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The parton-recombination model plus SU(6) symmetry is used to relate polarizations in in-

clusive baryon production to those of the underlying constituent subprocesses. A large number
of predictions are given, none of which disagrees with experiment. It is suggested that the po-
larization arises via Thomas precession of the quarks' spins in the recombination process, This
description accounts for all of the qualitative features of the baryon and antibaryon polarization
data.

The unexpected discovery' of large polarization ef-
fects in inclusive A production by unpolarized pro-
tons at high energy and small transverse momentum
has shown that important spin effects exist in high-

energy collisions. In this paper we study the quark
dynamics underlying polarization within the frame-
work of the parton-recombination model. 2 Assuming
minimal complexity for the quark transitions and us-

ing SU(6) symmetry we relate the polarizations of
numerous baryon-to-baryon transitions. The ob-
tained relations test the basic recombination picture
but are independent of how the polarization arises on
the quark level. %e then propose a model in which
this polarization is'due to a Thomas-precession effect
in the quark-recombination process. Our model sug-

gests that polarization of leading particles in multipar-
ticle jets should be seen not only in hadron-initiated
jets but also in quark jets produced in e+e annihila-
tion or deep-inelastic lepton-hadron scattering.

The data which we wish to explain are' the follow-

ing.
(a) Ao's produced in pp and p-nucleus scattering

are polarized transverse to the production plane and
preferentially along the (pA x p~) axis.

(b) This polarization is independent of the beam
energy and nearly independent of xF, the fraction of
the proton's longitudinal momentum carried off by
the Ao.

(c) The polarization increases in magnitude linearly
with the transverse momentum of the Ao.

~0
(d) A 's produced in pp and pA collisions are not

polarized.
(e) Recent measurements of polarizations of:,and X+ hyperons produced by a proton beam4

suggest that the 0 and have the same polarization
as the A, whereas the X+ and the A polarizations
have the same size but opposite signs.

Of the above observations, (b) suggests that the
proper framework to analyze the polarizations is the
parton-recombination model, which has been applied
with good success to many small-transverse-
momentum fragmentation processes. In this model,
a proton in the infinite-momentum frame is built up
by three valence quarks plus a large number of sea
partons; in the collision the slow or "wee" partons
interact with the target, destroying the coherence of
the wave function, which then decays into a many
hadron final state. The partons-into-hadrons
transformation takes place semilocally in rapidity and
is pictured as proceeding via quark recombination: qq
pairs and qqq triplets form mesons and baryons,
respectively. The fastest particles are formed by the
recombination of the beam's valence quarks with
other valence quarks or sea partons. For example,
fast Ao's (X+'s) are produced by the recombination
of a valence ud (uu) pair with an s quark from the
sea of the proton ( VVS recombination). In processes
in which the minimal number of exchanged quarks is
two, such as p and p, VVS recombination
is not possible and the production of fast particles
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proceeds through VSS recombination. Finally, if the
fragmenting and the secondary particles have no
common valence quarks, only SSS recombination is
possible. In this case the cross sections are expected
to be small and have steep x dependences, in agree-
ment with experiment.

For analyzing A polarization, it is convenient to
apply the recombination model in the rest frame of
the fragmenting beam proton. In that frame the
proton's wave function is simple, just three valence
quarks uud. The p A transition proceeds through
a slow strange quark in the fast-moving target particle
scattering from the beam proton and combining with
a ud pair in the beam proton to form the A . Since
the ud pair in the A is in a spin-singlet state, the
spin and the polarization of the A are those of the
strange quark. The hypothesis of (approximate)
short-range order of parton forces5 implies that the
distribution of slow quarks in the target particle and
the low-energy subprocess s quark+ proton ~ u

quark+A in which the A polarization arises should
be nearly independent of the target-particle energy.
Hence the A polarization should not depend on the
total collision energy, in agreement with experiment.

Before discussing the polarization dynamics of the
underlying constituent interactions, wc wish to relate
the polarizations of various baryon-to-baryon transi-
tions. ' We make four simplifying assumptions: (i)
The transverse momenta of each of the quarks are
more or less parallel to that of the final-state baryon,
(ii) quark polarization is correlated with its transverse
momentum and is flavor independent, (iii) the wave
functions of the quarks common to the fragmenting
and secondary baryons, such as the ud pair in p A,
are identical, and (iv) valence quarks are not depolar-
ized by the recombination. Lct us first express the
polarizations of transitions which proceed through
VVS recombination in terms of two amplitudes for
producing the baryon at some pj with the sea quark
with spin up (Al) and down (A I) in the scattering
plane. A straightforward SU(6) calculation gives

~(B-B')=C, (I)
IAtl'+IAil
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diquark in a state (j,m) is different for different m

(cf. Fig. 1). If we assume lAI ~l'=B(1+5),
IAi, -II'=B(I-&), IAi, ol'= IAOOI'=B we find

P(p-X') =-a+ —S
1 2

3 3

with 8 e demanded by data. Recombination pre-

(a}

TABLE I. Polarizations for various transitions predicted
by the leading-partons —trailing-partons model. The constant
C in the model of Eq. (1) for VVS recombination is the
coefficient of —e.

