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Abstract. The observed polarisation of A hyperons from the inclusive pA — AX reaction at high energies
has previously been well described within the Lund string model through polarised s5 quark pair production
in the string breaking hadronisation process. This model is here applied to the exclusive pp — AA reaction
at low energies and compared to available data sets down to an incident-beam momentum of 1.835 GeV/c.
This required an extension of the diquark scattering model to involve three components: an isotropic part
relevant close to the threshold, a spectator part and a forward-scattering part as in pA — AX at high
energies. The observed angular distributions are then reproduced and, for momentum transfers above
[t'| = 0.2 GeV?, agreement with the measured polarisation is also obtained.

PACS. 13.88.4¢ Polarization in interactions and scattering — 14.20.Jn Hyperons

1 Introduction

In the mid 70’s it was discovered that A hyperons pro-
duced by an unpolarised high-energy proton beam on an
unpolarised target nucleus are polarised [1,2]. This came
as a big surprise since it was believed that spin effects
would not survive at these high energies and perturbative
QCD was indeed not able to describe the observations [3,
4].

Today, more than 20 years after these first observa-
tions, similar polarisation effects have been observed in a
large energy range and for other hyperons of the baryon
octet (X~ [5], X0 [6], T [7], =~ [8] and Z° [9]). The
trend of the data can be summarised as

P(A)~ P(E7)~ P(E% ~
~P(X7 )~ -P(X%) =~ -P(XT).

The understanding of the mechanism that produces po-
larised hyperons is, however, still far from complete and
a wealth of different models have been proposed [10-15].
The model discussed in this paper is an extension of a
semiclassical model [11] that provides a good description
of observed polarisation data for inclusively produced A
hyperons in pA — AX reactions. The model is based on
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the Lund string model [16], which successfully describes
the hadronisation of quarks and gluons emerging from
high-energy interactions.

Most of the experimental data on hyperon polarisa-
tion come indeed from inclusive studies, but more recently
also exclusive reactions have been studied [17-19], thus
removing the uncertainty whether the observed A’s have
been produced directly or stem from decays of heavier hy-
perons. In this paper, we investigate whether the string-
based model can be extended to describe exclusive hy-
peron production in the pp — AA reaction. Data obtained
by the PS185 collaboration at LEAR, CERN, for this reac-
tion [17] are of high precision and allow the validity of the
model to be tested with high accuracy in the low-energy
domain (beam momenta below 2.0 GeV/c).

2 Basics of the string model

The original string model for polarisation is illustrated in
fig. 1a and described in this section.

The incoming proton interacts with a target nucleon
resulting in a forward-moving diquark system with trans-
verse momentum ¢r. A colour triplet string field, with
no transverse degrees of freedom, is stretched from this
diquark (having an antitriplet colour charge) to a colour
triplet charge in the collision region.

The potential energy in the field is reduced by break-
ing the string through the production of quark-antiquark
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Fig. 1. a) Inclusive A production in the string model: a
forward-scattered (ud)o diquark stretches a string field produc-
ing an s§ pair, whose transverse momenta introduce an orbital
angular momentum L pointing out of the scattering plane. To
conserve the zero angular momentum in the string field, the s
and § spins are polarised in opposite direction. b) The string
model adapted to pp — AA: u and @ annihilate giving ud and
@d diquarks moving apart with opposite momenta (¢) and an
$§ pair is produced (as in a)), but with kinematical constraints
for the exclusive production of AA in the c.m. system.

pairs, i.e., colour triplet-antitriplet charges. Within the
SU(6) constituent quark model, a A consists of a (ud)y
diquark (I = S = 0) and an s quark. Therefore, if the
scattered diquark is a (ud)g quark pair and a strange-
antistrange quark pair is produced in the string breaking,
then a A can be produced.

Transverse momentum is locally conserved and the s
and § quarks are therefore produced with equal but op-
positely directed transverse momenta, kr, relative to the
string. For small scattering angles, the transverse momen-
tum of the A becomes pr =~ qr + kr. The distributions
in kv and ¢r are taken to be Gaussian having widths
ogr and oy, respectively. To account for kt and the
strange quark mass mg =~ 0.2 GeV/c?, the s and 5 are pro-
duced a distance | = 2y/m2 + k2 /k apart, such that en-
ergy stored in the string (k ~ 1 GeV/fm ~ 0.2 GeV?)
is transformed to the transverse mass of the produced
pair. This can be described as a virtual s5 pair being
produced in a single space-time point and then tunneling
apart through the potential until they become on-shell.
Treating this quantum-mechanical tunneling process with
the WKB method results in a pair production probability
proportional to exp (,gk%) and thus a Gaussian kt spec-
trum with oy, & 0.3 GeV [16]. Hadrons produced through
this string-breaking mechanism thus obtain a Gaussian
transverse-momentum spectrum in good agreement with
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data. The Gaussian distribution for gt has a less solid mo-
tivation, but is the result of a phenomenological analysis
of the observed pr distribution of inclusively produced A’s
giving o4, ~ 0.5 GeV [11]. A natural source is here the so-
called primordial transverse momentum of quarks in the
initial proton. For this Fermi motion a magnitude of a few
hundred MeV is expected based on the uncertainty rela-
tion applied to the proton size. Phenomenological analyses
of deep-inelastic lepton scattering on a quark in the pro-
ton give support for such a Gaussian distribution having
a width of about 0.4 GeV [20], thus supporting the gt
distribution used.

