
O(4) SYMMETRY rN FEYNMAN AMPLlTUDES

7. CONCLUSIONS

Ke have shown that the I eynman amplitude of a
pole diagram mediated by a particle (j,k) at s=0 is the
same as the result of the O(4) symmetry, and that, in
addltlon (j,k) colTcsporlds 111 a 011c-to-ollc nlaI111cl to
(N,IV) introduced by Toiler, Freedman, and. Wang.
Kith these considerations we have concluded that it is
difhcult to assign the m meson to the class III.

AIlothcI' point wc want to stI'css 18 thc fact that thc
pole terms appear in more than one partial wave, even
if a single particle is exchanged. This fact indicates that
there are poles in the 5 matrix which do not correspond
to a "real" particle. Ke call this pole a "shadow pole. "
The fact that there is a pole which does not correspond

to a "real." particle forces one to modify the usual
assumption that a pole in the 5 matrix corresponds to a
1cR1 pal"tlclc.

The relations between shadow poles and abnormal
solutions of the Bethe-Salpetcr equation„and the
phcnoDlenological effects of shRdow poles will bc dis-
cussed in subsequent papers.
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Tllc pl'oclllctloIl RllglllRI (Hstl'lblltlons for F| (1385) Fo (1520) Rll(1 F1 (1660) 111 IC pscRttcDIlg Rl'e-
characterized by forward and backward peakings. As the single-particle-exchange model is unable to account
for these features, we have attempted to explain them by considering reseat tering square diagrams. Ke Qnd
that the use of a coincident-pole method leads to a simple prescription for evaluating the production angular
distributions. Our results show agreement with the observed data when spin-parity assignments are ~+ for
F1*(1385)and ~~for F~(1520, 1660).

E-+p +F1*+(1385)+'R. , —

E-y p F,*-(1385)+~+,

E +p~ F'R*'(1520)+sR,

E +p —+ FI*'(1660)+s'

(3)

In all these processes, a characteristic feature of the
center-of-mass production angular distributions for the
various I"*ls that there ls an approximate syxmnetry at
about 90' due to the presence of both forward and back-
ward peakings. Such a characteristic de6.cs explanation
in terms of either the one-meson-exchange model or the
one-baryon-exchange model. For reaction (1) only E~'
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1. INTRODUCTION
" 'N E=p scattering, the following quasi-two-body
- ~ Anal states have been observed' '.

can be exchanged, for (2) only the nucleon can be
exchanged, and for (3) and (4) both can be exchanged.
Therefore, for (1) alld (2) we canIlot hope to get all the
observed features from a one-particle-exchange model. 4

For reactions (3) and (4), one may combine the two
single-particle-exchange diagrams and use ad ho@,
drastic, form factors to obtain the observed structure.
Ke have shown' that in such cases the rescattering
square diagrams can offer a natural explanation. The
purpose of this papcI' l8 to consldcl such dlRglRIQs for
reactions (1)—(4), to explain the structure of the pro-
duction angular distributions and thereby to 6x the
spin-pRI'1ty Rsslgnmcnts.

Thc lcscattcllng diagram foI' thc gcnclRI ploccss
3+8~ C+D is shown in Fig. 1.The various momenta
have been labeled in the diagram. In Table I, we sum-
marize the intermediate states possible for the reactions
(1)—(4).The invariant amplitude for the diagram shown

4 Y. M. Gupta and B. K. Agarwal, Nuovo Cirnento 40, 434
(1966).

6 C. P. Singh and B. K. Agarwa, l, Nuovo Cimento 54A, 497
(1968).
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Fro. 1. Rescattering diagram for a
general process A+8 —+ C+D.

mentum required by T2. The extra factor -,'- before sum-
mation arises from the presence of a term (cri) (22ri)" '
rather than (22ri)" in front of the 8-function product
corresponding to e coincident poles. Assuming that only
the real states of I'ig. 1 are contributing, we can cut off
the summation after one term and rewrite the invariant
amplitude as"

