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Hadron spin polarization:
Dynamical spin-orbit interaction and puzzle

Ken-ichi Kubo*
Department of Physics, Tokyo Metropolitan University

This presentation contains two subjects on the hadron spin polarization. The first is on the interaction to provide
the spin asymmetry. The origin producing spin polarization of hadrons in high energy hadron collisions had been
interpreted as a spin-orbit type interaction. However after one theoretical work which pointed out failure of the spin-
orbit interaction not providing correct Pr dependence of the spin polarizations, its genuine origin becomes obscure.
Here we clearly indicate what sort of spin-orbit interaction we should argue and we solve the existing confusion. The
second subject is on the spin transfer mechanism in A production reactions. We attempt to resolve an anomaly found
in the spin observables; presumably zero analyzing power Ay and spin depolarization Dyy of A hyperon production
reactions from the quark parton recombination model, whereas apparently non zero in the observation.

1. Introduction

In this presentation, we will discuss two subjects; the first
is on interaction producing the spin polarization, and the
second is on mechanism producing the spin asymmetry.

The spin observables in high energy hadron reactions, such
as spin polarization, analyzing power and spin depolariza-
tion, are increasing interest to extract precise information of
structure function of quark partons in hadrons® and even
in leptons and photon.?’ Almost two decades ago, DeGrand
and Miettinen (DM) proposed a kinematical model® based
on the quark recombination picture to predict sign and to es-
timate order of magnitude of the spin observables produced
in the inclusive high energy hadron collisions. In their model,
they assumed one empirical rule; shortly expressed as “fast
spin up and slow spin down”. The rule refers to a preferential
direction of spin polarization of the produced hadrons in con-
nection with velocity of participating partons. From the mo-
mentum distribution functions of quark parton in hadrons,
it is known that valence parton has large velocity while sea
parton has small velocity. DeGrand and Miettinen found
a systematics existing in the empirical data of spin observ-
ables that the parton(s) with large (small) velocity carries
up (down) spin mostly. The rule then states that the valence
parton(s) plays preferentially to produce hadrons with spin-
up and sea parton(s) does hadrons with spin-down . They
also showed that the spin-orbit type interaction derived from
the empirical rule and Thomas precession of spin carring par-
ton(s) is the sourse producing the observed spin asymmetries.

Meanwhile, after work of Fujita and Matsuyama,®) the DM’s
conclusion became obscure. Fujita and Matsuyama (FT)
pointed out that calculation using the ordinal form of spin-
orbit interaction gives an incorrect Pr dependence of the spin
polarization of A compared with the result observed in the
high energy pp inclusive reactions. DeGrand’s comment *
to the FM indication was not able to make clear cut argu-
ment, since in the first place the DM model does not predict
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spin polarization as function of Pr, but predict its sign and
estimate only its order of magnitude.

Recently, we have proporsed a general formulation® for de-
scription of the spin observables of hadrons inclusively pro-
duced in the high energy hadron collisions and we showed
that our microscopic quark recombination (QRC) model is
successful to reproduce the experimentally obtained spin ob-
servables. In the formulation, we do not premise the DM em-
pirical rule at all, but start from a relativistic expression of
transition amplitude with participating quark parton’s dis-
tribution functions in hadrons. The QRC formulation can
provide the spin observables as function of the transverse mo-
mentum Pr and Feynman’s variable xr. This is an advantage
of the model and extremely useful for extracting precise and
valuable information from the observed data.

Therefore, it is quite interesting and critical for our QRC
model to clarify origin producing the observed spin asymme-
tries since our microscopic model can present spin observ-
ables as function of Pr and xzr. We have already but briefly
indicated® that the DM’s empirical rule naturally results
from our QRC formulation and our spin dependent transi-
tion amplitude contains certain type of spin-orbit interaction.
Here we will discuss it in detail.

So, for the first subject, our motivation is to clarify origin
producing the spin asymmetries and solve the existing con-
fusion. We will conclude that not ordinal or static but dy-
namical spin-orbit interaction is the essential one. Significant
difference between the two types of spin-orbit interaction will
be discussed.

