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The antiproton-nucleon system at rest and its annihilation are discussed. Final states of two mesons, of
many mesons with all but one in a vector resonance, and of two vector resonances are the main concern, al-
though the decay to lepton pairs and other properties of the p-nucleon system are also considered. The basic
assumptions are that annihilations proceed mainly through an intermediate vector meson ('Sp decay)
or pseudoscalar meson ('So decay) and also that SU(3) symmetry is valid for obtaining unknown coupling
constants. The unknown parameters in the SU(3) couplings are determined by fitting to experiment,
with the following interesting results: g,~~&~ g„~~ and g, '~~= —2g N~, where g* refers to the 960-MeV
g2I-2r reSOnanCe, and the abOVe COupling COnStantS fOr the p and co are the Sum Of the y„and o„„q„COefBCientS.

gt N&&~ g~+N at q~= —4m+ is shown to be consistent with nuclear-force calculations around q~=0, and the
above value for g„+zN helps explain the rapid increase with energy of the proton Compton-scattering cross
section. The SU(3) BBV interaction is determined from the rates for 'Ss annihilations of pp to w+s s',
2I.+x, X+X,and E&Kg, the VVI' coupling from cy -+ 321. and p —+ 32'., and the BBI' interaction from the 'S0
decays of pp to E*Z*,popo, and pocoo. %'e discuss brie6y the relation of the SU(3) couplings determined here
and the results of broken SU(6) and U(12). In particular, we show that d/f =2 for BBV at qs =—4m+, in
contradiction to the value $ given by SU(6) and U(12); we also conclude that the d/f ratio is not constant
for the BBVcoupling. A table of relative rates and graphs of expected mass spectra are given for Gnal states
consisting of a vector resonance plus pseudoscalar meson, and a comparison with the available experi-
mental evidence is made. The approximate agreement expected is observed. The discussion of the vector-
vector final states leads to the prediction that I'(pp ~ psos) —1'(pp ~ rueaP), and we also determine that
(pp ~ e+e )/(ftp ~ s+s )=2X10 s. Finally we conclude that the assumptions made are thus far consistent
with experiment.

1. IN'TRODUCTION

E will discuss in this paper both the antiproton-
' ~

~

~

proton system and the related antiproton-
neutron system. Experimentally, a true pe system is not
as yet feasible, but one generally assumes that the
deuteron is loosely bound enough so that the neutron is
almost free and thus still a neutron. '

The antiproton-nucleon system is an interesting one
in many ways; its study should shed light on various
aspects of particle phsyics. In particular, we will con-
sider the role of resonances in the annihilation process to
final states consisting of leptons, and also many mesons.
With regard to the meson Gnal states, we will consider
those in which there are two pseudoscalar mesons and
in which the mesons, except for one, are in a state
suitable for the production of a vector-meson resonance;
i.e., a vector-pseudoscalar Gnal state. We will also dis-
cuss the vector-vector final states.

Our purpose is to give theoretical predictions for the
branching ratios and for the mass spectra of the above
states.

The reason for considering these meson states can be
understood in terms of the old problem of explaining

@ This work is supported in part by the U. S. Atomic Energy
Commission.

f National Science Foundation pre-doctoral fellow.
f. Thesis submitted to the Department of Physics of the Uni-

versity of Chicago in partial ful6llment of the requirements for
the Ph.D. degree.

f Present address: Department of Physics, University of
California, Los Angeles, California.' The proposition that the deuteron ought to be regarded as a
bound state of proton and neutron has had public debate. See
S. %'einberg, Phys. Rev. 137, 3672 (1965).

why multimeson Gnal states were so much more fre-
quent than the statistical model predicted. ' The (pre-
dicted) explanation was given in 1960 by Sakurais who
suggested that the cause was to be found in the exis-
tence and fairly copious production of vector-meson
resonances. Such vector mesons obviously make the
unadorned statistical model incorrect. A more refined
statistical model would tend to treat the vector mesons
on an equal footing with the pseudoscalars. 4 This is, of
course, in keeping with the "nuclear democracy" of
5-matrix theory, ' although there remains the problem,
due to the relatively large widths of some of the reso-
nances, of accounting properly for resonance production
in the wings of the peak.

Here, we will not use a statistical approach at all, but
will attempt an approach from first principles. We will
use dispersion theory to provide the basis for the ap-
proximations used and Geld theory, in the perturbation
expansion, for the calculations. Our approximation is
perhaps the most obvious one. We will assume that the
vector-meson poles in the s channel dominate the
amplitude. The residues of the poles (coupling constants)
will be determined from other experiments and when
necessary from SU(3).

In this way, we can predict branching ratios for all the
final states mentioned above (see Table II) and also
give their expected mass spectra (see Figs. 3 through 9).

~ E. Segrb, Ann. Rev. Nucl. Sci. 8, 127 (1958).' J. J. Sakurai, Ann. Phys. 11, 1 (1960).
See, for example, G. R. KalbQeisch, Phys. Rev. 12?, 971

(1962) where the results of such a calculation are presented for
pp in Qight.' See G. Chew, Physics 1, 77 (1965).
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The annihilation of antiprotons has been discussed
before, ' but in somewhat di8erent contexts from that
hcl'c. Lapldus Rlld Shplz dtscuss tt1-p Rnn11111atloIls III
Bight with the same assumption of vector-meson domi-
nance, but do not discuss the relation to SU(3). The
other papers of Ref. 6 discuss only SU(3) Land in the
last paper of Ref. 6 also SU(4)j sum rules, but do not
consldcl dynamics,

2. PROPERTIES OP THE I-NUCLEON SYSTEM

At rest, and in an S state, the p-nucleon system
will behave in its interactions with other particles as
though it were either a heavy pseudoscalar meson ('Ss
state) or a heavy vector meson ('SI). When stopping
p's in a hydrogen or deuterium bubble chamber, the
arguments of Day, Snow, and Sucher~ apply, indicating
that S-state capture, although not necessarily from the
lowest energy state, will predominate. One would then
expect, on statistical grounds and without taking into
account any constraints such Rs those imposed by C,
I', and 7 invariance, that 'Sl.'So annihilation is 3:I.'
This expectation is not confirmed, since pm production
seems to come primarily, if not only, from the 'Sq
state, whereas the nonresonant s+n m' (no p's) final
state seems to come primarily from the 'So state. a The
reason for this behavior is riot clear.

