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The most general spin structures of the spin-1/2 baryon and spinless meson production operator for both
photon and nucleon induced reactions are derived from the partial-wave expansions of these reaction amplitudes.
The present method provides the coefficients multiplying each spin operator in terms of the partial-wave matrix
elements. The result should be useful in studies of these reactions based on partial-wave analyses, especially,

when spin observables are considered.
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In the present work, we derive the most general spin
structure of the reaction amplitude for both positive and
negative parity spin-1/2 baryon production in nucleon-nucleon
(NN) collisions and also in photon induced processes on
nucleons. Knowing the spin structure of the transition operator
is of particular importance in analyses of spin observ-
ables. The method used here to extract the spin structure
is a generalization of the partial-wave expansion of the
NN amplitude following Ref. [1]. It is quite general and,
in principle can be applied to any reaction process in a
systematic way. Usually, the structure of a transition oper-
ator is derived based solely on symmetry principles. The
usefulness of the present method is that it also provides
explicit formulas for the coefficients multiplying each spin
structure in terms of the partial-wave matrix elements and this
should be particularly useful in model-independent analyses
based on the partial-wave expansion of the reaction amplitude.

As an example of application of the present method,
we investigate the possibility of determining the parity of
a narrow resonance in both photon and nucleon induced
reactions. The search for new resonances, especially the so-
called missing resonances and exotic resonances, is receiving
increased attention [2]. Apart from establishing their existence,
the determination of their basic properties are of extreme
importance. Among these properties, the parity is of particular
interest in connection with the substructure of these resonances
[3]. However, it is often the case that no theoretical predictions
can provide a conclusive result for the parity and other basic
properties. A recent example of this situation is provided by
the pentaquark ®™. The existence of this exotic baryon and
the determination of its spin and parity quantum numbers have
been under an intensive investigation both experimentally and
theoretically over the past couple of years [4].! It is, therefore,
very important to find a way of determining these properties
in a model independent way.

In the past few years a considerable amount of data for
meson production in NN collisions have been obtained (see
Ref. [6] for a review). In particular there are data, not only for

'The existence of the © is still controversial. While this resonance
has been seen in a number of experiments, it has not been observed in a
similar number of experiments, including a very recent experiment [5]
with much better statistics.
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cross sections but, in the case of pion production in NN —
NN, a large set of spin observable data [7]. In addition,
the databases for the production of other mesons, such as
n and 7', are growing rapidly [6,8]. Also, reactions involving
the production of particles containing strange quarks such as
the NN — Y NK reaction where Y stands for a hyperon, are
receiving increased attention [6,9]. With these (high-precision)
data becoming available, there is a demand for more thorough
and detailed theoretical analyses of these reactions. Therefore,
in the present work, we also derive the most general spin-
isospin structure of the NN — N B’M transition operator,
where M stands for a spinless (scalar or pseudoscalar) meson
and, B’, for a spin-1/2 baryon with positive-parity. The spin
structure of the NN — NN transition operator has been
derived in Ref. [10] and applied to neutral pion production.
Here, we also consider charged meson production.

The present paper is organized as follows. In Sec. I, the
general spin structure of the transition operator is derived
for the reaction y + N — M + B, where B stands for a
spin-1/2 and either a positive or negative parity baryon. In
Sec. II the results derived in Sec. I are illustrated by applying
them to the near-threshold kinematic regime. Sections III
and IV are devoted to the derivation of the most general
spin structure of the reaction N + N — B’ + B, where
B’ stands for a spin-1/2 and positive-parity baryon, and
to its application near-threshold, respectively. The reaction
N+ N — M+ B’ + N is considered in Secs. V and VI. A
summary is given in Sec. VII. Appendices A—D contain some
details of the derivation of the spin structure of the transition
operators.

I. THE REACTIONy + N - M + B

We start by making a partial-wave expansion of the
y + N — M + B reaction amplitude. Here M stands for a
pseudoscalar meson and B, a spin-1/2 baryon. We, then, have
| N I
(Sm'IM@G, BISMs) =3 it H (SMsLML|J M)
1
x(Gm'L'My|I M )M (q, k)
X Yu, @Yy, (6), M
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where S, L, J stand for the total spin, total orbital angular
momentum, and the total angular momentum, respectively, of
the initial y N state. Mg, M, and M denote the corresponding
projection quantum numbers. The primed quantities stand for
the corresponding quantum numbers of the final MB state.
The summation runs over all quantum numbers not specified
in the left-hand side (l.h.s.) of Eq. (1). k and g denote the
relative momenta of the two particles in the initial and final
states, respectively. The partial-wave expansion given above
is, of course, related to the more commonly used electric
and magnetic multipole expansion. For the present analysis,
however, it is convenient to use the above expansion.

Equation (1) can be inverted to solve for the partial-wave
matrix element M/, (q, k). We have

1
ZiL‘L(—m’L’MLr|JMJ)(SMSLO|JM,)

/2L +1 [ .
2] 1 / d(cos(0))Y (0, 0)

( m'|M(G, K)|SMs), @

M3 (q, k) =

where, without loss of generality, k is chosen along the z axis
and g in the xz plane; cos(d) = § - k. The summation is over
all quantum numbers not specified in the Lh.s. of the equation.

The most general spin structure of the transition operator
can be extracted from Eq. (1) as

> I

SMgm

MG, k) = m "M@, k)|SMs)(SMs|.  (3)

Inserting Eq. (1) into Eq. (3) and recoupling gives

M@G. k=Y " (UM . k)Z{

[YL(k) ® YL@ “

where we have used the notations Bsy, = (—)5~Ms(S — M|,
A%m, = |%m’), and [J] = +/2J + 1. The outer summation is
over the quantum numbers S, L, L’, and J. In the above
equation S is either 1/2 or 3/2 so that « takes the values 0,
1, and 2, and denotes the rank of the corresponding tensor. In
the above equation it should be understood that the matrix
elements of the meson creation and photon annihilation
operators have already been taken.

We now expand [Bs ® A%]", for each tensor of rank «, in
terms of the complete set of available spin operators in the
problem, i.e., the photon polarization vector € and the Pauli
spin matrix ¢ together with the identity matrix. The result is

0 | S,
[BS ® A ! ] «/60 €,

[Bs® A1) = 1+[{ \Lf(“_*fz)(axz)}, ©)

S LJ
L/%oz

x [Bs ® A1]"

oI—

V6

1.

[Bs® A:]} = —[6 ® T,
2 2

where the numerical factors are uniquely determined such that
the spin matrix elements of the right-hand side (r.h.s.) in the
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above equations equal the corresponding matrix elements of
the Lh.s.

What we have done so far applies to either a negative or pos-
itive parity baryon B. Total parity conservation demands that
(=) = 41 and (=)L = —1 in the case of a positive and
negative parity B, respectively. This leads to distinct spin struc-
tures of the transition operator for positive and negative parity
as we shall show below. Hereafter, the superscript &= on any
quantity stands for the positive (4) or negative (—) parity of B.

A. Positive parity case

For a positive parity baryon B, choosing the quantization
axis 2 along k, the quantity [Y; (k) ® Y;.(§)]% can be expressed
without loss of generality as

L[]

[YL(h) ® Y (@)]° = (-) PL(CI k)L

_ ol
Y ® Yu@1' =i(=)"— L+t

[YL(h) ® Y (@)* = apnlg ® G1* + brolk @ k12
+cpilk ® 4717

PG - kYo, 1hn,
(6)

The structure in the above equation is dictated by total parity
conservation. PL(PLI) is the ordinary (associated) Legendre
function. 7, = (12 X c})/|l€ x 4|. The coefficients apr, br
and ¢y, are derived explicitly in Appendix A.

