expected
that the angular distributions for the decay of the isobar
will differ in both cases from the distributions obtained
here. To obtain an estimate, let us consider the coeffi-
cients Aj/Aj and A3/A; in the region of the isobar
A™(1236) in any reaction in which pion exchange is
forbidden by G parity; for example, in the reaction
7°p—m"A", to which only the p-meson pole contributes.
As was noted in Ref, 22, the mean values of the ele-
ments of the density matrix of the A** isobar in this
reaction can be well described by the Stodolsky—
Sakurai model, ** according to which py; =3, Reps,
=V3/8, Repy=0. Caleulating A*/A} by means of the
relation A3/Aj=2(0, 5—2ps3) and remembering that
A}/Aj for a vector state is zero, we obtain these values
for the coefficients:

AFAT=0; 4% 4F = 0.3, (36)

Assuming factorization in the case of the exchange of .

trajectories with natural spin-parity relation, we can
expect these coefficients (36) to have approximately the

PP —=ppTta-

FIG. 17. Slope B(M,s,-) of the
production cone of the pr*zr- sys-
tem as a function of the mass of
this system. The hatched region
corresponds to the theoretical
predictions for this quantity.
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The dashed curves are the contribution of the background
combination.

same values in the reaction (29) as well. These values
are indicated in Figs, 13a and 13b by crosses. The co-
efficient Aj/A; is practically equal to its value obtained
in this paper, while the coefficient A3/A; differs ap-
preciably. Taking into account its value (36) and also
the deviation of the theoretical value at the mass M,,
=1, 236 GeV (~1) from the experimental value (~0, 8),
we can estimate the relative contribution of the p- meson
trajectory:

W,/W,=0,14, (37)

The distribution with respect to the azimuthal angle
@" in the region of the isobar has been observed?® at the
momentum 8,1 GeV/c, and is shown in Fig. 14. As
follows from the theoretical curves, both combinations,
the main and the background (dashed curve) contribute to
the observed asymmetry, We recall that there is an
isotropic distribution in the case of the exchange of an
elementary pion (state 0),

An even narrower region of phase space was in-
vestigated in the study of the angular distribution in the
pn” system under the same condition (32). Whereas the
angular distributions in the pr* system were investigat-
ed by integrating with respect to the mass of the pr
pair, the decay of the p7~ system was studied with the
mass of the pr* pair fixed by the condition (30).

The coefficients A;/A[', are shown as functions of the
mass M, in Fig. 15, A systematic deviation of the the-
oretical curves and the experimental points from the
dot-dash-dot curves is observed in the region of large
masses and large angular momenta (i = 4), This devia-
tion corresponds to an additional peaking of the angular
distributions due to the indirect dependence of the form
factor on the angles 6* through the perpendicular com-
ponents k% of the 7*-meson momenta. The behavior of
the theoretical curves at the point M,,-=2 GeV is an
indication of the quality of the fitting of the two param-
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etrizations of the 7~ p scattering amplitude: phase-
shift analysis and the Regge parametrization. Bearing
in mind the low limiting mass (2 GeV) for the latter,
the fitting appears remarkably good.,

In Ref, 18, the dependence on the Treiman—Yang
angle in the center-of-mass system of the pr~ pair was
studied by means of the averaged values of the spherical
functions (Re¥l) (L =1.6).% These quantities are shown
as functions of the mass M,,- in Fig. 16. The dashed
curves correspond to the contribution of the main com-
bination. We recall that all values of (¥Y}) with M#0
must be zero in the case when an elementary pion is
exchanged, Their nonvanishing may be a consequence of
Reggeization of 7-meson exchange, rescattering effects,
and also the contribution of background combinations.

In the model, a dependence on the Treiman— Yang angle
is contained implicitly in the form factor through the
factors k2,. From the theoretical point of view, the best
agreement with experiment is to be expected in the re-
gion of the largest masses M-, since it was in this
region that the model was formulated. From Fig, 16 it
can be seen that the OPER model without allowance for
rescattering effects gives a qualitative description of the
behavior of {Re¥l) in the resonance region of the mass
of the pr~ system as well.

The greatest discrepancy between the theoretical
curves and the experimental points, both in Fig. 15 and
Fig. 16, is observed in the region of masses M-
=~1.95—1, 45 GeV. It can also be seen from the figures
that the discrepancy is due most likely to the back-
ground combination.

We now turn to a more detailed study of the condi-
tions of creation and decay of the pr*r~ state in the
reaction (7). The investigation of the cross section for
the production of different mass ranges of the pr'*r”
system as a function of the momentum transfer 7, re-
vealed an interesting effect: If the dependence is
parametrized in the form exp[B(M,,+,-)t,], the coeffi-

" cient B decreases strongly with increasing mass. The
dependence B(),,+,-) measured at 6. 6 GeV/c in Ref. 18
is shown in Fig. 17. The indeterminacy is due to the
theoretically calculated cross section’s not correspond-
ing to a simple exponential.

The decrease in the slope can be understood roughly
as follows. Consider, for example, the production of
the pr*nr~ system in the forward hemisphere (in the
direction of the incident beam). If the minimal M+, -
mass is created, the mass corresponding to the lower
blocks in Figs. 3a and 3b is maximally large. The slope
B, which determines the dependence on the momentum
transferred from the proton P, to the proton p,, is de-
termined by the slope of the elastic 7°p and 7*p scatter-

ing cross sections, which depend weakly on the mass of .

the mp system and are approximately 8—10 GeV™*. With
increasing mass Mj,.,-, the role of the small (reso-
nance) masses of the lower blocks increases. At the
same timje, the region corresponding to backward scat-

#)The mean values {(Re¥}) are proportional to A7/Aj; the mean
values (ReY%) (M >1) were found experimentally to be nearly
zero.
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tering in the lower block, i.e., the region of cross
sections that increase with respect to ¢,, becomes
more and more important, even at comparatively
small [#,1. It is the contribution of this region that
broadens the total distribution with respect to Z,.

The importance of the different masses of the p7~
pair in the formation of the system A™(1236)7" in the
reaction (29) under the restrictions (30) and (31) at
momentum 6.6 GeV/c is illustrated by Fig. 18. Fig-
ures 18a—18c show the distributions with respect to the
momentum transferred to the isobar; 18d—18f the dis-
tributions with respect to the mass of the A™r” system
for three mass ranges of the pr~ pair: 1.6—2.0, 1.3—
1.6, and 1,0—1,3 GeV, respectively. The distributions
in Figs. 18a—18c contain the most detailed information
about the dependence on the departure from the mass
shell of the amplitudes corresponding to the diagrams of
Figs. 3a and 3b and successfully confirm the parametri-
zation of the form factor. From comparison of the dis-
tribution with respect to the mass M,,+-- in the com-
plete phase space of the reaction (7) (see Fig. 8) with
the distributions in Figs. 18d and 18f, one can see the
displacement of the peak from around 1.7 GeV to the
region 1,4—1.5 GeV. This effect is well reproduced by
the model.

