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The reaction p+p — A+XA is considered in this paper in full detail with the assumption that the process
is dominated by the exchange of a K*. Both the cases of an elementary and of a Regge-pole K* are discussed.
Results on differential cross section, polarization functions, and angular correlation functions with various
combinations of longitudinal and transverse polarizations of A and A are presented. These values can be
checked easily in a bubble chamber experiment. We find that from the differential cross section alone it is
impossible to distinguish one type of K* from the other, but a measurement of the angular correlations may

give deciding information.

I. INTRODUCTION

T has been shown recently, by both the CERN* and
Brookhaven? groups, in the hydrogen bubble cham-
ber experiment for the annihilations p+7p— A+A,
p+D— A+2°, and p+P — 4K in the energy range
3-4 BeV/c, that the antihyperon is produced predomi-
nantly in the forward direction. Bessis, Itzykson, and
Jacob,? (BIJ) and several others? independently, using
a formalism based on some peripheral model, obtained
a good fit with the experimental results. They suggested
that the annihilation process p+p — ¥Y+Y is domi-
nated by the exchange of an isospin-} and strangeness-1
boson between the baryon pairs (Fig. 1). A particle
with these quantum numbers can either be a K or a
K*, but only an exchange of a vector K* gives the
right angular distribution. BIJ? have also proposed a
simple test of this mechanism based on an angular
correlation measurement between the directions of the
pions emitted in the hyperon and antihyperoun decays.
This is subject to a simple experimental measurement
and is, in fact, being carried out by the Ecole Poly-
technique group.

Though the peripheral model gives a right fit to the
experimental results, it has the defect of violating uni-
tarity at high energy because of vector boson exchange.
Regge formalism, on the other hand, avoids such a
difficulty and it also meets with some success in ex-
plaining the N-N and N-N scatterings at high ener-
gies.® In this paper, we therefore attempt to re-examine
our problem in more detail by considering both cases—
(i) exchange of an elementary K* and (i) exchange of a
Regge-pole K*—in the hope of knowing whether the
present experimental data are in favor of or against
the second type of exchange.

I R. Armenteros et al., Proceedings of the 1962 International Con-
fer;;szcée on High-Energy Physics at CERN (CERN, Geneva, 1962),
p- .

2 C. Baltay et al., Proceedings of the 1962 International Conference
on High-Energy Physics at CERN (CERN, Geneva, 1962), p. 233.

3D. Bessis, C. Itzykson, and M. Jacob, Nuovo Cimento 27,
376 (1963).

‘H. D. D. Watson, Imperial College preprint, ICTP-63-15
(unpublished).

8 G. Cocconi and S. D. Drell, Proceedings of the 1962 Interna-
tional Conference on High-Energy Physics at CERN (CERN,
Geneva, 1962), pp. 883 and 897.

In our paper we shall consider p+p— A+A only.
In Sec. IT we give the general formalism and the
kinematics—the latter being complicated as is always
the case when spins are involved. However, once we
have worked out the kinematics, it is then easy to
write the differential cross section, polarization func-
tions, and angular correlation functions. The polariza-
tions of the lambda and antilambda in our problem
are easily observed in a bubble chamber experiment.
In Sec. ITI the model of the exchange of a single ele-
mentary K* is reconsidered, differential cross section
and angular correlation functions are calculated, and
in Figs. 4 and 5 curves are plotted, at two different
energies. In Sec. IV we examine the case when a Regge-
pole K* is exchanged. All spins are taken into account
but no attempt is made to work out the analyticity
properties of the S matrix in the complex angular
momentum plane, and we shall assume that the S
matrix is meromorphic in the right half-plane, at least
for Rej> —3.

