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We investigate polarization observables in hyperon-nucleon scattering by decomposing scattering ampli-
tudes into spin-space tensors, where each component describes scattering by corresponding spin-dependent
interactions, so that contributions of the interactions in the observables are individually identified. In this way,
for elastic scattering we find some linear combinations of the observables sensitive to particular spin-dependent
interactions such as symmetric spin-oithif) interactions and antisymmetricS ones. These will be useful to
criticize theoretical predictions of the interactions when the relevant observables are measured. We treat vector
analyzing powers, depolarizations, and coefficients of polarization transfers and spin correlations, a part of
which is numerically examined iB*p scattering as an example. Total cross sections are studied for polarized
beams and targets as well as for unpolarized ones to investigate spin dependence of imaginary parts of forward
scattering amplitudes.
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[. INTRODUCTION such combinations will thereby be useful to clarify charac-
teristics of the interactions and provide clear-cut criticisms

Interactions between hyperons and nucleons are fundgn the spin dependence of the model interactions when the
mental subjects in studies of nuclear structures and reactiong|evant observables are measured.

that contain hyperons. So far, a number of theoretical models |n order to relate the polarization observables to the spin-
for hyperon-nucleorfYN) interactions have been developed dependent interactions, we will decompose the scattering
based on boson-exchange modéts3] or quark-cluster ones amplitudes into scalar, vector, etc., in the spin space, each of
[4,5]. On the other hand, experimental studies of the interacwhich describes scattering by central interactions, by spin-
tions throughY N scattering have scarcely been performed,vector interactions such dsS ones, etc. When the observ-
which leaves many ambiguities, particularly on their spinables are described in terms of such amplitudes, one will be
dependence. able to identify the contributions of particular spin-dependent
As is well known, polarization phenomena are a substaninteraction in the observables accordingly. Similar decompo-
tial tool for studying spin-dependent interactions. In a phaseSitions of the scattering amplitudes have been applied to
shift analysis ofY N scattering[6], which is an information ~analyses of nucleon-deuteron scatteriig1d, which have

source of the spin-dependent interactions, polarization opProvided deeper understanding of the effects of spin-
servables are shown to be indispensable to avoid ambiglEi_ependent interactions in the scattering observables and have
ities succeeded in clarifying the scalar, vector, and tensor charac-

, ters of three-nucleon forces. Such success encourages us to
Recently, asymmetries of scattered hyperons have bee tend the method to théN scattering.

measured for elastic scattering of polarizEd and A on In the present paper, we will consider a general case of

p;oton?[?], t.Whé?f? prowdefa:ﬂ exp'erlénentaclj ewdel;]ct(\aﬁgn thescattering between two spin-1/2 particles, since the spins of
characteristic ditterence of the spin dependence betepn — 1, a0ns and hyperong,, =, etc., are 1/2. In Sec. I, the

andA_p Interactions, tho_ugh of qualltgtlve nature at pres.ent'decomposition of the scattering amplitude into the spin-space
Considering that such kinds of experimental research will bg, . .<"is given in a model independent way. Each compo-

de;/elople d. mtc?re mbthe fugljre,wv'\ile W|Iltth.eor(.at|calllyt.|nvcisu- nent of the decomposed amplitude is related to conventional
?ha € po adnza |0dn 0 S%;;/\Ia. tes i sca Ierlng n rle a |otn.bo amplitudes by giving explicit forms for the tensors. In this
€ Spin dependence interactions. in general, contribu- way, elastic scattering is investigated in detail. As will be

tio_ns from_ different_ Kinds of spin-dependent interac_tions A& hHown later, the present amplitude includes a vector compo-
mixed up in scattering observables. However, we will perICtnent effective for mixing of total intrinsic spins, which is

?or?e Ilfneart.colmbmqnogs of ghe to_b.zerva?les tc?A\exlh|b|t ef; bsent in the amplitude of nucleon-nucleon scattering. Thus
ects of particular spin-dependent Iinteractions. Analyses of, o polarization observables in théN scattering are com-

posed of the constituents in a way different from that in the
nucleon-nucleon scatteriff@1]. Using the amplitudes given
*Email address: ishikawa@i.hosei.ac.jp in Sec. Il, we investigate typical polarization observables for

0556-2813/2004/63)/03400113)/$22.50 69 034001-1 ©2004 The American Physical Society



S. ISHIKAWA, M. TANIFUJI, Y. ISERI, AND Y. YAMAMOTO PHYSICAL REVIEW C 69, 034001(2004

elastic scattering in Sec. Ill, where the analyzing powers and MB(ss;kiks) = () MK (511 kiky) . (5)
second order polarization observables, such as depolariza- _ _ _ _

tions, are treated. Further, it is shown that total cross sectionshus the scattering amplitude consists of the following non-
for the polarized beam and target as well as for the unpolarvanishing independent amplitudes classified by the rank of
ized ones exhibit contributions of particular spin-dependenthe spin-space tensor: the scalar amplitudg$=0, 1)
interactions to the scattering amplitudes, when linear combi- Oris

nations are considered. In Sec. IV, a part of theoretical pre- Uj=Mg (jj kike), (6)
dictions is numerically examined as an example of ¥ig .
scattering by using the Nijmegen interactid$, where the the vector one(j=1.2,3

calculated quantities are compared with different versions of DT L

the interactions. Summary will be given in Sec. V. $1= M1 (01 kik), (73

—MD10-k.
Il. SCATTERING AMPLITUDES FOR =My (10°kiky), (70)

