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The p-p elastic scattering in the GeV region is studied through the exchange of heavy bosons. Within
the framework of a local field theory, the experimental results cannot be reproduced satisfactorily. Better
agreement is obtained when suitable vertex functions representing a nonlocal Lagrangian are introduced.
The fundamental length contained in the vertex function is found to be the nucleon Compton wavelength.

1. INTRODUCTION

HE problem of the p-p interaction at energies

below 350 MeV has been extensively studied, and
a full review of the problem has been given by Phillips.!
At these energies the experimental data are quite
satisfactorily understood and reproduced in theory.

At higher energies (GeV region), as stressed by
Taketani ef al.,? the colliding nucleons can come so close
that many-pion-exchange processes are of primary im-
portance. Since we still do not have any detailed
knowledge about the interaction of pions, we can,
following Sakurai,® suppose that the exchange of heavy
bosons, namely, pion resonances, could account for the
major contribution of such a process. Unfortunately, the
p-p elastic scattering data are still scanty in the high-
energy region, and, despite the plethora of theories, none
can completely account for the situation. In this paper
the differential cross section for p-p elastic scattering is
calculated at a laboratory momentum in the GeV
region, considering the contributions to do/dQ coming
from the exchanges of the pseudoscalar boson 7(958
MeV) ; the vector bosons p(765 MeV), w(783 MeV), and
¢(1019 MeV); and the tensor boson f°(1260 MeV).
Masses and parities of these particles are taken from
Ref. 4.

As shown in Figs. 2 and 3, the contributions to do/dQ
from f°and w mesons are much greater than those from
the #, p, or ¢ mesons. In forward scattering, where the
differential cross section reaches its largest value, the
contributions of the p and ¢ mesons are about 10? times
less than the f° and w contributions, while the y-meson
contributions are about 10° times less than those of f°
and w. Therefore, it can be argued that the most im-
portant role is played by the f° and w mesons. However,
comparing theoretical results with experimental data,53
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it turns out that the theoretical f° and w contributions
are too high. A similar situation occurs in considering
the p+p — w47~ process by means of an intermediate
f° meson.? v

2. CROSS SECTION

Since the annihilation of the %, p, w, ¢, and p® mesons
into a nucleon and an antinucleon has not been ob-
served, only the contributions to the direct diagram
(given in Fig. 1) have been computed. As a starting
point, the following interaction Lagrangians are
considered?®:

(a) pseudoscalar coupling

Lr=gmr¥d, (1
(b) vector coupling
Lv=grlyddut (fv/4mv)¥o.,(9,6,—3ub,), (2)
(c) tensor coupling™
L= (g1/2M)[Pivu(94)— (0.0)ivub Jo*
+ (/M) (90) (04) Jp*.  (3)

Average values of the 7, p, and w coupling constants are
used, as determined by the low-energy datal?

g/ Am=5, gl/4m=2, g,)/4r=122,
Jo/8p=28, Jo/ga=0. (4)

The values of the ¢-meson coupling constants!® and the
f°-meson coupling constants' are

867 /4m=2.12,  f4/g4=0, (5)
g2/4r=15,  gu*/4r=0. (6)
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ONE-BOSON EXCHANGE IN p-p SCATTERING

1981

The form of the propagator for a spin-2+ particle with mass # has been investigated by Rivers.* It can be

written

(Tom (&) durw (w2))o=i /

with

&% Dy,» (k)
@)t Ert-m?

e—ik~(z1—xz) , (7)

Dyt (k) = 3[0ur* (R)0,” (k)40 (k)0” (k) ]—56% (R)O,r v (k) , ©)

0+ (k) =g+ krk* /m?,

where % is the intermediate-boson momentum.s

Here the metric g,, is +--+, and the fourth component of the four-momentum is taken to be imaginary.
Using standard field-theoretical methods, the second-order differential cross sections (do/dQ); (i=7, p, w, ¢, f°)

are given by!6

daQ. 4

where

H\p,E, cosf)=2[ (p*+ E?)+ (p? cosb+ E?) 1 3 (p*+ E2)>+3(p? cosb-+ E2)?
+3(p*— E*)?—3(p? cosf— E?)>+ p*(1—cosh)?]

O
d@/p \dr/) EX2p*(1—cost)+mp ]’
(fg) _ (gf)z 2(p*+E*)*+2(p* cosf+E2)2+4p* (1 —cosf) (p*— E?) ' (10)
v E2[2p*(1—cosd)+my>
( ﬁ) _ <£>2 H(p,E, cosf) , 1)
dQ/ v \4w/ 16ME 2p*(1—cosb)+m 2]
F{L(P*E2)+ (p? cosb+ E?) P+ p2(1—cos) [ (p*— E2)+ (p? cosb— E2) ]}2— (32/3)
XL(P*+ED)+ (p* cost+ BB P (p2— B2+ (16/9)[ (p2— E2)+(p? cosf— E}) F(p2— B2, (12)

The symbols are  (c.m. momentum), 8 (c.m. scattering
angle), E, (c.m. energy), E=%$E, M (nuclear mass), mp
(pseudoscalar-meson rest mass), my (vector-meson rest
mass), and mr (tensor-meson rest mass).

