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Different pp~AA transition mechanisms [K+K exchange, K exchange only, and quark-gluon ex-

change ( S, version)] are investigated in a full coupled-channel (pp, AA) calculation. The elastic part of
the pp and AA interactions has been derived from a one-boson-exchange version of the Bonn NN poten-
tial and a corresponding extension to the hyperon-nucleon case whereas the annihilation part is taken
into account by phenomenological optical potentials. As expected, results for spin observables differ

substantially for the different transition models. It turns out that resulting polarizations and spin correla-
tion parameters are quite sensitive to variations in the initial- and 6nal-state interactions whereas spin-
transfer parameters are much more stable in this regard. Therefore, the latter observables, especially the
depolarization D„„,can be used to discriminate between various transition scenarios.

PACS number(s): 24.85.+p, 13.75.Cs, 21.30.+y, 25.43.+ t

I. INTRODUCTION

Within the past few years the experiments done by the
PS-185 Collaboration at LEAR (CERN) have greatly
enhanced our knowledge on the hyperon production pro-
cess pp —+AA. This achievement was parallelled (though
not quite matched) by a vivid development on the
theoretical side. Here basically two approaches have
been advocated: the traditional meson-exchange picture
where the pp~AA transition is mediated by the ex-
change of strange mesons (K, K*, Kz", etc.) [1—6] and the
constituent-quark model where the AA pair is produced
from the pp state via the annihilation of a uu pair and the
subsequent creation of an ss pair [1,7 —13].

In general with both approaches a qualitative repro-
duction of the bulk of the existing data can be achieved.
On the other hand, several theoretical aspects remained
controversial and are, in fact, still a topic of on-going dis-
cussions. For example, in the case of meson-theoretical
models the relative importance of the exchange of the
various K mesons could not be clarified. While Kohno-
Weise [1] and LaFrance-Loiseau [2] needed only the
lightest one [K(495) (J =0 )], K*(892) (J =1 ) was
included in the investigations of Niskanen [3], the
Nijmegen group [4], and the Bonn-Julich group [6], and
claimed to be important for the success of the pertinent
models. Tabakin and Eisenstein [5] also considered the
heavy K2 (1430) (J =2+) and found it to be significant
even for very low energies. Controversies in the case of
models based on quark-gluon dynamics centered around
the issue of which quantum numbers one should prefer-
ably attribute to the fundamental quark annihilation-
creation vertex [9,11,12].

Of course, there also have been topics where most of
the authors agreed. For example, it is generally believed
that meson-exchange potentials and quark-gluon-based
models can provide a description of the data of more or
less equally good quality, despite their rather different
physical ingredients. Furthermore, it has been found that
there is a strong sensitivity of the pp ~AA results to dis-
tortions from the initial (pp ) and final (AA) states.

Indeed it is this influence of the initial-state interaction
(ISI) and final-state interaction (FSI) which very much
obscures our theoretical understanding of the pp~AA
process. In the domain where AA production sets in the

pp system is already at rather high energies where the
commonly used model descriptions are afBicted by
theoretical uncertainties [6]. Moreover, in many cases
the pp interaction has been simply uncritically extrapolat-
ed from corresponding investigations at low (pp) energies.
The interaction in the AA channel provides an even
bigger problem as no experimental information on it is
available, although the elastic part can be inferred from
theoretical investigations on the nucleon-lambda (NA)
system by G-parity arguments.

As a consequence of these uncertainties the available
theoretical studies of the pp —+AA reaction differ consid-
erably with regard to how these initial- and Anal-state dis-
tortions are taken into account. Full coupled-channel
treatments, for example, have been attempted mostly by
those groups which had developed hyperon-nucleon mod-
els before that could be utilized to constrain the interac-
tion in the AA channel [3,4,6]. Some calculations were
done in a distorted-wave Born approximation (DWBA)
approach [1,2, 11]. Several authors work in a plane-wave
Born approximation (PWBA) [5,7 —10,12,13] and account
for effects of the ISI and FSI by multiplying the transi-
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tion Born amplitude with energy- and J-dependent func-

tions,

Tpp~AA +happ(E)Tpp~AA(E)+gAA(E)J J J,Born J
or absorb them simply into the coupling constant. While
this procedure may have some justification at very high
energies, it appears to be a rather crude approximation at
those energies in the threshold region where most of the
high-quality data of the PS-185 Collaboration have been
taken (as we will demonstrate later).

Thus, since most of the investigations have been car-
ried out in different frameworks and with different as-
sumptions for the pp and AA interactions it is diScult to
compare them and to draw reliable conclusions. This
rather unsatisfactory situation motivated us to the
present study in which we want to reexamine some of the
controversial issues addressed above in a well-defined and
consistent framework.

