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The p+ p —+ q+ p reaction near threshold is studied from 6eld-theoretical viewpoint by taking into account
the effects of the second-resonant state of the nucleon. It is pointed out that there may be some possibility
of strong d-wave p-X interaction at low energy.

in terms of a Rarita-Schwinger particle' with spin —,
'

and the experimental value for the width of the lV** is
introduced in our calculation. In Sec. 3, our results with
respect to the angular distributions and the energy de-
pendence of total cross section are given. On the basis of
our consideration it is pointed out that there may be
some possibility of strong d-wave q —E interaction at
low energy.

1. INTRODUCTION

A S simple but important cases of g-meson reactions
in one-nucleon systems, we may consider the

n.+1V-+rf+1V and y+1V~r)+1V reactions. Because
the q is a 0+ meson with isotopic spin I=0, the g cannot
be produced through a strong interaction in a 2m, 3m,

p —n-, or rd —vr system. Therefore, the ~+1V —+ rf+1V re-
action might be regarded as one of the most suitable
processes to examine the g —X interaction. If the target
nucleon is a proton, however, the r)+1V cannot be pro-
d'uced in n.+—p collision owing to the conservation law
of isotopic spin, and in n. —p collision it will be dificult
to observe the particles in the final state (n+n- n')+n
because of the existence of two neutral particles. In
view of these circumstances we now want to study the
reaction p+P —+ rf+P, although there is yet n.o reliable
experimental result for this reaction.

In the estimation of the cross section for y+ p ~ ri+ p
reaction by means of perturbation theory, the main
parts of matrix elements corresponding to the two kinds
of Feynman diagrams (cf., Fig. 1) cancel each other as
in the case of y+p~ 7r"+p reaction. Here we should
note the following facts: The total energy in the center-
of-mass system corresponding to the threshold for the
&+p ~ t)+p reaction is slightly below the mass of the
second-resonant state E**in the nucleon, and the iso-
topic spin of the E**is equal to —,. Thus we can easily
suppose that the E**plays an important role in the

p+p —+ r)+p reaction near threshold. If the process
p+P~1V**~ rf+P only is taken into account, the
following results can be predicted because the l7~* is
the dsis-resonant state in the n —1V system: (1) The
angular distribution for g-meson production has the
form something like (2+3 sin'0), which is quite differ-
net from isotropic in spite of the fact that the reaction
takes place in the neighborhood of threshold. (2) The
cross section o.(y+p —& t)+p) near threshold will be
proportional to (F. L&s)'", where Fs is the —threshold

energy.
In Sec. 2, this reaction is studied from 6.eld-theoretical

viewpoint by taking into account both the process
y+ p —+ 1V**—& rf+ p and the processes corresponding to
perturbation, where the X**is described approximate

2. MATRIX ELEMENTS FOR y+P —&g+P REACTION

In this paper, our study of the y+ p ~ r)+p reaction
is restricted to within the incident photon-energy region
(740 830) MeV where only the second-resonant state
le** has a large effect on the reaction and the effect of
the third-resonant state iV*** (I=—',, M= 1688 MeV) is
negligible. Because the g is a 0 meson and because the
iV** is the d3~&-resonant state in x—E system, the inter-
action Hamiltonians for the g —lV, y —E, g —cV—E**,
and &—Ã —lV** systems are given by the following
forms:
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where O', P, P, and Fi,„=r)i,A„r)„Ai, are th—e wave func-
tions of the A**,nucleon, g meson, and the field strength
of the electromagnetic field, respectively. It should be
noted that the interaction Hamiltonian mentioned in
Eq. (4) is not necessarily the most general &1V1V*"'

interaction. ' As was shown previously, ' the propagation
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function of the 1V** is given by

1 2 4
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where M is the mass of iV*'". Needless to say, the matrix elements corresponding to Fig. 2(b) are negligible com-

pared with those corresponding to Fig. 2(a). Therefore, we take into account the latter only. By a straight-
forward calculation, the matrix elements for the reaction y+ p ~ il+ p can be expressed as follows:
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where A ~ and A2 are the matrix elements corresponding
to the processes shown in Fig. 1 and Fig. 2(a), respec-
tively. I and Ii indicate the four momenta of the initial
and final protons, and E and q the four momenta of the
incident photon and the emitted q meson, respectively.
It is needless to say that the expressions for A & and A &

satisfy the condition of gauge invariance.
In order to take into account the width I' of E**,the

denominator (I+E)'+M' of Eq. (7) must be modified.
Of course the rV** can decay into X*+~,1V+m. , il+X,
and ~ ~ . If the width F is estimated within the frame-
work of field theory by making use of the damping
theory, then I' is expressed in terms of the coupling
constants for the interactions in the ~—X*—X**,
~—3~—S**,g —.V—E*~, . systems. Because of the
existence of so many unknown parameters, however, we

think it suitable to introduce the width phenomeno-

logically in our expression. Our considerations are
referred to the center-of-mass system throughout this

paper. Then the denominator (I+K)'+M' of Eq. (7)
has the form

(jV s Q*s) —(Q ++*)(F g*)

where F, and F* stand for the resonance energy (=M)
and the total energy of the colliding system, respec-
tively. Comparing the expression in Eq. (8) with the
form of the denominator in the Breit-Wigner one-level
formula, we modify the former as follows:

(E+&*)[(&.—&*)—,"Tj. (9)

As we consider the phenomena in the neighborhood of
the second resonance, this approximation may be fairly
good.

