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the first interval could be in error, agreement could be
obtained between theory and experiment for both
knock-on and direct-pair interaction below 1 BeV of
transferred energy.

The disagreement with knock. -on theory is not unique
to this experiment. As mentioned, the results of Gaebler
et a/. , when corrected for more recent energy estimates,
show the same deviation. Tn addition, similar results

have been found by Derry and Nedderrneyer' for ap-
proximately the same region of energy transfer.
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Proton-antiproton annihilation cross sections into two mesons are calculated assuming that contributions
from the diagrams with a single intermediate meson dominate. Unitary symmetry and co-p mixing together
with the total rates and cross sections for annihilation into two pseudoscalar mesons are used to obtain esti-
mates of the derivative couphng constants for the pand 1' mesons. (The 1' meson is the member of the vector
octet which is coupled to the hypercharge current, ) The model is thus able to account for the annihilation
into two pions and into two kaons, but yields results which are generally too large by an order of magnitude
for the other two-meson final states of pp annihilations. It is pointed out that if the cope. coupling constant,
which is estimated from the 3w width of the op, were smaller, and if the pseudoscalar meson intermediate
states were neglected, then the model would yield a reasonably good description of the experiments.

I. INTRODUCTION

'HE purpose of this paper is to discuss the con-
sequences of a simple model for proton-antiproton

annihilation into two mesons. The model assumes that
the annihilation proceeds through a single intermediate
vector meson or pseudoscalar meson state.

Herman and Oakes' have discussed nucleon-anti-
nucleon annihilation from the point of view of a vector
theory of strong interactions in which vector mesons
are the dominant intermediate states. They have listed
selection rules and several experimental consequences
of these selection rules.

In this paper we will calculate explicitly cross sections
and relative rates for proton-antiproton annihilations
using both intermediate vector mesons and intermediate
pseudoscalar rnesons.

We will assume that the p meson is coupled univer-
sally to the isovector current. ' From this assumption
we obtain the pi'tTTiV vector coupling constant. The p.VÃ
derivative coupling constant is obtained by fitting the
the experimental pp annihilation cross section into two
pions. Other coupling constants are obtained from
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considerations of unitary symmetry' and te-p mixing. ' '
The results of the calculation for EX final states are,
to a good approximation, independent of the amount of
mixing as shown in Appendix B. We use experimental
information at rest' ' and at 1.61 BeV/c. s "

Our simple model for pp annihilations has been
motivated by the following considerations. It has been
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are four distinct S states of protonium with quantum
numbers J, I, G, C, P which exactly correspond to the
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quantum numbers of the mesons zr", ri, p", or (and/or p).
It is possible that these mesons are strongly coupled to
the protonium 5 states, and we shall further assume that
the single-meson states dominate at all energies.

The mesons are also coupled to each other and if we
allow meson couplings of the form PPV and VUP
where I'(V) is a pseudoscalar (vector) meson, then
there are four basic diagrams for proton-antiproton
annihilation into two mesons as shown in Fig. 1.

We note here the following simple consequence of
our model. At all energies the intermediate states have
the same quantum numbers as pp S states. Therefore
there will be zzo /trio meso&z P-eal states at azzy p ezzergy

which are rot' seem at rest except possibly those for which
the total rest energy is below threshold. For example,
a, t: any p energy, pp ~ 2zr' is forbidden.

If we limit ourselves to zr, zi, E; p, oi, E~, p we may
use Tables I and II of Herman and 03,kes' to find the
allowed intermediate and final states in pP~ one
(virtual) meson —+ two mesons for I'I' U and P V U inter-
actions. We list these in Table I.

In the following sections we will discuss the rates and
cross sections for pp annihilations into the final states
listed in Table I. We consider separately the cases PP,
VU, and PV.

In Sec. II we find that for the case of 2m and 2E final
states we are able to obtain results consistent with the
experimental rates and cross sections although the
angular distributions predicted by the model are not in
complete agreement with the presently available data.

We find that a ratio of p~VTV derivative coupling
constant to pEÃ vector coupling constant of —1.5 is
necessary to explain the pp —& zr+zr cross section. This
may be compared to the value of 3.7 required to ht
the isovector nucleon form factor at zero momentum
transfer. It must be noted, however, that we are
comparing the coupling constants for different values of
momentum transfer.

For the case of EE annihilations we are able to
obtain agreement with three independent pieces of

FIG. 1.. I'eynman diagrams for pp annihilation into two mesons
through single-meson intermediate states. The solid lines represent
nucleons (p or p), the dashed lines represent pseudoscalar (E)
mesons& and the wavy lines represent vector (V) mesons.

TAm. E I. Allowed states in pp--& one {virtual) meson~ two
mesons. The intermediate states in parentheses require a UVV
vertex which we do not allow.
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0
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a These states were omitted from Tables I and II of Herman and Oakes
(Ref. 1).

experimental data, (the total cross section at 1.61 Bev/c
and two relative rates at rest) by introducing only one

additional parameter —the derivative coupling constant
for the interaction between nucleons and the I' meson.