where C is given in Table I and interference between
A t and A t is forbidden (these terms are odd under a

parity x space-rotation transformation, hence zero).
To fit the A data we need lA tl' —A (1 —e),
lA t

l'=A (1+a). However, this model fails in its

predictions for X+: C = ——, is predicted while C = —1

is indicated by experiment.
Of course, the uu diquark of the X+ is a J =1 state,

in contrast to the ud diquark of the A. Since we have
assumed a spin-pj correlation for the s quark in the
A, it is natural to assume the same kind of correla-
tion for the leading diquark. This is equivalent to an
assumption that the recombination probability for the

Py
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FIG. 1. Diagrams for p X+ corresponding to the two
amplitudes (a) A tA 10 and (b) A ~311. The partons-into-
hadrons transition occurs in the blob.
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ferentially occurs when the trailing s quark is spin
down and the leading diquark has m, =+1 in the
scattering plane.

The above ideas may be extended in a straightfor-
ward way into production via VSS recombination.
Here the V quark is leading and the SS diquark non-
leading. If we make the same assumptions for
recombination probabilities as above except that we
change the signs of ~ and 5 so that the leading parton
again prefers to be spin up we find

P(P~R, H, Q )=—(—e+ —g)

The data of Ref. 4 show P (p 0) = P (p 0)
= P (p A) again in agreement with this prediction
for 5= e.

So we see that all data are accounted for by the as-
sumption that the leading constituents in the beam
preferentially recombine with their m, positive in the
scattering plane while the nonleading Constituents
preferentially recombine with their m, negative.
Predictions of the model for other reactions are
sho~n in Table I.

%e have chosen to speak of diquark-quark recom-
bination rather than of three-quark recombination be-
cause the two quarks with similar wave functions-
the VV pair for example —probably interact with each
other during recombination rather differently than
they interact with the quark of a different wave func-
tion. Our ignorance about these interactions is most
easily handled by treating the two similar quarks as
one object, a diquark. All wave functions are given
by exact SU(6).

The above predictions follow from the quark-
recombination picture plus SU(6) symmetry and are
independent of the dynamical mechanism by which
the recombining sea quarks acquire their polarization.
Now we wish to suggest a model for this polariza-
tion. ' Consider again the p ~A transition, this time
in the infinite-momentum frame. Let the strange
quark's longitudinal momentum before recombina-
tion be x;p and its transverse momentum k&, . Since
the x distribution of the sea quarks is very steep—(I —x)", n =7—9, a fast A must get most of its
momentum from the valence ud quark pair. For
xA =0.6, say, a typical share of the initial momenta is

x; & 0.1 and x„~& O.S. After recombination, however,
the three quarks share the A 's momentum xAp
roughly equally: for xA =0.6 the s quark's final
momentum fraction ls xf 0 2 (see Ftg. 2). Thus
the strange quark feels a force which tends to make
its momentum more parallel to the beam axis. Since
this force F is not parallel to the s quark's velocity P,
the quark will feel a Thomas precession —an effective
interaction U = s cur where cur ~ [y/(y+ I) ]
x (F x P).'
The amplitude for production of a A of spin s will

- Xf

FIG. 2. Vectorial directions of the s quark in the proton
(s/p) and in the A (s/A), The s quark carries longitudinal
momentum x,p in the proton and xfp in the A. The direc-
tion of co& ~ F x P is up and out of the paper.

be proportional to the difference in energy
(bEo+ U) ', where AEO (&0) is the energy denom-
inator between the quark's intermediate and final en-
ergies in the absence of spin effects. Thus the cross
section for production of A's is enhanced when s co&

is negative. aor is oriented in the (p„&&pA) direction
in the infinite-momentum frame, so that the cross
section is bigger when the spin of the s quark, and
hence the spin of thc A0, is oriented opposite to that
direction, exactly Bs observed. Explacat cvaluatlon of
the asymmetry shows that the polarizataon as weakly

dependent on xq but proportional to the transverse
momentum of the A0 —essentially a consequence of
the wide disparity in size of p~t and pj in the problem.
Thus Thomas precession accounts for all of the quali-
tative features of the p A polarization data.

It is now easy to understand when P(p A ) =0.—0,The production of A 's by a proton beam proceeds
entirely through sea-sea-sea recombination. In this
case, there will be equally many configurations in
which the s quark is faster then the ud diquark as in
which it is slower. Hence, in averaging over the con-
figurations, the forces will cancel and the average ~q
will vanish.

In summary, we have presented a model for quark
polarization in which this polarization arises via Tho-
mas precession in the quark-recombination process.
%C have derived a large number of relations between
polarizations in inclusive baryon-to-baryon transi-
tions. These relations test the quark-recombination
picture independently of the quark polarization
mechanism. It is straightforward to apply our tech-
nique to other inclusive processes, such as the octet-
baryon-to-decuplet-baryon, baryon-to-vector-meson,
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meson-to-baryon, and meson-to-vector-meson transi-
tions. ~ Finally, completely analogous arguments to
those presented here suggest that when the leading
baryon or vector meson in a quark jet in e+e annihi-
lation or deep-inelastic electroproduction has
transverse momentum with respect to the jet axis, it
will be polarized, too. Thus we see that polarization

effects should be a pervasive (though subtle) effect
of all hadronic fragmentation and recombination.
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