One of the most frequently investigated regions,
for which simple models can be constructed, is the two-
reggeon region of the reaction (29), which is deter-
mined by the condition that the momenta transferred to
the isobar and the proton be sufficiently small and the
mass of the pr~ system be sufficiently large (above the
resonances). It was in this region that the model of
Reggeized one-pion exchange was first constructed. *
The data of Figs. 18a and 18d apply to this region, in
particular. Analogous regions have been investigated at
12 GeV/c (Figs. 19a—19¢c) (Ref. 19): Mj,->3 GeV?,
It,l <1 GeV?, |tl <0.8 GeV?, 1.15<M,+<1.32, and at
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FIG. 19. Dependence: a) on the square of the momentum trans-
ferred to the isobar, b) on the Treiman—Yang angle in the

pr= center-of-mass system, and ¢) on Mpp,- at momentum

12 GeV/e and under the conditions 1.16 <M,+<1,32 GeV,
(Mp=)2>3 GeV?, |1,1<1 GeV?, 1£1<0.8 GeV?; d) ont,; e) on
the Treiman—Yang angle in the pr~ center-of-mass system;
and ) on M3« - at momentum 28.5 GeV/c and under the condi-
tions 1.15 <M+ <1.35, M,->2 GeV, [£]<0.8 GeV2.
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FIG. 20. Energy dependence of the cross section of the
reaction (38). The dashed curve is the sum of the cross sec-
tion calculated in the OPER model and the cross section for
the production of the A, meson (0. 14 mb) (Ref. 16); the dot-
dash-dot curve is the curve calculated in Wolf’s model®; 1) and
2) are the contributions of the individual diagrams.

28.5 GeV/c (see Figs. 19d—19f) (Ref. 4): 1.15 < pr+
<1.35, M,->2 GeV, |t| <0.8 GeV2,

All the curves in Fig, 19 are normalized to the ex-
perimental data. The contribution of the background
combinations is nowhere separated out, but it does not
exceed 10% anywhere and does not affect the qualitative
behavior of the curves. The theoretical description
appears completely satisfactorily, although asymmetry
with respect to the azimuthal angle in the experiment
has been noted above,

Description of the Process n7p— n"n*rp"

Geneval characteristics, The reaction
(38)

Tp—aataTp

is one of the most studied reactions. It is one of the
first hadron processes to which quantitative models,
mainly the one-pion-exchange model, were applied. The
reaction (38) has been described in most detail in Ref. 3
by Wolf, who showed that the OPE model reproduces
well many distributions, including that with respect to
the masses of the created particle pairs, The main
shortcoming of Ref. 3 is that there is no Reggeization
of the pion exchange, and the energy dependence of the
reaction (38) at low energies is not well described.

An OPER model capable of describing the total cross
section of the reaction (38) at momentum 4, 5 GeV/c
was proposed in Ref. 25. It enables one to describe the
general characteristics of the reaction, but, in the form
in which it is formulated in Ref, 25, it clearly cannot
be extended to the two-reggeon regions of the reaction
(38), which are important at high energies, A variant
of the OPER model especially intended for description
of these regions had been proposed earlier in Ref, 4

Dcalculations made by R. M. Lebedev have been used in this
section. I am very grateful to him for making them
available,
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FIG. 21. Distributions with respect to the mass of the r*r-
pair in the reaction (38). 1) The contribution of the background
combinations; 2) the contribution of the diagram (39a).

and, in a sense, it complements the variant considered
in Ref. 25,

In what follows, we shall completely follow Ref, 16
in describing the reaction (38) in the OPER model, The
main advantage of our approach is the almost complete
absence of free parameters, The only free parameter,
which appears on the transition from the reaction (7)
to the reaction (38), is ¢,, which is found from the con-
dition of best agreement between the theoretical and the
experimental data, and its value has been given im-
mediately after Eq. (27).

> 005011
2
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X ams
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FIG. 22. Distributions with respect to the mass of the =7~
pair in the reaction (38). 1) Calculation in the OPER model;
2) with allowance for the contribution of the A, meson; 3) con-
tribution of the diagram (39b).
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In the OPE model, the reactions (38) correspond to
the two diagrams®’

" e T
=l ===
T nq‘z\_‘f 39
- -0,
7 % . p—_ ; (%)
a b

The amplitude corresponding to the diagram (39b) has
been obtained above. Similarly, one can obtain the am-
plitude corresponding to the diagram (39a). The cross
section of the reaction (38) can be calculated by squaring
the amplitudes corresponding to the diagram (39) and
ignoring their interference,

The energy dependence of the reaction (38) is shown
in Fig. 20. Note that the flattening of the cross section
at high energies is due to the presence of the vacuum
poles in the #7 and 7V scattering blocks. The asymp-
totic value of the cross section of the reaction (38) de-
pends strongly on the limiting value of the m7 scattering
cross section, which itself is known with large uncer-
tainty. For the Regge parametrization of the 77 scat-
tering amplitudes carried out in Ref, 12 and used in our
calculations here, the asymptotic value of the rm scat-
tering cross section was taken equal to 12 mb.

The distributions with respect to the effective masses
of the n*7~, 7"n~, pr*, pn~, and r*7"7~ combinations at 5
GeV/c (Refs. 16 and 26) and 16 GeV/c (Ref, 27) are
compared with the calculated distributions in Figs.
21—25. In the theoretical distributions at 5 GeV/c allow-
ance has been made for production of the A; meson
(0,14 mb), In calculating its contribution, we assumed
that it corresponds to a resonance in the 7'r"7" system
with quantum numbers 2*, width 0.1 GeV, mass 1,31
GeV, and main decay channel to the p'7” system, We
shall now discuss in detail each of the distributions.

M. +.. The two resonances in this system (the p and

ry-©

8)Two other diagrams are obtained by transposing the two
identical m~ mesons.
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FIG., 24. Distribution with respect to the mass of the pr~ pair
in the reaction (38). 1) Total contribution of background com-
binations: 2) contribution of the 7p combination of the diagram
(39b); 3) allowance for production of the A, meson.

f mesons) are well reproduced by the model and are
contained in the i7" combination of the diagram (39b).
The shoulder in the region of 0.5 GeV is the result of
background combinations: the 737" diagram (39b) and the
contribution of the diagram (39a).