TWO SPIN-1/2 PARTICLES
. . _ . S3= M (1Lkiky), (70)
A. Spin tensor analysis of scattering amplitudes

Let us consider th& matrix M for scattering of two spin- and the tensor oneg(j=1,2,3

1/2 particles,a+b— c+d, characterized by the isospin and

the strangeness, where the parity is conserved. The matrix
element ofM gives the scattering amplitude as usual. ToThese amplitudes describe the scattering by interactions with
decompose the amplitude according to the tensorial properghe corresponding tensor property, where contributions of
in the spin space, we will expard by spin-space tensors of higher orders of the interactions are included under the re-

K
the rankK andz component, Si ' striction due to the tensorial property. For example, the sca-
(K lar amplitudeU;’s include the higher order contributions as
M= ()s¥RY, (1) long as they form scalars in the spin space.
Kk

The present scattering amplitude is equivalent to the
i Wolfenstein amplitude in Ref3] in the sense that both are

K) : ; .
whereR, ™ is a coordinate-space tensor associated #ith ., mhsed of two scalar components, three vector ones, and
Then the matrix element d¥l designated by the compo-

nents of spins of the related particleg, etc., and the rela-
tive momenta between the particles in the initial and final
statesk; andk;, is given by

three tensor ones. Also, such decomposition of the scattering
amplitude into spin-space tensor components is based on the
theoretical development in RgflL3] and is similar to that in
Ref. [14] for nucleon-nucleon inelastic scattering. In practi-

11 cal cases, U;, §, and T; are calculated from
(vevg KM |vamp; k) = > <- v SiVi) (vevg; Ki|M | v ki), which will be obtained in conventional
susi V2 2 ways. More details are given in Appendix A.
11 In the elastic scattering, time-reversed states are equiva-
><<— — ey sfvf) lent to the original ones. Then applying the time-reversal
22 theorem[15] to the matrix element o, we get
S (s Sy —
Xg( s ulKi) (vevgi KilM[vapp; ki) = () 7eaa™
XMS (s s:kike), ) X (= vy = vp; = kiIM|= v = vg; = k),

9
where the geometrical part of the matrix elememsé?) is )
described by the Clebsch-Gordan coefficient due to thévhich leads to
Wigner-Eckart theorem, and the physical part is included in e . s rsKn g (K)o
the last facton\/lf(K)(ssf;kikf), which is an amplitude of rank M, (sskik)=(T M (s -k —ki). - (10)

K and is given by This gives the following relations for the vector and tensor
()5S amplitudes, the derivation of which is given in Appendix B:
MK (ss1kik) = —=—=(5||S™||s) X (k| R¥|k:). (3)
o (ssikiky) = 2 = (5ISTs) < (R Clki) S=-5 (1)
In the choice of the Madison convention for the referenceand
axes,z||k; and | |k; X ki, R(_’f() is related toRf{K) due to the
i i 1 3
parity conservatiorj12] as = sin0< \/jTl - Ts) == codT,. (12
2 2
R¥ = (<RI, @
Thus the independent amplitudes for the elastic scattering
which leads to are two scalar ones, two vector ones, and two tensor ones.
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Since the composition of independent amplitudes depends on 1
the property of the scattering, we will specify the scattering T,= T’éTl +Ts, (193

to the elastic one for further developments. v
B. Conventional representation of elastic scattering Tg= TETl — T3, (19b)

v

For the elastic scatteringy+b— a+b, the T matrix will ) ]
be represented in terms of spin-independent, spin-spin, synfthich give

metric LS (SLS), antisymmetricLS (ALS), and tensor com- T,=- tam(%-raJr TB)' (20)
ponents as
M =V +V(Sa - So)+ Vsis(Sat Sp) - L+ Vars(sa =) - L
+Vi([s, ® Sb](z) Yo(F)) (13) Ill. POLARIZATION OBSERVABLES
whereL is thea-b relative orbital angular momentum,is In this section, we will calculate analyzing powers, depo-

thea-b relative coordinate, ands are form-factor functions, larizations, polarization transfer coefficients, and spin corre-
which include the higher order effects, for the spin-lation coefficients for the elastic scatterimgyrb—a+b, and
independent central interactior, the spin-spin interaction total cross sections using the scattering amplitudes derived in
V,, the SLS interactioVs, s, the ALS interactionV, s, and  the preceding section and show their linear combinations
the tensor interactionvy. Here, exchange effects due to Sensitive to individuals of the scalar, vector, and tensor inter-
strangeness transfers between the particles are included &¢tions.
Vi s. For the nucleon-nucleon scattering, the ternVgyfs
is eliminated because of the equivalenceacdndb.