(The F' meson is the member of the vector-meson octet
coupled to the hypercharge current. )

In Sec. III we discuss two vector-meson final states.
Current experimental information places upper limits

on the total cross sections. For those vector-meson pairs
which occur only through a pion intermediate state,
these upper limits are much smaller than the predictions
of the model which are made using an cope coupling
constant determined from the 3x width of the co. For
those vector-meson pairs which may occur only through
an g intermediate state, these upper limits are consistent
with a very weak coupling of g's to nucleons. For the
vector-meson states which occur through both the m. and

g mesons, the pion contribution alone exceeds the upper
limits established by experiment. Thus, if pion inter-
mediate states are allowed, no value of the eta-nucleon

coupling constant can be consistent with all the experi-
rnental results for two vector meson annihilations.

In Sec. IV we discuss final states which consist of a
vector meson and a pseudoscalar meson. The model

again predicts rates which are much larger than the

upper limits established by experiment.
In Appendix A we list our conventions and effective

interactions. In Appendix 8 we discuss ~-@ mixing

and derive Eqs. (II.7) for pp~EE.
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II. ANNIHILATION INTO TWO PSEUDOSCALAR
MESON 8

A. Derivation of Cross Sections

where 8 is the angle between the outgoing m.+ and the
incoming proton, and q is the magnitude of the m-+

three-momentum. Integrating over angles we obtain
the total cross section in the form

We define an invariant amplitude 5R, in terms of
which the differential cross section in the center-of-mass f, 'q' 2MNs)
system averaged over initial and summed over final ~(sr+sr )=7r— f,NN' 1+
spins is given by 3p(W' —m„')' W2 l

do. 47r' q—=, -C-' 2 I'~l'3,
Ws P all spina

ifp W
m(~+K-) =-

(47r) (Q„Q„+m,')

fpNN gpNN
X 8p Apyp+ A„o„pQs up, (II.2)

2 4'
where'„—=q„+—q„ is the difference of the four-momenta
of the sr+ and x, p„ is the four-momentum of the
antiproton, p„ is the four-momentum of the proton,
N„and 8„- are respectively the nucleon and antinucleon
spinors, and Q„=p„+pp=qp++q„ is the total four-
momentum whose square is Q„Q„=—IV'. In obtaining
Eq. (II.2) we have used the fact that QpA p=0. Upon
utilizing the Dirac equation and the fact that QpA„= 0,
Eq. (II.2) can be transformed into

if, W
m(~+K-) =

2(4K) (—W'+m ')

ZgpNN
X&„- (f NN+g mr)& y (2 p ) u (II—3)

~N

If we now square 5E(K+K ) and average over the
initial spins, we obtain

da (m~ x' ) f ps q' 4MN
fpNN Sin 0+

dII 8 p(W' —m, ')' W'
cos'8

H"-'-

+2fpNNgpvN+gpNN siil 9+ cos~g (TT 4)
AN'

where q is the magnitude of the three-momentum of an
outgoing particle in the center-of-mass system, p is the
magnitude of the three-momentum of the incoming p
in the center-of-mass system, and W=Zp+1.'„is the-
total center-of-ma, ss energy.

In addition we shall express our results in terms of
rationalized coupling constants defined, for example, by

gsNN fsNN /4K=13 I

fp
'= fp '/47r 2—

In Appendix A we list the effective interaction
Hamiltonians. In terms of these, we obtain in the
center-of-mass system

W'2

+&f.wvsn +r,nv'(&+ — . (&&&)
SAN'

The amplitude for E+E or E'E' annihilations may be
obtained directly from the amplitude for x+m annihila-

- tions as follows. We note that there are three terms
which contribute to the amplitude, corresponding to the
three vector-meson intermediate sta.tes p', ni, and P.
We obtain the E-X annihila, tion amplitudes by the
following substitutions:

~W' —m'
2 fpnsfpNN ~'+ S fpKK fpNN+ S f~KKfeNN~

&Ws —m.s

W' —m 'i
+ sfyKK fymr ~, (II 6a)

W' mg'I—
t

W' m, '~—
2fpppgpNN p*sfpKKgpNN+sf KKg NNI

k 1:V'—m„'-)

(W' m,s-
+s f~«9pNNI — (II 6b)

kW' —m '

where we take the + sign for E+E and the —sign
for E'E'. The difference in sign occurs because the p
meson is assumed coupled to an isovector EX current
and the ss and P mesons are assumed coupled to an
isoscalar EE; current.

