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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=J3g = J;Jy, =1 =Js; P12 = P3y = P;C1ag = O34 = 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 = Nipitial X 10 X Az X d°0 = Lipt x d°c  (no = parer X Aay)

with

o = fluz x ‘TMQ X PhaseSpace =

- 451/ 2p5

dLips(s,ps3,ps,De)
(m2 — 5,)° +m2T,>2

= X
1/2m—
As1Ppp 251+ 125 +1, 4= | 4

dLips(s,p3, ps, Pe)
(ma — Sw)2 + mz}rg}? (Ag = AE’ = 0)

2
X Axgasne (W — TIY)| x

1 131,132,135,13 2
1,152,133,194 = 0 0
‘Z Or1,12,13,14 AV YOV (pp — 771"‘)) A>\4,>\5>\6 (w— 7T2’7)‘ X
A

1 1 1 131,132,13,13
1,492,193,194 — 0
Z | Z Gr1.72,13,74 Ty Ao shs (PP — Tw) X

(2)



and

131,132,133,134

ar) fo1s.14 = isospin dependent factor
. ds ) .
dL,LpS(Svp?)vp&pG) = 2—: X dL,LpS(Svp?)apﬁl) X szpS(Swap&pﬁ) (3)
P34

dLipS(S,pg,]M) = 167T2\/§Xd934 = Kin34><d!234 = Kin34XdCOS @34 d‘I)34 (4)

dLipS(Sw,p5,p6) = 16:% X d956 = Kin56 X dQ56 = Kin56 X d cos @56 d‘I)g,ﬁ
Vow
()
T2 1 1 2
T" = T 6
‘ ‘ 2514—1252—1—1)\1)\22;3)\4‘ ‘ ()

The product dcos O3y dcos Oz dPsy dPsg can be written in terms of the angle
between production and decay plane(®s6/ = P56 — P3q)

d cos O34 dcos Osg dP3y dPsg = dcos O3y dcos Osg dDP3y dPse/ (7)

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

For the process 1+2_>3+4:g—6 = 1w D3ty ‘TMQ

T 647n2ls P12

(Dimension of Ty; = Dim|[Ty;] = 1)

For the decay4d — 5+6:T = ﬁf !AMQ X %
(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 *
Z p)\1,>\1/p>\2,>\2/ Z T)\l,)\27>\37>\4 X T)\1/,>\2/,)\3,>\4
A1,A2,A17, 007 A3,A4

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

2.2 Isospin Factor

apsl s ISy 135 14,134 | 11,131, 15,132) s the isospin-dependent part
of the amplitude.



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

(I3,133,14,134 | I1,131,12,139) =

= > (I3, 133,14, 134 | Tz, I334) (Isa, T334 | Tia, I312) (Tho, 1310 | 11, 131, 15, I3,) =

I2,1312,134,1334

= > (I3,I33,1s,134 | I1a, I312) (19, 1315 | 1, 131, I, I35)
I12,1312

with

(I34, 1334 | I12,1312) = 0119134 013121334 9)

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

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

apy i BT = (I3, I35, 1y, 134 | 1, 131, Iy, I3,) =
=(1/2,-1/2,1/2,1/2 | 00) x (0,0 | 1,0,0,0) +
—_—
+(1/2,-1/2,1/2,1/2 | 1,0) x (1,0 | 1,0,0,0) = 1/v/2 (10)
—_—
Here,particles 3 and 4 are C-Parity Eigenstates,so that C3y = —1 = (2. 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
T

lim = o(m
mel'w—0 (mg} _ Sw)2 + maFWQ mwa (

omega Sw)

(2) can be written,using (10)

2

1

5 —

d’oc = 1/2x 4s1/2 . E T 2o s (PP Eﬂ(l)w)AM,)\s)\G(w 7T(2)7) X
A

T ds ) .
5(mgmega - Sw)2—: dL2p8(87p3>p4) dL2p8(8w7p57p6) (11)

myly,

(8)



yielding

2

&o | 1 1
d'o = / ds =1/2 % 481/2]9 om T, § : A1,A2,A304 (Pp — 7Tl )A>\4 Asre (W — 7727) X
w w