We will connect the amplitudes of Eq®)—(8) to those in
Eq. (13) by specifyingS*® and RiK) in Eq. (3) as 1 andV,, The vector analyzing powers,(a) for the polarized beam
(Sa-Sy) andV,, s, and Vg ol =1 (Vaisk.1), Where the a andA(b) for the polarized targeh, which are equivalent
terms of k=1 are effective due to Eq7), etc. For this pur- to respective cross-section asymmetries, are defined as
pose, we define new scalar amplitudes,

A. Vector analyzing powers

1
- = +
U= (VK (143 @)= Moy @M, (213
U, = (k|V,y ki), (14b) 1
’ Vel A/b) = —TrMo,(M], (21b)
and new vector amplitudes, NRr
So = (ki VausLalki), (159 whereNg s given by
8, = (lVard 1) (150 Ng = Tr(MM)=|Ug? +[Uy* + 2( S, + [S)* +[S)
| v s T2+ 2 T2+ [ToP) (22)
and obtain . . . .
, and is related to differential cross sectiahs/dcos as
Up=U,-3U 1
07 Fa  4¥h (163 do 27k
deosy~ 4k R 29
Uy =3(U, +2Up), (16b) co i
and Using the amplitudes in Eq$6)—(8), we get
4 1 1 1 1
S1=-%=-S,, (179 Ay(@) = —Imy - —=Ug +—U*<—— - )—<?
y() Ne 2 0> 3ot V,,zsl S V,zsl
$5= 2. (17b) 1_\'( 1 1.( [3
. . . oS | ZETtTs)= 5Tl \ V5T Ts (s
ThenS, (=-S,) describes the scattering by the ALS interac- 2 \6 2 2
tion andS; that by the SLS interaction. The former interac- (243
tion couples the states of the total intrinsic spins 0 and 1,
while the latter interaction does not. 4 1 1 1 1
The tensor amplitudes; (j=1,2,3 are calculated as A/(b) = N_le{ﬁugsz_ \—§U1<\—~51+ 53>+ (\_E
Ty = 5(keVr Yo alki), (18) 1 V(1 L 3
where one ofT; is not independent due to the time-reversal - 5%) (=T1+ T3] - §T2< \/;Tl—T3>}
theorem, Eq.(12). For later convenience, we will choose V6
independent amplitudeg, and T, as (24b)
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For the elastic scattering, in terms of the conventional j 1 N
amplitudes, Eqs(14), (15), and(19), we get Di(a) = N—RTr[Mai(a)M ai@]. (29
When we consider the polarization of the partbeafter the

42 x 1.
Aa) = Nr Im{U“(S‘“+ St 4UB( SutSp) scattering, we define the polarization transfer coefficient as

1. - 1
- éTa(— S, + Sﬁ)}, (259 Kl(a—b) = N—Tr[M ai(a)MTaj(b)]. (30
R
I Finally we describe effects of the simultaneous polarizations
Ab) = - ﬂlm Ui(-S,+Sy + EU*B(SQ+ Sy of both a andb in the initial state by the spin correlation
Ng 4 coefficient
1. 1
- ETQ(SQ +Sp) [, (25b) Cj= N—Tr[MUi(a)aj(b)MT]. (31)
R
and Specifyingi andj to two of x, y, andz, one gets 15 nonva-

nishing observables, whose expressions for the general scat-
N =4U,J*+ %|Uﬁ|2 * 4(|S“|2+ Ssl) + st + 4T, tering %re given in Appendix C.p ’
+2(tarf 6+ 1)[|T 4%+ Re(T’;Tﬁ)], (26) In the following, we will discuss linear combinations of
) ) ) such second order polarization observables for the elastic
where we used.the following relation due to the time-reversa attering, which are convenient for studying characteristics
relation Eq.(12): of the interactions.

3 Let us examine the sum of the diagonal elements of the
Im T2( \/;Tl_Tg) =0. (27)  second order polarization observables. The results are

1 1
Here, we will consider the sum and the difference of Di(a)+D§(a)+D§(a):—{|Ua|2——|Uﬁ|2
A,(a) andAy(b): Ngr 16

8\2 1 1Y\ + 1[|s 2+|S,%- 4 ReS.Sy)]
AJ@) +Ayb) = - —Im (Ua+—UB——Ta> Sst, R b
Ng 4P 2
1
(283 - §(|T1|2 + 2T+ 2|T3|2)} :
8\2 1 1Y (32
Ay@) - A(b) = - NLIm{<Ua— ZUp* ETQ> sa}.
R
(28) Ki(@a— b) +Kj(a— b) +Kja—b)
e . 3 . 1 4
The quantities inside the curly brackets in E¢g83g and = —{2 Re(UUp) + Z|UgP = (IS, = [S4P)
(28b) are proportional to the matrix elements\é§, J ., and Nr 2 3
Vaski, respectively, as shown in E@l5). Then we can 1 5 5 5
separate the contribution of the ALS interaction from that of - §(|T1| +2|To| "+ 2T4") ¢, (33

the SLS interaction by considering such linear combinations

of the analyzing power\(a) + A (b) will be sensitive to the

strength of the SLS interaction arfj(a)-A,(b) to that of Cyu+ Cyy+ Cpp= i{_ U2+ }|U1|2— f(|5a|2_ 1S52)

the ALS one for giverlJ,, Ug, andT,. The boson-exchange Nr 3 3

model[3], for instance, predicts a strong SLS interaction for 1

the =*p system but a weak one for thiep system. On the + (| T2+ 2T, + 2|T3|2)}, (34)
other hand, the ALS interaction is stronger for the latter than 3

for the former, although their magnitudes are small. Meawhere the cross terms of the amplitudes with different ranks
surements of these quantities therefore will give clear-cugych as R@J;TB) are canceled out.