We present here a detailed comparison of different
transition mechanisms proposed for the pp~AA reac-
tion. In particular, we consider a model based on K as
well as E* exchange, one with only E exchange, and
finally a transition potential obtained in the constituent-
quark model. For all three cases we use exactly the same
(initial) pp interaction and also the same form for the in-
teraction in the (final) AA channel. In order to account
for the distortion effects from the ISI and FSI exactly we
work in a coupled-channel approach throughout. This
consistent framework allows us to thoroughly check the
so far reported conjectures and findings on the pp ~AA
process. Our main aim, however, is to look for observ-
ables which show a significant sensitivity to particular
transition mechanisms and therefore could be used to
discriminate between the competing theoretical models of
the pp —+AA reaction.

The starting point for the present study is our earlier
investigation on the pp~AA transition [6]. From there
we take over the interaction models in the pp and AA
channels. These interactions are shortly reviewed again
in Sec. II. Furthermore, we will use the results based on
a transition potential with E and j:*exchange, also given
in Ref. [6]. The two other transition models, based on K
exchange (only) and on quark-gluon dynamics, respec-
tively, are introduced here and described also in Sec. II.

A detailed analysis of pp~AA predictions resulting
from the three different transition models is given in Sec.
III. Anticipating our main results, we confirm the gen-
eral insensitivity of the cross sections to the particular
transition mechanism and the strong dependence of the
polarizations (as well as most of the spin correlation pa-
rameters) on both the transition mechanism and the ISI
and FSI. However, we also find remarkable differences in
the predictions for spin-transfer parameters, which are
only weakly influenced by initial- and final-state distor-
tions and therefore should be suitable for discriminating
between different transition scenarios. The paper ends
with a summary in Sec. IV.

II. THE MODELS

Our investigations are carried out in a coupled-channel
approach. In this way two-body unitarity is automatical-

ly preserved (in the absence of annihilation) and the dis-
tortion effects from the initial- as well as final-state in-
teractions are taken into account exactly. This is impor-
tant in view of the well-known sensitivity of the pp ~AA
reaction to initial- and final-state distortions. The for-
malism we use has been described in some detail in our
previous paper [6]. It now remains to specify the interac-
tion models used in the various channels.

Via~pi = ( Uc+i Wc )+ ( UL.s+i Was )L'S

2
/2Tp+(Ur+iWr)cr, rcr2 re. (2.1)

For pp, the coupling strengths ( U;, W, ) and the range pa-
rameter ro have been determined independently from the
AA channel by a fit to the total, integrated elastic, and
charge-exchange pp cross sections in the energy range
relevant for AA production. In this paper, we wi11 use
two alternative models, one (8) without and the second
(C) with a tensor-type term. With the parameter sets
shown in Table I, a satisfactory overall reproduction of
available NN data could be achieved (cf. Ref. [6] in the
case of model 8).

The corresponding strength and range parameters in
the AA channel represent the only free parameters of our

TABLE I. Parameters of the phenomenological optical po-
tential in the pp channel for the different initial-state interaction
models B and C described in the text.

Uc
'c

Us,s
8'Lq

UT
8'z-

rp

—1260 MeV
—4331 MeV
—1575 MeV

394 MeV

0.40 fm

—3938 MeV
—6300 MeV
—1575 MeV

394 MeV
—788 MeVfm
—788 MeVfm

0.38 fm

A. Interactions in the pp and AA channels

For the interactions in the diagonal channels (pp~pp,
AA~AA) we utilize the potentials of Ref. [6]. There the
elastic part of the pp interaction has been taken to be the
6-parity transform of an energy-independent one-boson-
exchange (OBE) version (OBEPF of Ref. [14]) of the
Bonn NN potential [15]. Analogously, the corresponding
interaction in the AA channel has been derived from our
hyperon-nucleon ( YN) potential [16]. For both cases the
6-parity transform can be done in a clearcut manner, i.e.,
all occurring coupling constants but also form-factor pa-
rameters can be taken over from the NN and YN sectors,
respectively, and therefore no additional short-range
prescriptions have to be introduced.

The annihilation part of both the pp and AA interac-
tion is parametrized by means of a phenomenological en-

ergy and isospin-independent optical potential of Gauss-
ian form:
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model and are to be determined essentially by a fit to the
pp ~AA cross sections.

B. pp ~AA transition interactions

We consider three different models for the transition
interaction (Fig. 1): a model based on K as well as K* ex-
change [Fig. 1(a)], one with only K exchange [Fig. 1(b)],
and finally a model motivated by quark-gluon dynamics
[Fig. 1(c)]. Since transition interactions of the first kind
have already been used in a previous paper [6], we will
make use of the results reported there. In particular, we
will utilize model I of Ref. [6) for the present investiga-
tion.