The second subject is on an anomaly found in the measure-
ments”) of analyzing power Ax and spin depolarization Dxy
in the pp — AX reactions, where p represents the incident
protons with spin perpendicularly polarized in the scatter-
ing plane. The observed Ax and spin depolarization Dnn
exhibit apparently non-zero values in the kinematical region
over zr = 0.5, contrary to the prediction of the quark recom-
bination model with SU(6) baryon wave functions. Namely,
in the model, the ud diparton with spin S = 0 from the pro-



jectile and the s parton from sea interact and compose A,
while the initial spin carrier, the rest u parton in the polarized
proton, does not participate in the A formation. Therefore
the A has no way to know whether or not the incident proton
is spin polarized, and consequently Ax and Dnn should be
Zero.

This inconsistence is called as puzzle. To solve this puzzle,
here we propose a possible spin transfer mechanism and show
that it is quite promising to provide finite values of Ax and
Dnn in the hyperon production.

On the one hand, the other asymmetry observation has been
recently reported® in the exclusive A production pp — AK1p
at just above the threshold energy and sign of the Dy is dif-
ferent from that of the inclusive A production case mentioned
above. This gives another difficulty to understand a whole
story of the spin depolarization in the A productions.

In section 2 a brief description of the QRC formulation will
be presented, and in section 3 derivation of the dynamical
spin-orbit interaction and its role in A productions induced
by pp and K™ p collisions will be discussed. An interesting
feature of the present dynamical spin-orbit interaction will
be discussed in section 4. Afterwards in section 5, we will
discuss the puzzle regarding Ax and Dnn found in A pro-
duction. Then we will summarize the present works.

2. The QRC formulation and the spin dependent transition
term

We will present here an essence of our QRC formulation and
the expressions to be needed for the later use. The general
formulations of cross section and spin observables have been
reported in Ref. 6. Our cross section is obtained by folding
the transition probability |M|? with the initial and the final
momentum distribution functions G;(i = 1~4) of participat-
ing quark partons as shown in Fig. 1. The transition ampli-
tude M is sum of the lowest-order M® and the higher-order
M® terms

—iM = —i(M® + M®). (1)

For the case of pp — AX collision, the lowest-order M@ is
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Fig. 1. The graphical description of the microscopic quark recombination
(QRC) model.

expressed as
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u are the Dirac four-component spinors of the spin carrier s
partons in the initial sea (j = 2) and the final lambda parti-
cle ( = 4). We assume that the transition interaction V (q)
is scalar type constant and the higher-order term is also con-
stant. Therefore, in the QRC model, spin dependence arises
only from property of the Dirac spinor.

Inserting Eqs. (3) into (2), we calculate the transition prob-
ability and we get for the spin non-flip component®
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We have found that only this component contains such term
effective providing spin asymmetry. Namely, the last term in
the rectangular parentheses in Eq. (4) changes its sign with
change of spin projection pe = psa = £1/2, where p2 and pa
are the spin projections of the spin carrier s parton in initial
(s2) and in final (s4) stage, respectively. This term includes z-
axis projection of an outer product form of p, and p,, where,
for instance for the pp — AX production, p,(= Ps(S)) is the
initial momentum of s-parton in sea (S) and p, (= Ps(A))
the final momentum of s-parton in A particle. For the case
of K”p — AX production, p,(= Ps(K™)) is the initial mo-
mentum of s-parton in projectile K~ and p,(= Ps(A)) the
final momentum of s-parton in A particle.