examination of such characteristic features ofltisdnterac- If we neglect the terms without the scalar amplitudes, for

tions. example, in Eqs(32) and(26), assuming that the scalar am-
plitudes are dominant over the other amplitudes, we get

B. Second order polarization observables 1 y , 1 , 1 )
First we will define the observables to be discussed. When © = 3LPx(® * Dy(@) + Di(&)] ~ N_R<4|U“| - Z|U13| )
the colliding particlea is polarized ini-axis direction, one (35)

defines the depolarizatiolD{(a), which describes the polar-
ization ofa in the j-axis direction after the scattering by and

034001-4
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Ng ~ 4/U,J> + §|UB|2, (36) One of the independent total cross sections is the unpo-

larized total cross sectiom,n,, Calculated from a density
which give the magnitudes of the scalar amplitudes as matrix

b _1 1
|Ua|2~ &?(1+3D), (373) P|(a )_El(a)@) zl(b), (43)
16 wherel® and|® are the unit matrices for particlesandb,
) respectively.
|Ugl* ~ Ng(1-D). (37b) As for the other two total cross sections, we consider

Moreover, for the second order polarization observablesthose with Iong.|tud|nal and transverse polan_zaﬂgns._ In gen-
ral, when particlea andb are polarized in th¢-axis direc-

there are several linear combinations that exhibit effects off' ith polarizati @ ando®. th di
particular components of the interaction: for example, lon wi po(aa;mz(le)\) lonsp™ andp™, the corresponding Cross
sectiono;(p'?,p™) is obtained with spin density matrix

8 *
Cyt+ Gyt Ki(a—b) +K{a—b) = N—RRe{(U s+ T U, p*P = p@30® @ p® 3ol (44)

(38) whereo® and o' are the Pauli spin matrices farandb.
The polarization axis is along the beam directiprz, for

" the longitudinal configuration and is perpendicular to the

_a * beam direction, typicallyj=y, for the transverse one. The
- = R +T o

™ Cx R U+ Ta) S, (39) longitudinal asymmetryAo, and the transverse asymmetry

Ao; [8] are defined as the difference of the cross sections

4\5 provided by the reversal of the partidiés spin:
Ki(a— b)-Kj(a—b)= N_Re{(u s+ T.) S, (40)
R

AO-L = UZ(+ 11_ l) - O-Z(+ 1! + 1)1 (45a)
and Aor=oy(+1,-D-oy(+1, +1). (45b)
Dy(a) + Dj(a) = — targ(D}(a) — D3(a)) From these definitions, we obtain
A el (U + T (T, 4T K
- NR B a 2 @ B . |m[Ua((9: 0)] = ZTO'unpoh (463)
(41)

The numerators on the right-hand sides of these equations Im[Ug(6=0)]=~ L(AaL +2Ao7), (46b)
are, respectively, proportional to the magnitudes of the am- 6
plitudes,U,, S,, S, and J,/2Ta+TB, and then the left-hand _
side quantities will give some kinds of measures of the V2k
strength of the corresponding interactions, when multiplied Im[T,(6=0)]=~ 4\’/§7T(AO-L —Aoy). (460

by the cross section. Since E¢89)—(41) include onlyU; as
the scalar amplitude, they will be useful for investigation of That is, for the imaginary part of the forward scattering am-

the spin-spin interaction. plitude, the spin-independent scalar amplitude is determined
by oynpor @nd the spin-spin scalar amplitude and the tensor
C. Spin-dependent total cross sections amplitude are determined byo, and Aot. Then measure-

_ ) _ ments of such total cross sections will provide criticisms of
Total cross sections, when no Coulomb interaction actsyhe calculated amplitudes for scattering of neutral hyperons,
provide thg imaginary parts of forward scattering amplitudes_fOr example, Ap scattering. Since the imaginary parts of
by the optical theorem. In the present system, three ampliscattering amplitudes reflect absorption effects due to related
tudes with«x=0, namely,U,, Ug, andT,, survive at the for-  reaction channels, measurements of these cross sections will
ward angle, which are important sources of information onprovide information of the nature of the couplings with the

the scalar and tensor interactions. We will consider correghannels, particularly, by clarifying which kinds of the spin-
spondingly three kinds of total cross sections by choosingjependent interactions are important.

proper polarizations of the target and beam particles.
Let us denote the spin density of an initial state, which

consists of the beam partickeand the target patrticlb, by IV. NUMERICAL EXAMINATION IN  3*p SCATTERING
pi(a’b). Then the optical theorem gives the corresponding total o ) o
cross sectionr as As a test of the validity of the theoretical predictions, we

will perform numerical calculations foE*p scattering with

4w @b) the Nijmegen soft-core one-boson-exchange potential mod-
o= Tlm{Tr(Pi M) g=ot (42) els (NSC97 [2]. In Ref.[2], six differentY N potential mod-
els, NSC97a to NSC97f, which are characterized by different
wherek is the magnitude ok;. choices for the magnetic vector ratio, have been phenomeno-
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logically derived as descriptions of existing experimental
data. These potential models contain the scalar, vector, and
tensor components of various strengths, and therefore should
be suitable for the present test. In all of the figures below, we
will plot results of three potentials, namely, NSC97a,
NSC97c, and NSC97f, to avoid an unnecessary confusion
due to overclosed lines.