In the last section the results are discussed. We con-
clude that the present experimental situation cannot
distinguish between the two models. However, we see
that measurements of angular correlations and total
cross sections at higher energies will give decisive
information,

II. KINEMATICS

We restrict ourselves to the annihilation of p+p —
A+A. Other hyperon-antihyperon pair productions
will not be considered as they have similar properties.
For this process, the 7" matrix can be expressed in the
form

T=F1o(p2)u(pr)a(—q1)v(—gs)
FFob(po)vuu (p1)a(— qu) vuv(—g2)
+3F 30 (p2)awn(pr)@(—q1)owv(—gs)
+F i (pa)ivsyum(p1) @ (—q)ivsyo(—gz)
+Fs(p2)ysu(p1)%(—q1)vsv(—qg2)
+Fe}(g2— g8 (p2)ivau(p)a(—g1)o(—¢2), (1)
where p1, p» and —qi, —g- are the 4-momenta of the

incoming proton, antiproton and outgoing lambda and
antilambda, respectively (Fig. 2). The F’s (s form 1 to
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R Fic. 1. One-particle exchange
K OR K diagram for the annihilation proc-
ess p+p — A+A.
P A

6) are invariant functions of s, ¢, and % where

§=— (P1+P2)27
t=—(p1+q1)?,
U=— (p1+q2)2)

S+Hi4u=2M*+2A%.
In the center-of-mass system
s=4F*=W?2,
t=M>+A*—2E*+2pq cosl,
u=M>4-A2—2E*—2pq cosf,

where E is the energy, and p and ¢ are the momenta of
the proton and the lambda; 6 is the scattering angle
defined as

x=cosf=p1 @/pq,

i.e., the angle between the incoming proton and the

outgoing lambda.
For our purpose it is useful to diagonalize the T

matrix in helicity states.® We define
¢i=(MA/47E) Q5| T |\p\5) - (2)

Because of parity and charge conjugation invariances,
there are only six independent helicity amplitudes (the
number of these does agree with the number of scalar
invariants) which we define as shown in Table I. The
following relations between ¢’s and F’s can be obtained
by using standard methods involving, however, tedious
algebra (see Appendix):

drEpy = PqFl-*MAng— (Ez—pq)ng
— MAF — E?Fy— M ¢*xF,

4:1I'E¢2= ﬁqFl—MAsz— (E2+pq)xF3
+MAF i+ E?F— MxFs,

dnEgy=— B2(14+2)Fa— MA(14+0)Fs

+pg(1+a)Fs, (3)
drEps=—E*(1—x)Fo— MA(1—x)F3
—pg(1—x)Fs,
4rE¢ps=AE sinfFy+ ME sinfF ;- Eq? sinfFs,
4w E¢s=— ME sinfF,— AE sinfF ;.
“his

We note that the matrix in (3) is nonsingular.

guarantees that our choice of ¢’s and F’s is correct.
Our purpose of fintroducing helicity amplitudes is

that with the help of them we can immediately write

6 M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).

C. H. CHAN

down the differential cross section, polarization func-
tions, and angular correlation functions. These func-
tions can be easily measured in a bubble chamber by
measuring the decay angles of the emitted #— (and 7*)
of A (and A). We shall, for the purpose of analyzing,
introduce a set of three unit right-handed vectors
(n1,72,m3), where #; is along the direction of* ¢, and #.
in the direction of p; X q; (Fig. 3). The angular correla-
tion function R,s;(0) at a fixed scattering angle 8 is
taken as the probability of finding A polarized in the
n; direction and simultaneously A polarized in the —;
direction, the polarization functions Q,,(6) as the proba-
bility of finding A polarized along #; when the polariza-
tion of A is unobserved, similarly Q,(6) as the proba-
bility of finding A polarized along —#; and the polariza-
tion of A is unobserved.

We consider the case when the beam and the tar-
get are unpolarized as is generally true in these experi-
ments. Under this assumption most of the nine angular
correlation functions’ and the six polarization functions
are zero. The remaining ones can be easily calculated®
from (2) and Table I (see the Appendix). The results
are as follows:

do/dQ=3(q/p) X,
Qm(a) = Qna(e) =Qa, (0) =Qx, (0) =0,
Qny(0)=—Q2,(8) = (2/X) Im[ (¢1+¢2)e*
— ($s—da)es*],
Ry, (0) = (2/X) Re[dops* — psps™ — d1po™ — dpsps™ ],
Riy,(8) = (2/X) Re[ — ¢pops*+paps*
: — 192 —Psps™ |,
R (0) = (1/X) Re[ | 1|2+ | b2 |*+2] 5]
— | 3|2~ [¢a|2—2]06|*], (4
Ry (0) = Ruyny (0) = (— 2/X) Re[ (¢1+¢2)d6*
+ (Ps—pa)ds* 1,
Rmﬁz(e) =Ry, (B) = anﬁa(e) = Rnaﬂz(a) =0,
where
X=[|¢1]>+ |da]2+ [ds]*+ | ba] 242 b5] 242 6 |*].