3. ANGULAR DISTRIBUTIONS AND ENERGY
DEPENDENCE OF TOTAL CROSS SECTIONS

Experimental results have shown that the mass of
X**is equal to 1510 MeV and its half-width ~F is equal
to 30 MeV. 4 According to more recent experimental
data, ' however, the value of r seems to be about
130 MeV. In this paper we consider the two cases
(i) isI'=30 MeV and (ii) siI'=60 MeV. By making use

FIG. 2. The Feyn-
man diagrams in the
case where the effects
of E**are taken into
account.

FIG. 1. The Feyn-
man diagrams corre-
sponding to pertur-
bation.
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Fn. 3. Angular distri-
butions for the y+p~
p+ p reaction just at
resonance energy. The
following notations are
adopted: (I): case of
(g„'/4s-) =0, (II): case
of (G '/4~) (G '/4~) =o
(III): case of (G„'/4s)
)& (G„'/4s-) = 10(g„'/4s. )
&& (e'/4s). (i): case of
—,'I'=30 MeV, (ii): case
of —,'I =60 MeV.

Since the X*"' is the d3/2-resonant state in the
s.—V system, it is produced through the E1(J=—,') or
3/12(J=ss) interaction, where E/ and ME represent
electric 2&-pole and magnetic 2~-pole, respectively, and
J represents the total angular momentum of the y —X
or p —A" system. If the R-matrices for the states
E1 (J'== s) and 3f2(J= s) are denoted by as/I and b3/I,
respectively, the differential cross section for the
p+ p—& r/+ p reaction due to these states' is expressed by
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of the matrix elements mentioned in Sec. 2, the cross
sections for the y+P ~ rl+P reaction can be calculated
straightforwardly. We show in Figs. 3 and 4 the angular
distributions just at resonance energy and the energy
dependence of total cross sections for this reaction. Al-

though it is necessary to examine the value of
(G„'/4Ir)(G~'/4Ir) relative to (g„'/4Ir)(e'/4Ir), only the
following cases are considered for simplicity.

(I) (g„'-/4Ir) =0,
(II) (G„'/4m. ) (G~'/4Ir) =0, (10)

(III) (G„'/4Ir) (G,'/4Ir) =10 (g„'/4Ir) (e'/4Ir) .

In the case (III), o...I is of the same order of o/i/*~ just
at the resonance energy (incident photon energy=746
MeU), where o.„.,I and o./i/*~ are the cross sections ob-
tained by employing the matrix elements A& and A2,
respectively.

Based on the experimental results for y+ p ~ sr+/U re-
action, it is said that the E**is produced through the
E1(J= —,') interaction because the experimental data7 for
the angular distribution of this reaction are consistent
with a form (5—3 cos'0). As is shown in Fig. 3, the
angular distribution in case (I) is expressed approxi-
mately by the form (5—4 cos'8). This means that the
Jl/** can be excited through the E1(J=—,') and
M2 (J= ss) states when the interaction Hamiltonian (4)
is adopted, although the contributions from the latter
state will be much smaller than those from the former.

It must be noted that the cross terms between the
matrix elements A~ and A2 disappear just at the
resonance energy because the denominator of As Pcf.,
Eq. (9)] turns out to be pure imaginary. This makes it
easy to compare the contributions from the process
corresponding to Fig. 1 with those from the process
corresponding to Fig. 2(a), since the angular distribu-
tion in ca,se (I) is quite different from that in case (II)
as is shown in Fig. 3. We also think it worthwhile to
examine experimentally the excitation function of
o (&+p —+ If+p). If Jt/*' plays the most important role
in this reaction, then o.(7+p —+ If+p) rises very steeply
with incident energy (cf., Fig. 4).

In addition to the above approaches we may consider
an attempt such that the effects of anomalous magnetic
moment of the nucleon are taken into account phe-
nomenologically as has been tried by Kaplon' and
Aizu-Fujimoto-Fukuda' in their study for p+P —+ Ir'+P
reaction. We suppose that the effects of the anomalous
magnetic moment of the nucleon on the y+p-+ r/+p
reaction are not so remarkable as those of the second-
resonant. state of the nucleon, although it is necessary to
examine them in detail in order to draw this conclusion
with confidence.
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FiG. 4. Excitation function for the y+p ~ g+p reaction. The
same notations as in Fig. 3 are used. Moreover, case (111)is divided
into the following two cases:

G,G~ =10'I'g,e and G„G~=—10'I'g,e.

These cases are characterized by suKces 1 and 2, respectively.
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