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The simplest reactions of associated production in proton-proton collisions are investigated with the aid
of two simple models, which consider as relevant only the contribution due to the exchange of one inter-
mediate m meson or X meson, respectively. The values of the total cross sections predicted by these models
are calculated at various energies up to 3.5 Gev of the incident proton is the lab system. These cross sections
are related to the experimental cross sections for simpler processes, namely associated production by pions
(first model) and X+-nucleon scattering (second model). Both models give the same order of magnitude for
the cross sections for all reactions (10~ mb at lower energies, 10 ' mb at higher energies), except for Z0

production, where the results predicted by the two models dier by a factor of 10. Some of the calculated
values are a6'ected by large errors, due to the uncertainty of the experimental data which are used.

~ 'HE simplest reactions of associated production in
proton-proton collisions are

p+ p —+ he+ K++p,

p+p ~&++Ks+p, (2)

K&

p+ p +X++K+—+e, (3)

p+p —+ Z' jK++p.
Process (1) has been already investigated' with the

aid of two simple models, in which it was assumed that
the reaction takes place essentially through the ex-
change of one intermediate boson (s- or K meson).
Such a process is represented graphically by the
diagrams of Fig. 1. A rather intuitive picture of these
models can be given by thinking the process to take
place through the interaction of the incident nucleon
with one meson of the x-meson and E-meson "cloud" of
the target nucleon. In such a way the amplitude for any
of the processes considered can be related to the
physical amplitudes of the "partial" processes involving
the particle exchanged: This can be done by means of a
procedure of analytic continuation from the physical
into the unphysical region, as pointed out by Chew and
Low. ' In the present case the intermediate particle is not
on the mass shell and this will be accounted for in the
course of the calculations, except for the fact that the
form factors in the left-hand side vertex (in the diagram)

as well as in the meson propagator will be put equal to
1 throughout, as if this particle were a real particle.
Such an approximation is a good one for low values of
the momentum transfer of the vertex: For higher
momentum transfer it may not, but upon complete
integration over the momentum transfer its inQuence
should be further reduced, if the form factors are
supposed not to vary too rapidly. Of course, these
models are less reliable at very high energies, in part
because of this approximation, in part because of the
impossibility of neglecting higher order contributions.

In this note we shall apply the models to all the four
reactions from (1) to (4), and we shall calculate the
total cross section predicted at various energies in the
range from 2.0 to 3.5 Gev of the incident proton in the
lab system. The total cross section will be expressed in
terms of the total cross sections for simpler processes,
namely for associated production from pions, for the
model represented by graph 1(a) (which will be called
"first" model) and K+-nucleon elastic scattering for the
model represented by graph 1(b) (which will be called
"second" model).

The present experimental uncertainty about many of
the reactions involved will induce large errors in the
numerical computations, and some results will be
significant only as order of magnitude evaluations. We
shall also give a prescription for a direct evaluation of
the branching ratios among processes (2), (3), and (4) in
competition. In all the following considerations the
hypothesis of charge independence in strong interactions
will be supposed to hold.

We will first study the first model with the exchange
of a w meson. Processes (1), (2), (3), and (4) are then
described by graphs (a), (b), (c), and (d) of Fig. 2.

All other contributions are neglected. The partial
processes of interest for the evaluation of the cross
sections are, respectively,

(5)

(6)

for (a),

for (b),
988

w'+ p —+ 4'+K+;
s'+ p —+ X++K'

' E. Ferrari, Nuovo cimento lS, 652 (1960).
2 G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1954).

FIG. 1.. Diagrams representing any of the processes from (1) to
(4), (a) according to the first model; (b) according to the second
model. P=incoming protons; N=outgoing nucleon; F=outgoing
hyperon.
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for (c),

for (d),

(7)

(b)

Fxo. 2. Diagrams representing processes (1), (2), (3},
and (4) according to the Grat model.

By the charge independence hypothesis, the ampli-
tudes for reactions (5), (6), and (8) can be obtained
from the ones for process (7) and for the following
reactions

tr +p p A.p+Ep,

tr +P -p ZP+E',

tr
—+p —p Z +E+,—

about which we have a certain amount of experimental
information.