1 (22ri)2 p
c c-1/2

24= gDbcgocdgBbagdadIP(P2)
2 (2Ã)4 mc

X & i(q2 —Q2);.N(p')C(p'hb
(Q22+2N, 2)

in Fig. 1 is given by

T4

i(q2 —Q2)„d„b/(pl), (5)
(q "+md2) (Q22+2/2. 2)

$4pc p
c c—1/2

gP b cg CcdgBbag A ad)(P 2)'
(22r) 4 ~C

—2'r'p +2/bbxr-- Y2 2 (IE/1+ Ql) X&X

p"+2/bb2 (Q12+2/2 ')

X i(ql+Ql)bdbg(pl). (i)
(Q12+21,2)

Taking the usual sum for polarization and spin states,
we find the differential cross section to be

(
do. + 0.38935mBmD $1
dQ, 4(22r)48(22r)2W2 g 3

gDbc gCcd gBba gAad
2 2 2 2

&&

' XFZ+ mb//sr, (8)
42/2 2(Q 2+222 2)2(Q 2+2/2 2)2

where e is the polarization vector of the p meson, the
g's are the coupling constants, F is 1 (yb) for F* spin-
parity assignment 2+ (2 ) and —', (-,'+), 1P(P2) is the
Rarita-Schwinger wave function V, (P2) for F* spin 2

and the Dirac wave function u(P2) for F*spin -'„s is the
spin of the I'* particle, and the m's are the masses of
the particles concerned. Equation (5) requires an inte-
gration over the closed-loop variable which is very
dificult to perform. H we put b and d states on the mass
shell and apply the method of coincident poles, ' then
we can reduce the fourth-order matrix element to a
product of two matrix elements corresponding to two
successive second-order processes:

&V2,P2I T'41 Vl, pl&

= 2 2 (V2,P21 2'll V', P'&(V', P'I 2'2l Vl, pl&, (6)

where the summation (effected by a three-momentum
integration) is over all real particle states q', p' which
are consistent with the conservation of energy and mo-
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6 J. Hamilton, Proc. Cambridge Phil. Soc. 48, 640 (1952).

T~LE I. Possible intermediate states for the reactions (1)-{4).
Fxo. 2. Production angular distribution of Y~*+(1385) in re-

action (1). LcosH=F~*+,„~ p; .g The present calculation from
Eq. (8) is shown by curves A {J =-' ) 8 {J =-'+), C (J =2+)
and D LJ~= (~2) g. The histogram represents the experimental
data of Cooper et al. (Ref. 2).

'a¹te added farl, proof. Equation (6) implies that reactions
(1)-(4) are two-step processes of the type A+B —+ b+d —+ C+D.
Strictly speaking, one should use the propagators in (7) to perform
an angular integration contained in (6). We have, however, 6xed
the angle as stated in the paragraph following Eq. (8). We are
grateful to Professor J. Hamilton for drawing our attention to
these points.
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mentum, 5' is the center-of-mass total energy, and

X= 4/I'ps+a —2g 'gt —2gs'g

s ~

j
~ ~
~ ~

z+=~(2/mB&D)t (mDms~ps p')(mals+pl p') j
Hcx'c z+ corresponds to JP=—+
JP 3—I+

and w to
2 ) 2

TO CVRhlatC fhC C118Clelltlal Cl'OSS SCCt1011 (g), WC

shall have to make some assumption about the produc-
tion angle of the intermediate d state. Ke make the

rastic approximation that d is produced
'

th
coming A direction in the over-all center-of-mass
system, which is not incompatible with the experimental

ata. '

3. RESULTS

Results of our calculations using the values of g's
glvcn 1Q Table II aI'c shown ln Figs. 2-5. Thc calculated Fxo. 4. Production angular distribution of P *o(1520 '

Fxo. o o 1n 1'eactlon

cos =s g.X sL.g The present caicniation from Eq. {8)is
2s own by curves A (Jp=-' ) 8 (J~=~+ C J~=

{ =$ ). The histogram represents the experimental data in
Ref. 1.The curves have been multiplied by a constant factor.

curves for the production angular distribution of
1 +(1385) Rl'C glVCI1 111 Flg. 2. If, SI1OWS Olll Pl'CCllcflOI1S

ox' the diffcrcnt spin-parity assignmcnts z +, 2+ fol Y1~+.

