ANNIHILATION PRODUCTION p+p—>A+K

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
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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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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.

* Supported in part by the National Science Foundation.

1 On leave of absence from the U. S. Naval Research Labora-
tory, Washington 25, D. C.

! M. Gell-Mann, California Institute of Technology Report,
CTSL-20 (1961) (unpublished); Phys. Rev. 125, 1069 (1962).

2Y. Ne’eman, Nucl. Phys. 26, 222 (1961).

3 L. Michel, Nuovo Cimento 10, 319 (1953); T. D. Lee and
C. N. Yang, Nuovo Cimento 3, 749 (1956).

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.

4S. Meshkov, C. A. Levinson, and H. J. Lipkin, Phys. Rev.
%etég;s 10, 361 (1953); S. P. Rosen, Phys. Rev. Letters 11, 100
1963).
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I. REACTIONS INITIATED IN THE CENTER OF MOMENTUM OF THE =tm~ SYSTEM
A. =t= in Odd Orbital States
The initial state?:

—[rtr—ant].

V2

The following are the particle-antiparticle eigenstates with the same set of quantum numbers as the

initial statef—3:
I,=Q(charge)=0, I=1, G=+1

1 _ 1
—[rtr—a"7t], [ —K*K~+ K K++K'K'—K°K"], —[—pro o],
a ’ )
J[— KH K K¥ K KRR — KRR, s[—pp+pptni—in], $[—EEH-EOEHEEY—ETE],
USAE-— T 3+—3-S+4-54+27],  A[SR+AZ0—ATO—30AT,  I[—ErOEHO| FHOE RO kT R

Yy P =V V= VY o Y oy -], —\/1~1——[ B(NHHN*— = — N = Vbt — N[ )
— (NHHN*— WA= Nt — NHfR0p o) ]

Thus, there exist the following relations among the differential cross sections for possible pairs®1:
(K+K7)=(K°KY),  (KMK*)=(K*K*),  (pp)=(nn),  (2E)=(="E%), (E*Z)=@"39,
(ER)=@A%), EMEN)=@E“EY), (VM= TM),

(N*HN*==) = (N*=N*) =9 (N*N*) = 9 (NN *0). (1.1)

In addition, the following pairs may be present:
(atn), (otp). (1.2)

The R conjugation! eigenvalue of the initial state is —1. Thus, when R invariance of the octets is invoked, in
place of the fifth and sixth eigenfunctions of the above, we have

812 — pp+ pp+ni—fin— ESEH EVEIHEEF—EHE-],
and the eighth eigenfunction does not occur. Thus, in place of the third and fourth relations in (1.1), we obtain
(pD) = (nit) = (E°E") = (B-E"), (1.3)
and the pairs (Z°A) and (AZ°) do not occur.

B. =t=—in Even Orbital States
The initial state:

1
6[7#1‘ +aat].

6 The dependence upon the momenta k and —k in the center-of-momentum system is:
ANVD) [t (K7~ (— k) —=~ (k)= (—k) ].
6 The orbital (!) and spin (s) quantum numbers of each pair are determined by G= (—1)"*++7,

" The operations of G upon isospin doublets and isospin triplets which are needed in constructing the eigenfunctions are well known
(see Refs. 3 and 8). For the isospin quartet baryon isobars the following holds:

NEH+ N*+
N*+ — N0
G e | =1 e |-
w- ) -
8 The complete set of eigenfunctions of the KK system is found in M. Goldhaber, T. D. Lee, and C. N. Yang, Phys. Rev. 112, 1796
(1958).

® (K*K~) stands for the differential cross section o(K*(k) K~(—k)). The equality of (K*K~) and the differential cross
section ¢ (K~ (k)K*(—k)) for the charge-conjugated pair is understood.

10 (K°K in this particular case arises from [KR*—K°K%]= —i[K°K0— K%K ,*] when the CP invariance of the weak
decays of K and K, is postulated. Thus, for example, (K*K~)=(K°K° implies o(K*(k)K—(—k))=0(K~(k)K+(—k))
~0(K1°(k)K2°( K)) =o (K (k) K,°(—k)).
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The following are the particle-antiparticle eigenstates with /=0 and I =2:
I;=0=0, I=0, G=-+1

1
\73[:1r+7r“+1r_7r++1r°7r0:] , m,

¢, %[——K**‘K*‘—K*‘K*"‘——K*"K*"—K*"K*"] ,

1
IR B —EEt—EtE], —[AR+3A],
V2

- —_ = -

[
I
b3
&
]
&
a(l

RO kA Aok ,

6—1/2[ Y1*+Y ¥

i[—K*+K—— K- K*+—K'Ro— R0K"],

6—1/2[2+f;—+

1
\—Fg[—p%“—p”p*—p”p"] )

i[—pp—Dp—nia—nn],

St ISt S 420504 50507

1
—[Z-Z++Z7+77],
vz[ ]

