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Abstract

Abramov V.V. Universal Scaling Behaviour of the Transverse Polarization for Inclusively Produced
Hyperons in Hadron-Hadron collisions: IHEP Preprint 2001-13. — Protvino, 2001. — p. 41, figs. 26,
tables 12, refs.: 67.

Experimental data on the polarization of hyperons, inclusively produced in hadron-hadron collisions,
have been analyzed. It is shown that the existing data can be described by a function of transverse
momentum (pr) and two scaling variables x4+ = (xgtzr)/2: Pu = A*F(pr)[G(za+ —x2) —0G(za_+
x2)]. The function G(z44) is proportional to sin[w(z a4+ — 21)]/w. The w, as well as the magnitude and
the sign of the hyperon polarization depend on quantum numbers of hadrons participating in a reaction.
It is assumed in the analysis that wave functions of hadrons are described by the SU(6) model. The
atomic weight dependence of the A hyperon polarization is characterized by the parameter o ~ —0.16|x p|.
There is an analogy between the scaling properties of the hyperon polarization and the analyzing power
(An) in hadron production reactions. This new scaling law allows one to predict hyperon polarization for
reactions and kinematic regions, yet unexplored in experiments and to confront these predictions with
future experiments and various models.

AnHOTanUA

A6pamos B.B. YuuBepcasibHOE CKEMJIMHTOBOE TOBENCHUE TOMEPEUHON TOJAPU3ANNAN ISl WHKITIO3UBHO-
ro o6pa3oBaHUs TMIEPOHOB B aqPOH-aIPOHHBIX coymapenusx: IIpenpuar UPBO 2001-13. — IIporBuno,
2001. — 41 c., 26 puc., 12 Tabn., bubmuorp.: 67.

IIpoanamu3upoBaHbl SKCIEPUMEHTAJIBHBIE JAHHBIE TIO MOJISIPU3AIIN TUTIEPOHOB, NHKITIO3UBHO 06pasy-
IOIIIXCA B AJPOH-AIPOHHBIX COyHapeHusaX. I[loka3aHO, 9TO CyIIECTBYIOINE NAHHLIE MOTYT OBITH OIHU-
caHBl QYHKIWEN TONEPEeYHOr0 MMIYNbca (Pr) U OBYX CKEMIMHTOBBIX NEPEMEHHBIX Ta+ = (Zp + zF)/2:
Pu = A°F(pr)[G(zat —22) —0G(za— +22)]. @ynkimsa G(x 44 ) nponopunoHaibHa sinfw(x 44 — 21)]/w.
ITapameTep w, a TakXke BEIMYUHA U 3HAK TOJISAPU3AINEA TUMEPOHOB 3aBUCAT OT KBAHTOBBIX UUCEIT yUacCT-
BYIOIIIIX B PEAKIINNA aIPOHOB. AHAN3 MAHHLIX MPOBOMUTCS B MPENIOJIOXKEHNN, YTO BOJHOBBIE (DYyHKIIUN
anpoHoB omuckBaioTcs SU(6) Momenbio. 3aBUCHMOCTD MONAPW3ANMX A TUIEPOHOB OT ATOMHOTO BeECa
MUIIIEHN XapakTepusyercs napamerpoM « =~ —0.16|zp|. CyiecTByeT aHAJIOTUS MEXIY CKEMIMHIOBBI-
MU CBOICTBaMU MOJSPU3ANAY TUIEPOHOB M CBOMCTBAME aHAIM3UPYIoMIei cnocobnocTr (AN) B Peakusx
o6pa3oBaHus anpoHOB. HOBBIM CKEMIMHT TO3BOJIAET MPEICKA3aTh MOAPU3AINIO TUMEPOHOB I PEeAKIIAi
U KUHEMATUYIECKUX OBJIACTEN, eIlle He MCCIENOBAHHBIX DKCIEPUMEHTAILHO, W COMOCTABUTHL STU MPENCKa-
3aHUS C Pe3yIbTaTaMu OYAYIINX SKCIEPUMEHTOB U PA3INYHBIMUA MOIEIISIMU.
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Introduction

The understanding of spin-dependent effects in inclusive hadron production processes in
the framework of QCD is still far from being satisfactory, despite significant experimental and
theoretical progress over the past few years. In particular, the study of hyperon polarization
(Pga) and the analyzing power (Ay) could provide invaluable and completely new insight into
the field of “spin physics” and, in addition, might also yield a better understanding of the
hadronization process.

In this paper we will study the existing data for one measured spin-dependent quantity
(transverse hyperon polarization Py in inclusive reactions a +b — ¢’ + X ) from an empirical
point of view in collisions of unpolarized protons, antiprotons, K=, 7% or hyperons with protons
or nuclei.

Experiments on hyperon production performed during more than two decades since the first
polarization observation [1] have shown that the hyperon polarization is significant in a wide
range of beam energies. Almost all the existing data (with an equivalent proton momentum on
a fixed target from 4 up to 2049 GeV/c) at medium and high energies are used for the analysis.

The study of A hyperon polarization in pp and pA collisions has been carried out in many
experiments and revealed an approximate scaling behaviour as a function of xyr variable at
fixed pr, as well as a function of pr at fixed zr [2]-[13]. Further investigations of the hyperon
polarization using different beams and targets have shown its dependence on the hyperon and
the beam flavors, as well as on the target atomic weight [14]-[41]. It has to be mentioned that a
large value of the hyperon polarization represents a significant problem for the existing strong
interaction theory which predicts, in the framework of pertubative Quantum Chromodynamics
(pQCD), the vanishing of the polarization at high pr and energy [43]. For the review of the
hyperon polarization data and the existing models see [44,45,46].

Recently a new scaling law has been proposed for a hadron production analyzing power (Ay)
in reactions

a'+b—c+X

where a, b and ¢ are hadrons, and the hadron a is transversely polarized [47,48]. Since the
hyperon polarization and the hadron analyzing power could be closely related [49], it is reason-
able to expect that similar scaling properties take place for the inclusive hyperon production in
collisions of unpolarized hadron beams with protons or nuclei. According to Ref. [48] Ay at
high energies (> 40 GeV) and high transverse momentum pr (> 1 GeV/c) can be described by
a simple function of two variables, pr and x 4:



Ay = F(pr)G(z.4), (1)
where
TA=DPce pb/pa *Pv = Ec/Ea' (2)
Here, p., py, and p, are four-momenta of the produced hadron, the target hadron and the beam
hadron, respectively. The energies E. (produced hadron) and E, (beam hadron) are measured
in a reference frame, where a polarized (p or p) particle strikes an unpolarized target (p or A)
which is at rest. There are also alternative expressions for the scaling variable x4, which are
close to (2) numerically at the high beam and secondary hadron energies [48]. In particular,
neglecting masses in (2), we have in the c.m. frame

za = (vp+2r)/2, (3)

where xp = pl/ph... and zr = p*/p},... Here p*, pi and p; .. is momentum of the produced
hadron, its longitudinal component and the maximum possible value of it, respectively, all in
the c.m. reference frame. Egs. (1) and (3) describe Ay for most of the hadron production
reactions almost as well as egs. (1) and (2) [48]. The only exception is the Ay for A hyperon
production in p'p(A) collisions, for which the variable (3) is preferable since it gives a smaller
x? (X*/Npor = 24.3/44 for (3) vs 39.4/44 for (2)), where Npop is the number of degrees of
freedom in a fit. It is interesting that A hyperon polarization is also better described by eq. (1)
if x4 is given by (3).

It has to be mentioned that the variable z = E./E, was used to describe the scaling properties
of the secondary hadron (7, K, p, i) spectra in the region E./E, > 0.6 = 0.7 [50].

A natural generalization of (3) is given by a linear function of zz and zp variables with
relative weights which could be determined from the data fit:

Ta+ = Tp Wy £ Tp - W, (4)

where w;+wy = 1. For w; = 0.5 the variable z 4 in (4) is close to |zp| in the beam fragmentation
region (zr ~ 1) and 44 ~ zr/2 in the central region (zr ~ 0). The variable z,_ have similar
properties in the backward hemisphere (zr < 0). For w; = 0.5 variable x4, is identical to x4
(eq.(3)).

The hyperon polarization features are different in some respects from the analyzing power
features listed in [48]. In particular, we have to take into account that the polarization of
hyperons produced in pp collisions is antisymmetric in zr by virtue of rotational invariance
[11,51]:

Pu(zr,pr) = —Pu(-zr,pr) (5)
From the relation (5) we have also for the hyperon polarization P (0, pr) = 0 in contrast to the
analyzing power, which could be different from zero even at xp = 0 [48].

From a dimensional analysis alone, the polarization Py admits two types of contributions,

which are functions of u/s and t/s:

P = F(pr) |Gy (~u/s) = G_(~1/s)], (6)

where u, t and s are Mandelstam variables:

s = (pat+p)’ =~ +2p, - Do,
= (pa - pc)2 ~ _2pa * De (7)
u = (pp—p)’~ —2pp- Do



where in the last column the hadron masses are neglected. It is easy to show that at high
energies the following approximations are valid:

—u/s~ (zr+xp)/2 =T aq, (8)

—t/s~(xr—xr)/2=xa_, 9)

where z 44 are given by eq. (4) with w; = 0.5. Relations, similar to (8)-(9), have been used in
Refs. [52,53]. Using egs. (7) - (9) it is easy to show that x4, = p. - pp/Pa - P = Ta, where x4 is
given by eq. (2).

The expression, which takes into account (5)-(9) and other features of Py is given below:

Pu = A“F(pr)[G(zay — 22) — 0G(za_ + 22)], (10)

where an additional phase z; and a normalization parameter ¢ are introduced to take into
account a possible violation of (5) for collisions, different from pp one (for pp collisions z, = 0
and o0 = 1). It is assumed below that o = 1 for pA collisions, while z, could be different from
zero. The functions F(pr) and G(x4+) are determined below from the experimental data.

Exactly the same approach can be used to derive an expression for the Ay. The difference is
that in the last case G, (z) # G_() in (6), and G, (z4.) dominates, as the data fit show, over
G_ (.’L‘A_ ) .

For the process pp(A) — A + X we use the expression

F(pr) =1— e ™F (11)

for the F(pr), where « is a fit parameter and pr is measured in GeV/c. The other processes
may require a different expression. The exact shape of the F(pr) should be measured in future
experiments. For the G(z4+) we use an expression

G(zas) = i -sinfw(zax — x1)], (12)

similar to the one, used in [48], which takes into account such a feature of P 4, as an approximate
linear dependence on the zr. The difference of eq. (12) from the corresponding expression in
[48] is that the former has an additional factor 1/(2w), that makes parameters ¢ and w less
correlated and reflects the tendency of hyperon polarization magnitude decrease with w rise.
The parameters wy, ¢, 1, T9, 0 and w are determined from the data.

The A polarization data fits indicate that both parameters x; and x5 can depend on pr and
only at high enough pr > 1.5 GeV/c are compatible with pr-independent constant values:

Ty =" — 7716_6P3Ta (13)

2 = (1= Z/A) (& — &1e™7"), (14)

where the target dependent factor (1 — Z/A) is introduced to insure z, = 0 for pp collisions, as
required by relation (5). For a neutron target Z/A = 0, so the phase z, is the only parameter in
the above equations which makes the hyperon polarization for the proton target different from
that of the neutron one. This feature of eq. (14) can be used to estimate the difference in the
polarization of hyperons produced on the proton and the neutron targets.



The factor A® takes into account a possible atomic weight dependence of the hyperon po-
larization. The a could be a constant or a function of kinematic variables:

a = o|zr| + ap, (15)

where oy and «; are fit parameters.

