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Abstract

The analysis of p p reactions in flight has been started up to now
from the JP¢ intermediate states(Standard Method).The problem
with the Standard Method is,that additional Clebsch-Gordan Coef-
ficients describing the coupling of the P p system with the JC system
are not taken correctly into account.The same is true for the kinemati-
cal factors(different for different beam-energies). They are important in
the comparison of amplitudes at different p energies.Here,the whole re-
action chain is described starting from the antiproton- and proton- he-
licity states,avoiding the above mentioned complications.That is done
for the pp — wr®,w — 7%y reaction,but can be easily expanded to
more general cases.A comparison of the results with the Standard
Method is performed showing that the Standard Method does not re-
produce the correct sign of the amplitudes.Also the spin density matrix
of the omega is discussed and the determination of its elements using
different methods is outlined..
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1 Definitions for pp — wn®,w — 70y

The definitions of the relevant quantities for the reaction are given in Fig.1.

1.1 Quantum numbers of particles

The quantum numbers of the particles relevant for the reaction under discussion
are summarized in Table 1.

1.2 Quantum numbers of Sub-Systems

12-System:

S12=0,1; L12 =0,1,2,3,,,; Py = (—1)k2t!
512 =0: J12 = L12 :0,1,2,,

512 =1: Jlg :L12:|:1,L12,: 0,1,2...



2=p

Figure 1: Definitions for the reaction pp — wm
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Q:\—(@m $56); S565 J56, Lisg, Pog, Cso

6=r

,w — 7’y.The helicity angles

034, P34 are measured in the overall CM-system with Z||p5.The helicity angles

Os56, Ps¢ are measured in the w rest system,with Z||pg,.

‘ Properties ‘ 1=p ‘ 2=p ‘ 3=m9 ‘ 1=w ‘ 5=mY ‘ 6 =7 ‘

Rest mass mg my M0 My myo | m, =0
Momentum | p5 Dp P P Prg Py
Spin 12 | 12 | 0 1 0 1
Helicities +1/2 | £1/2 0 +1,0 0 +1
Isospin I 1/2 1/2 1 0 1 0,1
I3 -1/2 | 1/2 0 0 0 -
Parity -1 +1 -1 -1 -1 -1
C-Parity - - +1 -1 +1 -1
G-Parity - - -1 -1 -1 -

Table 1: Properties of the contributing particles

Cio = (_1)L12+S12
Iio =0,1;(I3)12 =0
Gy = (_1)L12+512+I12

34-System:
534 = Sw = 1;L34 = 07 172777;P34 = (_]‘)L34
J3g = Lag £1,L34,=0,1,2,,,

O3y =—1
I3ys =1
Gsy =1
56-System:

Ss6 = 1; Lsg = 1(Parity Conservation);Psg = (—1)%56 = P, = —1

Jse = Jo, =1



I =0,1

1.3 Conserved Quantities

Jio=Ju=J;J, =1=Js6;Pa = P34 = P;C1a = C34 = C(= —1); Psg = P, =
-1

112 = I34 = 1; (13)12 = (13)34 (12 — 34 tI‘aHSitiOD:StI‘OHg interaction)

(I3)34 = (I3)56 (34 — 56 transitition:Electromagnetic interaction)

1.4 CM-System

Pp = —Pp; [Pl = |Pp| = p5 = P12

Fo = i | oo | = 1] = P = b

s12 = (p1+ p2)? = mp? + mp? + 2E5E, + 2p% = (B + E,)?
(p means four-vector)

534 = S12

— 2
S56 = M,

2 Differential Cross Section

2.1 Differential cross section for unpolarized particles
For unpolarized antiprotons and protons the number of particles(d®N) scattered
into a phase space volume dLips is given by [1],[2]

d®N = Ninitial X no X Az X d°0 = Ling x d°0 (1o = paror X Aav) (1)
with

o = flux x ‘TMQ x PhaseSpace =
_ 1
N 45125

_ 2
1D iso Ty ponars (PP — W) Ay, g (w — 799)]7 %
A4

dLips(s,p3,ps, Pe)
(m2 — s,)° + m2T,>2

1 1 1
= X . T = 0 %
4s12p; 281 + 129, + 1 2. 12 ase T Bp - miw)
A1,A2,A3,25,06 A4

dLips(s,p3,Ds,De)
(m2 — SW)Q + m?2 Fw2 (A3 = A5 = 0) )

2
X Axgasae (W — my)|” %



and

a;s0 = isospin dependent factor

) ds ) .
dLZp8(87p37p57p6) = 2_"‘) X dL/Lps(Sap37p4) X dL/Lps(Saannpﬁ) (3)

T
dLips(s, p3, pa) = 163’;2“ 5% = Kingixdfu = Kingixdcos O sy (4

sl e) = 16:%\/5_ xdf256 = Kinggx d{2s6 = Kinse x dcos Os6 dPse
w
()
12 1 1 )
T|” = T )
‘ ‘ 251 +125 +1 Z ‘ )\1)\2)\3)\4‘ ( )

A1,A2,A3,A4

The amplitudes T; are defined according to the usual conventions [2, 3, 1, 4]

For the process 1+2—3-+4: 3—9 64;23 X % X !TMQ
(Dimension of Ty; = Dim[Ty;] =

For the decay4 —5+6: I = ﬁ S ‘AMQ X 7{%";&%”2
(Dimension of Ay; = Dim[A;]=GeV)

Note:For polarized particles in the initial state (1 +2 — 3+ 4) ‘Tf¢|2has to be
replaced by

1 2 *
2 : PXi,A11P2a 01 2 : T)\17A27)\37)\4 X T)\1/7)\2/7)\37)\4
A1,A2,A17, 2/ A3,

with the spin density matrices p', p? describing the polarization states of the initial
particles.

2.2 Isospin Factor

@iso =(I3,133,14,134 | I1,131,12,132) 1is the isospin-dependent part of the ampli-
tude.

It can be expanded into isospin states of definite total isospin I? and total I3:

<I37[337[47[34 ‘ 117[317[27132> =
= > (I3,I33, 14,13y | T34, I1334) (T4, 334 | T1g, I312) (T2, 319 | 11, 131, 15, I35) =
I112,1312,134,1334

= Z (I3,133,14,134 | L12,1312)(L12, 1312 | 11,131, 12,132) (7)
I12,1312



with

(I34,1334 | 112, 1312) = 0119154 013121354 (8)

Nomenclature for Clebsch—Gordan’s:(jl,j31,j2,j32| J, J3)

Here: 112 = 07 1;[34 = 1;[312 = 0; 1334 =0

Qiso = (I3,133, 14,134 | 11,131, 12,135) =
=(1/2,-1/2,1/2,1/2 | 00) x (0,0 | 1,0,0,0) +
—O,_z
+(1/2,-1/2,1/2,1/2 | 1,0) x (1,0 | 1,0,0,0) = 1/v/2 (9)
%1,_/
Here,particles 3 and 4 are C-Parity Eigenstates,so that C3y = —1 = C12. There

are,however,cases,e.g pp — KK ,where states have to be constructed,which are
eigenstates of I and C(G)[5].

