EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN LIBRARIES, GENEVA

CM-P00057408
A STUDY OF
THE QUARK REARRANGEMENT MODEL
OF NUCLEON-ANTINUCLEON ANNIHILATION

t)

% Ed ek
J. Harte;), R+H, Socolow ), and J. Vandermeulen )

CERN, Geneva, Switzerland.

ABSTRACT

A model of proton-antiproton annihilation via quark
rearrangement suggested by Rubinstein and Stern') is examined
in detail. This model predicts that all final states are three-
meson states, made from the set m,n,X,p,w, and allows a computa-
tion of their relgtive rates. Its predictions are compared with
experimental data at rest and at several energies din flight.
The model is found not to be able +to account for more than 25%
of the annihilations at rest, even when maximum freedom is given
to certain extra parameters. The model underestimates the
importance of high multiplicity states in annihilations in flight
and also fails to predict +the more detailed <features of this
data. A number of interesting aspects of the data are uncovered
and possible directions along which the model might be modified
are suggested.
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INTRODUCTION

Recently, Rubinstein and Stern1) have proposed a quark rearrange-

ment model for nucleon-antinucleon annihilationg-. The assumption of RS

is that the three quarks (3q) making up the nucleon and the three anti-
quarks (3&) makihg ﬁp the antinucleon rearrange fhemseives into three Qq
pairs in a specific way, 1éading to the emergénce of three pseudoscalar
and/or vector mesons. The simplicity of the model is attractive and the
assumption of the conservation of the total number of quarks and anti-
quarks is supported by a number of applications of the quark model in

hadron physics.

In this work, we perform a detailed comparison of quark rearrange-

ment for proton-antiproton annihilation at rest and in flight.

Annihilation at rest has particular féatu#es that are relevant
for the application of the model. The reaction is believed to occur over-
whelmingly from s-states of an elecﬁromagnetically bound state of thel'
PP systeri. The model is therefore given a rather precise framework and
this allows a detailed comparison between theory and experiments). We find
that quark rearrangement fails to account for the observations and we show
that teking full advantage of some freedom in the model does not éppreciably

improve the situation.

The application of the quark rearrangement model to annihilation
in flight is less straigatforward. The predictions of the model are found
in definite disagreement with many features of the experimental data4),
but in this case there are obvious reasons for thinking that the model in

its present form should not give good experimental predictions.

In spite of the fact that the quark rearrangement model in its
present form is evidently not 2 good description of the annihilation
process, we believe that it is _instructive to present our treatment in
some detail. The model has the basic ingredients of any future theory,
namely a set of weilghts for the various decay modes and a prescription
for how the phasc space 1s to be taken into account. The extraction of
the experimental consequences of this relatively simple theory meets with
a number of problems which another theory will almost surely encounter

as well.
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The first section of this paper contains a description of the
guark rearrangement model and discusses the options that can be exercised

when comparing the model with experiment.

The second section presents a comparison of the experimental
data for annihilation at rest with the predictions of quark rearrangement.

A number of extensions of the model are examined.

~In the third section, the application of quark rearrangement to
the annihilation in flight is discussed. A brief description of a more

general model conserving the number of quarks and antiquarks is attempted.

The paper contains two appendices. In the first, we suggest
that it will not be easy to preserve the idea that the number of quarks
plus antiquarks is conserved in the annihilation at rest. The second
contains a brief systematizatidn of the problem of obtaining the rearrange-

‘ment coéffioients from the quark spin wave functions of the particles.
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1. THE QUARK REARRANGEMENT MODEL

The quark rearrangement model of annihilation suggested in RS
proposes that the three spin-%. quarks making up the nucleon and the
three spin-'. quarks making up the antinucleon rearrange themselves into
three quark-antiquark pairs, without exchanging spin, isospin, or hyper-
charge. The final state, therefore, contains three non-strange mesons.
The quark-antiquark pairs are assumed to be L = 0 states, so that the
mesons in the final state are restricted to the 7, 71, X, p, and w. (The
SU(4) classification in which the ¢ is made entirely of strange quarks
is assumed.) The computation of the branching ratios relie¢s on a factoriza-
tion of the matrix element similar to what is assumed in statistical models.
The analogue of the spin and isospin welghts of statistical models are the
"rearrangemcnt coefficients", which arc the projections of the initial PP
spin wave function onto the various three-ncson spin.wave functions. One
obtains the decay rates by multiplying the rcarrangement coefficients by
the magnitude of the three-body phasc space, computed for a unit spatial
matrix eclement (i.c., one assumcs that the three final mesons are in
relative s-waves). Of course, the absolute rates are not predicted by the

model; +to compare with experiuent means to compare percentages.

The model has a number of attractive features, which were noticed
by its proponents1’2). The annihilation rate into pairs of strange mesons
and into ¢ mesons is predicted to be zero, when in fact the rates for
annihilation into strange mesons in all channels are somewhat smaller and
the ¢ 7' 7 /w 7' ratio is an order of magnitude smaller than naive phase
space considerations would lead one to predict. The decay rate into two-
meson states is predicted to be zero, while the 77 mode in particular is
known to aéqduht for only 0.5% of the annihilations at rest and an even
smaller percentage of the annihilations in flight. The four-meson states
are also predicted to be absent, which is in agreement with the fact that
the annihilation into m 7' 7 7 at rest is compatible with 100% p"n'm

formation.
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The appearance of an approximate conservation law for the total
number of quarks plus antiquarks is an attractive fcaturc of the model.
This hypothesis is compatible with the observation that the baryons and
mesons appear to bec made of a definite number of quarks, since they fit
quite well into irreducible SU(6) represcntations and their high energy
total cross-sections obey certain elcmentary sum rules whose derivation

reauires the assumption of definite quark numbers).