All tRese functions can be experimentally measured.
For instance, —%a?Ry,;(6), for each fixed 6, is the ratio
of the difference of the number of times a 7~ is emitted

Tasre I. Helicity amplitudes for the p+p — A+A annihilation.

++ +- -4+ —--
+ + 1 5 —s5 P2
+ — b5 é3 b4 P6
-+ —¢s ¢4 3 —s
- = [} 5 —¢5 b1

7 The author wishes to thank Professor Michel for pointing out

this fact.
8 The function Ra,5(6) has also been given by BIJ.
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above and below the plane orthogonal to #; to the
total 7~ emissions when a =+ is observed above the
plane normal to —#; Again the functions aQ.,(6)
[—3%aQ4,(0)] are the ratios of the difference of the num-
ber of times a 7~ (rt) is emitted above and below the
plane orthogonal to #;(—#;) to the total #—(x*) emis-
sions. The parameter « is the asymmetry parameter for
A — p+7— decay and has been previously measured
to be —0.6240.07.° We also note here that because of
the CP invariance, the asymmetry parameter for the
A decay is opposite to that of the A decay.

From (4) we see four of the angular correlation func-
tions are zero, this is because we have used the as-
sumption that the beam and target are unpolarized.
The vanishing of these functions can in fact provide a
test of the extent to which the beam P is unpolarized.
On the other hand, if these functions are found to be
zero, they do not prove that our beam is unpolarized.

III. ON THE EXCHANGE OF AN ELEMENTARY K*

It has been shown in the last section that if we could
by some means estimate the values of the scalar in-
variants based on some model, then we can immediately
relate them by (3) and (4) to the experimentally readily
observable quantities and hence the model can be
tested.

In the following we shall investigate the problem
under the assumption that the process is dominated
by the exchange of a K*. We shall first treat K* as an
elementary particle and then consider the case when
it is a Regge pole. We then compare these two results.
The diagram for the exchange of a K is believed to be
unimportant in our case; both phenomenologically be-
cause it does not give a correct angular distribution and
theoretically because the K Regge trajectory is much
lower than that of K* and hence it is not important at
high energy.

The model involving the exchange of an elementary
K* has been considered by previous authors. However,
we would like to reproduce their results here and con-
sider them in a little more detail. The most general
expression for the K*NA vertex reads as'0 -

@(D)[G (A%, +G' (A owA+G (A)A,Ju(p),

where A, is the 4-momentum transfer. The functions

t CHANNEL

F16. 2. The production
b+ — A+A in the s chan-
nel or the elastic scattering
p+A—p+K in the ¢
channel.

® J. W. Cronin and O. E. Overseth, Phys. Rev. 129, 1795 (1963).
1©We have taken the relative parity of NA to be even,
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Fi6. 3. The pro-
duction p4+p—A
+XA in the c.m. sys- Ny
tem. py is in the z
direction and ¢q; is
in the x-z plane; 7,
is normal to the pro-
duction plane.
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Gi(A?) are real because of time reversal invariance. For a
first-order approximation the last two couplings can be
neglected for small values of A? which is the case for
forward scattering. We can therefore write down the
matrix element for the diagram of Fig. 1 with the
exchange of an elementary K*.

T=[G(AY)Ta(—q1)yum(p1)
v (A#Al‘/ 2)
X (=)
—i4-m?

where  is the mass of K*. Comparing it with (2), we
immediately obtain

) 1 [G(A2)]2[2E2 M3 (1 4w)]
—_= e ] — = x y
' drE  mi—t :
1[G
T (1—2)],
b nE mQ—t[ sM*(1—x)]
I [G@)T
e LR M) (143) ], 5
e DU N
¢4:—¢2:
1 [G(AY)]
5=—*~——————[ ()] [—3EM sind],
dvE m?P—i
b= —os.