Inserting Egs. (5), (6) into Eq. (4) we have

M+(§,E) = .7:15' g—i—l]:zg -7l +.7:3(5‘ X g) -7l
+Falo @€ - [ ® §1* + Fslo @ €1 - [k ® kI?
+Fol6 @€ - k@471, (7
where
Fi = S PM @ P - ),

871«/_

1 (1+V2 I-tiigg [L]
Fr = 4n< )Z() []7\/@

SLJ poa
{L% 1}MZE<q,k>PL‘<k-q),

1 2—1
F=— <L> Fa, (8)

V2\V2+1
1 L, N—J—1 3
Z\/;ZZL L(_) J 2[]]2 i/

1 —L', —J_1 3

I, gt 3
=\@Z# GO RV

The summations are over all quantum numbers appearing
explicitly in the r.h.s. of the equalities.

The above result is the most general form of the spin
structure of the transition operator consistent with symmetry
principles. The coefficients F; are functions of the energy of

J3
ML/ZL(qv k)aL’Lv

73
ML/ZL(q, k)bL/L,

NSNS NSNS DY

73
ML’l(q’ k)CL/L.
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the system and scattering angle 6 of the meson M relative to
the photon direction. We note that the transition operator in
Eq. (7) has six independent spin operators and is valid for both
real and virtual photons. Using the identity

~

36 @1 [a®bP=3[6-aé - b+5 -be-al—(a

(N
-
Qi

®

where @ and b stand for arbitrary unit vectors, Eq. (7) can be
rewritten as

MYG.K)=F\6 e +iFé-h+ F6 -ké g+ F45 - Ge - §
+ Fs50 - ké -k + Fo5 - g€ - k, (10)
where
1 ~
F=F - g[f4+~7:5 +(G-Fsl, Fr=F,
1 1
s=—=——F+7F F=F F=7% 11
lk x g| 2
Fo=—— Filr
T lkxgl 20"

It should be noted that Eq. (10) is equivalent to that of
Ref. [11]. In fact, apart from an irrelevant overall factor of
i, the coefficients f; = F/*”, (j =1,...,6) in Ref. [11]
are related to those in Eq. (10) by

Fi=fi— (@ -kf, =k x gl fs,

A k2
fao, Fs=—fi—@-kf;— k—fs,
0

=(fr+ f3),
(12)

Fy

~ k2
Fs=—(G-k)fs— k—fe-
0

In the case of a real photon (photoproduction amplitude),
the number of independent spin operators in Eq. (10) reduces
to four due to the transversality condition, i.e., the terms F5 and
F¢ are absent. Equation (10) then becomes equivalent to that
of Ref. [12]. The coefficients f;, (j =1,...,4) in Ref. [12]
are related to the corresponding coefficients F; in Eq. (10) as
given by Eq. (12) with k> =€ -k = 0.

One difference between our work [Eq. (10)] and
Refs. [11,12] is that in the present work these coefficients are
related explicitly [Eq. (8)] to the partial-wave matrix elements
introduced in Eq. (1).

B. Negative parity case

For a negative parity baryon B, choosing the quantization
axis Z along k, [Y.(k) ® Y1/(§)]* can be expressed as

[YL(h) ® Y. (§)1° = 0,

_ (L] 2 (LOL'1|11)
T 4x L'(L'+1) |

X PLI,(IE-C?)ﬁ1+(L0L’O|10)PL/(12~c})l{|,

[YL(k) ® Y ('

[YL(h) ® Yo (@) = ay k@i + b, g @A), (13)
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where 71, = [(12 X q) % 12]/|1€ x §|. The coefficients a;,, and
b}, are calculated explicitly in Appendix A.
Inserting Egs. (5), (13) into Eq. (4) we have

MG, k) =iGie -1+ Goo - (€ x A1) + G35 - (€ x k)
+ Gal6 ® € - [k @ r)* + G5[6 ® €1 - [§ ® Aal?
+iGgé - k, (14)
where

1++2 L—L'+1 J-3 (LL]
G = 4ﬂ< )Z (=) []\/m

S L J Js 1 (p . A
x (LOL'1|11) M;(q, k)P (k- g),

2—-1
ot
2-1
) 15
Gy = <f+1>g6 15)

J J3 /
) } M1 (g, Kay,

3
g4=\ﬁZiH A VAT {i
g fz S S Vi BN WY TPN
5= ) v\4, )by,

2

1 1
Gs = < +I>Z L )LL)

™~ NIHP

4 J6

, S L
x (LOL 0|10){L/ |

J JS DN
M{S (g, k) Pk - §).
2

1
The summations are over all quantum numbers appearing
explicitly in the r.h.s. of the equalities.

The above result is the most general form of the spin struc-
ture of the transition operator for a negative parity baryon B.
As in the positive parity case, we note that the amplitude in
Eq. (14) has six independent spin operators and is valid for
both real and virtual photons. Using Eq. (9), it can be rewritten
as

M (G, k) = iG1€ -G+ Gr5 - (€ x §) + G35 - (€ x k)
+ G40 -ké -y +G - 1€ - k] + Gs[G - §€ - fin
+G - fize-§l+iGeé - k, (16)
where
1 1 .
G| = ﬁgl, G, = A—AQL G3=G3—(k-3)G>,
lk x gl |k x gl
1 1 ~a (17)
Gy =304, Gs=3Gs, Ge=Gs—(k-q)Ga.

Quite recently, Zhao and Al-Khalili [13] have also given the
spin structure of the photoproduction amplitude in connection
to the reaction y N — K ©7 for the case of negative parity @7,
The structure given in Eq. (16) with € - k = 0 is equivalent to
that of Eq. (18) in Ref. [13], except for the term G - A€ -
¢ which has not been included in Ref. [13] on the grounds
that it is a higher-order contribution. However, this term and
the o - g€ - Ai, term contribute with the same coefficient Gs.
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We also note that the recent model-independent analysis of the
©® photoproduction [14] has been based on the present results
and, in particular, on Egs. (10), (16) with € - k = 0.

II. APPLICATION: NEAR THRESHOLD AMPLITUDE IN
yN - MB

As an application of the present results, we consider the
reaction Yy N — M B in the near-thresholds kinematics. The
complete transition amplitude is given by Eq. (10) for a
positive parity baryon B and by Eq. (16) for a negative baryon
B, respectively, with € - k = 0. In the near-threshold energy
region, the final M B is mainly in relative S and P waves.
Then, considering only L’ = 0, 1, there are seven partial-wave
amplitudes. For positive parity B, they are

151—>S1, 3D1—>Sl, 3’1P1—>P1,

1Py — Py,

\ (18)
F3 d P3,

where we have used the notation > L,; — L ,. For these am-

plitudes, the coefficients F;, (i =1, ...,4) in Eq. (10) exhibit

the following angular and energy (due to ¢*) dependences:

Fi = Ao+ (A) A cos(0), Fy= (%) B, sin(0),
Fy = (%) C., Fi=0. 9

In the above equation, A/, By and C;, denote the linear com-
binations of the partial-wave matrix elements M Lj ;. resulting
from Egs. (8), (11) for those states specified in Eq. (18) having
orbital angular momentum L’. They are given explicitly in
Appendix B. Note that the factor (¢/A)* contained in M;5
due to the centrifugal barrier has been displayed explicitly
in the above equation. A is a typical scale of the problem
which may be taken to be the four-momentum transfer
at threshold, A> ~ —t = [mp — m% /(mp + ma)lmy, where
mpg, my, and my denote the masses of the baryon B, meson
M, and nucleon, respectively. Therefore, near threshold, higher
partial-wave contributions will be suppressed by the factor
(q/M)" if heavy particles are produced in the final state.
Moreover, for short-range processes, the coefficients A;/, By,
and C; are nearly constant independent of energy.