3. What sort of spin-orbit interaction ?

3.1 pp— AX

First we consider the pp — AX collision. From Eq. (4), the
spin dependent transition probability producing A is propor-
tional to the transition probability Mi-square defined for
uw==21/2 (u= p2 = pa) in the momentum and time spaces,

|M:(t,p)|* = F [Ps(A) x Ps(S)] - ()

The spin dependent partial cross section is given by averaging
the Mi-square over time space,

(FlIML]2)

At
A I Dy
_ ¥$ (F1[Ps(A) X Ps(S)):] i)y - (6)

The incident proton with constituent uud quark partons
comes in along the x-axis as shown in Fig. 2. The ud dipar-
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Fig. 2. The left-hand side; the pictorial presentation of recombination
process of the pp — AX collision and the right-hand side; relations
of the linear momenta appearing in the collision.

ton picks s parton up from sea and constructs A. Through
the collision, the incident ud parton is decelerated whereas
the s parton is accelerated through recombination. Various
momenta of the participating partons in collision are summ-
rized in the right hand side of Fig. 2 where P(S) changes to
P (A) with momentum transfer AP.

It will be worthwhile for the later use to mention two dynam-
ical vectors appearing in the pp — AX collision: in Fig. 2,
(1) the direction of AP is antiparallel to the radial vector r
between the interacting ud and s partons and (2) the direc-
tion of orbital angular momentum L of the s parton around
the ud parton faces to back side of the xy-plane. The first
relation indicates that a force F' acting on the s parton from
the ud parton is an attractive one,

_ 1 dp
- ( dt) <0, Q)
then

(1)

Py(A) -

_dp _dpdp
T dt T dp dt

Using the relation Pg(S) = AP, Eq. (6) becomes,

st (s[4 2) 1]
—2h<f‘( d—p>(L-S)z z> (9)

Namely we find that the spin dependent transition proba-
bility is expressed as transition matrix of a spin-orbit type
interaction potential. The acting force may be strongly non-
local, therefore we leave (i ‘Cilf) without changing into the
conventional form (2 2¥), where V is normally a local poten-
tial. Once we accept certain V' as a static central potential,
we usually use it for all the way through collision. In this
sense we may refer such potential as a static spin-orbit inter-
action potential and distinguish it from the present spin-orbit
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Fig. 3. The A spin polarization induced by the inclusive (a) pp and (b)
K~ p collisions at the three different incident momenta. The data are
from Refs. 9 and 10, respectively. The solid curves are the results of
QRC calculation.

potential which is non static due to its dynamical origin.

The spin polarization of A is obtained as

Popax(pr,ar) oc (f|[My|?]d) — (f |[|M_|*| i) (10)
In Fig. 3(a), the microscopic QRC calculation® is compared
with the experimental data.?) From this result and Eq.(10),
we are aware of predominance of the transition ( f ||M,|2| i)
(with spin down) if the matrices have positive sign and this

case equals to that predicted by the DM empirical rule.

3.2 K'p— AX
For the case of K"p — AX collision, we can proceed the
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Fig. 4. The left-hand side; the pictorial presentation of recombination
process of the pp — AX collision and the right-hand side; relations
of the linear momenta appearing in the collision.



same calculation as we made above and get the same expres-
sions as Egs.(9) and (10), but difference is now direction of
the orbital angular momentum L; as we can see from Fig. 4,
it faces to the front side from the zy-plane. This change from
the pp — AX case is consequence of the fact that the spin
carrier s parton appears now as a valence parton in the in-
cident K~ and the ud parton is picked up from sea. The s
parton is then decelerated, therefore the L becomes paral-
lel to the z-axis. From Fig. 3(b), we can see predominance
of the transition (f |[My|?|4) with spin up provided positive
sign for the transition matrices and this case is also consistent
with prediction by the DM rule.

As we have seen above, the present spin-orbit interaction
arises from the dynamical origin and its sign directly depends
on the participating momentum variables. We have also seen
where it appears and how it plays an essential role to pre-
dict the spin polarization induced by the high energy hadron
collisions.

4. A significant feature of the dynamical LS-interaction

The present spin-orbit interaction obtained above shows a
distinct feature from the conventional (static) spin-orbit po-
tential. We show this for the pp — AX production case as an
example. In the formation of A particles, every sea s parton
is accelerated by the ud valence parton in protons, of which
momentum is extremely large compared with that of the s
parton.