- The model is extremely powerful, in the scnse that it produces
a large number of predictions which may be comparcd with experiment. Beflore

this can be done, howevcr, therc arc a few questions which must be clarified.

Consider first the annihilation at rest. This annihilation is
known to be prcceded by the formation of an electromagnetically bound state
known as protonium and is believed to proceed almost entirely from the
singlet and triplet s-states. (The cvidence for s-state annihilation comes
primarily from the analysis of thc rarc dccay6> into K°K°, with the result
s/(s + p) = 98%.) The s-wave PP system has ncgative intrinsic parity.
Since the L = 0 qa mesons that we are considering also have negative
intrinsic parity, the three mesons produced in the annihilation can be in
relative s-waves. The modcl, by completely dccoupling spin and orbital
angular momentum and assuming a unit spatial matrix elcment, assumes that
the final mesons are in relative s-waves. Vhether they are in relative
s-waves or not is a question which can in principle be answered by an

examination of the production Dalitz plots.

The PP system is furthermore a definite superposition of I = 0
and I = 1 states. As far as selection rules are ccncerned, therefore, one
can divide the protonium annihilation into four "sectors", labelled
T, N, p, W, in each of which a meson with all the quantum numbers of the
corresponding particle, except for a mass Just below twice the proton mass,
decays by means of the strong interactions. We are interested in how the

IR T] . N o e
annihilations are divided among the four sectors.

If one were able to characterize all of the final states, it

would be possible to determine what percentage of PP annihilations proceed
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from each sector. Unfortunately, more than 60% of all PP.annihilations

at rest produce final states with more than one neutral particle and cannot
be fully analysed. Thus it appears to us that the relative strengths of

the capture rates in each of the four sectors must be regarded as free para-

meters of the model.

To see why this is so, obscrve that we have enough freedom in ths
model to regard the annihilation:as proceeding in two stages, a collapse
toward annihilation, determined by peripheral strong interaction forces
which are beyond the scope of the model and which could favour one sector
more than another, and a subsequent quark rearrangement determining only
the branching fractions within each scctor. For example, it is a_priori
possible to imagine that the entire protonium annihilation proceeds from
a singlet T = 1 state. One might have obscrved 100% annihilation into
3m final states in s-waves; we would then speak of 100% annihilation in

the 7 sector.

It is apparent that this example could only be realizable in
the presence of forces which provide transitions betwecn the different
scetors. For example, in the absencc of clectromagnetic forces, the
proton-neutron doublet would be dcgenerate in mass and the I =1
annihilation would result in the simultancous production of the neutron-
antineutron state, until a pure I = 0 state remaincd, a superposition of
PP and NN, which would never annihilate. (This is the analoguc of the
K°K° problem with a stable Kz¢) In fact this is the opposite of the
experimental situation; +he presence of the Coulomb forces, which bring
about the formation of the protonium in the first place, assures ample

. mixing between the I = 0 and I = 1 states. 'Desai7> has estinated that the
oscillation time between I = 0 and I = 1 statcs is one or two orders of

magnitude shorter than the time in which the annihilation proceeds.

On the other hand, the transition between singlet and triplet
s-states of protonium is a forbidden atomic transition and probably does
not have time to operate. If indeed the only capture was from the singlet

state (returning to our example), the forbidden atomic transitions would
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eventually occur, and that fraction of the annihilations procecding from

the triplet state would have a time dependence characteristic of a two-

stage radioactive decay. In fact the decay occurs from both singlet and
. triplet states at a rate which makes it unlikely that singlet-triplet

s—state transitions should play any significant role.

Morcover, ncither the capturc process leading to the formation
of protonium in a state of large principal quantum number, nor the
"spiralling down'" process which culminates in annihilation is cexpected to
alter the singlet or triplet nature of the initial PP spin state. Thus,
prior to annihilation it is believed that there are three times as many

. 8
34 protonium atoms as 'S, ones ).

Accordingly, we are inclined not to leave the singlot-triplet
ratio as a free parameter, but to impose the condition that 75% of the
annihilations at rest should proceed from the triplet state. In our first
derivation of the branching ratios, wc force this result to cemerge by
normalizing the singlet and triplet modes scparately. It is our impression
that a different procedure was followed in RS: they weighted the triplet
rearrangement coefficients by a factor of three and then let phase space
determine the triplet-singlet ratio®’ . Clearly, in the limit of degenerate
meson masses (or, equivalently, infinite PP centre-of-mass energy) the two
procedures are equivalent. It is an amusing accident that in spite of the
huge differcnces between the phase space available for various channels,
the rearrangement coefficients happen to conspire to meke the two procedures
almost identical: +the weighting procedure of RS yields the result that
72% of the annihilations at rcst proceed from the triplet state. The
distinction between the two procecdures is thus academic for the case at hand,
but the same issue is likely to arise in future treatments of annihilation

at rest, which is why we have discussed it in some detail.