%c will therefore assume that vector-pseudoscalar
Gnal states come only from the 'Sl state of the p-nucleon
system. ' This assumption is not needed for the two
pseudoscalar-meson final states, since parity ensures
that they cannot come from 'So.

As far as the vector-vector Anal states go, they do not
seem to come predominantly from the 'Sl state, since
PoP' and P'coo are seen and come only from 'So, not 'S 'o

The lepton final states (e+e or p+p, ) should also
come predominantly from 'S&, since then only one pho-
ton ls nccdcd to pl oducc thc lepton pair whcrcRS

'So W p by C invariance. One would expect, therefore,
that 'SI ~ e+e / S I~oe+e 137.

~ K. Tanaka, Phys. Rev. 135, 81186 (1964);I. R. Lapidus and
J.M. Shpiz, iM. 138, 3178 (1965);Y. Dothan et al. , Phys. Letters
1; 309 (1962); M. Parkinson, Phys. Rev. Letters 13, 28S (1964).' T. 3. Day, G. A. Snow, and J. Sucher, Phys. Rev. Letters 3,
61 (1959) where they considered E p. An analysis for pp was per-
formed by B.R. Desai, Phys. Rev. 119, 1385 (1960).' G. B. Chadwick et a/. , Phys. Rev. Letters 1Q, 62 (1963};
M. Cresti et al. , in Proceedings of the Stenna Internagonal Con-
ference on Elementary Partktee, fptt3, edited by G. Bernadini
and C, P. Puppi (Societk Italina di Fisica, Bologna, 1963),
p. 263; N. Gelfand, University of Chicago (private communica-
tion) regarding oe production from 'Sq and 'Se (to be published).
The experimental evidence revolves in part about the simple fact
that from 3&I, p+g . p g+: p0~0=1:1:1 whereas from ISO, one
would have pal- .. p 21-+: p'F0=1:1:0.Equal numbers (within sta-
tistics) of p+, p, and p' are observed. There are other experimental
ways of distinguishing '50 final states from ~SI. See Ref. 18 for a
dIscussIon.' The papers of Ref. 20 disagree as to whether 'So is presentin
E'.~E final states.

te C. Baltay et al. , Phys. Rev. Letters 15, 532 (1965);15, 59/(E)
(1965);N. Barash, Columbia University (private communication).

P'
FIG. 1. p-nucleon an-

nihilation. E is a nu-
cleon, V and t/"' are
vector mesons, and I'
is a pseudoscalar meson.

The recent observation" of E-mesonic x rays indi-

cates the possibility of observing antiprotonic x rays.
Such an experiment would give explicit information
about the capture process for antiprotons and would

also provide, through a measurement of the level

shifts due to strong interactions, and evaluation of the
various partial-wave scattering lengths. "

3. THE ANNIHILATION PROCESS

Ke have already remarked that the 'S~ p-nucleon at
rest looks very much like R heavy vector meson. Thus,
111 thc decay pp ~ n'+n' tr OIlc tImBlcdtatciy collcclvcs
of resonance dominance as in the Gell-Mann —Sharp-
%agner model of the coo decay"; i.e., we assume that the
x+x pair are in a po resonance and similarly for the
other pion pairs. And then we assume that the pvr-

nucleon amplitude is dominated by the co'. The validity
of these assumptions is still unknown; the predictions
for the annihilation of Rntiprotons will provide R test.

The Feynman diagram for this model of the annihila-

tion process is given in Fig. 1.%C RssuQie the following

interaction between the nucleons and vector meson:

P(ay„+ (b/2mtr) o „,P,)PV „
where f is the nucleon field, V is the vector-meson field,

and E„isthe total momentun1 of the nucleon-antinucleon

pair. "The vector-vector-pseudoscalar interaction has
the form e„,q c)„V,BqV '$, where V and V' are the vector
fields and Q is the pseudoscalar field. It is not hard to
see that the amplitude of the-process diagramiiied in

Fig. 1 wiII fake the form y(ap„+(b/Zmtv)v„, I'„)yS„
where S~ is a vector such that S I'=0. Using the
identity ia„o„„b„=a& 2.a b, and—using the fact that
PN =smrttt, while Ps= —sorts (I and s being, the particle
and antiparticle spinors, respectively), one can rewrite

the final amplitude to the form: (a+bg8$. This form

for thc RQ1plltudc shows thRt lt: ls R total Qlagnetlc-

moment coupling, since if I/'„=A„, the electromagnetic
field, a+b gives the total magnetic moment of the
nucleon in units of the nuclear magneton; and if vector
Qlcsons doQ11natc thc clcctx'oQlagnctlc foITl1 fRctois as ls

I G. R. Burleson et a/. , Phys. Rev. Letters 15, 70 (1965).
ts The expression for the S state level shift is d.lr/8= (4/n)a/re,

where a= (complex) scattering length, and re is the Bohr radius;
that for the I' state is more complicated, but still depends essen-
tially only on the E-wave scattering length over the Bohr radius.
See T. L. Trueman, Nucl. Phys. 26, 5"l (1961).