2.3 Differential cross section for vanishing omega width
With

mol'w
s 2

= 5(momega - SUJ)

lim 3 5
mulw—0 (m2 — s,)" + m2T,

(2) can be written

2
1 _
do = a?so X T Txi 22 xsh (pp — 7T(l)w) AxiAsxe (w— 7787) X
451/ Pp |5
4
T 9 ds, . .
X mwrw 6(momega - Sw)g dLZpS(Sap3ap4) dL2p8(8w7p57p6) (10)
yielding
d°o 1 1
4 2 _
do = / Edsw = Qjgo X mm )\Z T>\1,>\2,>\3)\4 (pp - ﬂ-?w) A>\4,>\5)\6 (w - W%V) X
4
X dLip8(87p37p4) dLipS(SW7p57p6)
9 1 1 _ 0 0
= 1/4 X agy, ¥ 152 2maty > D Ty doan (B0 — mw) Ay, agag (@ — 757)
p CTE AL A2,8,05,06 | A
X dLipS(Svp?)vpll) dLip8(8w>p5ap6)

X

(11)



2.4 Expansion into partial waves

The amplitudes Th, x, asn, (PP — mw) and Ay, asxe (w — 797) are expanded into

partial waves [8] with J=J12 = J34 and Js6 = J,(=1)

D Tayparara (PP = Tw) Axyagrg(w — 757)| =
A4

8msl/ Tx
— ‘Z pr 2J+ 1)D)\17)\27)\4(Q34) X

25, +1 1, 2
><<)\4,0 | TJ | /\1,/\2> X ZT{' Di4)\5_)\6(956) X A%\&)\G =

48 s
=— ‘Z (2J +1) ZD VW 934)D>\4>\5 g (1256) ¥
PpPw

2
X<)\4,0 | TJ | )\1,)\2> X A%\&)\G (J = J12 = J34;)\3 = 0,)\5 = 0)

(12)

with the production amplitude

8 sl/2

v/ PpPw

Ty doxsha (PP — Tw) = Z (2J+1)DS; 5, 0, (234) X (A0, 0 [ T7 | Ay, Ag)
(13)
(Dim [T, po a5 (PP — 7w)]=Dim[(Ag,0 | T7 | A, A2)]=1)

In case of parity conservation

A, 0 [ T7 | A1, Aa) = mpxmp X Xm0 x (—1) 550057850 5 (N 0 | T7 | —Aq, =)
(14)

The decay amplitude becomes

_ [25,+1 .
AL,}\;,AG(W — mhy) = ZTD,I\AV\;,*AG(QSG)A}\&AG (15)

(Dlm[A)\4 XA (w— 7787)] = Dim[Aiw\Es] =GeV)
Parity conservation means here Ay, ng = Nwnrny X (=)Ao= —A_\ ),

For taking into account C-conservation there is no direct way in the helicity
formalism.An expension in partial waves (see later) is mandatory.
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The definition of the partial wave amplitudes corresponds to the usual conven-
tions [6, 7, 8]:

For the reaction 1 +2 — 3 + 4:

d, * 2
= %\ ST+ DD Qs A [ T [ A, M)

For the decay 4— 5+6:

_ AT=1 0.2 _
I'= m 16£g6m4 X ZA4>\5>\6 f‘ )\4,)\5>\6(w - 7T2’Y | df2s =

2m4 16£36m4 Z)\4)\5)\6 f ‘ V 3/47TD§:>\6 )\5,)\6| df2s6 = 325r36m3 Z)\E))\G |A§\5,)\6

47
2J+1

| 2

using the orthogonality relation [ |D” ! X df2s6 =

Taking into account the expansions, d*o becomes

3
dto =d2, & >
2pZpame T

< > DS Z (27 + 1)DL7_yn, (230) x (A1, 0 [ T7 | A, A2) DY s e (256) A3, 0,

A1,A2,A3,A5,26 | Aa
X dLipS(Svp?)vpll) dLZp8(8w>p5ap6)

2.5 Expansion in LS-Basis

The partial wave amplitudes A}\& 2 and (A4, 0 | T7 | M, X2) are expanded in their
LS-basis:

w— 195 (Lsg = 1; Ss56 = 1;0only one term because of parity conservation):

2056+ 1
1 56 1
As. g = QSw 1 <1,0, 17)\6 | 17)\6> <0,0, 1,A6 ‘ 1,A6> XaL56:1,S56:1
—X6/1/2 1
1
= —— X X X al (o}, = complex const.) (17)

V2
(Dim[ad,]=GeV]

X

(16)



0.

PP o wT
L3, + 1
A0 T7 M) = > 23‘:: (L34, 0,1, A4 | J, M) (1, /\4,0 0] 1, M) x
L34,S34(=1)
2L +1

x Y/ 2}2 (L12,0, 812, A1 — Ao | Jy AL — Aa)(1/2, M1, 1/2, Aa | Si2, A1 — Ao) X

Li2,512

X<2L34+1L34J ‘ TJ‘ 2L12+1L12J>

2L12+1\/2L34+1
- L34,0, 1,0y | J M) (L19,0, 519, A1 — Ao | J,A\; —
Z \/2J+1 2J+1<34>7>4|>4><12>71271 2|>1

L12,512,L34,534(=1)
><<1/2,/\17 1/2, —)\2 ‘ 512,)\1 — )\2> X <2L34+1L34J ‘ TJ ‘ 2L12+1L12J>
(Dim[(2Fs4+ Ly | TV | 2Ra2H1 Ly, )=1)

For a fixed J-value,there exist the following Lq9, S12 combinations:

For J=0:
512 =0: L12 =0
512 =1: ng =1

For J>1:
512202L12=J
512:1:L12:J—1,J,J—|—1

In our case,for a given J there exist twelve (3 x 2 x 2) independent (A\4,0 |
T7 | A1, A2) -amplitudes. Their number is reduced to four(two),using Parity-and
C-Parity-conservation.

Because of Parity-and C-Parity conservation eight of the twelfe amplitudes are
zero:

Parity conservation:Pyy = (—1)F12+! = Py = (—1)%s4

C-Parity conservation:Cjp = (—1)F12+912 = Oy = —1

An example for J=1 is given in Appendix A.

