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We analyze some data for the reaction Pp —2m'2m-mo at 3.25 GeV/c. We study the depen-
dence on different momentum-transfer variables, momentum distributions, and charge dis-
tributions. We compare the behavior with well-known characteristics of xp nucleon+ pions
and pp —(2 nucleons)+pions. We also compare the data with computer-generated events con-
strained only by Lorentz-invariant phase space (LIPS). We find that the data agree in many

respects with LIPS. Apart from a few statistically significant features mentioned in the text,
the data show little dependence on the momenta or the charges. This is in sharp contrast
with the pions produced in 7rp, Kp, or pp inelastic scattering. We discuss the result and its
implications about annihilation processes and give arguments as to why our result might be
valid at higher energies as well.

I. INTRODUCTION

An analysis of some data for the reaction
Pp-2g'2z H from an experiment done at about
3.25 GeV/c by Ferbel et al.' is presented here.

Over the past few years, certain patterns appear
to be emerging about the momentum distributions
and the quantum-number distributions of the final-
state particles in zp, pp, and to some extent, Kp
inelastic processes. Our purpose here is to see
if similar behavior is observed in baryon annihila-
tion processes as well. We find that it is not. In-
stead, an alternative and simpler picture seems
to be applicable to the products of PP annihilation.

Since our analysis is done with a view to con-
trasting pp annihilation with other multiparticle
processes, we will first summarize the relevant
features that characterize the latter before pre-
senting our data.

In reactions such as vp -nucleons+pions or pp
-(2 nucleons)+ pions, as the energy increases the
following broad features are now widely believed to
emerge. First, in a majority of the events at
least some, if not all, of the final particles seem
to come out in the form of two "jets" or "clusters. "
The cluster may simply be one of the known res-
onances, or it may not. But its mass is small
compared to the available energy &sin the c.m.
frame'. These two clusters essentially travel in
near-forward and near-backward directions, re-
spectively, in the over-all c.m. frame. The in-
dividual final particles seem to have relatively
small transverse momenta, ' of the order of a few
hundred MeV/c, even when the total lab energy in-
creases to tens of GeV.

The total quantum numbers of the jets have also
followed a pattern, whereby "vacuum" exchange
processes are preferred. "' The preference for

such "diffractive dissociations" is not universal.
[See the counterexample in the process v p-(2v-
v'v')p mentioned by Van Hove, ' where G parity is
exchanged, and which is nevertheless dominant at
11 GeV/c. J But on the whole, diffractive dissocia-
tions are dominant, consistent with theoretical
notions of the dominance of Pomeranchukon ex-
change.

Finally, the clusters are produced peripherally.
The "differential" cross section do/dt (where itis
the momentum transfer from the incoming projec-
tile to the forward cluster) is highly peaked at

t ttl j tl 0, and may be rough ly described by the
form

do/dt -A e".
While the slope 6 varies with the multiplicity and
the individual reaction (see the work of Satz' in
this connection), it is of the order of the corre-
sponding slope of the elastic np or pp differential
cross sections, and sometimes even higher. Con-
versely, it has been shown by one of the authors'
that if one assumes that a double-cluster produc-
tion dominates with a da/dt similar to the elastic
shape, then this automatically leads to the ob-
served small transverse momenta and also the ob-
served insensitivity of the transverse momenta to
large variations in the total energy.

Let us now consider pp reactions. They are
naturally classified into two groups: (a) nonannihi-
lation processes such as pp-pp+pions; (b) anni-
hilation processes such as Pp -pions. These two
groups are clearly quite different. Since group
(a) allows the possibility of vacuum exchange, per-
haps these also occur predominantly via diffractive
dissociations and share the peripheral double-jet
nature of the np and pp inelastic collisions. ' On the
other hand, the annihilation processes [group (b)],
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of which our analysis is an example, may be ex-
pected to behave quite differently. Even if one
divides the final particles into two clusters, the
production of such clusters will require baryon
exchange. Therefore these processes may be ex-
pected to decrease with increasing energy as some
power of 1/s, whether one uses Reggeon-exchange
models or more general considerations, such as
those of Feynman. " There may also be signifi-
cant differences in the charge and momentum dis-
tributions of the final particles, as compared to the
double-jet configurations of the diffractive pro-
cesses. For instance, it is quite conceivable that

pp annihilation reactions take place for low impact
parameters as compared to nonannihilation proces-
ses. In that case, the angular distribution of the
final particles may be much more isotropic. This
correlation between low impact parameters and
isotropy is physically very clear in statistical
models, as has been lucidly pointed out in Fermi's
early work on the subject. "

Our analysis of the pp -5w events indeed sup-
ports this conjecture. We find the following.