In obtaining (5) we have neglected the mass differ-
ence between the proton and the lambda, which is
indeed negligible at high energy considered in our case.
Using (4), various angular correlation functions are
computed at the energies 3.3 and 7.5 GeV/c, respec-
tively. Curves are plotted in Figs. 4 and 5. Their shapes
do resemble each other though they differ in magnitude.
The calculation of these functions at the energy 7.5
GeV/c, which is much higher than those used in previ-
ous experiments, is for the purpose of comparing them
later on with those based on a Regge-pole K*.

We have also computed the differential cross section
for these two energies. In the calculation we have
approximated the form factor G(A?) as a constant, this
approximation being valid for a small range of ¢ near
the forward peak. These curves are also presented in
Figs. 4 and 5. They are normalized to 1 at cosf=1.
Both curves are peaked in the forward direction though
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Plab=33 Bev),

¥iG. 4. Curves for
the differential cross
section (normalized
in the forward direc-
tion) and various
angular correlations
for the production
p+p — A+A at the
energy 3.3 BeV/c
based on the one-
elementary  K*-ex-
change model.

) L
| (o} -1
cos 8

the peak at higher energy is more pronounced than
the other.

We would like to emphasize that the curves we have
presented are not to be taken seriously in the region
of large momentum transfer (or large angle scattering).
This is due to two reasons: (i) the exchange of a K*
does not dominate backward scattering, (ii) the form
factor G(A?) can no longer be approximated as a con-
stant for large ¢.

IV. ON THE EXCHANGE OF A REGGE-POLE K*

We shall now consider a Regge-pole K*. The ex-
change of a Regge-pole K* in the p+p— A+XK an-
nihilation can be pictured as a pole in the crossed
channel. Hence, we investigate the elastic scattering
p+A— p+A and then extend our result to the s
channel by analytic continuation. The T matrix for
the p+A — p+XA scattering has a form similar to (1)
and can be obtained form (1) simply by replacing v(p2)
by (— p2) and @(—q1) by v(¢1). The F’s being invariant
analytic functions of s, ¢, #, do not change under this
replacement.

In the c.m. system of the ¢ channel

s=—2k?*(1—cosb),
== (Ep’l'EA)Z ’
w=M?*+A2—2E ,E\—2k? cosh,
where % is the momentum, Ep and Ej are the center-of-

mass energy of the proton and the antilambda, re-
spectively, 8 is the scattering angle and is defined as

C. H. CHAN

z=cosf = p;+ po/k?, i.e., the scattering angle between
the incoming and outgoing protons, ®@ is the total
energy.

We shall again introduce helicity amplitudes because
they have the property that they can be projected
easily into partial waves and extended to the complex
angular-momentum plane by the Sommerfeld-Watson
transformation. Because of P and T invariances, the
number of independent helicity amplitudes is 6, which
we define as shown in Table II.

TasLE II. Helicity amplitudes for the scattering p+A — p+A.

_\Q{iu
PAuut

++ - -+ ——
+ + X1 X5 Xe  Xo
- —Xs X3 X4 X6
-+ —Xs X4 Xs  Xs
- - X2 —Xs —Xs X1

The functions x, are normalized as follows:

Xi=2MAQE| T|NpAR) 1=1,2,3,4
M+A

X;=2M A ~-AAZ| TIAAE), =35, 6.
0 sinf

The reason for choosing such a normalization is that
the x’s and the F’s then have the same analytic prop-
erty, as can be seen below in (6).

The six helicity amplitudes are related to the six
scalar invariant functions—this can be done easily but

P
lab=75 Be\//c

F16. 5. Same as in
Fig. 4, but at the
energy of 7.5 BeV/c.