Analogously, for a negative parity baryon B, the possible
partial-wave amplitudes are

Mp S, 'S — Py,
1Dy — Py

3D1 — Pl,
. (20)
S3 — P3,

With these amplitudes, the coefficients G; in Eq. (16) exhibit
the following angular and energy (due to ¢*') dependences

= (B 6= 5 (V)
Gs = B, + (%) B! cos(8), @1
Gy = (%) C|sin@), Gs=0.

In the above equation, A}, Bj,, and C}, denote the linear com-
binations of the partial-wave matrix elements M LJ ;. resulting
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from Eqgs. (15), (17) for those states specified in Eq. (20)
having orbital angular momentum L’. They are given explicitly
in Appendix B. For a short-range process, A}, B;,, and C},
are nearly constant independent of energy.

Following Ref. [14] we now introduce €, = § and E” =X
denoting the photon polarization perpendicular to and lying
in the reaction plane (xz plane), respectively. Recall that the
reactlon plane is defined as the plane contalnmg the vectors
k (in the +z-direction) and ¢ and that k x g is along the
+y-direction, in which case, i; = £ and 7/i, = §. Then, from
Egs. (10), (19)

A [Ao + ( )A1 cos(e)] oy +i (%) B, sin(0),
(22)
= [Ao + (X> A cos(e)] o, + (%) C, sin(©)o,.

Similarly, from Egs. (16), (21)

=8 0+( ) Bi cos(®) ] o + (%) ¢! sin(9)o,

- [Bé + <X) B; cos(é)] oy +i (%) A sin(@).(23)

— A, with

ol

In the above equation, B| = B] + A} and C} = C}
A, = T(:/f—Jr})A/l'

Following Ref. [14], any observable in the yN — M B
reaction can be readily calculated from Egs. (22), (23) for
both positive and negative parity baryons B. It is then
straightforward to show that no observable in this reaction
is able to distinguish between positive and negative parity
B, unless one measures the polarization of B. In particular,
neither the energy dependence nor the angular distribution
exhibits features sufficiently distinct to determine the parity of
the baryon B unambiguously. As has been shown in Ref. [15]in
connection with NN — Y @™ the situation is quite different in
the NN — B’B reaction. We shall discuss this latter reaction
in the following two sections.

III. THE REACTION N+N — B'+B

We now consider the process N + N — B’ + B, where B’
stands for a positive parity spin-1/2 baryon and B, either a
positive or negative parity spin-1/2 baryon. The partial-wave
expansion of the corresponding reaction amplitude is

(S'Ms|M(F', p)ISMs) = i~ (S' My L' My, |TM))

X (SMgLML|JM )M (p', p)
X Y, (B)Y iy, (D), (24)

where S, L, J stand for the total spin, total orbital angular
momentum, and the total angular momentum, respectively, of
the initial NN state. Mg, M, and M; denote the corresponding
projection quantum numbers. The primed quantities stand for
the corresponding quantum numbers of the final B’B state.
The summation runs over all quantum numbers not specified
in the Lh.s. of Eq. (24). p and p’ denote the relative momenta
of the two particles in the initial and final states, respectively.
We note that, in Eq. (24), in addition to the restrictions on
the quantum numbers encoded in the geometrical factors, total
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parity conservation imposes that (—)“+2" = 1 and (=)L =
—1 for positive and negative parity B, respectively.
Equation (24) can be inverted to solve for the partial-wave

matrix element M fij (p’, p). We have
My (p )= iV THS My L' My I M)

872 2L +1
2J +1V  4n

x (SMsLO|J M)

+1
x/ d(cos(@))YZ‘/MU(Q,O)
-1

X (S'Mg|M(P', p)ISMs), (25)

where, without loss of generahty, the 7 axis is chosen along p
and p’ in the xz plane; cos(9) = p’ - p. The summation is over
all quantum numbers not spemﬁed in the Lh.s. of the equation.

The most general spin structure of the transition operator
can be obtained from Eq. (24) as

D 1S M) (S My | M(P
S'SMgMg

-7 -

M(p', p) = , P)ISMs)(SMs|.

(26)
Inserting Eq. (24) into Eq. (26) and recoupling gives

P CO R FAR A0 p)Z{i/éi}
x [Asy ® Bs]* - [YL(§) ® YL(P)I*, 27

where we have used the notations Bsy, = (—)5~M5(S — Mj]|
and AS’MSr = |S/M5/>.

We now expand [Ag ® Bs]“, for each tensor of rank «, in
terms of the complete set of available spin operators in the
problem, i.e., the Pauli spin matrices 67 and 67, corresponding
to the interacting particles 1 and 2, together with the identity
matrix. Then, « takes the values O, 1, and 2, and denotes the
rank of the corresponding (spin) tensor. There are six cases to
be considered:

> >

M, p) =

§=8=0,a=0: [Ay®Bs]’= |00>(00| = Ps—o,
S=8=1a=0: [Agy® Bs]"= leMs (1 M|
«/—MY
1
E%Ps B
1
S=S=1l,a=1: [A¢®Bsl'=——=(G14+03), (28)
S N 2\/§ 1 2
§=0,8=lLa=1: [ASf®Bs]1=5(al—6z)Pszo,
S=1,8=0,a=1: [A5/®Bs]1=—§(5"1—52)Ps:1,
/ 2 1 s - 12
S=8=lLa=2: [Ay®Bs]"=—7=[01®a],

V2

where Pg stands for the spin projection operator onto the
(initial) spin singlet and triplet states as S = 0 and 1, respec-
tively. In terms of the Pauli spin matrices we have Ps_y = (1 —
6’1 . &2)/4 and PS=1 = (3 + 81 . 62)/4 AISO, (6’1 — 62)P5/2 =
[(G61 — G2) + (—)Si(01 x 62)1/4.

In the following we shall consider the case of a positive and
a negative parity baryon B separately.
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A. Positive parity case

For a positive parity baryon B, the quantity [Y. (p') ®
Y. (p)]* in Eq. (27) can be read off from Eq. (6). Note that
(Yo () ® YL(P)I* = (=)*[YL(p) ® Y1 (p")]* for the positive
parity case. Inserting this and Eq. (28) into Eq. (27), we have

MY (P, p) = Dy Ps—o + D2 Ps—1 +iD3(G) + 62) - fia
+iD4(61 — 02) - fia Ps—o + iDs5(01 — 62) - Aia Ps—

+Del51 @62 - [p® pI + D1l61 @ G2l - [/ ® p'T

+Ds[61 @G- [p @ PT, (29)
where

Z[L] MY pYPL(P - ),

D= 3 Z[J MY (' p P P,
Dy=——2 Z[J] (1+2 L(JL(ﬁ)l)>M£‘L’<p, PYPL(PP),
Di=—1—> ) P m M, pYPLGP - ). o
Ds=—> Z %L(L — MYE(p' pIPLR - p).
o= 3 St r L G e,
D, = %Zi“”(—)”l[]]z }j

12

J /

2 MY (p', pbrr,
J

2

1 g 1 ’
=32 MR ML, pyev.