The separated kt vectors produce an orbital angular
momentum L = lkp of the s§ pair. The key assumption
of the model is that this orbital angular momentum is
compensated by the polarisation of the spin of the s and §
in order to locally conserve the total angular momentum,
which was zero in the string without transverse degrees of
freedom. Since it is the s quark that carries the spin of
the A, the end result is the production of polarised A’s.

The model’s correlation between kt and the spin po-
larisation of the s quark results in a A polarisation which
increases with its transverse momentum pr. This may be
viewed as a trigger bias effect, where a sample of A’s with
a certain value of pr will have an enhanced number of
events, where kt points in the same direction and hence
have a net polarisation.

For the compensation of orbital angular momenta by
the quark spins to be consistent, it is necessary that the kp
distribution is such that L > 1 are suppressed. This is in-
deed the case, since L > 1 corresponds to kt 2 0.3 GeV/c
with the values for mg and x quoted above. The depen-
dence of the polarisation P, on L is parameterised as
P, = L/(f+ L), with 8 ~ 1, such that the polarisa-
tion increases linearly for small L and saturates at 100%
for large L. The results are, however, rather insensitive to
the particular function chosen to describe the P,-L cor-
relation [11]. The model is numerically evaluated through
a Monte Carlo simulation specifying momenta and polar-
isation event by event.

3 Model simulations for AA production

Measurements of the exclusive reaction pp — AA give ad-
ditional information as compared to inclusive A produc-
tion. The two-body kinematics imposes strong constraints
that fixes the absolute value of the momenta of the two
hyperons in the c.m. system. In order to apply the string-
based model described above, it must be extended as illus-
trated in fig. 1b. In the pp interaction v and @ are annihi-
lated leaving the ud and @d moving in opposite directions
with equal momenta. Due to the fixed A (A) c.m. momen-
tum, the diquark momentum q (—q) is no longer indepen-
dent of the momentum kr (—kr) of the § (s) quark.

An important point of the above polarisation mech-
anism is that the s and § have parallel spins and are,
therefore, in a spin triplet state. Consequently, the model
gives a natural explanation for the experimental fact [21]
that the A/ are dominantly in a spin triplet state.
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Fig. 2. Experimental data [22] on a) the differential cross-
section and b) the polarisation in pp — AA taken at py =
6.0 GeV/c compared to string model simulations normalised
to the total cross-section of the data. The Gaussian diquark gr
distribution has o4, = 0.45 GeV (dotted lines), o4, = 0 GeV
(dashed lines) and a 40%/60% mixture of these two (full lines).
In all cases or, = 0.3 GeV is used.

Figure 2 shows experimental results for the differential
cross-section for pp — AA obtained at pp = 6.0 GeV/e.
The data can be fitted with an empirical formula with
two exponentials

do/dt’ = ae® + ce® (1)

with slope parameters b = 10.1 + 0.6 GeV~2 and d =
3.0 £ 0.3 GeV~2 [22]. Here, t/ = — 3t/ .. (1 — cos @*Z) is
the reduced four-momentum transfer squared, where mass
effects are removed from the full four-momentum transfer

1
t=m>+m} —2s+ §t§naxcos o=

with .. = 1/(s —4m2) - (s — 4m?).

The shape of the differential cross-section obtained
with the string model is also exponential in ', since
t' ~ p% and, thereby, given by the Gaussian g and k dis-
tributions. Using o4, = 0.45 GeV and oy, = 0.3 GeV one
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obtains the dotted line in fig. 2a. These values are slightly
lower than those (04, = 0.5 GeV and o, = 0.35 GeV)
used in [11] to successfully describe A polarisation in
pA — AX at higher energies, but lead to practically
the same results in that domain. The agreement of the
model with the experimental ¢’ distribution is good for
[t'] > 0.4 GeV?2. For lower values of |t/| one obtains a good
fit by setting o4, = 0 GeV (dashed line). These two
parameter settings give the slopes b = 10.1 GeV~2 and
d = 3.0 GeV~2 in good agreement with the experimental
values. The Monte Carlo nature of the model makes it
straightforward to add components with different param-
eter settings. A sum of simulations using a 60% contri-
bution with o,. = 0 GeV and a 40% contribution with
ogr = 0.45 GeV results in the solid line in fig. 2a which
reproduce the observed ¢’ distribution very well.