- In dealing with the superposition of the I =1 and I = 0 states
of protonium, our initial procedure is to bury our ignorance of the capture
mechanism by letting the rearrangement coefficients and the available phase

space determine what fraction of the annihilations proceeds from cach state.
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This was also done in RS. It turns out that the 25% cf’singletbannihilations
contains 4% I = 0 and 21% I = 1 (most of which is the sbundant 37 mode),
while the 75% of triplet annihilations contains 40% I = 0 and 35% I = 1.

Obviously; these procedures for apoortioning the annihilations
among' the four sectors involve quite & bit of guess-work. Accordingly,
our first attempt to modify the calculations of Section 2 considers the

cffect of varying these proportions.

‘When we turn to annihilation in flight, we observe ﬁwo principal
differences, the prescnce of higher angular.momentum states and the availa-
bility of réaction‘ohanhels for elastic scattering and production. The
unitarity uppef bound on the s-wave contribution to annihilation1t) is
0.6 mwb at 5.7 GeV/c, compared with a total annihilation cross-section of
22 nb*/. TFor higher angular momenta therc is the possibility.of coupling
between the quark spins and the orbital momenta, a coupling whichtis

implicitly noglécted'in the quark rearrangemcent model in its present form.

Evidoﬁtly;the ncglect of spin-orbit coupling again lcaves us with
four orthogonal sectors through which the annihilation can occur (singlet
and triplet, I = 0 and T = 1). The rearrangement theory is again com-
patible with any assignment of the relative strength of annihilation in
each sector. In this instance, we have no rcason to believe that 75% of
the annihilations must procced from triplet states, because of the prcsence =
of elastic scattering and meson production channels. We have followed the
procedurc of RS described above, weighting the individual triplet channels
by a factor of three relative to the singlet channels. Otherwise, we have
let the available phase space and the rearrangecment coefficients determine
the per cent of annihilation in each sector. If the agreecment with experi-
ment were more promising, and if annihilation from higher angular momentum
states were better understood, we might have introduced the extra parameters
corresponding to the relative capturc strengths and determincd a best fit
to experiment. In view of the evident inapplicability of the model in its

present form, we have not done so.
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The rearrangement coefficients are given in Table I. Their
derivation is sketched briefly in Appendix ITI. A few errors and omissions

in the Teble given in RS have been corrccted.

The rearrangement coefficients for each initial PP state (s =0
and S = 1) sum to unity. This is a consequence of the fact that the three-
meson states span the space of threc quarks and three antiquarks. The
rcader may also verify that for cach value of the initial spin, the partial
sums over the coefficients for the channels with G-parity +1 and
-1 are each Y. ; +this is o conscquence of the fact that the initial
state is a superposition of I = 0 and I = 1 with equal weights.

* We have considered various quark assignments for the n and X.
We have found that the variation of the singlet-octet mixing angle over
its entire range produces an avcrage variation of less than one per cent
in the different categories of Tables IITI and VII,and hence does not affect
the agrecment with experiment. We present in our tables of results only

those which follow from the mixing in which n has a pure octet character.
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2, ANNTHTLATION AT REST

The procedures we cmploy to obtain branching ratios for
annihilation at rcst have been described in the previous section. We force
the ratio of the total triplet annihilation rate to the total singlet
annihilation rate to be 3 : 1. We allow the rearrangement coefficients
and -the phase space integrals to determine the ratio of the annihilation
rates in the I = 0 and I = 1 sectors. Table II presents the distribution
of final states for PP annihilation at rest which follow from thcse

assumptions.

The comparison of Table II with cxperiment is involved. Many
of the channels cannot be separated experimentally bccause they decay intp
a final state with several ncutral particles. Furthermore, the identi-
fication of rcsonant production is not straightforward in all instances.
Ambiguities arise from the multiplicity of combinations of pions in'the

final state which can form the same resonance.

A first and rather weak comparison that can bc performed is the
following. There arec eight "categories" of events (topologies) that can
be separated almost unambiguously. The measurcment of the tracks of
charged pions (prongs) emerging from thc annihilation detcrmines a missing
mass that corrcsponds to onc of the three following possibilities: absence
of any necutral particlec, production of onc 7° 11', or production of a
heavy neutral system. The number of prongs and the nature of the associated
missing mass determines the category. The decay modces and the branching
ratios of the resonances being known, it is straightforward to transform
Table IT into a sct of predictions for the distribution of annihilations
among cight categories, as shown in Table IIT. The experimental distribu-

tion3 is also presentcd in this Table.

Onc sces that the discrepancics between the predictions and the
observations arc large and are distributed over the whole range of multi-

plicities.

It is possible to makc some morc specific comparisons on the

basis of Tables II and III:
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1) The rate for the 37° channel (11%) is in definitc disagrecment with the
number of zero-prong events (3.2* 0.5%) that represents the upper limit

for this process.

2) Although the prediction for the 7o r° topology appears to be confirmed,
this is fortuitcus becausec this dccay channel has becn experimentally
resolved into two contributions12), the uncorreleted 3w production and
thevbﬂ production. The latter accounts for morc than helf of the rate
(La3+ o.6%)’.3>. This shows that the w*n’n‘?raﬂce is overcstimated by the
quark model, It also suggests that the smallness of the 7 rate may
be misleading, since another two-body rate appcars to be much more

appreciable.