M,-,~. The contribution of the diagram (39b) (3) has
a sharp peak around 0.5 GeV. The A; meson makes the
main contribution in the region 0. 5—1 GeV (the differ=
ence between curves 1 and 2) and significantly improves
the description of the experimental data in this region.
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FIG. 25. Distribution with respect to the mass of the #*r~r"
system in the reaction (38). 1) Allowance for the production
of the A, meson.
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FIG. 26. Distribution with respect to the square of the mo-
mentum transferred to the »*7~ system in the reaction (38) at
momentum 5 GeV/e. 1) The total contribution of the back-
ground combinations; 2) the result of calculation in the OPER
model; 3) the result of calculation with allowance for produc-
tion of the A, meson.

At momentum 16 GeV/c, the OPER model without allow-
ance for the A, meson gives a good description of the
experimental data.

M,,+. The resonance peak A*(1236) is contained in
the contribution of the diagram (39a); the background
curve 1 corresponding to the contribution of the diagram
(39b) has a peak in the region of the isobar. It can be
seen from a comparison of the distributions at 5 and 16
GeV/c that the relative contribution of the background in
the region of the isobar decreases with increasing
energy.

M-, The contribution of the 75p combination of the
diagram (39b) contains three resonance maxima:
A"(1236), N*(1520), and N*(1690). The experiment only
hints at the resonances N*(1520) and N*(1690), The
statistics must be improved if they are to be singled
out more clearly. The contributions of the diagram
(39a) and the 7 combination of the diagram (39b) have
a sharp near-threshold peak (1), which to a considerable
extent determines the cross section in the region of the
A%(1236) isobar,

My-p+p-. The model reproduces well the peak in the
region of the so-called A meson (1,1—1, 2 GeV). This
peak arises in the same way as the peak previously dis-
cussed in the pr*r” system around 1.7 GeV in the reac-
tion pp —ppn*r". We emphasize that both peaks are
described quantitatively for one and the same set of
parameters. The deviation of the theoretical curve from
the experimental histogram in this figure in the region
M3, >1,5 GeV is possibly due to the presence of other
mechanisms for the reaction (38) at low energies, Note
the presence of the shoulder in the theoretical curve in
the region of the A; meson (1, 6—1.7 GeV) at 16 GeV/c.

The distributions with respect to the squares of the
momenta transferred to the 7’7" (pr") and 77~ (pr*)
systems (at 5 GeV/c) are shown in Figs. 26 and 27,
from which it can be seen that the model gives some-
what more strongly peaked curves than experiment,

Curve 1 in Fig, 26 is the contribution of the diagram
(39a), and in Fig, 27 it is the contribution of the
diagram (39b). Both curves are background curves for
the extrapolation of the experimental data to the posi-
tion of the pion pole of the diagrams (39a) and (39b). It
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FIG. 27. Distribution with respect to the square of the mo-
mentum transferred to the 7"r~ (p7*) system in the reaction
(38) at momentum 5 GeV/e. 1) Total contribution of the back-
ground combinations; 2) result of calculation in the OPER
model; 3) with allowance for production of the 4, meson.

can be seen from the figures that the growth of the
background curves in the region of small momentum
transfers (especially in Fig, 27) can make the extra-
polation much more difficult.

The predictions of the model are compared with the
distributions with respect to the longitudinal momenta of
the proton and the pions at momentum 5 GeV/c in Fig,
28. The cross sections for the positively charged parti-
cles are plotted upward and those for the negatively
charged particles downward from the horizontal axis.
The hatched histogram corresponds to the distribution
of the total charge. The model with allowance for the
contribution from the decay of the A, meson satisfac-
torily describes the experimental data,

Description of the vegions of small momentum trans-
fers in the veaction n™p —n"n"n*p. Study of the reaction
mechanism, Turning to a more detailed description of

42,075
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2025

=

2.025)

de/dp, , mbj0.03 GeV/e

0,050

0.075

FIG. 28. Distributions with respect to the longitudinal mo-
menta of all particles in the reaction (38) at momentum 5
GeV/c. 1) Result of calculation in the OPER model; 2) in the
OPER model with allowance for the contribution from the
decay of the A, meson.
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FIG. 29. Distribution with respect to the mass of the pr* sys-
tem when it is peripherally produced (|£|<0.4 GeV?) in the
reaction (38) at momentum 5 GeV/e. The dashed curve is the
contribution of the diagram (39b).

the reaction (38), we shall, as in the description of the
reaction pp — ppr'r*, be interested primarily in the re-
gions near the position of the poles of the individual
diagrams (39). For the diagram (39a) in the experiment
of Ref. 16 at momentum 5 GeV/c the corresponding re-
gion is determined by the condition that the momentum
transferred to the pr*(z"7") system be small:

|#],+<0.4 GeV?, (40)

and for the diagram (39b) it is determined by the condi-
tion that the momentum transferred to the 7'z~ (p7")
system be small:

0.950

g
3
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de/dMp+ g+ 3 MbIO04 GeV
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e T e
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FIG. 30. Distribution with respect to the mass of the 7*7~ pair
when it is produced peripherally (|#]<0.4 GeV?) in the reac-
tion (38) at momentum 5 GeV/c. 1) Total contribution of the
background combinations of diagrams (39a) and (39b); 2) con-
tribution of the diagram (39a).
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FIG. 31. Distributions with respect to the angular variables

of the decay of the 7*7~ (a and b) and p7* (c and d) systems when
they are peripherally produced (|¢| < 0.4 GeV?) in their center-
of-mass systems in the reaction (38) at momentum 5 GeV/c.

1) Total contribution of background combinations; 2) contribu-
tion of the diagram (39a).

|| ,=<0.4 GeVZ, (41)

The distribution with respect to the mass of the pr*
system subject to the restriction (40) is shown in Fig.
29, The contribution of the diagram (39b) is predominant
everywhere, except in the region of the isobar
A*™(1236). A similar distribution with respect to the
mass of the 7*r~ system subject to the restriction (41)
is shown in Fig, 30. The total contribution of the 737"
combination of the diagram (39b) and the contribution
of the diagram (39a) has a maximum in the region of
0.45—0. 5 GeV and is apparently overestimated in the
model. However, bearing in mind that in this region
all amplitudes corresponding to different combinations
of 7'77 pairs make an appreciable contribution, we be-
lieve that allowance for the interference of these am-
plitudes will reduce the difference between the theoreti-
cal and the experimental data.