For even J only two partial waves remain(see also [9])

Reason:Because of (—1)F12+512 = gy = —1, L1s + S12 must be odd.

S12 =0: Lio = Ji2 = odd — Term contributes only for Jio = odd

Sio =1: Lip = Jig —1,J19,J12 +1 = even — Term contributes once for
Jig=even,two times for Jios=o0dd

A special case is J=0.Here,only 3Py and 'Sy can contribute.Both have C=+1,s0
that in our case(C=-1) the J=0-amplitudes are zero.

8

)\2> X

(18)



2.6 Final Amplitude

From (11,3,4,12,17,18)the final expression for the cross section is derived:

d40 9 ?,p,y
a;
d cos @34d COS @56d(1>34d(1>56 150512 7T3 m2 F
2 12 TED 2 Dl (20) Dl 50

A1,A2,26

20194+ 1 [2L34+1

L 1 L _ _
- Z \/2J+1 \/2J_|_1 (L34,0,1, A4 | J, Aa)(L12,0,8, A1 — A2 | J, A

L12,512,L34,534(=1)
JPC 2
><<1/2,/\17 1/2, —)\2 ‘ S, )\1 — )\2> X /\6 X TL12,5'12,L34,5'34( )‘

with the complex Fit Parameters

~JPC :<2534+1L34J|TJ‘2512+1

1
L12,512,L34,534(=1) L12J> X Qqq

(Dim[T/ Jre

L12,512,L34,534(= 1)] GeV)

JPC
L12,512,L34,534(= 7& 0 only for
Py = (— 1)Ll2+1 P4 = (—1)L3¢(Parity conservation) and
Cip = (=1)F12+512 = Cyy = —1(C-Parity conservation)

The number of fit parameters(4 complex numbers for J odd and two complex
numbers for J even)increases with s (see [9, 10, 11])

The angle ®34 is not defined(except for a polarized initial state),therefore dc
has to be integrated over ®34 (see Appendix B).

The product dcos O3y dcos Osg dPsy dPsg can be written in terms of the angle
between production and decay plane ®55 = P56 — P3y

d cos O34 dcos Oz dP3y dPs6 = dcos O3y dcos Oz dP3y dPss! = df234d 256! (20)
with

dQ56/ = dcos @56 d@56/

)\2> X

(19)



The 3-dimensional differential cross section is:

d3o _ / d*o 4D
d cos Ozad cos Os6dPsg/ ) dcos Ozad cos OsgdPsadPsg/ 3=

3p #

=2m X a’?so X 512 713 pg’ymg T X Z | 2(2‘] + 1) Z dil*)\27)\4(@34) D}\4)\57)\6(956/) X
wrw A, 2,06 J Aq
2012 + 1 \/2L34 +1
L34,0,1, 04 | J,A4){L12,0,S12,\1 — - A
X Z \/2J—|—1 2J+1<34>7>4|74><12>71271 2>X
L12,512,L34,534(=1)
PC

><<1/2,/\17 1/2, —)\2 ‘ 512,)\1 — )\2> X /\6 X TJ12 S12,L34,S34(= 1)‘

3
= 27 X a2, X py X w (21)

07 51273 p mQF

with w = weight of the event.

For J=1,e.g.,the expression reads:

Bo 3p
= 21 X a’. X 5
d cos ©34d cos OsgdDse/ X Giso 512 7r3 2T,
X Z X‘ ....... (2 X 1 + 1 ZD )\2 )\4(934) D)\4)\5 )\6(956/)
A1,22,)6 A

X [v/1/3 % (0,0,1, A4 | 1,A4) X /3/3(1,0,0,A1 — Ao | 1, A1 — Ag) X
(1/2,M1,1/2, = A2 [ 0, A1 — Ag) x T 01 +

2/3 % (1,0,1, A4 | 1,A) x 1/1/3(0,0,1, A1 — Ao | 1, A1 — Ao X
x(1/2,M1,1/2, X2 | 1,A1 — Xo) x T 114 +
+4/2/3(1,0,1, 24 | 1,24) x v/5/3(2,0,1, A1 — A | 1, A1 — Ag) X
X (1/2,M1,1/2, = Ao | LA — Ao) x T34 14 +
+4/5/3(2,0,1, A4 | 1,A4) x [v/3/3(1,0,0,A1 — Ao | 1, A1 — Ag) x

- _ 2
) (1/2,M1,1/2, =X | 0,A1 = A2) x T1 g qe ] x Ag (22)

That means:When you compare runs at different p-momenta,you have to nor-
malize by the different N;,;; values and by z%
)
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In the following the decomposition into pairs of A\; and Ay is performed.)g is
set to +1.The term with Ag=-1 is similar to the one discussed here and exhibits
the same amplitudes.

2L12+1
w—|z (2 +1) Zdw (©34) DYiny 2 (2561) > | 75— 57 71 (L12:0:512,0 | J, 0)x

L12,512
2L34+1
x(1/2,1/2,1/2,-1/2 | S,0) Z ,/ 5] 1 (L34,0,1, M4 | J,\g) %
L34,S34(=
X TL12,512,L34,S34 1‘ (/\1 = 1/2. Ay = 1/2'M =A== 0)
2L12+1
+|Z (2 4+ 1) Zdw (©34) DYox, ag(261) x> o1 12,0, 812,0 [ J,0)
L12,512
2L34—|—1
1, A
(1/2,-1/2,1/2,1/2 1 5,0) ) \/ 71 (L34,0,1, Mg | J,\g) x
L34,S34(=
PC
AT (M :—1/2-)\2 = —1/2; M =0)
2L12+1
+\Z (27 +1) Zdw (©34) D3y, 2 (2567) X 577 L12:0, 812, 1 [ 1) %
Li2,512
2L34 + 1
2 1 (L34,0,1, ) A
x(1/2,1/2,1/2,1/2 | Sia2,1) x Z \/ 57 1 (Len 01 A [ M) x
L34,S34(=
~ 7PC 2
X T7 ) S0 LasSamt| + ()\1:1/2-)\2:—1/2-M:1)
2J+1) " d?,,,(O34) DY¥y . (2 2ty 0 S, —1] T, —
+‘Z + Z 1,00 (©34) Dyx; -2 (£2567) Z 57 41 \L12:0, 812, = |
L12,512
/2l+1
— 2,-1/2 ~1 (L34,0,1, Mg | J, X
x(1/2,-1/2,1/2,-1/2 | S12,—1) X ; SZ 1 (L34,0,1, A | J, Ag) ¥
34, 34

~JPC 2
X TL12,S12,L34,534:1‘ ()‘ = _1/2 Ay = 1/2 M= —

The two terms with M=0 contain singlett(S12=0) and triplett(Si2=1) contribu-
tions.The terms with M=1 and M=-1 contain only triplett contributions.The two
M=0-terms are ordered according to these contributions:

11

1) x

(23)



w= Y[ > (L12,0,0,0]J,0) x (1/2,1/2,1/2,—1/2 | 0,0) x

J L12,512(=0)

1/2
AJPC .
X Z . 'TL12’07L34,334(:1)(smglett) +
L34,S34(=1)
+--- Z "'<L1270>170|J70>X<1/271/271/27_1/2|170>X
L12,512(=1), 172
AJPC . 2
X Z . 'TL12,1,L34,334(:1)(t”plett)]| +
L34,S34(=1)
+‘Z[ Z "'<L1270>070|J¢0>X<1/27_1/2¢1/271/2|070>X
J L12,512(=0) /12
AJPC .
X Z .- 'TL12’07L34,334(:1)(smglett) +
L34,S34(=1)
+--- Z "'<L1270>170|J70>X<1/271/271/27_1/2|170>X
L12,512(=1), 172
AJPC . 2
X Z . 'TL12,1,L34,334(:1)(t”plett)]| +
L34,S34(=1)
+‘~--asabove~"2+ (M =1)
—i—‘---asabove-"‘Q—i— (M =-1) (24)

The M=0 terms have the following structure(A,B complex numbers):

A+ B> +| -4+ B?=2x|4" + 2x|B[’ (25)
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The final amplitude is(only the term with A\g = 1 is given explicitly;the term
with A\¢ = —1 exhibits the same amplitudes)

d3o 3p
=27 X a’ X 5
d cos O34d cos OsgdPse/ % Giso X 5o T3 p m2 I,

X w (26)

2Ly + 1
w_2x\Z2J+ Zdw (O34) DXinsne(2561) > 4/ 2}2+1 (L12,0,0,0 | J,0)x

Ly2,512=0,

203 + 1
x (1/2,1/2,1/2,-1/210,0) >~ 4/ 234+ (L34,0,1, M4 | J, M) x
\/— L34,534(=1)
JPC

X Ty 0, L34,534=1(5ingl€tt)\ + (M = 0, singlett)

i} 2L +1
+2 x \Z(2J+1)ngm(@%)D§4A5,A6(956/) 3 N 2}2“ (L12,0,1,0 | J,0) x

Ly2,512=1,

231 + 1
(1/2,-1/2,1/2,1/211,0) Y 4/ 2j4++1 (L3g,0,1, M4 | J, M) x

L34,S 1
72 34,5934(=1)

JPC

X 1151, La4,S54= 1(t7“ipl€tt)|2 + (M = 0, triplett)

* 2L19 +1
H[D QI+ d], (030) DYy, 6 (s6h) x> 4/ H—— 71 (L12,0,1,1 ] J,1) x
J Ad

L12,512=1,
/2L34+1
1/2,1/2,1/2,1/2 | 1,1 L 1
X</¢/7/7/|7> Z QJ 34)07 ))\4|J)\4>
1 L34,534(=

JPC

X TL12 1 L34 S34= 1(tr2pl€tt)| + (M == 1 t?”zplett)

2L+ 1,
+\Z2J+ Zdw (©34) DXl sy 2o (2561) x > 4/ 2}2+1 (L12,0,1,—1 | J,—=1) x

Li2,1
2L3y —|— 1
1/2, -1 — — 1/
X(/a /2¢1/27 1/2|1¢ 1> Z 2] L34>071>)\4|J)\4>
1 L34,S34(=
JPC . 2 .
X TL12’17L347534:1(tmplett)! (M = —1,tr2plett) (27)

Note:Only terms withL9, S12, L34 andS34 compatible with the conservation of J,P
and C are #0.
Explicit examples for J=1 and J=2 are given in Appendix C.
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2.7 Comparison with the Standard Method

The Standard Method was used in various analyses of pp reactions in flight and is
described in detail in [10],[11] and [9],e.g.It is based on the decays of states with a
definite JPC value,but the coupling to the Pp helicity states is only taken crudely
into account.

The contributing J*¢

states up to J=6 are given in Table 2 (from [10]).

J | Singlett JPC | Triplett JTC | Triplett JF¢
A=0 A==1 A=0,£1
0] 'S o0°F *Py 0+
1 1P1 17— 3P1 1t 351,3 Dy 1=
2 1D2 2—+ 3D2 277 3P2,3 Fy ot++
3 1F3 3t 3F3 3T 3D3,3 Gs 3~
4 1G4 4=+ 3G4 4=~ 3F4,3 Hy 4+
5 1H5 5T~ 3H5 5T+ 3G5,3 I5 57~
6 116 6=+ 3I6 6~ 3H6,3 J 6T+

Table 2: Fermion-Antifermion initial states

The weight factor is given by [10]

w = 2|Singl., M = 0> +2|Tripl., M = 0|* + |Tripl., M = 1|° + |Tripl., M = —1|°

The helicity description reproduces the contributing initial J©'¢ states.Non con-
tributing terms are zero either because of C- or P-violation or zero C.G. coeflicients
due to the coupling of the JFC states to the initial pp states.

Also the structure of the weight factor is reproduced, as well as the number of fit
parameters per given J-value.

The amplitude of the Standard Method for the pp — w + 7%;w — 7 + v reaction
for a given J,M and \g is given by [9]

PC
AT =N (—v/m) )y, (©34)DYe (2567) > (Lsa, 0,1, A | J, M) x X xay,
)\4 L34,S34(=1)

(28)

J

OéL;C,SM is the product of the JF¢

production- and decay- amplitudes.

The corresponding amplitude in the helicity description for a given J and for a
given (A1, A2) combination (fixed M) is-apart from kinematical factors-(see (21)):
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. [2L192 4+ 1
Ay’)\s = (2J+ 1)2(1]{/[’)\4(@34) Di4)\5—>\6(956/) X Z ;ﬁ«LlZ’O’ 5127M | J’ M>><
A4

L12,512
203, + 1 )
<(1/2,M1,1/2, = o | S12, M) \/ﬁ@%o,LMu,mxAﬁngl’;CSm,LM,SM(:D
L34,534(=1)
(29)

The comparison of both expressions for a given A1, Ao(M) combination and for
given L3y, S34 values yields the correspondance of the amplitudes of the Standard
Method and of the helicity description:

(—\/7_'(') X aL34,5’34(:1) = (2J+ ].) Y TH Z A/ TH<L1270,3127M | J,M>><

Ly2,512
JPC

x(1/2,A1,1/2, =Xy | S12, M) x TLH’SU’L%SM(:U (30)

For M=0,there exist two combinations(Singlett,S12=0;Triplett,S1o=1),for M+ 1
there is only a triplett state.