II M. Gell-Mann, D. Sharp, and %'. wagner, Phys. Rev. Letters
8, 261 (1962}.

I ~e are using the Pauli-Dirac metric: p„=(ps'), 7;=. p20;.,
and y4=pg, where p; and 0; are the Pauli sigma matrices

e..= (1/2t)Ev. v.1-.
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generally believed to be the case, this description carries
right over to them. It is this amplitude which has been
used in the calculation, with the appropriate vector S.
In Appendix I, we construct the vector S for the various
cases of interest.

4. COUPLING CONSTANTS

It now remains to evaluate the coupling constants
for each case. Without the aid of some higher principle,
this would not be possible unless individual experi-
mental results were available. Fortunately, we now
know that higher symmetries such as SU(3) and SU(6)
have a certain amount of validity. SU(3) is believed to
hold for p-nucleon annihilation, whereas the applica-
bility of SU(6) has not yet been fully resolved. In fact,
since as mass-difference effects become smaller, SU(3)
ought to become better, it is possible that p-nucleon
annihilation will conform more closely to the predictions
of SU(3) than, say, meson-baryon scattering at moder-
ate energies. This remains to be seen. The relativis-
tic generalization of SU(6), U(6,6), variously called
U(12), SU+(12), M(12), forbids at-rest decays such as

pp —+s+s, or pp —+ p~, rs which is not borne out by
experiment. '" Therefore, we will use the relations
generated by SU(3) in order to determine unknown
coupling constants. We determine the unknown SU(3)
parameters in the following way.

The process p+p —+ P+P is given, according to the
approximations of this paper, by the diagram in Fig. 2.
Once again, the amplitude takes the form (a+bgSf,
where

S,=(P'+~v')-'gvv~Q, and Q=ps —p4.

Now, the SU(3) VPP coupling has only one unknown
parameter, since it has to be f type, and the unitary
singlet vector meson, or~, cannot couple to two pseudo-
scalars because of C invariance. This parameter may be
determined from any one of three decays: p —+2m,
E*—+ Krr, or P-+ KE. These determinations do not
quite agree, but this is not disturbing, since we know a
symmetry-breaking interaction exists. In particular,
SU(3) predicts g, ,'/gx +xo +'= g, ,'/g~rc+rc-'=2. From
experiment, we have g,„'/grc*+xo +'=1.2+0.08, and

g, '/g&x+rc-' ——1.7&0.4. (See Appendix II for a deri-
vation of these results. ) Thus, we will always use
the experimentally determined coupling constant in
preference to its SU(3)-predicted value. The impor-
tant point to note here is that the branching ratios
K+K:KtKs..s.+rr from pp annihilation will enable us

"Y.Hara, Phys. Rev. Letters 14, 404 (1965); R. Delbourgo
et al. , ibid. 14, 845 (1965); N. P. Chang and J. M. Sphiz, ibid. 14,
617 (1965); H. Harrari, H. J. Lipkin, and S. Meshkov, ibid. 14,
845 (1965). If one breaks U(6,6), one can get finite results for
two-meson final states. The results depend on the particular way
it is broken."R. Armenteros et a/. , in Proceedings of the 196Z Annual Inter-
national Conference on High-Energy Physics at CERN, edited by
J. Prentki (CERN, Geneva, 1962), p. 351; R. Goldberg, Rutgers
University (private communication).

Fro. 2. p-p annihilation.
U is a vector meson, and P
is=a pseudoscalar meson.

to determine the d/f ratio of the BBV coupling, which

we may then use to predict the vector-pseudoscalar
branching ratios. In fact, from the diagram of Fig. 2,
one obtains the following relative rates:

r (pp ~K+E )= (n+p) sX187@x,s,

r(pp-+w+s )=4nsX293tN ',
r(p p ~KtKs) = (n p)—'X 186m ',

where we have used a factor of p' to account for phase
space and the matrix element. In the above equations,
n=d+ f and P= —1.35d+3.39f, where we have taken
into consideration the relatively small differences be-
tween the p, ce', and g propagators. (See Appendix II
for the couplings, o&-p mixing assumed, etc ).The ex-
periment" yielded for the above the following relative
rates:

r(K+K )=131+4-0,
r(7r+s )=375+30,
r(E,K,)=51w8.

Solving the above equations pairwise, we 6nd three
different values for d/f: 1.6, 2.0, 2.4. We will use the
mean value of 2.0 in our calculations, which gives a
reasonable X' fit to the above data, provided we increase
the error bars on the experimental numbers by a factor
of two. There is no problem in blaming this increase
solely on the imperfection of SU(3).

We would like to emphasize the diGerence between
this d/f ratio and the one at q'=0: d/f ~,~,=-ss. The
value —,

' follows from the vector-meson dominance of
electromagnetic form factors, and also is a result of
SU(6). If we are so bold as to use d/f~, ~ 4 ~———,', we
predict that r(K+K )/r(KtKs)=12 rather than its
observed value of =2. This is precisely the difhculty
with the prediction of one kind of broken U(6,6)."In
other words, the above branching ratios are a sensitive
function of the d/f ratio.