We shall write the diGerential cross section for any
of the processes considered in the form

d~= (2~/kW) I &T& I'b(pt+kr —
pg

—k2 —qm)&(pP+ F')
&(b(kp'+M')b(q2'+tN')d ppd kpd qp, (12)

p„kr, and pp, k2, qp are the 4-momenta of the incoming
protons and of the outgoing hyperon, nucleon, and
meson, respectively. W'= —(pt+kr)' is the square of
the total energy in the center-of-mass system and
k=(4W' —M')1 is the c.m. momentum of the initial
protons. M is the nucleon mass, Y the hyperon (h. or Z)
mass, m the E-meson mass, p, the pion mass, and lV is
given in terms of the kinetic energy T of the incident
proton in the lab system by W'=4M'(1+ T/2M).

The contributions to the matrix element (T) come
from two graphs of the same type, obtained one from
the other by exchanging the momenta of the incoming
protons (pr ~ kt). H we denote by (Tr) and (Tp) the
matrix elements associated to these two diagrams,
antisymmetrization of the initial state requires (T&
=2 '(&Tr& —&Tp&), i e, I&T&l'=r2(I&Tr&l'+ I&Tp&l' —2
Re&T,&(T,)*).

The total cross section will therefore consist of three
-parts: Upon complete integration the 6rst two parts

2zu'op(u)I; t(.u)du, (14)

with

trtot =
g (2o'A o'tnt) ~ (15)

I; t(u) is given at the end of this paper under the
assumption that the relevant phase shift is the S phase
shift. The expression for I;„t,is somewhat diBerent from
the analogous expression of reference 1.This is due to a
corrective extra term, which takes into account the fact
that the intermediate particle is not on the mass shell,
and arises from the calculation of cr~. it has, however,
been included in 0-;„t, since it is phase-shift-dependent.
In addition, in reference 1 the initial state was not anti-
symmetrized. Correspondingly, also the numerical
values of ot,t given in reference 1 for process (1) turn
out to be more or less changed.

We would point out that since in (14) the experi-
mental cross section 00 is again introduced, the hypothe-
sis of the presence of only one phase shift aGects only
the structure of the weight function I; t,. We think that
in the results which will be given, this source of error is
negligible compared to the presumably much larger one
due to the experimental uncertainties.

Formulas of the type (13), (14), and (15) hold for all
the reactions considered: Only the values of G' and 0.0
will in general be different. Denoting, e.g., by tr(1) the
total cross section for reaction (1), we get

Coupling constant
Reaction to be used Cross section to be used

(1) O'=G'(ppqr ) 00=0 (5)=-' (9)
(2) Gt=Gt(PPpP) pp ——p(6)=o(10)
(3) G'=(p(pnp. +) p p= p (7)=2Gpt(ppwp)

(4) G'=G'(pp~') ~p=~(8) =kl.~(7)+~(11)—p'(loll

The energy behavior of o 0 is needed in an interval of the
energy of the x meson in the lab system from the

give the same contribution, which will be denoted by cr&.

1 pGPy 1 f &m~

o g ———
I

—
I

' 2~u'o p (u)I (u)du. (13)
8~&4 ) (kW)'~. ;.

G'/4pr is the coupling constant of the pion-nucleon
vertex and op(u) is the total cross section at total c.m.
energy u for the partial process Drom (5) to (8)j
associated with the reaction considered, The remaining
factors, which play the role of a weight function, will be
written explicitly at the end of this paper.

The contribution of the interference term can be
easily calculated only if it is assumed that reactions
from (5) to (8) take place only in one definite state of
angular momentum (in other words, only one phase
shift is supposed to be relevant, the same one for any
isotopic spin state of the same reaction). Under this
simplifying hypothesis, the contribution 0.; & of the
interference term can be put in the form
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TABIE I. Total cross sections (in mb) predicted by the first model. T =kinetic energy of the incoming proton in the lab system

T (Mev)