. . ' . + - + -
3) Two channels in which one vector meson is produced, p°7m T and wr 7 , arc,
fortunately, casily accessible cxperimentally, but thc rcsults arc .
destructive to the model. Thesc channcls have large rearrangement co-

effibients and the predicted fractions arc again too high: 25.6%
+0.3 '
-1.3

against 5.8 observed for p°n m and 2L% against 3.8* 0.4% for

ara 14).

L) The only other prcdiction from Table IT which can be comparcd with
experiment at the present time is the prediction for the nﬁfﬂ_ channel.
It is amusing that this is in agreement with the data (prediction: 1.4%
observation: 1.2+ 0.3%) » ‘

5) The model mekes it difficult to understand the cxperimental result that
there are six times as many states with 7w x° as with 27 27 . Obviously,
cither 7 7 27° is much morc numerous than 27 27 or 7 7 x° consists
meinly of five or more mosons. The first possibility has difficultics
which are engenderced by the quark model. The pmm rearrangement co-
efficients have just the effect of deplcting the 7w 21°%state rolative
to the m m 7 ™ state by a factor of 13: 50. This ratio is onc of the
strong predictions of thevrearrangement nodel (from isospin alone therc
are two indepondont couplings so this ratio is undctermined). If it
were corrcct we would be forced to the conclusicn that less than 5% of

+ = n . .
T 7 x consists of four-meson states.
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This conclusion, in turn, is not confirmed by several simple
models Which we have examined. The statistical distribution of five
7 mesons in isospin space gives almost twice as many 2 27 1° states as
7 31° states15). Combined with Table ITT this gives a m 7 37° rate of
about 10%. The fully symmetric s-wa#e 57 state with I = 1, on the other
hand, contains the three different charge distributions in the proportions16)
or2n 7° s mw 37°: 57° = 8:12: 15; while this gives the desirable value
7w 3m° = 32%, it also predicts annihilation into 57° (zero prong events)
40% of the time!

In view of these problems, let us see what we can save of the
model. We first try to obtain a better agreement between the model and
the data by allowing complete freedom to the relative weighting of the
four sectors. However, we have to take into account the constraints of
four known reaction rates: g m = 1.2%, 1°1°1° S 3.2%, %7 7T = 5.8%,
and w°ﬁ+ﬁ— = 3.8%. These fortunately occur each in a different sector. .
e éompute the contributions of each of these reactions in its sector and
then find what percentége of the total annihilation rate can be granted to
each sector to give the rate for each reaction correctly. For example,
theAdw+ﬁ— channel competes with wﬂoﬂoAin the ratio 2:1; in addition there
are smaller‘contributibns from a few channels with higher thresholds or
smaller rearrangément coefficients. The result is that 60% of the
annihilatioﬁs in the w Sector are predicted to be wﬂ+w‘, and that, there-
fore, the w sector should account for 3.8%/0.60 ~ 6% of the annihilations.

Table IV presents the results of the same analysis in each sector.

We see from Table IV that even if the relative strengths of the
sectors are left completely free, not more than about 25% of the annihila-

tions can be ascribed to gquark rearrangement.

It might still be argued that the rearrangement annihilations are
only 25% of the total, and that the remainder are the result of other pro-
cesses. To examine this hypothesis we procced as follows. Ve maximize the
allowed contribution of rearrangement annihilations by using the values

obtained in Table IV for the per cent of rearrangement annihilations in each
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sector. We distribute the final states which these annihilations

account for among the eight categories of Table III and subtract from the
total observed distribution given there. We obtain the distribution among
categorics presented in Table V. This distribution must be accounted for

by other processes.

We might imagine that the quark rearrangement annihilations are

all the three-body annihilations and that the rest are mainly annihilations

into four or more mesons. (Such a model would arise, for example, if part
of the time bremsstrahlung pions were given off before rearrangement
annihilation, as suggested in RS.) Tablc V, however, reveals that we must
explain the presence of 30% annihilation into 77 x° and the virtual
absence of annihilations into 27 27 . The latter suggests the absence of
uncorrelated 7 7 27° states in the 30% 7 7 x°. Thus we are again forced
to imagine that the 77 x° mode contains almost entirely states with five
or more mesons, with the difficulties mentioned above. TWe cannot exclude
the possibility that most of the decays in categories L and 6 are decays

into the various charge modes of the four-meson state pmwnm.

In the course of this examination of the data, we have noticed
one puzzling regularity. The production of one p in association with
plons seems t% he favoured over uncor *elated pion production, in the sense
that the following inequalities in decay rates seem to be satisfied:
om > ﬁﬂ,.pﬂﬂ >z, p37 > hwe It secems that this feature 1s also a

characteristic of annihilations in flight.
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3, ANNIHILATIONS IN FLIGHY

Two assumptions underlie the calculation of branching ratios
for PP annihilation in flight presented in RS and repeated in this
Section: 1) that the rearrangement coefficients for singlet and trip-
let decays are the same as in the annihilation at rest, and 2) that
the integration of the matrix element over phase spacc is a straight-
forward procedure. ‘The first assumption would be spoiled if spin-
orbit coupling became importent at high energies. As already explained
in Section 1, the greet majority of annihilations in flight are not
s-wave annihilations. Thus the first assumption requires the hypothesis
that there is no coupling of the cuark spins tc the orbital angular
momenta present in both initial and final states, so that one can still

speak of a singlet or triplet annihilation17).

