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Abstract. Using the symmetry properties of the strong interaction, such as the Pauli principle, the
P-invariance, the conservation of the total angular momentum and isotopic invariance, we establish the
spin structure of the threshold matrix elements for the processes p+p — O+ X" and n+p — 1 4+ A°,
in the near-threshold region, in a model-independent way, which applies to any spin and parity of the
©*-hyperon. We predict the double-spin observables for these processes, such as the dependence of the
differential cross-section on the polarizations of the colliding nucleons, and the coefficients of polarization
transfer from a nucleon beam or target to the produced X7- or A%-hyperon. We prove that these observ-
ables are sensitive to the P-parity of the ©T-baryon, for any value of its spin. As an example of dynamical

considerations, we analyzed these reactions in the framework of K-meson exchange.

PACS. 13.88.+¢

Polarization in interactions and scattering — 13.75.-n Hadron-induced low- and

intermediate-energy reactions and scattering (energy < 10 GeV) — 14.20.Jn Hyperons

1 Introduction

The quantum numbers of the possible pentaquark state
©(1540) is object of intensive experimental and theoretical
considerations. In particular, the P-parity of this baryon
is important in order to disentangle different models [1-8].

In principle, specific polarization phenomena in differ-
ent reactions, such as y+N — Ot +K [9], 7+ N — Ot +K
and K+ N — 7t + 671 [10,11], p+p — O + T [12
13, n+p — OF + A° [14,15], p+p — 7 + A +
6% 19,16] ..., can constitute the tool for an adequate
and model-independent way for the determination of the
P-parity of the ©-hyperon. However, the above-listed re-
actions can be used only if one knows some other quan-
tum numbers of @, such as the spin, or, in some cases,
the isospin. In general, the mass and the total width do
not enter in such considerations. In the reactions involv-
ing the K-meson (in initial or in final states) the P-parity
of the K-meson has to be known. A typical assumption
is that the K-meson is pseudoscalar, following the quark
model, but, up to now, there are only indirect experimen-
tal indications. We may remind that, in the beginning
of photo- and electroproduction studies, both values were
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considered in the interpretation of the data, [17]. This
problem is crucial in the context of the ©-classification,
as the main @1 -decay, ©F — NK, being a strong decay,
is controlled by the kaon P-parity.

The purpose of this paper is to generalize the analysis
of the determination of the P-parity of the ©*-baryon,
produced in the simplest reactions of the NN interaction,
p+p — OFT+ Xt and n+p — O@1T+4°, to the case of an ar-
bitrary spin of the @ -hyperon. This analysis can be done
in a model-independent form, using the basic symmetry
properties of the strong interaction, and does not need any
specific dynamical assumptions for the above-mentioned
processes. This problem has been analyzed in frame of a
different formalism [18].

The central point of this analysis is based on the ob-
servation that there is a kinematical region near the re-
action threshold, where the final baryons are produced in
S-state [19]. This region has an extension in the variable
Q (Q = /s — My — My, s is the square of the total en-
ergy of the colliding nucleons, M; and M, are the masses
of the produced hyperons), which is related to the finite
radius of the strong interaction. Note that, for the pro-
duction of strange particles, in NN collisions, such radius
is expected to be of the order of 1/mg, my is the kaon
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mass. Therefore, the corresponding threshold region, with
S-wave production, is expected to be quite wide.

This paper is organized as follows. In sect. 2 we con-
sider the production of @F-baryon with j© = 3/2%. We
establish the spin structure of the threshold matrix ele-
ments for p+p — OT + Xt and n+p — 61 + A°, and
analyze double-spin polarization observables, sensitive to
the parity of the ©T-hyperon. The generalization on the
case of any spin of the ©F-hyperon is done in sect. 3.

2 The reaction N+ N —- Y +0OT, Y =Aor
L, jP(et) =3/2%

The simplest reactions of ©%1  production in
nucleon-nucleon collisions, p + p — XT + ©T and
n+p — A% + 6%, with the lowest threshold energy
Ep = 3.03 GeV (threshold momentum py, = 2.88 GeV)
and 2.82 GeV (pr, = 2.66 GeV), respectively, seem good
candidates for the determination of the P-parity of the
©7T-hyperon, through the measurement of different polar-
ization observables. The polarization transfer coefficient
from the initial nucleon (beam or target) to the produced
Y-hyperon, is relatively easy to measure, because the A°-
and the X T-hyperons are self-analyzing particles.