2000
2200
2500
2850
3000

0,0165&0.0033
0.029 &0.005
0.041 &0.009
0.053 &0.012
0.057 ~0.014

0.0070+0.0013
0.020 +0.005
0.036 %0.011
0.052 &0.016
0.062 &0.019

0.011
0.025
0.047
0.069
0.081

0.0018
0.0041
0.0078
0,011
0.014

threshold to a maximum energy E depending on T.'
From the present experimental data about the re-

actions (7), (9), (10), and (11),' we have evaluated the
total cross sections given by this model for processes (1),
(2), (3), and (4) at lab proton energies of 2.0, 2.2, 2.5,
2.85, and 3.0 Gev. The present experimental informa-
tion is not sufhcient to permit extrapolation to higher
energies. In the last paragraph of this paper the cal-
culated values have been collected in Table I. The large
errors for processes (1) and (2) are a consequence of
the large errors in the experimental cross sections that
we have used: For processes (3) and (4) a sensible
evaluation of the error is not possible and the values that
we give should be taken as order-of-magnitude esti-
mates. From the data listed in the table the branching
ratios between the various processes in competition can
be deduced: For Z production a rough direct evaluation
for such ratios is also possible. In fact, the variation
of the cross sections for reactions (7), (10), and (11)
with the energy is rather slow: Also, the weight func-
tions I(tt) and I;„t(tt) are very smooth functions. One
can then extract as(N) from integrals (13) and (14) and
take an average value in the requested interval of
energy. One then gets

o (3):o(2):o.(4) 2o.(7):o-(6):o.(8)
= 2o(7):o.(10):—,Po.(11)+o.(7)—o-(10)j. (16)

The second model, with the exchange of a E meson,
describes the processes (1), (2), (3), and (4) through the
graphs (a), (b), (c), and (d) of Fig. 3.

The secondary reactions are

for (a), (d),

for (b),

for (c),

E++p ~E++p;

E'+p —+ E'+p;
E'+p —+ E++N.

(20)

(21)

(22)

By charge independence considerations, reactions (21)
and (22) can be replaced with the following ones:

E++rt +E++�, —

IE++�—+ E'+p.

(23)

The mathematical procedure is the same as before:
Under the hypotheses discussed, formulas (13), (14),
and (15) still hold, and the corresponding expressions
for the weight functions are given at the end of this
paper. The values of 6' and o-0 to be used are the
following:

The evaluation (16) of the branching ratios should
practically be insensitive to the approximation of only
one phase shift in the interference term.

In the region from 2.5 to 3.0 Gev we then have (assum-
ing o.(7)~0.15 mb, o.(10)~0.25 mb, o (11) 0.20 mb) Process

Coupling constant
to be used

Cross section
to be used

that is

o.(3):o (2):a(4)=6:5:1,

yield Z+/yield Z' 11.

(17)

(18)

(1)
(2)
(3)
(4)

G'=G'(pA'E+)
G'= G'(pZ+K') =2G'(pZ'E+)
G =G&(px+E0)
G'=G'(p»E+)

(20)
oo=o (21)=e (23)
r0=cr(22) =0 (24)
0.0 ——0 (20)

In practice Z"s will not be distinguishable from A."s; for
T 30 Gev we get

yield Z+/yield (Z +cV)~2,
yield E+/yield Ee~2.5.

(19)

'E is fixed through the relation N=lV —3/I for both A and Z
production. For T&4000 Mev the dependence of E from T is
given (within 10 Mev) by the approximate formula E =0.674T—315 (E~, T in Mev).

4%e took the most part of the data from the 1058 Annlel
Internatconal Conference on IIr'gh-Energy Ehystcs at CERE, edited
by 3. Ferretti (CERN Scientific Information Service, Geneva,
1958), p. 148, supplemented with recent work by A. R. Erwin, Jr.,
J. K. Kopp, and A. M. Shapiro, Phys. Rev. 115, 669 (1959), and
F. S. Crawford, Jr., R. L. Douglas, M. L. Good, G. R.
KalbQeisch, M. L. Stevenson, and H. K. Ticho, Phys. Rev.
Letters 3, 394 (1959). Some values which were in strong disagree-
ment with the others have not been considered.

o-0 must be known over an interval of the energy of the
incident E-meson in the lab system from zero to a
maximum value Jf dependent on T.5

The values of the total cross sections given by this
model are listed in Table II, on the basis of the present
experimental information. ' Because of lack of high-

5E,„ is fixed through the relation N=S' —I', where I' is the
hyperon (A or Z) mass. For T(4000 Mev the following approxi-
mate expressions can be used: E =0.6152T—984; E =0.5937T—1065 (E, T in Mev) for A and Z production, respectively. These
formulas give E with an approximation less than 15 Mev.' how-
ever, they are not to be used just above the threshold.