The theoretical branching relations presented above
are the same as those derived from a species of broken
SU(6)."The reason for this is that the assumption that
the two SU(6) meson matrices must appear as a com-
mutator automatically ensures octet dominance. Con-
sider the pseudoscalar meson part (P) of the SU(6)
meson matrix M. Using 3E~M2—352M~ means that we

"H. Harari and H. J.Lipkin, Phys. Letters 15, 286 (1965).The
same authors (Trieste 1965 unpublished report) using another
kind of broken U(12) based on what they call the U(6)~ subgroup,
have obtained the prediction (pp)K+X )/(pp ~E'E') =2 which is
better. However, they also predict (pp)E+E )/(pp)7r+~ )=2,
which does not agree with experiment at all (see Ref. 16).I thank
H. Harari for a discussion of this.' M. Konuma and E. Remiddi, Phys. Rev. Letters 14, 1082
(1965).
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have PjP'2 —P2P~ appearing. As is well known, 8X8
=1+8 +8,+10+10+27 for SU(3), where 8,=anti-
symmetric octet=P~, 'P2~'—P2 P~~&, and 8,= symmetric
octet=P~ P21.&+P2 P~s&. Now, every term above is
symmetric in 1 and 2 with the exception of 8,. Thus,
only the SU(3) octet part of the BB product can con-
tribute, leaving us with just two independent ampli-
tudes, from the two 8's in the decomposition of BB.

The VVP coupling has two unknown parameters:
the amount of singlet coupling and the amount of octet
coupling (which must be pure d, since f type give a pps.

coupling). The rates of cv -+ ps. and P -+ ps. enable us to
determine both.

That leaves only one parameter to be determined:
the amount of singlet coupling in BBV. We may de-
termine it through the use of the branching ratio
(pp -+ s+7r s')/(p p -+ vr+s )=7.5.'"However, at this
point a fork in the road appears. The theoretical result
for the above ratio, from the model under considera-
tion, is

r(~+~-~o) 1 g„p. (g„„„q
]xi,

r(~+s.-) 2s. 4s. kg,~~'I

where I is a certain integral (see Appendix II). By set-
ting g„N~/g, ~~=0.366, we obtain the correct answer.
This will complete the determination of the BBV
coupling. However, in deriving the above result, there
appeared a factor of the center-of-mass energy squared
in the numerator which came from the arpx vertex. This
is worrisome, since in the "gedanken" experiment of pm

scattering, it leads to a violation of unitarity. This
means that probably g„,„/constant, but instead de-
creases with increasing energy. To answer this question
accurately would require a complete solution for the pm

scattering amplitude, something not currently available.
We will adopt the following ansatz: replace E&' by
my', the mass-shell mass of the intermediate vector
meson. This, of course, leads to a different BBV cou-

pling. Whether or not this is a reasonable step is an
open question which we will not try to answer. The re-
sults from both modes of calculation will be given. They
do not differ greatly, with the exception of the EEx

final states (this has to do with a somewhat unexpected
cancellation of the various coupling constants involved),
which is not surprising, since m, '=m„m~ .

The details of both determinations will be found in
Appendix II. For a summary of the experimental in-
formation used to determine the coupling constants,
see Table I.

S. EVALUATION OF THE RATES

Having determined the coupling constants, we are in
a position to write down the exact form of the ampli-
tude. Take, for example, pp-+n. +s=z' (see Fig. 1).
Our model assumes that ~pw will dominate this ampli-
tude, since gpp «g p Thus the amplitude becomes

g~~~pSp, where S„~$1/(P'+m„')ge„, &„P„Qq, and

3 4) 3 4o

(p3+p4) '+m, '

4 5X 4 5o 5 3X 5 3o

(p4+ p5)'+m p' (ps+ pa)'+m, '-
The differential rate, 8'I'/BEqBE~, comes out pro-
portional to S), where S= (p, x p4){L1/(p,+p4)'+m, 'j
+cyclic permutation) (that the amplitude must be
like S e, where e is the polarization vector of the pp
system, can be seen purely from invariance require-
ments"). We have then integrated S' over phase space
numerically in order to obtain the total rate. The kine-
matical relations used and other details are presented
in Appendix III.

The results are to be found in Table II. The x+x x r~

and m+m ~'x rates were computed as though the
m+m=m-' were on the or' mass shell always, a good approxi-
mation since the ~' width is small. For the two-body
final states, or in this case, what J.D. Jackson has called

TABIE II. 51 pp and pn annihilation. Only the resonant parts
of these final states have been considered, or compared against
experiment. States obtained by charge conjugation have not been
listed explicitly.

TAmx I. Summary of experimental data used to
determine unknown parameters.

Final
state

Contributing Dominant
resonances resonances

Relative rates
Normal "Mass-shell"
vertex vertex

VVP d)s

BBP

SU(3) Unknown
coupling parameters

VPP f

Experimental
data used

p ~2m
X*~X~

y-+%K
GO ~3Ã
qb ~3'

pp
pp —+ E+E
PP + LIES
pp —+ m+m.

pp ~E.*K+
pp~pp
pp~p~

Ref.

31
31
31
33

3132
8

16
16
16
10
10
10

7r+7r Yra

+~—Ko
E+E g0

IC+E g
E mIP
X qX'
X+X m

m+m ~0mo

~+m m-0m

p

p
gQ p

E )p)GO)f

IC )P)hl)f
gg p
gQ p

GD)f

CO)@

491
25.8
22.5
27.0
0.281

36.8
0.219

45.8
972

1940

154
7.71

37.9
37.5
4.56

11.0
0.0656

13.6
50.8

102

'i' This feature of these decays was used by C. Bouchiat and
G. Flammand, Nuovo Cimento 23) 13 (1962), in order to con-
struct their amplitudes.
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,+ (D /D )(g „„/g,„„)„+',v2-(D, /Ds)(gs „tnt'7'

16IIzx(attar 2 ™
the f type BBV &ouphng a" &

2—0 2 4@~1 Qnds:
D D and D~ are the denominators of the p, co, and @p)

propagators. )
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However, experimentally the right-hand side is just
inverted, the left-hand side being approximately 2."

