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Meson-baryon dynamics in the nucleon-antinucleon system. II. Annihilation into two mesons

V. Mull, J. Haidenbauer, T. Hippchen, and K. Holinde
Institut fiir Kernphysik, Forschungszentrum Julich, D-5170 Jii lich, Germany

(Received 27 December 1990)

The annihilation of the nucleon-antinucleon (NN ) system into two mesons including

~, ii, g', p, co, 5, a&, a~, f2 as well as K and K is studied in a distorted-wave Born-approximation ap-
proach, in the conventional framework based on nucleon, delta-isobar, and hyperon (A, X, Y ) exchange.
Results for branching ratios are in fair agreement with the data; they show a strong sensitivity to the
kind of initial-state interaction used. For polarizations and backward differential cross-section data of
pp —+~+m. ,E K, there are characteristic discrepancies between experiment and model predictions;
possible reasons are discussed.

I. INTRODUCTION

The annihilation of the NX system into several mesons
is generally believed to be a good place for detecting ex-
plicit quark-gluon effects since relatively short interaction
ranges are involved. In order to reach firm conclusions,
however, it is of outstanding importance to reliably ex-
plore the limits of the conventional hadronic picture in
describing annihilation phenomena. This in turn requires
the use of a completely consistent description of all in-
volved hadronic channels in order to possibly establish
specific discrepancies with experimental data.

Within a conventional meson-theoretical approach an-
nihilation proceeds via the exchange of baryons, the
range of which is commonly related to their Compton
wavelength of less than 0.2 fm. Since annihilation
predominantly takes place at distances of nucleons and
antinucleons around 1 fm, the conventional hadronic pic-
ture seems to be ruled out from the beginning and annihi-
lation processes appear to be dominated by explicit
quark-gluon dynamics. This conclusion, however, is not
justified. We have shown recently [1] that baryon-
exchange annihilation models, in spite of the small nu-
cleon Compton wavelength, can indeed lead to an annihi-
lation "range" around 1 fm. Thus, models based on
baryon exchange still represent a valid alternative to
currently more fashionable quark-gluon models.

From a theoretical point of view, annihilation into two
mesons is of special interest since it is calculable in a rela-
tively straightforward way. (A conventional calculation
of annihilation into three or more mesons would be far
more complicated. ) In this work, we study the annihila-
tion of the NN system into several two-meson channels
including n. , ri, ri', p, ta, 5, a i,fz, a2 and the strange mesons
K and K* in a distorted-wave Born-approximation
(DWBA) approach. Corresponding transition potentials
are obtained from baryon-exchange diagrams involving
not only nucleon-, but also delta (b, )-isobar and hyperon
(A, X, Y*) exchange. As for the initial-state (NN) in-
teraction, we use various models developed by the same
authors and described in the foregoing paper [2]. The
elastic part has been taken to be the 6-parity transform

of the Bonn NN potential [3], using both the full interac-
tion and the simple one-boson-exchange version
(OBEPT). Two difFerent approaches have been used to
account for the annihilation. First, we have taken a sim-
ple phenomenological, complex, state- and energy-
independent optical potential of Gaussian form; second,
annihilation processes have been likewise derived in the
meson-theoretical scheme, consisting of second iterations
of effective transition interactions of the same type men-
tioned before. So far, we have neglected any final-state
(meson-meson) interaction in our study, simply because
not much is known about it at the relevant energies.

Anticipating our main results, we will show that our
model is indeed able to reproduce the general trend of the
existing annihilation data, although there are some
discrepancies in the details. The latter, however, is not.
surprising since, among other possible reasons, the final-
state interaction is not included. Nevertheless, the
description is of the same quality as obtained from com-
parable calculations based on effective quark-gluon mod-
els [4]. A strong sensitivity of the results to the kind of
initial-state interaction used has been observed.

In the next section, we describe our model for the NN
annihilation processes in question. Section III contains a
detailed presentation and discussion of the results. The
paper ends with a short summary and outlook.

II. THE MODEL FOR NN ANNIHILATION

A. Basic features

In this work, we restrict ourselves to the study of those
processes annihilating into two mesons only. Many (but
not all) of these two-meson decay channels are empirical-
ly well established and provide already about 30% of the
total annihilation. As mentioned before in the Introduc-
tion, we do not include effects of the final-state (meson-
meson) interaction; apart from enlarging the complexity
of the calculation, the main reason is that we do not
know much about those forces, especially at the relevant
energies. Indeed, as pointed out already by Green and
Niskanen [4], a careful and consistent study of NN an-
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nihilation channels might yield valuable information
about these interactions.

In order to simplify matters further, we will assume in
the following that the direct transition from the baryon-
antibaryon to the meson sector occurs from the NN pair
only. The annihilation amplitudes in channel space are
then given by

(M;M, I TINN ) = (M;M, I ~INN )

+(M, MJI VINN )Go(NN)

x(NNI TINN), (2.1)
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described pictorially in Fig. 1. Equation (2.1) reads more
explicitly, in the c.m. system,

FIG. 1. Graphical representation of the 0%BA approach to
XN annihilation into two-meson channels.

&1'~,'~,'I T(Z)lq~ ~„-&
= &1'~;~,'I v(z)lq~ ~- &

+ g Jd'q" &&'&,'&Jl v(Z)lq"&Iv&g& . &q"&Iv&f'vlT(Z)lq~~~g& .
~N~N

(2.2)

Here, q, q", and k' are the initial, intermediate, and final
relative momenta and A,; the corresponding helicities. Z
denotes the starting energy of the process.