X dLipS(Sv b3, p4) dLip8(8w>p5ap6)
2

1 1 _
=1/4x1/2 % 1512 2m T x>y D T anan (P — Tw) Ax, g (@ — 757)| X
A1,A2,A3,A5,6 | Aa
X dLip8(87p37p4) dLipS(SW7p57p6) (12)

2.4 Expansion into partial waves

The Th, xpxans (PP — Tw) and Ay, a;ne (w — 797) amplitudes are expanded into

partial waves [8] with J=J13 = J34 and Js6 = J,(= 1)

D Tayparars (B2 = Tw) Axyasrg(w — 757)| =
A4

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

/25, + 1 2
X<)\4,0 | TJ | Al,A2> X 4 D>\4>\6 )\5(!256) X AiB,)\G —

48 s « .
= ——= 1> @2J+ 1)) DL, (230) DYy, (256) %
PpPw 7 )\4

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

(13)

with

1/2

Tai peana (PP — mhw) = Z (2T +1) D} x 2, (234) % (Xa, 0 [ T | Mg, o)

J VPrP
(14)
(Dim [T, ap a5, (PP — 7w)]=Dim[(Ag,0 | T7 | A, A2)]=1)
and
_ 25, +1
Ai4,;\5)\6 (w - 7'('3’}/) = Zﬂ' ‘D)\4)\6 )\5(956) Ai5,>\6 (15)



(Dlm[Ai4 NoAe (w— 7IY)] = Durn[Ai5 /\6] GeV)

The definition of the partial wave amplitudes corresponds to the usual conven-
tions [6, 7, 8]:

For the reaction 1 +2 — 3 + 4:

dO’ *
d231 é‘ ZJ(2J+ 1)DJ —A,Aa— )\30\37)\4 | T’ | )\17)\2>|

For the decay 4— 5+6:

I'= m 16£36m4 X f |A>\4 >\5>\6(w - 7T27 ‘ df2s56 = 327r2 |A>\5 >\6|

using [ !D‘]‘ X df2s6 = 23111

2.5 Expansion in LS-Basis

The partial wave amplitudes A}\& 2 and (A4, 0 | T7 | M\, A2) are expanded in their
LS-basis:

w— 197 (Lsg = 1;Ss56 = 1;0only one term because of parity conservation):

2L56 + 1
1 56 1
As. g = 7251‘} 1 <1,0, 1, )\6 | 1, )\6> <O, 0, 1, A6 ‘ 1, A6> XO&L56:17556:1
—Xer/1/2 1
= ——— X\ Xl at, = const.
/2 6 11 (a1q )
Al = —Al Parity Conservation 16
0Xg 0_Xe

(Dim[al,]=GeV]



0

PP~ wm
2034 +1
Ca 01T A de) = 30 /S0 (Ban 0L A | 7 0) (144,00 | 1, A4)
L34,534(=1) 1
2012 +1
X Z \/ 2 (L12,0, 812, M — Ao | S A — Ao (1/2,01,1/2, 20 | S12, A — Aa) X

e 2J+1

12,012

X<2L34+1L34J ‘ TJ ‘ 2L12+1L12J>

2L 1 /2L 1
- % \/ 121 \/ 2 L0 0,1, A | T A Bz 0, Sha A — Ao | J, A — Ag)
2J+1 2J +1
L12,512,L34,534(=1)
><<1/2,/\17 1/2, —)\2 ‘ 512,)\1 — )\2> X <2L34+1L34J ‘ TJ ‘ 2L12+1L12J> (17)

(Dim[(2Fa1t gy, | T7 | 21241 Ly, )=1)
For a fixed J-value,there exist the following Lq9, S12 combinations:

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




Example: J=1

A, 01 T7 | A, Ag) =
= [v/1/3(0,0,1, A4 | 1,A4) (1,X4,0,0 | 1, Ag) x 35y
1
+1/2/3(1,0,1, A0 [ 1,Aa) (1,A4,0,0 [ 1,A0) x(*py
1
+4/5/3(2,0,1, A | 1, Aq) (1,24,0,0 | 1, Aq)(3dy]|T| x
1
x[v/3/3(1,0,0,A\1 — Ao | 1,A1 — A)(1/2,A1,1/2, Ao | 0,A1 — Xo) |* P1) +
+V173(0,0,1, 0 = Ao | 1, A1 = A2)(1/2,M1,1/2, = X2 [ 1, A1 = Xo) [ S1) +
+V3/3(1,0,1, 0 = Ao | 1A = Ao)(1/2,0,1/2, = X2 [ 1,00 = Xo) [P P1) +
+/5/3(2,0,1, A1 = Ao | 1, A1 = Ao)(1/2,A1,1/2, X2 [ 1, A1 = Xo) [* Dy)]
(18)

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

zZero:
Parity conservation:Pyy = (—1)F12+! = Py = (—1)%s4
C-Parity conservation:Cjp = (—1)512+512 = 03y = —1

The four remaining amplitudes are:

(Ag, 0 | TY | A\, N2) =
V1/3(0,0,1, A8 | 1, A4)(1,24,0,0 | 1, A4)1/3/3(1,0,0,A1 — Ao | 1, A1 — Ag) X
X(1/2,A1,1/2,=Xa | 0,A1 — X2)(3sy | T P Py) +
+/2/3(1,0,1, A | 1, A4)(1, A4,0,0 | 1, A4)1/1/3(0,0,1, A1 — Ay | 1, A1 — Ag) X
X(1/2,A1,1/2,=Xa | 1,21 — X2)®p1 | T |2 S1) +
+/2/3(1,0,1, A | 1, A4)(1,24,0,0 | 1,24,)0v/5/3(2,0,1, A1 — Mg | 1, A1 — Ag) x
X (1/2,M1,1/2, =X | 1, A1 — X)3pr | 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
X(1/2,A1,1/2,=Xa | 0, A1 — Xo)(3d; | T |1 Py) (19)

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

Reason:Because of (—1)F12+512 = Cyy = —1, L1s + S12 must be odd.
S19 =0: Lio = J19 = odd — Term contributes only for Jio = odd
Sio =1: Lo = 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.

Note:An alternative way to take the parity conservation into account [4] is the use
of

A, 0| T7 | A, Aa) = mpxnp X1 X o X (—1) 5 T2 T8 505 (X, 0 | T7 | —Aq, —Aa)
(20)
Trick in computing: Set always Ay = 1/2

For taking into account C-conservation there is no direct way in the helicity for-
malism.An expansion in partial waves (like above) is mandatory.

2.6 Final Amplitude

From (12,13,16,17)the final expression for the cross section is derived:

dic 3p,y
d cos ©34d cos O56dD34dP5g/ ~ 4096 T p m2 T,

X Z ‘Z 2J+1) ZD A2\ 934)D,\4>\6 s (£256) ¥

A1,A2,26

201 +1 [2L3 + 1
y Z \/ 12+\/ T (D30 0,1, M | LA (L1, 0,8, A — Ao | A —

2J+1 2J+1

L12,512,L34,534(=1)
JPC 2
><<1/2,/\17 1/2, —)\2 ‘ S, )\1 — )\2> X /\6 X TL12 S12,L34,534(=1 )‘

with
P/ = P55 — Py and

the Fit Parameters

- 7PC — <2534+1L34J |TJ‘25'12+1

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

JFC

(Dlm[TLu ,S12,L34,534(= 1)] GeV)

JPC
TL127512,L347S34 7& 0 only for
Py = (- 1)L12Jrl P34 = (—1)%34(Parity conservation) and
Cia = (—=1)F12+512 = Cyy = —1(C-Parity conservation)

10

)\2> X

(21)



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})