Let us now assume' "' that the n~ and p mesons are
mixtures of a V meson coupled to the hypercharge
current and a 8 meson coupled to the baryon current.
We assume further that the I' meson is an octet
partner of the p meson and that the vector octet is
coupled universally to the E-spin current. ' The "vector"
type coupling constants of the vector octet are then
determined from considerations of unitary symmetry
and the pmm coupling constant. We allow the "deriva-
tive" type couplings of the vector octet to be a mixture
of Ii and D. The coupling constants of the n~ and p
mesons are linea, r combina, tions of the coupling con-
stants of the V and 8 mesons a,s shown in Appendix H.

After substituting Eq. (TT.6) into Eqs. (II.4) and
(II.5) we can obtain a, great simplification of the
resulting expressions by neglecting the Iilass differeiic. es
between the vector mesons. However, this approxirna-
tion is not sufFiciently accurate for our purposes. Iri
order to obtain a better approximation we introduce a
mass m which is intermediate between the mass of the
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2p' 3 2

0 X' 1l =00 X EX

MN'8"X 2X
(U.7a)

Sp4zrs 1 f 6zri'
o (E+E ) = (qrc/q. )'~o =+—x~,~uP+cr+

MN'W'x 4 k x2
(II.7b)

o.(Ego) = (qx/q. )'o o

where

—
2P4zss 1 / 332 2-

+-x~ 3'—y
MN'Wsx 4 k g

(II.7c)

«= (~fp-'q-')/L~p(W' ~p')'j,
x= 1+W'/8MN',

u= (W' —pps ')/(W' —pre')

zi ——-', (3u+1),
zs ———,

' (3u—1),
gpNN/fpNN gpNN/fppp ~

0= grNN/frNN= grNN/fppp p

where q„, qx and p are the magnitudes of the three-
momenta of the m-, E, and proton in the center-of-
mass frame where the total energy is 8'. We have taken
fpNN fp fQNN fQrcrc fpxrc in order to obtain
Eq. (II.7).

B. Comparison with Experiment

Data on proton-antiproton annihilations into two
pseudoscalar mesons have been obtained at rest'
and at 1.61 BeV/c antiproton incident laboratory
momentum. '

The relative rates at rest are given by

E(ir+s. )= (3.95+0.38)X10-',
E(E+E )= (1.31+0.18)X10 ',
R(EoEo) = (0.56+0.08)X10 '.

These rates are the number of such events divided by
the total number of annihilations.

The cross sectionso at 1.61 BeV/c are

o (s+rr )= 119&30 ub,
o.(E+E ) =55+18ub.

Furthermo re, at 1.61 BeV/c the angular distributions
in the center-of-mass system indicate a forward peaking

P and the mass of the oo and which is defined by

rn o'= ru'+8m',

m„'= sn' —8m'.

We then expand the co and p propagators which
appear in the amplitudes for EX production in powers
of Spies'/(W' —prr'), and retain only the lowest order terms.

It is now possible to cast the total cross sections in
the following form:

N

g4
4J

lal 3
0
Kp

1-z

EXPERIMENT
ONE EVENT

gpNN 2.1

I

THEORY- gpNN
—0 34

," -"gpNN-o

~ ~i ~ ~ ~ i ~ ip ~ past ~ p ~ ~ ~~ ~ ~ ~ ~ \pi ~ ~
~ ~ ~i

20

15

10

I I

1.0 ae o.e
I I I 0

0.4 0.2 0 -0.2 -0.4 -0.6 -0.8 -1.0
cos 8&~-

Fr@. 2. DiGerential cross sections in the center-of-mass system-
for pp ~ o+s at 1.61 BeV/c The theoretic. al curves are obtained
for three diR'erent values of the derivative coupling constant of
the p mesorl to nucleons. The experimental data are taken froIn
Ref. 9.

of the E and backward peaking of the x mesons.
These cross sections are based upon 11E+K events and
22 m+m events.

We first consider the cross section o(s.+~r ) at 1.61
BeV/c incident antiproton laboratory momentum. The
total cross section is given by Eq. (II.5). We first
neglect derivative couplings (i.e., let gpNN =0) and use
the value f, '=2

t obtained from p —+ 2rr decay using
I'(p —+ 2ir) = 100 MeVj, and take f,NN f,——„as dictated
by the hypothesis that the p meson is coupled univer-
sally to the isovector current, We then obtain a cross
section ~(rr+rr ) = 225 ub, while the experimentally
determined' cross section is 119&30pb.

Neglecting derivative coupling also leads to a differen-
tial cross section which has an angular distribution
which is symmetrical about 8= rr/2 and which is peaked
slightly at 8=ir/2. This does not agree with the experi-
mentally observed angula. r distribution which is
depressed at 8= s-/2.