Thus, in order to obtain the annihilation amplitude, we
have to specify (i) the transition potential
(k'A, ';A& I V(Z) IqAfvA& ), (ii) the NN initial-state interac-
tion &q"X„"A,'N

I T(Z) Iqz„k,g &.

B. Transition potentials

Figure 2 shows the transition potentials which are
needed in the following. For most processes, correspond-
ing analytic expressions can be found in our foregoing pa-
per, dealing with the NN interaction [2]. Additional ex-
pressions concerning the axial vector and tensor mesons
are given in the Appendix.

The form factors have been parametrized in exactly the

M] M;

yNN M, M)

Ml) &r, r), r)', y), C. , (&, I, , i,„f,.
M,", Tl, y) 41,"1 IX, lw

FIG. 2. Annihilation diagrams for the considered two-meson

decay channels.

same way as for the elastic part of our initial-state in-
teraction, i.e.,

F(ps) = A —ma 5

A +pg
(2.3)

with n =1, apart from n =2 for the Nhp and the
NF*K' vertex. (Compared to the nucleon propagator,
the propagator of a spin- —,

' particle involves higher
powers of momenta; therefore, for the decuplet couplings
involving vector mesons, n =2 is necessary in order to
supply sufficient falloff at large momenta. ) However, all
A are treated as open parameters since the essential off-
shell particle is now the exchanged baryon, not the m.eson
as in the elastic part.

C. The initial-state interaction

In order to investigate the inQuence of the initial-state
interaction on the results in specific annihilation channels
we will use various XN interaction models, which are de-
scribed extensively in the foregoing paper [2]. In model
A, annihilation is parametrized by a phenomenological,
state- and energy-independent optical potential. A(BOX)
and A(OBE) difFer in the elastic part: Starting point for
A(BOX) is the (slightly modified) full Bonn NN potential
whereas A(OBE) is based on a simple OBE version, both
published in Ref. [3].

In model C, the annihilation part consists of second
iterations of transition interactions based also on baryon
exchange. Specifically, model C includes any cornbina-
tion of two mesons (n.,p, co, 5, o ' and II,K~ ), which is the
same set as used in the elastic part. Note, that the 0'
(with a mass of 550 MeV) is not a real particle but
represents a simple effective description of correlated 2m
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exchange processes. Therefore, the inclusion of 0' means
that model C contains also some contribution due to
three-meson annihilation (which is about 10%).

As we will see below, the explicitly treated two-meson
annihilation channels account only for about 20% of the
total annihilation. The remaining piece originates from
decays into higher-mass mesons (e.g. , f2, a2) and further
contributions due to 3(4, 5, . . . )-meson annihilation. Of
course, a minimum requirement for a realistic initial-state
interaction is that it at least roughly reproduces the total
empirical annihilation. Since, at the present stage, it is
impossible to explicitly calculate all missing contribu-
tions, we suitably increased the contributions so far in-
cluded in our model, i.e., the channels not treated explic-
itly have been parametrized into those included. (This
has been done essentially by using another type of form
factor, see Ref. [2].) Therefore, the microscopic descrip-
tion of annihilation is still inconsistent and to a good part
phenomenological: Although based on the same type of
baryon-exchange diagrams, the annihilation processes in
the initial-state interaction are considerably larger than
in the actual transition.

In a certain sense, models 3 and C represent two ex-
tremes with the truth lying somewhere in between: In
model C, the whole annihilation is parametrized using
the strong spin, isospin, as well as energy dependence
predicted by two-meson annihilation whereas those
dependencies are totally suppressed in model A.

We stress that in the following calculations no parame-
ter readjustment has been made in these initial-state in-
teractions.

III. RESULTS AND DISCUSSIGN

There are two different types of experiments by which
the annihilation of the XX system can be investigated.
On one hand, one can measure branching ratios of decays
into many different two-meson channels, starting from
the protonium atom at rest. On the other hand, annihila-
tion in Right can be studied in order to determine the en-
ergy dependence of various annihilation processes.

A. Annihilation at rest

The branching ratio B;. is defined as the ratio of the
partial width for the decay into mesons i and j vs the to-
tal annihilation width

I;.
LJ

tot

Here, the partial width is obtained from

1-„=y 2~«f «, 1&1~;~,l&l+ g&l',

(3.1)

(3.2)

p2
1

N; 4(m, ;
—m;)2+r;

(3.3)

E being the total c.m. energy. I „,is given by the sum of
all partial widths.

Since we neglect the Coulomb interaction throughout
this work, we replace in our theoretical calculations the
protonium wave function by a scattering state of low en-
ergy (E»b =5 MeV) and determine the branching ratio as
a relative cross section. The same procedure has been
used in other theoretical investigations too [5,6], suggest-
ed by experimental findings that relative cross sections at
low energy and corresponding branching ratios at rest
roughly agree for the n. +n and K+K channels [7].
Furthermore, model calculations [8] have shown that the
difference is of the order of 20% only.

Quantum numbers and relevant properties of the
mesons considered in this work are given in Table I.
There are some meson combinations (e.g., f2p, f2', . . . )

where the sum of the masses is larger than twice the nu-
cleon mass, but still, due to their large width, the XN sys-
tern can decay into those channels also at rest. There-
fore, in such cases the meson widths cannot be neglected
in the computation of the corresponding branching ra-
tios. We assume a (normalized) mean distribution with a
Breit-Wigner profile, neglecting any momentum depen-
dence,

TABLE I. Masses, widths, and quantum numbers of the mesons included in our study.