We 6nd that the curve corresponding to ~3+ is of the
right order of magnitude and is in close agreement with
the experh cntal data' at a E momentum of t.46
e,/c. Thus the rescattering square diagram seems to

account for the observed production angular distribu-
tion aQd to sc cct out thc g+ spin-parity asslgnm cn ~

hough the 2 assignment is not as glarin 1 excluded
as — aQd-

g ycxcu c
~, we can omit it in view of the observed'

decay dlstrlbutlon of Yl ~
%'hlch glvcs Jp F 3

glvcs slmllar results for I 1

l
li

Txax.z D. Values of gg)yp/42' calculated from the known decay
mi t s using Kqs. (2.17) and (3.6) of Graham eI el.' for $+ and
the formula F= (g~/4') (Z&m y)p/teL) for -', + in the usual notation.

t er vrell-known values are: ' 4 =il . gzz, ,4s=1.2, gp 'j4s=2.4,
~ s

isO .I
~ «a ~a~a~s~e~

.sL,R ~ -QQ

~~V,~(1385)

0.14
17.4
12.3
0.11

2r& I o*(1520)

0.017
1.48
1,66
0,018

~Z F&'(1660)

0.01
0.44
1.05
0.025

Production angular d1st1'1butlon of I 1 (1385) ln re-

action (2). ~cos8=F ~ otgg'pill, j The pl'esent calculation frol&
q. (8) isshown bycurves A (J~=' ) 8 (Jp=-'+) C (J"=~+),

and D J~=-' . T
of Cooper et gl. (Ref. 2).

. T e lstogram represents the experimental data a a

R R. H. Graham, S.Pakvasa anakvasa, and K. Raman, Phys. Rev. 153, 1"/74 (1967}.

'I Janice B. Shafer, Joseph J. Murray, and D. 0. Huwe Ph
Rev. Letters 10, 129 {iNS).
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pare with experimental data. We find that the assign-
ment ~~ is distinctly favored by the experimental dis-
tribution. This agrees vrith the findings based on the
clastic Rnd chRl'gc-cxchRngc differential CI'oss scctloIls.

Figure 5 shows the predictions for F'r*o(1660). The
curves have been obtained by using the same constant
multlplylng factor as used ln Fig. 4. The spin-panty
assignment ~3 is again strongly favored by the experi-
mental data' at a E momentum of 3.5 GeV/c. The
experimental situation regarding the parity of Vr*(1660)
ls RIDblguous. However~ I'cccnt experimental data
pp a t suppo t the s ig t —,'—.
In conclusion~ %'c CRn SRy that thc I'cscattcrlng dlR-

grams are able to account for the observed expeximental
distributions and also lead to correct spin-parity assign-
ments of the resonance states. Such diagrams have been
found to play an important role in other high-energy
processesI2 13 as well. Wc hope that the simple way of
extracting a convergent contribution by the use of the
coincident-pole approximation will be of use in these
cases also.

~ ~i,~ ~~ C

Pro. 5. Production angular distribution of Y'Po (1660) in reaction

(4). Lcos8= &i*'O~q IC in. g The present calculation from Eq. (8) is
shown by curves 3 (Ip=rs ), 8 (J&=so+), C (Jo=)+), and
D (J~= & ).The histogram represents the experimental data given
in Ref. 1.The curves have been multiplied by the same constant
factor as used in Fig. 4.

Figure 4 shows the pI'cdlctcd production RngulRr

distribution curves for Fs*o(1520) for various sPin-

parity assignments ~~+, ~~+ together with the experi-
mental distribution' at a Emomentum o'f 3.5 GeV/c.
The actual curves have been drawn after multiplying
the values due to Eq. (8) by a constant factor to com-
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