For J=1 the expression reads

d*o . 3p'y v
d cos O34d cos OsgdPssdPsg/ 4096 73 p% m2 Ty,

X3 k@ ) L 1) YD DI 0, (250) DEing -, (236)

A1,A2,06 A4
X [v/1/3 % (0,0,1, A4 | 1,24) X (1,A4,0,0 | 1, A4) X v/3/3(1,0,0, A1 — Ao | 1, A — Ag)
}(1/2,A1,1/2, = A2 | 0,A1 — Ao) x Tg o1 +
+1/2/3 x (1,0,1, A4 | 1, Aq) x (1, A4,0,0 | 1, Ag) x /1/3(0,0,1, A1 — Ag | 1, A1 — Ag) x
x(1/2,M1,1/2, X2 | 1,A1 — Xo) x T 114 +
+/2/3(1,0, 1,24 | 1, M) x (1,24,0,0 | 1,M4)1/5/3(2,0,1, A1 — Ag | 1, A1 — Ag) x
x(1/2,M1,1/2,=Xa | 1,1 — Xo) x T3 14 +
+4/5/3(2,0,1, A | 1,A4)(1,24,0,0 | 1,M4) x [v/3/3(1,0,0, A1 — Ao | 1, A1 — Ag) x

. 2
X (1/2,M,1/2, =0 | 0, A1 = Aa) x T g5 g ] x Aﬁ( (22)
Integration over ®34 with [ |e’M‘I’34|2d<I>34 = 2m, for all M :
d3c d*o
d cos O34d cos O5d P56/ d cos ©34d cos O5dP34dD5g/
3p
=2 X o ;m2 — X ST D @I+ 5,0, (034) Dy (256) X
Ppiutew  y\ Tone 7 M\
2012 +1 \/2L34 +1
L 1, M) (L A1 — A A1 — A
X > \/2J+1 2J+1<3470,74|J, 4){L12,0, 512, A1 = A2 [ J, A1 = Ag)

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

~ 7PC
X<1/2,)\1, 1/2, —Ag ‘ 512,)\1 — )\2> X Ag X TL]1275127L347534(:1)

3Dy
x 32 m2
4096 7° prmg, I'y,

= 27 X W

with w= weight of the event.

That means:When you compare runs at different p-momenta,you have to nor-
malize by the different N;,;; values and by pig.
p

11



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 2J+1 ZdO)Vl @34 D)\4)\6 )\5 956 Z 2] ng,o 512,0|J0>

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,L347S34 1‘ (A= 1/2. Ay =1/2;M = Ay — Xy = 0)
2L12+1
+|Z (2J +1) Zdw (©34) DXty ns(256) X > o7 (12,0, 812,0 [ J,0)
Li2,512
2034 + 1
(L 1, A A
(1/2,-1/2,1/2,1/2 1 5,0) > \/ g 11 L3 0 LA | o) x
L34,S34(=
PC
X Tg12,512,L347S34 1‘ (A1 = _1/2.)‘2 =—1/2;M = 0)
2L12+1
+‘Z 2J+1 Zdlk4 @34 D)\4>\6 )\5 956 Z 2J+1 L12,0 512,1‘J1>X
L12,512
2034 + 1
(L 1, A A
x(1/2,1/2,1/2,1/2 | S12,1) x Z \/ 57 1 (Len 01 A [ M) x
L34,S34(=
~ 1PC 2
x Tli]12,512,L34 S34= 1‘ ()‘1 = 1/2. )\2 = _1/2.M = 1>
2J+1)> d?,,,(O31) DY, . (2 ot 0,8, —1]J,—
+‘Z + Z 104 (034) D37\ 2, (256) Z o7 11 P12, 0,512, = \ 1) x
L12,512
20+ 1
— — — 1, A A
x(1/2,-1/2,1/2,-1/2 | S12,-1) x > \/QJ (L34,0,1, A1 | J, M) x
L34,S34(=
~ 1PC 2
X Tli]12,512,L34,534:1‘ (A = _1/2 Ag = 1/2 M= - (24)