We now turn to the polarisation which is shown as a
function of ¢ in fig. 2b. The original model with o,, =
0.45 GeV gives a decent description of the observed polar-
isation. With o4, = 0 GeV, the only source for transverse
momentum is given by the s (3) quark momentum result-
ing in a very strong correlation between pr and the polar-
isation. This is reflected in the rapid increase of the polar-
isation for small values of |t'| shown by the dashed curve
in fig. 2b. The full curve represents the above 60%/40%
mixture and gives a reasonable description of the polar-
isation for [t'| > 0.2 GeV?, whereas at smaller |t/| the
contribution of oy, = 0 overestimates the magnitude of
the polarisation.

High-precision data on the pp — AA reaction closer
to threshold have been obtained by the PS185 collabora-
tion at LEAR, CERN. A common feature in these data is
that the angular distributions show, apart from the for-
ward peaking, a more isotropic behaviour. This feature
cannot easily be explained by the model developed for
higher energies, but it can be accommodated by adding a
contribution with isotropic diquark scattering. This gives
an isotropic angular distribution of A and zero polarisa-
tion, since each A scattering angle contains contributions
of kr and —kt with equal probability. The rationale for
this contribution within the model will be discussed in
the next section after here exploiting its phenomenologi-
cal consequences.

Figure 3 shows the simulated differential cross-section
with an added isotropic diquark component, and polar-
isation for pp — AA at 1.835 GeV/c. No contribution
with 04, = 0.45 GeV is needed at this energy. The
comparison with the data from PS185 shows that the
polarisation is also here reasonably well reproduced for
[t'| = 0.2 GeV2. Note that the polarisation becomes zero
at t' ~ —0.6 GeV?, corresponding to the c.m.s. scattering
angle ©% = 90° in agreement with experimental results
for py > 1.8 GeV/c [23].

Figure 4 shows the result of a simulation made at
pp = 3.0 GeV/c together with data from refs. [24,25].
For this intermediate energy, we again need a contribu-
tion with forward-scattered diquarks (o4, = 0.45 GeV).
The relative importance of the different contributions are
discussed in the next section. Table 1 gives an overview
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Fig. 3. Comparison of the experimental data [26] at py =
1.835 GeV/c with a string model simulation having a 33%
contribution of isotropic diquark scattering and the remain-
der with o4, =0 GeV.

Table 1. Exponential slope parameters in eq. (1) obtained by
experiments in comparison with model simulation results.

P momentum Experiment String model
(GeV/c) b d b d
6.0 [22] 10.14+0.6 3.0£0.3 10.1 3.0
3.6 [25)] 84+04®  20+0.2® 9.0 1.8
3.0 [24] 9.66 £0.47  1.58+0.55 8.9 1.8
1.8-2.0 [27] 89 - 6.5-7.5 -

(*) These values are obtained in our parameterisation although [25] use
a different parameterisation.

of the parameters of eq. (1) obtained from the model and
fitted to the experimental data.

4 Discussion and conclusions

The Lund string model [16] for the hadronisation of high-
energy quarks and gluons gives a natural explanation for
the polarisation of A’s produced in the inclusive reaction
pA — AX at high energy [11]. A (ud)o diquark is here
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Fig. 4. Comparison of experimental data (solid circles for
pp = 3.0 GeV/c [24] and open circles for pp = 3.6 GeV/c [25])
for a) the differential cross-section and b) the polarisation with
string model simulations at pp = 3.0 GeV/c (normalised to
that data set). The diquark scattering has a 10% isotropic con-
tribution, a 20% contribution with o¢, = 0.45 GeV and a 70%
contribution with o4, =0 GeV (o, = 0.3 GeV always).

assumed to be scattered with a transverse momentum g
and stretching a colour string field. In the breaking of this
field an s quark with transverse momentum k is produced
and a A = (ud)ps is formed with pr = gqr + kr. The s
quark is polarised to compensate for an orbital angular
momentum proportional to kr, giving a polarisation of the
A which increases with its pp. With the normal Gaussian
distributions in kt and ¢t used in the Lund model, the
observed A polarisation is reproduced [11].