The coefficients a;p, by, and ¢y are given by Eqgs. (A4),
(AS) with the replacements kK — p and § — p'; these same
replacements are needed to calculate 71, in Eq. (29).

Equation (29) is the most general spin structure of the
transition operator for a positive parity baryon B, consistent
with symmetry principles. It contains eight independent spin
structures. The first two terms are the central spin singlet and
triplet interactions, respectively. The third term is the spin-orbit
interaction. The fourth and fifth terms describe the spin
singlet—triplet and triplet— singlet transitions, respectively.
The last three terms are the tensor interactions of rank 2. Apart
from the fourth and fifth terms, all the other terms conserve
the total spin in the transition.

It should be mentioned that in the case of identical particles,
i.e, NN — NN, the structure (6; — o>) is not allowed in
the scattering amplitude, which reduces the total number of
independent spin structures in Eq. (29) to six [1]. Furthermore,
for elastic scattering, Dg = D7, as a consequence of time
reversal invariance [1].

For the purpose of calculating the observables directly from
the transition operator of Eq. (29), it is convenient to reexpress
it in the form

9 3
- Z Z M0, (Do (2), 31
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where o¢(i) =1, 01() = 0,(i), etc., for ith nucleon. The
coefficients M}, are linear combinations of the coefficients
appearing in Eq. (30). Explicitly, we have

M, = 13D+ D1184,08u 0.

M2, =i [Ds+ L(Dy + Ds)] fian(1 — 8,.0)8u.0.

M2, = i[Ds — LDy + Ds)] o dno(l — 8u0).

M}, = 1 [Ds — Dyl i (1 — 8,.0)(1 — 8,0,

M3, = [L(D,—D))— L (Ds+Dy+(p-p')YDs)] 81,0 (1=8,.0),

. (32)
Mnn’ = Dépnpn’(l - sn,O)(l - (Sn’,O)’

M), =D1plph (1 —8,0)(1 —8y0),
M, = ADsp,pl, (1 — 8,0)(1 — 80),
M, = 3Dgpl (1 — 8,0)(1 — 8w 0),

where we have used the notation d,, for the nth component of an
arbitrary unit vector a; &,, denotes the antisymmetric Levi-
Civita tensor and A is an index for the type of term (operator)
being considered. In obtaining Eq. (32), we have made use of
the identity
3[61 ® 521" - [a ® b
= 3[61-a6y-b+51-boy-al —(a-b)o1 -6, (33)

where a and b denote arbitrary unit vectors.

With the transition operator in the form of Eq. (31), it
is straightforward to calculate any observable of interest. Of
course, it can also be expressed in terms of the matrix elements
of total spin of Eq. (24); for convenience some observables are
given in Appendix D in both representations.

B. Negative parity case
For a negative parity baryon B, the quantity [Y,.(p') ®
Y (P)]* in Eq. (27) can be read off from Eq. (13). For this
case [V, () ® YL(P)]* = (=)* T [YL(p) ® Y (p)]*. Insert-
ing this and Eq. (28) into Eq. (27), we have
M~(p', p) = i(Hify + Hap) - (G1 + 52)
+i(H3ity + Hap) - (01 — 62) Ps—o
+i(Hsiy + Hep) - (01 — 02) Ps=i

+H7[61 ® 6217 - [ ® )
+Hs[61 @ 3] - [P @ o, (34)
where

11 Ly [LL'] ,
125 = o1
=g OV e
{IL %{}Mi'f(p PIPL( - P),
IR o W
o zfz (=)’ [LL[JT*(LOL'0|10)
X{IL/H}MFZ@ PP - ).

Z .L— L+1( )L+1 [L][ ]
JL'(L'+1)

x Mi‘?f(p . PYPL(P - P),

. (LOL'111)

PHYSICAL REVIEW C 72, 034603 (2005)

— 1 +L—L'+1 L'+1
Ha= ZIZ (=) LLI(LOL'0]10)
xMi‘?LL(p PPL(p’ - p),
_ Lope [LI[LT?
Hs = — Z (-t W(LOLHM)
MflL (', PYPL(D - P).
_ i_ L—L'+1,_\L 72 ’
He = 1 N§Z' (—)FILIIL'F(LOL0[10)
x M{'E(p', p)PLAP' - P,
I 1L N
Hy =5 it L(—)’[J]z{L, { ;}MEL’(p,maL,L,
1 ,
Hy= o Y it (—)’[J]Z{lL, ~ }MEZ (P, P

(35)

The coefficients a;,, and biL’ , are given by Egs. (A9),
(A10) with the replacements k — p and § — p’. The same
replacements are also required to calculate 7i;.

Equation (34) is the most general spin structure of the
transition operator for a negative parity baryon B, consistent
with symmetry principles. It also contains eight independent
spin structures, but no central interaction is present in this case.

Analogous to the positive parity case, Eq. (34) can be
reexpressed in the form

03
1= =) > M,0.(1ow() (36)
A=1 n,n’=0
where the coefficients M}, , are given by

My, =i[Hi+ 3(Hs + Hs)] Ara(l — 8,,0)8u.0,

M2, =i [Ho+ L(Ha + He)] a1 — 8,,0)8n0,

M}, =i [Hy — S(Hs + H)] Atwdo(l = 8u0).

M, = i[Ha — L(Ha + He)] Pudno(l — 8 0),

M3, = il [Hs — Hs) enriine(l — 8,001 — 8.0, an
MS, = i [Hy — Hel eni Pr(1 — 8,.0)(1 — 8,.0),

M), = Y H; puitow (1 = 8,0)(1 — 8,0,
M2, = M7 pyiin, (1 — 8,0)(1 — 8,0),
M), = YHs pliing (1 — 8,.0)(1 — 8,0),
MY, = YHg pliinn (1 — 8,,0)(1 — 8,0).

IV. APPLICATION: NEAR THRESHOLD AMPLITUDE
IN pp —> B'B

As an application of the results of the previous section, we
consider the reaction pp — B’B in the near-threshold energy
region. We restrict to S and P waves in the final state, i.e., L' =
0, 1. In contrast to the photoproduction reaction discussed in
Sec. II, here the Pauli principle restricts the initial pp state to
(- )S+L +1.

034603-6



SPIN STRUCTURE OF SPIN-1/2 BARYON AND. ..

For a positive parity baryon B, we then have six partial-wave
states

1Sy — S0, P —'P,

(38)

3 3 3 3
Po,12—>"Po12, “F2— P,

Here we use the notation 2*!'L; — 25+!L/ . Then, the
coefficients D; in Eq. (30) reduce to

p 1

— ) A; cos(6),
A) 1 cos(9)

Dy =A), D= <
(P pi _
D; = (X) B;sin(@), D4 =0,
(39)

/
Dy = (%) Clsin@), Dg=0,

P’ P’
D; = (X) D} cos(6), Dg= (X) El,

where the quantities A%, BLS,, etc. are given in Appendix C.
Here, again, the (p’/A)"" dependence of the partial-wave
matrix elements due to the centrifugal barrier is displayed
explicitly. As in the photoproduction reaction discussed in
Sec. II, the scale A may be taken to be the four-momentum
transfer at threshold, A%2 ~ —t = mpmp — m%,, where mp
denotes the mass of the baryon B and m g/, the mass of the
positive parity baryon B’.