Examples are given for J=1 and J=2:
J=1:

17,0 . 2L34 +1 il
(—V/T) x O‘L34,S34(:1)(52n9l€tt) =3x 3V 1/2 % T11,0,L34,534(:1)

__ 2Ly + 1 A A
17,0 , _ [2L34
( \/7_r)xaL347534(:1)(trzplett) = 3x — 5 [\/1/6><T0171’L347534(:1) = \/1/3><T2171,L34,S34(=1)]

-1 . 2034+ 1, —= ~1—— A
(_\/7_-()XaL34,S34(:1)(tmplett) = 3x T[ 1/3XT0171,L34,534(:1) + 1/6XT2171,L34,534(:1)]

1= -1 . [2L34 + 1. —= - £1——
(_\/7?)XaL347S34(=1)(terlett) = 3x T[ 1/3XT071,L347S34(=1) - 1/6XT271,L34,534(=1)]

(31)
J=2:
21 . [2L34 + 1 o=
(—v/7) x O‘L34,534(=1)(t”pl€tt) =5 x — (—v1/2) x T22,1,L34,534(=1)
27— -1 . 2034 +1 o
(—v/7) x aL347534(:1)(tmplett) = 5x T\/l/Q X T22,1,L34,Sg4(:1) (32)
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Note:Negative sign! for J=2,M=1

These examples show,that the use of Standard Method amplitudes and of he-
licity amplitudes is not equivalent.The Standard Method amplitudes are linear
combinations of the helicity amplitudes,which might be still tolerable.The real dif-
ference is in their signs,which causes a problem,when coherent sums over J are
constructed.E.g.,the Standard Method amplitudes give wrong w density matrix
elements,which don’t fulfill the general symmetry rules(see next chapter).

In addition,the helicity amplitudes are well defined,in contrast to the Standard-
Method amplitudes,which are an undefined mixture of production and decay am-
plitudes and of kinematical factors.Only with helicity amplitudes a proper com-
parison between reactions at different energies is possible. Therefore,future analyses
should be performed with helicity amplitudes using the expression(27).

The formulae here are given for pp — wn’,but can be easily extended to parti-
cles with different spins,e.g. fo, f2,..,which are discussed in [10] and [11].In these
cases,for each resonance a separate amplitude has to be constructed,which are then
added coherently.All final state particles are added incoherently,as was here the
case with the ~.

3 Spin Density Matrix Formulation

In the following the spin-density-matrix(p) formalism for the reaction under study
is introduced.The fit of p-matrix elements and decay amplitudes from the mea-
sured differential cross section(angular distribution) is equivalent to the fit of the
helicity amplitudes discussed above.However,sometimes the p-matrix elements are
calculated from the fitted helicity amplitudes of a full PWA [13, 15].On the other
hand,several of the p-matrix elements can be determined solely from the measured
angular distributions of the decaying particle [12, 17].Furthermore,the spherical
moments of the measured angular distribution can be determined using a pro-
jection technique and the rho-matrix elements can be calculated.All methods are
discussed in the following for the w-decay.

3.1 Rho-Matrix Formalism
In (2) |Tfi‘2 can be rewritten in the following form(isospin factor neglected):
‘2

— * * —
|Tf’b - Z X Z [T>\1,>\2,>\3,)\4 X T>\17>\2,)\3,)\4/ X A>\4,>\5—>\6 X A)\4’7>\5—>\6] -

A1,A2,A3,A5,A6  Ag,Aa/

= { Z |TA1>\2>\3>\4|2} X Z X Z [A§\4,)\5—)\6 X PxgAgr X A>\4/,>\5—>\6] =

A1,A2,A3,A4 A5,06  Ag, A/
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2 3 2
={ D D }XHX > DA, rsoxe (256) X pauas X DA%y as g (9256) % | AN 5] )
A1,A2,A3,Mq A5,A6 Ag,Aq/

(33)
with the spin density matrix elements for particle 4 (w)

1

. *
p)\4)\4/ - 2 X § : T)\1,)\2,)\3,)\4 X T)\lyA27)‘37)\4/ (34)

ZX1,>\2,)\3,)\4 T)\l)\2>\3>\4 | A1,A2,A3

The p-matrix is hermitean and has trace=1 by definition.The diagonal elements
are real.It has additional symmetries,if e.g. parity is conserved in the production
process.

In our case(Spin=1;Parity Conservation;Quantization axis(z) in the production
plane) the p-matrix has the form (see [12])

. 1/2(1 = pgy)  Rply +13p% RpY_y
P = | Relo y IRV Op80 . —(RpYy — Z%OP?O) (35)
Rpi 1 —(Rpip +1S8p7p) 1/2(1 — pgg)

with the four independent parameters pJ, , Rpy, , Splyand Rp{ ;.0 refers to mea-
surements with unpolarized particles in the initial state(see [12]).

Note:

The matrix elements and their symmetry properties depend critically on the choice
of the quantization axis.For an axis perpendicular to the production plane,e.g.,the
rho matrix is [18]

0 P(1)1 g P?fl
p>\4>\4/ = (()] pOO (]O 0 (36)
pi=1 0 (1- P11 — Poo)

No polarization and no alignment for the S=1 case mean:p}; = p°,_; = pJ, =1/3
Alignment means:p); = p%,_; # p,
Polarization means:p{; # p%;

The p matrix elements are generally dependent on s,cos O34(P34) and can be de-
rived -together with the helicity amplitudes A%\E) »-from the measured data using
the following expression based on (1),(2) and (33):

d*N
d cos ©34d cos Osed P/

X 1 X 1
4s1/2p; " 2m, T,

2, 3 2
X{ Z ‘TX1>\2>\3>\4‘ }XE Z Z [D}\4,)\5—>\6(Q56/)Xp>\4>\4/XD}\ZI,)\5—>\6(Q56/)X‘Ais%“ ] =
A1,A2,A3,M4 A5,A6 Mg, Mgl

= Lmtxl/4><a?so x Kingg X Kinsgx
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1 doprod
= Lint X 72 T X K2n56 X — 1 7d pré
m, iy COS
whw 34 A5,A6 Ag,Aq/

(37)

with
Prsrss = Prgags(S, cos O3y) and

d 1
_4Oprod  _ 1/4 x a2, x —5— X Kinzy X Z |T/\1/\2)\3)\4‘2 (38)
dcos O3y 451/ Pp AL A2,A3,04

(37) is equivalent to(21)and can be used for the analysis of the complete reac-
tion chain.Here the fit parameters(for fixed s) are no more the T-amplitudes,but
the rho-matrix elements for binned cos ©34 values,together with the amplitudes
Als. The number of fit parameters is not the same as in (21),but in the same ball
park.The number will also increase with s.