It has been noted in Ref. [6] that the E and E' mesons
play the same role in the AN and XN interactions as m.

and p in the usual NN potential; their central components
add coherently whereas the tensor components have op-
posite signs. For the antibaryonic systems considered
here the signs of the m- and K-meson contributions are
reversed (due to 6-parity or charge conjugation, respec-
tively). As a consequence, K and E' exchange interfere
destructively in the central part of the pp ~AA transition
interaction but add coherently in the tensor part. There-
fore, the omission of K* leads to an enhancement of tran-
sitions in states dominated by the central forces, however,
it reduces considerably tensor-type transitions. Since the
latter dominate the pp~AA process (cf. Ref. [6]), the
strength of the K exchange had to be increased in order
to get again a good description of the data. We achieved
that by increasing the cutoff mass AzAz from 1.2 GeV
(used in the K+E' model and in Ref. [16])to 1.7 GeV.

In the past few years a large variety of so-called QCD-
inspired models for the pp~AA transition have been
proposed [1,7—13]. Their common starting point is the
basic transition mechanism shown in Fig. 2, where a uu
pair is annihilated and subsequently an ss pair is created.
Hadronic matrix elements are then calculated from the
basic transition operators by using SU(6) wave functions
for the involved baryons.

However, while in some of these investigations it is as-
sumed that the annihilation or creation process goes
along with the emission or absorption of a gluon [Fig.
2(a)], others assume that this process takes place into and
out of the vacuum [Fig. 2(b)]. Corresponding to the

Sg 3p

(b)

FIG. 2. The annihilation of the uu pair and the creation of
the ss pair in the constituent-quark model can proceed (a) via
one-gluon exchange ( S& version) or (b) with the quantum num-
bers of the vacuum ('Po version).

quantum numbers at the annihilation or creation vertex
these two different approaches are commonly labeled as
S) or Po models, respectively. Both approaches have

been extensively employed in studies of various hyperon-
antihyperon production channels. On the other hand,
there is still a controversy in the literature about which of
the two models actually compares better with experiment
[9,12]. Recently it has also been proposed to employ a
superposition of the S, and Po models rather than to
consider them as two alternatives [11].

In the present study we are, however, more interested
in the common features of these transition potentials de-
rived from quark-gluon dynamics rather than in their
differences. One of their shared characteristics is that the
transition to AA can take place only in a spin-triplet state
because of the Pauli principle. Since the isospin of the
two spectator quarks is zero their spin must also be zero
and therefore the spin of the AA state must be the same
as the spin of the created pair of quarks, namely, S=1.
Another common feature concerns the tensor force. The
nondiagonal transition (potential) matrix elements

( VPL, , with L AL ') are, in general, considerably
smaller than the ones obtained in the meson-exchange
picture, or even identical to zero in the (commonly used
approximative version of the) ~S, model [9].

We want to consider here the more extreme case and
employ a model of the latter kind. For that purpose we
utilize the model proposed in Ref. [1]. A detailed deriva-
tion can be found in Ref. [17]. Here we quote only the
final form of the transition potential, after all the quark-
gluon degrees of freedom have been integrated out. It
reads

K, K*

P P

K vPp~AA

3 2 sl To

' 3t2
3I'2g4( p2 )e (2.2)

(b)
FIG. 1. Transition mechanism for the Pp ~AA process based

on (a) (K+K )-meson exchange, (b) K-meson exchange, and (c)
the constituent-quark model ( Sl version).

where S and T are the total spin and isospin, respectively,
( r ) is the mean square radius associated with the quark
distribution in the proton or A hyperon, and a/m6
represents an effective (quark-gluon) coupling strength
with IG being an effective gluon mass. We took over the
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value (r ) '~ =0.55 fm from Ref. [1]. The effective cou-
pling strength a/mG-—0. 15 fm, which was used in the
DWBA calculation of the pp ~AA process, turned out to
be too small in our coupled-channel treatment to allow a
reasonable reproduction of the pp ~AA data over a wid-
er energy range. We found a value of a/mG —-0.25 fm
to be more appropriate. This transition model will be ab-
breviated by QG in the following.

1P i, s

pp —)AA

4-

III. RESULTS

In this section we want to carry out a thorough com-
parison of various pp~AA observables resulting from
the three different transition models described in the pre-
vious sections. In all cases exactly the same initial-state
interaction (8) and the same form for the final-state in-
teraction is employed. The seven open parameters occur-
ring in the annihilation part of the AA interaction [Eq.
(2.1)] have been determined for each of the three models
by a best fit to the total and differential pp~AA cross
sections in the range p»b & 1700 MeV/c. Their values are
compiled in Table II. The other observables considered
here, in particular, the spin-correlation and spin-transfer
parameters, are genuine predictions of the interaction
models. All these observables are defined in the Appen-
dix. The sensitivity of the results to ISI or FSI effects is
demonstrated, for the quark-gluon model, by employing
the alternative initial-state interaction model C, see Table
I.

n0 I I I I
I

I I I I
I

I I I
I

I I

1430 1435 1440 1445 1450

p, , (MeV/c)

125
(b)

1pp p p —)AA

75-

50-

A. Cross sections

Total pp ~AA cross sections calculated from the three
models are compared with empirical data [18—21] in Fig.
3(a) (near threshold) and Fig. 3(b) (for momenta up to
p»b=1900 MeV/c). Evidently, in the threshold region,
all model predictions are very similar and moreover in
excellent agreement with experiment. Also at higher en-
ergies (p»b & 1750 MeV/c) the results for the three mod-
els are qualitatively the same and give a reasonable
description of the data.