The distributions with respect to the cosine of the
polar angle and the azimuthal angle in the center-of-
mass system of the 7*7~ pair under the restriction (41)
are shown in Figs. 31a and 31b, The analogous distribu-
tions in the center-of-mass system of the p7* pair under
the restriction (40) are shown in Figs, 31c¢ and 31d. The
angles are defined in the Gottfried—Jackson coordinate
system in the same way as the angles 6%, ¢* (67, ¢7)
defined earlier. Let us discuss in more detail each of
the distributions in Fig. 31,

6,+,-. The contribution of the background combination
mer” of the diagram (39b) is concentrated in the back-
ward cone, whereas the contribution of the diagram
(39a) is concentrated in the forward cone. The resultant
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FIG. 32. The same as Fig. 31 with an additional restriction
on the masses of the 7*7~ and pr* systems.

distribution has virtually the same forward-backward
asymmetry as the contribution of the main combination,
which is equal to the difference between the continuous
and the dashed curve in Fig, 31a.

@y+y-. The main combination is practically isotropic—
the exchange of a Reggeized pion at this energy behaves
like the exchange of an elementary pion, The contribu-
tion of the 737" combination of the diagram (39b) is also
isotropic. The contribution of the diagram (39a) deter-
mines the asymmetry of the distribution,

84s*. The background combination [the contribution
of the diagram (39b)] is predominant and responsible

for the large symmetry of the distribution.

@pe*. As in the ¢,+,- case, the main combination is
isotropic. The background combination has a charac-
teristic peak around 60°. Note that, as one would ex-
pect, the contribution of the background combination in
this reaction is qualitatively the same as the analogous
contribution in the reaction pp —pr~AA**(1236), which is
indicated in Fig, 14 by the dashed curve.

Figure 32 contains distributions analogous to those of
Fig. 31, but with additional selection with respect to the
mass of the 7*7” system in the region of the p meson
(@, b) and with respect to the mass of the pr* system
in the region of the A** isobar (c,d). The contribution
of the background combinations is most strongly
changed. It is reduced by 15% in the region of the p
meson and by up to 60% in the region of the isobar,
However, the general nature of the distributions is
little changed. Curves analogous to those of Figs, 32a
and 32b (without separation of the contribution from
different diagrams) were obtained in Refs, 25, 28, and
29 in an analysis of the reaction (38) at momenta 4. 5
and 3.9 GeV/c in models similar to those used by us at
low energies.

In the case of peripheral production of a system of
two pions in a pion beam the most dangerous com-
petitor of pion exchange is evidently the exchange of a
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FIG. 33. Energy dependence of the cross sections of the reac-
tions pp — pnr* and r°p— 7-r*n. The dashed curve is the con-
tribution of the diagrams with charge exchange (43¢ and 43d);
the dot-dash~dot curve is the old variant of the model; the
continuous curve is the new variant.

trajectory with natural spin-parity relation and negative
G parity (the A4, trajectory). One can show that the angu-
lar distributions in the center-of-mass system of the
pion pair in this case must be proportional to

sin®(6,+,-) sin®(¢,+,-). The experimental distributions in
Figs. 81a, 31b, 32a, and 32b are inconsistent with this
function. An estimate of its possible contribution to
these distributions showed that it is not greater than
10%.

Thus, one-pion exchange is predominant in the pro-
duction of the 77" and pr* systems in the region of
small momentum transfers [1£] <0,4 (GeV/c)?], just
as it is in the production of pr pairs in the reaction
b —pprtn,

Description of the process pp —pn*n

The reaction
pp— pa‘n (42)

500 PR

N/0.04 Gey

ﬂo'/mp,, #y mb/Gey

T

Jop

FIG. 34. Distributions with respect to the mass of the pr* sys=
tem in the reaction (42).
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FIG. 35. The same as in Fig. 34 for different momenta #,
transferred to the pn* system.

is basic for finding the last unknown parameter Ri,
which describes the dependence on the departure from
the mass shell of the exchanged pion in the one-block
graphs. In all calculations, we take Ri=1.9 GeV?,

We shall analyze the experimental data on the reac-
tion (42) in the new variant of the model (see above) by
means of the diagrams

i
g IO e
ot xt Lt
pz_.—g.l—pp &—DKF

. b (43)
n
Ao —r—
i x‘l ~agt pi' ﬂ‘i ’;+

e b

e n

The matrix element corresponding to the diagram (43a)

pp—=pi*

300+~

P=12GeV/e P=6.6 GeV/e.

N
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FIG. 36. Distributions with respect to the mass of the n7*

system in the reaction (42) at the momenta 6.6, 12, 28.5
(0.06 <£,<1), and 1500 GeV(l4,|>0.05 GeV?).
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FIG. 36¢ and 36d.

has been given above. The amplitudes corresponding to
the remaining graphs can be expressed similarly. We
shall obtain the cross section of the reaction (42),
summed over the spins of the nucleons, by adding the
squares of the moduli of the corresponding amplitudes.
There is no interference between the diagrams (43a)
and (43d) [(43b) and (43c)] because of the different spin
structure of the amplitudes, and the remaining inter-
ference terms are small because the ranges of variation
of the momentum transfers in which the various
diagrams are large do not overlap.,

The energy dependence of the reaction cross section
(42) is shown in Fig, 33, from which it can be seen that
at low and medium energies (p;a <30 GeV/c) the two
variants differ little, The experiment made in colliding
rings® at Vs =53 GeV (P ~1500 GeV/c) is critical.
The new variant of the model gives a cross section at
this energy which coincides with the upper limit of the
error of the experimental value, whereas the cross
section obtained in the old variant exceeds it by about
2.5 times, The total cross section, as usual, flattens
out at higher energy, this being due to the contribution
of the vacuum pole to the block of virtual »*p scattering.
The relative contribution of the diagrams with charge
exchange decreases strongly with increasing energy,
reaching the maximal value (about 15%) at low energies.

