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We show that it is possible to empirically partition the differential cross sectiop flor pp=° into initial
singlet and triplet differential cross sections in a model independent way which can be implemented using the
existing technological capabilities at the PINTEX facility. We also show that the differential cross section for
55prw° can be expressed as a weighted sum of a set of initial singlet and triplet differential cross sections
together with a contribution arising from the initial singlet-triplet correlations for any arbitrary beam polariza-
tion P(b) and target polarizatioR(t) either collinear or noncollinear.
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Considerable interest has been evinced recently in the ex- The purpose of this Rapid Communication is to explore
to model independent partitioning of the total cross sectiorgffect @ modgl independent partitioning of the cross section
o, following [5], into cross section&>* . in terms of ini- for pp—pp#° at the differential level itself into cross sec-
. : - i " . tions %*1d?0,)/(d3p;dQ), wherem denotes the projection
tial channel spirs and its projectiorm along the beam di- m f '

rection. The reaction involves only a few lowest-order partialglc thet |n|tt|ﬁl ch?ntnel SpIs= O'tl alobngtvtvhe be:[ﬁm d|re|ct|op,_ "

waves in the final state at threshold, which in turn limit thef.enl0 ?St € rgjgnée m?metr;] ur_nf_ e‘t een I el.”d“C eolns In the

initial partial waves through parity and total angular momen- Inal state anci®. denotes the Infinitesimal sofid angle sur-
rounding the direction of the pion emission in c.m. We also

tum conservation. The transition is mainly from the initial ine here how th d diff tial tion f
3p,, state to the finaBs state, in the notation dfl—4], for examine here how the measured differential cross section for

energies below 300 MeV. In spite of this simplicity, the early PP—Ppm® with arbitrary P(b) and P(t) could be parti-
total cross section measuremefss-9] differed by a factor t|one_d in terms of a set of singlet and triplet dlf_ferentlal Cross
of 5 from calculations based ¢0]. This catalyzed a variety Sections. We demonstrate how a set of suitable measure-
of theoretical approachei1-39. In the introduction to ments of the differential cross sections*¢)/(d*p;d€) in
their paper reporting first calculations for spin dependent obaddition to the unpolarized differential cross section
servables ilfNN— NN near threshold employing théliin ~ (d%c)/(d°p;dQ) are sufficient to determine individually
model, Hanharet al.[39] have observed, “As far as micro- the differential cross sections’S( 1d?o,)/(d3p;dQ). We
scopic model calculations of the reactiMN— NN are  derive a general result expressindf¢)/(d3p;dQ), for ar-
concerned one has to concede that theory is definitely lagsitrary P(b) andP(t) as a weighted sum which derives con-
ging behind the development on the experimental secto  tributions not only from the singles=0 state and thres
Furthermore they take into account only the lowest partia=1 states, but also from an additional term
wave(s). Therefore it is not possible to confront those models(d?o.)/(d®p;d€)) generated by the initial singlet-triplet cor-
with the wealth of experimental information available nowa-relations. We also outline how these contributions could in-
days, specifically with differential cross sections and withdividually be estimated through appropriate measurements.
spin-dependent observables.” A brief summary of all the results obtained is presented.
More interestingly, the reaction is characterized by large Following [38], the matrix M in spin space forpp
values of momentum transfer, which is expected to reveals pp#° may be expressed in the form
facets of short-range spin-dependent interactions involving
the nucleons. Clearly, an empirical study of spin dependence
of the interaction at short distances necessitates experimental

1 s'+s
study of the differential cross section fcﬁrﬁ—>pp¢r° as a M= > > (SMs',s)-MMs',9)), (1)
function of the momentum transfer at higher energies. With s’ .s=0 A=|s' —s|

advances in storage ring technology0], capabilities have
also been reached presenfl§] at the PINTEX facility to
study pp collisions with beam polarizatioR(b) as well as
target polarizatiorP(t) along =x, =y, *z with respect to a
right-handed Cartesian coordinate system, witixis along
the beam. Out of the 36 combinations fb) and P(t) so

generated, only 12 are collinear which have been used to

where s and s’ denote, respectively, the initial and final
channel spins, the irreducible tensor operals?);ss’,s) of
rank \ are given by

measurg 1—4] total cross section differencéssr andA o . SM(s' s)=[s’ — 1) MC(s'shm’ —mu)ls'm’ Ws
Out of the 12 collinear combinations, six correspond(b) u(8:8) =1 ]§ =1 ( ' 2l Hsm
being parallel toP(t). 2
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following [41] and the irreducible tensor amplitudes if d?co,(11) andd?c,(]]) denote, respectively, the differ-
MZ(S',S) are given by Eqs(2) and(3) of [38]. ential cross sections whe?(b) and P(t) are polarized par-
The differential cross section fopp—ppn® is then allel to each other along-a. Expressing41]
given, using the same notations aq &3], by
1