Differential cross sections are shown in Fig. 4. For p
momenta p„b & 1476 MeV/c the predictions are of com-
parable quality. They are also in nice agreement with the
experiments [18,19] (except for 1476.5 MeV/c, where
there seems to be a normalization problem with the data
[22]). With increasing energy the QG model and the two

25-

0
1400 1500 1600 1700 1800

0?1 73
Jayet 78
Barnes 89
Barnes 87

I
I

1900

p, , (MeVjc)

FIG. 3. Total pp~AA cross sections: (a) near threshold and
(b) for intermediate energies. The solid (dashed) line corre-
sponds to the meson-exchange transition model with E+E
(E) exchange using the pp interaction B. The other results orig-
inate from the quark-gluon model: The dash-dotted curve is
likewise based on the initial-state interaction B whereas, for the
dotted curve, initial-state interaction C with increased tensor
part is employed. Experimental data are from Ref. [18] (cir-
cles), Ref. [19] (squares), Ref. [20] (inverted triangles), and Ref.
[21] (triangles).

TABLE II. Parameters of the phenomenological optical potential in the AA channel for the three
different transition models, using the initial-state interaction 8. For the quark-gluon model (QG), the
numbers in brackets denote the values in case the initial-state interaction C is used.

Uc
'c

UL,s
~LS
U7-

8T
7'o

—1142 MeV
—1142 MeV

236 MeV
79 MeV

—1260 MeV fm
40 MeVfm
0.34 fm

—1197 MeV
—787 MeV

236 MeV
—236 MeV

—1811 MeV fm
—315 MeVfm

0.24 fm

—898 MeV
—866 MeV

551 MeV
—945 MeV

—2047 MeVfm
—157 MeVfm

0.24 fm

[Q«C)l

[—1339 MeV]
[—866 MeV]
[1575 MeV]

[—945 MeV]
[—2047 MeVfm ]

[—40 MeVfm ]
[0.20 fm]
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meson-exchange transition potentials, respectively, show
a somewhat different behavior at very forward and back-
ward angles. Indeed the former tends to overshoot the
experiments in either directions. As for the forward
direction the same tendency of the differential cross sec-
tion has been observed in other applications of the
constituent-quark model to the pp ~AA transition
[9,11,12]. Note that at the highest energy considered

here (p&,b
= 1695 MeV/c) such a steep rise at small angles

is, in fact, required by the experiment. Here both our
meson-exchange transition potentials, but also other
models based on meson exchange [2j, do have severe
diSculties. One has to consider, however, that this ener-

gy is already well above the X X threshold. An explicit
inclusion of this channel might, of course, change the sit-
uation. The pronounced enhancement at backward an-

0 15 l 0 I I
I

~ ~ ~ ~ I ~

p~ = 1435.9 MeV/c
4
N~ 010-

~ I ~
I

~ ~ ~

I' '
'~

~ 0 I I I I % ~ I
'
~B

y) g p~ = 1507.5

I s ~ ~ I I
~ 4

C:
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0.40-

b
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b

'
~ . .

KJ

0@00
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3.00-

0 ~
'
~ I I I I 0 I ~ ~ ~

'
~ I
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80-

2.00-

0 00 I ~ ~ ~ I ~

—1.0 —0.5 0.0

cos8
0.5

I I I ~ ~ ~ I ~ ~ % ~

1.0

C:
10-
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~ ~

I
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0.0 0.5

cos5
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FIG. 4. Differential cross sections for the Pp~AA process. Same description of the curves as in Fig. 3. Experimental data are

taken from Ref. [19] (p„b =1435.9, 1436.9, 1445.3 MeV/c), Ref. [18] (p„b =1476.5, 1507.5 MeV/c), Ref. [23] (p„b =1546.2, 1695

MeV/c). The preliminary data for p„b = 1642 MeV/c are from Ref. [24].
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gles, on the other hand, does not appear in other models
based on quark-gluon dynamics [9,11—13]. It is, howev-
er, present in the original work of Kohno and Weise [1].