We obtain better agreement with experiment by
introducing a nonzero derivative coupling constant.
The total cross section may be fit with 2 values of
gpNN ~ gpNN= 0 24fpN—N . —0.34——or gpNN= —1 SfpNN.
= —2.1. The differential cross sections obtained using
these values for g,NN are shown in Fig. 2. Better agree-
ment with the experimental data is obtained for
gpNN

However, we note that all the theoretical curves have
forward-backward symmetry, while this is not so for
the experimental data. In view of the fact that only 22
m-+x events were contained in the experimental sample,
we feel that Arm conclusions concerning the angular
distribution should await further data.

We next consider the E+E annihilation cross section.
From Table I we see that there are 3 intermediate states
possible: po, co, and P. Let us first assume that only the
p' state is important as in the m+x- case. Then assuming
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TABLE II. Values of p =gxNN/fxNN determined from experiment.

Fitted quantity

c(K+K ) at I.61 BeV/c
=55&18pb

Rate (K+K )/rate (K'X')
af, rest =3.34~0.76

Rate (7I.+m. )/rate (x+E )
at.rest =3.02+0.41

0,= —1.5
p

0.90 —0.43

—1.03 —1.70

—1.07 —0.64

a= —0.24
P

—0.82 —1.29

—0.95 +0.10

—0.90 —1.57

universal p meson coupling we immediately have

~(K+K )/o (zr+zr ) = rs (qrr/q )'= 0.19

at 1.61 BeV/c p laboratory inomentum, while experi-
mentally' 4r(E+E )/o (zr+zr )=0.46&0.20. In addition,
the rate of E+E production would be the same as
the rate of EX production if only the p meson were
important, whereas experimentally, at rest, ' the number
of charged E pairs are greater by a factor of 2. Thus, we
are led to the necessity of including the zc and 4t meson
intermediate states.

We now make use of our former assumption4 ' that
the cc and p meSOnS are miXtureS Of a P' meSOn COupled
to the hypercharge current and a 8 meson coupled to
the baryon current. Since the I' and p meson belong to
the same octet we have frNN= frrrrr f,NN

——Choo.sing
rr = g,NN/f, N& —1.5——, as obtained by fitting the zr+zr

cross section, the rates and cross sections for EX pro-
duction are determined from Eqs. (II.7b)—(II.7c) by the
value of just one parameter —namely p= gr»/frNN

We shall take the point of view that this parameter is
to be determined from experimental data. We use the
total cross sections at 1.61 BeV/c and the relative rates
at rest to determine three pairs of solutions for p.
These are listed in Table II. We see that P= —1.0 gives
a good fit to all the data.

We have also calculated the differential cross section
do (E+E )/dQ at 1.61 BeV/c. The angular distribution
is peaked strongly in the forward and backward direc-
tions. Experimentally' 7 of the 11 observed E are in
the forward (p) direction. Since there were only 11
events we prefer not to make any arm statements
concerning the angular distributions, but rather await
further data.

Finally, we have calculated the three pairs of values
for P obtained by using n= —0.24. Our results are given
in Table II. It is interesting to note that we obtain a
good fit to all the total cross sections and relative rates
with P= —0.9, not very different from our previous
value. However, in this case the angular distribution of
the E mesons is depressed in the forward and backward
directions in complete contradiction to the experimental
results. This further supports the choice of e= —1.5.

We conclude this section by noting that our model
for proton-antiproton annihilation into x+x and EE
through a single intermediate vector meson yields
agreement with most of the available experimental data.

III. ANNIHILATION INTO TWO VECTOR MESONS

In this section we shall obtain formulas for anihilation
into two vector mesons.

Consider first those final states where only a m'

intermediate state is possible. These are p'4c or p'P.
Using the interaction given in Appendix A, we have

IVY p, g 0 "ep"k,&eg&

~(P 4c) = f~p~g~NN -(f)r'rrZZz, ), (ill. 1)
4zr (—W'+ zzz.')

where c p» is the completely antisymmetric tensor
with eiss4= 1, k", e"(k', e') are the momenta and
polarization vectors of the outgoing zc(p), and W is
once again the total center-of-mass energy.

Summing over the ~, p polarizations and averaging
over nucleon spins, we obtain the isotropic cross section
in the center-of-mass system

do- q'H/'
c-(p"4c) = 4zr (p'4c—)=zrf, 'g NNs, (III.2)

dQ p(W' —zzz ')'

where q is the magnitude of the p' three-momentum and

p is the magnitude of the p three-momentum in the
center-of-mass system.

If we take 4t »' ——15 anduseavalueof f„, '=0 4/zzz„'.
which is obtained' from the assumption that the
zc —+3zr decay proceeds via tc~ zr+p~3zr, then we
And from Eq. (III.2), o (p'4c)=68 rnb at 1.61 BeV/c,
whereas experimentally the total 2zr++2zr +zr' cross
section is" = 10 mb and the mass spectra are consistent
with no p'or pairs. "Although it is impossible to distin-
guish a p'co state from a state containing an ~ and 2m

in which the two-pion effective mass happens to be in
the p-mass region, it is clear that the chosen values of
the coupling constants lead to contradiction with
experiment.