6For E+-p scattering and some data on E+-n interactions,
we have referred to L. Alvarez, Kiev Conference Report on the
Interaction of Strange Particles, 1959 (unpublished). The latest
data on E+-n scattering have been taken from D. Fournet-Davis,
N. Kwak, and M. F. Kaplon, Phvs. Rev. 117, 846 (1960). Some
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TABLE II. Total cross sections (in mb) predicted by the second model. T =kinetic energy of the incoming proton in the lab system.

T (Mev)

2000
2200
2500
2850
3000
3500

0.021.+0.004
0.043&0.006
0.085&0.012
0.145&0.018
0.170~0.021
0.266&0.024

0.0024+0.0028
0.008 &0.010
0.011 &0.024

0.0039&0.0012
0.015 &0.005
0.050 &0.012

0.12
0,16

0.0054~0.0011
0.0173+0.0032
0.047 %0.008
0.096 ~0.013
0.119 ~0.015
0.206 &0.025

energy data (above 300 Mev) and the very large
experimental errors in E+-I scattering (especially
elastic scattering), ' we cannot give definite results for
reactions (2) and (3) and even attempt an order-of-

magnitude calculation for the higher energies. Here also

those data that we report without error are only
indicative. In the calculations we assume G'(PAsE+)/47r

=G'(pZ E+)/4s=1.5; however, these coupling con-

stants only enter as multiplicative factors and any
variation of their values can be readily taken into
account.

The argument about the evaluation of the branching
ratios yields:

o.(3):o (2):o (4) o (24):o (23):—,o (20),

the present uncertainty about the experimental data,
however, does not allow us to make sensible predictions
for the relative yields.

K'4y

K4

4. DISCUSSION

The calculated numerical values for the total cross
section are summarized in Tables I and II.

At low energies the cross sections obtained by the
two models are of the same order of magnitude: At
higher energies there are some remarkable differences.
Both models predict a rapid increase of the cross section
with energy: on the average, the second model gives a
larger contribution than the 6rst. If we take into account
the large experimental errors, we see that only for one
reaction (namely reaction (4)j does the result appear
to be strongly dependent on the model. Also, for A.'
production at energies 3000 Mev there is a remarkable
diGerence between the two models: In the second the
production of neutral hyperons is enhanced.

A better founded theory would perhaps include the
contribution of the two types of graphs with both m. and
E exchanged: We would roughly expect values for the
total cross sections equal to the sum of the correspond-

ing two values listed in Tables I and II.This amounts to
neglecting the interference terms between different

graphs: There are, however, no valid arguments to
support this hypothesis. A more rigorous calculation of
these terms is impossible at present for lack of experi-
mental knowledge.

K+ g

Ko
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5. NOTATION AND FORMULAS

FIG. 3. Diagrams representing processes (I), (2), (3),
and (4) according to the second model.

(1+n) 2A' ( n
I(N) =ln/

E1—o.j r E1—u')

earlier data on E+-I interaction for energies larger than 100 Mev,
contained in the CERN report, are not consistent with later
determinations and have not been considered.' After examination of all data relative to reactions (23) and (24)
we have chosen the following determinations for o (23) and o (24):

o (24) o(23)

I;.,(I)=
2n(X+M)

1
124k +—

t W'(&+M) (mo —M)r
—(I —M ) (15p

—M )+M (I+tee) (I —ms )

0—100 Mev 5.0&1.5 mb
100—200 Mev 6.0&2.0 mb
200—300 Mev 9.0&2.0 mb

0—100 Mev 3.0&3.5 mb
100—200 Mev 3.4&3.9 mb
200—250 Mev 1.2&4.5 mb

(1+a)
+21"(mo —M)s —v'(4I' —v') $ ln

E1-~i



992 E. FERRARI

First model:
u'= —(Ps+ps)s; u;„=I'+m; u = W—M;
E—(us+Ms tts)/2u' tc= (Es Ms)1 (1/2u)gu4 2(Ms+tts)us+(Ms tts)sji.