The strongly different characteristics of the involved
processes become more explicitly apparent if we now take
a look at the contributions of the individual partial waves
to the total cross section. From those partial cross sec-
tions, listed in Table III for p„b=1445.3 and 1546.2

'So
1P
'D

0.19
0.04
0.0

0.41
0.08
0.0

0.0
0.0
0.0

3S

D&~ S)

Dl

0.53
2.07
0.0
0.01

0.42
1.95
0.0
0.0

1.46
1.49
0.0
0.0

Pp
3P
3P

3p 3p
3D

3G 3D

0.18
0.04
0.15
1.24
0.0
0.03

0.07
0.48
0.07
1.00
0.0
0.02

0.10
1.03
0.31
0.07
0.0
0.0

S
P
D

2.79
1.65
0.04

2.78
1.73
0.03

2.95
1.51
0.01

2.84
1.73

Total 4.49 4.54 4.47

1S

'P,
1D

0.22
0.63
0.27

0.28
1.23
0.23

0.0
0.0
0.0

3S

Dl Sl
S&~ Dl

Dl

0.52
2.53
0.10
2.08

0.27
1.51
0.13
0.07

0.92
1.31
0.08
0.48

Pp
3p
3p

3Q 3p

D3
G3 ~'D

3.48
0.50
1.69

15.09
1.00
8.05

1.93
9.12
1.36

16.45
0.42
5.86

3.00
27.75

5.62
1.31
0.69
0.61

S
P
D

3.27
21.39
11.54

2.06
30.10

8.74

2.23
37.68

1.93

41.3 42.0

TABLE III. (Top) partial cross sections (in pb) for the

pp~AA reaction at p&,b =1445.3 MeV/c. The total empirical
cross section is 4.86+0.42 pb. The "experimental" values result
from the parametrization of n„, at threshold given in Ref. [19].
(Bottom) partial cross sections (in pb) for the pp~AA reaction
at, p j b

= 1546.2 MeV/c. The total empirical cross section is
44.6+1.5 pb.

"Experimental"

MeV/c, it is immediately evident that in the meson-
exchange picture the pp ~AA transition occurs primarily
from L(pp ) to (L —2)(AA) states, i.e., via a change of the
orbital angular momentum by two units [4,6]. At
p„b = 1445.3 MeV/c the results for both meson-exchange
models are quite similar: The coherence of the E and E'
exchanges in the tensor channel is obscured by ISI or FSI
effects. Indeed, in the Born approximation, the contribu-
tions in nondiagonal partial waves are about three times
larger for the E+E~ model compared to the E model.
This ratio becomes even larger if the same cutoff mass is
used at the NAE vertex.

For the QG model the tensor transition amplitudes are
identical to zero in the Born approximation. Nonethe-
less, the corresponding quantities as obtained in our
coupled-channel calculation provide the largest contribu-
tion to the cross section in the threshold region [cf. the
D, ~ S& transition in Table III (top)]. This clearly

demonstrates once again how strong and important ISI
and FSI effects are, in particular, at low energies. It also
implies that those prescriptions mentioned in the Intro-
duction, where distortions by the ISI and FSI are simply
taken into account by multiplying the (on-shell) transition
potential matrix element with a constant damping factor
[Eq. (1.1)], are totally inadequate. Such prescriptions are,
in fact, commonly used in conjunction with quark-gluon-
based pp~AA transition models. In this connection we
note that, although the basic transition mechanism on the
quark level occurs in the S& partial wave only, all (trip-
let) waves contribute ultimately to the pp —+AA process.

At p~,b =1546.2 MeV/c [Table III (bottom)] the cross
section of the E+E* model is dominated by the
F2 ~ P2 transition (similar to all other models presented

in Ref. [6]). In the QG model the largest contribution
comes from the P& partial wave. The model with only E
exchange has major contributions from both the
F2~ P2 and P, transitions. In general, the tensor

transitions are somewhat less pronounced as compared
with the E+E*model. We want to remark that the ex-
ceptional behavior of the F2~ P2 is purely accidental.
It can be attributed to the considerably smaller total
cross section predicted by the E+E model at this par-
ticular energy [cf. Table III (bottom)].

Please note that at this energy the D-wave contribu-
tions are already significant for the models based on
meson exchange, providing about 30% of the total cross
section. For the QG model, on the other hand, they con-
tribute only marginally (about 5%). It is obviously the
exponential form of the quark-gluon transition potential
[Eq. (2.2)] which tends to diminish contributions from
higher partial waves. Indeed it seems that this suppres-
sion of higher partial waves in the QG model is responsi-
ble for the sharp forward peaking of its differential cross
section at p] b =1695 MeV/c.

Per construction the singlet transitions (i.e.,
'So, 'P, , 'Dz, . . . ) are zero in the QG model, whereas
they are small but nonzero in the two meson-exchange
models. As we would expect, the corresponding partial-
wave cross sections for EC+E* exchange are somewhat
smaller than the ones for K exchange.