e implement the seccond assumption by assuming as an elementary
working hypothesis that the integral of the true matrix element over
phase space should be proportional to the integral of the unit matrix
element over phase space, with the same constant of proportionality for
all decays. Thus the same computer program was used for annihilation
at rest and for amnihilation inflight, varying only the total centre-of-
mass energy. Our results are presented for three incident laboratory
momenta where extensive experimental data are available, 3.3, 5.7 and
7.0 GeV]bA). Table VI gives the branching ratios for all channels
which contributc at least 0.5%. Teble VII gives the corresponding dis-
tributions over eleven tbpological categories18 , and gives the experi-

mentél distributions as well.

The model may be compared with experiment at three levels of
detail. The coarsest feature of the data is the single quantity
<hoh>’ the average number of charged pions emitted per pionic annihilation,
This number is underestimated by about 0.4 at the two higher energies
that we have considered. The smallness of the discrepancy suggests that
another three-meson model with additional channels might account for the

data.
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To comparc the distribution of annihilations over our eleven
categories is to compare at a sccond level of detzil. Two of these
categories, o o and 3ﬂ+5ﬂ—, have contributions from only one three-
meson channel, p°w+w~ and p°p°p° respectively. In these two channels
the disagreement with experiment is particularly serious. The eight-prong
events in the model come only from final states containing the X meson.
Actually, many more events are obscrved in this category than these chan-
nels acpount‘for. The categories involving neutral particles receive
contributions from a number of decay channels ranging from four to more
than thirty; in these channels the disagreement tends to soften as the

energy increases.

The fine structure of the theory is contained in Table VI. ‘here
direct comparison with experiment is possible, the predictions of the
rearrangement model are generally an order of magnitude tco large, and
the disagreement incfeases with the energy. We give two examples, the

p°n m and wﬂ+n— modes, in Table VIIT,

It seems clear that the quark rearrangement model in its present
form is in serious disagreement with experiment. It would seem that in
fact many more modes are present in the annihilations at high energies
than are included in the assumption of simple quark rearrangement into

three L = 0.mesons.

We can suggest one way in which, while retaining the conserva-
tion of the total number of cquarks plus antiquarks, the rearrangement
modellmight be altered to inciUde a much lafger number of final states.
One could consider the possibility that the angular momentum present in
the higher partial waves of the initial Pﬁ.system is transferred to
L > 1 qg and gqqg mesons with masses greater than one GeV, Therc is
recént ' évidence that the number of mesons in this mass region is quite
c0nsiderable19), and there is also-evidence for at least one of these

. . 20
resonarices -in annihilations at 5.7 GeV/b ).
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We conclude with a few general remarks., In our view the statis-
tical model of annihilation into uncorrelated pions*and the quark
rearrangement model in its present form stand at two cends of a spectrum
of possibke theorics of PP annihilation. The statistical model fails +o
account for resonance production, and whenever a detailed analysis is
possible, resonance production is found to be copious. The quark
rearrangement model, on the other hand, seriously overestimates the
amount of resonance production in its mejor channels, A similar bracketing
of the physical situation appears when the encrgy dependence of <hch> is
examined, as shown in Fig., 1. The statisticel model overestimates the
rate of increase of <nch> with energy. The quark rearrangement model, on
the other hand, underestimates this rate of increase and also predicts
a finite asymptotic value of <hch> = 4.2 at infinite encrgy, 0.2 less than
ite value at 7.0 GeV/c.

There thus scems to be a connection between resonance formation
and the multiplicity of final pions, with resonance formation having the
effect of reducing this multiplicity. We regard the tendency to form
resonances as evidence of the operation of a sclection rule which tends
to minimize the change in the total number of quarks plus antiquarks in
each stage of a strong interaction process. Because this selection rule
is only partially operative (p decay is after all a fast process) the
experimental data lic between the predictions of a statistical model of
uncorrelated pions and a theory in which this selection rule is made

absolute.
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CONSIDERATIONS BASED ON THRELR-MESON PHASE SFACHE

Although abandoning the quark rearrangement scheme, one may
try to preserve the idea of three-meson production, the different
channels being granted arbitrary weights, apart from the restrictions
resulting from isospin conssrvation. In order to help the reader to
carry on his own investigations, we display in Table IX the value of
the phase spacc integrals for the different three-meson channels able %o
contribute to the annihilation at rest, as well as their percentage
contributions to the different categories. We retain what is obviously

an artificial restriction to pseudoscalar and vector mesons,

With the help of Table IX, we have made several attempts to
gain a feeling frr the content of the high multiplicity channels. Ve
have allowed for liberal conbtributiocns from a number of hitherto undetected
modes and we have found that.the rescue of the three-meson scheme would
require abnormally large weights for certain modes; we have the impression
that it is unreasonable to ascribe more than 75% of all annihilation to
the three-meson final states considered. If we enlarge the set of possible
final states to include those containing L # O mesons, we find that the
A, wm ctates might be capeble «f explaining another 4% of the annihilations.