The distribution with respect to the mass M,,+ at 6.6
GeV/c (Ref. 31) and 12 GeV/c (Ref. 32) is shown in
Fig, 34. The theoretical curves correspond to the cross
section of elastic 7*p scattering and contain the two
resonances A*™(1236) and A**(1960). The small value of
the theoretical cross section for production of the
isobar A™(1236) at the momentum 12 GeV/c is evidently
due to the increased contribution at higher energies of
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the p and A, trajectories, which lies above the pion
trajectory on the Chew—Frautschi plane, Figure 35
shows the same distribution under three restrictions on
the momentum transferred to the pr* system: [2p+]
<0.1 GeV?%, 0.1 <1t <0.4 GeV?, 0.4 < It,.] <1 GeV?,
It can be seen from the figure that the rate of decrease
of the cross section with increasing momentum transfer
decreases as the mass of the pr* system increases,
Such a dependence follows directly from the expression
(21) for the form factor Fy. The effective argument of
the exponential in this expression decreases logarithmi-
cally with increasing mass of the block (about as 1nS)).
The discontinuity in the theoretical distribution at the
mass 2 GeV is due to the different parametrization of
the 7N elastic scattering amplitude at low and high en-
ergies (see the Appendix).

The distribution with respect to the mass of the pr*
system is shown in Figs. 36a and 36b [ p=12 GeV/¢
(Ref. 31) and 6.6 GeV/c (Ref. 32)] and in Figs, 36c and
36d [p=28.5 GeV/c, 0.2 < it,.| <0.8 (GeV/c)? (Ret.
33)]; Vs =53, 0.05 GeV® < |,+| (Ref. 30).? The the-
oretical curves have a near-threshold peak (in the re-
gion of 1. 2—1.3 GeV), Its origin is the same as that of
the peak in the p7'r™ system in the reaction pp — ppr*n
in the region of M,,+,-=1.7 GeV and the peak known as
the A; meson in the 7 777* system in the reaction D
—a"1*17p, both of which were discussed earlier, Be-
sides this near-threshold peak, the experiment indicat-
ed production of isobars in the region M,+~1.4=1.7
GeV not contained in the model, their relative contribu-
tion to the cross section not dying out with increasing
energy. The change in the spectrum with respect to the
mass M+ with increasing momentum transfer is given

The theoretical curve is normalized to have the same area
as the experimental histogram.
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in Fig. 37, which shows that the near-threshold peak is
produced essentially for [£,| <0,1 (GeV/c)?, whereas
the resonances are at large momentum transfers, Rep-
resenting the dependence of the distribution with respect
to the mass M,,+ on the momentum transfer in the ex-
ponential form @%o/dt dM,,+~ exp[B(M,,.){], we are in-
terested in B(M,,.). The experimental value of this
quantity is compared with the theoretically calculated
values at momentum 6.6 GeV/c in Fig, 38, Despite the
strong decrease of the argument with increasing mass
(by about 3 times), there is good agreement between ex-
periment and theory.

The distributions with respect to the square of the
momentum transferred from the initial to the final
proton, integrated over the whole range of masses of
the nr* system, are shown in Fig. 39, There is a strong
narrowing of the cone with increasing energy, this be-
ing more pronounced in the model than experimentally,
This, in particular, is due to our taking o=0.,5 GeV-2
for the slope of the vacuum pole when parametrizing

pp—>=prx*
&

"L p=6.6 GeV/c

v 5=53Gev

a’oya’tp, mb/Gey?

|
0,8+

48!

¢ 45 0s

FIG. 39. Distributions with respect to the square of the
momentum transferred to the nr* system in the reaction
(42), The left-hand scale refers to the data at 6. § GeV/c;
the right-hand one, to the energy vs=53 GeV.
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FIG. 40. Distributions with respect to the square of the mo-
mentum transferred to the p7* system in the reaction (42),

1) p=6.6 GeV/c, M,<1.4 GeV (Ref. 40); 2) p=28.5 GeV/c,
Myp>2 GeV; 0.06< [£,] <1 GeV? (Ref. 4); 3) p=10 GeV/c,
My >1.325 GeV (Ref. 41); 4) p=19 GeV/c, 1.54 <M +<2.05
GeV (Ref. 42).

the 7N scattering amplitude (see the Appendix), where-
as the most recent experiments“ at energies above 100
GeV have given =0, 2—0.3 GeV™,

From the point of view of testing and formulating the
model, an important distribution is that with respect to
the square of the momentum ¢, transferred from the
proton to the neutron. This distribution is shown in
Fig. 40 for several energies and under various re-
strictions on the mass of the pr* system, Since the rela-
tive contribution of the diagrams with the charge-ex-
change block is small and decreases rapidly with in-
creasing energy, the crose section at small momentum
transfers 1f,| = p? to 2u? is determined by the pole
values of the amplitudes corresponding to the diagrams

" (43a) and (43b), does not depend on the parameters of

pp—=—pnrt
80

170

28

i

50

sl

7 -0

4
FIG. 41. Distribution with respect to the Treiman—Yang
angle in the center-of-mass system of the pr* pair in the
reaction (42). 1) p=28.5 GeV/c, Mpys>2 GeV, |t <0.8 GeV?,
0.06< It,] <1 GeV? (Ref. 4); 2) p=7 GeV/c (Ref. 43); 3) p=1
GeV/e, 0<1t]1<0.2 GeV?; 4) p=T GeV/c; 0.2< |t] <0.4 GeV?;
5) p=7 GeV/c, 0.2< [#1<0.4 GeV? (the theoretical curve is
plotted on a 1:3 scale) (Ref. 43).
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FIG. 42. Energy dependence of the cross sections of the
reactions 7*p — w71 and pp — pp7*p~. The dashed curves are
the contributions of the main diagrams containing the 7*7~ and
=*p scattering blocks for the reaction 7'p— #trtrp and the

#*p and 7°p scattering blocks for the reaction pp—pp7'r"; the
dot-dash~dot curve is the calculation in Wolf's model.?

the model, and is predicted absolutely. On the other
hand, the behavior of the cross section at large mo-
mentum transfers depends most directly on the free
parameter R of the model and makes possible its de-
termination with the best accuracy.

A characteristic feature of the experimental data at
high energy is the appreciable asymmetry in the dis-
tribution with respect to the Treiman— Yang azimuthal
angle in the 7*p rest frame. This angle is defined like
the angle ¢ in Eq. (33). The distributions with respect
to this quantity are shown in Fig, 41, In the model, the
observed asymmetry is due to the factor (k%+ p?)%# in
the form factor (22), Moreover, in complete agreement
with this expression, the asymmelry increases with in-
creasing momentum transfer (see Fig. 41).