1
\ (! — 112
d2=Tr(MpM ") d®p;dQ = Tr(Bp), 3 Su(s’,8)=5ls'] [S]M%:O RX1/RE
where 1y
B=MTM d®p;dQ (4) x¢ L 1 s (aM(b)edtat))),

is Hermitian and the initial spin density matrix PEED PRI
(13

1
p=7[1+(a(b)-P(b))][1+ (a(t)-P(1))] (5)  where od=00; op=0,; oL=F1N2(ox*iay) and in-
verting (2), using the unitarity of Clebsch-Gordan coeffi-
cients, we obtain projection operatosg(s,m) =|smy(sm

1 which are given explicitly by
=7 2 0l (0)agPDPs, (6
a,B=0X,y,z
1
wherePy(b)=Py(t)=1 ando, denote 22 unit matrices. (1) =7[1+0y(b) + o () o (b)ay(D)], (14

Using Eq.(6) in Eqg. (3), the differential cross section may
readily be expressed as

1
w(1,0=7[1-204b)oy() +(a(b)- ()], (15

d?r=2] P, (D)Ps(t)Byg, )
B
1
where w(1,-1)= 7[1-0y(b) —o(t) + oo(b)oy(1)].  (16)
1 The above add up together to give the well-known triplet
Bap=7 T Boa(b)ap(t)]. (8  projection operator
If both the beam and target are unpolarized, we readily iden- 1
tify the unpolarized differential cross section as T:E @(1m)= Z[3+(a(b).a(t))], (17
m
1 while
d’o = Boo=7 Tr(MM N d3pdQ, 9)
h 1
whereas S=m(0,0=7[1~(a(b)- o(1))] (18)
d20=Bgy+ P,(b)B,o (10 denotes the well-known singlet projection operator. Noting
. _ . o that =4 ,7(s,m)=1 and inserting the same betwekhand
if the beam alone is polarized longitudinally, MTin Eq. (9), we readily obtain the partitioning @fo into

singlet and triplet differential cross sectiofi§ 'do,, which
are given explicitly by

d?20=Bg+ P4(t)By, (11)
if the target alone is polarized along thexis, and a1
d 0+1—Z(BOO+ B,o+Bo; T Bl (19
dzza%[dzaa(m+d2cra(u>] .
~Boot Pu(b)P,(DB,,, a=xy.z (12 “00=7(Boot Bt By~ B 20
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. and how the 571d?¢,, can be determined individually

d%0-1=7(Boo~ B2~ Boz+ B2, (21)  through appropriate experimental measurements using Egs.
(19—(22). We next examine here the possibility of factoring
the differential cross sectiod?s given by Eq.(3) for pp
—ppm? for arbitraryP(b) andP(t). To do this, we express

d20= 4(300 Bux—Byy— B2, (22 p given by Eq.(5) in channel spin representation. Using the
converse of Eq(13) we may writep as

in terms of the six entitie8qy, B,y, Bo,, Byx, Byy, and 1
B,, which are measurable experimentally using the existing p=—[1-P(b)-P(t)]S+p T+ pC, (24)
technological capabilities at the PINTEX facility. 4
Comparison of Eq99) and(7) with Egs.(20) and(21) of
[38] enables us readlly to expreBs,; in terms of the irre-
ducible tensorgX w(Kq,kp) of rankk which are in turn given
explicitly in terms of the irreducible tensor amplitudes
M (st.si) by Eq.(17) of [38]. ThusBge=3BJ(0,0) and all
the other B,; are related to the analyzing powers
AX w(ky,ky)=B (kl,kz)/BO(O 0). In particular, it may then be
noted thatB,, and By, represent the longitudinal analyzing
powers with respect to the polarized beam and polarized tar-
get respectlvely MoreoveBZo goes intoBy, if we change
pI to — pI or equwalentlypf, q are changed te- pf, q,
keepingp; unchanged. At energies close to threshold, the (25)
leading irreducible tensor amplitudﬁé(o,l) given by Eq.
(35) of [38] alone cannot genera, or Bo,, but the am-  USiNg the notation®;=P,; P%,=%1/2(P,*iP,). Fur-
pIitudesM}L(l,O) andMZ(l,l) given by Eqs(36) and(37)  ther
of [38] can obviously generate nonzeBg, andBy,. More

where S and T denote, respectively, the singlet and triplet
projection operators given by Eq4.8) and(17). The density
matrix p", describing the state of triplet polarization, is given