It is possible to distinguish 'So from 'Sq E~E* 6nal
states in the same way one uses Dalitz pairs to deter-
mine if the pion is 0-. For the 'So state of yP is 0 and
the E*'s are just heavy photons. Therefore, the E~
polarizations tend to be perpendicular. Furthermore
the difference of the three momenta of the resonant pair
of particles "remembers" the polarization; and thus
from the '$0 state, the angle between yg-y2 and ya—y4
follows a sin20 distribution, where we have assuQMd par-
ticles 1 and 2 and particles 3 and 4 are the resonant ones.

From the '50 state, there is a pseudoscalar meson
pole in the s channel; its dominance, in keeping with thc
spirit of this paper, produces the following expressions
for the relative rates:

1 (popo) IL1 11(f roI)+1 35' j2X7 79m 2

&(poroo) =4(d+f)'X7 66m '.,
r(xe+Z*-) =-,'LO.OS75f—1.36'+ 1.35')2X2.24m. s,

F(EeoÃ*o)= 4L—2.09f—0.637d+1.35rsjsX2. 24m ',
where we have used the traditional SU(3) f and d
couplings for BBI',24 have taken the r)*(960-MeV r)2r2r

resonance) couplings as Sri* Tr(BB) and S'2)* Tr(V V),
have set r=2g„.pppo/g p {g„ppopo ——S'), have 'takell lllto
account the ~', y, and y* propagator differences, and
have used a weighting factor of

D4mlv2 mr' —m2') '—4mlsm—221

(m 2 m 2)2- I/2

X 4m' 2(m] +m2 )+
4m~'

account for the matrix element and phase space.
The quantity r above can be determined from the

y~ ~ m+x y decay. Theoretically, one would expect this
to be dominated by the po as indicated in Fig. 13(a);
experimentally, this is veriied. "One obtains the fol-
lowing expression for the rate:

I'(ri* -+ 2r+4r y)

n p p2
graf p p ~ 4-&/2

P

{m,p2 —mp')' m„ps 2mps+-
16m„" 42rfs

FIG. 13. (a) q~(960-MeV
qxm resonance) —+ ~+m y, (b)
e~ ~7+V.

Mp

p

byproduct of this calculation, with the aid of Fig. 13(b),
OQc determines that

I'"-v+v 5$pm"—2m '+PF„*,+ -v 9 (m, *s—mp')' 8$y+

Inscrtlng Osprey
=47.25$g and t@p =29.9tÃ~ ~ wc 6nd

fl*~7+7-=0.07.24~ x'+x' 'y

Solution A implies d/f = —0.27&0.27, whereas solution
8 gives d/f= —0.64&0.13, both of which are quite
different from the usually assumed d/f=3. 22

The values obtained above for s, d, and f imply
(1181Ilg r~i) fol' both solut1011s tllRt g&p~lv~ —2gpPIv~',
this magnitude and sign for g,*~~ may help to explain
the rapid increase with energy of thc proton Compton
scattering cross section. "

~cn wc least-squares-6t the theoretical expressions
for the @+p —& V+ V rates to the data given above, we
6nd two acceptable solutions:

(A) X'=0.00971(=90%probability),
t's = —1.32~0.17,

f 0 666+0 155., .
d= —0.182~0.11'6.

(8) X2=0.00966(=90% probability),

rs= —0.587+0.167,
f=1.35+0 16, .
d=—0.862+0.176.

where 1' is the rationalized f-type BBV coupling
(f 1). Using F,p + —,/F, p=sr and F,p 1 MeV,"
one finds g„ppopo'/4%~0. 3mm-'. Tllls llllplles r~1. As a

~M. Gell-Mann, Cahfornia Institute of Technology Rcport
No. CTSL-20 (unpublished).

'~ P. M. Dauber et a/. , Phys. Rev. Letters 13, 449 (1964), give
I „*&4 MeV and I'„'~ + -~/I'„~=0.25~0.14.

~6 These decays have also been discussed bj L. M. Brown and
H. Faier, Phys. Rev. Letters 13, 73 (1964); S. K. Kundo and
D. C. Peasiee, Nuovo Cinmnto 36 277 (1965)i"R. Cutkosiry, Ann. Phys. 2$, 415 (19Q); A. Martin and
K. C. Wali, Phys. Rcv. 130, 2455 (1963)."S. K. Kundu and M. Yonesawa, Nuei. Phys. 44, 499 (1963);
A. C. Hearn and E. Leader, )9'44doopp SlrNolgrs, Erooood&pgp of Ih»
International Conference at Stamford University, &63 (Stanford
University Press, Stanford, California, 1964), p. 314. I thank
R. Koberle for a discussion of this point.
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Perhaps the most distinctive prediction of this model
of p+ p —+ V+ V is that I'(pop') =I'(aA&0) independent
of s, d, and f, the sole difference being phase space. The
production of two g mesons, which does depend on s, d,
and f, has the misfortune of violating energy conserva-
tion for pp at rest. And when the p processes sufhcient
energy, higher partial waves will contribute, so that
S-state ~ production is not experimentally clean.

6. SUMMARY AND CONCLUSIONS

We have used a resonance-dominance model of p)Lt

annihilation, with the aid of SU(3) to fix the unde-
termined coupling constants, and obtain results con-
sistent with the known experimental results as far as
can be expected. We would like to call attention to the
fact that the d/f ratio for the BBV coupling used in
this calculation was not 2 (which is its approximate
value at q'=0 if we make the usual assumption that the
vector mesons dominate the electromagnetic form
factors), but 2.0. This difference is not insignificant,
since the results of pp annihilation into two pseudo-
scalar mesons is very sensitive to the d/f ratio. We may
conclude that the d/f ratio is not a constant.