In the beam fragmentation region xzr =~ zp, and x4, ~ xr, while z4_ ~ 0. So, in this
region the dependence of eq. (10) on z is determined, mainly, by the first term G(z 4, — z5) =
G(zr — ®3). The second term in (10), G(za_ + z2) = G(x2) has a weak zr dependence. In
the target fragmentation region zr dependence is determined, mainly, by the cG(z4_ + z2) =
oG(—zp + z3).

Eq. (10) for o0 = %1 can be expressed using (12) in a different way, with the explicit xp and
zr dependences:

cos|w(zpw; — )] sinfw(zrwe — x9)], if o = +1;

sinjw(xpw; — x1)] coslw(zrws — x3)], if o= —1. (16)

Py = <A F(py) {
w
Eq. (10) has a more general form, but it coincides with (16) if we choose eq. (12) for G(za+)
and set 0 = £1. The magnitude of the hyperon polarization is about cA*/w. It is assumed here
that F(pr) is equal unity at its maximum.

In case of the analyzing power measurements we have a non-zero contribution to the left-right
asymmetry from the polarized hadron (beam or target) only and the feature (5) is not valid.
Naively, we may say that only the first term, G(z a4 — 22), in (10), corresponding to a polarized
beam, gives a non-zero contribution to the analyzing power and, as a result, we have eq. (1) for
it. For the case of A hyperon polarization in the pp collisions both terms in (10), corresponding
to the beam fragmentation and the target fragmentation, have non-zero contributions and cancel
each other at zr = 0, in accordance to (5).

Relation (5) is not valid in general for collisions of different hadrons, like K p(A) or pp
collisions. In these cases we have to use different functions G, (z4,) and G_(z4_) of z4, and
T 4_, respectively. In particular, parameter x5 can be different from zero and o can be different
from unity.

It should be also mentioned, that in the case of a linear function G(z44) and o = 1 in (10)
the polarization Py is a function of zr only (at fixed pr) due to the cancellation of zx terms
in (10). The use of sin(x) in (12) makes G(z 4+) non-linear, that prevents complete cancellation
of zr terms in (10). A linear case corresponds to the limit w — 0 in the above equations, while
the data fits give for pp(A) — A + X process w = 3, indicating a rather non-linear behaviour
of G(za+) at large values of arguments. As we will see in the following sections the w can
be expressed for different reactions via a linear combination of terms, which are functions of
quantum numbers characterizing the particular reaction (see eq. (22)). Eq. (22) is used below
to fix the w in eq. (10) in data fits that allows us to estimate the other parameters with a better
accuracy.

It follows from egs. (10) - (15) that for the hp collisions the hyperon polarization Py and
the analyzing power Ay obey the Helmholtz equation:

0*Py n 0*Py
ox?

Py = 0. 17
8x?4+ +w'Py (17)

Eq. (17) reflects the non-linearity of the Py dependence on scaling variables x 44, which is
characterized by the w parameter.



Most of the hyperon production experiments have been performed on nuclear targets, where
relation (5) may not be exactly valid. Also, practically all the available data are concentrated
in the forward hemisphere. We cannot exclude that future measurements in the backward
hemisphere (nuclear target fragmentation region) will show some deviation from (15), which
will require a correction of the polarization A-dependence. An estimate of nuclear effects in
the forward hemisphere will be given below on the base of existing data. We assume also for
simplicity that the w parameter in the same for the forward and the backward hemispheres.

1. Lambda hyperon polarization in pp and pA collisions

The dependence of A polarization (P ) vs 2 for the A production in pp(A) collisions [2]-[13]
is shown in Fig. 1. The data shown in Fig. 1 include proton collisions with protons and different
nuclei (d, Be, Cu, W and Pb).

We assume here that for the positive polarization the hyperon spin is directed along the unit
vector W = p_g X ﬁ/\p_g X ]73\, which is the normal to the production plane. Here, p_g and ]73
is a momentum of the beam hadron and that of the produced hyperon, respectively.

The fit parameters for egs. (10)-(15) are shown in Table 1 for different data samples and fit
conditions.

Table 1. Fit parameters of egs. (10)-(15) for A production in pp(A) collisions. Different fit conditions

are explained in the text.

Fit # 1 2 3 1 5
c -1.22+0.05 -1.22+0.09 -1.22+0.05 -1.23+0.05 -1.15+0.05
w 3.13+0.24 3.2940.38 3.045 1.22 £0.30 0.93+0.38
o 1.0 1.03+0.09 1.0 0.0 0.0
w1 0.5 0.51+0.05 0.5 0.20+0.03 0.0
10 0.406+0.023  0.4044+0.034 0.412+0.017 0.097+0.020 0.068+0.021
i 0.31+0.14 0.2940.14 0.33+0.14 0.30+0.06 0.324+0.06
) 4.7+1.6 4.6+1.7 4.7+1.7 4.4+1.2 4.3+1.2
&o 0.075£0.011  0.077£0.025 0.075£0.011  0.103£0.032  0.133+£0.035
& 0.2134+0.043 0.218+0.061  0.21340.042 0.212+0.060  0.24440.064
v 1.26+0.22 1.26+0.23 1.24+0.22 0.814+0.23 0.79+0.21
K 1.89+0.14 1.89+0.15 1.88+0.13 1.7840.15 1.64+0.14
Qo 0.0 -0.014+0.03 0.0 0.0 0.0
a1 -0.154+0.016 -0.133+£0.053 -0.156+0.015 -0.15340.016 -0.123+0.015

XQ/NDOF 325.9/259 325.7/256 326.0/260 322.9/258 354.6/259

A fit # 1 uses the data for all the targets (shown in Fig. 1).

For the fit # 1 all the

parameters are free except g = 0, w; = 0.5 and 0 = 1 in accordance with the expectations
from egs. (6)- (9). The use of pr-dependent phases z; and x in egs. (13)-(14) improves the fit
quality significantly (x*/Npor changed from 1.81 to 1.26). The absolute value of z is small in
accordance with the approximate validity of the feature (5) for pA collisions.



c 04 For a fit # 2 all the parameters are free.
g 4 (21120 Gevie The values of w; = 0.5140.06 and o = 1.03 &
g i Y [3]12.0 GeVic e values of w; = 0. .06and o = 1.
& 03[ E’H éﬁ'g'ése\?/fev“ 0.09 for the fit # 2 are close to the expected
[] L .
a : [6] 20-28.5 GeV/c ones (0.5 and 1, respectively) with practically
02 {g} %8'%3?,\!‘: the same x?/Npor = 1.27. So, the fit # 2
i [9] 400 GeVi/c ; ; ; ;
- 1101 400 Gevic supports the choice of scaling variables in the
011 [11] 400 GeV/c form z 44 = (zgr £ 2r)/2 and an approximate
i [12] 800 GeVi/c . .
C [13] 2049 GeV/c rotational asymmetry (5) for the polarization
0 - | in pp(A) collisions, though the experimental
i o data exist only in the forward hemisphere.
01 a The parameters w and o are close in the
, i fit # 2 to 3 and zero, respectively. The
o g fit # 3 is made with four parameters fixed
s L (w=3.045, 0 = 1, w; = 0.5 and oy = 0)
T that simplifies eq. (10) and allows one to de-
04 u termine the other parameters with a better
T accuracy. Predictions for the P, dependence
05 e e e e ) on T from egs. (11)-(15) with the fit # 3 pa-
0 01 02 03 04 05 06 07 08 09 1 rameters are shown in Fig. 1 for 400 GeV/c
) o % pBe collisions. The dashed line corresponds to
Fig. 1. Polarization vs zp for A production in

pp(A) collisions. The fit parameters of egs. pr= 0.5 GeV/c, and the dash-dotted line cor-

(10)-(15) are presented in Table 1, fit #
3. The curves correspond to fit predic-
tions (12) for pr 0.5 GeV/c (dashed)
and pr = 1.5 GeV/c (dash-dotted), respec-
tively.

responds to pr=1.5 GeV/c. Most of the data
points are situated between these two curves.
At high pr (> 1.5 GeV/c) the position of max-
imum in |P4| is near zp ~ 0.8 — 0.9, while at
lower pr it is located at smaller xr values.

An interesting feature of the above fits is that at the first approximation the « is proportional
to |zr|. The higher is a hyperon momentum the more its polarization is attenuated by the
interactions with a nuclear target. For a heavy nuclear target and a large zr we expect a
significant attenuation of the polarization in comparison with the pp collisions case. In particular,
for xp = 0.7 we have a = —0.15|zp| = 0.105 and the polarization on a Lead target is reduced by
a factor A=%19 = 0.57. On a Beryllium target a corresponding factor is 0.79. A similar order
of magnitude for the polarization degradation in complex nuclei can be found in [44], where it
is also shown that the polarization degradation is pr-independent.

By setting o = 0 in (10) we can reduce this equation to a form similar to eq. (1) which was
used to fit the analyzing power data in Refs. [47,48]. The fit # 4 is made with 0 = 0 and ap = 0
while the other parameters are free, including the weight w; in eq. (4). The fit # 4 gives as
good data approximation as the fit # 2, with x*/Npor = 1.25. The “effective” scaling variable
(za4) in the forward hemisphere, where practically all the existing data were measured, is given
according to the fit # 4 by the relation z4, = 0.2z + 0.8zr. Though the fit quality is good
enough for the xp > 0 data, eq. (10) with parameters, corresponding to the fit # 4 does not
have the feature (5) even for pp collisions. We expect that future data for zr < 0 region will
not be approximated well enough by the fit # 4. That is the reason why eq. (10) with o ~ 1
is preferable for the description of the A polarization scaling properties. It is interesting that
most of the parameters have very similar values for the fits # 3 and # 4. The stability of the
fit parameters makes predictions following from eq. (10) more reliable.



The results of the above fits (# 1 - # 4) indicate that the variable zy alone is not the best
one for approximation of the A polarization scaling properties in pp(A) collisions, and the use
of two variables (zr and xp or x4) gives a better result. The direct check of a possible pure
xr scaling is done in the fit # 5, where 0 = 0 and w; = 0. That excludes the xr variable from
eq. (10). The x? for the fit # 5 is significantly higher with x*/Npor = 1.37.

The pr dependence of P, is described by

the function F(pr), which is sharply rising for = 2 DA > A+ X
pr < 1.2 GeV/c and is practically constant > [ x. >035
for higher py. The experimental dependence X 175 [
of P on pr is illustrated in Fig. 2 , where 52
the ratio of Py and A*D(z44,%4-) is shown, F 15
and = f
=125
D(zap,za ) =G(xay —x2) —0G(xa_ +x3). 2
(18 * L, C o i
The ratio is assumed to be a function of pr
only. An additional cut zr > 0.35 is used for 075
the data shown in Fig. 2 to exclude the points i
with large fractional errors of the ratio. The 05 |- e % i%;8 SSWE
data in Fig. 2 show the independence of the ‘51% %gg (138e'\5//<(:;ewC
ratio on the beam energy, xr and the target 025 a o % f%‘_’g'égﬁc”c
type, and confirms the scaling behaviour and 0 o 5 S} 388 8{%
factorization of the pr and z 44 dependencies, C : %cﬂ 288 82&58
assumed in (10). New measurements are de- 025 a & % 2829%!%
sirable for pr > 1.5 GeV/c to clarify the Py R N N A D B B

O

0.5 1 15 2 25 3 35 4

F havi high pr.
and F(pr) behaviour at high pr b (GG

A detailed comparison of the fit # 3 with ' o
the most precise polarization data is illus- Fig. 2. Theratio of polarization and A* D(z a4, z4-),

trated in Figs. 3, 4 and 5. (eq. (17)) vs pr for A production in pp(A)

Fi 3 ts the data f . collisions, and xr > 0.35. Parameters of
18- represents the data irom experi- egs. (10)-(15) are presented in Table 1, fit

ments [10,11] and [12], performed in pBe col- # 3. The curve corresponds to the function
lisions at 400 and 800 GeV/c. The fitting F(pr) in eq. (10).

curves reproduce the xzr dependence, as well
as small variations of it with pr.