In many cases the rho-matrix elements are not fitted from(37),but are determined
using the T, x, s, 1,-amplitudes taken from a full PWA-analysis using (34).This
procedure was used in [13, 14, 15].Here,the production amplitudes for specific A\
values must be known.This is only possible by using the PWA parameters from an
analysis of production and decay(see(21)).A projection of the rho-matrix elements
from the measured cross section(angular distribution) is not feasible,in contrast to
the determination of spherical moments discussed later.

Not all elements of the rho-matrix can be determined from the measured 3-
dimensional event distribution.Here,3p1¢ is not determinable(see also (42)).As will
be shown later it is proportional to P;,the omega vector polarization perpendicular
to the production plane.It can only be determined using polarized initial states.
Note:

In electromagnetic and electroweak interactions the rho-matrix elements can be
exactly calculated(see, e.g, [16],pages 372 ff.)

3.2 Rho Matrix Determination from decay angular distributions

Several elements of p -for a specific production angle or averaged over the whole
production angle-can also be derived from the measurement of the angular distri-
bution of the decaying particle 4(w) only (Schilling’s Method) (see [12, 13, 14, 15])

In our case for a selected production angle bin(A®s4) the 2-dimensional event
distribution is given by (see(37))

AN A6 = /634+A®34 N dcosOgy =
- 34 =

d cos O5d P56/ Os4 d cos ©34d cos O5d P56/

1
= Lint X — T X K’LTL56 X — X Z Z D}\4’)\5 X6 Q56/)><

2m,
whw Ag, Ml As,06
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e AO
X/ 34+ 34 dUprod

0 1 1 2
Os4 d cos Osy X p>\4)\4/d cos O34 XD>\4/,>\5—>\6(“Q56/) X ‘A)\5)\6‘ ] (39)

p(>)\4>\4/(A@34) NG

with the binned p-matrix elements pg 1./(AB34) and the binned cross section oae,,
4N4

From now on the index A®s4 will be omitted.dN,N,..always are understood as

given for the specific production bin.It can be extended to the full range of the

production angle.In that case the average over all production angles is given.

The angular distribution is given as

dN/N
d cos O56d P56/
3 . 2 24—

- At x Z X Z [Di4,)\5—)\6(956/) X p>\4)\4/D}\4/7>\5—>\6(Q56/) X |A%\5>\6| {Z ‘A}%)‘G‘ ¥ 1]

ML s e As o
(40)

with
1 . 2
N:LintXm XKZ’I’L56XU>< Z ‘A}\5)\6‘ (41)

A5 6

The expression(40) results to:

I(92567) o [1/2(1+ pgy) + 1/2(1 — 3pgo)cos Os6” +
+ i _sin Os6” cos 2¢56/ + V2 Rl sin 2056 cos /] (42)

Note,that only three of the four independent p matrix elements can be determined
by this method.Only when the initial state is polarized,the angle ®34 is defined
and further elements of p are measurable.

The expression for I(cos ©55) was worked out from [ I(£256/)d®s6/ (42) yielding

dN

I(COS @56) = m

o [(1+ pbo) + (1 = 3pgo) x cos Os67] (43)
Here,only diagonal elements of p contribute and can be determined.

The elements of p° determined from (21,34) and from the fit of angular distribu-
tions(42,43) must be identical. This has been demonstrated in [13, 14, 15].

In cases,where not the full reaction chain can be analyzed(too many parameters
or incomplete measurements), equations like (42,43)are useful in determining the
JP values of unknown resonances,analyzing their decay distributions.That is par-
ticularly efficient,when not only one decay but a decay chain is available [17].That
is further discussed in a parallel note [25].
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3.3 Multipole Expansion of Rho-Matrix Elements

The Rho-matrix elements for a resonance of spin S as defined in (34) can be
expanded in a system of complete functions Qs

P§4>\4/ = Z Z aLm QLM)MM/ (44)
2S +1 gy

with the spherical momentum tensors,restricted to certain values(see [26])

i = QL) = Tr(pQlyy) (45)

normalized to

TT(QLM QE/M/) = (25 + 1)5LL/5MM/ (46)

This normalization is used,e.g.,in [19, 23, 22, 24]
With the normalization

(25 +1)

TT(QLM QTL/M/) = m LL/S MM (47)
the expression for Rho is
1 28 L
PR = 25+1 Z Z (2L + 1) 01 (QEar) ranar (48)
L=0 M=—1L

This normalization is used,e.g.,in [4, 20, 6]

(Occasionally also Tr(Qrm QTL,M,) = 0,602 18 used [18])

All operators(functions,matrices)fullfilling (46) or (47) can be used for the expan-
sion.

Very convenient operators (s for a resonance with spin S are QE » With the
matrix elements

M|QE | M) = (QFa)aing = ax (=1)°M(S\S — \y|L M) (49)

This expression can be considered as a matrix with the indices A\g, A4/.For S=1 it
has nine components:

<171717_1 L7M> (7 ) 7OLM> < ) 7 7 L7M>
Qi) = ax | (1,0,1,-1|L,M)  —(1,0,1,0|L,M)  (1,0,1,1|L, M)
(1,-1,1,-1|L, M) —(1,-1,1,0|L, M) (1,-1, ,1\L,M>

« is dependent on the normalization of Q as:
a=as = 25+ 1 for (46) a=qagr = @/%for (47)
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For the normalization oy = /(25 + 1) the rho-matrix assumes the following form

PRires = 2s+1 Z Z gihr x o x (~1)SMSNS — A|LM)  (51)
L=0M=

The inverse is

ahr = 25 +1)x Y a7 (=1)FM(SNS = AL M) p3 5, (52)
Aadg!

For the normalization agy, = 4/ %ﬂ

25+1Z Z (2L+1) g7y x ax (=1)""M(SA4S = Aut|L M) (53)
L=0M=

S _
p>\4>\4l -

Examples for Q7 , for S=1 and either « are given below(underline means operator/matrix).Q% ,,
can be expressed in terms of vectors and tensors formed from S, Sy, S::

100
Qi =aV/1/3 [ 0 1 0 | =ay1/31
00 1
10 0
Qo =ay1/2| 00 0 | =ay/1/28
00 —1
010
Ql, = —a1/2 (o 0 1 | =—al/2(S; +15,)
00 0 o
00 0
Qi ;= al)2 (1 0 0 | =al/2(5; —15)
010 -
1 0 0
Q2 =ay/1/6 | 0 =2 0 | =a3/1/6(5-2/3x1) (54)
0 0 1

The other Q-matrices are not explicitly calculated,but are only given in terms of

Sy, Sy, S

Qi1 = Z{Ia2\/—[(S +£15y)8; + 5:(5: £15,)]
1
Q%iZ = a—7r= (Sx + ZSy)Q (55)
93 2T
with
L (010 L [0 =0 10 0
S,=—|101 S, = — 0 — S.=[00 o0
2\ 0 1 0 — V2 0 00 —1



The corresponding expectation values (QSLTM> = Q] are:

(Qoh) = i = a/1/3(1)

( ﬂ;) q%a‘ = aﬂ(&T = MX P, (P, =vector polarization in z-dir.)
(@ihy) = dily = Fax 1/2((S:") ¥ (8,) = Fa x 1/2(P: ¥ P)

and so on ...