3. PROCESSES NOT CONSIDERED IN THIS PAPER

Besides the detailed description of the above process-
es in this present variant of the OPER model, the en-
ergy dependence of the cross sections of the following
processes were calculated without additional free
parameters:

A p-»aTan; (44)
ntp— atntnp; (45)
PP pp'a. (46)

The cross section of the reaction (44) is shown in Fig.
33, and the cross section of the reactions (45) and (46)
in Fig. 42, The reaction (44) is described in detail in
Refs. 12 and 13 in the old formulation of the model (see
above)., In these papers it was shown that at momenta
p <25 GeV/c the model gives a good quantitative de-
scription of the basic characteristics of this reaction:
the distributions with respect to the masses of the 7"717,
77n, n’p pairs; the distributions with respect to the
momentum transfers, and the angular distributions in
the center-of-mass system of the 7*7~ pair, We recall
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FIG. 43. Characteristic distributions of the mean values of the
form factor F, (Fy and F,, curve 1 and 3) and the effective
argument of the exponential in the form factor Fy (Ag and 2,
curves 2 and 4),

that at these energies there is no reason to expect a
difference between the descriptions of the reaction (44)
in the old and new formulations of the model.

The reactions (45) and (46) have not been considered
in detail in the OPER model, although in the majority
of experimental investigations individual characteristics
of these processes have been described by various
modifications of the OPE model. These reactions are
different from all those considered earlier because the
quasi-two-particle regions 7*p —p'A™ and pp — A** A"
make large contributions to the cross sections of these
processes. The quasi-two-particle region is the
furthest from the region of three-reggeon kinematics.
As a result, in the processes (45) and (46) one can,
especially at low energies, expect discrepancies be-
tween the theoretical calculations and the experimental
data. In particular, this is due to the poor description
of the cross section of the reaction (48) at momenta
P1ay <4 GeV/e,

We note finally that the experimental and theoretical
investigations of the reaction (44), and also the other
processes of single-pion creation, have shown that one-
pion exchange dominates only in the reactions in which
there is charge exchange of a proton (or neutron) of the
target. Otherwise, i.e,, in processes of the type 7*p
—=u*m’p, pp — pr°p, ete, the one-pion-exchange con-
tribution does not exceed that of the trajectories with
the natural spin-parity relation (4,, p, w,p’). In con-
trast to this, exchange of the pion trajectory is pre-
dominant in all the investigated two-pion-production
processes.

4. NUMERICAL ANALYSIS OF THE FORM FACTORS

As can be seen from Eqs, (17b) and (22), the form
factors Fy and F; are fairly complicated funetions of
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different kinematic variables, which makes difficult
their quantitative analysis. Here we carry out a numeri-
cal analysis of the more complicated one, F;, We shall
study F, and the effective argument A of the exponential
in (17b). For the contribution of the vacuum pole to the
77 and 7N scattering blocks there is an additional de-
pendence on the departure from the mass shell t, which
is given in (17b), and we shall therefore analyze the
form factor in two regions: at low energy, at which the
vacuum poles are not important, and at high energies,
where we shall use an amplitude containing only the
vacuum pole in one of the blocks. We denote by x r the
argument of the exponential in (17b):

Ma=Rj+apin (L2 2), (47)
We also introduce

Ap=2Ap+ Ry Fp=exp [hp(t—p?)); (48)

Fp = exp Ay (t —p3). (49)

It is of interest to calculate the mean values of the
form factors and the arguments:

Fim [ |3 R F acf (|3 par (50)
M= (B2 anf (|3 ax, i~ R, P. (51)

The integration in (50) and (51) is over the whole
phase space of the reaction (7). The values of Fp and
A are calculated at the momentum 6. 6 GeV/c, and the
amplitude corresponding to the diagram (6a) is taken as
the matrix element. The values of F, and }, are cal-
culated at the momentum 205 GeV/c with the same
matrix element, only the contribution of the vacuum
pole being retained in the amplitude of 7°p elastic scat-
tering, corresponding to the lower block. For the mean
values, we obtain F=2.46, A\;=~1.33 GeV™, F,
=1.04, %,=0.17 GeV~?,

Besides the integral mean values, it is of interest to
obtain the distributions of these quantities as functions
of the same variables that the differential cross section
of the reaction (7) was studied as a function of: the
masses of the pr*, pr~, 7*r” pairs, the mass of the
pr*n” system, and the momentum transfers ¢ and Ly,
These distributions are shown in Fig. 43, By the dis-
tribution with respect to / we understand, for example,
the integral

i §ITRFae UM 2y de

Fi(t)y= Ai ()= , i=R. P. (52)

{1z ay VA Edr

In (52), the integration is over the whole phase space
of the reaction (1) for a fixed value of £.

Analyzing the results, we note first of all that at low
energies the form factors increase everywhere, where-
as at high energy the form factor is everywhere near
unity. Increasing form factors are necessary to de-
scribe the total cross section of the two-block reactions
and they are a distinctive feature of the OPER model,

It should be noted that increasing form factors could
also appear in models of the type used by Wolf? because
of factors which increase with respect to ¢ and take into
account the departure from the mass shell of the par-
tial-wave 7V elastic-scattering amplitudes:

Fe(t) = (g (g (W9)' J, (13); (53)
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here, q(u*)(g(#)) is the three-momentum of the pion on
(respectively, off) the pion mass shell.

Let us discuss some of the details of Fig. 43. The
strong increase in F; at large masses in Figs. 43a and
43b corresponds to the increase in this region of the
mean momentum transfers. The decrease of the argu-
ments Ag and ), in the threshold region in Figs. 43¢
and 43d corresponds to the appearance of kinematic
peaks in the region of 1.7 GeV with the respect to the
mass of the pr*r~ system and in the region 0.5 GeV
with respect to the mass of the 77~ system (see Figs.
7—19). The value of Fg(f) increases almost linearly
with increasing |#1, the argument Xz(f) varying slowly.
It is remarkable that thg form factor Fp(t) is equal to
unity and the argument X, (f) to zero in a wide range of
the momentum transfers f and /,. This condition was not
fed into the model and does not in any way follow from
the general expression for the form factor.

Because of the appreciable value of the radius Ri, the
form factor F, is on the average decreasing (F, <1).
At the same time, its basic qualitative features must be
the same as F,, as can be seen from (17b) and (22).

Finally, let us note the following. The form factors
were chosen rather arbitrarily in the form (17b) and
(22) without sufficient theoretical justification, One
could perhaps construct form factors using quite dif-
ferent functions, However, if the amplitudes with such
form factors are to describe the experimental data
satisfactorily, the averaged values of the form factors
will satisfy the same general dependences as the cor-
responding curves in Fig, 43.