Therefore, as we can see in Fig. 5, the two momentum trans-
fers AP in the different trajectories face to the same direc-
tion. Hence the forces acting on the spin carrier s partons
from the ud parton in near-side/far-side collision is respec-
tively expressed by

r dp
iy
FNear +’f’ dt —O
- . (11)
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The corresponding Thomas precession angular velocity is cal-
culated as
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Fig. 5. The momentum transfer Ap and the orbital angular momentum
L in the near-side and far-side collisions for the pp— AX collisions.

Note that the orbital angular momentum L has opposite di-
rection between near-side and far-side collisions. Therefore
the spin-orbit potential, thus obtained from the dynamical
origin, becomes to have the same sign in both near-side and
far-side collisions. This feature is quite different from the con-
ventional spin-orbit interaction arising from the static origin,
which used to appear in the nuclear shell model and the low
energy nuclear reactions.

It is notable that the spin-orbit interaction we concern here is
not like one between a scattering particle and its center usu-
ally appearing in the nuclear scattering, but the interaction
between s and ud partons in the rearrangement to compose A
particle. If the two spin-orbit interactions corresponding to
the two different trajectories, depicted in Fig. 5, had differ-
ent sign, such case usually happens in the conventional spin-
orbit interaction, only small or no spin polarization could
occur due to a large cancellation between the two polariza-
tions produced in the near-side and far-side collisions. In this
reason, consideration of the present nonlocal spin-orbit inter-
action induced by the dynamics is essential to describe and
understand the sizable spin asymmetry distributions in the
high energy hadron productions.

In this way, we can recognize that the spin asymmetry of
hadrons produced is raised by the spin-orbit interaction in-
duced through quark partons rearrangement process, not by
static LS interaction. This point is essential to distinguish the
result of Fujita-Matsuyama’s work? from the present work;
they considered only the static LS interaction appearing in
the final A particle and derived Pr-dependence of the spin
polarization from the energy eigenvalues in the final A par-
ticle. Instead, we have to consider the spin-orbit interaction
induced by the momentum dependent rearrangement process.
In fact in the QRC model,®) by the microscopic calculation of
the transition process, the quark parton rearrangement can
be fully taken into account in the spin polarization and we
can predict its correct Pr dependence.

5. Ay and Dyy in the inclusive A production

As for the unexpected finite values of Ay and Dnn in the
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Fig. 6. The diagram for the production of A from pp collision through
ut annihilation and s5 creation.

Pp — AX reaction measurement,” mentioned in the Intro-

duction, the question is how to transfer the initial spin di-
rection of proton to the A produced. For this we propose
an extension of the QRC model by introducing new mecha-
nism as shown in Fig. 6 called as annihilation and creation
mechanism.®) The initial valence u quark, which carries the
proton’s spin information, annihilates with % in the target
proton, then ss pair is created through gluon propergation
and s quark in the pair recombines with ud scalar diquark
to form A. Suppose the case that the u quark with spin up
annihilates with @ quark with spin up. Then the interme-
diate gluon carries up spin, and hence the created s and §
quarks carry up spin therefore the s transfers up spin into
the produced A. On the other hand, the second case is that,
if the w quark with spin up annihilates with @ quark with
spin down, the intermediate gluon carries zero spin, then the
created s quarks do not have any prefered spin directions and
the initial spin direction can not be transferred into A. Hence
through the first case mentioned above, we can transfer spin
information of the projectile into the A particle produced.

We can estimate s quark in the created pair has up spin with
probability 75% and down spin 25%. However, this annihilla-
tion and creation process is not the entire story. The stan-
dard QRC process also participates in A production. Then,
since we do not know the amount of the two contributions
in the kinematical region of interest, we write the probability
creating s quark with spin parallel to the incident proton’s
spin as (1++)/2 and that for s quark with spin anti-parallel

s (1 —v)/2. Using the DM empirical rule and parameter
¢ they used,® the 7 — A production cross-sections may be
expressed as

oy =1E£7)/2-(LFe), oprqpn=1F)/2-(1F¢),
(14)

where, e.g., 7| denotes proton (u) spin up and A (s) spin

down. From these cross sections, the following relations are

obtained
P:*E, Asz’}/E:DNNP.