Note, in this respect, that the DISTO Collaboration
showed the feasibility of this method, by measuring the
D, coefficient at proton momentum of 3.67 GeV/c, which
showed that “D,, is large and negative (~ —0.4) over
most of the kinematic region” [20]. It was mentioned in [16]
that a nonzero value of D,,, in the threshold region,
can be considered as the experimental confirmation of the
pseudoscalar nature of the K T-meson.

Polarization effects in N + N — Y + 671 for j© =
1/2%, have been studied earlier [12,14,15,13], where it
was shown that at least two observables, Ay, and D,,
are sensitive to the parity of the ©T-hyperon, in different
ways for p+p — Xt +OT andn+p — A+ OF.

A similar derivation will be done for a more compli-
cated case, j© = 3/2%, in the following sections.

2.1 The reaction n +p — A’ 4 ©1, jP(©@1) = 3/2~

The selection rules with respect to the strong interaction
allow a single threshold partial transition:

S;i=0, ti=1-J%=1"—=8;=1, £;=0, (1)
where S; and ¢; (Sy and ¢;) are the total spin and angular
orbital momentum of the initial (final) baryons, J% is
the total angular momentum and P-parity of the colliding
nucleons. We assume, all along this work, that the isotopic
spin of the ©T-hyperon is equal to zero. This assumption
is important only for n+p — @1 4+ A° but not for p+p —
ot + Xt

Therefore transition (1) results from the generalized
Pauli principle. The corresponding matrix element can be

written as

M) = 17 (Reoy 1) (Xloy 1) xa = Xaka = x -k, (2)
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where k is the unit vector along the three-momentum
of the colliding nucleons, in the reaction CM system, x1
and xs2 are the two-component spinors of the initial nu-
cleons, x3 is the two-component spinor of the produced
A-hyperon and x, is the two-component spinor with three-
vector index a, describing the polarization properties of
the ©F with spin 3/2, obeying the following condition:

(3)

is the partial amplitude for the singlet

o-X= 07
and, finally, /(f)
np interaction.

Equation (3) allows to derive the dependence of the
differential (and total) cross-section on the polarizations
P, and Ps of the colliding nucleons:

do )

ds?

do

(P, Py) = (E)O(l_Pl'P2)’ (4)

independently of the amplitude f/(l_), i.e. independently
of the concrete dynamics for the considered reaction.

It is straightforward to show that all polarization
transfer coefficients, characterizing the dependence of the
polarization of any final baryon on the polarization of any
initial nucleon, vanish. The physical reason is that the sin-
glet np-state, being “closed” with respect to both nucleon
spins, does not contain and does not transmit any infor-
mation on the polarization to the final baryons.

Therefore the predictions

Az = Ayy =A,.= -1,

sz = Dyy = Dzz =0 (5)

are typical properties for negative P-parity ©% production
for n +p — A%+ ©+(3/27) in the threshold region.

Note that the z-axis is taken along the beam direction,
and the axial symmetry of S-wave production results in
the equality of (zz) and (yy) components of all polariza-
tion observables.

2.2 The reaction n +p — A + @1, jP(@1) = 3/2+

The symmetry selection rules (P-invariance, conservation
of the total angular momentum and the validity of the
generalized Pauli principle) result in the following three
partial transitions:

Si=1, Li=0—-J"=1"—=85;=1, (;=0,
Si=1, 4;=2—-J"=1"=8;=1, (;=0, (6)
—»Jl=2" - 85;=2 ¢;=0.

The corresponding matrix element can be written as
M = 17 (aoyo - kxa) (X ko 25)
+f2(;1r) [)ZQUy(Jm - ]Afmo' : 1A{)Xl} (XL%)Z;) (7)

ifsh) [Reoy (@ x K| (X - koo, 1),
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where f(j_), 1 = 1,2,3 are the partial amplitudes for the

K2

case of positive parity of the ©*-hyperon. Note that the
amplitude fl(j{) describes the triplet np interaction in a
state with zero value of total spin projection, but the am-
plitudes fég?/l describe the np interaction with total spin
projection equal to £1.

Therefore, the cross-section for polarized n + p colli-
sions can be written as

do P

ap PrP=

do . .

