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Pion Production in High Energy Proton Anti-Proton Annihilation
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ABSTRACT
A simple annihilation model leads to a set of predictions for
nion distributions with marked differences with those found in proton-
proton collisions, In particular most pions should be produced with
low (<2) center of mass rapidity and their mean multfiplicity should

increase proportionally to the center of mass energy.
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I. INTRODUCTION

Proton anti-proton annihilation at rest has been extensively studied
and detailed information is now available about various final states. 1
Many configurations do occur but a very striking fact is the relatively
narrow distribution of the number of charged pions. Annihilations
frequently yield two = but seldom one or three. As a result the =
multiplicity is far from the Poisson distribution which is known to
provide a reasonable approximation for meson production in wp or pp
collisions at present machine energy. 2 The reported value for the
quantity f2 = <nf{n-1)> - <n>2, in low energy f)p annihilation where n
is the number of 7 , is slightly below -1 with an averaged multiplicity
<n> of 1, 5, K This is to be contrasted with a value of f2 close to zero
which is observed in pp collisions with a similar pion yield <n> { at 20 -
70 GeV), * In the latter case, the observed multiplicity distribution can
be interpreted in terms of the excitation of particle clusters. > The width
of the multiplicity distribution then results more from the relatively wide
spectrum of hadronic states which can be excited from the initial particles
at any given energy rather than from the distribution width proper expected
from each cluster, The latter distribution is narrow on statistical grounds
and indeed found to be so in annihilation at rest. The same mean multi-
plicity may be therefore associated with very different distributions

whether it is observed in proton proton collisions or in proton anti-proton



annihilation. With increasing incident energy both multiplicities increase
and it is interesting to see if the pion distribution in the two cases will
stay different or converge to a similar behavior., Any phenomenological
statement is of course relevant at low or medium energy only since

the annihilation cross section decreases very fast. It is expected to

do so in view of the decreasing difference between the pp and pp total
cross sections, The annihilation cross section could however account

for only part of this difference which apparently decreases as s_” 2

and it could exhibit still a faster drop off. Nevertheless we may define
trends with increasing energy.

The model which we present here leads us to expect very different
behavior for pion distributions in pp collisions and ;'—)p annihilation
respectively., The few qualitative remarks which we can make are
specific enough to test the annihilation mechanism which we emphasize.
They are the following:

i) The annihilation cross section decreases as s ,
ii) The mean multiplicity increases proportionaly to the center of
mass energy (NS ), even though the model is far from presenting
a globally statistical picture,

iii) All pions are predominantly produced with small center of

mass momenta. The model does not account for low multiplicity

{2, 3 pions} annihilation which gives obviously fast pions but with



very small branching ratios. For multiplicities ciose to the mean
multiplicity we expect however that fast center of mass pions
should be found only rarely. In other words, the rapidity distri-
bution for annihilation should be more narrow than the one
observed in pp collision with the same energy available for
production and should even not change appreciably with energy,
whereas the width of the rapidity distribution for pp processes

is expected to become broader in proportion to log s,

iv}) In much the same way as in pp collisions, the K/~ ratio
should remain small,

v) With increasing energy f_ should eventually rise and increase

2
even much faster than expected in pp collisions. >
Even though separating out the annihilation reactions from other

production processes is difficult, these few features are very striking

and are worth some emphasis,
1I. A MODEL FOR ANNIHILATION

An annihilation amplitude implies baryon exchange between the two
incident particles. At high energy one may consider production ampli-
tudes with multi-baryon exchange as shown on Fig. 1a. Nevertheless
considering the annihilation process in such a "'multiperipheral” way

would neglect important effects. When considering the central part of

the chain, where the rapidity difference between secondaries becomes



on the average small, the annihilation anplitude at rest should better
replace the baryon exchange approximation. On the other hand, when
considering the upper and lower part of the graph, the clustering effects
expected and founc?’ .8 in pp collisions should be included. One may
therefore consider it a better approximation to look at the annihilation
amplitude as a double pole term. This is shown on Fig.1b. One may
then calculate the pion distributions in a semi classical way combining
the distribution observed at rest (central part) with those expected
from the proton and antiproton when slowing down., Such a picture may
Seem a priori to be plagued with multi-counting problems. This
difficulty is however circumvented by the very fast decrease of the
annihilation cross section at low energy. We may neglect annihilation
when the pp rapidity difference is larger than a certain limit Yo and
consider that it happens when it is smaller. This is a crude approxi-
mation but it is good enough to determine the relevant trend. We may
therefore view annihilation as a two step process. The first step is

a slowing down of both the proton and the antiproton through pion
emission. The second step is their annihilation proper which practically
occurs once their rapidity difference or center of mass energy is small
enough., The first step should be very similar to what observed in pp
collision when both final nucleons are slow in the center of mass (a
relatively unlikely process at high energy). The second step should be

similar to annihilation at rest, The observed pion distribution shouid



combine the general features of both.
In pp collisions low multiplicity events can be considered as due
to cluster forrnation, the initial proton {s) getting excited into hadronic

¥

states which decay through a flare of pions. The average momentum

(rapidity) of the final proton is related to the mass of the excited hadronic

state (Nova). We have

a= L% QL:;‘J (')