Dnn =7, (15)

We can calculate P(zr, Pr) from the QRC model, ) but
at present we are not able to predict the spin depolarizing
parameter -y, which requires information of the dynamics
of quark-antiquark annihilation and creation through gluon
propergation. Therefore at this moment, we only test con-
sistency of the last relation in Eq. (15). Inserting the cal-
culated polarization into P(xr, Pr) and the observed values
into D (2w, Pr), we obtain Ax from Eq. (15) and compare
it with the measurements.” In Fig. 7, the results are given by
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Fig. 7. The Ay of the pp — AX reaction. The solid curves were obtained
using the calculated P and the obserbed Dyy, according to the re-
lation Ay = DynP for the kinematical parameters Pr = 1GeV/c in
(a) and xr = 0.2-1.0 in (b). The experimental data are taken from
Ref. 7.

the solid curves. The kinematical parameters Pr =1 GeV/c
in (a) and zr = 0.2 — 1.0 in (b) are used in the P(zr, Pr)
calculation. Therefore the obtained results should be com-
pared with the solid circles in both Figs. 7(a) and (b); the sign
and slope thus obtained are well consistent with the measure-
ments. This fact indicates that the present v annihilation and
s creation mechanism is quite promising to solve the puzzle.

6. Dy inthe pp — AK™ p production

Recently Dnn in the exclusive A production measurement
pp — AKTp was reported at 3.76 GeV/c (Ref. 8). It is
quite interesting to note its sign in Pr and xf distributions,
which is negative for all the way. This result is in contrast
to that observed in the inclusive A production at higher mo-
mentam region.” The QRC model with the new mechanism
introduced above predicts positive sign for the Dnn in the
exclusive A production.

The 7 meson exchange model'") predicts sign consistent with
the observation. To solve this problem in the quark recom-
bination framework, it may be essential to consider that the
present exclusive A production process is a parity noncon-
serving process at the low momentum collision.

7. Summary

We have studied dynamics behind success of the microscopic
quark recombination model(QRC) and pointed out appear-
ance and its characteristic feature of the dynamical spin-orbit
interaction. The present work is summarized in the following
three folds:

(1) We have clarified dynamics behind the general success of



the microscopic QRC model formulated for calculation of the
spin observables in the high energy hadron productions; it is
the spin-orbit interaction arising from the dynamical origin.
(2) The spin-orbit interaction discussed here has the same
sign for the both near-side and far-side collisions, which is
contrast to the ordinary static spin-orbit interaction poten-
tial popular in the nuclear physics study. This feature is
essential for producing the spin asymmetry of the produced
hadrons, otherwise small or no spin polarization may occur
due to a large cancellation between the near-side and far-side
collisions.

(3) An obscure argument, existed in the discussion of ori-
gin of the high energy hadron spin polarization after Fujita-
Matsuyama’s indication, has been now clearly resolved by
showing that it is the spin-orbit interaction arising from the
quark partons rearrangement process and gives a correct Pr
dependence of the A spin polarization.

For the second subject on an puzzle of the unexpected ana-
lyzing power and spin depolarization in the pp — AX reac-
tion, we have indicated a possible spin transfer process, the
u annihilation and s creation mechanism. A simple relation-
ship among the three spin observables (P, Ax, Dxn) has been
found and we have confirmed the relation is well held and thus
the mechanism is quite promising to solve the puzzle. Study
of the spin depolarizing parameter v, and therefore the sea
quark polarizing dynamics through the u annihilation and s
creation is presently underway. It is a useful finding that the
spin depolarization provides direct information for the g-q
interaction study.

The new data of the exclusive A production at the low mo-
mentum show different sign in comparision with that of the
inclusive collision at higher momentum. We are now working
for this problem in the framework of the quark recombination
model.

This work has been proceeded under collaboration and dis-
cussion with Yuichi Yamamoto, H. Toki and Y. Kitsukawa.
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