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:

12



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),

1/2
- JPC : 2
X Z . 'TL12,1,L34,334(:1)(t”plett)]| +
L34,534(=1)

+[D Tl > {L42,0,0,0 ] 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,SB4(:1)(smglett) +
L34,534(=1)

+--- Z "'<L1270>170|J70>X<1/271/271/27_1/2|170>X
L12,512(=1),

1/2

5 JPC . 2
X Z . 'TL12,1,L34,334(:1)(t”plett)]| +
L34,S34(=1)

2
+‘~-~asabove--

‘ 4
—i—‘---asabove-"‘Q—i—

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

A+ B> +| -4+ B?=2x|4" + 2x|B[’ (26)

With that identity one obtains the final expression for the amplitude:
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[2L +1
w =2 X ‘Z 2J-|— ZdO)vl @34 D)\4)\6 )\5(056) Z 2}2+1 L12,0 0,0 | J, 0>

Ly12,512=0,
203 + 1
x (1/2,1/2,1/2,-1/210,0) >~ 4/ 234+ (L3q,0,1, M4 | J, M) x
\/— L34,534(=1)

~JPC

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

i} [2L15 +1
+2 x| Z(QJ +1) ngm(@%) Diine s (256) Y VSN (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 T Lo sweet (triplett) |+ (M = 0, triplett)

* 2019+ 1
HID @I+ 1) d] 5, (O3) DY a (256) x Y\ S 57 1 (L12,0,1,1 | J,1) x
J Ad

L12,512=1,
2L 1
X (1/2,1/2,1/2,1/2 | 1,1) x Z ,/ 25” (L, 0,1, M | J, Aa) x
1 L34,534(=
JPC

X T, 1 Laa s (triplett)[* + (M = 1, triplett)

[2L —I-l
+‘Z 2J+ Zd 1)\4 @34 D)\4)\6 )\5 956 Z 2}2_1_1 L12’071’ 1|J_1>

Ly2,1

2031 + 1
x (1/2,-1/2,1/2,—-1/2 | 1,-1) x Z ,/ 2;“ (L3g,0,1, M | J, Ag) X

1 L34,S34(=

JPC

. 2 .
X TL12’17L347534:1(tmplett)| (M = —1,tr2plett)

Note:Only terms withLi9, S92, L34 andS34 compatible with the conservation of J,P
and C are #0.

Together with (23) this is the final expression for the calculation of the cross
secction(weight).

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

14



S19=0  Li5=J=1(C-conservation)  L3;=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)v/1/2[v/1/3(0,0,1, A4 | 1, A4) x Tigg; +

pvi
+ 3(2,0,1, A4 | 1, \yg) X 1021” +
5/ - 2
+2x |3Zdo,>\4 @34)D)\4>\6—>\5(Q56)\/m<1707 LA | 1L, A V13 x Ty, — +/5/3 % Tynl|” +

A4
N — -2
+ ‘3Zd%,>\4(@34) D}\4>\6—,\5(956)\/ 1/2(1,0,1, A4 | 1, A)[\/1/3 x Ty, + /1/6 % T21111H +
A4
. — -2
+ ‘3Zd£1,>\4(@34) D}\4>\67,\5(956)v 1/2(1,0,1, A4 | 1, M) [V/1/3 x Ty, + 1/1/6 % T21111H (28)
A4
with the four independent amplitudes:
+
Tlltpl < S1 |T‘1P1>
Ty = Cdy | T]' )
Ty = Cpu | TP S1)
Ty = <3P1 | T |3 Dy)
J=2:

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

w=2x (33 "dg,(034) DYin, xs (256)v/1/2[1/1/3(0,0,1, A4 | 1, A4) % 0

A4
+2x (53 d3 5, (034) DXy, s (256)V/5/3(2,0,1,0 [ 2,0) /1/2[\/3/3(1,0,1, My | 2,A4) x Thyy +
—_————
pvi