A. Scattering amplitudes

The magnitudes of the scalar amplitudélg, andUg, the
vector amplitudes$, and S, and the tensor amplitudes;,
T,, and T3 for the X*p scattering atpy+=170 and
450 MeV/c are plotted in Figs. 1 and 2, respectively. As seen
in these figures, the NSC97 models give similar angular de-
pendence for each kind of the amplitude in a global sense: a
weak co® dependence of the scalar amplitudes except for
forward angles particularly remarkable @t-=170 MeV/c,
a hill-like distribution peaked at cés0-0.5 for the vector
amplitudes, a one-node-like structure for the tensor ampli-
tude T, etc. Such characteristics of the angular dependence
will be understood by the plane-wave Born approximation as
demonstrated in Refl16], where the matrix element of the
coordinate-space tensor in E®) is given as

<kf|RE<K)|ki>:f eiq.rYKK(’r\)VK(r)dr

:47TiKYKK(€1)fO jk@Vi(radr.  (47)

lines are calculations by the NSC97a potential model, the dasheHere,Vy is a relevant potential for the tensor of rakkand
lines by the NSC97c one, and the dotted lines by the NSC97f oney is the momentum transfer in the scattering,

U | (fm)

15

15

1.0}

|, ] (fm)

FIG. 2. The same as Fig. 1, but

""""""" o4r at ps+=450 MeV/c.
s, m It i
04 ’ __ 03 ',-’-::5.:\ Pt o
A g . N \‘\‘;‘:‘
IS IX10 =
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_—"-_ _____ \\\\ :.",f’ N AN
i
0.0 Eeczsocueeeey e e .
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q=ki —k;.

(48)

For the elastic scattering, the magnitude and azimuthal angl

PHYSICAL REVIEW C 69, 034001(2004)

200

of the momentum transfay are given by
_— 150
q=kyV2(1 - cod), (498 g
3
sing © 100
tanfgy=———, (49b)
1-co9

wherek=|k;| =|k;|. Equationg47) and(49) explain essential 50

features of the angular dependence of the amplitudes in Figs
1 and 2. 0 . . . . ) . A
Equation(47) indicates that the magnitudes of the ampli- 100 200 300 400 500 600
tudes in Figs. 1 and 2 are measures of the strengths of th P, (MeVic)
relevant interactions. Aps+=170 MeV/c, the magnitude of
Ug is much larger than that dfJ, and of the vector and
tensor amplitudes except for abs 1, where the Coulomb
scattering is dominant itJ,. Such superiority of the spin-
spin amplitudes is interpreted as the result of large contribu
tions of the pion-exchange mechanism to the central interad&
tion. On the other hand, g@k+=450 MeV Ic, the magnitudes
of U,, U and the tensor amplitudes are comparable. Th&. Itis seen that the total cross section is mainly governed by
magnitude ofS, is very small, indicating weak ALS interac- the contributions of the scalar amplitudes and the contribu-
tions. Both|S,| and S, decrease with the change of the tion of the spin-spin interactiony s, is particularly dominant
interaction from NSC97a to NSCO7f, reflecting stronger LSat the low momenta. Thisl; contribution explains the main
interactions in NSC97a and weaker ones in NSC97f. part of the measured cross sections in Fig. 3. For a higher

FIG. 3. “Total” cross section by Eq50) for the X*p scattering
for 100 MeV/c=<ps+=<600 MeV/c. See the caption of Fig. 1 for
the definitions of the theoretical curves. The filled squares denote
the experimental data from Reffl7], the open circles from Ref.
the open triangle from Ref19].

150

B. Cross sections

As discussed in Sec. Il C, a set of the spin-dependent
total cross sections for a system without a Coulomb force 100
works as measures of the strength for the spin-dependent
interactions by the optical theorem. However, the Coulomb
interaction in theX*p system prevents such a measurement
of the total cross section. In analyzityd\ data of 1960s, an
averaged value of the cross section over a certain range of
the scattering angle, clg, t0 COYnax

2 COSmax d 0
o= ﬁdcosﬁ (50)
COSmax— COYmin cOLmin dcos

50

c (mb)

was used as “total=*p cross section. In Fig. 3, the total
cross sections with c@s,;,=-0.5 and co8,,,=0.5[2] cal-
culated for the NSC97a, NSC97c, and NSC97f are com-
pared with the experimental dafd7-19. All the mea-
sured cross sections are localized in the low momentum
region below ps+=200 MeV/c, where the cross section
calculated by any version of the interaction has a similar ~
magnitude and agrees to such low momentum data. 'g 0.01

As indicated in Eqs(23) and (29), the differential cross o
section consists of the absolute squares of scalar, vector, and
tensor amplitudes. The total cross section accordingly con-
sists of the corresponding contributions:

2’7ka 2
Oa=
A 4k COYmax— COmin €OYin

o (mb)

0.00

200 400 600
p, (MeV/c)