For a negative parity baryon B, the possible partial-wave
transitions are

Pp— 1Sy, Pi—=3S, So—3Py, 'D,—P,.  (40)

With these partial-wave states, Eq. (35) reduces to

Hl = O, Hz = Az)ll, H3 = (%) Bilo sin(@),

Hy = <%>Cilocos(9), Hs =0, 41)
He = C)', H;=0, Hg=0,
where the quantities A’LS,’S, B’LS,’S, etc. are given in Appendix C.

An interesting feature in Eq. (39) is that the amplitudes
with spin-triplet initial states depend linearly on (p’/A) (i.e.,
the final state is in a P wave) if the parity of the baryon B is
positive, whereas if the parity of B is negative [Eq. (41)], they
do not depend on (p’/A) (i.e., the final state is an S state).
This energy dependence is interchanged for amplitudes with
spin-singlet initial states. The feature just mentioned is a
direct consequence of the Pauli principle and total parity
conservation,

(_)S+L/+T — :F11 (42)

where the (—) and (+) signs refer to the positive and negative
parity baryon B, respectively. T denotes the total isospin
(T =1 for pp). In fact, as pointed out in Ref. [15], it follows
immediately from Eq. (42) that the energy dependence of a
partial-wave amplitude with spin-triplet initial state (S = 1) is
given by an odd power of (p'/A) if the parity of B is positive
since in this case the final state must be in an odd orbital
angular momentum L’, whereas it is given by an even power
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of (p’/A) if the parity is negative since L’ is even in this case.
For completeness, we note that for the pn — B’B reaction,
this energy dependence is interchanged [15].

With the coefficients D; and H; given by Egs. (39),
(41), itis straightforward to calculate any observable of interest
in the pp — B’B reaction using Egs. (31), (32), (36), (37)
and the method given in Appendix D. Alternatively, one can
calculate the observables using the matrix elements given by
Eq. (24), in terms of which, some of the observables are also
given in Appendix D. In particular, the cross section with
the spin-triplet initial state 3oy, as defined by Eq. (D10) in
Appendix D, can be expressed as

N\ L g3+ 7\ 2
)4 d( 0):) 2 p
— — = N\ — 43
(A) o =Bt picos’@]( L) . @3
for a positive parity baryon B and,
N\ —1 3 _—
p d( 02) /
— = 44

for a negative parity baryon B. Note that we have divided out
the cross section by a factor of (p’/A) due to the final state
phase space which introduces an extra p’ dependence into the
cross section. In the above equations

2

)

—po+ 3|l + 3D} + EI[* 2| w]
2

)

po =28 +5(ci” +|EI[) - U}
Bi
By =2/ag'[ + |c)

2@45)

where U/ and W/ are defined in Appendix C.

Equations (43), (44) show that, apart from the p’ depen-
dence due to phase space, the spin-triplet cross section scales
quadratically in p’ (or equivalently, linearly in excess energy
Q since v/Q o p'), if the parity of B is positive, whereas it is
constant if the parity of B is negative. This is the principal result
of Ref. [15], where the reaction NN — Y ®™ has been inves-
tigated. Furthermore, the spin-triplet cross section exhibits a
cos?(9) angular dependence in the case of a positive parity
B, whereas it is isotropic in the case of a negative parity B.
Therefore, an observation of a strong cos>(d) dependence in
the measured angular distribution near threshold would imply
a positive parity baryon B. An isotropic angular distribution,
on the other hand, would be inconclusive about the parity
of B.

The spin-triplet cross section can be related to the spin
correlation coefficients A;; as (see Appendix D)

dCoy) ldo

aQ - ZE(Z + Axx + Ayy)9 (46)

with do /dQ2 denoting the unpolarized cross section and, A;;,
the spin correlation coefficient with the spin orientations
along the i-axis. Therefore, in general, 3oy can be extracted
experimentally by measuring the spin correlation coefficients
Ay and A, in conjunction with the unpolarized cross section.
Furthermore, it is immediate from Eq. (D7) that, at threshold,
as pointed out by Rekalo and Tomasi-Gustafsson in Ref. [16]
in connection to the reaction pp — TTOT, A, = A,, = —1
for a positive parity baryon B while A,, = A, >0 for a
negative parity B.
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V. THE REACTION N+N — M+B'+N

We now focus on the process N+ N — M + B '+ N,
where M stands for a spinless (scalar or pseudoscalar) meson
and, B’ for a spin-1/2 and positive-parity baryon. We start by
making a partial-wave expansion of the corresponding reaction
amplitude

(S'Ms|M(q, p's p)ISMs)
= > i Um0 My | TM (S Mg L' My | T My
X (SMsLM.|IM )M (q. p's p)
X Yim (DY 1ma, (B[ y, (D) 47

where S, L, J stand for the total spin, total orbital angular
momentum, and the total angular momentum, respectively, of
the initial NN state. Mg, M, and M; denote the corresponding
projection quantum numbers. The primed quantities stand for
the corresponding quantum numbers of the final B'N state.
!/ and m; denote the orbital angular momentum of the emitted
meson and its projection, respectively, relative to the center
of mass of the final two-baryon system. The summation runs
over all quantum numbers not specified in the Lh.s. of Eq. (47).
p and p’ denote the relative momenta of the two baryons in the
initial and final states, respectively. ¢ denotes the momentum
of the emitted meson with respect to the center of mass of
the two baryons in the final state. We note that, in Eq. (47),
apart from the restrictions on the quantum numbers encoded in
the geometrical factors, total parity conservation imposes that
(—)*L+L" = —1 in the case of pseudoscalar meson production
and (=)L = 41 in the case of scalar meson production.
Equation (47) can be inverted to solve for the partial-wave

matrix element M} 757 (g, p's p). We have

Mg pip) =) it Umy T M| T M)
x (S'Mg L' My |J' My )(SMsLO|J M)
872 2L +1
N A, Y5, (7
27+ 1V an / Vi, (P)
+1
X / d(cos(0,)Y;,, (6, 0)
—1

x (S'Mg|M(G, p'; p)ISMs), (48)

X

where, without loss of generality, the z axis is chosen along p
and g in the xz plane; cos(6,) = § - p. The summation is over
all quantum numbers not specified in the Lh.s. of the equation.

The most general spin structure of the transition operator
can be extracted from Eq. (47) as

M@G.p:p)= ) |SMs)(SMg|M@G. p's p)|SMs\SMs|.

S'SMsMg
(49)
Inserting Eq. (47) into Eq. (49) and recoupling gives

M(&’ ﬁ/’ ﬁ) — Zl-L*L/fl(_)L7J+J/+I+S/+S[J/][J]2
S'J'SJ . LJys\|spJ
><1WZL’L (%P’P)Zﬂ{‘] :3 l L S«

x [Ag ® Bs1® - [Xqrnpel®, (50)
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where [X1p.]% is defined as

[Xarnpel” = [[Y1(§) ® Yo (pH1P @ YL(p)1%, (€29)

and contains all the information on the angular dependence of
the transition operator.

We now expand [Ag ® Bg]®, for each tensor rank «, in
terms of the complete set of available spin operators in the
problem. Since the meson M produced in the final state is a
spinless meson, the expansion of [Ay ® Bg]® is exactly the
same as that for the N + N — B’ 4+ B reaction discussed in
Sec. IIT and is given by Eq. (28).