(dg)o [14+ AP P+ Ak Pk Py
DA = 1A7P,

DA =2 (-fDP+ ISP +1E1E), @

where D§1+) = |fl(z)\2 +2 <|f2(I)|2 + ‘f§1)|2)'

The relation 3A§+) +A§+) = 1, which is correct for any

values of partial amplitudes fi(;(), results from the absence

of the singlet np interaction —for the considered case.
One can find from (8)

(-1 -

+
s

(+) (+) (+) 20
AR +2 (102 + 15 12)

+) — +) —

N | =

9)

which is different from the case of negative P-parity.

The same conclusion holds for the case of the coef-
ficients of polarization transfer. The dependence of the
A-polarization P 4 on the initial beam polarization, P (de-
scribed by the two-component spinor x2) can be written
in the following form, which holds for S-wave production:

Py =piPP+p{ k(k P), (10)
where p; o are real coefficients, which can be expressed as
a function of the amplitudes as

DLV = 20150 P~ Ref{y (1) +2£51))"

+), (+ + +
DYIpEY = — |11+ 2155
+Re [FV A 2055 + 150 137 ()
Therefore, generally, the polarization transfer coefficients
D) = DG = pi), D) = p{T) + plH

do not vanish, in this case.

In order to have a quantitative estimation of these po-
larization observables, let us consider a simple model for
n+p — A+ 67T, based on t-channel K-exchange (fig. 1).

Note that only the coherent sum of the two diagrams,
with vertices which satisfy the isotopic invariance, results
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Fig. 1. K-exchange for the reaction n +p — A° + 0.

in a correct spin structure of the threshold matrix element,
see eq. (7). Each diagram generates a spin structure with
a singlet amplitude, which cancels in the final sum. The
final result for the considered mechanism can be written
as

O =

+
—J3a f2(A) = 0.

(12)
Let us stress that these predictions do not depend on the
values of the coupling constants gy 1x and gnvek, and on
the phenomenological form factors which are important
ingredients of this model. These quantities enter in the
calculation of the absolute values of the differential (and
total) cross-section, but not in the predictions for the po-
larization observables.

Substituting eq. (12) in egs. (8) and (11), one can find

A = A = Al = 2

2 2
Dg(c;) — Dg(fyL) __= D = =2

3 ) zz 3 (13)

Note that the predicted result Dg(cj;) = —2/3 coincides with
DG = —2/3, which can be found for p+ p — A+ K+ +
p —in the framework of a similar model, based on K-
exchange, in agreement with the existing DISTO results.
We stress again, that this simple model is taken here only
for illustration.

Another confirmation of the validity of this simple
model, which takes into account only K-exchange for
threshold strange-particle production in pp collisions is the
large value of the ratio o(pp — AK*p)/o(pp — YK ™Tp),
measured in COSY [19].

Considering the similarity of final states in N + N —
A+ KT + N and in the reaction of interest here, n +
p— A+6O0t — A+ KT + n, one can assume that the
K-exchange model can be applied also here. Of course,
this is not a proof, but a qualitative argument to justify
the model taken here for a quick estimation of polariza-
tion effects in A + ©T(3/2%), with a complicated spin
structure.

The result found here, DZ(,L') = —2/3, (which is model
dependent in case of j©(OT) = 3/2% ) is very far
from the value D@(,;) = 0, which has been found in a
model-independent way for the opposite parity of ©, and
shows the level of accuracy which will be necessary, in or-
der to discriminate the different parities of the ©T-baryon.
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2.3 The reaction p+p — Xt + 01, jP(©1) = 3/2+
For a positive parity, only one spin transition is allowed
at threshold:

Si:O, fi:2—>._7P:2+—>Sf:2,

ty=0, (14)

to which corresponds the following matrix element:

M) = 1D (o) (- ko ko). (15)
The dependence of the differential cross-section on the po-

larizations of the initial nucleons is

do do

99 (o — TrO+) = () (1—P,-Py),
a0 i),

and the polarization transfer coefficients

+ _ p+ _ p+ _
i.e. the result is similar to the reaction n +p — A° +

©7%(3/27), but with opposite parity!

2.4 The reactionp+p — X+ + 01, jF(©F) = 3/2—

The selection rules related to the strong interaction allow
the following partial transitions:

Si=1, Li=1-J"=1"=85;=1, £;=0,
—Jl=2"—=8;=2(;=0, (17)
Si=1, £;=3-J"=2"—85;=2, (;=0.

with matrix element
MG =
£S5 (Gaoyo - kx1) (X' - ko - ko)
+155) [Reoy(m — o K| (X - kome, 7)) (18)

+if§s [Reoy(o x Kpmxa | (0uoy XD).