W and M respectively stand for the proton (nova) rapidity,

where v, 9.
the longitudinal, center of mass energy and mass of the nova, We have
neglected the transverse momentum compared to the nova mass. We
have assumed a statistical distribution in the cluster rest frame, with
proton and pions produced with the same average rapidity, We keep
the same picture for large multiplicities where all secondaries are
slow in the center of mass, A similar mechanism should apply to pp
collisions and in a certain fraction of the cases the two particles should
slow down through pion emission. This provides for an efficient annihi-
lation mechanism since the slow moving baryon anti-baryon system has
a very large annihilation cross section. This picture for annihilation
does not of course conflict with the multi-baryon exchange process of

Fig. 1a. It merely corresponds to a more direct though approximate

way for calculating the corresponding cross section. When Fig. 1a



would however a priori lead to a somewhat uniform rapidity distribution,
the disiribution which we now get is strongly concentrated around zero
center of mass rapidity. The annihilation pions proper come from a
slow moving system and will therefore be produced (on the average)
with a small rapidity., The "slowing down" pions on the other hand

have to originate from relatively heavy clusters which only can give a
baryon and an anti-baryon with small enough center of mass energy.

As it follows from (1) they will have therefore smazll rapidity also.

Since in our picture annihilation occurs only when the proton and
antiproton rapidities are small enough, we expect the rapidity distribu-
tion of the produced pions not to change appreciably with energy in
contradistinction with what occurs in proton-proton collisions.

One may estimate the critical rapidity value Yo under which annihi-
lation is assumed to occur. To this end we may take the center of mass
energy squared to be below 5 Gev?® (q =0.65GeV/c). This corresponds
to an annihilation cross section of 60 mb which is of the same size as
the pp total cross section, ? This gives Yo = 0.7 and we may assume
that annihilation takes place when both the proton and antiproton are
within a rapidity interval £ 0,7 out of a total rapidity interval of %1, 25 at
6 GeV/c, a typical high energy p momentum as available on present
machine.

The invariant momentum distributionio observed in pp inelastic

collisions is relatively flat. Using this for pp collisions one may thus



estimate that the probability for both the baryon and the anti-baryon
to be slow enough in the "intermediate" state is of the order of 0.3
at 6 GeV/c. With a total pp cross section of 63 mb, we obtain an estimate
of about 20 mb for the annihilation cross section, in agreement with the
experimental value.

The probability for the nucleon (anti-nucleon) to reach a center
of mass momentum lower than a certain limit through pion emission
will decrease inversely proportionally to the center of mass momentum
as long as their inclusive distribution remains flat. Imposing that both
particles slow down we obtain an annihilation cross section decreasing
as s—i. The proton distribution eventually dips at x = 0 at very high
energies and the annihilation cross section thus calculated eventually
decreases faster. It appears very unlikely that total annihilation cross
section could be separated at these energies, The s 'behavior is
therefore to be tested against low or medium energy and Fig. 2 shows
how awvailable Su , compares to a constant value. This is not excluded
at all by present experiment and a constant value for '\JELUA, which
would correspond to a usual Regge behavior, is at least not better
supported by data,

It is worthwhile to mention that a multi-baryon exchange model

for pp annihilation also suggests that

ht
WOz §* (T 0 - G (9) ®



with a > 0 but not in general equal to 1/2 as obtained here. The reason
is the following, The difference between the two total cross sections is
assumed toresult from the w contribution with strong coupling to
mesonic (pr) as well as baryonic BB t-channel states. The annihilation
cross section however gets contribution from the BB t-channel only.
One thus expects a weaker coupling and a lower effective intercept.

In our model secondaries originate from two separate sources.
They come from annihilation at rest or low momentum which provides
a mean multiplicity <No> of 5.5 (1.6 = ) and they are also produced
when both proton and anti-proton slow down, In both cases it is well
known that the K/ w ratio is small, We may then try to estimate the
number of pions obtained during the slowing down process. Reducing
the rapidity to 0.7 implies an excitation mass of ~Ns/4 for large s. DBoth

proton and anti-proton should be excited into heavy novae and we get

ik, 3V

e Moy + £ | 0ty ) o) (nen)andn, G
Ty

where p(M) is the proton (anti-proton) excitation spectrum. The
multiplicity is taken proportional to the excitation mass KM with

K= 2 GeV_i. With such an approximation, a logarithmic increase

of the multiplicity in pp reaction imposes p{(M) = I\/I‘2 and it then
follows that <n> increases proportionally to the center of mass energy:

N5. Therefore the mean multiplicity increases much faster than the
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one measured in pp collisions. The reason is that in this model,
annihilation requires very heavy excitation mass and hence relatively
large multiplicities in order to happen at all. At the same time <n(n-1)>
should eventually increase proportionally to s.

We thus obtain a multiplicity increasing as the available energy
in much the same way as we would expect from resonance formation
and decay. It occurs however in a very different way. The relative
invariance of the width of the rapidity distribution increasing quickly
from the value observed at rest to its limit is however the strongest
prediction of the model,

We also predict a rapid increase of the cross section or
branching ratio for large multiplicities (41‘r+ 4 say) which are very
small at low energy and which should quickly reach values charasteristic
of the much more frequent (at rest) 3w+ 37 annihilation mode as an
extra TI’+'TT_ pair is obtained in the slowing down process.

The hypercharge exchange reaction K-p—~A(Z)+nm with a slow
center of mass hyperon and large pion multiplicity could alsc use the
same mechanism, Rapidity distributions in this particular case would

also be very interesting,
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FIGURE CAPTIONS

Figure 1: Annihilation amplitude
1.a Multi-baryon exchange graph
1.b Grouping of secondaries according to low energy

annihilation and slowing down processes,

Figure 2: soA and N’EO‘A as a function of energy. Data are

from Ref. 6.
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