Inserting Eq. (28) into Eq. (50) yields

MG, p's p) = RoPs=0 + RiPs=1 + Ry - (01 + 02)

+Rs - (01 — 02) Ps=o + R4 - (51 — 62) Ps—i

+R: - [61 ® 32)% (52)
The above result is the most general spin structure of the
spinless meson production operator in NN collisions consistent
with symmetry principles. The first two terms are the central
spin singlet and triplet interactions, respectively. The third
term is a tensor of rank 1 and corresponds to the usual
spin-orbit interaction. The fourth and fifth terms are also
tensors of rank 1 but they describe the spin singlet— triplet
and triplet—singlet transitions, respectively. The last term
corresponds to the tensor interaction of rank 2. Apart from
the fourth and fifth terms, all the other terms conserve the total
spin in the transition. The coefficients multiplying the spin

operators in the above equation contain the dynamics of the
reaction process and are given by

Ro = ZiLiLLI(_)L[L]MPLL'/LOL(qa P’ I Xaryeel’,

Ri= 3 Y 0P {5 v }}
x MY g, p's ) Xarneel’s

Ry = 2%/5 ZiL—L’—Z(_)L—J+J’+1[‘,/][‘,]ZMIILJ,/LIJ(CI’ s p)
X ;[,3] { 7 {3, } } {2 '(13 { } [Xarysel's

Ra= % Y S L IMY g, Py p) (53)

xZ(—)ﬂ[ﬁ]{f y }}[XUU),SL]‘,
B

1 / / ,
Ry = —— L= ML Y (g, b p)
4 Zﬁz i 4, psp
x [Xarnsel's
Ut psir , ,
R§ — EZZL L l(_)L J+J+1[J/][J]2MIILJ/LIJ(q,p;p)

L'J1 1 gJ
il 31t

Note that the summations over the quantum numbers in the
above equation are restricted by total parity conservation and
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the Pauli principle:

(_)1+L+L/ = +1

(—)LHS+T = g (54)
where the £ signs refer to scalar (4+) and pseudoscalar (—)
mesons, respectively; T denotes the total isospin of the two
interacting nucleons in the initial state. If the baryon B in the
final state is a nucleon, the summations in Eq. (53) are further
restricted by the Pauli principle

(H)ESHT = (55)

where T’ denotes the total isospin of the two interacting
nucleons in the final state.

The quantity [X ;. 1% in the above equation can be most
easily evaluated by choosing the z axis along the relative
momentum p of the two nucleons in the initial state. We then
have
LT M L0l MLYi@) © Yo (50
— 1 L
NZT )

[LL]
Jax
Y (Am L' My | BM)Yin (@Y1, (). (56)

my, M,

[(Xarypely, =

(BMo L0l M)

The evaluation of [Xy.]% can be further simplified if we
choose the relative momentum p’ of the two nucleons in the
final state in the xz-plane, in which case, Yy, (p) = (—)Mv
VIT= ML F ML + 1)/47] /2P (9 - ).
What we have done so far is completely general and applies
to any spinless meson production in NN collisions. In the
following, we treat the production of neutral and charged
spinless mesons separately in the NN — M N N reaction.

A. Neutral meson production amplitude in
N+N->M+N+N

Since the only difference between the scalar and pseu-
doscalar meson production amplitude is that the sum [ + L +
L' be even (scalar meson) or odd (pseudoscalar meson) as
expressed in Eq. (54), we restrict the following considerations
to pseudoscalar meson production. The scalar meson produc-
tion amplitude is easily obtained from the pseudoscalar meson
production amplitude by changing the restriction on the orbital
angular momenta from (—)/ T+ = —1 to (=) *L+E = 41,

In the case of neutral meson production, the available
isospin operators in the problem are the usual isospin operators
7; and T, together with the identity operator acting on
the nucleon sector. We need to construct a scalar from
these available operators. Since the total isospin of the two
interacting nucleons is conserved in the production of a
neutral meson, the isospin structure of the reaction amplitude
is most simply expressed in terms of the isospin projection
operator Pr for the isosinglet and isotriplet transitions as
T = 0 and 1, respectively. Explicitly, Pr—o = (1 — 71 - To)/4
and Pr—; = 3+ ‘?1 . ‘?2)/4

We now note that, since the total isospin is conserved in the
neutral meson production process, total parity conservation
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together with Pauli principle [Egs. (54), (55)] demands
that (—)/*5t5 = —1 in the case of pseudoscalar meson
production. This implies that the coefficients R3 and R4 in
Eq. (53) involve the summation over even / only while all
other coefficients in Eq. (53) involve summation over odd /
only. In what follows we will use the superscript (e) or (0) in
the coefficients in Eq. (53) to indicate the restricted summation
to even or odd /, respectively.

With the above considerations, the (pseudoscalar) neutral
meson production operator for a transition with a given isospin
T is given by

Mr(, p'; p) = {R(()O)Pszo + R(IO)PS:I + 7%(20) (01 + 02)
+7i§e) (61 — 02) Ps—o + RE{?) (01 — 62)
x Ps_i + R - [, ® 321} Pr. 57

The above result is the most general spin-isospin structure
of the neutral pseudoscalar meson production operator in NN
collisions consistent with symmetry principles.

In the total isospin basis, the pp and pn states are expressed
as

lpp) =T =1, Mr = 1),
(5%
lpn) = 0T =1, My = 0) +|T = 0, My = 0)],

so that, for pp collisions, we have
Mppm(G, P's P) = Mr1(§, P's P), (39)

while for pn collisions,

N e 1 N L
Mpn(§G, B3 9) =5 Y Mr(G, ' P). (60)
2
T=0,1
The transition operator for neutral scalar meson production
is also given by Eq. (57), except that the superscripts (¢) and (0)
in the quantities appearing in Eq. (57) should be interchanged.

B. Charged meson production amplitude in
N+N->M+N+N

For charged meson production, the available nucleon
isospin operators are the same as those for neutral meson
production as discussed in the previous subsection. In addition,
there is the isospin creation operator 7,, in the meson sector
[[1m >= ﬁ,L |0 >], where the subscript m stands for the charge
of the produced meson (m = +1, 0, —1). Again, we form all
possible scalars from these operators with 7, appearing once
in each term. The isospin structure of the transition operator is
then of the form # - O, where O stands for an isospin operator
of rank 1 in the two nucleon isospin sector. Three independent
structures are possible for O:

T=T =1: O0=@F +10),
T=0T=1: 0= —1n)Preo, (61)
T=1,T=0: 0= —1)Pr_:.

In the isospin singlet—triplet and triplet—singlet tran-
sitions, total parity conservation and the Pauli principle
[Egs. (54), (55)] demand that (—=)!*5*S" = 41 in the case of
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pseudoscalar meson production. This condition is just opposite
to that for either the isospin singlet-singlet or triplet-triplet
transitions as discussed in the previous subsection. Taking into
account this restriction together with Eq. (61), we have for a
given transition T — T’

Mr1(G,p'sp) = {R(()O)Ps=o + RV Ps_y + 7%(20) (61 + 62)
+7€§‘” (61 — 02) Ps—o + 7%26) (61 — 02)
x Ps_i + R:” - [61 @ 327t - (71 + T)
+{RY Ps_g + RO Psoy + RY - (51 + )

+RY - (31 — 52)Ps—o + R - (61 — 62)
X Pso+R2[61 ® 6,12} #-(F1—%) Pr.
(62)

Note that the coefficients of the spin operators in the two-
nucleon isospin nonflip term have different restrictions on
the angular momentum of the emitted meson relative to the
corresponding coefficients in the two-nucleon isospin flip term.
The above result is the most general spin-isospin structure
of the charged pseudoscalar meson production operator in
NN collisions consistent with symmetry principles. The tran-
sition operator for a specific reaction can be trivially obtained
from Eq. (62) using Eq. (58).