Pseudoscalar

Scalar
Vector

Axial vector
Tensor

Q(

f2
a2

m (MeV/c )

138.03
548.8
957.57
495.82
495.82
983.0
782.6
769.0
895.0
895.0

1100.0
1270.0
1350.0

I (MeV/c 2)

0
0
0
0
0

54.0
155.0

10.0
0
0

316.0
180.0
110.0

JP

0
0
0
0
0
0+
1

1

1

1

1
2+
2+

IG

1
p+
0+

1

2
1

2

1
1+
0

1

2
1

2

1
p+
1
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Xe(2M~ —m, —m2) . (3.4)

1. Branching ratios

In this subsection we compare branching ratios ob-
tained from pp annihilation at rest in liquid hydrogen
with theoretically determined relative cross sections at
low energy. It is known [4,9] that annihilation in liquid
occurs by about 90%o from S states and by 10% from
states with higher angular momentum. Note that the
dominant part of the cross section at low energies is given
likewise by S-wave contributions. The total annihilation
cross section at the considered laboratory energy of 5
MeV is assumed to be 427 mb, a value taken from an
empirical parametrization of the cross section [10].

Those branching ratios for which experimental infor-
mation is available are utilized to roughly fix the open pa-
rameters of our model —the cutoff masses appearing in
the form factors of the transition potentials [see Eq.
(2.3)]. They have been varied in steps of 100 (50) MeV; a
more precise determination would improve the fit only
marginally. The obtained values are given in Table II;
they are the same for both initial-state interactions
A(BOX) and A(OBE) but differ slightly for model C. We
stress once more that these cutoff masses characterize
essentially the off-shell behavior of the exchanged baryon

TABLE II. Coupling constants and cutoff masses used in the
transition potentials pertaining to our models A and C. The un-

derlined coupling constants are taken from the Bonn NN model
(Ref. [3]) and its extension to the hyperon-nucleon case (Ref.
[11]),respectively.

Vertex

NNn
Nhm.

NNg
NNg'
NN5
NNp
Nhp
NNco
NNa 1

NNf 2

NNa2
NAK
NXK
N1' K
NAI( *

NXK

g; resp. f;
0.2789
0.4733
0.6535
1.0493
1.6326
0.9165
4.5222
4.4721
2.7019
2.0
2.0
—0.952
0. 177

—0. 193
—1.588
—0.917
—1.846

6.1

3.2588
—2.4198

0

1500
1600
1700
1700
2500
1350
1600
1500
2000
2000
2000
2000
2000
2000
1400
2200
2200

1700
1700
2000
2000
2500
1850
1800
1750
1500
2000
2000
2500
2500
2500
1400
2200
2200

with N, = J dm;D;(m; ) and mo, , I; the empirical mass
and width of the meson. The observables are then evalu-
ated by averaging over these distributions, e.g., the
differential cross section is given by

do dO
dm, dmz (m„mz)D&(m, )D2(rnid)dQ

and are therefore in principle different from those used at
the corresponding vertices in the elastic %X interaction.
It turns out, however, that they are in a comparable
range (between 1 and 2 GeV). For completeness reasons,
the coupling constants at the vertices of the transition po-
tentials are also included in Table II. Most of these cou-
pling constants are predetermined and taken from Table
9 in Ref. [3] or Table 7.2 of Ref. [11]while the remaining
values are taken from Dumbrais et al. [12].

The results of our calculations employing the different
initial-state interactions introduced in the foregoing sec-
tion are given in Table III. A first inspection shows a
rough agreement with the data; it also reveals that there
are remarkable discrepancies between the results using
different initial-state interactions.

The largest contributions are provided by channels in-
volving two vector mesons, in agreement with experi-
ment. This follows automatically from the structure of
the baryon-exchange model and is not a consequence of a
specific choice of parameter values. Charged pions can
be easily detected, so that the experimentally best known
channel is the annihilation into a a+a. pair although
this branching ratio is comparatively small. In our model
this annihilation process can proceed via exchange of a
nucleon or a 5 isobar. Thus, we have two free parame-
ters, namely, the cutoff masses at the XX~ and the Nhm
vertex. Their relative ratio, however, is constrained by
additional observables (e.g., differential cross sections for
annihilation in Aight, to be discussed below) so that the
relevant parameters are completely fixed by adjusting the
strength in the m.+~ channel. Isospin relations then
determine the results in the m ~ channel.

p mesons are likewise generated by nucleon and 6 ex-
change. According to our calculations, the p+p chan-
nel yields a very large contribution to the total annihila-
tion (up to S%%uo); other model calculations show the same
trend. Unfortunately the corresponding branching ratio
is not known experimentally since its determination re-
quires the kinematical analysis of two neutral pions. The
given upper limit of 9.5&o corresponds to the value for
the ~+a. m. ~ channel, to which also the p+p pair con-
tributes. Therefore, the two p-cutoff parameters have
been mainly determined by the known branching ratios in
the popo and in the ~p channels. (Again, as in the ~m'

case, there are constraints due to annihilation in Aight
data. ) Since the variation of each parameter has a similar
effect, a good description of both channels is not possible.
If, e.g. , the parameter values are adjusted to reproduce
the ~p channels, the branching ratio for p p is much too
large. Our final choice underestimates the m

—
p and the

m p channel and slightly overestimates the result in the
p p channel.