In Fig. 4 the fitting curves are compared with the pp data [13] at the beam equivalent
momentum 2049 GeV/c for pr = 0.6 GeV/c, 0.76 GeV/c and 1.26 GeV/c, respectively. The
values of P, differ very much for these three values of pr and the corresponding fitting curves
(fit # 3) reproduce these features of the data.

The attenuation of the A polarization on nuclear targets and the dependence of the attenua-
tion on zp are illustrated in Fig. 5. The measured polarization is divided by F(pr)D(zay,za_)
and the corresponding ratio is plotted in Fig. 5 vs . The most precise data for the pp [13],
pBe [11], and pW [3] collisions show a decrease of polarization on Be and W targets with zp
rise in comparison with the proton-proton collisions case. The existing P, data on medium and
heavy nuclear targets are limited in terms of their accuracy and kinematic range. Additional
measurements on medium and heavy nuclear targets for positive and negative xr are desirable
to confirm and clarify the polarization attenuation effects, shown in Fig. 5. It will be interesting
also to measure the A-dependence of the analyzing power Ay and compare it with that of the
hyperon polarization.
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The ratio of polarization and
F(pr)D(zay,za-) (see egs. (10),(12),
(17)) vs g for A production in pp [13],
pBe [11] and pW [3] collisions. Parameters
of eqs. (10)-(15) are presented in Table
1, fit # 3. The curves correspond to the
pp (dotted), pBe (dashed) and pW (solid)
collisions, respectively.



The general agreement between the data and the fits # 1 - # 3 can be considered a good one,
taking into account statistical and possible systematic errors of the data in different experiments.
We may conclude that A polarization reveals a scaling behaviour, when it is presented in a
forward hemisphere as a function of two scaling variables 41 (or g and ) and pr. The use
of a single scaling variable (g.e. zr) and pr does not allow one to describe the data well enough.

2. Polarization of ¥*° and =%~ hyperons in pp and pA collisions

In this section the polarization of ¥*° and =%~ hyperons in pp and pA collisions is analyzed.
The corresponding fit parameters are presented in Tables 2 and 3. The fits have been performed
using egs. (10)-(15), and eq.

pr/py,  if pr < pi;
F =
(pr) { 1, otherwise;

(19)

for the function F(pr), which is found to be more appropriate for an approximation of the
polarization dependence on pr. For this section and all the following the parameters ay and w,
are fixed ( ap = 0 and w; = 0.5).

Table 2. Fit parameters of egs. (10)-(19) for ¥* production in pp(A) collisions.

Fit # 1 2 3 4
H ot aF > >
c 4.44+1.0 4.040.9 4.242.5 4.244.2
w 1.9+1.2 3.045 6.1+4.0 6.090
o 1.0 1.0 1.0 1.0
P 1.2140.07 1.2440.06 0.66 0.66
o -0.10£0.31  0.10740.059 0.25 0.25+0.20
m -0.56£0.79  -0.22+0.62 0.0 0.0
) 4.7+7.5 5+19 0.0 0.0
&o 0.337+ 0.015  0.341+ 0.013  0.307+0.058  0.31+0.11
& 0.17240.054  0.19840.044 0.0 0.0
v 0.82+0.28 0.98+0.20 0.0 0.0
% -0.26£0.05  -0.24+0.04 -0.26 -0.26
x%/Npor 33.0/17 33.6/18 0.06/3 0.06/3




Table 3. Fit parameters of egs. (10)-(19) for Z~° production in pp(A) collisions.
Fit # 1 2 3 1
H = = =0 =0
c -0.814+0.12 -0.814+0.12 -1.37+0.50 -1.37+0.61
w 5.95+0.74 6.090 6.10 £ 0.92 6.090
o 1.0 1.0 1.0 1.0
P 0.4+0.2 0.4+0.3 0.5 0.5
10 0.29+0.11 0.2844+0.073  0.336%0.023 0.336+0.036
m -0.030£0.082  -0.033£0.060 0.0 0.0
1) 2 £12 2.5+9.7 0.0 0.0
&o 0.00£0.22 0.02+0.13 -0.2 -0.2040.15
& 0.51+0.12 0.50+0.10 0.0 0.0
v 3.0+1.9 2.941.5 0.0 0.0
ay 0.03+£0.14 0.04+0.11 -0.12 -0.12
x?/Npor 71.0/46 71.0/47 5.7/13 5.7/13

2.1. The Xt hyperon polarization

The polarization of ¥+ hyperons (Ps.) in pA collisions has been measured on a Cu target
at 800 GeV/c [14] and on a Cu and a Be targets at 400 GeV [15,16,8]. The dependence of Px
on xp is shown in Fig. 6. A fit # 1 corresponds to the ¥ data, shown in Fig. 6, with some
parameters fixed due to a limited data statistics. The zr position of the polarization maximum
rises with pr and at pr = 1.5 GeV/c it is near xp = 0.8. The parameter w = 1.9 £ 1.2 is
compatible with the value of w for the case of A polarization discussed in the previous section.
The fit # 2 is done with the value of w = 3.045, which follows from eq. (22).

The dependence of Px, on pr is illustrated in Fig. 7, where a ratio of Px, and
A°D(zay,z4-) is plotted. The curve corresponds to the function F(pr) in eq. (19) with
P ~ 1.2 GeV/c (fit # 2). The function F(pr) is well approximated by a linear dependence
for pr < 1.2 GeV/c and a plateau for higher pr (see Fig. 7), but additional measurements are
desirable for higher pr and different zp.

It was stated in [14] that the X1 polarization at 800 GeV/c decreases as a function of pr
at fixed xr. The results of the fit # 2 indicate that such unusual pr dependence is probably
due to the pr dependence of the parameter z, in eq. (14). As we can see from eq. (16),
the polarization (for o = 1) is proportional to sinfw(zrws — 22)] ~ sin[3(zr/2 — x3)]. Since
2y ~ (1 — Z/A)(0.34 — 0.17e7982°7) and (1 — Z/A) ~ 0.4, the value of z, is about 0.09 for
pr < 0.5 GeV/c, it starts to grow fast for 0.5 < pr < 1.5 GeV/c, and has a plateau z, ~ 0.19
for higher pr values. The value of zr in [14] is about 0.46, so Ps, o sin[3(0.23 — z,)] and
decreases with pr rise for pr > 0.7 GeV/c. This decrease of D(z 4., z4_) is not compensated
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by a corresponding increase of the F(pr), that leads to the observed polarization decrease with
pr rise. If we take xr > 0.65, such effect as a decrease of polarization with pr increasing is not
expected (see Fig. 6). The results of three other ¥* polarization measurements, which have
typical xr > 0.52, do not reveal a decrease of Px, with pr rise [15,16,8].

It was also stated in [14] that an energy dependence of Py, is observed by comparing the
results at 800 GeV/c (Cu target) [14], at 400 GeV/c (Be target) [15] and 400 GeV/c (Cu
target) [16]. The observed difference is really due to the different targets (Cu vs Be) and
slightly different zr values used for this comparison. In the case of comparison of the data on
Be and Cu targets a strong A dependence is the reason of a higher polarization on the Be
target, since & = —0.26|xp| (see fit # 1). For the data on Cu target [16] the corresponding
zp ~ 0.52 and Py, = 0.168 + 0.017, while the 800 GeV /c data are measured at zr ~ 0.46 and
Py, =0.124£0.001. The data [15] and the fitting curve for pr = 1.5 GeV/c in Fig. 6 show that
the Ps. increases by 0.05 or more, when z is increased from 0.47 to 0.52. So, the expected
Py, for 800 GeV/c and zr = 0.52 is about 0.124 4 0.05 = 0.174, which is compatible with the
measured value Ps, = 0.168 + 0.017 at 400 GeV//c.

The energy independence of the polarization is confirmed by Fig. 7, where all the data points
at two beam energies and two different targets are approximated well by a single function F(pr)
and are compatible with the scaling law (10), described using pr and two scaling variables x 4
and T 4_.

- 05 ~
S r 3 I
¢ X 14
S o [14] 800 GeVic E: | m [14]800 GeVic
5 | O [8]1400 Gevic It - O 181400 GeVic
04 [ A [15]400 GeVic < 12 - A [15]400 GeVic
[ O [16]400 GeVic kS [ O [16]400 GeVic + ‘
035 + g L J
L | 5 1 b b Gun | P
S F , H
03 F T & f ‘T |
. 08 - /
025 [ - . i %
015 [ % - ,/
[ | % 04 - ,
x / ‘ [ \//
01 / 1 I
B ' 02 - +
005 |- ; PA > X* + X o pA - * + X
0:uuh\u\uu\uu\uu\uu\uu\uu\uu\uu 0 T T T O O A AR
0 01 02 03 04 05 06 07 08 09 1 0 02 04 06 08 1 12 14 16 18 2
X p; (Gevic)

E

Fig. 6. Polarization vs zr for ¥ production in Fig. 7. The ratio of polarization and

pA collisions. The fit parameters of egs. A*D(zay,za-), (eq. (17)) vs pr for B+
(10)-(19) are presented in Table 2. The production in pA collisions. Parameters
curves corresponds to the fit # 2 predic- of egs. (11)-(19) are presented in Table
tions for pr = 0.8 GeV/c (dashed) and 2, fit # 2. The curve corresponds to the
pr = 1.5 GeV/c (dash-dotted), respec- function F(pr) in eq. (18).

tively.
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The data fit indicates also that ¥* polarization decreases on a nuclear target (oc A=0-26l2rl),
The polarization attenuation is more significant at high |z | values, similar to that of for the A
hyperons.

We may conclude that the use of two scaling variables (z4, and x4_) in the form of eq. (10)
instead of one (zr) resolves the problem of energy dependence of the X" polarization and the
problem of its unusual pr dependence (see details in [14]), and presents the existing data in the
energy independent way.

2.2. The ¥~ hyperon polarization

The polarization of ¥~ (Px_) has been measured at 400 GeV/c in pCu [17] and pBe [1§]
collisions. Since just a few points in x and pr has been measured, some of the fit # 3 parameters
are fixed, see Table 2. In addition, for the fit # 4 the w parameter was fixed: w = 6.090 (see
Table 2). The zr dependence of Ps_ is plotted in Fig. 8 vs zx. It has a maximum near
rr =~ 0.67 with corresponding w ~ 6. The pr dependence indicates some flattening of the
function F(pr) above 0.7 GeV/c and shows a good agreement of the data on Be and Cu targets.

2.3. The X° hyperon polarization

The polarization of 3° (Psg) produced in pBe has been measured at 28.5 GeV/c [5] and at
18.5 GeV/c [19]. Only two data points are available from these two experiments. At 28.5 GeV/c
the value of Pxg is 0.28+£0.13 (zr = 0.6, pr = 1.01 GeV/c ), and at 18.5 GeV /c it is 0.23£0.13
(0 < zp < 0.75,0.5 < pr < 2 GeV/c), which is consistent with the X* polarization in the same
kinematic area.

2.4. The =~ hyperon polarization

The polarization of 2~ (Pg_) has been measured at 800 GeV/c in pBe [20,21] collisions, and
at 400 GeV/c in pCu [22] and pBe [23] collisions. The fit # 1 is made with some parameters
fixed. The value of parameter w is found to be compatible with 6. In the fit # 2 the w = 6.090
is used and the corresponding curves are shown in Fig. 9 for pr = 0.5 GeV/c (dashed line), and
pr = 1.5 GeV/c (dash-dotted line) for 400 GeV/c pBe collisions.

The fit # 2 and Fig. 9 data indicate a local maximum in the absolute value of polarization
at xr in the range 0.3-0.6, depending on pr value.

The A-dependence of the Pz _ is not significant (a; ~ 0.04 £ 0.11).