(a) Far from resembling a double-jet structure,
the final pions are, to first approximation, isotrop-
ic in the c.m. frame, and seem to be governed
largely by Lorentz-invariant phase space (LIPS)
alone, with an effective constant matrix element.
We show this by comparing our data with computer-
generated events programmed to satisfy only LIPS
and energy-momentum conservation.

(b) There is no pronounced preference for any
given charge configuration.

(c) There is no sharp dependence on any four-
momentum transfer. This is in contrast to the
strongly peaked do/dt for diffractive processes.

In Sec. III we will discuss the possible implica-
tions of our findings and their relationship to res-
onance production, Regge-exchange mechanisms,
etc. Let us now present the details of the analysis.

II. ANALYSIS OF DATA

We had at our disposal about 970 events of the
reaction Pp-2m'2g 9, at a lab momentum of
about 3.25 GeV/c. We also use, for purposes of
comparison, a sample of about 1000 events genera-
ted by a computer. These computer-generated
data, which we will call "random data, " were pro-
grammed to simulate events constrained only by
LIPS and total energy-momentum conservation,
the total energy being the same as that of the real
data. The reason for using the random data was
obviously because of the difficulties in getting an-
alytic expressions for the five-particle phase
space. With these two sets of real data and ran-
dom data, the following analysis was done. All the

data and the analysis refer to the c.m. frame.

FORWARD BACKWARD FORWARD BACKWARD

P5

P (b)

FIG. 1. Diagrams showing pp 5 pions. (a) Example
of a 2-3 split, i.e., two pions having one sign of p aad
three pions having the other sign. (b) Example of a 1-4
split ~

Dependence on Momentum Transfer

We first divided the five pions in each event of
the data into two groups based on the sign of the
c.m. longitudinal momentum p, . The corresponding
momentum transfer squared, t, can be defined for
each event as t =(k,-Q„,P;)', where k, is the
four-momentum of the antiproton [Fig. 1(a)], and

d p, is the sum of the momenta of the pions
having positive p, . A plot of do/dt with respect to
t is given in Fig. 2. Figure 2 has two curves, cor-
responding to the real and the random data, re-
spectively. The real-data curve in Fig. 2 may be
roughly fitted with the exponential form e", where
b=2 GeV '. Even this modest peak is mostly
owing to the kinematics of five-particle phase
space, " as evidenced by the near overlap with the
corresponding curve for the random data.

This is to be contrasted with a double-jet struc-
ture, where the dependence on precisely this mo-
mentum transfer would be much more steep. Thus,
in diffractive-dissociation processes, b is of the
order of 6-10 GeV ' or greater. '' The absence
of such a sharp peak in our data, and the simi-
larity between the two curves in Fig. 2, are a
strong indication of the absence of quasi-two-body
final state, or a double-jet structure. Instead, the
five pions seem to be coming out isotropically,
constrained mostly by phase space.

Next we checked whether there was a stronger
dependence on any other momentum-transfer vari-
able. For this, we included the least-backward
(least jp, ~) pion from the backward cluster in the
"forward" cluster and calculated the new momen-
tum transfer squared t'. Figure 1(a) clarifies what
we did and what t' is.

Similarly the variable t" corresponds to shifting
the least-forward (least

~ p, ~) particle from the for-
ward cluster to the backward one. We plot do/dt'
and do/dt" in Fig. 3(a). Since the problem is com-
pletely symmetrical between the forward and back-
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ward directions (except for an over-all change of
the sign of the charge), one expects do/dt' and
dc/dt" to be identical. That this is so is clear from
Fig. 3(a), where the triangles correspond to dc//dt'

and the circles to do/dt".
It is clear that do/dt' is even less sharply peaked

than the do/dt of Fig. 2. Thus, there is no pro-
nounced "peripherality" with respect to either t' or
t". Instead, the curve in Fig. 3(a) agrees well with
the corresponding curve in Fig. 3(b) for the ran-
dom data, indicating once again the resemblance
of the real data with purely phase-space governed
isotropy.

We now mention the anomalous 5-function peaks
in Figs. 3(a}and 3(b) at t =+M =0.88 GeV . These
correspond to cases where one pion has one sign
for P, and the other four have the opposite sign. In
such cases either t' or t" defined above equals
(k, —0)'=k, '=M'. We note that the spike has ap-
proximately the same height in Figs. 3(a) and 3(b).
Thus, even in the ratio of events with 1-1-vs-2-3
splits in the sign of P„ the real and random data
agree.

strong resemblance between the behavior of the
two sets of points is evident —so much so that it
was not fruitful to draw two curves.