Finally, we want to compare the model results with
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"experimental" S- and P-wave contributions at threshold
[19] as they result from fitting the function
o„,=boa'~2+b, e ~ (with the excess energy
e=&s —m~ —m~ and b0=1.51 pb/MeV', b, =0 26.

pb/MeV ~
) to the empirical cross sections. These values

are given in column 4 of Table III (top). The predictions
of a11 three models agree quite well with them. Note that
this is by no means trivial. As has been pointed out al-
ready in Ref. [6], the K-exchange model of Ref. [1] as
well as the model of Ref. [2] show very different behav-
iors, the former having a S- to P-wave splitting of

1.95-2.8 pb at p& b =1445.3 MeV/e while it is 3.95—0.95
for the 1atter. Since in our case different models for the
pp~AA transition lead to rather similar results, we are
led to the conclusion that the S- and P-wave contribu-
tions at threshold are primarily determined by the ISI
and FSI employed.

8. Polarizations

In the analysis above we observed that the individual
partial waves contribute rather differently to the cross
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section for the three transition models under examina-
tion. Consequently, we expect to see more pronounced
effects from the different transition mechanisms in those
observables which depend more specifically on particular
partial waves. Hence, we now take a closer look at the
polarization s and, in the next subsections, at other
pp —+AA spin observables.

The polarizations predicted by the three transition in-
teractions are shown in Fig. 5. Both models based on
meson exchange reproduce qualitatively the experimental
angular distributions [18,19,23,24] over the whole energy

range considered, with the K+E* model providing a
somewhat better description. The quark-gluon model, on
the other hand, produces a rather different pattern, in
striking disagreement with the data.

However, before any premature conclusions are drawn
we would like to remind the reader on the strong sensi-
tivity of these polarizations to the ISI and FSI found in
our earlier paper [6]. Besides the E+E* interaction
used in the present paper, we have considered there an al-
ternative E+E model with another initial-state interac-
tion ( A), in which both the spin-orbit and tensor terms in
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the annihilation part have been omitted. This (short-
range} modification of the ISI had little infiuence on the
cross sections but led to a considerable change in the pre-
dicted polarizations. The same is true for the quark-
gluon transition model. Using ISI C instead of B and
readjusting the parameters in the final-state interaction
(see Table II), Fig. 5 shows drastic differences in the po-
larizations, the results with C being much more similar to
the empirical situation. Indeed, it should be noted that
the original application of the quark-gluon model in Ref.
[1],with suitable though quite different initial- and final-

state interactions than used here, yielded good agreement
with the polarization data at pl b

= 1508 MeV/c.

C. Spin-correlation parameters

Results for the spin-correlation parameters are present-
ed in Fig. 6 at four energies. Measurements have been
published so far for p&,b =1546.2 and 1695 MeV/c [23],
and data for pl, b=1642 MeV/c are already in prepara-
tion [24,25]. Because of charge conjugation invariance
C, =C, and because of parity conservation
C~y Cy~ Cyz Czy 0 i
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For C„and C, there are sizable differences in the
model predictions at higher energies and nonforward
directions. As in the case of the polarization, the angular
dependence nevertheless exhibits a similar trend for both
meson-exchange models whereas the quark-gluon model
provides a completely different pattern, which, especially
in the forward direction, seems to be in better agreement
with the empirical analysis. At this point, however, the
following remarks should be made: First, several empiri-
cal values lies well beyond physical bounds [

—1, + I];
second, the data (at p»b=1546. 2 MeV/c as well as at

p»b = 1642 MeV/c) do not satisfy the relation C„„=—C
at backward angles as required by rotational invariance;
third, the above constraints due to parity conservation
have not yet been imposed and are, in fact, badly violated
by the present empirical analysis. Therefore, the empiri-
cal data should be viewed with caution. Indeed, from the
ongoing analysis of new data at p»b = 1918 MeV/c
[24,26], it is known that in applying those constraints
from the beginning, the empirical values for some of the
CJ change substantially [27]. It would be worthwhile to
repeat the analysis at the energies shown in the figures.
For (C„,; C ), and even more for C», on the other hand,
all models provide rather similar results, in qualitative
agreement with the data.

Figure 7 contains the resulting singlet fraction

F =
—,'(1 —(, ))=—,'(1+C„„—C„+C„).

This observable is exactly zero for the QG model and
quite small for both meson-exchange models. Per
definition, its value is ranged between 0 and 1 and cannot
be negative. This shows again that the present analysis of
the empirical data should be viewed with caution.

As for the polarization, the spin-correlation parame-
ters depend on the kind of initial- and final-state interac-
tions used. This is again documented for the QG model
by giving in addition the results for the initial-state in-
teraction C. As seen from Eq. (A5), C; depend strongly
on the tensor-type amplitudes. Indeed, it is the addition-
al tensor-type interaction in the annihilation part of mod-
el C which is responsible for the remarkable shift (it is
somewhat less pronounced in C y, probably because it de-
pends on the square of amplitudes only [see Eq. (A5)]; the
differences are much smaller if the initial-state interaction
A (defined in Ref. [6]), having no tensor term in the opti-
cal potential, is used. This has been demonstrated for the
E+E' model in Ref. [6].