2.5. The Z° hyperon polarization

The polarization of Z° (Pgg) has been measured at 400 GeV/c in pBe [9] collisions. The
data are presented in Fig. 10 vs zz. Due to a small number of experimental points some of the
fit parameters were fixed near the values which give the best x2. The fit # 3 is done with the
w free and the fit # 4 - with w = 6.090.

The fit # 4 and Fig. 10 data indicate a local maximum in the absolute value of polarization
near rp ~ 0.4.

The fits # 2 and # 4 indicate a possible decrease in the absolute value of Pzg and P=_ for
xzr > 0.6 — 0.8 due to a high value of w ~ 6. This feature makes these reactions different from
the A production in pA collisions, discussed above.
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An interesting observation follows from the analysis of the scaling properties of hyperon (A,
¥+ =7 and Z°) polarization in pp(A) collisions - the parameter w (“polarization oscillation
frequency”) in egs. (10)-(19), which describes the rate of change of the polarization with x4
increase, is related with the number of sea quarks (Nsga), picked up from the sea during a
hyperon production: w ~ 3Ngga.

3. Polarization of A, =~ and A hyperons produced in K p collisions

In this section we analyze the hyperon polarization data in K ~p collisions. The corresponding
fit parameters are presented in Table 4. Since the initial state (K~ p) is not symmetric vs the
rotation transformation and there are no measurements on nuclear targets, some modification
of egs. (10)-(19) is introduced. In particular, the parameters g, «; are fixed at zero values,
wy = 0.5, and the factor (1 — Z/A) in eq. (14) is omitted:

Ty =& — 516_61)%' (20)
The function F(pr) is given by eq. (19). The o parameter in (10) could be different from unity
due to an asymmetric initial state.

Table 4. Fit parameters of eqgs. (10)-(20) for A, =~ and A production in K ~p collisions.

Fit # 1 2 3 4 5

H A A - - A
c 4.18 +£0.47  4.2540.37 6.042.8 6.842.7 10£10
w 3.53 +0.22 3.58 3.0440.88 3.58 5.55
o -0.77 £0.12  -0.77 +£0.11  -0.904+0.67  -1.0940.51 -0.5
Y 1.0 1.0 1.0 1.0 1.0
7o 0.07640.019  0.079+0.016 0.127+0.049 0.142+0.038  0.1440.05
m 0.81 £0.21  0.80 £0.20  -0.01 +0.13  -0.04640.065 0.0
) 26 26 26 26 0.0
I 0.19140.063  0.19+0.06 0.0640.16 0.0940.08 0.25
& 0.18 £0.13  0.19 +0.11  -0.4240.22  -0.34+0.12 0.0
v 7 7 27 27 0.0

x%/Npor 88.8/55 88.9/56 12.9/11 13.3/12 0.00/0

3.1. The A polarization in K p collisions

The polarization of A (P4) hyperons in K~ p collisions has been measured at 176 GeV /c [7],
at 32 GeV/c [24], at 14.3 GeV/c [25,26], and at 10 and 16 GeV/c [27]. The data with lower
beam momenta are not used for this analysis due to the energy dependence of the polarization
below 9 GeV/c at fixed negative zr [24,25,26,28]. The interesting feature of these K~ beam
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data is that they include both, the beam and the target fragmentation regions. That feature
allows us to estimate the o parameter in eq. (10) and check that the scaling behaviour is valid
for both hemispheres.

Only the data with |zx| < 0.90 are used for this analysis to avoid a large contribution of
exclusive channels near the kinematic limits. The dependence of P, vs xr is shown in Fig. 11,
where fit predictions are also shown. The curves are calculated for pr = 0.3 (dashed line) and
pr = 0.7 (dash-dotted line) and can be considered as envelopes for the presented data points.

The data fits (# 1 and # 2) have been performed with some parameters fixed due to a
limited statistics. In the fit # 1 the parameter w is free, and in the fit # 2 its value is fixed
at w = 3.58. Both fits have x?/Npor about 1.6 and indicate the maximum near zp = 0.7 and
almost xp-independent polarization for the negative xr region. The o parameter is negative in
contrast to the pp data. The data fits indicate an oscillation of the P, as a function of z which
is illustrated by the curves in Fig. 11. The magnitude and the phase of the oscillation depend
on pr.

The pr dependence of the P, is compatible with a linear rise of the F(pr) (see eq. (19)) for
pr < 0.85 GeV/c.
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Fig. 11. Polarization vs zp for A production in Fig. 12. Polarization vs zr for =~ production in

K~p collisions. The fit parameters of K~ p collisions. The fit parameters of
egs. (10)-(20) are presented in Table 4. egs. (10)-(20) are presented in Table 4.
The curves correspond to the fit # 2 The curves correspond to the fit # 4
for pr = 0.3 GeV/c (dashed line), and for pr = 0.5 GeV/c (dashed line), and
pr = 0.7 GeV/c (dash-dotted line), both pr = 0.3 GeV/c (dash-dotted line), re-
at the beam momentum 176 GeV/c. spectively.
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3.2. The =~ polarization in K~ p collisions

The polarization of Z~ (Pgz_) hyperons in K~ p has been studied at 5 GeV/c [29] and at
4.2 GeV/c [30]. Since the polarization in [29] is integrated over one of the variables (zp or
pr), we have to assign mean values for these integrated variables. As estimates of these mean
values we take for the analysis < zr >= 0.6, and < pr >= 0.3 GeV/c, respectively. The
dependence of Pz_ on xr is shown in Fig. 12 along with the fit predictions for pr = 0.3 GeV/c
and pr = 0.5 GeV/c, respectively. The predictions are made for 5 GeV/c K p collisions. Only
data with |zp| < 0.85 are used for the analysis to exclude the resonance region, in particular
in the extreme forward region (zr &~ 1) which is dominated by the baryon exchange process
K=p — A7n° The fit # 3 is made with the w parameter free, and the fit # 4 is made for
w = 3.58. Both fits show a maximum of Pz_ at zr =~ 0.6 — 0.8 and near zero polarization
for zr < 0. The fits reproduce well the main features of the data. As in the case of the A
polarization the o parameter is negative, but with a much larger uncertainty.

Additional measurements are desirable for pr > 0.5 GeV/c where polarization could reach
high values. Both, the zr and the pr dependencies of Pz_ are similar to the case of the A
polarization in K ~p collisions.

3.3. The A polarization in K~ p collisions

The A polarization in K~p collisions has been measured at 32 GeV/c [24]. Since just two
xp points are available, most of parameters of egs. (10)- (20) in the fit # 5 were fixed, with
only the ¢ and the &, - free. The w = 5.55 is taken as predicted by eq. (22). The results of the
fit are presented in Table 4. Much more data are desirable for this reaction.

4. Hyperon polarization in K*p collisions

The hyperon polarization data for K*p collisions have been analyzed using egs. (10)- (20).
Only the data with |zr| < 0.74 are used for the analysis. The fit parameters are presented in
Table 5.

Table 5. Fit parameters of egs. (10)-(20) for A, and A production in K*p collisions.

Fit # 1 2 3 4

H A A A A

c -3.0 £1.9 -2.441.3 3.441.1 3.941.0

w 4.4 +1.5 3.58 4.441.9 5.55

o 0.30 £0.18  0.36 £0.28 -1.24+0.39 -1.40+0.28

Py 0.4 0.4 0.4 0.4

Mo -0.19 + 0.13 -0.21+0.13  0.12+0.07  0.130+0.049

m 0.0 0.0 0.24+0.35  0.2940.30

) 0.0 0.0 17428 17420

& -0.53 £0.31  -0.73+0.24 0.414+0.22  0.42+0.16

& 0.0 0.0 0.54+0.32  0.5340.17

v 0.0 0.0 5.7+5.7 4.342.7
x%/Npor 9.6/12 9.8/13 12.4/19 13.0/20
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4.1. The A polarization in K*p collisions

The A polarization in K*p collisions has been measured at 8.2 and 16 GeV/c [31], at
13 GeV/c [32], and at 32 GeV/c [24]. The fit # 1 is made with the w parameter free, and
the fit # 2 - with the w = 3.58. The dependence of polarization vs z is shown in Fig. 13 along
with the fit # 2 predictions for pr = 0.3 GeV/c and pr = 0.5 GeV/c. The polarization does
not depend on energy and has a maximum near zp = 0.35.

4.2. The A polarization in K*p collisions

The A polarization in K *p collisions has been measured at 32 and 70 GeV /c [33], at 8.2 and
16 GeV/c [31], at 32 GeV/c [24], and at 13 GeV/c [32]. The data [33] for 32 and 70 GeV/c are
combined for this analysis and an average momentum 50 GeV/c is assigned to it. The fit # 3
and the fit # 4 have been performed with w parameter free and fixed (w = 5.55), respectively.
The fits result in a negative o =~ —1, similar to the K~p — A case. The fits indicate the existence
of significant phases x; and x5, which depend on p. The hyperon polarization observed in this
reaction is higher than in any other one.

The dependence of A polarization on x5 is shown in Fig. 14 along with the fit # 4 predictions
for pr = 0.5 GeV/c and pr = 0.7 GeV/c. The A polarization increases sharply above zp = 0.2
and is about 0.8 at its maximum.
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Fig. 13. Polarization vs xr for A production in Fig. 14. Polarization vs zz for A production in

K*p collisions. The fit parameters of K™Tp collisions. The fit parameters of egs.
egs. (10)-(20) are presented in Table 5. (10)-(20) are presented in Table 5. The
The curves correspond to the fit # 2 curves Correspond to the fit # 4 for pT =
for pr = 0.5 GeV/c (dashed line), and 0.5 GeV/c (dashed), and pr = 0.7 GeV/c
pr = 0.3 GeV/c (dash-dotted line), re- (dash-dotted), respectively.

spectively.
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5. The A polarization in 7~ p and 7p collisions

The hyperon polarization data for 7*p collisions have been analyzed using eqs. (10)- (20).
The fit parameters are presented in Table 6. A cut |zg| < 0.74 is used to reduce exclusive
reaction contributions.

Table 6. Fit parameters of egs. (10)-(20) for A production in 7¥p collisions.

Fit # 1 2 3 4
Beam T T Tt Tt
c -1.8+ 0.5 -1.7+0.6 -2.242.2  -2.5429
w 4.33 £ 0.94 3.58 5.246.5 3.58
o 1.0 1.0 1.5 1.5
Y 1.0 1.0 1.0 1.0
o 0.564 4= 0.088 0.632+0.081 0.45+0.46  0.64-0.10
m 2.042.1 2.5 +1.0 0.0 0.0
) 50+35 49+16 0.0 0.0
&o 0.2764+0.044  0.264+0.048 -0.1440.70 -0.35+0.23
& 0.45 + 0.47  0.50 +0.43 0.9 0.9
v 12411 13411 1.0 1.0
x%/Npor 20.9/19 21.2/20 0.40/3 0.42/4

5.1. The A polarization in 7 p collisions

The A polarization in 7~ p collisions has been measured at 3.95 GeV/c [34], at 6 GeV /c [35],
at 15 GeV/c [36], at 16.1 GeV/c [37] and at 18.5 GeV/c [38]. The fit # 1 is made with the w
parameter free and the fit # 2 is performed with the w = 3.58. The z dependence of polarization
is shown in Fig. 15 along with fit predictions for pr = 0.5 GeV/c and pr = 0.7 GeV/c. The
polarization is positive in the target fragmentation region and is negative or near zero for positive
Tp.

5.2. The A polarization in 7*p collisions

The A polarization in 7%p collisions has been measured at 18.5 GeV/c [38]. The fit # 3 is
made with the w parameter free and the fit # 4 is made with the w = 3.58. The data and the
fit predictions for pr = 0.5 GeV/c and pr = 0.7 GeV/c are shown in Fig. 16.

The polarization magnitude for A hyperons produced in 7*p collisions is smaller than it is
in the pp collisions.
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Table 7. Fit parameters of egs. (10)-(20) for reactions pp — A+ X, pp — =+ + X, and pp — A + X.