The cu-meson can be generated by nucleon exchange
only. The corresponding cutoff' parameter is fixed by the
me@ channel. The results for the other channels involving
the co are then predetermined. The branching ratios for
channels involving the g or g' are quite small, in agree-
ment with experiment.

Experimental information involving scalar or tensor
mesons is very limited. In addition, there are relatively
large uncertainties in the corresponding coupling con-
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stants. As a consequence cutoff masses cannot be deter-
mined uniquely and have been commonly fixed to 2 GeV.
Whereas our results either agree or even exceed the ex-
perimental values for f2' and az m, the results for
fzp and f2' are much too small. Thus the overall situa-
tion cannot be essentially improved by a change in the f2

parameters. At this point one might ask the question
whether the adjustment of form factors gives enough
variation; in other words, whether a better fit can be ob-
tained by varying some badly known coupling constants
not fixed by NN scattering. This is not the case, for two
reasons: First, due to their rather short range, baryon-
exchange models are quite sensitive to the variation of
form factor parameters; second, variation of coupling
constants, e.g. , f2NN (like cutoff masses), changes the
overall strength of the relevant channels (f2',f2p, f2')
but does not remove the deficiencies in the ratios between
them.

In principle, of course, adjustments of coupling con-
stants provide larger possibilities for variation since a
contribution cannot be arbitrarily increased when using a
form factor of type Eq. (2.3). Namely, there is a saturat-
ing effect when the cutoff mass is large enough (4 ~ 2. 5
GeV). In almost all cases, however, this restricted range
of variation was sufFicient. An exception is the m5 chan-

nel: Our present result can only be brought into agree-
ment with experiment by appreciably increasing (about a
factor of 3) the 5NN coupling constant, which is not
known to a very good accuracy from NN scattering.
However, the situation might well be different if a final-
state m.m interaction is included: It probably modifies
considerably the required pion cutoff masses
( m NN, AN b, ), which, in turn, leads to a completely
different m.5 branching ratio.

The strange mesons K and K* are in our model mainly
generated by A exchange, although X and Y exchange
also contribute. The cutoff mass at the NAK vertex has
been fixed by the K+K channel, the NAK* cutoff mass
by K*—K *. Due to the insensitivity against variation of
cutoff masses belonging to X and Y*, the results for the
other strange channels are then essentially predeter-
mined.

Obviously, the trend of the data can be qualitatively
reproduced. We stress that the present failure to repro-
duce quantitatively the ratios between all channels does
not necessarily rule out the baryon-exchange concept. To
our feeling, it rather points to the necessity of including
realistic final-state interactions, which, as the initial-state
interaction (see the discussion below), will surely change
the results (even ratios) considerably. Alternatively, in

TABLE III. Branching ratios: Results obtained with our models in comparison with experimental
data from annihilation at rest in liquid hydrogen (Refs. [9,29—35], compiled in Ref. [36]).

Channel
PP~ A(OBE)

Branching ratios (%)
W(BOX) C Expt.

7r+m.

m'm'

Yl YI

p 7T
+ +
0 0

p
p YI

CO'IT

COYI

PP
p co

Q)CO

+g+

f~p'

2'
a2 7T

+

KoK
K—+K*+
K K* /K*K
K*+K*-
K*'K
X

0.43
0.078
0.014
0.017
0.014
0.031
0.89
0.50
0.46
0.32
1.48
0.10
5.24
0.91
1.99
1.29
0.048
0.41
0.069
0.31
1.23
0.13
0.038
0.13
0.006
0.061
0.019

18.52

0.39
0.096
0.014
0.015
0.014
0.042
1.09
0.58
0.64
0.37
2.18
0.13
7.41
1.07
2.77
1.66
0.049
0.65
0.093
0.25
1.43
0.21
0.062
0.12
0.017
0.094
0.029

24.18

0.58
0.009
0.000 84
0.000 24
0.0025
0.0021
1.33
1.11
0.14
0.34
0.070
0.56
5.63
0.14
7.47
0.50
0.010
3.26
0.20
0.068
0.77
0.072
0.1

0.019
0.017
0.075
0.070

24.69

0.33+0.017
0.02—06
0.03+0.02

0.008+0.003
0.05+0.02

& 0.018
1.7+0. 1

1.4+0.1

0.65+0. 14
0.16+0.08
0.52+0.05
0.46+0. 14

( &9.5)
0.4+0.3
3.9+0.6
1.4+0.6

0.69+0.12
0.41+0.12
1.57+0.34
3.05+0.31

1.3—2.6
0.1+0.01

0.08+0.01
0.1+0.016

0.12+0.02
0.13+0.05
0.26+0.05

30.94+3.91
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TABLE IV. Branching ratios: Predictions of our models for
channels where no experimental information is available.

Channel
PP~

COY)

g5
~a'
+Q +
pOg0

605
a+~~
a', ~'

p+a I+
Oa0

ma',

f zest

a2'g
a', m-'

a+p+
0 0

X

A(OBE)

0.12
0.017
0.093
0.0047
0.43
0.15
O.S8
0.83
0.41
0.061
0.012
1.93
1.40
2.64
0.068
0.007
0.50
0.006
0.003

12.46

Branching ratios (%)
A(BOX)

0.11
0.016
0.050
0.0038
0.44
0.14
1.16
1.20
0.41
0.064
0.012
3.87
2.74
5.08
0.081
0.011
0.61
0.010
0.005

21.53

0.44
0.0017
0.040
0.0076
1.55
0.71
0.35
0.98
0.64
0.049
0.010
6.96
4.11
5.13
0.0046
0.053
0.0S3
0.017
0.011

30.62

view of the rather poor knowledge about meson-meson
interactions in the relevant energy range, these data can
hopefully be used to learn something about specific
meson-meson interactions.