The dependence of the differential cross-section on the po-
larizations of the colliding nucleons can be written in a
standard form, which holds for S-wave production:

do )

ds?

d _ N\~ ~
2 [L+ AP Py Ak Pk Py (19)
ae),

(pp— ¥7OT) =

with the following formulas for A; o5:

SAY =115,
DAY =2 [P+ 1P+ 1HEP] o)

with
DG =1 P +2 (15 2+ 115 2),
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i.€.

AD(Z) =

A () =AY >o. (21)
The polarization transfer coefficients can be expressed as

a function of the amplitudes as

P = pl P+ pilk(k - P), (22)
DSply = RefiY 215 + 15, (23)
D(E )péz) = 2|f22 | - |f:§2 ‘ —Re f12 f( »

—2Re (211 — 15)) 185" (24)

Let us evaluate these observables again in the frame-
work of the above-mentioned K-exchange model for
p+p— X7+ OF. Two Feynman diagrams, in analogy
with those of fig. 1 generate the following relation between

the partial amplitudes fi(g )

=0, i =15, (25)

again independent of coupling constants and phenomeno-
logical form factors. This allows to find

A (D) = A (D) = AL (D) =

Wl =

DX =

_ _ 1

3 The reaction N + N — Y 4+ @7 (j?), any j°

In this section, we consider the case of any j© for the
O -hyperon, produced in the reactions N+ N — Y +OT,
Y = A- or X T-hyperon.

At the reaction threshold, the polarization proper-
ties of the ©T(5) can be described by the q — 0
limit of the corresponding Rarita-Schwinger spinor (q is
the ©F three-momentum), more exactly by the following
two-component spinor Xe,,..a,, » = Jj — 1/2,7 > 3/2,
with definite number of vector indices. Such spinor has to
satisfy the conditions
n — 07 Xaaas,...,an — Oa (27)

O—aXaagag,.‘.,a

Xaias,....an = Xazai,...,ans
and this last property guarantees the symmetry with re-
spect to the interchange of any pair of vector indices a;,
i=1,...,n
Evidently, such construction has 25 + 1 independent
components, as must be the case for a particle with spin j.
We will apply this general formalism, for the descrip-
tion of the polarization properties of a fermion with spin
j, to the process p +p — X 4+ O in threshold condi-
tions. The process n +p — A% + O1 can be considered in
a similar way.
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3.1 The reaction p+p — X + Ot (j1)

In this section we consider the case when the P-parity of
©T is positive. The selection rules allow only one partial
transition:

SiZO, EZ‘ZGVGD —>._7:Z—>Sf:€i, ff:O, (28)
with the following relation between ¢; and j:
1 ;
li=j— 3, if P(©) = (-1)"71/2,
1t 5t 9t
i.e. (] =5 3 35 >7
1 .
li=j+ 5, if P(©) = (—1)7"/2
3t o7t o1t
. P
.e. ==, -, = ...]. 2
i (7=5 55 ) (29)

The first case corresponds to natural (n) parity and the
second to unnatural (u) parity.

The corresponding matrix element can be written as
follows:

M = FH () (Ra0,x1) oy 7). (30)

with

X4=Xaraz,...,an Kas l%az, ceey l%an, for natural P-parity,

X4= 0'~1A<Xa1a2,m}an I%all%a27 e /%an? for unnatural P-parity,

where f (+)(j) is the partial amplitude, depending on the
O spin j.

Independently of the value of the © spin j, from the
matrix element (30) one derives the general form for all
double-spin polarization observables:

do ) . do
10 (4) (E) (1-Py-Py),
0

D) (j) =D (j) = DD (5) =0,

— Myy
due to the “closed” initial singlet pp-state.

3.2 The reaction p+p — X1t 4+ O+ (j7)

The case of negative P-parity must be treated separately,
for natural- and unnatural-parity states.

3.2.1 Natural P-parity

3= 77
For j¥ == | — ... the following partial transitions are
allowed:
1 1 1
Si=1, li=j—5—T=j-5—5=j-3
JmgmI=izg=or=iy
1 1
—’j:j+§—>5f=j+§7 (32)

.3 o1 1
&:]‘i’__’j:]“‘__)sf:j‘i‘_

Sizla )
2 2 2
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with the corresponding spin structure of the matrix ele-
ment:

MO G) = 15 () (Reoyo - kxa) (xfo - ko, 1)
+i87 () [Ra0y (0 % Kmxa | (o i), (33)

152 () (Rey0mx0) X (0 — ke R)r, K]

where fi(; '(j), i = 1-3, are the independent par-
tial amplitudes and X4 = Xajas,....ankaKasy - Ka,s

X4m =Xmasa,....an kag; R ka” .