Fit # 1 2 3 4 5 6

Process pA — A pA — A pA -2t  pA =t pA — A pA — A

c -0.47 +0.23 -0.49+0.22 -254270 -16+12 4.5+2.9 3.5+1.2

w 18.5 £5.7 22.27 64422 65.19 16.2+4.1 14.21

o 1 1 1 1 -1 -1

pgw 0.34 0.34 0.4 0.4 0.6+0.9 0.4+0.6

10 0.185+0.029  0.17440.015 0.045 0.045+0.007 0.0714+0.061 0.0424+0.016

7 0.31 0.31 0.0 0.0 0.0 0.0

) 3.7+1.9 4.3+1.1 0.0 0.0 0.0 0.0

&o 0.309 £0.072 0.322 £0.077 0.1740.11 0.181+£0.007 0.294+0.020 0.303+0.021

& 0.07+0.15 0.10 £0.16 0.0 0.0 0.0 0.0

v 1.27 1.27 0.0 0.0 0.0 0.0
X2/Npor  12.9/16 13.3/17 0.00/0 0.00/0 0.74/2 1.08/3
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6. Polarization of antihyperons produced using baryon and antibaryon beams

The reactions presented in this section can be considered as exotic ones due to a very unusual
behaviour of the corresponding polarization with the rise of scaling variables. This behaviour
cannot be predicted by the existing models. Most of the theoretical models predict zero polariza-
tion for antihyperon production in pp(A) collision since they do not have valence quarks common
with the beam or target hadrons. The recent experiments have revealed non-zero polarization
for =+ [21] and ¥~ [14] hyperons. Other antihyperons also indicate non-zero polarizations with
small but not negligible magnitudes.

The fit parameters are presented in Table 7. The o parameter in eq. (10) is set to zero due
to a limited statistics and too few used targets.

6.1. Polarization of A in pA collisions

The A polarization have been measured in pBe collisions at 400 GeV/c [10,11] and at
800 GeV/c [12].

Although the magnitude of the polarization is very low (=~ 0.02), the fit indicates an oscilla-
tion of the polarization as a function of zr with good x?/Npor = 0.81. The data fits have been
performed for w parameter free (fit # 1) and w = 22.27 (fit # 2). Due to a limited statistics
and kinematic range of the data, the n; parameter is fixed at the same value (0.31) as it is
for A polarization in pA collisions. As we will see below the large value of w = 18.5 £ 5.7 is
typical for such exotic process (p — A) which corresponds to the AB = 2 exchange, where B is
a baryon number. The dependence of A polarization on z is shown in Fig. 17 along with fit #
2 predictions for pr = 0.8 GeV/c and pr = 1.5 GeV/c.

6.2. Polarization of =* in pA collisions

The =+ polarization have been measured at 800 GeV /c in collisions of a proton beam with a
Be target [21]. The data fits have been performed for w parameter free (fit # 3), and w = 65.19
(fit # 4). The dependence of polarization on xr is shown in Fig. 18 along with fit # 4 predictions
for pr = 0.5 GeV/c and pr = 1.5 GeV/c. The value of w = 64 &+ 22 is very large. At the same
time this value of w is a minimal one which describes the unusual polarization dependence on
xr with the middle point closer to zero than the other ones. The fitting curves indicate that
polarization magnitude could be about 0.18. If such an unusual behaviour will be confirmed
by future experiments that reaction will be a large challenge to the strong interaction theory.
Much more data are desirable since we have only 3 data points for this reaction.

6.3. The A polarization in pp collisions

The polarization of A (P3) hyperons in pp collisions has been studied at 176 GeV /c [7]. The
fit # 5 is made with w parameter free, and the fit # 6 is made for w = 14.21. The dependence
of Pz on zp is shown in Fig. 19 along with fit # 6 predictions for pr = 0.5 GeV/c and
pr = 1.5 GeV/c, respectively. The predictions are made for 176 GeV/c pp collisions. Both fits
indicate local maximums of |Pz| at zr ~ 0.45 and at xr ~ 0.65 and an oscillation of Pz as a
function of xr. An interesting feature of the data is that almost a full period of the oscillations
is covered by the data. This observation needs additional conformation in different kinematic
regions due to a limited statistics and the kinematic range covered by the data. Additional
measurements are desirable to clarify the p;r dependence of the Pjx.
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The large values of w have been found also for pp(C) — A + X and for pA — Zt + X
reactions considered above. The dependence of the w parameter on quantum numbers of the
hadrons participating in the reaction will be discussed in details below.
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Fig. 17. Polarization vs x for A production in
pBe collisions. The fit parameters of
egs. (10)-(19) are presented in Table 7.
The curves correspond to the fit # 2 for
pr = 0.8 GeV/c (dashed), and pr =
1.5 GeV/c (dash-dotted), respectively.
Fig. 19. Polarization vs x for A production in

pp collisions. The fit parameters of
egs. (10)-(20) are presented in Table
7. The curves correspond to the fit #
6 for pr = 0.5 GeV/c (dashed), and
pr = 1.5 GeV/c (dash-dotted), respec-
tively.
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6.4. Polarization of ¥~ in pCu collisions

The ¥~ polarization has been measured in the pCu collisions at 800 GeV/c [14]. The fit
was not made since only four data points have been measured at fixed zr ~ 0.47. The sign of
polarization is positive and its magnitude is about 0.088 £ 0.011.

7. Polarization of =~ and 2~ in collisions of hyperons and protons with nuclei

In this section we analyze the polarization of =~ and 2~ hyperons produced by a neutral
unpolarized beam containing hyperons and the =~ polarization produced by ¥~ beam. In
addition, the Q= and the proton polarizations in pp(A) collisions are analyzed and compared
with the hyperon polarization in different reactions. The a parameter in eq. (10) is set to zero
due to a limited number of used targets and statistics.

7.1. Polarization of =~ in collisions of A and =° with Be target

In this subsection we consider the data on =~ polarization which have been measured using
a neutral unpolarized high energy beam containing A and =° hyperons [39]. The primary
800 GeV/c proton beam was used to produce a neutral strangeness containing beam, which in
its turn interacted with a Be target. The average momentum of produced Z~ and 2~ hyperons
was about 395 GeV/c. This value of momentum was used to estimate the momentum of the
neutral beam. It is assumed in this analysis that the ratio (R) of the neutral beam momentum
to the 800 GeV/c primary momentum is the same as the ratio of =~ momentum to the neutral
beam momentum. These relations give R = 0.703 and the neutral beam momentum about
R - 800 = 562 GeV/c. Using this assumption we performed a fit of the data [39]. The fit

parameters are presented in Table 8.

Table 8. Fit parameters of egs. (10)-(20) for polarization of =~ and Q~ hyperons in collisions of a
neutral unpolarized beam containing A and Z° with Be target, and the 1~ polarization in

pBe collisions.

Fit # 1 2 3 1

Process =0 55— =0 5 =- A—Q~ p— Q~

c 2.37 £0.44 2.3740.42 2.64+4.1 1.3610.69

w 46.0 £3.7 45.97 6.090 22.27

o -1.0 -1.0 -1.0 1.0

Y 1.0 1.0 1.0 0.39

Mo 0.151£0.017 0.1514+0.003 0.2440.10 0.064+0.012

m 0.0 0.0 0.0 0.0

0 0.0 0.0 0.0 0.0

o 0.085+0.023 0.085+0.002 0.14+0.03 0.372+0.026

& 0.0 0.0 0.0 0.0

v 0.0 0.0 0.0 0.0
x?/Npor  13.75/13 13.75/14 0.04/1 0.01/2
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The polarization of 2~ was fitted with w parameter free (fit # 1) and with w = 45.97 (fit #
2). The zr dependence of polarization is shown in Fig. 20 along with the fit # 2 predictions for
pr = 0.5 GeV/c and pr = 1.5 GeV/c. Though the magnitude of polarization (P¥*) is about
0.026 only, a clear zr dependence is seen, which is consistent with the oscillation behaviour,
predicted by egs. (10)-(20). The frequency parameter w = 46.0 + 3.7 is very large and an
empirical relation for the polarization magnitude

|PY™| ~ 0.85/w (21)

is valid. This relation is also confirmed above for A, Z° and =~ hyperons produced in pA
collisions (see Tables 1 and 2). Relation (21) means that polarization for processes with large
w is expected to be low. We will see below that eq. (21) gives the right order of magnitude for
most of the reactions but there are a few exclusions and a more complicated formula will be
proposed below for the polarization magnitude.

7.2. Polarization of 1~ in collisions of A and =° with Be target

The Q™ polarization has been measured using unpolarized neutral beam described in the
previous subsection [39]. The polarization of Q~ was fitted with w = 6.090 (fit # 3). The xp
dependence of polarization is shown in Fig. 21 along with fit # 3 predictions for p; = 0.5 GeV/c
and pr = 1.5 GeV/c. The magnitude of Q~ polarization is consistent with eq. (21).

7.3. Polarization of 2~ in pBe collisions

The Q~ polarization has been measured using 800 GeV/c pBe collisions for 0.3 < zr < 0.7
and 0.5 < pr < 1.3 GeV/c [40]. The mean value of polarization is —0.01 £ 0.01, but the
dependence of it on zr clearly indicates its oscillation as a function of zr (see Fig. 22). The fit
# 5 is performed (see Table 8) with w parameter fixed at 22.27 as is predicted by eq. (22). The
magnitude of polarization oscillation is about 0.032 4+ 0.016.

7.4. Polarization of Z- in collisions of ¥~ with C(Cu) target

The polarization of =~ has been measured using 330 GeV/c ¥~ beam on Carbon and Cop-
per targets [41]. The polarization of Z= for a sample, combining the C' and the Cu target
measurements, was fitted with free w parameter (fit # 1) and with w = 3.045 (fit # 2). The
fit parameters are presented in Table 9. The zr dependence of polarization is shown in Fig. 23
along with fit # 2 predictions for pr = 0.5 GeV/c and pr = 1.5 GeV/c. The magnitude of E~
polarization is consistent with eq. (21).

7.5. The proton polarization in pp(C) collisions

It is interesting to compare the hyperon polarization data with the proton polarization data
in pp(C) collisions. The data have been measured at 100, 200, 300 and 400 GeV /c in collisions
of a proton beam with protons and a Carbon target [42]. The data fits have been performed
for w parameter free (fit # 3) and w = 6.090 (fit # 4). The dependence of polarization on xp
is shown in Fig. 24 along with fit # 4 predictions for the proton and the Carbon targets. The
pr dependence of the polarization is mainly due to a significant p; dependence of the phases x;
and z,. The data are consistent with the scaling described by eq. (10) with F(pr) given by eq.
(19).
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Table 9. Fit parameters of egs. (10)-(20) for reactions ¥~ + C(Cu) - E- + X and p(C) +p — p+ X.
Fit # 1 2 3 4
Process Y A—-Z" YTA—-ET pA —p pA —p
c -1.53+0.56 -1.51+£0.48 0.74 +0.14 0.73+0.10
w 3.3£3.5 3.045 6.12 +£0.21 6.090
o 0.87+0.27 0.88+0.23 1.0 1.0
Py 1.0 1.0 0.4 0.4
Mo -0.414+0.51  -0.446+0.042 0.647 £0.014 0.648+0.012
i -0.20+0.28 -0.21+£0.29 0.20440.045 0.205+0.045
) 4.6 4.6 1.75 1.75
&o 0.84+0.71 0.884+0.23 1.47440.089  1.476+0.090
& 0.71+0.78 0.75+0.34 1.75 1.75
v 1.3 1.3 1.75 1.75
X2/Npor  10.7/17 10.7/18 35.9/31 35.9/32

8. Discussion

The results of the previous sections indicate that the use of two scaling variables 44 =
(rrtxr)/2 is essential for the universal energy independent description of the existing hyperon
polarization data in inclusive reactions. The scaling variables transform into each other under
rotation transformation around the normal to the scattering plane and allow one to satisfy in
a natural way the feature (5), which is also related with the rotation invariance. The variables
T a4+ treat on a more equal basis the data for the central and the fragmentation regions as well
as the transverse and the longitudinal momentum components of the produced hyperon.
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The form of eq. (10) is chosen from the dimensional analysis, the rotation invariance require-
ment and it is also motivated by the existing data for both the hyperon polarization and the
analyzing power in inclusive reactions for hadron-hadron collisions. The derived formulas are
applicable for both the Ay and the Py data approximation and reflect the scaling properties of
these two classes of processes at high enough energies and pr. The specific range of energies and
pr at which the scaling properties are valid could depend on the process type. The existence of
the above scaling implies that large spin effects will survive at high energies and do not depend
directly on the beam energy. These properties of the Ay and the Py are waiting for their
explanation in the strong interaction theory in general and in the Quantum Chromodynamics
(QCD) in particular.