Angular Distribution

In view of the emerging similarity between the
real data and the isotropic random data, we at-
tempted a more direct test of isotropy by plotting
each pion in the real data as a point on the Q,P, }
plane. Note that we are talking about spin-aver-
aged data where axial symmetry about the z axis
can be assumed. To check the angular distribution
in the (P„,P,) plane, we divided it into 12 sectors of
30 each and counted the points in each sector.
These counts are given in Fig. 5. Figure 5(a}
gives the total number of pions (including all three
charges} in each sector. This count is for pions
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Longitudinal Momentum Distribution

Figure 4 gives a plot of the p, distribution of the
pions for the real and random data where we have
included pions of all charge in the real data. The
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FIG. 2. Comparative curves of der/dt for the actual
data (triangular points) and the random (LIPS) data (cir-
cular points) .

FIG. 3. Curves for do/dt' =do/dt" for the real data (a)
and the random (LIPS) data {b). The spikes at t =M2 in
both curves are explained in the text.
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FIG. 4. Longitudinal-mo-
mentum distributions in the
c.m. frame for the real and
the random data. The trian-
gular points give the real
data and the circular points
the random data. The curves
are drawn only to guide the
eye.
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FIG. 5. Number distribution in 12 equally divided (30 )
sectors in the (p,p, ) plane. (a) Pions with momentum
~p~~ ~ 5mvc. These are over So%%uo of all pions. (h), (o),
and (d) Separate distributions for n+, ~-, and ~0, respec-
tively. (e) Count for all pions regardless of energy. In
a11 cases, the horizontal axis is the z axts.

with momentum ( p) c~5m„c, which constitute
more than 8~ of all the pions in the real data.
One can see that the distribution is in good agree-
ment with isotropy. A calculation of

, ~2 (sf —n}'

j=l
where nj is the number of points in a given sector
and @ yg & is the number of points expected from
isotropy, yields a value X'=6.1. This is low con-
sidering that in a counting experiment with 12 bins,
one would on the average expect y'= 12 since
(n, —n) - Wn because of statistical fluctuations.

Figures 5(b), 5(c), and 5(d} give the separate
counts for m', m, and m', which are each consis-
tent with isotropy. The y of these three distribu-
tions are 14.6, 6.1, and 12, respectively, when fit-
ted to isotropy. The above statements are for the
majority (80%%uc} of the outgoing points whose ~p~
~ 5m„c. If one includes all the pions, then, as
seen in Fig. 5(e}, the isotropy is somewhat re-
moved. There is a small but systematic prefer-
ence for forward and backward directions. This is
reminiscent of what happens in a double-jet distri-
bution, although nowhere nearly as pronounced.
Since the deviation from isotropy comes from the
addition of the high-energy pions, it is possible
that these are emitted singly by the incoming pro-
ton or antiproton before the annihilation takes
place.

Invariant-Mass Plot

In Fig. 6, we have shown the invariant-mass dis-
tribution of the forward cluster. By symmetry, the
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FIG. 6. Invariant-mass plot for the forward cluster.
The histograms correspond to the actual data and the
curve to LIPS.
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FIG. 7. Invariant-mass plot of the x+7(0 system.

backward cluster should have a similar distribution.
For comparison the corresponding curve for LIPS
is exhibited. The data do show some structure, in

the form of a mild peak in the 750-850-MeV re-
gion, which could weQ be due to p and ~. Apart
from this, there is good agreement with the LIPS
curve.

We also show the m'm' invariant-mass distribu-
tion in Fig. 7. There is a broad peak in the 650-
900-MeV region, once again indicating some p
production. But the peak is not anywhere nearly
as strong as in, say, yp -pv'm .

Charge Distributions

As mentioned in the Introduction, processes
such as mP - mP+pions show a preference for dif-
fractive dissociation. The forward cluster tends
to have the same quantum numbers as the incoming
projectile, and the backward cluster those of the
target. This is evidenced, for example, in the Van
Hove plots. ' We find that there is no corresponding
preference in pp-2w'2~ w' in terms of the charge
configurations of the forward-vs-backward par-
ticles.