We conclude that the results for the spin-correlation
parameters with the exception of Cy depend on the ISI
and FSI. Therefore, given the present theoretical uncer-
tainties in the ISI and FSI, these observables also do not
seem to be suitable to distinguish between different tran-
sition scenarios. Although Cyy has proven to be quite
stable against variations of the ISI and FSI, it cannot
discriminate either since, as we have seen before, the re-
sults for this observable predicted by different transition
models turn out to be quite similar.

D. Spin-transfer observables

As discussed before, in the meson-exchange model the
transition occurs primarily via a change of orbital angu-
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FIG. 7. Singlet fraction F, for the pp~AA process. Same
description as in Fig. 6. F, is exactly zero for the quark-gluon
transition model.

lar momentum by two units (see Table III). This requires
that the spin projection of the total spin (spin-triplet
configuration) is flipped. For the pp ~AA interaction de-
rived from the constituent-quark model, on the other
hand, this spin flip is very small because of the weak ( Po)
or even vanishing ( S&) tensor component of the transi-
tion operator. Therefore, spin-transfer observables like
D„„or E„„should be suitable to discriminate between
these transition models.
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I

(I —D..) =—(I~ I'+ Idl'+ Ig I') .
dO ""

q
(3.l)

Note that maximal spin flip, i.e., D„„=—1, is generated

Let us start with the depolarization parameter D„„,
which describes the spin transfer from the target to the
recoil particle. With the usual parametrization of the
spin-scattering matrix (see the Appendix), the amount of
spin flip of the one-particle spin, characterized by
1 —D„„,is given by

by a pure tensor interaction. On the other hand, the sim-
ple constituent-quark model (in the S& version) yields (in
Born approximation) D„„=—,, i.e., small spin flip, which
is generated by the spin dependence of the projection
operator PT= 4(3—+o, rr2) on spin-triplet states. Figure
8 shows the full results of the coupled-channel calcula-
tion, at three selected energies. Obviously, the initial-
and 6nal-state interactions modify the amount of spin
flip; however, most importantly, the strong differences
obtained from the basic transition mechanisms persists:
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(K+K')- and K-exchange models lead to a much larger
spin transfer than the constituent-quark model,
throughout the whole angular range. Moreover, the re-
sults are quite stable against variations of the ISI and
FSI: As shown in Fig. 8, the large difference between
meson- and quark-gluon model predictions essentially
remains even when we employ, for the case of the QG
model, ISI C having a strong additional tensor part in the
optical potential.

Next let us consider the polarization transfer observ-
able E„„,which measures the spin transfer from the tar-
get to the scattered particle. Here, Fig. 9 shows that the
possibility for discriminating between the models is some-
what reduced in the forward direction. In general, the
meson-exchange models have a less pronounced angular
dependence and deviate from the constituent-quark mod-
el especially in the backward direction. At threshold, the
E-exchange model results lie between those of the
constituent-quark model and the (K +K '

) model.

Again, the results are quite stable against variations of
the ISI and FSI, especially in forward and backward
directions.

Finally, we also want to present corresponding results
for the other angular combinations of the spin-transfer
observables, i.e., D„„,D„,D„, (Fig. 10) and K„„,K,K„,
(Fig. 11), at one selected energy. Obviously, the
differences between the various model predictions are
somewhat smaller compared to those observed for D„„
(—:Dyy).

Thus, it appears that the depolarization parameter D„„
is most suitable for discriminating between meson-
exchange and simple constituent-quark models for the
pp —+AA transition.

IV. SUMMARY

In this paper, we have investigated various models for
the pp~AA transition process. This was done in a full
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coupled-channel (pp, AA) calculation to study the effects
of distortions in the initial as well as the final channel.
The first transition model was based on E+K* ex-
change: It was possible to take both coupling constants
and cutoff masses to be precisely the same as in our
hyperon-nucleon model [16], i.e., no additional, ad hoc
regularization was introduced. In case of the K-exchange
model, the cutoff mass AzAz had to be increased from
1.2 to 1.7 GeV in order to (roughly) account for the miss-

ing strength in the tensor channel generated by E* ex-
change. Finally, for the S& version of the constituent-
quark model, the effective coupling strength had to be in-
creased in our coupled-channel calculation by about 60%
in comparison to the value used in the DWBA calcula-
tion of Ref. [1].