CONCLUSIONS

The OPER model has here been applied to the reac-
tions in which one or two mesons are produced in 7N
and NN collisions. The model depends on five free
parameters, which have been determined by describing

~ the reactions

(54)

In this model with fixed values of the parameters we
have:

pp—> ppRtRT, WP —- NP, pp—- pna’.

1) described the energy dependence of the reactions
(54) and also the reactions 7p —7"1'n, 'p < 71T,
Pp—Ppr'r~ at energies above a few GeV;

2) described the general characteristics of the reac-
tions (54), namely, the distributions with respect to the
two-particle masses, with respect to the three-particle
masses, and with respect to the squares of the momen-
tum transfers;

3) described the angular distributions in the center-
of-mass systems of the np or 7w particle pairs when
they are produced peripherally. In particular, we have
described the asymmetry with respect to the Treiman—
Yang azimuthal angle in these systems;

4) described qualitatively the apperance of the near-
threshold peaks (Deck effect) in the pr'n” system in the
reaction pp — ppr*r~ in the region of My+-=1.7 GeV,
in the w*r™r" system in the reaction 7°p =g a*n"p in the
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region of Mysm-~M, =1.1-1.2 GeV, and in the nr*
system in the reaction pp —~ pnr” in the region of M+
~1,2—1.3 GeV;

5) described the pronounced decrease in the slope of
the differential cross section as a function of the mo-
mentum transfer in the peripheral production of the
pa*r- system in the reaction pp —ppr’n” and the nm* sys-
tem in the reaction pp — pnr* with increasing masses
of these systems,

The free parameters are related most directly to the
dependence of the 7N and 77 elastic-scattering ampli-
tudes on the departure from the mass shell. The physi-
cal meaning of the parameters is this: R} and Rj cor-
respond to the total residues of the Regge pion pole in
diagrams containing one 7N or 77 scattering block and
the NN vertex (R?) and two scattering blocks (R3). The
third parameter R§ corresponds to the additional de-
pendence on the departure from the mass shell of the
vacuum-pole contribution to the amplitude of virtual 7N
or 77 scattering, The fourth parameter ¢, was added to
improve the description of the departure from the mass
shell of the P-wave 77 scattering amplitude, and, final-
ly, by means of the fifth parameter ¢ the form factors
Fy and F;, found in the region of small momentum trans-
fers were extended to the region of momentum transfers
|t =1 (GeV/c)?. The parameters Rj, R}, c were deter-
mined from the description of the process pp = ppna",
the parameter c, from that of the process 77p ~7n77'p,
and R? from the process pp — pnr’.

The only earlier attempt to describe the total cross
section of the exclusive reactions

(55)

nF —aFatap

at different energies was undertaken in a model with
exchange of an elementary pion (OPE) and with param-
eters determined by Wolf, 3 The result of calculation

of the energy dependence of the cross sections is shown
in Figs. 20 and 42 by the dot-dash-dot curves. It can be
seen from the figures that this model does not describe
the total cross section satisfactorily at momenta below
7—8 GeV/c.

In which region of phase space at low energies does
one observe the greatest difference between the predic-
tions of the OPER and OPE model? Now the production
of resonances [ p and f mesons and the A™(1236) isobar]
is predominant at these energies in the reactions (55),
and we therefore split the phase space into two regions:
A, which is the quasi-two-particle region (for example,
a'p —p"A™) and B, the quasi-three-particle region (for
example, 7P —p%7*p). It follows from Ref. 3 and also
other studies based on the OPE model that region A is
satisfactorily described by the OPE model, Therefore,
the two models will differ most in the quasi-three-
particle regions,

The decrease of the effective radius in the form fac-
tors Fy (22) and F, (17b) with increasing invariant mass-
es of the blocks (sy, S,) tends to increase the cross sec-
tions in the quasi-three-particle regions in the OPER
model, It follows from the way in which F, and F, were
obtained that this dependence is a natural consequence
of the Reggeization of the pion exchange.
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TABLE A.1. Parameters of the Regge-pole parametrization of
7N scattering amplitudes, GeV.

Parameter o,(0) a(0) Vsi Vi R}

b 1.0 0.5 2,15 1.0 2.7
' 0.5 0.5 1. 54 1.0 4.3
P 0.5 1.0 0.264 —2.55 4,55

Further development of the model will entail its ex-
tension to exclusive processes with higher multiplicity,
such as 7N — (47)N and NN — (37)NN, and its application
to inclusive and semi-inclusive processes. First eal-
culations of inclusive spectra of protons in the frag-
mentation region, and also the qualitative analysis of
the spectra of other particles in NN collisions made in
Ref, 15 in a variant of the model slightly different from
here, produced good agreement between the theoretical
calculations and the experimental data,

It is also intended that rescattering effects should be
taken into account in the one-pion graphs. It is to be
hoped that this can explain the observed deviations of
the experimental data from the theoretical predictions
and establish why processes with the production of two
pions can be described better than those in which one is
produced. The first explanation which springs to mind
is that the amplitudes of processes with the production
of one pion become zero at zero momentum transfer,
whereas the amplitudes of processes with the produc-
tion of two pions do not become small in this way.

I thank K, G. Boreskov, V.V, Vladimirskii, A, B.
Kaidalov, R.M, Lebedev, and K, A, Ter-Martirosyan
for discussing the results in the paper. I also thank
T. K. Stadnikovaya for assistance in drafting the paper.

APPENDIX
1. Parametrization of #/V scattering amplitudes

To parametrize the 7N scattering amplitudes, we
split the complete mass range into two parts. In the
region of small masses (M, y <2 GeV), in which reso-
nance production predominates, we shall parametrize
the amplitudes by means of the phase-shift analysis
carried in Ref, 35. In the region of large masses (M,
> 2 GeV) we shall describe the amplitude by means of
the result of Regge-pole parametrization performed
in Ref, 36.

In the region of small masses, we write the 7N scat-
tering amplitude in the center-of-mass system, using
two-component spinors:

T s, =T (s, )=81 /% qa(f (. 2)— g (s, 5 @X N) @y} (A.1)
where z is the cosine of the scattering angle; n is the
vector of the normal to the reaction plane,

The amplitudes f and g can be expressed in the
standard manner in terms of the phase shifts and the
inelasticity coefficients, which were tabulated for the
calculations and taken from Ref. 35. It was assumed
that f and g do not change as functions of the cosine of
the scattering angle z when the amplitude leaves the
mass shell, so that the entire dependence on the virtual
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mass is factorized and contained in the form factors

F; or Fy. In Eq. (A.1) the scattering angle (for example,
for the upper block in Fig. 6a) was taken to be the angle
between the initial and the created proton in the center-
of-mass system of the p7* pair, If the amplitude is ex-
pressed thus, the differential ecross sections with re-
spect to the cosine of this angle automatically coincide
with the differential cross sections of the elastic am-
plitudes on the mass shell, 1’

In the region of large masses, in order to express
the amplitudes without changing the helicity of 7 but
changing g, Regge-pole parametrization with poles
2, p', and p was used’;

Fr="smi exp {(e (O)—1)In Ep
+IB +ai (In Ep—i (m/2))] ¢} 2¢;

&= Tvg V121 2950, 1=p, p', p.