Perheps other J, # 0 resonances account for the rest,

Of course modes violating quark conservation are worth attention.
The p¥p~ mode in particular might contribute significantly to category L.
This would not be in contradiction with the low upper limit for the
0°p° mode, because the latter can only proceed from the singlet initial
state, as do p°w® and w®w° as well., The best place to look for the I = 1

pp final state is probably in annihilation in deuterium.
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APPENDIZX IT

CALCULATION OF THE REARRANGEMENT COEFFICIENTS

In the’model we have been employing in this work, spin and
isospin'are treated as if they were internal symmetries, decoupled from
space-time. The physical particles are assigned definite spin énd
isospin wave functions, corresponding to particular members of the
irreducible representations'of the group SU(4), which is the group of
unitery transformations in the spin-isospin space. [¥e never need the
full SU(6) in this problem, since we do not need to introduce strangeness.]
In this space the quark transforms like the basic four-dimensional
representation; we denote its four spin-isospin states by p(+), p(-),

n(+), n(-), where p, nmean I, = %, =%, and +, - mean S, = 4, -V.

The proton is identified;ﬁith ﬁhé three-quark object whose
spln—lsospln wave function is fully symmetrlc under the exchange of any
pair of quarks®®/. The proton wave function with S, =Y is constructed
by beginning with the 8,8, = Yo, Yo object

p(+)p(+)n(=) - p(-)n(+)],
(the order in which the quarks appear indicates their momenta),

symmetrlzlng by summlno over the six permutatlons of he quarks, and

25.
norma11z1ng, obtalnlng :

P(+) = (18) 2[2p(+)p(+)n(-) + 2p(+)n(=)p(+) + 2n(-)p(+)p(+)
= p(+)p(=)n(+) = p(=)p(+)n(+) = p(+In(+)p(-)
- pEn(adp(s) = (=) - n(p((D]e o (aa)

The wave function for a proton with S"? 434 is obtained by reversing

" all quark splns, and for an antlproton w1th S =1 by Qhénging all

quarks to anthuarks.
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The mesons are constructed from a quark and an antiquarke.
The 4 x 4* representation is completely filied by the sixteen charge and
spin polarization states of the p, w’, 7, and n/, Here w’ and n’ are
the states made only of non=strange quarks and are linear combinations

of the physical (w,¢) and (n,X) states:

w?!

w cos ¥y + ¢ sin &4

n cos do + X sin Go .

i

n?

The choice cos &% = 1, cos ¥ = 1/v3 is the canonical one.

The set of all (16)? three-meson states |n > made from p, w’,
7, n’ therefore completely spans the space of three quarks and three
antiquarks. We want to find the projections of the PP states with spin
0 and 1 onto each of these states, If we work with normalized states,
the sum of the squares of these projections for each J2= spin state will

be unity, since schematically:
NI - - -
ZiJ <PP| n> <n|PP> = <PP|PP> = 1.
n

The problem of computing the 2 x (16)° projections is not

as terrible as it may seem. If one chooses PP states with SZ = 0:

1
0 b

| PR £ PR b 1 (4.2)

O threeémeson states

one only needs fo consider projectioné onto SZ
with zero charge. We explicitly calculate the rearrangement coefficient

for 77 7° to demonstrate the techhiques which are involved.

Because the PP wave function is fully symmetric in the quarks

~and antiquarks separately, one only needs to compute the projection for

. + = .. .
one ordering of the w'w 7° mesons. The rearrangement coefficient is then
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‘obtained by squaring the projection and multiplying by six to take
into account the six ways in which these mesons can have momenta

Pi1s P2s P3ze The ordered 7' 7° state is:

(2)'%(2)'1/?(4)’1/2E>(+)ﬁ(-) - p<->ﬁ<+>] [n(+>5<-> - n<->5<;>]§<

< [p<+>5(-> - p(=)5(+) + n(+)A(-) - n<->ﬁ<+>} (4.3)

Only the pp part of the 7° will contribute, as the initial proton=-
antiproton state contains two p and one n. Therefore the projection of

PP onto two charged mesons and one 7° is equal to the projeétion onto

. two charged mesons and one n’, since the 7° and n’ wave functions differ

only by n ¢« - n. (The same remark applies to the states containing
two charged mesons and either a p° or w!.) There are then eight terms
when the multiplication in (A.3) is performed. Grouping quarks and

antiquarks separately, one gets:
(1/6) [ B )n()p(IA(=IEDB(=) = p(+)n(+Ip(=)(-)3(=)5(+)
- B RBE) + 2RI
- AR + 2 (R
¢ p(-)n(-)(RRF(-) = p(=In(=)p (=) (+)7(+) 1w
Thé first and last terms of (A.4) do not contribute since they correspond

to a total quark spin of 7. As seen from (h.1), the other six terms

contribute a factor of +2 or -1 from their quark (antigquark) part,

depending on whether the two p(i) quarks are spinning parallel or anti-

parallel., As seen from (A.2), there is another factor of 1 for terms

where the total quark spin is -%4,. Thus presenting as four factors
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1) the sign in (Ad4), 2) the sign in (&.2), 3) the quark factor, and
4) the antiquark factor, one obtains:
- 1

<a'wra’ | PP, T = 0

c [—(n)(-ﬂ(-n'- (+)(2)(=1) + (£1)(=1)(2)

SENE) s ENEED ¢ ENENED ]