In exactly the same manner as Eq. (III.2) was
obtained, we can obtain

(III.3)

If we compute fz„ from f„, using the 4c-g mixing
models and the assumption that fB, (=fi)=0, we-
obtain from Eq. (III.3) o(p'p)=80 mb. The experi-
mental limit" for EEzrzr events at 1.61 BeV/c is = 2 mb.

For Pzo annihilations at rest, a sampler of E+E zr+zr'
events in which both the E+ and E—stopped in the
bubble chamber shows no evidence of p 's produced
with the observed P's.

Let us now consider processes where the p is the only
possible intermediate state. (See Table I.) In order to
obtain formulas for the cross sections, we will again
make use of 4c-g mixing and St/s. Let fs and fr denote
the coupling constants of the octet and singlet vector
mesons" to y ~. Then in terms of the mixing parameters

"See Eqs. (A2) and (A3} of this Appendix. There, the identifi-
cation of co with the octet and @ with the singlet is made.
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a and b we fmd

then

W'
gqNN

p (W' —m„')'

o(2p') =Rfs'q '

o(
'pp)=Rfs'q, ',

(III.5)

(III.6)

(111.7)

o (2oP) =R(—b'fs —2abfi)'q„', (111.8)

o (2P) =R(—a'fs+2abfi)'q ' (III.9)

o (oiP) =R(ab fg+ (a'—b') f )'q ' (III.]0)

where q„q„,q@ are the magnitudes of the three-momenta
of the outgoing particles.

Proton-antiproton annihilations into E*X* may
proceed through both q and 7r meson intermediate
states. The total cross sections are given by

/K3 g~~~ 1 g„~(E'+E* )= f8'~
——— ——

~

W'qx '
p k2 W2 —m' 2W' —m')

(III.11)
(v3 g ~AN 1 gyNcv

o (E*'E*')=—f8'~ — +—
~

W'qxe'.
p &2 W2 —m.2 2W2 —m~i

(III.12)

The cross sections (111.6) to (III.10) are extremely
sensitive to the F/D ratio in the coupling of pseudoscalar
mesons to baryons which determine g„~~' assuming

g ~~'= 15. Recent calculations" indicate that the F/D
ratio is such that a value of g,~~=0 is reasonable.

In a sample' of x+z m'E+E events where the E+
and E both stopped in the bubble chamber, the
effective mass of those E+E—which are paired with an
co shows little evidence of a p. In other words, there is no
experimental evidence for qko pairs produced in pp
annihilations at rest. This is consistent with a small
value of g,»

We can again use the oi-p mixing model' together
with the estimates of f„, and f@, to obtain an estima, te
of f,. Assuming that g„~~ is negligible compa, red to
g», we then find a total E*K* cross section at 1.61.
BeV/o of over 150 mb whereas experimentm indicates
o (pp ~ EE7r7r) = 2 mb.

Certainly more experimental information on the
cross sections for annihilation into two vector mesons
is desirable. It is to be noted that at present there are
no observations of two-vector meson annihilations.

"Yasuo Hara, Phys. Rev. 133, 31565 (1964); see Hara's Kq.
(3.6); A. W. Martin and K. C. Kali, Phys. Rev. 130, 2455 (1963);
and Nuovo Cimento 31, 1324 (1964).

f-.-=afi bfs f~~.=bfi+afs (III'4)

For g intermediate states and two-vector meson final
states, we can obtain the cross sections from Eq. (III.2)
by replacing m ' by m„', q by the appropriate final
three-momentum, and g» by g„».Let

IV. ANNIHILATION INTO A VECTOR MESON AND
A PSEUDOSCALAR MESON

There are two types of diagrams for pp annihilation
into a vector meson and a pseudoscalar meson. These
are shown in Figs. 1(c) and 1(d).

We consider first the annihilation reactions pp ~
p m+(p+~ ). The possible intermediate states for these
reactions are ~o, or, and P. Once again we assume that
the &u and p mesons are mixtures of a 8 meson coupled
to the baryon current and a I' meson coupled to the
hypercharge current. In order to make numerical
estimates we shall neglect the Bpx coupling. Ke
obtain the matrix element for p m+(p m+) as

~3 frp~[fFNNV p~g+ (gYNN/2+N)~ pole Q ]
2 Q„Q„+m'

(IV.1)

where m'= —,'(m„'+mo') and we have neglected terms of
order (mq' —m 2)/(W' —m')

In Eq. (IV.1) A„=tc»gQ E7&eiii', e& is the polariza-
tion of the p, E&(E ) is the four-momentum of the p(s.)
and Q„ is the total four-momentum, so that Q„Q„
= —lV'. All quantities refer to the over-all center-of-
mass frame.