——[1+ (P(b)-P(t)IT+ 5 ((U(b)+0(t)) (P(b)

+P(1))+ %((Gl(b)@? a'())?- (P(b)@ P*(1))?)

|mportantly,M (1,1) can generate nonzero contributions by 1

interfering with the leading amplitud® 5(0,1). It may also pc=§[((tr(b)— o(1))- (P(b) —P(1)))

be seen that these longitudinal analyzing powers which are

not necessarily zero at the double differential level, vanish +((o(b)X o(t))- (P(b) X P(t)))] (26)

on integration with respect td®p; due to parity conserva-
tion. Integrating further with respect i) leads to the total represents singlet-triplet correlations. Clearly, the probabili-
cross sections, when Eq4.9) to (22) relate to formulas al- ties for the initialﬁf) system to exist in the singlet and triplet
ready in usg1-5] to effect analysis of the measurements of states are given by
the total cross sections.

If we replacex,y,z by y,z,x, respectively, in Eqs(19)— 1
(21), we readily obtain the formulas fo?dzam,.wherem Ws==[1—P(b)-P()]: wy=Trp"==[3+P(b)-P(1)].
refers to the projection of the initial channel sgialong the 4
x axis. Likewise, replacement of,y,z by zx,y in Egs. (27)
(19—(21) leads to formulas fo’d?c,,, wherem refers to
the projection of the initial channel spmalong they axis.
These additional formulas involve the transverse analyzing‘
powers B,o,Bgx Or Byg,Bg, instead of the longitudinal ‘€
analyzing powers B,y,Bp,. Thus by measuring
Boo:Bxo:Box»Byo,Boy :B20,Boz,Bxx,Byy, B, it is possible
to determine the triplet differential cross sectiotd?o,, 1 3
wherem denotes the projection quantum number either with wqt \[(P b)+ Py(t))
respect to the beam direction or with respect to xher y
axis. The above measurements involve only the collinear
combinations ofP(b) andP(t). 3

We have discussed the partitioning of the unpolarized dif- wyt2= \/:(pl(b)® P(1))?, (28)
ferential cross section inté°**d?o, through 4 2 d

Comparison op" with the standard formi42] of the density
atrix for spin 1 systems shows that the Fano statistical
nsorst'a of rank k=1,2 representing, respectively, vector
and tensor polarizations are given by

if we note that the standafd?2] irreducible tensor operators

for spin 1 are identical t(Sk(l 1). We next note that the
d2oy= 2 z 25t1g2, (23) tnplet density matrixp" given by Eq.(25) is Hermitian. As
$=0 m=—s such one can identify its real e|genvalua§l We,,We, 10-
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gether with the corresponding eigenstafteg,|e,),|es) by  in terms of a convenient set of basis stdtas) defined with
solving the characteristic equation so that one may use Egespect to, say, the beam direction and the complex expan-

(24) in Eq. (3) to lead to the form sion coefficientsc;'=(1mle;) which are known. Thus,

*d?o, in Eq. (29 may be expressed in termsBf ; through
3
d2o=ws 'd20y+ 2, W, 3d20, +d2o, (29)
=1 i i ) '
' 3P0, = > ¢ Tr(BlIm)(1m'|)ct*, (34
where 1d2 is given by Eq.(22) and mom
where Tr@|1m)(1m’|) for m=m’ are given by Eqs(19)—
320, =Tr(M|e)(eIMT); 1=1,2,3 (30) (21). For m#m’ Tr(B|1m){1m’|)=(Tr(B|1m’)(1m|))*
' are given by
represents the cross section for the process when the initial
pp system is in the triplet state;). We also note thad®o,

: 1 _
may be expressed in terms of tBg; through Tr(B|11><10|):4—[on+ Box+i(Byo+ Boy) + Byt By

2

1 +i(By,+Byy)]
Po=Tr(Bp%) =5 3 (Pu(d)=P(1)(Buo~Bo,) o
+ (Py(b) Pz(t) - Pz(b) Py(t))(Byz_ Bzy)