{ 0, J =1
6c, J

i}

0

K]

b‘ﬁhefe,c" =4 x V18 xiVTB'x V2 is the normalization factor. The S = 0

atn m° rearrangement coefficient is therefore 6 x (6C)% = 18/86L, as

v entered in Table I. _The S =1 coéfficient comgs‘out automatically ZEero,

which serves as a check,

The other projections for states with two charged particles are
computed in the same way. For three S, = 0 mesons, one gets the same
eight terms as in (A.3), except with different signs. For states with
one vector meson, this leads to tﬁe rearréhgemeht>cdefficients directly.
For states with two and three vector mesons, one must be careful to
sum over all the distinct polarization states which can combine to give
total SZ = 0, Tor the p+p-w° coefficient, for example, it is necessary
to sum over the projections onto oyt p_, 7°, ot ps 7, and pa po o,
where the subscript is SZ. The first two projections involve terms
different from those that appear-in (A.4), but they are found in the
same way. The charged states with two and three vector mesons, further-

more, have non-zero rearrangement coefficicnts for both the singlet and

triplet PP annihilation.

The computation of the‘rearrangemenf coefficients for the

' final states coﬁtaining all neutral particles is a bit more tedious,

because the expression corresponding to (A.y) has more terms. For the

states with more than one vector meson it is again necessary to take



into account all of the combinations of polarizations. The rearrangement
coefficients for states with two (three) neutral vector mesons are
non-zero only for singlet (triplet) PP annihilation, because initial

and final states are eigenstates of C-conjugation.
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Table I

Rearrangement coefficients of the guark rearrangement model. The
denominator for all coefficients is 844, and is suppressed. S = 0, 1
represent the singlet and triplet initial state. n’/ is the linear

combination of 7 and X states which contains no strange quarks.

Channel S=0 S =1 Channel S=0 S =1
i 18 °otp” 150 36
7°7°n° 27 7°p°p° 27
+ =, 18 mo’e 6 36
o_0
T n 9
77077’77, 9 n’p+p~ 150 56
n!p°p° 75
n‘n'n’ 27
- o _o
't po 50 ﬂ'p—w
1r°1r°p 9 Tr_p+w 36
o, 5 T p W 6 36
A 2
P n'p°w 6
+ —-—
T ﬂrw 50 °0 75
71w 25
nw w 27
WOn,pO
o 2 oo 0 108 126
Tt 2 £°p°p° 45
7°n’w 2 ot w 108 126
. pp°w 63
n'n’p 25
n'n'w 9 pw w 63
3
contd. above right W w 45
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Table IT

Predicted distribution of final states for PP annihilation at rest.

T Tels antr p° 25.6 m°p 0" 2.93)
7°7%7° 11.2 7°1°p° a7 7 %" 1.4b)
7ty 1.4 wtalp” 1.0 7 p°pt 1e4b)
7°7°n 0.7 | 7 a°p" 1.0 | 7tpw 1.0b)
ntrx 10 | mte 20 | 7w 1.0°)
7°7°% 0.5 7°71°w 12,2 m°0 w 0.5
2) 4.3 from triplet ) 811 fram triplet

Table ITT

Predicted and observed distribution of final states among eight
topologicel categories for PP annihilation at rest. The experimental
percentages sum to 95.4%, the remainder being kaonic annihilations.

The experimental data come from Ref., 3a.

1 2 3 ) 5 6 7 8
Category 0 prong | w'n x| rtr xC orton” |2nton w® |2nt2r x° |6 prong
Predicted(%) 12.9 | 0.0 an 22,3 | 25.6 28.5 3. 0.1
Observed (%) | 342% 0,5[065% 041 {7¢3%£0.9{3448%1.2({5.8%0.,3{18.720,9{21.,3%1.1[3.82%0,2
66/1109/5
D/as




Table IV

Computation of the contribution of quark rearrangement annihilation

at rest to each annihilation sector. The contributions sum to

23 *+ 2%,
. o, > Per cent of Rearrangement
Sector Channel Bxp.rate\k) channel in sector annihilation in sectors
(%)
n 7t n 1.2 + 043 50 2.5 = 0.6
\
T 7°7°n° 3,2 * 6,52/ 52 6.2 = 1,0
W T w 3,8 * 0.l 60 6e3 + 0.7
+ = 0 + 043 - + 0o
P T T p. 5.8_1.3 /5 707 _1.7
a) -
upper limit
Table V

Distribution of annihilations at rest not due to quark rearrangement.

The percentages sum to 75%, as 25% are attributed to quark rearrangement.

1 2 3 4 5 6 7 8
Category - - - - o
0 prong | ' | w'w w° | wte x° | 2ntor” | ontor w® | 2020 %° | 6 prong
- J
— +
Rate after 0.0 065 | 5.0 29.5 0.0 16.0 2045 3¢5
subtraction l
|
66,/1109/5
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Table VI

Predicted distribution of final states for PP annihilation at three

energies in flight.