Upon averaging over nucleon spins and summing
over p polarizations, we 6nd

do(p m+) 14'q' 2'. 'g ~~' 3 fry '
+

dQ 4p m '(I¹—m, ')'- 4 (W' —m')'

( lY' —4Miip )
X (frzv+griiix)'+ I

2W' )
W'

gr~v' fr~~'
~

sin'8—„p . (IV.2)--
4Mii '

Note that there are no interference terms between the
V and m- intermediate states; these terms vanish upon
averaging over initial spins. Integrating Eq. (IV.2)

%ithin the framework of the model we may explain
this by asserting that the value of f„, obtained from
the width of the ~ is too large by at least an order of
magnitude. It would be of interest to obtain another
independent estimate of the cops coupling constant.

Alternatively, one may take the point of view of
Herman and Oakes' that only intermediate vector-meson
states occur. Then, since there are no pseudoscalar
meson intermediate states, annihilations into two
vector mesons are strictly forbidden. This approach
would also yield agreement with the present experi-
mental data.
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over angles we obtain

7rW'g' 2'„'g~» 3 frI, ~

0(p 7r+)=—— +-
p m '(W' —m ')' 4 (W' —m')'

1 8"—4M~'
X (fFNX+gY»)'+—

3 5'

The term involving the intermediate x yields a
contribution of 40 mb at 1.61 BeV/c incident p lab
momentum while the total experimental" x+m —m' cross
section is 1.6 mb and very few pm pairs are observed. "

Since the contribution to the cross section from the
intermediate pion state is so large, let us consider the
modification of the model suggested in Sec. III. We
neglect the pion contribution and consider 'only the
contribution from the vector mesons.

The vector meson contribution to the rate at rest is
proportional to (gr»+ fr~~)' In Sec. I. I we found that
we obtained a good fit to the pp —+ EE data by choosing
gnrx= fr» —Howeve. r, this yields a vanishing rate
for the reaction pp —+ pir at rest. Thus for annihila-
tions at rest we must consider the next order term in
(m~' —m„')/(8" —m'). This term contains contributions
from the 8 meson with unknown coupling constants.
It would therefore be of interest to obtain the absolute
rate for pp ~ pn. at rest.

The vector-meson term also yields cross sections and
rates which are equal for all three p7i- charge states. This
agrees with the data for annihilation at rest." (If we
include the intermediate pion state then the charged
modes are enhanced. )

At 1.61 BeV/c the lowest order term in the cross
section is nonvanishing for P=gr~~/fr» ———1. This
yields the result 0 (pp~ p m+)=2 mb. Hence, for all
charge states (pp —& p7r)=6 mb. Experimentally" at
1.61 BeV/c the total cross section for 3~ annihilations
is =1.6 mb, and from the mass distributions it is clear
that the px cross section must be at least an order of
magnitude smaller.

Thus, we see that even neglecting the contribution
from the intermediate pion state, the theoretical result
exceeds the experimental upper limit by almost two
orders of magnitude. We note, as in Sec. III, that this
result is dependent upon the value for f„, obtained
from the co ~ 3z width. We clearly obtain better
agreement with the data if f„, is reduced by an order
of magnitude.

The state p'g arises through only a p' meson inter-
mediate state. Consequently only the vector term

"Annihilations at rest do seem to produce many pm pairs in
the 3m. mode. See G. B. Chadwick, W. T. Davies, M. Derrick,
G. J. B. Hawkins, J. H. Mulvey et al. , Phys, Rev. Letters 10, 62
(&963).

contributes. Using SUB invariance to determine f,«
and our previous result that g,»= 1—5f.,» we
obtain a(p'iI) = 1 mb at 1.61 BeV/c. The data" indicate
no evidence for p'iI pairs in pp annihilations.

Similarly we obtain 0(gir)=3 mb at 1.61 BeV/c.
At this energy the total cross section for EEx final
states is =0.7 mb. ' It would be of interest to determine
the fraction of P's in the EE distributions in order to
make a better comparison with the theoretical estimates.

The con final state which also proceeds through only
an intermediate p' meson is unobservable.

The final states gg and &viI proceed through ~ and g
meson intermediate states. The cross sections may be
obtained using the ro-P mixing model. We note that
the state &uiI is unobservable and the piI state has not
been observed at rest.

Finally, we note that the annihilation into E*E(E*E)
final states proceeds through a/l the intermediate
meson states. We obtain separate contributions from
the pseudoscalar and vector-meson intermediate states.
However, each contribution exceeds the experimental
upper limit for pp ~EE~ of less than 1 mb at 1.61
BeV/c 10

Thus all the theoretical predictions for annihilations
into a pseudoscalar and vector meson which may be
compared with experimental data exceed the experi-
rnental limits. In all cases we obtain much better
agreement with the data if f„,„ is reduced by an order
of magnitude.

V. SUMMARY

In this paper we have considered pp annihilations into
two-meson final states. We have attempted to explain
the available experimental data in terms of a model
which assumes that the annihilation proceeds through
a single-meson intermediate state.