A =tts' ms=M; v=tt; w'= (1/2W)(W'+Ms —us)

k'= (w"—M') 1 r=w'W —2Ms+t s ~=2kk'/r.

Second model:
u'= —(ks+qs)'; u;„=M+m; u,„=W —I";
E= (u+M' m—)/2u; n= (E' M') f=—(1/2u)gu —2(M'+m')u'+(M' —ms)sf'.

A'=m' —(J'—M)' ms= I'; v=m; w'= (1/2W)(W'+ 1"—u')
k'= (w"—V') f; F=w'W —Ys—M'+m', a = 2kk'/F.
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Exyerimental Study of the Magnetic Structure of the Neutron*
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High Frtergy Phys-ics Laboratory, Stamford Url'oersity, Stamford, Ca8forlia

(Received June 16, 1960)

A measurement of the ratio of the magnetic form factor of the neutron to that of the proton has been
carried out by comparing large- and small-angle elastic electron-deuteron scattering at constant four-
momentum transfers. The experimental result for the average value of the ratio in the range of momentum
transfers from 1.6 f ' to 2.25 f ' is Fs /F„= (0.91&0.05)&0.0'7& the first error is a standard deviation arising
from experimental uncertainties, and the second from theoretical uncertainties in the analysis. Measure-
ments of the ratio of the nucleon isotopic scalar form factors have also been obtained from this experiment.
The average value of Fs'/Fq' for the same range of momentum transfers has been found to be (+0.06&0.09)
~0.13.The small-angle scattering data have been used to determine the charge form factor of the deuteron
in the range of momentum transfers from 0.98 f ' to 2.8 f '. The results are consistent with a repulsive-core
model of the deuteron.

I. INTRODUCTION

A DETAILED knowledge of nucleon structure
provides an important test for any meson theory.

While measurements of electron-proton scattering"
give direct information about the proton's charge and
magnetic moment distributions, the impossibility of
studying electron scattering from free neutrons makes
it much more dificult to obtain comparable infor-
mation about the neutron. Until recently, two types of
experiments have provided information about the
magnetic structure of the neutron. The 6rst was the
measurement' 4 of inelastic electron-deuteron scattering
cross sections which by the impulse approximation' '

*This work was supported by the joint program of the Once
of Naval Research, the U. S. Atomic Energy Commission, and
the Air Force Ofhce of Scientihc Research.

'K. E. Chambers and R. Hofstadter, Phys. Rev. 103, 1454
(1956).

~ F. Bumiller and R. Hofstadter (to be published).
'R. Hofstadter, Annaat Review of Xzulear Science (Annual

Reviews, Inc. , Palo Alto, California, 1957), Vol. 7, see especially
pp. 267-271.

4 M. R. Yearian and R. Hofstadter, Phys. Rev. 111,934 (1958).' V. Z. Jankus, Phys. Rev. 102, 1586 (1958).' R. Blankenbecler, Phys. Rev. 111, 1684 (1958).
~ A. Goldberg, Phys. Rev. 112, 618 (1958).

can be related to free neutron and proton cross sections.
The second was a measurement' of the four-momentum
transfer dependence of electroproduction of pions from
hydrogen at the (3,3) resonance. With the use of
dispersion relations this cross section has been shown'
to depend on the neutron and proton magnetic form
factors. The present experiment uses measurements of
a different process to give information about the
neutron's magnetic structure. The method consists of
comparing elastic electron-deuteron scattering at large
and small angles for a constant four-momentum
transfer. The ratio of these cross sections, which to a
good approximation does not depend on the deuteron
model, is a function of the neutron and proton magnetic
form factors and thus can provide a comparison of
their magnetic structures. In particular, the quantity
measured here is the ratio of the neutron and proton
anomalous magnetic form factors.

It is also of theoretical interest to study the q de-

SW. K. H. Panofsky and E. A. Allton, Phys. Rev. 110, 1155
(1958).

S. Fubini, Y. Nambu, and V. Q'@taghin, Phys. Rev. 111,329
(1958).