Table IV comprises our results for those channels in
which there is at present no empirical information. Since
almost all parameters have been fixed before, the num-
bers are essentially predictions. The contributions from
channels involving the a& are very large; however, there
are uncertainties in the corresponding coupling constant
and, of course, in the cutoff parameter so that an experi-
mental determination of branching ratios involving the
a& would be very helpful. Nevertheless, our results sug-
gest that such channels might bring up the contributions
of the (empirically determined) two-meson decay modes
of the protonium to about 50%, in comparison to about
30% at present.

We have already seen from Table III that the predicted
branching ratios depend strongly on the kind of initial-
state interaction used. In particular, the discrepancies
between models A(BOX) and C, differing in the descrip-
tion of annihilation, are rather striking. We want to
demonstrate this more clearly by using identical transi-
tion potentials (without parameter readjustment) for both
initial-state interactions A(BOX) and C. Corresponding
calculations are presented in Table V; they are performed
with those parameter values in the transition potentials
pertinent to model A(BOX). Therefore, the branching
ratios for A(BOX) are the same as before whereas the
values for model C do not coincide anymore with those in
Table III, due to some variations in the cutoff masses of
the transition potentials. Evidently, there are drastic

differences between the results obtained from these
initial-state interactions, although they both fit the total
and elastic XN cross section with the same quality. Simi-
lar findings have been reported by Maruyama et al. [13].
Of course, some sensitivity to the initial-state interaction
was to be expected since the various annihilation chan-
nels are subject to strong selection rules and therefore
determined by contributions from specific partial waves.
Yet, such rather large discrepancies are perhaps some-
what surprising.

In addition, one can find in Table V predictions using
the Born approximation only, i.e., neglecting the initial-
state interaction completely. [The parameters in the
transition potentials are again the ones pertaining to
model A(BOX).] As already known in the literature [14],
these results are much too large; they by far exceed the
unitarity limit (in our case by a factor of 14). Therefore,
we have normalized the sum to the corresponding value
of A(BOX). It turns out that even the ratios of different
branching ratios are completely changed. This raises
serious doubt on any conclusions drawn from estimates
based on the Born approximation only.

At the end of this subsection, we want to compare
some of our results with those from other models avail-
able in the literature. The calculations of Kohno and
Weise [5], Henley, Oka, and Vergados [6], and Maruya-
ma, Furui, and Fassler [15] are based on a quark-gluon
model for the transition process, differing in the choice of
diagrams (rearrangement, annihilation) and the kind of
annihilation vertex ( S„P0). Furthermore, these groups
use different initial-state interactions, which, as we just
have seen, can have a strong impact on the results. Note
that the authors of Refs. [5] and [6] do not quote absolute
values for the branching ratios, but relative numbers
compared to the m. +m channel. The numbers cited in
Table VI are based on a vr+m branching ratio of 0.4.
Wherever a range of values is given it means that the au-
thors considered the contributions of different annihila-
tion diagrams separately.

Obviously, there are sizable discrepancies between
different quark-model predictions. Apart from uncertain-
ties in the initial-state interaction, these arise from the
choice of diagrams and annihilation vertices, mentioned
before. For those branching ratios in which a compar-
ison is possible, our results show qualitative agreement.
Thos, at present, the data do not rule out nor even favor
either concept.

Table VI includes also predictions made by Vander-
meulen [16],who parametrizes the total XX annihilation
in terms of transitions into two-meson channels only.
These transitions are described phenomenologically as-
suming dominance near threshold, i.e., annihilation into
heavy mesons is favored.

2. &ranching ratios from definite states

In the last years, ASTERIX experiments at LEAR
[7,17,18] have measured some branching ratios from pro-
tonium P states. Knowing the results from the annihila-
tion in liquid hydrogen, the pure 5-wave contributions
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TABLE V. Effects of the initial-state interaction: All branching ratios (BR) are calculated with the
transition potentials pertaining to model A.

Channel
PP~ Born appr.

Branching ratios (%)
parameters of model A

g(OBE) W(BOX)

Expt.
BR
(%)

7T+m-

m'~'

'9'9

Win'

Pk~+
0 0

p 'g

p 'g

CO7T

CO'g

P P
PP
p co

fop'
fr~

a,*~~
K+K
KK

K*K'~
K K* /K*K

K*+K*-
K*OK

X

0.06
0.000 74
0.00046
0.000 12
0.00043
0.00038
3.41
1.20
0.49
0.20
1.37
0.65
6.40
0.67
2.42
0.75
0.0014
0.43
0.086
0.073
0.96
0.072
0.000 28
0.21
0.0016
0.084
0.0043

(24.15)

0.43
0.078
0.014
0.017
0.014
0.031
0.89
0.50
0.46
0.32
1.48
0.10
5.24
0.91
1.99
1.29
0.048
0.41
0.069
0.31
1.23
0.13
0.038
0.13
0.006
0.061
0.019

18.50

0.39
0.096
0.014
0.015
0.014
0.042
1.09
0.58
0.64
0.37
2.18
0.13
7.41
1.07
2.77
1.66
0.049
0.65
0.093
0.25
1.43
0.21
0.062
0.12
0.017
0.094
0.029