If the remaining predictions of this paper turn out to
be (approximately) true, one will have strong sup-
porting evidence for two extremely useful concepts:
SU(3) symmetry and resonance dominance. We do
not expect, of course, much better than approximate
agreement in view of the treatment used here; the
burning question of how good these predictions should
be is one that is not easily answered and is at present
unanswerable except by experiment.
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APPENDIX I
Here we tabulate in Table III the vector 5 for the

different final states of interest. The following abbrevia-
tions will be used:

D =I"+m„',
Dp= P'+m~',
D,=I"+m,',

where I' is the total four-momentum of the nucleon-
antinucleon pair. Also we will use

D(1,2,n) = 1/[(p,+p2) '+m 'j.
In each case below, S= (p~Xp2)F(p~, p2,p3); therefore

only F will be given. The particles in the 6nal states will

be listed in order; i.e., x+x—m' means that ++=particle
1, m =particle 2, and x'=particle 3.

Final
state

g ca NNg o) p)rg p m )r

ir+ir m' LD(1,2,p)+D(2, 3,p)+D(3,1,p) 1
D

g pNNg pK +X gcoNNge)K +K g&NNg&K +K

E+E m0 + +
Dp DQ Dp

X gx'+++.~[D{1,3,X~)+8{2,3,E*l ]
g pNNg p~)rg~K K

+
D P

D(1,2,M)

g pNNgpp)rg&K K
+

D P

D(124)

g o)NNg (u p)r g &NNg P p m'

+ — + — g K+K-D(1,2,p)
D„ Dg

2g pNNg p pgg pwca

D(1,2,p)

g pNNg pX K+ g o)NNg o)K K g &NNg PK K
+ +

g pNNg pX K gruNNge)K K
Xgx*-xo -D(2,3,K*)+ +

Dp

gpNNg pX K
+ gx ox+.-D(1,2,E*)

g +NNg co p m' g &NNg P p )r

+ — —+
D„ Dy

g, K -D(1,3,p)

2g pNNg p p))g pK K 2g raNNg (u e)))g ~K+K
D(1,2, )+ -D(1,2,M)

2g yNNg yy&g yK+K g pNNg pK K
+ D(1,2,y)+

Dy Dp

g o)NNg o)K K g &NNg PX K
+ + gx*+x+„D(1,3,E*+)

D„ Dp

+last term with +,—interchange.
gpep gp X K

E x'E' gx*oxo 0D(2,3,E*)
Dp

gynp g p KOK

+ — — gx'-K-~oD(1) 2)E*)

E gE' Replace the m by an g directly above

g y)s p g o) p )r—g~K+X D(&)2)M)

gy~p gyp~g4K+X
+ — -D(1,2,~)

Dp
gynp gp K K gX K

+ — D(1,3,E*)

TAsLz III. The factor F in the vector s for various 6nal states.
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Here we discuss the determination of the necessary

coupllQg constants.
First, we give the SU(3) couplings we need. We will

use the following abbreviations: V, vector octet;
I', pscudoscalar octet; 8, baryon octet; 8, antibaryon
octet, all in matrix form; co&, unmixed unitary singlet
vcctol meson i 8~ unInlxcd lsoslnglct IDcmbcr of the
vector octet; H.c., Hermitian conjugate.

Tr(VLI' I j ) po(It+A- Aogo+2 + -)
+(co ~&4)(&+& +&'E.')+{I*+fE n'+v2—Ii'm +'vs— yj-+H -c }

+{&*'L~~E:~+—Eo~o+ 2VSE'g$+H. c.}+{I+$2~~o+&-zoE:-j+H.c.}
VV&: »L&{V,V'}+1={'L~» ~+&"&*j+H c }+K'+(&*{4+L(~'+n')/~~j}+E:*'I )+H-.c].

+{E."%"{4+C(~' I ')/—~j}+&*I+)+H c J

+(~'/v2)L2~oc o+Z'+X+-—Xoogoq

+(~/V'6) EA'+ ' '-2m+2'+I I:*+-&—* &*'-&—"j

'(~'+c ')/v2
V=, p

p+ E*+'
(co'—po)/VZ E*o

Zoo

We then need only to determine d/f For this, we us.e
the experimental results for pp ~ ~ ~, &+&, &x&s
Since coq does not contribute to this process, it gives us
an unambiguous answer for the d/f ratio. We have dis-

Okubo, phys. Letters 5, 165 (&963). This result is also ob-
tained in SU(6l.

which is the unmixed. vector octet with co&/VS added to
it."We have set @=—(g-', )coa+(Q-', )cog and co= (g-', )cos

+(+32)coq. Adding this much singlet reduces g»„ to
zero, which is approximately true (go, &(g„, ). If one
considers electromagnetic breaking of SU(3), one can
then roughly account for go, when its SU(3)-symmetric
value is zero.

The amount of singlet in the vector octet is 1m-
material in the VI'I' coupling, since coq W I'+I'. But it
does make a difference in the BBV coupling. %C wiII
only concern ourselves with the pp coupling, since
pe~ p- only and gy p Mgyppo by isospin alone.

For the moment, lct us use V for the unmixed vector
octet which has (g-,')cos, (g-,')cos, —(Q-,')cos, down the
diagonal instead of co/v2, co/V2, ct.

Then we have for the independent BBV couplings:

d Tr(V{&&} )=cEPP(n' cos/3)+"—.
fT (Vl&,~5 )=fr("+~-)+ ",

s Tr(cogBB)=sppcog+ ~

(The cf, f, and s above stand for the SU(3)-symmetric
parts of the total magnetic moment coupling given in
the main text. ) At this point, we can choose s=2cE/VS
which is equivalent to using the vector nonet written
above, and has the virtue of a certain beauty. In that
cascp we have

cussed in the main text the details of this determina-
tion. The result obtained is cf/f= 2 0~0 3. .