C059max

Opdcos, (51)

where O0a=4|U,J%,3/4|U4% 4]S,?,4]S4% and [T, FIG. 4. Decomposition of total cross section of thép scatter-
+2(|To*+|T4?) for A=U,,Ug,S,,Ss and T, respectively. ing into spin-space components defined in &4). See the caption
Such components of the cross sections are displayed in Figf Fig. 1 for the definitions of the theoretical curves.
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100 T T T T T T ' T T T T T
0.004 | @ e
3 Cony)
o
£ < 0.002
@ | A
S <
S 0.000 [~
0 } f f
_ . 0.02
(b) _
~ [ &
E =
@ W
g 20 . <>
§ 0.00
[e]
g -]
} } t } + } +
-1.0 -0.5 0.0 0.5 1.0
0 — coso
-1.0 -0.5 0.0 0.5 1.0
coso FIG. 6. The difference of the vector analyzing powé«;,ﬁ*)

) ) ) . —-A/p) for the X'p scattering atps+=170 MeV/c (a) and
FIG. 5. Differential cross sectiodo(6)/dcoss for theX"p scat- 450 Mmev/c (b). See the caption of Fig. 1 for the definitions of the
tering atps+=170 MeV/c (a) and 450 MeV£ (b). See the caption  haoretical curves.

of Fig. 1 for the definitions of the theoretical curves. Experimental

data are taken from Ref17] for ps+=170 MeV/c and from Ref. a1
[20] for ps+=450 MeV/c. A= 5IAEY) + Ap)], (52b)

) o _are plotted, respectively, in Figs. 6 and 7 for tigp scatter-
momentum region, the contr|b_ut|on from the tensor ampll-.ing atps+=170 and 450 MeVd. Contrary to the similarity in
tudes becomes comparable with that from the scalar ampline calculated differential cross sections among the NSC97
tudes as indicated in Fig. 2. _ _ ~models, the difference in the linear combinations of the cal-

In Fig. 5, the calculated differential cross sectionscyjated vector analyzing powers among the NSC97 models
do(6)/dcos) at py-=170 and 450 MeVe are displayed, s significant. The calculated differenceA, reflects evenly
which are very similar to each other for given- and agree  the magnitude of the ALS interaction, giving the largest mag-
with the experimental datgl7,2Q. Since|Tj|* (j=1,2,3  npjtude for the NSC97a model and the smallest one for the
and|S|* (j=«a,B) are small compared | and|U4* for ~ NSC97f model. On the other hand, the average of the ana-
ps+=170 MeV as shown in Fig. 1, the differential cross sec-lyzing powersA;a/vr is rather confusing. While NSC97a and
tion is governed mainly by [,/2+3|U4? according to Eq.  NSC97c give almost the same magnitudes of the SLS ampli-
(26), where the calculateflU | and |Ug complement each tude, which are larger than that of NSC97f, as shown in Figs.
other:|Ug| given by the NSC97a potential is larger than that1 and 2, the calculations @€' do not reflect this tendency.
by the other versions of the interaction as shown in Fig. lParticuIarIy,A';“’r for the NSC97a potential has the opposite
but the excess is compensated by the smallnefid ¢fgiv-  sign to that for other versions at some angles. This happens
ing the resultant cross section similar to other calculations adue to the sensitivity oAi“” not only on the SLS amplitude
seen in Fig. B9). S, but also on a combination of the scalar amplitudes, the

spin-independent amplitudg,, and the spin-spin ond; as
_ seen in Eq.(28a. The dependence on the combination of
C. Analyzing powers scalar amplitudes overrides that on the SLS amplitude in
V', while this is not the case fahA,. We therefore con-
clude that the spin-independent and spin-spin central interac-
tions in YN scattering should be determined from other
sources in order to obtain unique informationL® interac-
AA =A(Z) - A/p), (528  tions from measurements of analyzing powers.

The calculated difference and average of #ieanalyzing
powerA (=) and the proton analyzing powex(p),
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a X z
@ (@ b= D’D)3
N
2 0.000
<>~
+
13
$>
-0.005
— : :
(B) e _
o1F .7 Tl A
o . .
2
<>-
+
13
<V>-

-
-
-
-
-—
-

+ t } + +
-1.0 -0.5 0.0 0.5 1.0

(1+3D) N_|"*/4
0'0 " | N 1 N 1 N
cos8 -1.0 -0.5 0.0 0.5 1.0
; +
FIG. 7. The averflge of thFT vector alwalyzmg POWRAS(Z") FIG. 8. (a) The average of the diagonal depolarizations>6f
+A/(p)]/2 for the Z*p scattering atps+=170 MeV/c (a) and . . )
4 . . . using Eq.(35), and (b) the extracted scalar amplitudes using Eq.
450 MeV/c (b). See the caption of Fig. 1 for the definitions of the . . — .
theoretical curves (37) for the =*p scattering aps+=450 MeV/c. See the caption of

Fig. 1 for the definitions of the theoretical curves.