24.15

0.21
0.0065
0.001
0.0003
0.002
0.002
0.575
0.43
0.061
0.21
0.055
0.43
1.44
0.077
4.81
0.39
0.010
2.75
0.20
0.051
0.80
0.028
0.015
0.019
0.017
0.075
0.070

24.69

0.33+0.017
0.02—0.06
0.03+0.02

0.008+0.003
0.05+0.02

& 0.018
1.7+0. 1

1.4+0. 1

0.65+0.14
0.16+0.08
0.52+0.05
0.46+0. 14

( &9.5)
0.4+0.3
3.9+0.6
1.4+0.6

0.69+0.12
0.41+0.12
1.57+0.34
3.05—0.31

1.3—2.6
O. I+0.01

0.08+0.01
0.1+0.016

0.12+0.02
0.13+0.05
0.26+0.05

30.94+3.91

TABLE VI. Branching ratios: Comparison of our results with other calculations (Refs. [5,6, 15,16]l
and experimental data (Refs. [9,29-35] ) for selected annihilation channels.

Channel
SP~ A(BOX)

KW
Ref. [5]

Other models (%)
HOV MFF

Ref. [6] Ref. [15]
Vanderm.
Ref. [16] Expt. BR (%)

7T+m

7l7l
p*~~

0~0

COAT

p 'g

CO'g

P P
PP
p co

a,*m ~
K+K

K*K'~

0.39
0.096
0.014
0.015
1.09
0.58
2.18
0.74
0.13
7.41
1.07
2.77
1.66
0.049
0.65
1.43
0.21
0.12

(0.4)

0.9-7.0

3.3-4.6
2.8

3.1-7.8
0.2-2.8

0.1-0.2
0.9-1.8

(0.4)
&0.045

0.000 13
& 0.01

1.9-2.7
1.5 —2.3
1.1—1.3
0.02
0.1-0.2
3.6—12.
0.3—4.4
2.2-9.6
2.8—9.3

0.12

2.1

0.8

0.4

2.3
0.4

0.09
0.4

0.54

1.75

8.6

1.2

6.0
0.11
0.4

0.33+0.017
0.02-0.06
0.03+0.02

0.008+0.003
1.7+0. 1

1.4+0. 1

0.52+0.05
0.65+0.14
0.46+0. 14

( &9.5)
0.4+0.3
3.9+0.6
1.4+0.6

0.69+0.12
0.41+0.12

1.3—2.6
0.1+0.01
0.1+0.016
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TABLE VII. Results for branching ratios out of specific states in comparison with some data from the ASTERIX experiment
(Refs. [7,17]).

Channel
pp~
%+77

vg
p +77 +

0 0

CO&

p YJ

CO'g

p p
pp
p co

f2p'
f2~

a,*~*

z'x '
rc—+@*~

X'Il. *OrX*OX '
rc*+sc'-
rc "z *'

A(OBE)

0.43

1.09
0.68
2.07
0.64
0.066
5.07
1.18
2.06
0.97
0.022
0.44
0.11
0.48
1.76
0.16
0.016
0.10
0.009
0.05
0.014

(0.32) 0.89

1.38
0.80
3.20
0.92
0.11
6.95
1.36
3.24
1.10
0.021
0.69
0.14
0.37
2.00
0.12
0.011
0.14
0.017
0.062
0.019

1.93
1.64
0.0021
0.20
0.81
4.03
0.026

10.93
0.0073
0.000 92
5.06
0.32
0.10
0.47
0.11
0.16
0.026
0.027
0.094
0.068

BR from S state (%)
A(BOX) C Expt.

0.32+0.02

1.55+0. 1

1.55+0. 1

0.24+0.07

0.11+0.01
0.08+0.01

A(OBE)

0.39
0.20
0.036
0.042
0.38
0.058
0.21
0.040
0.10
0.88
0.18
1.51
0.88
0.025
0.34
0.0048
0.027
0.32
0.066
0.068

0.0059
0.0034

(0.48)
0.24
0.021
0.023
0.42
0.049
0.24
0.035
0.087
1.18
0.21
1.69
0.78
0.029
0.54
0.0062
0.025
0.44
0.047
0.045
0.015
0.0017
0.015
0.0060

0.045
0.022
0.0021
0.0006
0.12
0.023
0.16
0.050
0.052
1.00
0.12
1.43
0.26
0.010
0.21
0.0052
0.0089
0.22
0.0023
0.0012
0.0069
0.000 72
0.0017
0.00047

BR from P state (/o)
A(BOX) C Expt.

0.48+0.049
0.24+0.025

1.04+0.22
0.31+0.06

0.81+0.19

0.03+0.01
0.01+0.002

could then be determined as well.
Table VII contains the corresponding quantities calcu-

lated with our models. Since there is no experimental in-
formation on the magnitude of the total annihilation
cross section out of pure S (P) waves, we fix them by re-
quiring that the ~+m branching ratio predicted by rnod-
el A(BOX) agrees with the experimental values. All fur-
ther results are then renormalized to these values.

Again, for both S and P states, we observe sizable
differences between the model predictions. In those
channels where data are available, our models roughly
agree with the experimental values. (An exception is the
f&~ channel derived from model C.) Obviously, it would
be important to have further empirical information, espe-
cially for those channels involving various combinations
of vector mesons, which dominate the total annihilation.