We have made use of SU3 symmetry and
mixing to construct the interactions and we have
assumed that the vector octet is coupled universally to
the F-spin current.

For annihilation into two pseudoscalar mesons we
have found that we are able to fit four independent
pieces af experimental data using two parameters, i.e.,
the derivative coupling constants of the p and I' mesons.
These data are the cross sections 0.(~+~ ) and o(E+E).
at 1.61 BeV/c and the relative rates E(~+~ ):R(E+E ):
R(E'E') a,t rest. Our results are g,»= —1.5f,» and

gr» = frirnr-
In addition, our model predicts angular distributions

for the final states x+~ and E+E—.Ke obtain reason-
able agreement with the pion angular distribution, but
a poor fit with the kaon angular distribution. We note
that there are only 11 events in the E+E experimental
sample. It would be of great interest to obtain more
data on annihilation into E+E since the angular
distribution provides a critical test of the model.

We have calculated cross sections for pp annihilation
into two vector mesons and found that our predictions
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APPENDIX A' CONVENTIONS AND EFFECTIVE
INTERACTIONS

{a) Conventions

%e take h=c= i. The Lorentz indices run from 1—4
and @4=it=iso. Ke use four Hermitian y matrices
which satisfy gpss„+y„yp=28p„, y&

——yiymysy4, : and o„„= (1/2i)(y„y„7„yp) —The .nucleon spinors are normal-
ized by N„tl„=1 and antinucleon spinors likewise by
e~~e„-= 1, and 8„-=v„-~y4. Averaging over spins is accomp-
lished by means of

P u,u„=(M~ iy„p„)—/(2~E„~)
spins

Q w„- 0=s( M~—iypp—„)/(2~Ei, ~).
SP111S

(b) Effective Interactions

and

Let m+, p+, E+, etc., denote the field operators which
destroy the corresponding particles. Let E be a column
vector of (E+,Eo) and E„*likewise a column vector of
(E„*+,E„*o).Denote by K the Hermitian conjugate
row vector (E,K') and denote by K„*the row vector
(E„*,E„*O). (Note that E;* is the Hermitian con-
jugate of E;*+ for i=1, 2, 3 and E4*—is minus the
Hermitian conjugate of E4*+.)

are in general larger in magnitude than the upper
limits permitted by the currently available experimental
data. The theory may be brought into much better
agreement with the experimental data by either (a)
neglecting the pseudoscalar meson intermediate states
(this yields a vanishing result for all two vector-meson
final states which is not inconsistent with the data); or
(b) reducing the value of the V VP coupling constants
obtained from f„, . It should be pointed out that f„p
is determined from the 3m. width of the ~ assuming that
the ~ decays via the two-step process co ~ p+m +3s.-
Ke may take the point of view that our calculations
may be used to determine f„, . In this case we estimate
that its value should be reduced by an order of magni-
tude from the currently accepted value. '

Our calculations of the cross sections for annihilation
into a final state containing a pseudoscalar meson and a
vector meson contain separate contributions from the
pseudoscalar and vector meson intermediate states.
Both terms exceed the experimental upper limits so
that we can obtain agreement with the data only by
boih (a) neglecting the pseudoscalar meson intermediate
states and (b) reducing the value of f„, . We note that
assumption (a) is a return to the original model of
Herman and Oakes. '

It should be pointed out that the model makes
definite predictions for the rates and cross sections for

pp ~~0 and pp —+ E*K.However, we are not aware of
any experiment which analyzes the data for pp +EKm-
in this way. It would be of interest to obtain an analysis
of the data in terms of these reactions.

Finally, we note that the modified model incorporat-
ing a lower value for f, is able to give reasonable
agreement with all the presently available experimental
data for proton-antiproton annihilations into two
mesons.

H(UPP)= ,'f„.tp (8 ~x~-~X8 ~)+2ifpxxD8 K-)~ tp K K~ y 8 K7-
+ ',if,xx*f/K-~ 8 ~ (8,K)e —+5K~* K'~*5(~ 8~&)E—v+8 K7)+i(—&3/2)/f„xzoi, +fqxxQ 5

XD8jC)K K8~K7+i '(V3/—2)f xxv f (tK8,g (8,K)ri7K *——K *$(8 q)K g8 E7) . (Ai—)

For the UVJ interaction we use the coupling e a~i(8 U(i)(87Vi)P. Omitting, for brevity, the Lorentz indices
and assuming that co is pure octet and that g is pure singlet, we take

H(USU8P)=if-p-~~ e+(2&)f-p~e e (2i)f- w~n+&(—~/2)fx"xL&~ eE*+K*~ eE7
+i(v3/2) fxpxp K*s ~E*——,'i f,x xv.g K* E+ (,'i)f x.xg(oK*K+-coKK*7, (A2)

H(ViVSP) =i4p[fqp. tp m+ fq„~g+ flax. x(K*K+KK*)7. (A3)

In the limit of pure SU3, withe a member of an octet, and P a singlet all of the coupling constants in Eq. (A1)
(except for fqxx) would be equal to f, . Similarly, in Eq. (A2) all of the f's would be equal to each other and
again all of the f's in Eq. (A3) would be equal to each other.