Throughout, the same elastic interaction in the initial
as well as the final channel was used. They have been de-
rived from one-boson-exchange versions of the Bonn NN
potential and a corresponding extension to the hyperon-
nucleon case [16]. Annihilation (containing both a real
and an imaginary part) is parametrized by a phenomeno-
logical optical potential of Gaussian form. For pp, the
parameters are independent of the AA channel adjusted
to fit the total, integrated elastic, and charge-exchange
cross sections in the energy range relevant for the AA
production. The annihilation parameters in the AA
channel represent the only free parameters of our model
and have been adjusted separately for each transition
model to the pp~AA cross sections. All models repro-
duce the total and differential cross sections with reason-
able accuracy. Sizable differences occur in the descrip-
tion of polarizations. Whereas both meson-exchange
models are able to account for the qualitative trend of the
data, with the K+K* model giving the best agreement,
the quark-gluon model shows a completely different pat-
tern, in striking disagreement with experiment. Howev-
er, polarizations are known to be extremely sensitive to
the treatment of initial- and final-state distortions (cf.
Ref. [6]). Indeed, with a suitable modification of the
initial-state interaction, polarization data can also be sat-
isfactorily reproduced within the quark-gluon model.

Similar differences have been observed in the spin-
correlation parameters C, , especially in C, and C„.
Again, the quark-gluon model leads to a completely
different pattern, which, in fact, seems to be in better
agreement with the data. The reader should be aware of
the fact, however, that the present analysis of corre-
sponding empirical data leads to values outside of physi-
cal bounds. (One reason is probably that up to now basic
constraints due to parity conservation and charge-
conjugation invariance of the strong interaction have not
been imposed on the analysis). Therefore, the present
empirical values are to be taken with some care and it is
certainly premature to conclude that empirical spin-
correlation data definitely favor the quark-gluon model.
Certainly, it would be worthwhile to improve the present
analysis. In any case, since also the description of the
spin-correlation observables depends considerably on the
choice of the ISI and FSI, it is certainly dificult to draw
conclusions about the basic transition mechanism from
the spin-correlation parameters.

The situation is dramatically different when investigat-
ing the spin-transfer observables: In the meson-exchange
model, the transition process is dominated by nondiago-
nal tensor transitions like F2~ P2, which require a flip
of the spin projection of the total spin. In contrast, the
quark-gluon model leads mostly to diagonal transitions
conserving the orbital angular momentum (e.g. ,
3P, ~ P, ), which can occur without any spin flip.
Indeed, there is a large difference between the predictions
for the depolarization parameter D„„. Moreover, the re-
sults are remarkably stable against variations of the ISI
and FSI. Therefore, we strongly feel that a measurement
of the depolarization D„„,if done with reasonable accura-
cy, should be able to discriminate between different tran-
sition models based on either meson- or one-gluon ex-
change.

Of course, if D„„measurements definitely favor the
description in terms of collective degrees of freedom, i.e.,
baryons and mesons, the QCD-inspired models could al-
ways be extended to include multigluon exchanges. In
this way, rough equivalence with the meson-exchange re-
sults might be achieved. However, the nice feature of
these models, namely, their striking simplicity, would
then be gone.
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APPENDIX

with

A.
+(c—d)cr, Per& P+e(cr, +crz) n

+g(o, ko2 P+o, .Po2.k)],

I IP=, n=, , k=nXP,
Iq'I

' Iqxq'I ' (A2)

and q (q ) being the c.m. momentum in the initial (final)

channel. We then obtain for the differential cross section

do. q' 1Io=——tr(MM —)
dA q 4

=—' —( Io I'+
I
b I'+

I e I'+
I
d I'+

I
e I'+ Ig I'),

2 q

(A3)

For the pp~AA process, the spin-scattering matrix
can be parametrized as [28]

M= —,[(a+b)I+(a —b)cr, no& n+(c+d)o, ko2 k
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for the polarization

tr(trrMM )
pA

tr(MMt)

1
[Re(ae ' )+Im(dg *)],

q Io

and for the spin-correlation parameters

(A4)
DXX (A6)

1
Re(ab *—cd ' ),

q Io

tr(tr;"Mtrt'M )

tr(MM )

( I a I'+ Ib I' —lc I' —Id I'+
I
e I' —lg I'),

2 q IO

1
Re(ab '+cd*),

q Io

C"=
IJ

(A5)

tr(~,'o,'MM')

tr(MMt)
I

C„„=—~ [Re(ad '+ bc ' )+Im(ge '
)],

q Io

C =—~ ' (lal' —lbl' —Icl'+Idl'+lel'+Igl'),2qIO

and

I

D„,=~ [Re(cg')+Im(be' )],
q Io

tr(o; Mo~jMt)

tr(MMt)

(la I' —Ib I'+ lc I' —ld I'+ le I' —Ig I')1
'

1

2qI
IC„=~ [Re(ad' bc')+—Im(ge')],

q Io
1 Re(ac '+ bd ' ),

q Io
(A7)

CXZ

1 [Re(ag')+Im(ed')] .
q Io

1 Re(ac' bd*)—,
q Io

Finally, the spin-transfer parameters are given by EXZ

1
[Re(bg ')+ Im(ec *)] .

q Io
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