3. The "mp puzzle" and related questions

Already at the end of the 1960s, mp branching ratios in
liquid hydrogen have been determined [19]. Contrary to
naive expectations, it has been found that the values are
essentially the same for all charge combinations
m

—p+, m. p . The n. p combination being a pure isospin-0
state can annihilate only from the ( S„I=0) protonium
state, whereas the charged combinations can also be gen-
erated from the ('SO, I =1) state. Since both S states in
protonium should be populated with about the same

probability, the annihilation from the So state in the mp
channel is obviously strongly suppressed implying a
dynamical selection rule [20]. First measurements at
LEAR [21] investigating the annihilation from P states
into the mp channel indicated a similar suppression of the
I =1 states also in P waves. New ASTERIX measure-
ments [17],however, contradict these results.

Alternatively, one can study annihilation into different
channels from the same initial state. Considering ratios
of these channels, one might then hope to minimize the
efFect of the initial-state interaction [22]. Another in-
teresting comparison is possible by looking at combina-
tions (ratios) of channels with and without strangeness.

Some of those ratios are given in Table VIII. In clear
contradiction to the aforementioned hopes and expecta-
tions, even these quantities depend considerably on the
kind of initial-state interaction used. For mp decays from
S states, all models yield values smaller than one, al-
though not as small as given by experiments. For P
states, our predictions definitely favor the new ASTERIX
data ruling out any "mp puzzle" here.

B. Annihilation in Sight

l. Integrated cross section

So far, the energy dependence of the annihilation has
been determined for relatively few channels only. Corre-
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TABLE VIII. "mp puzzle" and various ratios as obtained with our models versus experimental infor-
mation (Ref. [22]).

pp('SO, I= 1)w ~p
—+m +

pP { S),I =0)~p+w+

A(OBE)

0.61

Our results
A(BOX)

0.73 0.18

Experiment

0.07+0.03

pp{ P&,I = 1)~p —
m

pp('P&, I =0)~p+m+
1.58 2.64 2.83 1 ~ 33+0.7

pp( S~,I =1)~a2+w+

pp('So, I =0}—+a 2+ w+
1.51 1.35 13.88 0.13+0.03

-('S, I =1)~p'q
pp('S „I=0)~~~

9.76 9.19 0.25 0.55+0. 12

pp( S„I=1)~p m

pp('S„r =0)
2.13 3.1 1545.3 0.81+0.35

pW ~i ~ =1) f2p
pP('S„I =1)~f2' 0.22 0.43 3.15 0.53+0.15

pp( S) )~K+K +K K

pp('S j )~m. +m
0.41 0.42 0.31 0.60+0.05

pP('S, )~K**K *+K "K'
pp('So) —+p—m + 0.26 0.27 0.18 0.70+0.30

pp{ Pog2 )~K K +K K

pp('Po)2 )~m. + m.
0.34 0.19 0.08 0.078+0.014

sponding model predictions are presented in Fig. 3, for
channels involving pseudoscalar and vector mesons.
Note that our calculations are restricted to laboratory
momenta below 780 MeV/c. Above this energy free
pions can be created (without NK annihilation) which is
not taken into account by our model (nor in any other
XN model we know ofl. In general, our results roughly
reproduce the trend of the data. This is, however, not
true for channels involving tensor mesons; see Fig. 4. As
observed already for the branching ratios at rest, the f 2'
channel is considerably overestimated by our models
whereas the opposite happens for the f2p channel. An
essential improvement can probably only be reached by
including a suitable final-state interaction.

2.

Differential

cross sections

For several years, angular distributions for the annihi-
lation in Aight are available for the m+m and K+K
channels [23,24]. Such angular dependent observables
are determined by the relative strength of the partial-

wave contributions and, for the particular case of annihi-
lation into two pseudoscalar mesons, are sensitive to the
properties of relatively few partial waves only.

In the ~ m. channel the differential cross sections re-
sulting from the models A(OBE) and A(BOX) are rather
similar (cf. Fig. 5); they roughly agree with the experi-
ments in forward direction. There are, however, increas-
ing shortcomings with higher energies; in particular, all
our models do not reproduce the observed rise of the
cross section in backward direction. Indeed, some mod-
els developed by other authors [14,25,26] do much better
in this aspect. For example, Moussallam, who presented
a comparable baryon-exchange model, can reproduce the
data in this energy region quite well [14]. This is obvi-
ously due to a different treatment of the 6-exchange part
of his transition potential, leading to an enhancement in
the contributions from the J =2 partial waves and subse-
quently to a reproduction of the backward peak.

The situation in the K+K channel can be seen in Fig.
6. Also here, the data clearly show a rise in the backward
region, in contrast to our model predictions. It should be
mentioned, however, that other theoretical models
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FIG. 3. Integrated cross sections for annihilation into channels with pseudoscalar or vector mesons obtained from our models
A(OBE), A(BOX), and C. Experimental data for the pp~rr+vr and pp —+IC+It channels are taken from Refs. [23,24,37-41], those
for the other channels from Refs. [37] and [42].
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[25,26] have similar deficiencies for backward angles.
Again, the consideration of final-state interactions to-
gether with transitions like pp ~AA~KK (as em-
phasized in Ref. [27]) might improve the situation.

able to reproduce the data; especially model C shows a
completely different behavior in the backward region.