For the couplings to nucleons we take

&gpNN
H (V) = zgvN~S're%' 'J0X zg&~~X'rg Vit zing c ' fphlN Yptpp+ &pv (8vgp)

2MN

ZgcoNN ZgeoNN

iÃ(v3/2) —f~~~yp(op+ op, (8wp) V-- — iN(&3/2) f~~~yp4„+ opv(8&p) cV. (A4)
231N 2MN
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The factors of K3/2 are included so that for exact SU2
invariance, if y and co are octet partners coupled to the
F spin we would have f,NN= f„NN. We have written
our Hamiltonians in terms of unrationalized coupling
constants and we take g, NN2/4)r=15.

APPENDIX 8: u-P MIXING AND PP ) KK

In this Appendix we shall derive Eqs. (II.7b) and
(II.7c) and show that to a good approximation, the
rates of proton-antiproton annihilations into EK are
independent of the amount of cv-)p mixing.

We assume tha, t the ~d and )p are mixtures of a Y
meson coupled to the hypercharge current and a 8
meson coupled to the baryon current. The V meson is
assumed to be an octet partner of the p meson which is
coupled universally to the isospin current. We have
for the meson fields

tions may be written in terms of F- and 8-meson
coupling constants as

2 fp))))fpNN ~ +jfpKKfpNN'+ffY'(W' —m, ')

X 8"—m@' 8"—m„'

fBt' 1 1
+ah—

~

— —,(BSa)
fY (W2 m@2 —W' —m '

2f...g,NN ~ + f KKg NN+ fYgY(W' —m, ')

g2

H/' —m ' 8"—ns '

+ah — ——,(BSb)
gg 5"—esp' tV' —ns„2

cpp=aB„bYp, —gp=bBp+aY„

and the inverse equations

Y„=a)p„b~„, B—„=acup+b)pp,

(81)

(82)

where the + sign is to be taken for E+E productio—n
and the minus sign is to be taken for E'E production.

We de6ne a mass, intermediate between the mass of
the p and the mass of the &u, by

where a'+b'= 1.
The hypercharge current J„&~' and the baryon

current J„&~~ contain the isoscalar nucleon current
J„&~' and the isoscalar E-meson current J„(~' in the
form

Jp& &=J„& ')+ Jp'K'+other fields,

J ~ &=J & '+other 6elds.

(83)
(84)

In addition we assume that the F and 8 mesons have
derivative-type couplings to nucleons which are given

by

2—II;.,&»=X
&3

gr ga
&rp„(B„Vp)+ a p„(B„B„) )V. (86)

2M~ 2M~

Upon substituting Eq. (82) into Eqs. (85) and (86)
and then comparing with Eqs. (A1) and (A4), we obtain

f KK= bfY, —fyKK=afY,

f.NN= &fY+afB) fpNN
—=afY+&fB ) (87)

gp)NN ~gY+agB ) g&NN agY+f)gB ~

We may now obtain the amplitudes and cross sections
for pp -+ EE from those of pp —) )r+)r by making the
substitutions indicated in Eq. (II.6). These substitu-

The V and 8 mesons interact through an interaction
Hamiltonian B;„&&"given by

(2/V3)H;„) "&=fYY„J„&Y'+fBB„J„&B'
= (fYY„+fBB„)J„& '+f Y„J„&K'

+". (85) 2f...f,NN ~ '4fY'(~1+32))+0
W' —m2)

(811a)

kfp))mgpNN ~ 4 fY(+gpNN+32IgY)

Equations (811) show that to lowest order, the
results for EX production are independent of the
mixing parameters a and b. This may be interpreted
physically by noting that since the 8 meson does not
couple to the EE current, it is only the V meson which
is a possible intermediate state, and the id and g-meson-
contributions add up to the contribution of the V
meson no matter how much mixing there is.

It is now a simple matter to make the substitutions
indicated by Eqs. (811) in Eq. (II.5) and to obtain the
forms of Eq. (II.7).

m '=m2+8m2 m '=m' —bm2 (89)

and expand the ~p and p propagators to lowest order in
hm'/(W' —m') .

(W2—m 2) i= (W2—m2) &+$2222(W2 m2) 2

+ . . (810a)

(W' m') '= (W' m'—) —' 5m'(—W' m)
—'

+ . . . (810b)

Then let I= (W'—m p2)/(W2 —m') and substitute Eq.
(810) into Eq. (BS).The latter now takes the form