0.5

Rp=5(6
"Inl

l53(9)

cos @8
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the algebra is complex:

Xy=—MA(142)F1+[ E,Ex+3k24- (EpEr— k)2 JFoa— MA(3—2)F,
+[BE Ext+R2— (EpEs— k)3 ]Fs— A(EpEa+72) (14-2)Fs,
Xo=EpE\(1—2)F1— MA(1—2)Fo+ (E Es+5) (34-2)F;s
—~MAQ(B+2)F Ak (1—2)Fs+ME2(1—2)F,
Xg= —MA(142)F1+ (E Ex+ 7)) (14-2)Fo+-M A (14-2)F; (©)
— (EpEs+EY) (142)Fy— A(EpEs+7%) (14-2)Fs,
Xy= — E E\(1—2)F1+MA(1=2)Fo+t (B Es— k) (1—2)F;
—MA(1—2)Ft-B(1—2)Fs— ME2(1—2)Fs,
WX/ (M~+A)=ME\F1— AE Fo— ME\F 3+ AE Fy+ Ey(EAE k) Fs
WXs/ (M~+-A)=— AE F1+ME FotAE Fs— ME\F,— MAE\Fs.
This set of linear relations are inverted because we are interested in estimating #’s from x’s.

4AE,E\ 2Mw
+EA2+k2>X;;—- (EpEa+R)Xs— Ex(1—2)xs
142 M+A

M
4P =M AXy+ (E Ex+-k2) Xg—!-—X(

2w
— o (B B+ R)[2E p+ Ey (14-2) )X,
A S haa r 149

4F,*

A
AR ,= (EDEA+k2)X1+MAX2+(-1—1—+EpEA—k2> Xs— MAX,
2

24 _ M
e [2Es+ B, (142) X+
MA+A

[
EA(I -—Z)Xg,,
M-+A

M/ AEQ
4k2tF3= MAX1+ (EpEA+k2) X2+'—A—<-—— 1

+EA2+k2>Xa- (EpEs+E) X4
z

2Mw 2WE,
Ex(1—2)Xs+———(E,Ex+8) (1—2)Xs, (7)
A(M+A)

M+A

4E,E

4k2tF4= (EPEA+k2)X1+MAX2+<— 1+ A+EPEA—k2>X3—‘MAX4
4

2Aw 2Mw .
——E,(1—2)Xs+ Er(1—2)Xs,
M-+A M4-A
M /AE,FEy 4t
4k2tF5= MAX1+ (EPEA+k2) X2+'X< 1+ +EA2+ k2)X3+ (-"——'1 —EPEA"‘ kz)X4
4 -2z

2Mw 20E,
+——T2E,+Es(142) IXs— ————[2t— (E Ex+F£2) (1—2) X,
M+A » A(

A
M4-A)
4(A2—M?) 4¢ 4M1
X3+ X5+ Xe.
A(14-2) M+A AMH+A)

4R%UF ¢=

The amplitudes x are readily projected into partial plitudes with 7 even and odd respectively, A and \’ are

waves. We divide them into even and odd parts. the differences between the helicities of the proton and
) ] ] the antilambda for incoming and outgoing states. Equa-
Xi=Z;(X)danH(0) + (= 1)dr v 7(0) ] tion (8) can be alternatively written as

FONTANO=CDERNOL @)y i = DT O+ (— 1Dy, ir—0)]
where (X/)* correspond to partial-wave helicity am- + XN (=) [=ds 37 (O)+ (=) N7 (m—0)], (9)
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where we have used the identity
(— 1)jd)\_)\r"(9) = (—- I)X(i)\,,- )\ri(7r—9) .

At this stage we would like to say something about
the process associated with the exchange of a K* Regge
pole. The fact that K* has odd signature and odd
parity, limits the NA system to states with odd total
angular momentum and even orbital angular momen-
tum. Correspondingly, for a fixed value 7 (7 is odd in
this case), there can be only three different scattering
amplitudes,

I=j+1 (triplet) <> I= j+41 (triplet),
I=j+1 (triplet) <> I=j—1 (triplet),
I=j—1 (triplet) <> [=j—1 (triplet),

(10)

while the other three amplitudes

CHAN

I=j (triplet) <> [=j (triplet),
l=j (triplet) <> =7 (singlet),
I=j (singlet) <> = j (singlet),

(11)

are equal to zero. In the language of partial-wave
helicity amplitudes, (11) implies
(7)™ = (X)",
(Xs)~= (X4),
(Xs')™= (Xg?)~.
Returning now to Eq. (9) we note that since the X’s
have the same analytic properties as the F’s—which,
by assumption, satisfy the principle of maximal ana-
lyticity, i.e., all singularities are Regge poles''—the

functions X can be evaluated at the K* Regge pole.
Combining with (12) we obtain:

(12)

Y= Xo=— 8y () Pul(—5)— Pu(®) T+L,
Sinma

— 1—3
3= 2 o(—2)—Pq — P/ (— P L,
Xm—p <z>{[P< 9P} Pt <z>1}+

(13)

- 143
tem )] [Pl =P} (P (=0 + P/ @I,

sinra ala+1)

- 1
Xo= = Xo=——B3()————[ P/ (=2)+ P/ (@) I+ L,

Velat+1)

sinra

where B1, 82, and B3 are the residue functions of (X;%)~, (X37)~, and (Xs7)~, respectively, at the K* Regge pole, and
L denotes the line integration from —%—1i% to —3--i which is negligible at high energy.

Had we considered a K Regge pole, because of the even signature and odd parity, amplitudes (10) would vanish
and (11) would be nonzero. Instead of (13), we would obtain

Xi= = xa= By (O Pul = D)+ Pa(2)],

Sinmra
T 1—2
3= 2 a\ ™ a - Pal - —Pal )
X p <z>{[P< DR P () <z>3}
(14)
— P [P (=)= P '<z>3}
x,;—simm(t){[m( PO L. C@1,
= A= _ 3 ) L a/ &) al ’
X5=Xs sinwaﬁ'(t/\/a(a—l—l)LP (—2)—Pd(2)]

where o and the 8’s are now the Regge trajectory and residue functions of K.
By means of Eqgs. (13) and (7) we can now obtain the scalar invariants F’s in terms of the K* Regge-pole residues

and its trajectory. Combining with Egs. (3) we obtain ¢’s in terms of the K* Regge pole.

1t See, for instance, “Lectures on Strong Interaction Theory” given by Professor G. F. Chew at the Middle East Technical

University and also at the University of Cambridge (unpublished).
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4M?u st 4sin
Wey=—————A1+As— Az Ay,
(L) (s+1) (t+u) (s+u) (t+u) (s+u) (s—u)
—si A My 4siu
drWpy= A+ As+ Ay,
(t4u) (s+u) (t4u) (s+u) (t+4u) (s+u) (s—u)
4 M2 st dstu
A Wepy= Ay — Ay — Agt »
(t+u) (s+u) (t+u) (s+u) (t+u) (s+u) (s—u) (15)
: 3
st 4M3u dstu

4= A~ As— Ay,
(t4u) (s+-u) (t+u) (s+u) (t++u) (s+u) (s—u)

2M —4M? 4M> 2 (4uM?—st)
41«W¢5= Al_ A3+ A4,
E sinf stu stu (s4u) (s—u)
2M 4M? 4M? 2 (4uM>—st)
A7 Wee= A1+ Aa"—‘————fh,
E sinf s+u s+u (s+u) (s—u)

where we have used a simple notation

B (O Pu(—2)— Pule)],

smiro

— —1
Ag= 32(0’:

sinTa ale+1)

A1=

][Pa'(—z>+z>a'<z>],

As=;;—1r—ﬁz(t){[f’a(—2)—Pa(z)]
2

ala+1)

+

[P (—2)+ P (5) ]},

—7 " z
{
sin‘/ra’gs }\/a (a+1)

In obtaining (15) we have neglected the mass differ-
ence between the proton and the lambda, which is
possible because we are interested in the s channel at
high-energy and low-momentum transfer. It should be
noticed that on the contrary this approximation is
invalid if we are interested in the ¢ channel at large s
and small /.

With a lack of knowledge of the properties of the
K* Regge pole, it is impossible to predict an explicit
result, but the following can be noted. '

A= [P (—=2)+Pd(2)].

(i) Since all 4’s have the same phase, the polariza-
tion function Qn,(f) vanishes. This in fact is a well-
known result!? for a single Regge-pole exchange. How-
ever, if we include a K Regge pole also, the function
Qn,(6) will not vanish but will be small and of the order
of (s/2M?)ex~ex* at high energy.