8.1. Analogy between the scaling properties of hyperon polarization and the
analyzing power

It is important to take into account in the future models a deep analogy between the hyperon
polarization and the analyzing power, which follows from the results of this study and [47,48,49].
Below we list separately some features of the Ay and the Py, which in many aspects look very
similar and indicate a common nature of both phenomena.

Features of the analyzing power in inclusive hadron production by polarized protons and
antiprotons:

a) Scaling behaviour for the analyzing power as a function of x4, = (zgr + zr)/2 and pr in
the polarized proton fragmentation region as well as in the central region.

b) The analyzing power is approximated by a product of functions of pr and z4,: Ay =
F(pr)G(zas).

¢) The function F(pr) for analyzing power rises with pr at small pr < pJ. and have a plateau
or decrease above pJ., where pJ. = 0.3-5 GeV/c depends on a reaction type.

d) The function G(z ) for the analyzing power is proportional to sinjw(za, — )], where w
is a constant and x; could depend on pr.

e) The analyzing power is zero at pr = 0 due to the absence of a preferable direction, such
as a normal to the scattering plane. That implies F(0) = 0.

f) Ax # 0 implies that the direction of transverse motion of the produced hadron depends
on the polarization of the projectile.

g) The sign and the magnitude of the Ay depend on the projectile, the target, and the
produced hadron flavors. The same is valid for the parameters of equations, describing
the scaling properties of Ay.

Features of the hyperon polarization in inclusive production by the pions, kaons, unpolarized
protons, hyperons and antiprotons:

a) Scaling behaviour for the hyperon polarization as a function of x4+ = (xg +zr)/2 and pr
in the beam fragmentation region, the target fragmentation region as well as in the central
region.

b) The hyperon polarization is approximated by a product of functions of pr and x44+: Py =
F(pr)|G(xay — x2) — 0G(z4_ + 22)], where the z, and the o could depend on pr and a
reaction type.
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¢) The function F(pr) for the hyperon polarization rises with pr at small p; < p% and have
a plateau or decrease above p%., where p). = 0.4-2 GeV/c depends on a reaction type.

d) The function G(z+) for the hyperon polarization is proportional to sinfw(za+ — x1)],
where w is a constant and z; could depend on pr.

e) The hyperon polarization is zero at pr = 0 due to the absence of a preferable direction,
such as a normal to the scattering plane. This implies F(0) = 0.

f) Py # 0 means that there exists a correlation between the direction of transverse motion
of the produced hyperon and the polarization of this hyperon.

g) The sign and the magnitude of the Py depend on the projectile, the target, and the
produced hadron flavors. The same is valid for the parameters of equations, describing
the scaling properties of Pg.

Comparing the items corresponding to the analyzing power features and those referring to
the hyperon polarization, we are practically forced to accept the conclusion that Ay and Py are
closely related to each other.

8.2. Dependence of the hyperon polarization on quantum numbers

The magnitude of hyperon polarization (Py®*) varies significantly with the hyperon, the
projectile and the target flavors and the target atomic weight. The values of P3?* for different
reactions were estimated for xr > 0, where most of the data have been measured, using eqgs.
(10)-(20) and fit parameters, taken from Tables 1-9. The sign of the P> is indicated the same
as that for the experimental data if it does not vary in the mentioned above region, and + -
otherwise. The results are presented in Table 10 for 22 different reactions.

It is easy to notice from Table 10 that there is a correlation between the value of P{** and
the w parameter for the corresponding reactions. The product of these two values, |P{F**| - w
varies much less than each value separately. We may conclude from Table 10 that at least for
the reactions of A, Z° and 2~ production in pBe collisions the magnitude of their polarization
can be approximated by a simple empirical relation (21).

There is also a very interesting feature of the hyperon polarization, related with the value of
the parameter w in egs. (10)-(21). The results of the data fits indicate (see Table 10) that for
the hyperon and antihyperon production in pp(A), K*p, 7*p, ¥~p, A(Z°)p, and pp collisions
the w parameter depends on flavors of the projectile, the produced hyperon and the target. It
can be expressed for the reaction a + b — ¢' + X using the formula

1=4
wo =Y a:Q;, (22)
=1

where ); depends on the quark content of hadrons participating in the reaction, and a; are fit

parameters. In particular,
23

24
25
26

Q1 = |Be|[ng(ac) + ng™(ac)],
Q2 = B,:¥(B,) + 20[ng(ac) — 6]6(B,z),
Qs = [Bal|Bl{ Byz + 26[ny(ac) — 6]6(Bee) },
Q4 = |Ba|6(N{ — 2) cos[n; (ac) /2] sin[ny(ac)m /4],

(23)
(24)
(25)
(26)
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where

if n #£ 0;

n7
¥(n) = { 1, otherwise, (27)
and 0, ifz#0
y 1 )
oz) = { 1, otherwise. (28)
Table 10. The estimate of maximum in hyperon polarization magnitude using the fit parameters of
eq. (10)-(20). The maximum is estimated for zr > 0 region.
# reaction c cQ w wq PE* Pq
1 pBe — A -1.2240.05 -1.21 3.134+0.24 3.045 -0.272+0.011 -0.271
2 pBe — =° -1.37+0.61  -0.89 6.104+0.92 6.090 -0.141+0.052 -0.121
3 pBe — =~ -0.81+0.12  -0.88 5.954+0.74 6.090 -0.140+0.021 -0.119
4 pBe Xt 3.96+0.85 3.27 1.94+1.2 3.045 0.337£0.076 0.409
5 pBe — ¥~ 4.244.2 4.31 6.1+4.0 6.090 0.34+0.26 0.470
6 Kp—A 4.254+0.37 4.41 3.53£0.22 3.58 0.61+0.11 0.575
7 K p—ET 6.8 + 2.7 298 3.04+0.88 3.58 0.53+0.17 0.345
8 Ktp = A 24+ 1.3 -2.20 4.441.5 3.58 +0.234+0.15 -0.287
9 T p— A -1.67 £ 0.59 -1.62 4.33£0.94 3.58 +0.23+0.14 -0.223
10 7tp— A 25+ 29 -1.62 5.246.5 3.58 +0.14+0.17 -0.223
11 K p—A 10 £ 10 2.62 5.55 5.55 0.42+0.40 0.307
12 Ktp— A 39+£1.0 5.25 4.441.9 5.55 0.784+0.25 0.614
13 pBe = A -0.49 £ 0.22 -0.76 18.5+5.7 22.27 +0.021+£0.010 -0.017
14 pBe — A 3.5+1.2 2.44 16.2+4.1 14.21 +£0.1874£ 0.046 0.168
15 pBe — =7 -16 £ 12 -17.7  63.9+£22.2 65.19 -0.1840.03 -0.194
16 Z=°Be - =~ 2374042 214 46.043.7 45.97 £0.026+0.005 0.025
17 ¥C—= -1514+048 -1.77 3.3+3.5 3.045 -0.4040.40 -0.36
18 ABe — Q~ 26 +£4.1 1.56 6.090 6.090 0.111+£0.067 0.128
19 pp — D 0.73 £0.10 0.73 6.12+40.21 6.090 40.0724+0.014 0.068
20 pBe — Q™ 1.36 £ 0.69 1.58 22.27 22.27 0.032+0.016 0.029
21 pCu— %~ 3.17 22.27 0.088+0.011 0.086
22 pBe— XY 3.26 3.045 0.28+0.13 0.41

In the above formulas n,(ac) is the minimal number of quarks in the ac¢ system (¢g pairs of
the same flavor are cancelled, see quark diagram in Fig. 25). The n:**(ac) denotes additional
(extra) quarks and antiquarks, produced in a process above the minimal level when a higher
order quark level diagram is used, as in the case of the process p + p — p + X. In the last
mentioned process n,(a¢) = 0, and we assume that the inclusive protons are produced via a
single valence quark fragmentation. So, four additional quarks and antiquarks are produced in
this process, similar to the case of p + p — =~ 4+ X process, shown in Fig. 25. For all other
processes presented in Table 10 the n4(ac) > 0 and n¢*(ac) = 0. The sum [n,(ac) + ni"*(ac)]
can also be considered as the number of spectator quarks in a process a — c.
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Fig. 25. The diagram of a proton fragmentation
into a =~ hyperon. The number of resid-
ual quarks is characterized by n,(ac).
n q(af:)

The ng(aé) is the net number of s quarks or antiquarks in the ac system. The B,: and By,
are the baryon numbers of the a¢ and the bé systems, respectively. The B,, B, and B, are the
corresponding baryon numbers, and N¢ is the number of s quarks in a produced hadron c.

The value n,(ac) is used in the Constituent Interchange model (CIM) [52] which predicts a
cross section at pr = 0 of the form

Ed’c
d®p

(@ —c) ~ (1 — zp)na@d=3, (29)

The first term of eq. (22) is needed to take into account the reactions # 1 - # 5, the second one
takes into account the specific properties of the meson induced reactions # 6 - # 12, the third
term is important for the antibaryon production, the @, takes into account very high “oscillation
frequency” data for the (anti)hyperons, containing two s quarks when the beam hadron has two
(zero) s quarks (see reactions # 15-16).

The w values presented in Table 10 were fitted using eq. (22) and the parameters a, are
shown in Table 11. The reactions #11,18 and 20-22 were not used in the fit, since they have too
few data points.

Table 11. The fit parameters of egs. (22), (33) and (39).

aq as as Qay XQ/NDOF
1.523+0.045 0.99+0.24 5.58+1.40 42.9+3.7 3.57/13
b1 bg bg b4 XQ/NDOF

0.77£0.41 0.48+0.21  4.944.1 12.8£9.8 9.6/11

2
c1 c2 3 [ X°/Npor

2.0+1.7 0.35£0.51  5.945.5  15.08+£9.7 5.77/12

If the inclusive protons are produced via the beam quark fragmentation similar to the reaction
# 2, then the number of spectator quarks n¢**(ac) = 4 and the predicted value wg = 6.090 is in
a good agreement with the estimated value 6.12 + 0.21.

The dependence of the w parameter vs wg is shown in Fig. 26 for 17 different reactions,
presented in Table 10. The arrow indicates also the position of the w = 0.99 prediction for the
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analyzing power in the reactions p'p — 7(K) + X. The line in Fig. 26 shows the result of the
fit w = r-wg with » = 1.002 £ 0.025 and x*/Npor = 0.38/17. This figure confirms a strong

correlation of the w parameter with the quantum numbers which characterize the reaction.

s 107

10

dicted one, wq.