Clearly our data have two types of events —the

majority with a 2-3 split in the sign of p„and a
minority with a 1-4 split. These two categories
cannot be easily compared with each other since
they would carry different statistical weights be-
cause of phase space. But the different charge con-
figurations within the 2-3 split events can be com-
pared with each other since their kinematic con-
ditions are the same. Such a comparison is given
in Table I. Column 5 gives the subtotals for a
given partition, e.g. , ~'m', m'm m . Since in 2m'-

2m m' there are four ways of forming ~"v, two

ways each of forming w'7t or 7). m', and only one

way of forming m'~' or w m, these subtotals have

to be suitably normalized as in column 6, before
comparison. All these normalized subtotals can be
seen to lie between 41 and 51. Thus, to first ap-
proximation, the data are consistent with random
charge configurations. The approximate random-
ness of the data in momentum space observed in
Figs. 2-5 appears to be accompanied by a similar
randomness in charge space.

III. CONCLUSIONS

In summary, our data seem to show a very
simple pattern: The matrix element, to first ap-
proximation, shows little dependence on the mo-
menta or the charge of the pions, with LIPS and
energy-momentum conservation being the only con-
straints. It is tempting to make the generalization
that the results of our particular analysis are valid
for all high-energy baryon-annihilation processes.
Such a generalization can certainly be questioned
at face value. Even in our own data, the resem-
blance with the computer-generated random LIPS
data is still not exact. There is a slight preference
[Fig. 5(e)] for the pions to lie in forward and back-
ward cones in momentum space. Further, there
is a certain amount of anisotropy in charge con-
figurations as well. Thus, within the partition
(v'w', v v v'), the v'v' pair prefers to come out
backward, i.e., in the direction of the proton [see
rows 4(a) and 4(b) in Table 1], although the five dif-
ferent partitions in column 6 are nearly equa. lly
populated.

It is possible that these tendencies towards asym-
metry will become more pronounced at higher
energies. However, a recent analysis of pp -pions
at 6.94 GeV/c by Bar-Nir et al."shows that the
pions, at their typical multiplicity, are consistent
with isotropy. Further, one must remember that
the asymptotic region sets in much earlier in pp
-pions owing to the absence of final-state nucleons.
Thus, the 6.94-GeV/c (s = 13-GeV') data of Bar-Nir
et aE. for pp -pions should be compared to pp -Pp
+pions at s =31 GeV or P, -15.4 GeV/c in order



PHENOMENOLOGY OF MULTIPIQN PRODUCTION. . . 2773

TABLE I. Relative abundance of different charge configurations in events with a 2-3 split
with respect to p, . The difference between columns 5 and 6 is explained in the text.

Serial
No.

1(a)
1(b)
2 {a)
2 (b)
3(a)
3(b)
4(a)
4{b)
5(a)
5(b)

Positive-P~
particles

Negative- p,
particles

No. of
events

93
94
35
57
42
41
18
29
29
22

Subtotals

187

92

51

Normalized
subtotals

46.75

46

41.5

51

for the pions to have the same available energy.
The data for mp —mp+ pions at 16 GeV/c certainly
show strong asymmetry, ' so that the lack of simi-
lar asymmetry in our data, supported by the work
of Bar-Nir et al. , is significant.

It.is therefore not out of order to speculate that
in high-energy annihilation processes, the matrix
element to first approximation is a constant. '4 If
this is so, it would be a great simplification, both
phenomenologically and for theoretical calculations
such as the shadow effect of annihilation processes
on Pp elastic scattering. '

Lastly, we do not imply that the conventional
mechanisms of hadron physics, such as formation
of resonances, or Reggeon exchange mechanisms,
are absent here. In all likelihood, the final pions
often come out as p or u mesons which subsequently
decay (see Figs. 6 and 7). It is also possible that
these are produced via single-Regge or multi-
Regge mechanisms. We are only saying that in the
multipion system, the correlations due to these in-
dividual mechanisms get washed out." Indeed, as
the mean multiplicity increases with energy, it is
increasingly cumbersome (and hence of decreasing

usefulness) to analyze the phenomena in terms of
resonances. It may be more useful to look for
statistical features as we have tried to do here.
In conclusion then, we conjecture that the following
simple picture is useful as an approximation for
pp scattering.

When the Pp collision occurs at low impact pa-
rameters, annihilation takes place, producing
mesons (mostly pions) which can be treated statis-
tically. They correspond to low total angular mo-
mentum and very large temperatures, i.e., they
are purely phase-space governed.

When the Pp collision occurs at larger impact
parameters, the dominant process is presumably
nonannihilational, viz. , Pp-Pp+(pions and kaons).
These may well be diffractive and anisotropie.
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