(ii) From (15) ¢o=—¢bs, 5= —¢s and ¢ differs from
¢3 by the term A,, which at high energy is one order

127, J. Muzinich, Phys. Rev. Letters 9, 475 (1962).

of (s/2M?) smaller than the others. Using (4) it can be
easily concluded that at high energy all the functions
Ry, 0), Rugig(0), and Ry 7,(0) are of the order of
(s/2M?~! which is small.

(iii) The differential cross section is proportional to

1 s 2apx(t)
s<2M2> ’

where ag«(f) is the K* Regge trajectory, and might
be approximated by agx(t) =agx(0)+tag«'(0). The dif-
ferential cross section decreases exponentially near the
forward scattering. The width shrinks as Ins and the
total cross section diminishes.

(iv) For forward scattering =0, ¢s=0 because of
the conservation of angular momentum, and hence
B2(6=0)=0. If we assume that all the 8’s are slowly
varying functions of #, we may conclude 8;=0 at least
for small values of {. Furthermore, if we assume that
the residue functions can be factorized into spin-flip
and spin-nonflip parts,”® B, Bs, and B; are related by
B2~B1B: and hence B; is also small. By (4) we then
obtain that R,,s,(6) is small.

V. DISCUSSION

In the last two sections, results have been obtained
on the differential cross section, polarization functions
and angular correlation functions for the production
p+D— A+A on the assumption that the process is
dominated by the exchange of an elementary K* or a
Regge-pole K*. The differential cross sections are found
in both cases to be strongly peaked forward, and to a
good accuracy, they are experimentally indistinguish-
able. The angular correlation functions Rn,z,(6) Ra,z,(6)
and R, ;,(0) are nonvanishing and increase with the
scattering angle in the case of an elementary K*; while

BW. G. Wagner, Phys. Rev. Letters 10, 202 (1963).
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they are of the order of (s/2M?)~, i.e., small in the
case of a Regge-pole K*. Since our results for the
Regge-pole case are only valid at high-energy and low-
momentum transfer, it is necessary to compare them
with those obtained in the case of an elementary K*
in the same region. In Fig. 5 we see that the functions
Rpy7,(0), Rayiy(8) have the same magnitude in the two
cases, but Ru,,(0) may be different. The total cross
section for the case of a Regge-pole K* decreases as
Ins and for the case of an elementary K* increases
slowly.

In conclusion, with the present experimental data
at 3-4 BeV/c it seems impossible to distinguish be-
tween an elementary K* and a Regge-pole K*, because
in both cases, the predicted differential cross sections
are strongly peaked forward and the angular correlation
functions have the same magnitude for small values of
t. However, if an additional experiment at a much
higher energy (say around 7 or 8 BeV/c¢) is performed,
by measuring the angular correlation function Rn,s,(6)
and the total cross section, it may be possible to dis-
tinguish an elementary K* from a Regge-pole K*.
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APPENDIX

To obtain the relations between the helicity am-
plitudes and the scalar invariants, the dirac spinors of
particle and antiparticle #(p) and »(p) are expressed
in the c.m. system. When moving in the (sind,0, cosf)
direction, we write

1 E4+M
u(?)=m( - )Ix>
i o )70 o ()
nd for A==+1%, (A1)
v(p)= m( EZ-Z{[) [x)
e () ()
for \=z=+1, (A2)

where M, E, and p are the mass, energy, and momentum
of the particle or antiparticle in the c.m. system; u(p)

CHAN

and (p) satisfy the Dirac’s equations (iyp+M)u(p) =0
and (—#y:p+M)v(p)=0. We have taken the azimuth
angle ¢ to be zero without losing any generality. Using
(A1) and (A2) appropriately in the T matrix, we obtain
Egs. (3) and (6).

To obtain Egs. (4), we must also express the state
of A and A with spin polarized along #; or #, (see Fig. 3)
in terms of helicity states. First let us consider the A
particle with spin polarized along n.:

<a10ng ﬂzl — (along (11| e—i}w(az cosf—oz sind)

= (1,0)¢#0oug—i1r (0 cosd—z. sin)
1
=72_{ (along q1| —i(along—ai| };
similarly, (along #:| = (along q;|e#ivov
1
= 5{ (along qi| +(along—q:[};
also, for the polarized A particle (which is moving in

the —q direction) we get:

along n2> — a—-i%w(m cosf—az sinb) | along— q l>

0

= e‘ihr(oz cosf—oz Sino)e'_“ (0+) ’W( >
1

—(|along—a+il )
=—{|along—q;)-+7|along—qy)},
)
|along n1)=¢*i7v| along —qu)
1
:‘/_2_{ |along—q1)+ | along q1)} .