2
10
Oq

The o parameter was found to be consistent with

(1, for pp(A) collisions;
9@ = —®g, otherwise,

where

Oq = (—1)"W(B)¥(Ya)¥(Ye)/U(ASe),

Fig. 26. The estimated w parameter vs the pre-

(30)

(31)

where Y,, Y., and AS,. = S, —S. are hypercharges (Y = B+ S5) of a, ¢, and strangeness change,
respectively. The n. is the number of quarks with parallel spins in the hadron c. It is assumed
here, in accordance with the SU(6) quark model [45,54], that n. = 3 for the Q~, n. = 2 for the

20—, ¥*#0 protons, neutrons, and n. = 1 for the A.
The pY parameter was found to be consistent with an approximation

pr = kp/[ny(ac) + ng" (ac)],
where k% = 2.32 £0.14 GeV/c.

The normalization parameter ¢ in eq. (10) can be approximated by

o — EQ(Ea, €p,y EC)WQ¢Q@QVQWQ(GP, aH)
N 1+ Aw(b) ’

where
€o(€as €y €c) = 3[eama/N; + ebmb/Né’ + ecmc/ch]/mp,

@Q = {1 + 25(Baé)[\lj(‘Ba5‘) - 1]}{1 + Sa(l - ‘Ba‘)(l + 3Bbé)/4}a
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Vo =14+46(B, —1)§(S. + 1)é(n. — 2)/n,(ac), (36)
Wolay, ag) =[1 —a,0(B, — 1)d(S,)]exp{ay sin[r(n. — 1)|Baz||Ba|/4]}- (37)

~

The ratio ®4/(1 + Aw(b)) takes into account the sign and the scale of polarization in the
xr > 0 region. The other factors in eq. (33) take into account the specific features of different
reactions. The masses of the colliding hadrons are taken into account by a factor g, eq. (34),
where m,, my, m., and m,, are the masses of hadrons a, b, c and a proton, respectively. The N7,
N é’ , and N are the numbers of quarks in the corresponding hadrons. Eq. (35) takes into account
an enhanced polarization magnitude for the pp annihilation and for the strange meson induced
reactions. The V, enhances the polarization in the hyperon beam induced reactions. The Wy
suppresses the hyperon polarization and enhances antihyperon polarization in the proton beam
induced reactions. The last factor in the Wy takes into account the enhanced polarization
magnitude for antihyperons with n. = 2 vs those with n, = 1.

A

The value of Aw(b) is given by eq.
~ i=4 ’
Aw(b) =D b:@Q;, (38)
i=1

where Q/l = ‘Bc‘ngwt(aé)a Q/Q = Baé\Ij(Ba)a Q/s = ‘BaHBc‘Bbé/\Ij[Q(nc_NsC) +1]a Qil = Q4B., and
b; are the fit parameters. Eq. (33) has also five additional fit parameters: the normalization
constants €,, €, €., the a, and the ay parameters.

The fit of ¢ parameter for the reactions #1 - # 19 , presented in Table 10, is made using
eq. (33). It gives ¢, = 0.49 £ 0.14, ¢, = 1.02 £ 0.20, ¢, = —0.76 £ 0.15, a, = 0.35 £ 0.66, and
apg = 0.7+ 3.9. The parameters b, are presented in Table 11. The values of ¢, are presented in
Table 10 with the sign given by eq. (33).

The magnitude P{** of the polarization can be approximated by the equation similar to eq.
(33):

(€0 €hs €) POV H W (ay, aly)

Po= A" 11 Aw(@) ! (39)

where
Hq = (1+ [Ba|){1 = [Buc|| Ba| /5} /2. (40)
The corresponding fit parameters €, ... are different from ¢,, ... due to non-zero phases z;
and z, in eq. (10). The fit gives €, = 0.55 &+ 0.22, ¢, = 1.47 + 0.37, €, = —1.10 + 0.25,

a, = 0.34 £ 1.04, and a}; = 1.36 + 0.44. The H, factor takes into account the suppression of
hyperon polarization for meson induced reactions and a corresponding reduction of antihyperon
polarization for baryon beams.

The dependence of o parameter in eq. (39) on quantum numbers is approximated as

ag = Qeryp - Prne/Y(|Se]), (41)

where a.;r = —0.22 4+ 0.05.

The fit of [P{**| using | Pg| (the sign of PF®* was not taken into account) was made for the
reactions # 1 - # 22. The resulting values of P are shown in Table 10.

We can notice from Table 10 that eq. (39) predicts not only the right magnitude of the
hyperon polarization but also predicts the right sign of it. In particular, for the reaction # 15,
the @), and as a result the denominator are negative, that leads to the negative polarization sign
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and a large magnitude of it. The sign of @)} for the reaction # 16 is positive that results in a
much smaller polarization magnitude. Both reactions (# 15 and # 16) represent unique cases
of a very large ”oscillation frequencies” w and at the same time show significant polarization
magnitudes. For the reaction # 15 the w is larger by about 19 than it is for the reaction # 16
as we expect for antihyperon production, in analogy with the reactions # 13 and # 1.

Some predictions of the w and other parameters of the hyperon polarization for the reactions
not listed in Table 10 are shown in Table 12.

Table 12. The predictions of the w and other parameters, characterizing hyperon polarization in different
reactions.

# reaction wq cQ Pq aq Py
23 E7p—=Q 3045 -22 -0.58 -0.25 1.16
24 E% - Q- 3045 -2.2 -0.57 -0.25 1.16
25 Ap—E= 3045 -16 -0.58 -0.25 1.16
26 K p—Q~ 358 -0.53 0.047 -0.17 0.77
27 7wtp—A 5.58 -0.88 -0.11 -0.17 0.77
28 7 p—A 5.58 -0.88 -0.11 -0.17 0.77
29 op — A 2227 7.0 0.25 -0.08 0.39
30 pp—¥t 2227 -13  -0.87 -0.16 0.39
31 pp—E- 6519 2.0 0.033 -0.08 0.39

A new high statistics data are required for the reactions shown in Table 12 to establish their
scaling properties and to estimate the w parameter.

Egs. (22), (33) and (39) should have their explanations in the models of strong interaction
and ultimately in the QCD, perhaps, in the non-pertubative approach.

The value of parameter w can also be estimated for the processes in which the analyzing
power is measured. That requires additional precise measurements in a wide range of zr in
a kinematic area where the x4 scaling is fulfilled (pr > 1 GeV/c and/or the beam energy
> 40 GeV). The reactions with meson beams are of special interest because of a high value of
the w parameter and a possibility of “oscillation” of the analyzing power as a function of xp
(compare Figs. 18-20, 22 and the preliminary results in [47]).

If we assume that egs. (10)-(22) are valid also for the analyzing power Ay, we can make
predictions of the w for different reactions.

In particular, we expect w = 0.99 for the 7 , m production in pp and pp collisions;
w = 3.045 for the A production in pp collisions; w = 6.090 for the proton production in pp
collisions and w = 22.27 for the antiproton and A production in pp collisions. These predictions
include 14 different reactions and are consistent with the data analysis presented in [48].

Eq. (22) also predicts that in some cases a target particle plays a significant role in the
dynamics of a hyperon production. This is the case when the baryon number B, and ()3 are
different from zero.

The scaling behaviour of the Ay and Py indicates that the corresponding processes take
place at the quark or parton level. In case of the discussed above scaling for the analyzing
power and for the hyperon polarization such constituents could be the constituent quarks or

+,0 +,0
, K
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the current quarks (see related discussion in [55]). In order to resolve quark degrees of freedom
inside a hadron, the transverse momentum pr in a process should be higher than pY.. That could
be the reason for the pr dependence of polarization (19).

8.3. Interference origin of the hyperon polarization

The polarization of hadrons is a pure Quantum mechanics effect related with the interference
of spin-flip (¢) and spin-nonflip (f) amplitudes. The transverse hadron polarization can be
expressed via the f and g amplitudes as [56]

Py = Im(f*g)/(If* +1g/”). (42)

Taking into account egs. (10)- (12) we can choose amplitudes f and g as
f o< folexp|—iw(zay — 21 — 22) /2] + (Vo) exp|—iw(Ta_ — 71 + 72) /2], (43)

g X goiA“F(pT) Aexpltiw(zay — 1 — 32)/2] — (Vo)exp[+iw(za_ — 1+ 22)/2]},  (44)

where f; and g, are the functions of kinematic variables (zp, pr, v/s) with zero relative phases,
which have to satisfy the constrains followed from both the polarization and the cross section
data. The generalized optical theorem predicts the following relation for a cross section:

Pudo = Im(f*g), (45)

where do is the corresponding unpolarized inclusive cross section [46], which can be used together
with eq. (42) to fix the fy and go.

To have a non-zero value of the Py both amplitudes have to be non-zero and the phase
difference A¢ between spin-flip and spin-nonflip amplitudes has to be non-zero too. For the
cases of 0 = %1 the following phase differences are expected from eqs. (43)-(44):

Ap=(1+0)r/4+ w(xrw, — x1) + Arg(c/w). (46)

As we can see from eq. (46), the variables zp and w play an important role in the hyperon
polarization phenomena since they determinate the phase difference between the spin-flip and
non-flip amplitudes. The higher is the w value, the larger the A¢ change rate with the xy
increase. Eq. (22) for wg can be considered as a sum of effective “charges”, which create a mean
field and lead to the change of the phase difference A¢.

In the lowest-order pertubative QCD all amplitudes are relatively real. This tends to rule out
polarization in the hard scattering of partons, which seems to be well described in the low-order
QCD. The observation of undiminished polarization near pr = 4 GeV/c implies that either
pertubative QCD does not apply or that another mechanism is responsible, such as interference
of exited states or the fragmentation process [11].

8.4. Some theoretical ideas for hyperon polarization

Several phenomenological models have been proposed to explain the hyperon polarization
data and the analyzing power data (see recent review in [46]). Some of the models have the
features that allow one to understand, at least at a qualitative level, the analogy between the
Ay and the Py discussed above.
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8.4.1. Orbital motion of valence quarks

One class of such models assumes that an orbital motion of valence quarks and surface effects
are responsible for the correlation between the quark spin direction and transverse motion of
produced hadron [49,55]. By taking the A’s containing two, one or zero valence quark(s) of a
beam proton into account, the model predicts the sign and the zr dependence of A’s polarization.
The model predicts correctly the sign and the magnitude of ¥, 2%~ polarization in pp collisions,
and A polarization in K ~p collisions. It also predicts a smaller magnitude for A’s produced by
7% beams. The authors of the model claim an analogy of mechanisms, which lead to non-zero
hyperon polarization and analyzing power. The model does not explain the specific features of
antihyperon polarization.

8.4.2. Parton rotation inside constituent quarks

A separate approach was developed by Troshin and Tyurin, which assumes the rotation
of a quark-antiquark cloud inside constituent quarks [57,58]. The main role belongs to the
orbital angular momentum and polarization of the strange quark-antiquark pairs in the internal
structure of constituent quarks. The hyperons are produced in two stages. At the first stage the
overlapping and interaction of peripheral clouds occur which results in massive quark appearance
and a mean field is generated. Constituent quarks located in the central part of hadron are
supposed to scatter in a quasi-independent way by this mean field. At the second stage two
mechanisms take place: Recombination of the constituent quarks with a virtual massive strange
quark (soft interaction) into a hyperon or a scattering of a constituent quark in the mean field,
excitation of this constituent quark, appearance of a strange quark as a result of decay of the
constituent quark and a subsequent fragmentation of a strange quark into a hyperon (high pr’s
hard interaction). The resulting expression at pr > 1 GeV/c is

P(s,z,pr) ~sin[P, < Lg, >], (47)

where P, is the polarization of the constituent quark g which arises due to multiple scattering
in the mean field and < Lg, > is the mean value of an internal angular momentum inside the
constituent quark.

Thus, in this model the polarization of a strange quark is the result of multiple scattering of
a parent constituent quark, the correlation between the polarization of a strange quark and the
polarization of the constituent quark and a local compensation of a spin and an orbital angular
momentum of a strange quark.

The simplest possible = dependence of P, is taken

Py(z) = P, (48)

where P,""*" = —1.