Now, let us examine (pp-+s+x m')/(pp-+m+s. ).
This branching ratio is known to be approximately
7.5.'"Theoretically, using the model described in the
body of this paper, we get

I'(m+s.-m') 1 g,.t g„NN) 2

)XI,
I'(m+s. ) 2m 4s. Eg„~N)

I= ZEjdEg pigp2 D 1,2,p D 2,3,p D 3,j.,p

LSee Appendix I for the de6nition of D(1,2,p).j
Evaluating I numerically (see Appendix III), we Gnd

8I=525m '. Using g„,~'/4w =0.6/2 (see below for this
determmatlon)& we obta111 the reslllt 'that g~~~/g&~~=0.366. This means that s/2d/VS=1. 16d and in fact
it becomes 0.330d. This 6nally gives us a coupling of
g)P(po+0. 366co10.0226$).

However, as pointed out in the main text, there may
be good reason to evaluate the ~pm vertex on the co mass
shell. If wc do this& we 6nd that& with ges~~=g&~~&
I'(s+s wo)/I'(s+s )=10 which is close enough for our
purposes. So, with a "mass shell" vertex our coupling
will be pp(p'+co'+42&/3).

To suMInarlze:

Pp(io'+0 366co+0.02264) normal vertex

Pp(P'+co'+~4/3) "mass-shell" vertex

It is of interest to compare these couplings with those
at q~= 0. There, it is well jDMwn that g„~~2 log p~~~ as
determined from nuclear force calculations. "IIowevcr,
this result refers only to the y„coupling and not to the
a„„g„coupnng which is unimportant for small q'. But
in the cross channel, the anomalous coupling is not

30 A. Kong and D. Y. Scotti, Phys. Rev. Letters 10, 142 (1963);R. A. Bryan and B.L. Scott' Phys. Rey. 135, 3434 (1964). See
also the table and references in K. Kawarabayashi, ibjd. 134,3877 (1964l.
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negligible. In fact, as we saw in the main text, if the
coupling is f(ay„+ (b/2m/r)rr„„q, )QV„, the effective cou-
pling is (a+b)PV„PV„, what we have called "total
magnetic moment" coupling, which means the anomal-
ous coupling is equally important. The nuclear force
calculations, as we would expect, do not determine b p~~
and b„&~very well, except to tell us that b„»=0, and
6p» 8»."Thus, it is consistent with the data at
q'=0 that, at q'= —4m', we may have g,&z&g„&N.
Moreover, if one is willing to assume that the a's and
b's above are true constants and do not change with q',
then pp annihilation data may well provide a better
determination of bp~~ and b„~~ than has been possible
previously.

To conclude this discussion of coupling constants, let
us consider the determination from experiment of

g p grt2p gp g+4+ and grt2zz. These decays can be
divided into two classes: V +P+P-and V-+ V+P.
We will take them in order.

V +P1+P2—

The coupling, which applies except for isotopic spin
factors, to p2r2r, E*E2r, and rbEE, is gV„)Plt(B„P2)
—(B„Plt)P2].The decay rate'calculated from this is

for the co decay and 8I=21.5m ' for the g decay. Using
the widths F„=13.1 MeV, "I'&=3.1 MeV, "and taking
I"(g ~ 32r)/I" (p -+ all) as 18/v '2 and I'(&o -+ 32r)/
I'(co +a-ll) =90'Po, 22 we hand:

g p 2/42r=0 67.2m

gy, 2/42r =9.59X 10-'m

APPENDIX III
Here we discuss kinematics and other details in the

actual evaluation of the rates.

Kinematics for Three-Body Final States

From (pl+ p2)'= (P—p2)', where P= (O,iE), one
obtains

ml'+m2' m22+—E2 2E(E—1+E2)+2E,E,
cosHy2 =

2L(E12 m12) (E22 m22) jl/2

We will express everything in terms of E,=E,+E2 and
E~=E~—E2. The boundary of phase space, as is well
known, is given by 8=0 or x. Thus, for a given E„we
can And the boundary points ED+ and E& by solving
the following quadratic: AEr/'+BE&+C=O, where

g2r=-
4x 12m@'

(m '—m ')'
mv'+ —2(ml'+m2')

mp'

A =E(E—2E.)—m, 2

B=2E,(m12—m, 2),

4m12m22 (m12+m22)E 2

—(A+ml'+m2')(A+m '+m '+E ')

(The equation was obtained from that for cos8».) In
this way, we can iterate our integral over phase space.
doing the E~ integration 6rst for a given value of E,.
In order to do this, we need to determine E,(min) and
E,(max), our integral then taking the form

g„./42r=22.07%0.10

gx~+xo, +2/42r= 1.72&0.07

(we have used the theoretical result that

I (E~+~ E+~o)y/r (E'+~ E'~+) = ,')-
g~x x-2/42r =1.24+0.3

and
Es(m@X)

and
Using F,=106 MeV, I'~*=50 MeV, and I'~ ——3.1
MeV,"we obtain: C=

(we have used the experimental result that

I (y —+ E+E )/I'(y ~ all) =0.46)."-

V1-+ V2+P

Here, the coupling which applies to both cop2r and pp2r

;s gv, v,p,„„),.g„V,„81V2.P. Note that M™.We
assume the decays~ ~ 3x and P ~ 3~ are dominated by
the p. For the p decay, we use the coupling above, thus

obtaining
mVg (g VgV2P) g~V2PP)t

r(V, 3P)=
~ ~

~XI,
32r E 42r i 42r i

Where I iS juSt aS befOre fOr alp-+ 2r+2r 2r' (See abOVe).