3. Analyzing powers

IV. SUMMARY AND OUTLOOK

Recently, analyzing powers have been measured at
LEAR [28] in the same channels, which are shown in
Figs. 7 and 8. Again, the predictions for models A(OBE)
and A(BOX) are quite similar whereas the results derived
from model C differ drastically. None of the models is

In this paper, we have studied the XX annihilation into
two mesons, using a model based on baryon
(N, b., A, X, Y*) exchange. Most coupling constants and
meson parameters have been taken over from previous
studies in the nucleon-nucleon and hyperon-nucleon sec-
tor, carried out also by the Bonn-Jiilich group [3,11]. For
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FIG. 4. Integrated cross sections for annihilation into channels with one tensor meson. Same description of the curves as in Fig. 3.
Experimental data are taken from Refs. [37,43].
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the others, experimental information has been used. The
cutoff masses, however, had to be treated as open param-
eters since the baryon, not the meson as before, is now
the essential off-shell particle in the transition process.

We have used several initial-state NN interactions all
based on the Bonn NN potential, which differ either in
the elastic or in the annihilation part. The main outcome
of our work is that essentially all results, even ratios of
cross sections in different annihilation channels, depend
sensitively on the kind of initial-state interaction used. In
most cases, the trend of the data can be roughly repro-
duced; the description is of (at least) the same quality as
obtained from comparable quark-gluon models. Thus,
for the moment, there is absolutely no indication for the
dominance or even relevance of explicit quark-gluon dy-

namics, in NN annihilation.
Severe discrepancies have been found at some places

between our model predictions and existing data. In our
opinion, these deficiencies indicate the need for an in-
clusion of realistic final-state effects, which have demon-
strated already their outstanding role in the pp —+AA
process. Unless this is done, in consistency with the un-
derlying scheme, it is certainly premature to draw any re-
liable conclusions on the success or failure of either the
conventional baryon-exchange approach or treatments
based on effective quark-gluon exchange models. Furth-
ermore, in view of the established sensitivity to initial-
(and possibly final-) state interactions employed, it seems
also to be too early to discuss relative merits and
shortcomings of different quark-gluon processes.
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FIG. 7. Analyzing powers for the annihilation process pp ~~ m at various energies. Same description of the curves as in Fig. 3.
(Preliminary) Experimental data are taken from Ref. [28].
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APPENDIX: TRANSITION POTENTIALS
INVOLVING a &, a 2, AND f2 MESONS

The starting point is the interaction I.agrangians speci-
fying the coupling of the nucleon to the axial vector and
tensor mesons,

r.=+4~g.+x (x)y'yl'+~(x)C'J (x) (Ala)

tensor meson 2+:

X, =&4m. [i%~(x)[y"t) 4 (x)+y"t)"4 (x)]
gt

m~

i—[8'+~ (x )y"+ t)"'P~ (x )y "]+~(x) ]

X@J„(x), (A lb)

where 4& denotes the nucleon field operator and 4~
(@~,) the corresponding operator for the axial vector
(tensor) meson. Using the ansatz for the interaction
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FIG. 8. Analyzing powers for the annihilation process pP~K E at various energies. Same description of the curves as in Fig.
3. (Preliminary) Experimental data are taken from Ref. [28].
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Hamiltonian

8'= — d xX, (A2)

I

iI
I

I

I

I

~ N

the corresponding transition potentials, being of second
order in 8'

(MMJl vlxx) —= (MMJ Iv . Iv NN), (A3)~o+
FIG. 9. Two time orderings of the transition potential and

corresponding exchange diagrams.

can be evaluated in a straightforward way. The result
can be split into four di6'erent contributions, namely, two
time orderings together with exchange contributions; see
Fig. 9. The latter can simply be taken into account by a
factor of 2 in the allowed states. In the following, we give

the result for the first time ordering only; the extension to
the second one is obvious, see Ref. [2].

The evaluation of Eq. (A3) yields the following results
for an axial vector and a pseudoscalar meson:

F'( ')F'( ')
&kx, o~'v, ,(z)~qx x-&=

J 77' krak(Z Mk Es E~)

X u(q, k~)g, y'y E~(k, i, , ) (y Es —y ps+MsI4)y y'k, v( —q, kg)2F.q

(A4)

a vector and an axial vector meson:

F'(p s )F'(p s )
& kx, x, ~'U„(z) ~qx x„- &

=
4m.

X u(q, A,z) g, y"+i o"'k' E„(k,k, ;)

X (y Es —y ps+MsI4)g, y'y'E„(k, A, ;)v( —q, A~)
2E~

(A5)

a tensor and a pseudoscalar meson:

g F'( ')F'(p')
&kx, o 'U„(z) ~qx„x-) =

MN m 4~2 Q&k&k(Z &g Es E~ )

X ~ u(q, k~)I(q+ps) y" +( q+p s)" y' ]E„( k, A,;)

X (y Es —y.ps+MsI4)y y'k', v( —q, Xg) r

2E~
(A6)

a tensor and a vector meson:

+co' coi (Z —co' E E)——

X u (q, X~)[(q +ps ) y" +(q +ps )~y ]E„(k,k; ) (y Es yps+MsI4 )—
2E~

X g y'+i ' cr'~k' s( —kA )v( —q Ag)
2MN

(A7)

For the evaluation of the last potential (tensor-vector), the three-momentum of the exchanged nucleon, ps, has been
neglected in the nucleon projection operator A+. This simplifies the calculations enormously and seems to be justified
since nucleon and meson masses are quite similar in this case, implying that the momentum transfer for the on-shell
process is small.

The above expressions have to be multiplied by suitable isospin factors, which can be found in Table I of Ref. [2].
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