The rho-matrix for spin 1 can be written (indepedent of the normalization) as

P = Z Z G Q) = 1/3x (1 3/2PS+3‘PZJSZ]) (57)
3 00z

with P= polarization vector and P;; = polarization tensor

and g = (&7&?&) i = 1/2 (ﬁzﬁj + §]§z) - 2/351] (i,j:X,y,Z>

For S=1 and ag = /3 pY; is calculated explicitly as example:

Z Z qire < ax (=15 M1 - 1|L M) =
L 0OM=

1
= g V3 (111 — 1[00) +qf, V3 (111 —1|10) +

3 — —_——

V1/3 1/2
+q3 V3 (111 - 1|20)] =  (all other LM-terms vanish)
N—
\/1/6

=1/3[143/2P, +\/1/2q5]
with ¢jp = a1v/1/2P, (in agreement with [23]) (58)

[ For the normalization agy, = % the pl; matrix element is:

p11 = 1/3[1 + 3y/1/2q7y + /5/2q5] = 1/3[1 + 3/2 P, + \/5/2q3]
with ¢jy = a1 \/1/2PJ
The complete rho-matrix for spin 1 and ag = v/3 is (see [23]):

1+ 3/2P. + /1/2q5 3/2Pi1 + /3/2q5 4 V345_,
P(B\4A4/ = 1/3x -3/2 P11 — \/3/2951 1 - \/§q§0 3/2P 1 — \/3/2@—1
NEY —3/2P11 +/3/2¢5;, 1 —3/2P, + \/1/245,
(59)

with Pi41 = F4/1/2(P; £1P,). In case of parity conservation the matrix is
further reduced([23]).
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From the measured angular distribution 7({25¢/)(40) the g-moments for specific
values of L/, M/ can be projected out,using the orthogonality of the D-functions:

Using the relations

D3y = DY (—1)™ ™ and

D%1m1/D%2m2/ = Zj <j1m1j2m2|jm> <j1m1/j2m2/|jm/>D£nm/ with
m = mj + ms and m/ =my + my

the product D}\j e D}\4 /—xg 11 (40) can be written as

1 _ 1 Aa+Xe Ml _
Z))\47 A6 D)\4/,7)\6 - D*)\4,)\6 (_1) D)\4/,7)\6 -

= Z D£A4+)\4/,0 X <1 - )‘41)\4/‘11, -+ )\4/> X <1)\61 — A@‘L, 0> (—1))‘4+)‘6 =
———
DL* Cagro(=D7 Ag+Ay (1Ag1— )\4/|L)\4 Agf) (—1)1+1-L (1 AglAg‘LO Di+1-L
- Z Difo (1M1 — Ag/|LM)(1 — Ag1A|L, 0) (=)™ with M = Ay — Ao/ (60)

With (51) the angular distribution (40) can be written as:

I(0256) = Z | Axg ! Z Z Z @ anDiox

L Lr My

X Z 1M1 —/\4/\LM A1 — Ag/| LIM7) (=142 (—1) 1M1 — AgIAg | Lr0){) 1AL P =
Aadg! A6

SpLidaa(—1) 26

- _Z‘ Ax| ZqLMD (1= A6LAg| LO) (—1) "2 x {37 AL [} (61)
A6

23



The g-moments are projected out from the measured I({256,) distribution:
With fD 956/) DM,O(QS(S/) dS2s6 = %(&L/(SMM/

/1(956/)D1%/;/0d056/ =
« 2 * *
= i Z | Ax| ZQLM/DZ%OD]%/OdQS& X
o L

x (1 — Ae1Ag|LOY(—1)' e x {Z ‘Aisf}—l —

= ST qL,M,Z | Ax 21 — A61A6\L/o 1)1 (S Ak Py =

«

7R qLin |A1| (1—111|Lr0) (1) + \A_1|2<111 — 1|L/0>(—1)H]{Z |A§6|2}*1 =

VIB|A + VIB|AL P forLr=0
= 2L,+1QL/M/{|A1‘ +|A 1‘ 3 —\/W‘A1f+\/W|A,1f forLr =1
\/W|A1| —1—\/%|A_1‘ forLl =2

V1/3  forLir=0

= aqin 0 forLr=1 (62)

1/1/6  forLr=2

with A; = A (Parity conservation)
The final formula for the determination of ¢},, (¢ = /3) from the measured
angular distribution I({25¢) 1is:

1 forLr=0
QE/M/ = /1(956/) D]%/A;,Odﬂﬁj, X 0 fO?“L/ =1 (63)
5v2  forLi=2

47,5, vanishes for L/=1.This is due to parity conservation and means that the vec-
tor polarizations do not appear in the expression for rho.

When the moments are determined the rho-matrix elements can be extracted from

(51).That is a third method to determine the rho-matrix elements using the mea-
sured angular distribution.
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A LS Expansion of the Production Amplitude
Example: J=1

A, 0| T7 | A, Xo) =
= [V/1/3(0,0,1, A4 | 1, M) (1,X4,0,0 | 1, 04) x 351
1
+4/2/3(1,0,1, A | 1, M) (1,24,0,0 | 1,4) x(3py
1
+4/5/3(2,0,1, A | 1, A4) (1,24,0,0 | 1, Xg)(3dy]|T| x
1
x[v/3/3(1,0,0,A1 — Ao | 1AL — Ao)(1/2,A1,1/2, Ao | 0,A1 — Xo) |* P1) +
+/1/3(0,0,1, A1 — Ao | L, AL — M) (1/2,A1,1/2,=Xa | 1, A1 — o) 2 S1) +
+/3/3(1,0,1, A1 — Ao | 1, A1 — M) (1/2,M1,1/2,=Xg | 1A — Ao) 2 P) +
+1/5/3(2,0, 1,0 = Aa | 1, A1 = Aa)(1/2,A1,1/2,=Xa | 1, A1 = Ag) [P Dy)]
(64)

with s,p,d,..=L3 = 0,1,2..; S, P,D,.=L15=0,1,2, ..