TF(B|10><1_ 1|)ZL[BXO+ BOX+ i(By0+ BOy) - sz_ Bzx
+(PL(b)Py(t) = Py(D)P,(1))(B,,— By) 4

2

—i(By,+B,)] (39
+ (Px(D)Py(t) = Py(b) Py (1))(Bxy—=Byy |, (31

1
using Eq.(26). For example, whe®(b) andP(t) are collin- Tr(B|11)(1— 1|):Z[BXX_ ByyTi(ByytByy].
ear with the beam direction, the triplet stateoisented[43]
and the eigenvaluesv,, corresponding to the eigenstates

I1m), m=+1,0—1 are given by Thus one can also determine the triplet cross sec?td?n%i

for an arbitrary triplet state such as given by E8Q) using
the PINTEX facilities.

We have shown that it is possible, with the existing tech-
nological capabilitie$3], to determine the singlet and triplet
contributions to the cross section at the differential level it-
self through experimental measurements of the unpolarized

1 differential cross sectiondfo )/(dp;d2) together with the
Wo=7[15Pb)P(U]; measurements ofdfc)/(d3p;dQ) when(a) the beam alone
is polarized,(b) when the target alone is polarized, afwl
both the beam and the target are polarized parallel to each
1 _ other. That is, the measurements of the differential cross sec-
Wflzz[l_ P,(0)+P,() £ P,(b)P,(D)], 32 tions (9)—(12) readily yield Byg,B,0,Bo,,Byx.Byy.B,, and
hence ¢8"1d%c)/(d%p;dQ) through the use of Eq$19)—
where the upper and lower signs in E§2) correspond to (22). If we replaceB,, andBg, in the above set of measure-
P(t) being parallel or antiparallel tB(b), if P(b) is chosen ments by the transverse analyzing powBrg and By, and
as the axis of quantization. On the other hand?(ib) and  changex,y,z by y,z,x in Egs.(19—(22), we can determine
P(t) are noncollinear as for examplB(b) is alongx axis  (*5*1d?¢)/(d3p;dQ), wherem denotes the magnetic quan-
andP(t) is alongy axis, the triplet state inonoriented44]  tum number with respect to theaxis chosen as the axis of
and is characterized by three distinct axd§], which are  quantization. Likewise, measurements B, and By, in-
alongP(b),P(t) and (P(b)+P(t)). In such a case, it is not stead ofB,, and By, and changing,y,z by z,x,y in Egs.
possible to identify an axis of orientation with respect to(19)—(22) allows determination of £ 1d2¢)/(d3p;dQ),
which one can definglm) states or identify all the eigen- wherem denotes the magnetic quantum number with respect
statede;) of p" as|1m) states. However, the eigenstaies  to they axis. We have also shown that for any arbitrary
are expressible as geometry of the beam and target polarizatid®) and
P(t), either collinear or noncollinear, the differential cross
section derives contributions not only from thTe singlet state
N— & and the triplet eigen statdg;), i=1,2,3 of p', but also
e %: Crl L) 33 from the singlet-triplet correlations generated in a polarized

1
W1 =7[14Py(D) = P(1) = P,(0)P() ];
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beam and polarized target experiment. The singlet and tripledll the considerations reported in this Rapid Communication
correlation contribution d?o)/(d3pdQ) as well as the apply equally well at higher energies where measurements
triplet cross sections®@®o-)/(d*p;d(2), corresponding to can be carried out corresponding to comparatively larger val-
any arbitrary initial triple statée,) of the form (33), may  ues of momentum transfers. In fact, they may be applied
also be determined using Eq81) and (35). Experimental even to analyze elastic NN scattering [where
measurements of the differential cross sectiongd?c.)/(d3psdQ) is, however, zero due to conservation of
(d?0)/(d°pdQ) readily yield all theB,z, a,8=0x,y,z  channel spin, i.e.s’'=s in Eq. (1) itself] or any reaction

by making full use of the PINTEX facility to study?ﬁ initiated by a polarized beam of nucleons on a polarized
—ppm°, employing the collinear as well as noncollinear nucleon target.

combinations of the initial beam and target polarizations

P(b) andP(t). Although[1-4] are concerned with the study =~ We thank the Council of Scientific and Industrial Re-

of pp—pp=° at near threshold energies, we may note thasearch(CSIR), India for support.
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