D. Depolarizations

the contribution of the spin-independent interaction and that
Information on the scalar interactions can be obtainedf the spin-spin one separately.

from, for example, depolarizations as discussed in the pre-
ceding section. Flgu_re 8 dlsp_lays the average of fhe diagonal V. SUMMARY
elements of depolarizationb, in Eq. (35), for the2*p scat-

tering atpy+=450 MeV/c and the quantities defined as In the YN scattering, we have investigated the contribu-

tions of the spin-dependent interactions to the observables by

|Oa| = |Ng(1 + 3D)|¥%4, (538  decomposing the scattering amplitudes according to the ten-
sorial property in the spin space, so that the contributions of
~ 12 the interactions are individually identified. In terms of such
|Uﬁ| = [Nr(1 -D)[*, (53b) amplitudes, the expressions for the polarization observables
which are predicted to give scalar amplitudels| and|U |, are derived for general scattering.

respectively, using Eq37). In the figure, the average depo- , . qu the elastic scattering, we have fou.n_d some Iin_ear com-
larization D ,varies among the three ve,rsions of the NSCQ?bmatlons of the observables to be sensitive to particular in-
interaction, particularly with different signs at backward teractiqns and.thus to be favorable fqr st.udying contributipns
angles for ,NSC97a and NSCO7f. The extracted scalar ampl of the interactions. In fact, the contributions of the SLS in-

~ ~ ] . teraction and those of the ALS one are separated from each
tudes|U,| and|U 4 follow the tendency of the amplitudes in other by considering the linear combinations of the vector
Fig. 2 exceptU 4 at backward angles, where effects from theanalyzing powers, the spin correlation coefficients, the polar-

tensor amplitudel; may not be neglected. Thug(1+3D) ization transfer coefficients, etc., each of which is propor-
ando(1-D) at middle and forward angles will be good mea- tional to the strength of the SLS or ALS interactions. Similar
sures of the spin-independent and spin-spin central interadinear combinations have been found to be sensitive to the
tions. It should be noted that the component®ofi.e., D,  tensor interactions and the spin-independent and spin-spin
D}, andD3, also distinguish the above versions of the inter-central ones.

action as well a®, although their interaction dependence is A part of the theoretical predictions is numerically exam-
not displayed at present. However,is favorable to identify  ined for theX*p scattering as an example. The observables
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have been calculated by the use of the series of the NSC97
interactions, and it has been found that some linear combi-
nations of the observables are useful to distinguish the dif-
ferent versions of the interaction even when their cross sec-
tions are so similar to be indistinguishable.

The total cross section has been investigated for the un-
polarized beam and target as well as for the longitudinal-
polarized ones and for the transverse-polarized ones. These
provide the imaginary parts of the amplitude of the forward
scattering by the spin-independent central interactions, the
spin-spin central ones, and the tensor ones. Measurements of
these cross sections in scattering of neutral hyperons by the
proton therefore will provide important information on the
interactions, particularly on the nature of the coupling with
the related reaction channels.

Due to the significance of information on thi¥eN interac-
tion, we hope more experiments will be performed for polar-
ization phenomena in théN scattering so that the details of
the interactions, which include the spin dependence, will be
determined.
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APPENDIX A: SPIN-SPACE TENSOR COMPONENTS OF
SCATTERING AMPLITUDE
The T matrix M for general scattering+b— c+d with a
given parity is described as

PHYSICAL REVIEW C 69, 034001(2004

A B C D

E F G H
M = : (A1)

-H G F -E

D -C -B A

where rows are designated by the spioomponents, and
v, as (vy,vp)=(1/2,1/2, (1/2,-1/2, (-1/2,1/2, and
(=1/2,-1/2 from left to right, and the columns by. and vy
as (ve,vg=(1/2,1/2, (1/2,-1/2, (-1/2,1/2, and
(-1/2,-1/2 from top to bottom. Applying Eq(2) to A, ...,
H in Eq. (Al), we get

1 1
A= _/—U1+ ?Tl, (A2a)
V3 \6
1 1 1
B="75+5-T2, (A2D)
'\” 2 2
c=-Ltg+lis-iy (A20)
= V,E 2 2 2
D=T,, (A2d)

E=—S,- 25— 2T (A2e)
= VESZ 537 5Tz
F—}U +iU —iT (A2f)
20 2\55 ! \"% v
G=-SUpt —=U;- =T (A29)
50 2\«"5 1 \E 1 g
H—isz+} +1T (A2h)
=5 253 512
Conversely one can calculatg, S, andT; from A, ..., H,
Uo=F-G, (A3q)
1
U, =—=RA+F+G), (A3b)
V3
1
S =—=(B-0), (A3c)
V2
1
S = =(E+H), (A3d)
V2
$=3(B+C-E+H), (A3e)
2
T,= \@(A—F—G), (A3f)
T,=-3(B+C+E-H), (A3g)
T;=D. (A3h)

APPENDIX B: TIME-REVERSAL THEOREM
IN ELASTIC SCATTERING
In this appendix, we will give the derivation of the rela-
tionships due to the time-reversal theorem for the vector am-
plitudes, Eq.(11), and the tensor ones, E{.2).
The time-reversal theorem is described A5

(vevg Ke| M| waup; ki) = (=) 7™ (= py = vy = ki||\7|
_VC_Vd;_kf>1 (Bl)
wherel\W is the T matrix for the inverse reaction. One can
transform this relation to that for the amplitude
M (ss;kik) in Eq. (2) as
M (sskik)=(=)3* M P (sis;- kp, k). (B2)

We will transform the amplitude in the right-hand side of
the above equation so that the directions of the momentum of
the incident particle and that of the outgoing one are, respec-

tively, same as those in the left-hand side amplitude. Sihice
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is the same aB for the elastic scattering, the transformation

is described by the use of the rotation matdi{21] as

M (sis:= ke, = ki) = 2 Dy (7= 6,0,mM S (5151 kiky).