The values of theoretical cross sections, Egs. (9)-(11),
have been calculated for p=2.7,% 3.66,” 4,8 and 6.9 5
GeV/c as a function of cosf. (p, is the incoming anti-
proton laboratory momentum pz=2(p/M)(p?+ M?)!2.)

At p=2.7 GeV/c (Fig. 2), the n-meson contribution
increases with the scattering angle, in contrast with the
experimental data. The p and ¢ contributions are
smaller than the experimental value in the forward
scattering region, but greater for most ; and the w and
f° contributions are always much greater than the
experimental value. The situation is similar at p7,=3.66
GeV/c (Fig. 3). Here, because the incoming antiproton
momentum has increased, the p and ¢ contributions
have become greater than the experimental value even
in the forward scattering region.

At higher energies, namely, at p,=4 and 6.9 GeV/c,
the results are analogous to the ones discussed previ-

% R. J. Rivers, Nuovo Cimento 34, 386 (1964).

15 A different way of deriving Eq. (8) has been suggested by
M. Zaidi and can be found in the Appendix.-

16 The behavior of (do/dQ)v due to the purely derivative part
of the p-meson interaction Lagrangian increases with scattering
angle, in contradiction to experiment. This situation is not im-
proved even if the relativistic cutoff (to be considered later) is
taken into account. This term is henceforth to be neglected.

ously, and there is no point in entering in further
details.

The situation is just as in Ref. 9, where it was shown
that better agreement with the experimental data is
obtained by introducing a relativistic cutoff factor,
whose theoretical basis and justification have been
given by Wataghin in a series of papers.!” Following the

F1c. 1. Second-order direct Feynman diagram for the p-p
elastic scattering. ; and p; are the four-momenta of the incoming
and outgoing protons, respectively; p:’ and p,’ are the analogous
quantities defining the antiprotons, and £ is the four-momentum of
the intermediate boson.

17 G. Wataghin, Nuovo Cimento 30, 483 (1963); Ann. Inst.
Henri Poincaré, 1, 47 (1964), E. Jalla and G. Wataghin, Nuovo
Cimento 39, 635 (1965).



1982 L.
(mb)
10° P
o (§2)¢0
N d
2 (dg)w
10
i
[ o
(A (:_n)d,
: 313! (e
i i do
; (g
0"k 1]
¢
162
10_3 1 1 1 1 1 1 1 1

1 1
19.876.543.2.1 0
cos 6

F1G. 2. Predicted contributions to the p-p elastic differential
cross section from the 7, p, ¢, w, and f° mesons, compared with the
experimental data at an incoming antiproton laboratory mo-
mentum of 2.7 GeV /¢ (Ref. 6).
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F1c. 3. Predicted contributions to the p-p elastic diffe.rential
cross section from the 7, p, ¢, », and f° mesons, compared with the
experimental data at an incoming antiproton momentum of 3.66

GeV/c (Ref. 7).
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Fi1c. 4. Predicted nonlocal theory contributions to the p-p
elastic differential cross section from the w and f° mesons, com-
pared with the experimental data at an incoming antiproton
laboratory momentum of 2.7 GeV/c (Ref. 6). G is given by Eq.
(13), with I=1/M.

prescriptions of Ref. 17, a cutoff factor G is introduced
at every vertex of the graph in Fig. 1, namely,

G=[1+I12(p) T A+12(p) T [1+12(k) ]2, (13)
where
L2 (p)=Pp? sin?f,
12(p)=P[p* sin’36+M*], (14)

1.2(k) =1k =P4p? sin?20.

The quantity /, in Egs. (14), is called a fundamental
length, and is considered a free parameter.

Calculations of G?(do/dR); have been made with
I=1/M,1/2M, and 1/m;, where m; is the mass of the
meson under consideration.

The general result is the following: In the nonlocal
theory, the contributions to the differential cross
section from the 7, p, and ¢ mesons are negligible com-
pared to the w and f° contributions for any value of /,
and extremely small compared with the experimental
data.

For I<1/M, the values of G*(da/dR2)., s become too
high compared to the experimental data: In the case of
l=1/2M, for example, they are about 10 times greater
than the data in the forward scattering region. For
I>1/M the situation is reversed. G2(da/d2),, 5o are too
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small with respect to the data. Therefore, it seems that
the value /=1/M 1is the most favorable to obtain
differential cross sections comparable with the experi-
mental data. In Figs. 4 and 5 the present theory’s
results for G*(do/d?), and G*(do/dR) e are plotted to-
gether with the data at p,=2.7 and 3.66 GeV /c. In both
figures it can be seen that the w and f° contributions are
of the same order of magnitude, and that the f° contri-
bution becomes prevalent as the energy of the incoming
antiproton increases.

At pr=4 GeV/c, Czyzewski and collaborators give
the experimental differential cross section normalized to
the forward scattering cross section, under the assump-
tion that (do/d|#|) = has no real part. In Fig. 6, a com-
parison is made between the theoretical G*(da/d|¢]),so
and the experimental values, both normalized to the
zero-momentum-transfer differential cross section.