The transition operator for charged scalar meson production
is also given by Eq. (62), except that the superscripts (¢) and (0)
in the quantities appearing in Eq. (62) should be interchanged.

VI. NEAR-THRESHOLD pp — ppM REACTION

In any particle production reaction, the near-threshold
energy region is of particular interest due to the limited number
of relevant partial-wave amplitudes. In this section, as an
example, we consider the pp — pp M reaction near threshold,
where the produced pseudoscalar meson M is primarily in
an s-wave state. Then, considering only / = 0, the transition
operators of the previous sections take particularly simple
forms. Indeed, Eq. (59) becomes

=

ip) = NG —52)Ps:o+73£f) - (61—02) Ps—1,

(63)

where the isopin matrix element has been taken. From Eq. (53),
the coefficients R and R reduce to

ppM(q

e 1 N ’
RY = ——= Y i" H (M LIME g ' p) X o]
23
| (64)
Rff) = _m ZiL_L,[L IMOEIE (q, p's P X 0ryee]'s

[LLT| | 2 , AR
(Xoryel' = ) |: T+ 1)(L LLO[T1)P(p - p')is
)32

+(L'0LO|10) Pr(p - 13/)13]- (65)

In the above equation, i, = [(p x p') x pl/|p x P'|.
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Restricting the final two proton states to S and P waves,
Eq (63) reduces further to

pM(C} p's p) = i{[Bop' — B3(p' —3p - p'P)]- (61 — 02)
X Ps—g — B1P - (61 — 02) Ps—1}, (66)
where
B = WM(;(}{H(Q’ P/§P),
1
B = MR (q. p's p). (67)

2(4m) 2

— 1 5 0111
ﬂ?’ = 2(4 )3/2 012 (q p p)

are proportional to the partlal—wave matrix elements cor-
responding to 3Py — 1Sps, 1Sy — 3Pys, and D, — 3Pys tran-
sitions, respectively [17]. Equation (66) agrees with the
structure derived in Ref. [18] based directly on symmetry
considerations. We also note that the higher partial-wave
contributions in pp — ppn reported in Ref. [18] have been
calculated based on the present method.

The transition operator given by Egs. (57), (59) can be
reexpressed in the form

6 3
=Y Z o on(Dow (2), (68)
r=1 '=0

where

Ml/:

nn

+RY)8.08u0,
—-R) + RZ(‘”} (1 = 8,008

1 - e S (e
E(Rg) + RE‘ ))} (1 - (Sn,O)(Sn’,O’

" (69)
(1 - 8n’,0)8n,07

n'

(0 1 = e (e
P 5@+ 7|
My = i3 YRS — R, (1~ 8,000 — br0)
k

MC, =R,V = 8,0)(1 — 8,.0),

with
R = Y (—)"RE(Amy1my|2 — m)
miymoym
mym
X{ 1 2(5,1 1 —mm8,2) + (1 —|my|)
x (1 — Imzl)5n,3},
. . (70)
Ry = Y (—)"Ray (Imy1ma|2 — m)
mymom
.mpmy nmi
X {l n,l(sn’,Z + mlfsn,28n/,l) - E

X (I = [ma)(8p,1 + im18,2)8, 3

m .
- 7%(1 — |1 1)80 3Bt + lm25n',2)}-
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Any observable of interest can then be calculated either
from Eq. (68) or from Eq. (47) as given in Appendix D.

In near-threshold kinematics with only s-wave mesons, we
see from Eqs. (63), (69) that the nonvanishing coefficients

are M,)l‘n 34,3 . If, in addition, the final two nucleon states are

restricted to S and P waves, we have
M = i3 (B2 = B, + 3855 - ) — il
X (1 - 811,0)5#,0’
. 1 A/ A Al A
My = =i {(Ba = BBy + 13625 - 5) = i1}
X 5;1,0(1 - 8n’,0)v

1
M3y = =3 D euni] (Br = BB + 3Bs(p - ) + il
k

(71)

X (1 = 8,,0)(1 = 8,0,

where §;’s are defined in Eq. (67).
Inserting the above results into Egs. (D2)—(D4) [or alterna-
tively using Eq. (47) and Eqgs. (D5)—(D7)] yields

do

1g = B+ 1Bl + Beos’ 0 + DIBs|?
+2(3cos? 6 — HR[B2B1,
d
2
do do 72
— A= —=Ay,
ds2 ds2

= 1B11* = B> — Bcos? 0 + 1)|5)*
—2(3cos? 6 — DHR[BB3],

which are equivalent to the results derived directly from
Eq. (66) in Ref. [18]. From the above results, the final state
(NN) S-wave contribution can be isolated via the combination

1 3
_d—a( 1+ A= 4Co)

2dQ2 ds2

= 1pl% (73)

which is nothing other than a consequence of the Pauli
principle and parity conservation as discussed in Sec. I'V.

VII. SUMMARY

Based on the partial-wave expansion of the reaction
amplitude, we have derived the most general spin structure of
the transition operator for the reactions y + N — M + B and
N + N — B’ + B. Also, we have derived the most general
spin structure of the spinless meson production operator for the
N+ N — M + B’ + N reaction. The present method used
to extract the spin structure of the transition operator is quite
general and, in principle, can be applied to any reaction process
in a systematic way. The advantage of this method is that it
relates the coefficients multiplying each spin operator directly
to the partial-wave matrix elements to any desired order of the
corresponding expansion.
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APPENDIX A

In this appendix we will determine the coefficients
apr, by, and cpp in Eq. (6) as well as a;,, and b}, in
Eq. (13).

Taking the scalar product of the last equality in Eq. (6) with
[§ ® 412, [k ® k12, and [k ® §1?, respectively, we have

3u=2ap; + Bcos’0 — Dby +2cosOcpr,

3v=3cos’0 — Day +2by +2cosbcyp, (A1)
3w =2cosBay +2cosbbr + %(3 + cos? ),
where cos@ =k - § and
u=[Y(k)® YL (@ [¢d®4T,
v=[YL(h) @Y (@I - k@ kP, (A2)
w=[Y, ()Y (@ ko ql.

In order to arrive at Eq. (A1), we have also made use of the
results

4 ®4F-1G®4q” = 3.
k@kl* 1§ ® 41 = %(3 cos’ — 1), A3
k®4l*-[§®41* = %COS@,
lk® 1 - [k ® 1 = L3+ cos’6).
Equation (A1) can be readily inverted to yield
app = sinl49 [2u + (1 + 00529)11 —4cosHw],
by = 7 [(1 +cos®>O)u +2v —4cosbw],  (Ad)
crL = [—2cosO(u +v)+ (3 cos’6 + Dw].

sint 6

Choosing the quantization axis 2 along k, the quantities
u, v, and w defined in Eq. (A2) can be expressed without loss
of generality as

1 /2 A
U= —\/j[LL/](LOL/O|20)PL(k - §),
47V 3

1 2 R
v = —\/j[LL’](LOL’O|20)PL/(k - 9),

[LL | (AS)

(L 010]/0) Z(LOL M|2M)

M Jmy
x (101M|2M)(L/M1M|lm;)Y,m, ®, 0).