’
K

(B3)
This leads to, folK=1,
MP(01kike) = = M{P(10;kiky) (B4)
and, forK=2,
3MP(11kk)  MP(11:kk
\/7 ( f) 1 ( : i f):M(zz)(ll;kikf),
2cofH-sirtd  cos sind
(B5)
which provides
1 3
5( \/;M(()Z)(ll;kikf) - M(ZZ)(ll;kikf))
= - cotM P (11:kiky) . (B6)
Equations(B4) and(B6) are rewritten as
S=-5 (B7)
and
1 3
5 ET]_ - T3 =-—cotd T2. (Bg)

APPENDIX C: DEPOLARIZATIONS, POLARIZATION

TRANSFERS, AND SPIN CORRELATIONS IN GENERAL
SCATTERING BETWEEN SPIN-1/2 PARTICLES

In this appendix, the depolarizatiof§(a) defined in Eq.
(29), polarization transfer coefficient§l(a—d) in Eq. (30),
and spin correlation coefficien; in Eq. (31) are described
in terms of the amplitudes in Eq$6)—8) for the case of
general scattering between two spin-1/2 particles.

The depolarizations cd are described as

D% 1 o1 1.\
(a)——R Uy + _u U+ = Uy— —=U,
Nr 2\,3 V3 2 V3

1
X(ETl_TS) F(Sl Sz)%"’ (SL+SZ)T2

—iT*<iT +T)
\"E 1 V% 1 3] (>

Dy(a)—iR ! (u 1u )*u +1<u Y )
y NR 2\3 O 5 1 2 0 \’5 1

1 e 1,
X =T+ T3-S+ Z[S
V6 2

iT*(iT T) }|T|2
6 N\ gt ol

(C1)

(C2)

PHYSICAL REVIEW C 69, 034001(2004)

Dz(a)—iR ! (u U >*u —i(u Ty )*T
z NR 2\3 0 \/5 1 1 \J% 0 \J/é 1 1

1 * 1 *
+=(5-5) S- =G+ T,
V2 V2

1/1
+§(E|T1|2_|T3|2)}'

(C3

Di(a)= R l(u U )*ss—ﬁu*(sl—sz)
X Ne ARG 23!

Ao ool
2 0 \"E 1 [’ —~'1 3 \/é 1

* I
Di(a) = —R 1(uo+%u1)ss 2 is-8)
NR 2 \,3 2\"3
+5<U iu >*T is*lT 1 g*(iT T)
0 \’6 1 2 \6 1 \JE \’% 1 3

The polarization transfer coefficients fromto d are de-
scribed as

=T, T3>
+i(sl+sz)*ss+i<sl—sz>*T
V2 V2 2
—1T(1T+T> (Co6)
\% 1\ 75 1t 13
1 1\
K¥(a—d)=— ——(U— rU)U
y( ) - 5{ 2\@ 0T RV Y1
—}(U +iu >*(iT +T )+ §132+ E|S3|2
AR \/é 1 \E 1t 13 >
1 _./1 1
‘,_%T1< FTl T3)“|T2|2}: (C7
\J
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K;(aad):iRe{ ! <UO —=U, >*u1
Ngr 23 V3
+L(U0+éul) Tit ir(sl"‘sz)*sz
V6 V3 V2

Le-smed(Gme- |T3|2)}
(C)

K%(a— d) 4 R l(U 1 u )33 1 Uy(S +S)
—ad)=— - = -— -—
X NR 2 0 \,’5 1 \‘"6 1

—E(U + 1U>*T—is§(iT —T)
2\ 70T 3T 2 \"5 \’%1 3

+_rSzT1+ 33( /—T1+T3)

1.1
- §T2<V—%T1 + T3) } s (C9)
Kia—d) = — e{3<uo—#u1)*ss+iw1(sl+sz)
NR 2 \3’3 \1'6
_}<Uo+ /—U >*T2_ irSlT]_
2 '3 V3

Fsz< —=T- Ts)__sz,< T1+T3)

}T*<iT +T)
2 2 \\"E 1 3 :

The spin correlation coefficients are described as

(C10)

PHYSICAL REVIEW C 69, 034001(2004

Co= =R U |2+1|U |2 iU*(iT T)
XX NR 0 3 1 \5 1 \‘/6 1 3

4S,T +iT*<iT +T)
2 \J% 1 \J‘% 1 3 ’
(C1D

+2(- |8 +|SP) -

C,= —R -u |2+}|u |2—iu*(iT +T)
vy NR 0 3 1 \JE 1 \”é 1 3

1
-2+ (S - [S32) + Tl( /éTl T3>+2|T2|}

(C12

4x2

1
C,,= —Re{—|U0|2 —|U1|2 UiTo+ 2(- S + (807

Ng

x 1
+ASTy— [T+ 2|T3|2}, (C13

C —iR _i *Sz_i *(isl*_-r)_is’i(i-r
XZ Ng \5 0 \’/:—3 1 \5 2 = \*"B 1

V2

NR V2

3 1
+T3)+ Sa( —=T- T3)+§T2<$T1+T3)}-
(C19

For the combinations of and j, (ij)=(xy),(yx),(y2),(zy),
the quantitieD!, K!, andC;; automatically vanish.

4 1 l 1 1.1
Co= - onSz"‘ U V_ESL‘TZ + =5 =N
1
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