The model predicts the negative sign and xzr dependence of the A polarization. Eq. (47)
resembles eq. (12), especially in the beam fragmentation region. Egs. (47), (48) predicts a
scaling behaviour of the hyperon polarization. The concept of the mean field, generated by
quarks, which leads to a hyperon polarization is also in consent with the analysis, presented
above. There are no predictions for other hyperons, though the authors assume zero polarization
in inclusive process pp — p+ X due to a low probability of multiple scattering in the mean field
in comparison with a single scattering. A single scattering does not polarize quarks and protons
appear unpolarized in the final state since a single scattering is dominant in this process.
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There are several semiclassical models, which provide simple arguments for a qualitative
description of the hyperon polarization, but since they fully ignore the relevance of the phase
difference, which is crucial, they are unable to make solid quantitative predictions.

8.4.3. The recombination model

In the recombination model [59,60] a dynamical reason for the above mentioned spin-
momentum correlation is explained by the effect of Thomas precession [61,62]. The effect arises
when the direction of the force acting on a quark does not coincide with the direction of its
motion. It leads to a rotation of the quark spin and could be the reason of the discussed above
“oscillation” of polarization or analyzing power as a function of zr. The Thomas frequency is
an inverse function of a quark mass

o= 2 4V, (49)
v+ 1myg
where V is the strange quark velocity, F' - the force, m, - the strange quark mass, and v =
(1 — V?)~1/2. An additional term will appear in the effective Hamiltonian which describes the
recombination process

U=138 - Wr, (50)

where ? is a spin of the quark. Within the old-fashioned perturbation theory the final expression
for the A polarization is
12przp(xp — 3z4)
AzoM?(xp + 3x,)?’

where it is assumed that a recombination (hadronization) time At o« (p2“¢/m,)Ax,, the average
momentum of the quark is p?*® oc P(xp + 3z,)/6 and Az ~ 4 GeV ™" is a distance scale of the
order of the proton radius. The M ~ 2 GeV/c? is an effective mass and the z, is a fraction
of a proton momentum (P) which carries the s quark [59]. These assumptions lead to a quark
mass cancellation in the polarization formula (51) and a scaling behaviour of the A polarization.
The model gives the right sign and a good approximation of the xzr dependence for the A
polarization. There are also many predictions for hyperon polarization in other reactions. They
are based on some rules which are formulated within the framework of the recombination model.
In particular, there is a statement that the effect of recombination of the partons in the proton
as they are transferred into the outgoing hadron may be different depending on whether they
are accelerated (as are the slow sea partons) or decelerated (as are the fast valence partons).
It is also a statement that two partons with similar wave functions in the proton may interact
with themselves differently not as they interact with a parton whose wave function is different.
This results in a simple rule: Slow partons preferentially recombine with their spins down in the
scattering plane while fast partons recombine with their spins up.

The model predicts correctly the polarization sign but not the magnitude for some of the
reaction. So, the model predicts the same polarization magnitude for p — A as it is for p — 270,
but we know from the above analysis that the polarization magnitudes for Z7° are two times
smaller. Similarly, for K~p — A process the model predicts the same magnitude as for p — A,
while the measured value is two times larger. Since the polarization in the model is essentially
kinematic at the quark level all the antibaryons should have zero polarization. As we have seen
in the above analysis, the experimental situation is much more complicated.

Plp—A)=

(51)
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There is another estimate of the hadronization time which follows from the analysis of A-
dependence of hadron production At ~ p¢/M¢Z, where My ~ 1 GeV [63]. The use of this At
estimate results in a different expression for the A polarization

_2pTM02xF(xF — 3xy)
myM2xg(zp + 3x,)

Plp—A)= (52)
which is an inverse function of the s quark mass m,. This example shows that the hyperon
polarization is sensitive to the details of the hadronization process. These results seem to imply
that the origin of hyperon polarization is closely related with the confinement mechanism.

Since the Thomas precession frequency is an inverse function of the quark mass m,, this may
be the reason for a large variation of the wq parameter for different reactions. The ratio m,/myq
is estimated to be from 17 to 25 with a mean about 21 [64]. The same order of magnitude
is given by the ratio 65.19/3.045 = 21.4 of the wg parameters for the processes p — =t and
p — A, in which s and d quarks play an important role. It is interesting to estimate the number
of revolutions of a quark spin using the above approximations

Pr - (xF - 3.’['3)
my - (zp + 3z5)

N,ot = wrAt = (53)
Taking typical zrp = 0.7, z, = 0.1, pr = 1 GeV/c, and m, = 122 MeV/c?, we have N, = 3.3,
while for the d quark with my; = 6 MeV/c? the N,,, = 67. So, the number of quark spin
revolutions due to the Thomas precession could be rather large and varies in the same range as
that of the wg.

8.4.4. Lund model

Another explanation of spin-momentum correlation follows from a picture of a colour flux
tube, which emerges after the collision between an outgoing quark and the rest of hadronic
system [65,66]. The SU(6) wave function is assumed for hadrons, in particular, for A the (ud)
system is in a singlet state, so the A polarization is that of the s quark. An outgoing ud diquark
with spin S = 0 and isospin I = 0 stretches the color field and a ss pair is produced. It is
assumed that the s quark has py which must be locally compensated by that of the 5 quark.
As a result, the s5 pair has an orbital momentum which is assumed to be balanced by the spin
of the ss pair. The model predicts a negative A polarization in pp collisions but cannot predict
its magnitude or xr dependence. The pr dependence of the polarization is linear. The model
needs additional assumptions to explain the polarization in other reactions and fails to explain
the antihyperon polarization.

8.4.5. Optical approximation

We propose a simple toy model which uses an analogy with the optics. Let us consider
the Z production in a collision of two protons (a and b) in their c.m. reference frame. The
proton’s longitudinal size is about 2R}, /Yem, where R, =~ 0.8 fm is a proton radius and 7., =
E.m/(2m,c?).

In an optical picture the phase can be related with the number of scattering centers [67].
We assume here that a hadron can be characterized by an effective refractive index (n) which
leads to a phase difference x = (n—1)d-p,/h between spin-flip and spin-nonflip quark scattering
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amplitudes, where d is a total path length inside a proton and p, ~ p./z =~ p,xr/z is a quark
momentum. It is assumed here for the sake of simplicity that a quark from the proton a
passes on average half of the proton b thickness and then changes its angle due to a scattering
in the proton b. The second part of its way inside the proton is approximately by a factor
of 1/ cosf.,, = xgr/xr larger than that before the scattering (we consider here not too large
scattering angles). This results in a phase difference

- Rh(n — l)l'R

~ 54
)\p<z>wp(xF+xR)’ (54)

a

where \, = h/(m,c) ~ 0.210 fm is the proton Compton wavelength. Eq. (54) can be rewritten
as Xq = Weff - Ta4, Where
2Rh(n — l)l'R

, 55
Ap < z2>xp (55)

Weff =
and < z > is the mean fraction of quarks momentum which is carried by the produced hyperon.
A similar consideration of the proton b quark scattering inside the proton a results in a x, =
wers - Ta— and the total contribution into the =~ polarization is

Pz o [Sin(wefy - as) — sin(wesp - za-)], (56)

which is very similar to eq. (10). The averaging over the transverse quark coordinates inside
a proton is not taken into account for the sake of simplicity. A more careful consideration of
a quark path length after the scattering removes the singularity 1/zr in eq. (56) since the
path length is limited at 6., = 7/2 by the R;,. The pr dependence of a hyperon polarization
is also not taken into account in eq. (56) since we assume that pr is high enough to resolve
quarks inside the hadron structure. The condition for that is pr - Ry, > h, or pr > 0.25 GeV/c.
Comparison of egs. (55) and (22) assumes that (n — 1) o wg x n,(ac).

We may learn from this toy model that the hyperon polarization oscillation is probably
related with a corresponding scattering amplitude phase change due to the hadron mean field
generated during hadron interaction. The scaling variables x4, and x4_ arise in this model
from the consideration of geometrical and relativistic properties of hadrons interaction and the
assumption that the phase difference x is proportional to the quark path length in the mean
hadron field.

Conclusion

It is shown that the existing hyperon polarization data in inclusive reactions for pp(A), 7p,
K¥*p, pp and hyperon-nucleon collisions can be described by a simple function of p;r and two
scaling variables x4y = (g £ 2r)/2: P = A°F(pr)[G(xay — 22) — 0G(za_ + x3)]. It can be
presented also for the case of pp(A) collisions as a product of functions of pr, g, and xp

Py = < A%lerl . F(py) coslw(zr/2 — 21)] sinfw(zr/2 — 22)], (57)

w
where F(pr), 1, and x5 are the functions of pr, which can be approximated by constants above
1-2 GeV/c, depending on a reaction type. The data fits indicate a simple relation for the w

parameter in case of hyperons produced in pp collisions: w ~ 1.5n,(a¢), where n,(ac) is the
number of quarks in the a¢ system. This relation and the data fits allow one to predict a
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maximum in the absolute value of hyperon polarization at r ~ 0.6 — 0.9 for w ~ 3 (A and X71),
and at xp ~ 0.3 — 0.6 for w ~ 6 (X, =7, and =°). To describe the w also for the antihyperon
polarization as well as for the hyperon polarization in collisions different from pp, additional
terms are needed which are presented in eq. (22).

The pr dependence of hyperon polarization not related with scaling variables x4+, is given
by the F(pr), which is rising at small pr and probably have a plateau above 0.4-2.0 GeV/c,
depending on the reaction type. No evidence of the decrease of the F(pr) at high pr is found.

The data fits indicate also that the A hyperon polarization decreases on nuclear targets
according to the law Py Acilzrl ) with oy ~ —0.16. This effect may be related with the
rescattering of polarized s quarks in the nuclear matter before formation of a hyperon is over.
Since the formation length is proportional to the final hyperon momentum, we expect a rise of
s quark rescattering probability with |zp| increase. Due to the similarity between the hyperon
polarization and the analyzing power scaling features we expect that the A-dependence of the
analyzing power is also described by the law Ay < A%1l#7l with a; ~ —(0.1 + 0.3).

The polarization of A and =~ in K~ p collisions has the same sign and order of magnitude.
The maximum of polarization is located near zp = 0.6 — 0.7. The corresponding w parameter
in eq. (10), which determines the rate of polarization change when zr increases, is close to 3.5
for both reactions.

The sign of the polarization for a hyperon which have common valence quarks with the
beam hadron is in accordance with the known rule that a valence quark scattered to the left
prefers to have a positive polarization. Such behaviour is in a qualitative agreement with the
predictions from the models, which take into account the Thomas precession [59,60] and color
forces between an outgoing quark and the rest of hadronic system [65,66].

The polarization of A in pp collisions is fitted well by eq. (10) and indicates an oscillation
of it as a function of xzr. Similar oscillations with high w parameter are also seen for other
processes, including Z2° — =~ and p — Q.

A universal description of the hyperon polarization in all hadron induced reactions is pro-
posed, which also includes the antihyperon production. The polarization sign, its magnitude as
well as the w parameter depend on quark composition of hadrons participating in the reaction
and can be predicted using the proposed formulas.

There is an analogy between the scaling properties of polarization for hyperons, produced in
collisions of unpolarized hadrons, and the scaling properties of the analyzing power of hadrons,
produced in the collisions of polarized protons (antiprotons) with hadrons. Both spin-dependent
quantities can be approximated as a product of a function F(pr) and a function of scaling
variables z4+: G(za.) in the case of analyzing power, and [Gy(za;) — G_(z4_)] in the case
of hyperon polarization. The functions G(zay) or Gi(za+) are approximated in the scaling
limit by a simple expression o sinjw(x 4+ — 1)}, where z; can be a constant or a function of pr.
This analogy between the analyzing power and the hyperon polarization indicates on a common
origin of both phenomena.
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B.B. A6pamos
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