Similarly to what has been done above, taking the scalar
product of the last equality in Eq. (13) with [k ® 7i,]> and
[§ ® 7i»]?, respectively, we have

2r = aj;,; +cosOb;,,, 46
2t = cosfBay,, + by,
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where
r=[YL(k) ® Yo (I - [k ® s,
t =YL (k) ® Yo (- [§ ® ia]*

In order to arrive at Eq. (A6), we have also made use of the
results

(A7)

[k ® ia)* - [k ® Az)?
[k ® fir)?

Equation (A6) can be readily inverted to yield

(A8)
[g ® #2]* = 1 cosh.

2
ay, = 20 (r —tcosb), )

by, = (t —rcosf).

sin? 0
Choosing the quantization axis 2 along k, the quantities
r and t defined in Eq. (A7) can be expressed as

—'i[LiL/](LOL’um)Pl(/E §)
Yan T T D L
(A10)
[LL
U](L 010]10) Z( Y(LOL'M|2M)

M.,m's
x (L M1m|lm1)(1m11|2 — M)Y;,,,(6,0).

APPENDIX B

In this appendix we will give the explicit expression for the
quantities Ay, By, and Cy in Eq. (19) and AL,, L , and C/L/
in Eq. (21).

Using Egs. (8), (11) for those states specified in Eq. (18),
we find

(BI)

—_
S

q 1\/? 13 33 3
2\, = —— 22 M22_2 Mz
($)e=-5 8[ YA =23 ]

Similarly, using Eqgs. (15), (17) for those states specified in

Eq. (20), we find

q V2 +1 1 1
(s (w20
—V2M,

[

(S
(SIS

—4 +4)-M

w%y
=
=) ST
e

]

—
Iw
[

S
W | =
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g (Y2 1T s

0 — A7 \/E 3 01 01 4
q 1 (V241N [I] 11 13
(X)Bi =_E< /2 3 My + My

(B2)
APPENDIX C
The quantities A5 1., By, etc. in Eq. (39) are given by
0 L 000
Ay = EMOO g
p 11
(5) At = g3 i+ 3mai -+ 5a12),
4 11 3 5
(X) B| = “Ind |:M11110+ §M111” - §M11112 ;
, 1 3 (C1)
p 1 011
—\|Ci=——°2M],",
(A) YW
! 1 /35
£) ot o
A 4w ¥V 22
p/
A

Y
N———"

1 3 1 3 1
£l = o |t - gt s St < o]

For convenience we define

p V3| /3
(5ot =32 |30y e

v (623
p 3 3
<X) Wll = E [\/;(Mllllz +Mlllll) +M]l]12} .

Similarly, the quantities A’SS, B/S'S, etc. in Eq. (41) are given

by
11 /3
A’“:——\/jM“l,
O T4z 2V 20
11 5
( )Bim:EE |:M1]80_\/;M1182:|,
11
< >C;10 =3 [M1180+\/EM1132],

C/Ol _ 1 11‘/[010

0 T g0l

>

(€3)

>,

APPENDIX D

In order to calculate the observables directly from the
transition operators in Eqgs. (29), (34), and (52), it is convenient

034603-12
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to express them in the form

3
M=) %" Mooy,

(DD
L nn'=0
where op(i) = 1, 01(i) = 0,(i), etc., for ith nucleon.
The unpolarized cross section is then given by
do 1 I
— = -Tr[MM"]
d 4
3
= Z Z ML (MD) (D2)
AA n,n'=
For the analyzing power we have
do 1
—A = —Tr[Ma,(l)MT]
3
:ZZIm[MA M) ] +i Zskm (M) }
A,A n'=0 k,n=1

where ¢;,; denotes the Levi-Civita antisymmetric tensor. We
note that, from parity conservation, A, = A, = 0 for the two-
body reaction NN — B’B; this result also holds for the three-
body reaction NN — M B’N in the coplanar geometry.

The spin correlation coefficient A;; is given by

do

1
o, _1 i
oAy = JTlMo (Do, @)1
= 3 {2l ()" + My (M5) ]
AN
+ Z 23[ M (M],) e +Mk0(Mnj) & |
k.,n=1
3
— Y MEM) ewiews ) (D4)
k,k',n,n'=1

Of course, any observable can also be expressed in terms
of the spin-matrix elements given by Eqgs. (24), (47). We have,

e.g.,

do 1
=i 2

S.8" Mg, Mg

[(S'Mg|M|SMs)|*, (D5)

do ﬁz

A, = — RS ML M|SOV(S' MLIM|1 — 1)*
70 2 [(S"Mg|M|SO)(S' M| M| )

S, 8", My

+ (D) (S ML M11Y(S ML M|S0)*],

(=) (S MG M|11) (S Mg|M|SO) D6)
dO’ \/E ~ / any / 2wy *
EAy =T Z SIS M| M|SO)(S' M| M|1 — 1)

S, 8", My

+ (=) (S M| M| 11)(S M| M|S0)*]
do

1 X o
To A= D IS MNP — (S Ml M1 = 1))

', Mj

PHYSICAL REVIEW C 72, 034603 (2005)

do 1 14+S—2Ms 1 &/ A4/ 1 K
Ghe=7 2 O S(S'M|M|SMs)

S8 . Mg, My
X (S'Mg|M|S — Ms)*,
do 1

oAw =1 D0 (SIS M M|SMs) (D7)
S8, Ms, M
X (S'MgIM|S — Ms)*,

do 1 A

A= Do (O)US M MISMs) .
8,8, Mg, My

As has been pointed out in Ref. [19], a given initial state spin
contribution to the cross section can be isolated by measuring
some spin observables. In particular, using the spin-projection
operator Pg as given in Sec. III in terms of the Pauli spin
matrices, it is immediate that

AC0) o Lt o)1 Py = STHLN Py
a2 4 B B 4 B
= ld—a(l Ay — Ay — AL)
44 xx yy 2z)»
(D8)
9CO) LT Py Py = ST Py T
dQ 4 B B 4 -
= ld—a(S + A +A,+ AL
4dQ A
where 25*!5 denotes the (initial state) spin-singlet or -triplet

cross section as S = 0 or 1, respectively.

Also, Eq. (D7) can be inverted to solve for the spin cross sec-
tions, d( > oy,)/d(Q) = Zs',Mg |(S/M’S|M|SMS>|2/4. We
obtain [20]

d(lao) ldo (1- A AL)
dQ — 4dQ e Ten
d(300) 1do
dCe)) dCo_) ldo
——((1+A
d2 d2 ZdQ( + Az,

where we have made used of the relation o ='og + %o +
%1 + %_1. Note that Eq. (D9) is consistent with Eq. (D8) as
lo = logand %o = %o + o1 + o_1.

From Eq. (D9), it is immediate that the spin-triplet cross

section defined as

dCos) _ d(ay) n 1 (d(301) d(301)> D10)
ds ds2 2\ dQ a2

is given by Eq. (46). Note that d(301)/d52 = d(3a_1)/d§2 for

NN — B’B by symmetry. This holds also for NN — M B’'N

in the coplanar geometry or for the cross section integrated

over the emission angle of the one of the three particles in the

final state.
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