Because of Parity-and C-Parity conservation eight of the twelfe amplitudes are

Zero:
Parity conservation:Pyy = (—1)M12+1 = Py = (—1)F4
C-Parity conservation:C1g9 = (—1)L12+512 =Cq=-1

The four remaining amplitudes are:

(Ag, 0 | T | A, N2) =
V1/3(0,0,1, A4 | 1, A4)(1,24,0,0 | 1, A4)4/3/3(1,0,0,A1 — X | 1, A1 — Ag) X
X(1/2,A1,1/2,=Xa | 0,A1 — X2)(3sy | T P Py) +
+4/2/3(1,0,1, A4 | 1, M) (1, A4,0,0 | 1, A4)\/1/3(0,0,1, A1 — Ao | 1, A1 — Xg) X
X(1/2,M1,1/2,=Xo | 1,21 — X)3py | T2 S1) +
/2/3(1,0,1, A4 | 1, M) (1, 04,0,0 | 1,24,)4/5/3(2,0,1, A1 — Ao | 1, A1 — Ag) X
x(1/2,A1,1/2,=Xa | 1AL — X2)®p1 | T P Dy) +
+4/5/3(2,0,1, A4 | 1,A)(1,24,0,0 | 1,A4)/3/3(1,0,0,A1 — Xa | 1,1 — Ao
X(1/2,A1,1/2,=Xa | 0, A1 — Xo)(3d; | T |1 Py) (65)
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B Integration over &34

(19) can be written in the following form (A5 = 0):
d*o o2 3p,y

d cos Oz4d cos OsgdP34dPsg %is09048 m™p m2 T,

X Z ‘Z (2J +1) ZD VW 934)D,\4>\5 26 (256) % FA1A2A4)\6
A1,A2,6

2

with

2010 +1 [2L34+1

J _ 12 34

FY orne = E \/ 57 +1 \/ 57 1 (L34,0,1, M4 | J, Ag) X
L12,S512,L34,534(=

X<L12,0, S, )\1 — )\2 ‘ J, )\1 — 2> X <1/2,)\1,1/2, —)\2 | S, )\1 — )\2> X )\6 X T52?5127L347534(:1)

d*o 2 3 p,y

408 Onad cos OngdPasdPsg 502048 703 p 2m2 T,

XYY @I+ 1)2)r+1) ) (D )\17)\2,)\4(034)D£7)\2,)\4/(Q34)D}\Z)\g,f)\g(956)D}\4/)\57)\6(Q56) X
)\17)\27)\6 JJr Aa g/

J Jrx
X F>\1>\2>\4>\6 F>\1>\2>\4l>\6]
With

Dy i (23) DS 3, 300 (234) D3ins 36 (256) D32 (256) = exp (1(Aa — Aaf) (P56 — B34)) %
P56/
XA _xy 2, (€08 O34)dS! 5, 1,/ (cOs ©34)d), 25— xg (COS O56)d), 1252 (€08 Os6) =
= A3, 2y 0y (€08 O34)d3 _, s (COs O34) X DYy 3o (2561) DA, ng -2 (2561)

the intergration over ®34 results in

d3o B / d*o dDs —
d cos Ozad cos Os6dPsg/ ) dcos Ozud cos OsgdP34dPsg/ 34

3p
— 42 0l } : 2 :
= iso X 2048 w3 p2m2 Ty, 27+ 1)@ +1) Z /d>\1 A2 Aq (€08 O34) X
p W A1,A2,6 JJ1 Aada/

J1 1 J J 1%
Xd3! 3, (€08 O34)dPss X D3\ (256) DX xs—xe (2561) X F5aonane Fxasrarng)

3p
= 2T X az. X 7 X
T e T S48 T pEm2 T, A;A
1,A2,16

. 2
x| Z(QJ +1) Z A5, 3y 0, (€08 ©34) X DY\ (256) X F¥ \aun
J W
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C Final Amlitude for J=1 and J=2

J=1:
S19=0  Li9=J=1(C-conservation)  L3s=0, 1,2(P-conservation)
S19=1 L1 =0, A,2(C-conservation) Lsq =p,1, 2(P-conservation)

w=2x[33"d},(©31) DYin,x, (256/)/1/2[3/1/3(0,0,1, A4 | 1, A4) x Ty +
A4

+/573(2,0,1, A4 | 1, A} x Tl ||* +
+25¢ 3 dj 1, (©34) Dingon, (236/)V/1/2(1,0, 1, A0 | LAYV x Tory — V2/3 x Ty, | +

A4
N — -2
+ ‘3Zd%,>\4(@34) D,l\4>\67>\5(956’)\/ 1/2(1,0,1, M | 1, M) [/1/3 x Tiyp; + /1/6 x T21111H +
A4
X - -—112
+ ‘3Zd£1,>\4(@34) D,l\4>\67>\5(956’)\/ 1/2(1,0,1, A4 | 1, \)[/1/3 x Ty, + 1/1/6 % T21111H (66)
A4
with the four independent amplitudes:
sl N
I = o1 7
T11(L21 = <3d1 | 7; |3 Py)
To11_11 = <3P1 | :,: |3 S1)
Ty111 = Cp1 | T | Dy)
J=2:

S19=0 Lo = J = 2(C-conservation)
S19=1 Lis =A,2 B(C-conservation) L3y =1, 2, 3(P-conservation)

w=2x[33"d3,,(031) Dy, 5, (256/)v/1/2[v/1/3(0,0,1, A4 | 1, \a) x 0

A4
+2% (5 " dj 5, (©34) Dyiy, e (2567)4/5/3 (2,0,1,0 | 2,0) /1/2(+/3/3(1,0,1, As | 2, M) x Toyy +
N——
A4

0

+V/T/3(3,0,1, 4 | 2,A) x T || +

+[5 " dt 5, (©34) Dyiy, e (2567)4/5/3 (2,0,1,1 1 2,1)[v/3/3(1,0,1, A | 2, A1) x Typ; +
N——

X
* —\/1/2

+oVT73(3,0,1, 0 | 2,0) X T +

+[5 " d ) 5, (O34) DXiy, 5 (9256/)1/5/3(2,0,1, =1 | 2,—1)[+/3/3(1,0,1, A4 | 2, Ma) x T3y, +
A4

—/1/2

+/7/3(3,0,1, M4 | 2, y) X T221_:£H2
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with the two independent amplitudes(only M=+ 1-terms)
T22131 =Cp2 | T | 3D2)
T22131 = (*fo | T | 3Ds)

Note:The M=1 amplitude contributes in ) ; with a negative sign,the M=-1 am-
plitude with a positive sign.

30



