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Soft-pion emission in pp annihilations
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Previous soft-pion studies of proton-antiproton annihilations into kaons and pions are extend-
ed to annihilations that produce exclusively pions. It is argued that the expressions derived earlier
can be used to compute the values of branching ratios for processes such as pp m+n. n +2m .
The results are compared with the available experimental data.

Within the past decade, the methods of current
algebra and the partially conserved axial-vector
current (PCAC) hypothesis for pions have been fairly
successful in dealing with various pp annihilation
processes. ' ' The several final states including those
with additional pions admitted by the pp annihilation
even at rest make the processes particularly suitable
for the application of the formalism. In most of the
reactions considered, pp KK is related to the ones
with one or more additional soft pions. This kind of
relationship between two reactions is a general
feature of current-algebra applications. Another
reason for studying the pp annihilation processes is
that the annihilation at rest occurs in S state and in

the past current-algebra predictions for S waves were
in good agreement with experiment.

pp annihilations can produce hyperons, kaons, and
pions, and pions alone. Over 90'/o of the time, an-
nihilation at rest produces only pions. Treating
these all-pion final states within the current-
algebra —PCAC formalism creates certain difficulties.
Ideally all the pions must be treated as soft. But
when the pion number is four or more it is nearly
impossible to maneuver the derivatives through
time-ordered products. Also in a reaction such as

pp 4m, if all the pions are considered soft, the
problem of relating the reaction with a suitable one
arises. One can, however, treat two of the pions as
soft and relate it to pp 2m. This would of course
mean that the pions are given an unsymmetrical
treatment.

In the pp annihilations studied previously, the cen-
tral interaction has usually the form

alt=A+By Q,
where Q = qq

—q2, the difference in kaon momenta.
That is, in processes like pp KK + n m, where n is
the number of pions, the kaons form part of the
external final state and only pions are treated through
PCAC as soft. It is interesting to note that the form
of 9R does not change even when the kaons are re-
placed with pions.

If i and f are hadronic states, the matrix element

for the process

i ~f+m

appears in the well-known reduction formula

(2)

ik„(ffA„'fi) = (f JB„A„'fi) (3)

where i = 1,2,3 are the isospin indices of the axial-
vector current operator A „. According to PCAC for
pions,

with

C = J2GgM~p, '/g, (0)

G& = 1.18, g, is the rationalized, renormalized pion-
nucleon coupling constant (g, /4m = 14.6), @ is the
renormalized pion-field operator, and M~ and p, are
the nucleon and pion masses. Introducing Klein-
Gordon operators in (3), we have

M 6
Ik„(flA,'Ii) =, , (fl(p, ' —&)P' ~l) . (6)

g, p, +k

One has to investigate this equation in the limit
k 0. As k 0, the righ'-hand side approaches
M&G&/g, times the matrix element for the emission
of a zero-four-momentum pion and the left-hand
side vanishes unless it has pole terms. For reactions
of the type (2) considered, the matrix element is of
zeroth order in pion momenta. So we look for pole
terms that go as k ' and these arise when the axial-
vector current is attached to the external line that
does not terminate. ' Insertion of 3„' into a
pseudoscalar-meson line is forbidden by parity. If
i =pp and f = EK, then one has to consider inser-
tions in the baryon-antibaryon lines only. The situa-
tion does not change if the kaons are replaced with
pions.

The argument extends to any number of axial-
vector-current insertions which correspond to the soft
pions in a reaction of the type (2). Therefore we can
use the matrix elements derived earlier for various
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TABLE I. Values of branching ratios for
R t

——w(pp n+n ms+ 2ws(soft)) jw(pp m+m mrs),

R2= w(pp m+m +3~ (soft))/w(pp ~+a ), and

R3= w(pp m+m +4mo(soft))/w(pp m+n. ).
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FIG. 2. Comparison of the theoretical prediction of
the branching ratio, R 2

= w (pp m+m + 3m (soft)) /

w (pp m+m ), with experiment at various incident
antiproton laboratory momenta. (NR indicates
nonresonant, i.e., identified resonances are subtracted. )

soft-pion processes to find branching ratios such as

w (pp n m)/w (pp 2m )

However, one has to keep in mind the various selec-
tion rules that operate for pp annihilation into various
channels.

The spin and parity of the S states for a proton-

antiproton system are 0 and 1 since fermion and
antifermion possess opposite intrinsic parity. If we
consider two m mesons in the final state, they must
have even angular momentum and therefore even
parity. So pp 2m is forbidden. We, however,
have pp m+m and pp m+m m . Therefore we re-
late these processes to the ones with additional soft
pions. The differential rates for the processes
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FIG. 1. Comparison of the theoretical prediction of the
branching ratio, R ~

= w (pp m+m m + 2m (soft)) /

w(pp m+m m ), with experiment at various incident
antiproton laboratory momenta. (NR indicates nonresonant,
i.e., identified resonances are subtracted. )
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FIG. 3. Comparison of the theoretical prediction of
the branching ratio, R 3

= w (pp ~++ +4' (soft)) /
w (pp m+m ), with experiment at various incident antipro-
ton laboratory momenta.
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pp E+K n'+2n'(soft), pp K+K +3n 0(soft),
and pp K+K +4n0(soft) recently studied by us5 7

hold here with kaons replaced by pions. The limits
of integration also are different, The various branch-
ing ratios thus obtained are given in Table I.

When compared with the available experimental
results, " the values of branching ratios are small as
sho~n in Figs. 1, 2, and 3. Through PCAC we as-
sumed that the unphysical amplitude derived at
zero-pion-momentum limit is slowly varying and
valid for the physical "soft" pions. Even for pp an-
nihilation at rest, the available center-of-mass energy
is such that the pions produced are not necessarily
soft. This is one of the sources of discrepancy
between theoretical predictions and experiment. We

have applied the current-algebra —PCAC formalism in

a straightforward way and did not include any reso-
nances such as p and co. Also the experimental data
is mostly for pions in charge states other than those
considered here. A better comparison with the avail-
able experimental results would have ensued if, in-

stead of the soft pions in neutral mode, charged
pions were taken. Then the theoretical values of
branching ratio would be enhanced due to the addi-
tional commutators present. 4
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Uritam for suggesting the soft-pion study of pp an-
nihilation processes. This work was supported by the
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