3.2.2 Unnatural P-parity

17 57
The case j© = 3 15 generates the following set of
triplet transitions:

3 1 1

Sz ) el J 2 J J 9 - Sf J 9’
S;i=1, ¢ | + ! J=J 1 S 1 (34)

. = ;= —_ —> = _ = > = _—

i ) i J 2 J 9 f J 9’

—-J=j+ L S | + L

= — — = —

J 2 F=17 9

with the corresponding matrix element:
M) = f12 (2040 T (o 1)
+ifs,) () [Ra(e x Kmxa | Odomoy i) (35)
152 0) [Re(om = e x| (o 7).
Equations (33) and (35) allow to express the coefficients
AT, i =
152G or (Fiy

1,2, in terms of the partial amplitudes
'(5)):
- A7 G)12
AT (G) = —— L E—
AT GR + 2017 G+ 157612
BAT () + AT () =1, (36)

(the indices uw and n are not indicated in these formulas).
One can see that for any j, the negative parity of the
©-hyperon results in

A () = A5 () > 0.

(37)

In the general case, the numerical value of the asymmetries
depend on j, being, however, positive. This holds for the
process p +p — XT + 6T,

Note, finally, that in the K-meson exchange model
(which is taken here for illustrative purposes), one can
find

B0 =0 A6 =£H70G) A0 (38)
where the sign + corresponds to natural or unnatural
P-parity, with the following universal result for any j:

. . Vs 1

i.e. in this model the asymmetries do not depend on j.

(39)
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4 Conclusions

We calculated double-spin polarization observables in the
simplest processes of ©@F production in NN collisions,
n+p — A°+60% and p+p — X+ +61. We proved that the
spin correlation coefficients A, and A,, (in the collisions
of transversally polarized nucleons) and the polarization
transfer coefficient D, (characterizing the transversal po-
larization of the final hyperon, X+ or A° self-analyzing
particles, emitted in the collision of a polarized (unpolar-
ized) nucleon beam with unpolarized (polarized) nucleon
target) can be considered as model-independent filters for
the determination of the P-parity of the ©@T-hyperon,
whatever value takes its spin.

We found that the spin structure of the matrix element
is essentially different for different parities. Whereas only
the singlet amplitude is present in p +p — X7 + 6T,
for positive parity and any spin, for the process n +p —
A% + O the singlet amplitude is associated to a negative
parity (for any spin).

In the same formalism, we established that the process
p+p— YT 4+ 6OT(j7) is characterized by three triplet
amplitudes, for any j, 7 > 3/2. Similar triplet amplitudes
define the spin structure of the threshold matrix element
for n +p — A% 4+ O7, in case of positive ©F parity.

We stress once more that the functional forms of the
spin structure and polarization phenomena in both reac-
tions n+p — A°+ Ot and p+p — X7 + OT, have been
done in a model-independent way, using only the general
selection rules which hold for strong interaction, as con-
servation of total angular momentum, isotopic invariance,
Pauli principle.

This allowed us to generalize the previously proposed
methods for the ©F parity determination in the case of
j = 1/2 to any value of the spin. The main result of this
work can be formulated as follows: the sign of the asym-
metry A,, (which is different for p+p — X+ + OF and
n+p — A° + 6F) is uniquely related to the OF par-
ity, independently of its spin j. This is also correct for
the polarization transfer coefficient D,,: a value equal or
different from zero of this coefficient is an unambiguous
signature of the discussed P-parity.

Numerical estimations of these polarization observ-
ables were done using a simple but realistic dynamical
model, for the considered reactions, based on K-meson
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exchange. In the framework of this model, the relations
among the threshold partial amplitudes are independent
of the coupling constants for the vertices of the consid-
ered Feynman diagrams and of the parametrization of the
phenomenological form factors, quantities which enter in
the calculation of the differential cross-section. Polariza-
tion phenomena do not depend on these ingredients of the
model, but are more sensitive to more general properties
of the reaction mechanism, such as the quantum numbers
of the exchanged particles.

The polarization phenomena discussed here are
T-even, so they do not vanish even in the framework of
a simple model, with real amplitudes. Moreover they are
not very sensitive to the effects of initial- and final-state
interaction.
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