66/1109/5

n/8s

Per cent of annihilation
Chennel 7o T 5.7 Gav/e | 7.0 Gov/o
atn n® 244 1ok 1.2
77’ 3.6 2.1 1.8
atnn 0.6 0.k 043
7T X 0.8 0.6 0.5
ar p° 1243 ST 746
7°m°p° 242 1.5 1ok
Iy 0.5 0.3 0.3
7 n’pt 0.5 0.3 0.3
't w 12,0 8.3 7ok
7°m°w 6.0 L.2 3.7
ot 10.6 9.5 9.1
7°p°p° 1.1 1.0 1.0
atp%p” 47 L2 4.0
7 0%p" Yo7 ba2 4.0
7 0w 4.5 Lo 4.0
7 ot 45 Lo )0
0 2.9 247 2.6
n ot 1.9 2.3 2.4
n p°p° 0.6 0.7 0.7
MR 0.9 2.6 3.0
X p°p° 0.3 0.8 0.9
pto p° 6.0 10.0 10.9
p°p°p° 1.8 2.8 341
N 5.5 946 10.6
p°p°w 2.3 3,8 4.2
0w w 2.1 3.7 Lo
www 1.3 2.5 2.8




Predicted and observed distribution of final states among eleven
topological categories, for PP annihilation at three energies in
flight.,

5% kaonic annihilations.

Taple VII

The experimental percentages sum to 95%, which allows for

The experimental data come from Refs. La, b

/88

and c., All eight-prong events observed are attributed to annihilations.
3.3 GeV/c 5.7 GeV/c 7.0 GeV/c
Category
Predicted Observed Predicted Observed Predicted Observed
(%) (%) (%) (%) (%) (%)
1 | 0 prong L5 S = 247 2,7 1.5 + 1,0 2.4 0.8 * 0.8
o | ot 0,0 <041 0,0 < 0.2 0.0 <041
3 | 7trTw® 2 1.9 + 1.0 1.4 <1.3 1.2 . ,
- }zono + 8.0
L | otr x° 1.9 23,8 + 4,5 1244 19.7 + 5.2 11.8
5 | entor” 12,3 1,9 £ 0.2 8. 0.5 % 0.1 7.6 0. * 0.25
6 | ontor #° 32,5 11,6 * 1.6 26,7 Lol + 0,5 25,2 2.8 + 0.6
7 | entonTx° 2548 32,7 + 3,0 3le7 35,3 * 6,1 3647 38,0 = 8,0
8 | 3nT3q 1.8 2.7 * 0.2 2.8 1.1 * 0.3 34 0.7 * 0.2
9 | 3035 #° 2. 6.6 + 0.6 A L3 7.6 + 1.2
} }27.6 1.7
10 | 3737 x° 3.0 7.3 £ 0.7 6.5 7.3 19,6 * 3,9
11 8 prong 0.1 0.9 + 0.3 003 502 + 1.7 0014- 502 + 200
< nch > 3065 3.6 + 0.2 3-9 1-1-035 i0.2 3095 1-!-035.+4 002
66/1109/5



Table VIII

Predicted and observed rates for two annihilation channels in flight.

The experimental data come from Refs. La (3.3 GeV/c), 20 (5.7 GeV/c),
and Le (7.0 GeV/c).

343 GeV/c 5.7 GeV/c 7.0 GeV/c
Channel Predicted Observed Predicted Observed Predicted Observed
(%) (%) (%) (%) (%) (%)
7T+7T”w 12.0 1e2 * 042 803 0038 + 0.12 704 < 006
+ = 0 a)
T TP 1203 0'6 + On1 804 0019 + 0106 7.6 < O'1+ + 0.25
a) upper limit = number of erton”
66/1109/5
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Table IX

Numericel values of phase space integrals, in (GeV)?, for annihilation

at rest, and contributions of the final states to the topological

categories,

Charnel P?ase space 1 + +?- 0 +A; 0 f - +6 - 0 +7-— 0 °
integral O prong |7 mr w° |7t x° | 22w | 2w 2w w | 2w 2w x° | 6 prong

°7%° | 3.62 E 0 100

ra® | 3,60 E O 100

7°7%n 2,08 EO 72 28

mrn | 2.06 EO 72 28

7°n n 8,96 E=-1 51 11 8

7°7°% | 7429 E- 18 68 1

7w X | 7.4 E-1 18 25 L3 10
nnmn Te45 E-1 36 Ly 17 2

©nX | 1,08 L1 13 5l 29 L

7°7°%° | 1.32 T 0 100

7m p° | 1.30 B O 100

7% | 1.28 T O 100

7°7°w | 1.23 E 0 9 91

frw | 1.22 EO 9 91

7°n 0° | L4408 B~ 72 28

7 p* | 3.83 E~1 72 28

7°n w 3,61 E-1 8 67 25

7°0°0° | 1,09 EB-1 100

7 0%p° | 9464 T-2 100

ﬂ°p+p" 9.18 EB-2 100

7°p°w 7.60 E-2 9 91

rte | 7039 B2 9 91

7°w w | 6,38 EBE-2 1 17 82
66/1109/5
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Figure Caption

Energy variation of average multiplicity of charged pions in
pionic annihilations. The experimental data points are from
Ref. 3 (1.88 GeV), Ref. 22 (2.1 GeV), Ref, 23 (2.3 and 2.4k GeV),
Ref. La (2.86 GeV), Ref., 4b (3.55 GeV), and Ref. Lc (3.87 GeV).
Curve (a) gives the predictions of the quark rearrangement

model. Curves (b) and (c) give the statistical model predictions
for Q = 4Qo and Q = 50, respectively, where Qo = uﬂ/(Bm;), and
are taken from Ref., 21.
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