An extension of this model has been developed here
in order to test whether the same polarisation mechanism
is able to reproduce also the polarisation observed in the
two-body pp — AA reaction at low energy. The s5 pair
production in the string field is supposed to be a local
phenomenon in the string and is therefore expected to be
energy independent. Therefore, we have not altered the
Gaussian kr distribution for the strange quarks, which
is also the essential source of the polarisation. The di-
quark scattering mechanism, on the other hand, is not
part of the string hadronisation model proper, but rather
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giving the initial conditions in terms of the momenta of
the diquarks at the endpoints of the string formed be-
tween the colour charges emerging from the scattering.
Having no well-founded model for this scattering, one
must consider more complex phenomena including an en-
ergy dependence. We have therefore extended the model to
include three components: 1) forward-scattered diquarks
with o4, = 0.45 GeV, 2) diquarks as spectators without
transverse momenta and 3) isotropic diquark scattering.

The first component, which was the only one included
in the original model applied at high energies, becomes less
important with decreasing p momentum; 40% at 6 GeV/c,
20% at 3 GeV/c and neglible below 2.0 GeV/c. On the
other hand, the isotropic part is becoming more impor-
tant closer to threshold. It is negligible at 6 GeV/c but
increases to about 30% below 2 GeV/c. This isotropic part
was not included in the original string-based model, but
is here phenomenologically needed to describe the angu-
lar distributions in pp — AA close to threshold where AA
pairs are in an S-wave. Applying the same string-breaking
mechanism producing ss pairs gives no net polarisation in
this case such that the model reproduces the data.

Diquarks as spectators contribute 60-70% at all ener-
gies. Since here, the diquarks have no transverse momenta
(0gr =0 GeV), it is only the kr of the strange quark that
provides the transverse momentum and, therefore, o,
gives the slope of the ¢’ distribution. This is reflected in
the sharp forward rise in the angular distribution which is
a typical behaviour for peripheral processes. Using a the
black-disc model, a slope of 8 GeV~2 would correspond to
an absorption radius of about 1 fm.

This string-based model cannot explain positive po-
larisation as observed in the region [¢/| < 0.2 GeVZ2. In
the semiclassical picture we apply, this means that the
diquarks pass each other at a distance of the order of the
absorption radius, leading to an orbital angular momen-
tum in the (ud)-(u@d) system. One may, therefore, imagine
a scenario where both the orbital angular momentum of
the Ss-pair and their spins compensate the angular mo-
mentum of the (ud)-(%d) system. This would lead to pos-
itive polarisation in the very forward region (small k).
For larger kr the ss angular momentum will overcompen-
sate the (ud)-(Td) angular momentum and we would again
expect negative polarisation. To quantify this picture is,
however, complicated since the orientation of the string,
and thus kr at the breakup, will vary with time.

The fact that the string model works quite well
for larger momentum transfers, but not for smaller
may give more fundamental insights. The border line
[t'] =~ 0.2 GeV? corresponds to a momentum transfer of
a few hundred MeV. Above that, it is reasonable that a
model formulated in a quark basis should be applicable
since quark degrees of freedom can be resolved. For lower
momentum transfers, however, even a constituent quark
structure may be unresolved and it may be more appro-
priate to have a description in terms of hadrons. Both ap-
proaches have been considered for pp — AA, and, with in-
clusion of initial- and final-state interactions, it is possible
to obtain both the positive and negative polarisation [28].
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Initial- and final-state interactions are not explicitly
included in the string model. For its original application
to describe hadronisation in high-energy collisions, such
effects are absorbed into the parameters determined from
data. The description of the polarisation of inclusively pro-
duced A’s work well without adding some model for initial-
and final-state interactions. The situation may, however,
be different for pp — AA as one approaches the threshold.
There we modified the model as discussed above. We have
taken the attitude, however, to make as few modifications
as possible and those we have made are still within the
spirit of the original model. In this way we test its basic
mechanism for producing the polarisation against obser-
vations in pp — AA at low energies.

Other tests for our model are provided by the observ-
ables Dyny and Ky describing the spin transfer from
the initial proton to the A and A, respectively. Due to
the basic assumption that the scattered ud diquark has
spin zero, the model predicts zero spin transfer to directly
produced A’s. This is in fair agreement with preliminary
results from the PS185/3 collaboration [29], except for the
peculiar behaviour of Ky at backward angles.

At this low-energy scale it is not surprising that the
full dynamical behaviour cannot be well described within
the same simple quark-based model that works well at
high energies. Nevertheless, it is quite remarkable that the
string-based model with only few parameters works so well
for pp — AA at low energies. Both the observed angular
distribution and, for not too small momentum transfers,
also the polarisation in the AA system are well described.
Moreover, the model gives a natural explanation for the
fact that AA are produced in a spin triplet state. In total,
this gives evidence for a universal origin of the A polari-
sation phenomena observed at different energies.
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