0

+/7/3(3,0,1, A | 2, A4) X 2131”2"'

+ ‘SZdl Vi @34) D)\4)\6 >\5(Q56) V 5/3 <2707171 | 271>[ 3/3<170717)‘4 ‘ 27)‘4> X T221_1-1_ +
—_—

)
* —\/1)2

+ .,/ 7/3(3,0,1, g | 2, \g) X 2131” +

+ ‘SZd—I,M @34) D)\4>\6—)\5(“Q56) 5/3 <2707 1,-1 | 2, _1>[ 3/3<1707 LA ‘ 27)‘4> X T221_1-1_ +
A4

—/1/2

FV/T/3(3,0,1, A0 | 2, A1) X Tayay ]|

with the two independent amplitudes
i .
T22111 = <3P2 | T [ 3D2)
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4 N
T22111 = <3f2 | T | 3D2>

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

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 JP¢ 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 JFC | Triplett JFC | Triplett JFC
A= A==1 A=0,%1
0 1S() 0+ 3P0 o+t
1 p 1= 3P 17+ | 383Dy 17—
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+
) 1H5 5T~ 3H5 5T+ 3G5,3 I5 5~
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 4+~ reaction
for a given J,M and \g is given by [9]

PC
AF = (—Vm) Xl (@) DY 5 (O56) Y (L 0,1 A0 [ 1 M) x Ao xarr,, 5

)\4 L34,Sg4(:1)
(30)
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J

o L3P4C753 , is the product of the .J pPC

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 (23)):

. 2019+ 1
A0 = (204 1) 3 i (O31) Dilngs (256) X D\ S (12,0, 512, M | J, M)
Aq

L12,512
2034 +1 ~ 1PC
x(1/2,71,1/2, =Xy | S12, M) Y ,/#(L%O,LM | Ty X A6 X T g p ey
L34,534(=1)
(31)

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:

JPC M 2034+ 1 2L12+1
(—Vm) xag, o gy = (27 +1) x ‘/Tﬂ > ,/TH@H,O,SH,M | J, M)x

Ly2,512
JPC

X (1/2,A1,1/2,=Xg | S10, M) x T/ g 160y (32)

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 Aqd—
(—v/7) x aL347534(:1)(5mglett) = 3 x —3 V1/2 x T11707L34’534(:1)

__ 2Ly + 1 A A
10 . [2L34 Py Ta
(_\/7?)XaL34,534(=1)(terlett) = 3x T[ 1/6XT01,1,L347S34(=1) o 1/3XT2171,L34,534(=1)]

11 . [2L34 + 1, ,/—=  ~y—- 1
(_\/7_-()XaL34,Sg4(=1)(t”plett) = 3x T[ 1/3XT0171,L347534(: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)]

(33)
J=2:

27— 1 . [2L34 + 1 fo——
(—v/m) x aL347534(:1)(tT2plett) =5 X T(— 1/2) x T22,1,L34,Sg4(:1)
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P | ) 2034+ 1 JON
(—v/7) x 0‘L34,534(:1)(t”plett) =5x — V1/2 x T22717L34’S34(:1) (34)

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 is equivalent to the fit of the helicity am-
plitudes discussed above.However,quite often the p-matrix elements are calculated
from the fitted helicity amplitudes of a full PWA.Both methods are discussed in
the following.On the other hand,several or all of the p-matrix elements-averaged
over the production process- can be determined from the measured angular distri-
butions of the decaying particle [17].That is discussed for the w-decay.