(A.2)

Here, @ is the modulus of the three-momentum in the
center-of-mass system; E; and / are the laboratory en-
ergy and the square of the momentum transfer (in GeV);
¥r: and y,; are the residues of the Regge poles at {=0;
@;(0) and o} are the parameters of the trajectories
@;(t)=a;(0) + a}; R} are the radii which characterize
the dependence of the residues on #, these being as-
sumed equal for the two amplitudes; n; are the signa-
ture factors n,=1¢, ne=i-1, n,=-i-1,

The values of the free parameters and the param-
eters of the trajectories were taken from Ref, 36 and
are given in Table A, 1,

The amplitudes corresponding to concrete channels
can be expressed as follows:
TW=TP+TF’+TD: T;p*pnnﬂn=l/ETﬂ; }
Tap=Tp+Tp—Tpi Tyop=Tp+Tp.

(A.3)

We define the normalization of the amplitudes in
terms of the differential cross section with respect to
the solid angle:

dofdQ=|f[*+ g [*sin® B=| f2 4| 72 (A.4)

Since the natural variable for the functions 7 and g is
the square of the momentum transfer ¢ and not the
cosine of the scattering angle z, it was assumed that f
and g as functions of ¢ do not change on the departure
from the mass shell, The entire dependence on the
departure from the mass shell was contained in the
form factor. And, as we have noted above, in order to
describe the experimental data better it is necessary to
introduce an additional dependence on the virtual mass,
contained in Eq. (16), for the contribution of the vacuum
pole to the block of virtual 7N and 77 scattering, To
avoid a discontinuity at the fitting point Vs =2 GeV, the
contribution of the vacuum pole in the form (A. 2) was
continued into the resonance region to the threshold, If
the amplitudes obtained by phase-shift analysis and the
vacuum pole are denoted by T,,, and T,, then the off-
shell amplitude in the mass range Vs <2 GeV, excluding

10The presence in the form factor of the perpendicular com-
ponents of the momenta of the pions tends to peak the angu- .
lar distributions, but this is not important for us.
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TABLE A.2, Parameters of the Regge-pole parametrization
of the rr scattering amplitudes, GeV.

Parameter a,;(0) af(0) Y R}

) 1.0 0.5 1.4 1.4
b’ 0.5 1.0 1.2 2.0
] 0.5 1.0 0.84 2.0

the dependence contained in the form factor, has the
form [see also (16)]:

T () =Tpg (3)+Tp (n®) [exp (R} (e —p2}—1].

In the calculations, the factor 2@ in (A.2) was re-
placed by Vs in the nonvacuum poles. In the region s
>9 GeV? this change hardly affected the cross section,
while at the point Vs =2 GeV it was possible to obtain a
better fit to the amplitudes obtained by phase-shift
analysis. The greatest difference was obtained in the
7*p scattering channel, reaching about 30% there in the
cross sections (see Figs. 10, 41, and 42). The poor fit
is probably due to the shortcomings of the phase-shift
analysis, which does not reproduce the cross section
well in the region of the resonance A**(1960).

2. Parametrization of 7w scattering amplitudes

The 77 scattering amplitudes were parametrized like
. the 7N ones. In the region of small masses (M, <1.4
GeV), phase-shift analysis was used. The phase shifts
and the inelasticity coefficients for the amplitudes with
isospin I+2 for M,, <1.1 GeV were taken from Ref. 37,
and in the region 1,1< M, <1.4 GeV they were taken
from Ref. 38. The amplitude with isospin I=2 was
taken from Ref. 39.

In the region M,, > 1.4 GeV, Regge parametrization
of the nm scattering amplitude by means of the p, p’,
and p polesi®1® was used in the form

Ty s, == My (s, )167g0 Vs =n; (0) v (sfse) 1"

 exp ([ +a} (In (sy/sp) —i1/2)1 8}, i=p, P's p. (A.5)
where go=Vs - 4u2/2; sy=1 GeV?; ;(0) are the signa-
ture factors; @;(0) and a} are the intercepts and slopes
of the trajectories; v; exp(R}f) are the residues; 1;(0)
=(1+0, exp[- ima,;(0)])/sin(ra,(0)); 0, =0, =1, 0,=—1.

Obviously, in the region M,,~1.4—2 GeV, in which
resonances have frequently been observed [the most
pronounced in the elastic channel is G(1700)], one
cannot hope for more than an averaged description of the
amplitude by means of smooth Regge terms. The values
of the parameters ¥; and R} were chosen, first, to en-
sure the best fit of the Regge parametrization of the am-
plitudes of the different #m channels at the point M,
=1.4 GeV to the phase-shift analysis and, second, to
describe the existing experimental distributions in the
different reaction channels 7N — 77N in the region of
masses M, > 1.4 GeV.

The different 77 scattering channels were pafamet-
rized as follows:
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(@t | T | whoty = n?.p. (s, 8)+ My (s, 1) -i-n‘f; (s, w)-+ Mp (s, u);
(ata-|T| n+r)=ﬂ; (s, —Mp (s, )i
(ntno | T | a*a0) :.ﬂ.”r; (s, £) -+ Mp (s, w);

(n0n0 | T | srta=)y= Mp (s, £)-+ Mp (s, u);
(a0n0 | T'| nﬂnﬂ)sﬂ'.ﬁ (s, B4 ﬂ'ﬁ (s, u).

|
t (A.6)
|
J

Here, IIH/'IP:MP + M. In these equations, allowance is
made for the exchange of reggeons in not only the ¢ but
also the # channel,

At the point M,,=1.4 GeV the total cross section
Oy, the elastic cross section 0., the differential
cross section at 0°, namely, do/d(0°), and the effec-
tive slope with respect to the momentum transfer were
fitted (for each channel), For the fitting, the param-
eters o;(0) and of were fixed, and the parameters y;
and R% varied. The values of all the parameters are
given in Table A, 2,
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