Evaluating I numerically again, one Ands SI=0.835m '

"%'. H. Barkas et al. , University of California Radiation Labo-
ratory Report UCRL 8030, 1964 (unpublished)."G. Smith et a/. , Bull. Am. Phys. Soc. 10, 502 (1965).

~(min)
AD[/M[2

where M' is the appropriate matrix element. E,(max)
clearly occurs when particle 3 is at rest: E,(max)
=E m2. E,(min) occu—rs when particles 1 and 2
come oG together, for then EB is at a maximum.
Expressing this requirement as t p'+(m1+m2)'7'/
+(p'+m ')'/'=E, one finds

Eg(111111)= (1/2E) LE2+ (ml+m2) 2 m 2)

Kinematics for the Matrix Element

First, we have a (plXp2)' term. On the boundary, this
is zero. Thus, we are led to suspect that which we may
derive without any prior suspicions: (plXp2)2~AE&2
+BE&+C. The constant of proportionality turns out
to be —,'.

» D. Miller, Columbia University, Ph.D. thesis, Nevis Cyclotron
Report (unpublished).
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Then, we have resonance forms, like D(1,2,p). We
therefore want to evaluate (pi+ps)'. As previously
noted, (pi+ps)'= (P—Ps)'= —ms' —E(E—2Es). Fur-
thermore, there is the energy dependence of the width
of the resonance (the width appears through the pre-
scription that we replace m, by m, i—F,/2, where

Fp

3 4sr —po'

obtained using the usual psrsr coupling and the (off-
mass-shell) mass of the p). In the case at hand,

p, '=(pi+ps)' which we have just evaluated. p is the
momentum of the m. in the p center of mass. Using
(Pi—Ps)'=2Prs+2Pss —(P,+P,)' and the fact that

both m's have the same momentum, one Ands

4p '=ms'+E(E —2Es)
(mrs —ms')'—2(mt'+ms')+

mss+E(E —2Es)

All of the above formulas were constructed with
their suitability for computing in mind, and in the
above form are immediately programmable.

Numerical integration with a sixth-order polynomial
6t was used to obtain results, the program automatically
subdividing the integration interval where necessary
(e.g. , under a resonance peak) until the answer was good
to a desired number of significant figures (chosen to
be three).
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The effects of SU(3) and U(4) breaking on the coupling constants in U(12) symmetry are investigated
using the spurion technique. For an SU(3)-breaking spurion which is a member of 143, only two parameters
are introduced in addition to the one for the formal symmetry. All 132 baryon-meson coupling constants can
be expressed in terms of these three quantities. For vertices involving pions or p mesons, only two param-
eters are relevant. The effects of U(4) breaking as well as simultaneous U (4) and SU (3) breaking are studied
with spurions which belong to the representations 143, 4212, and 5940 of U(12). The sum rules for the
coupling constants which follow from the formalism are in reasonable agreement with experiment.

1. INTRODUCTION

~HE U(12) scheme" provides a relativistic frame-
work for the derivation of the SU(6) results. ' In

addition to these results, U(12) also gives an absolute
value for the proton magnetic moment which is of the
right order of magnitude, and it relates all meson-
baryon vertices to a single form factor. Even though
the application of formal U(12) symmetry to scattering
processes meets with certain diS.culties, ' its success in
the case of the vertex function is encouraging. We
expect U(12) to be broken in two ways corresponding
to its subgroups SU(3) and U(4). The deviations from

*Researches herein reported have been supported by the
Atomic Energy Commission through AKC Contract AT(30-1)-
2098.

' A. Salam, R. Delbourgo, and J. Strathdee, Proc. Roy. Soc.
(London) A284, 146 (1965); B. Sakita and K. C. Kali, Phys.
Rev. Letters 14, 404 (1965);K. Bardakci, J.M. Cornwall, P. G. Q.
Freund, and B. K. Lee, ibid. 14, 48 (1965); M. A. B. Bbg and
A. Pais, ibid. 14, 267 (1965).' B. Sakita and K. C. Kali, Phys. Rev. 139, B1355 (1965).

'F. Giirsey and L. A. Radicati, Phys. Rev. Letters D, 173
(1964); A. Pais, ibid. 13, 175 (1964); F. Gursey, A. Pais, and
L. A. Radicati, ibid. 13, 299 (1964).

'R. Blankenbecler, M. L. Goldberger, K. Johnson, and S. B.
Treiman, Phys. Rev. Letters 14, 518 (1965).

SU(3) are conventionally described by introducing a
spurion which transforms like the eighth component of
an SU(3) octet. It is well known that this also gives
rise to mass splittings between the members of the
SU(3) multiplets. U(4) on the other hand is broken
by the equations of motion which give rise to U(4)
noncovariant subsidiary conditions for the represen-
tations of U(12). In addition, to simulate higher order
effects, we shall introduce U(4) breaking spurions, '
which belong to the representations 143, 4212, and
5940 of U(12).

In the second section we give the effective interaction
Hamiltonian densities for the meson baryon vertex
including spurions. The third section deals with
the reduction of the U(12) field operators under
U(4)QxSU(3), and in the fourth section we study the
effects of SU(3) breaking spurions. In the f'tfth section
we investigate U(4) breaking as well as simultaneous
SU(3) and U(4) breaking, and in the sixth section we
compare the results with the experimental data.

~ P. G. Q. Freund, Phys. Rev. Letters 14, 803 (1965};R. Oehme,
ibid 14, 866 (1965)..