In Fig. 7, a comparison is made between the nonlocal
theory contributions of the w and f° mesons and the
experimental data at an incoming antiproton laboratory
momentum of 6.9 GeV/c.?

In conclusion, the nonlocal theory used above suc-
ceeds reasonably well in reproducing the experimental
behavior, especially in the zero-momentum-transfer re-
gion, but it does not exhibit the dips, observed in almost
all experiments, at 1~0.5—0.6 (GeV/c)2. Moreover, all
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F16. 5. Predicted nonlocal theory contributions to the p-p
elastic differential cross section from the w and f° mesons, com-
pared with the experimental data at an incoming antiproton
laboratory momentum of 3.66 GeV/c (Ref. 7). G has the same
meaning as in Fig. 4.
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I'16. 6. Predicted w and f® nonlocal contributions to the p-p
elastic differential cross section, normalized to zero momentum
transfer, compared with the experimental data at an incoming
antiproton laboratory momentum of 4 GeV/c (Ref. 8). G has the
same meaning as in I'ig. 4.

the results given above are very sensitive to any change
of the meson coupling constants. Here, the coupling
constant values have been assumed, because, as men-
tioned before, they give rise to results which reproduce
the low-energy data reasonably well.
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Fi16. 7. Predicted w and f° nonlocal contributions to the p-p
elastic differential cross section, compared with the experimental
data at an incoming antiproton laboratory momentum of 6.9
GeV/c (Ref. 5). G has the same meaning as in Fig. 4.
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APPENDIX

The polarization tensor e,,™ of the spin-2 particle
field, in the rest frame of the particle, should be

Z eij()‘)elm()\) =a§ilajm+b5im5jz+63ij51m. (Al)
A

The condition that Eq. (A1) should be invariant under
the interchange of the 7 and j indices implies that

L. FASSIO-CANUTO
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At the same time, e;;™ should be traceless, so that

c=—3%a (A3)
and

5=3 e;;Meii™ =10a. (A4)
A

Substituting Egs. (A2)-(A4) into Eq. (A1), we obtain

Z eijo‘)elm()‘) =%(6il6jm+6im5jl)_%6ij6lm- (AS)
A

Therefore, in any reference frame, Eq. (AS) generalizes
to

2 e#vo‘)eaﬂo\) =3 (eua0VB+0uﬁeva) —%9,”,0,,3 , (A6)
A

with

a=b. (A2) 0v=gurtFuk,/m?. (A7)
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Quark-model predictions are investigated for quarks of any half-integral spin. While quarks of spin %
must obey effective Bose statistics if they are to be in space-symmetric states, we show that quarks of spin
greater than § can obey either Fermi or Bose statistics. The generalization to quarks of any half-integral
spin leads to essentially the same conclusions we found previously for spin- Fermi quarks. The quark-model
predictions so far tested depend very little on the spin or statistics of quarks, but a measurement of the

magnetic moment of the Z~ or @~ hyperon would test the spin and statistics of quarks.

I. INTRODUCTION

N a previous paper,! we showed that spin-§ quarks
obeying the usual Fermi statistics could account for
observed hadron properties as well as or better than
spin-3 quarks obeying effective Bose statistics.? Here,
we extend our consideration to quarks of any half-
integral spin obeying either kind of statistics. We find
that going to higher spins with either statistics makes
very little change in the results we found for spin-§
Fermi quarks, although a more complicated dynamical
assumption is required to limit the baryon multiplets
and achieve quark saturation. We find a slight prefer-
ence for quarks of spin §, Z, 4% ---, obeying Fermi
statistics, but other combinations are not completely
ruled out. The main experimental test of the spin and
statistics of quarks would be determinations of the

17. Franklin, Phys. Rev. 180, 1583 (1969). We refer to this
paper as A and generally follow its notation and use it for earlier
references.

2 By “effective Bose statistics” we mean that quarks in baryons
combine like bosons, but the quark-antiquark pairs in mesons
still act like fermions. This is, of course, different than true Bose
statistics and could be achieved by the methods discussed in
Refs. 6-8 of A.

——

magnetic moments of the - and @~ hyprons. The
magnetic moment of the X+ turns out to be almost
independent of quark spin or statistics and in agreement
with experiment.

The plan of this paper is to follow the format of A,
generalizing to quarks of any spin. In Sec. II, we con-
sider the baryon multiplet structure. In Sec. III, we
consider baryon mass differences and, in Sec. IV,
magnetic moments. Mesons are treated in Sec. V. In
Sec. VI, we summarize the spin-statistics dependence
of quark-model predictions.

II. BARYON STATES

In this section, we investigate how the baryon octet
and decuplet [forming the 56-dimensional represen-
tation of SU(6)] can be obtained as s states with
quarks of various spin-statistics combinations. For
quarks of spin %, it is well known that a spin-§ decuplet
can only be obtained with effective Bose statistics
because the spin-§ combination of three spin-§ quarks is
completely symmetric under spin interchange. For
quarks of any half-integral spin greater than 3, thereisa