Writing the results in a compact form, for the outgoing
polarized A,

(having spin along and opposite to #y, #ns, 3,

respectively, |
1 1

and for outgoing polarized A,

| Having spin along and opposite to n1, #s, 13,

respectively,)

=é{y|+>:tr—>}, vii{1+>:u|—>}, ), (Ad)

where |+) and |—) are the helicity states of A or A
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with helicities A==%. Expressions (A3) and (A4) are
correct up to a phase factor which is not important.
With the help of (A3) and (A4), it is now easy to
obtain all the equations of (4). We shall show below
the calculation of Ry,z,(6) only.

Let us define 4, B, C, D to be the four helicity am-
plitudes with well-defined incoming pp helicities and
with ++, +—, —4, —— helicities for the outgoing
AR, where A, B, C, D can be any column of the matrix
in Table I. Hence, the helicity amplitudes for polarized
AR will be as follows

A along ny, A along #,: 6;=3[(4+C)+(B+D)],

A along ny, A along —ny: 0:=3[ (A+C)— (B+D)],

A along —ny, K along n: 0;=31[(4—C)+(B—D)],

A along —my, A along —ny: 0,=3[(4—C)— (B—D)].
The probability of finding A polarized along #; and

PHYSICAL REVIEW VOLUME

133,

B439

simultaneously A polarized along —#, is now given by
62|24 163°— | 61| |64]*
10212+ | 6212+ 051+ 0]
which is equal to
—2 Re[AD*+BC*]
| 412+ B|*+|C|*+|D|*

If we assume that the beam and the target are un-
polarized, we can sum all these 4 columns of the matrix
in Table I and to obtain

2 Re[potps™ — dpaps™ — 1™ — dsps™ |
|p1]24 | 2|2+ | 3|2+ | pa| 22| 5| 2+ 2| P 2 ’

i.e., the one given in (4). Similarly we can derive the
remaining expressions in Eqgs. (4).

R, (0) =
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Inelastic =*=~, K°K°, and K+K- Collisions in Unitary Symmetry*
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The G conjugation invariance in the isospin representation and its analogs in the #-spin and g-spin repre-
sentations of unitary symmetry are applied to the inelastic channels of reactions initiated in the z+z—,
KK, and K*K~ systems. Relations among differential cross sections for various particle-antiparticle pairs

are obtained with and without R invariance.

INTRODUCTION

HE object of this paper is to obtain relations
among the cross sections for various particle-
antiparticle pairs in the inelastic channels of reactions
initiated in collisions of 2t and 7—, K% and K¢, and K+
and K~ within the scheme of unitary symmetry.!? For
reactions initiated in the =z~ system the eigenstates of
pairs of pseudoscalar mesons, vector mesons, baryon and
antibaryon, and baryon isobar and antibaryon isobar
are constructed under the conservation of isospin and G
conjugation invariance.® Relations among the cross
sections for the possible pairs are then immediately
obtained.
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For reactions initiated in the K°K° system, the isospin
representation cannot be used to carry out the same
program since it is not an eigenstate of G conjugation.
In order to do so it is found necessary to go to the
#-spin representation? of unitary symmetry and invoke
the analog of G conjugation (henceforth called U con-
jugation) of which the K°K° system is an eigenstate.

For reactions initiated in the K*K— system, the pre-
vious representations cannot be used to carry out the
program since it is not an eigenstate of the G nor of the
U conjugation. It is then found necessary to go to the
v-spin representation? and invoke the analog of the G
and U conjugations (henceforth called V conjugation)
of which the KK~ system is an eigenstate. These results
can then be correlated to each other since the isospin,
the u-spin, and the z-spin representations are canonically
related to one another under unitary symmetry.
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