3.1 Rho-Matrix Formalism

In (2) !Tfi‘Q can be rewritten in the following form(isospin factor neglected):
2
Trl" = ) XD [Thaeens X Taudedadar X A3y s xg X Arurag—re) =
ALA2,A3,A5,A6  Ad,Aaf

={ Z |T/\1/\2/\3>\4|2} X Z X Z [AN, As—2s X Prudar X Axds—xe) =

A1,A2,A3, 4 A5,A6  Ad,Aal

2 3 1 1 12
={ D | Tx xorsna }X—47T>< > DA, xexe (256) X pruna X DA% xs ag (256) % [ A) 5| )
A1,A2,A3,24 As5,06 Ag,Aa/
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(35)
with the spin density matrix elements for particle 4 (w)

1

*
2 X Z T)\1,)\2,)\3,>\4 X T>\l,)\2,)\37>\4/ (36)

Prgdar =
ZM,)\Q,)\&M ‘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) the p-matrix has the form (see [12])

. 1/ %(1 - p800) Rply + 13pY, 30?/)?_1 .
Prgrar — Rpio _Ozgplo 0Poo 0 —(%Pm - Z\Oépm) (37)
Rpi 1 —(Rpp +1Spip) 1/2(1 — pgg)

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

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

The p matrix elements are generally dependent on s, cos©34 and ®34 and can
be derived -together with the helicity amplitudes A§\5 »-from the measured data
using the following expression based on (1),(12) and (35):

N = Linyx1/4x1/2x ! X 1
d cos O34d cos O55dP34dD5g/ -t 481/2])2—7 2myIy,

XKin34><Kin56><

2, 3 . 2
{0 [Tarorsn] P DD T Dhas e (256) X pruna X Doy g2 (256) % [ A} 5| ] =
A1,A2,A3,A4 A5;,A6 Ad,Aaf
1 . 3 do 1 1x 1 2
= LmtmeKmsﬁXEXdQM D> DR a6 (256) X painar X DXty a2 (256) X | A3 g ]

A5,A6 Ad,A4q/
(38)

with

do 1 2
=1/4x1/2 x —=— X Kingy x T xoda)
d(234 / / 481/2p]7 )\1 )\22;3 )\4 ‘ e 4‘

(38) is equivalent to(21)and can be used for the analysis of the complete reaction
chain.Here the fit parameters(for fixed s) are no more the T-amplitudes,but the
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rho-matrix elements for binned cos ©34 and binned ®34 values,together with the
amplitudes Ais.All rho-matrix elements can be determined.The number of fit pa-
rameters 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(38),but are determined
using the T\, x, x;.3,-amplitudes taken from a full PWA-analysis(see (21)).

This procedure was used in [13, 14, 15].

Note:

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

3.2 Averaged Rho-Matrix Formalism

Several elements of p -averaged over the production process-can also be derived
from the measurement of the angular distribution of the decaying particle 4(w) only (Schilling’s
Method) (see [12, 13, 14, 15])

In our case the expression for the averaged 2-dimensional angular distribution
is given by (see(38))

I(025) = dN/N _/ dN/N
)7 deos Os6d®Pss! | dcos Os4dcos OsgdPs4dPsg/

dcos ©34dP3y =

1 . 3 *
= Lipt X 9 T X Kingg X y X Z X Z [D}\4,)\5_/\6(!256)><

mel

PVID.VIED E Y]
dQ34 4! 4/,A5—A6 5A6 Lint X o
—— H,—/
p(/)\4/\4,><0' 1/N
with the averaged p-matrix elements
do
0 _ 0
Prxjag X0 = /—d934p,\4,\4/d934 (40)
The expression(38) results to:
dN/N — —
< [1/2(1 + 1/2(1 — 30 O56>
dCOS@56d¢)56/ X [ / ( +p00) + / ( pOO)COS 56 +
+ pY_;sin O567 cos 2¢56/ + \/§§Rp_(1)0 sin 2056 cos ¢56/] (41)

Note,that only three of the four independent p matrix elements can be determined
by this method.
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The expression for I(cos Osg) for the w — 707 decay was worked out from [ I(£256)d®s6/
(40) yielding

dN

I(COS @56) = m

o [(1 + 0_80) + (1 — 30—80) X COS 6562] (42)

Here,only diagonal elements of o0 contribute and can be determined.

The elements of pU determined from (36)-averaged over {234- and from the fit
of angular distributions(40,41) 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 (40,41)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
will be further discussed in a forthcoming note.
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