—+ Yl*" Y+ Yl*—Y1*++ Y1*+Y 4 I/1*0}71*04‘ Y1*0 Y1*0] y

8-1/2[ — N+ N*— = N¥—— N =N N*+ N*—— N*+ N*— _ N*_ NH+— *0 ]\7*"— N*o N*‘)] ,

I;=Q0=0, I=2,
6712 [—ptp~—p pt+20%"],
*— QY ROY 0

Y E——— |
1272 Y T o TV it VT o 7 47

G=+1
12712[3+3 4 -S4 2 E+4- 2 — 22030 —
2?1*0 Y1*0] ,

250507,

8—1/2[_ N = — N — T k=T AT N*— N*+ N*—+ N* N+ N0 N*O-I- N*o N*"] )

Thus, the relations among the differential cross
sections for the possible pairs are!':

(K+*K=)=(K'K?),  (K*K*)=(K*K*),
(pD) = (n7), (2950 = (254,
(BH)=(59),  (ENEH)= (24 E"),
(Vi+F) = (V7 T7),

(N*N*-) = (N*F#0)

In addition, the following pairs may be present!?:

(1.4)
(=)= (V)

(atr), (o), (Y MY, (Z7Z1),
(m), @), (@¢), (%%, (ARK),
(2059, (1.5)

When R invariance of the octets is invoked (eigen-
value +1), in place of the seventh and eighth eigen-
functions of the set (I3=0=0,I=0, G=+41), we obtain

&1 — pp—Pp—nii—iin

0RO PR At Ftp et
EOE— EOE — BT A — TR ]

Hence, instead of the third and fourth relations in (1.4),
we obtain the relation (1.3).

11 (K°K% in this particular case arises from [K°K°+K°K"]
=[K,°K"+K°K>"] under the CP invariance of the weak
decays of K, and K. Thus, (K°K=c¢(K:"(k)K:°(—k))
—U(Kz°(k)Kz"(—k))

12 The unitary singlet and the 7 =0 member of the unitary octet
vector mesons w; and ws, respectively, should occur mixed in nature
because of violation of unitary symmetry as follows

w1 =w cosf—¢ sind,
ws=¢ Cosf-+w sinb,

where 0 is the mixing angle and w and ¢ are the physical unitary
singlet and 7=0 member of the octet, respectively. Thus, under
the mixing, ¢ that occurs in (1.5) should be replaced by ws. See
S. L. Glashaw, Phys. Rev. Letters 11, 48 (1963); and J. J. Sakurai,
Phys. Rev. Letters 9, 472 (1963); and (to be published).

II. REACTIONS INITIATED IN THE CENTER OF
MOMENTUM OF THE K°K° SYSTEM

The irreducible representations of unitary symmetry
in the %-spin space are characterized by the charge Q
and the #-spin quantum numbers.? The appropriate
correspondences between members of the irreducible
representations in the isospin and #-spin representations
can easily be established, and the properties of the U
conjugation as the direct analog of the G conjugation
can be readily worked out.!® Thus, the results obtained
in the previous section are directly transferable, and we
state only the results.

A. K°K° in Odd Orbital States

The relations among the differential cross sections
for the possible pairs are:

(rat)=(K=K%),  (p7p")= (K*"K*t),
(EZh)=(&" (pp)=(Z*Z7),
(mi)=(B°£),  (2"A)=(AZ"),

( NH+ N*“) — (Y 1*+j71s.<—) , ( N*O0 ]\7*0) — (E*OE*O) ,
(N*=N*) = (Z-Z+) =9 (VT ) = 9 (B*E*+) .

'E*+) ,

(2.1)

13 All properties of the G operator can be appropriately trans-
ferred to those of the U operator. Only states of zero baryon
number and electric charge can be eigenstates of U=C exg(wuz)
U=C(—1)* for u#3=0 systems; in general U= (—1)tstu
baryon u-spin doublet (Ref. 4), e.g., (P, —2%), and its U-con]u-
gated antibaryon doublet, (—Z~, —P), may be compounded
(Fermi-Yang model) to conduct pseudoscalar mesons (1o orbital)
and vector mesons (3s; or 3d; orbital). From U = (—1)¥*st« we find
that the u-spin triplet (K°, M;*, —K?®) and singlet (M*) pseudo-
scalar mesons have U parities —1 and +1, respectively. Similarly
the #-spin triplet (K%, M,**, —K*) and singlet vector mesons
(M **) have U parities +1 and —1, respectively. The conserva-
tion of U parity may be used along the #-spin conservation in
discussing strong interactions under unitary symmetry.
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In addition, the following pairs may be present!0:
(KK,  (K*K*), (2.2)

When R invariance of the octets is invoked, in place
of the third and fourth relations in (2.1), we obtain

(pp)= (EE") = (Z+T) = (1), (2.3)
and the pairs (2°A) and (AZ") do not occur.
B. K9K'in Even Orbital States

The relations among the differential cross sections for
the possible pairs are:

(rtn) = (KK*), ()= (K*K*¥),
EEH=@E=E, P=E"2), (a)=(E5),
( N*+ N*—) — (y1*+)71*~) , ( N0 N*“) — (E*OE*O) ,

(VN =(272Y),  (FFi)=EE). (24)

In addition, the following pairs may be present!'+14:

(K°KY), (K*OR*0) (Y oy *0) |
(N¥HN*==), (MMoY), (MM,
(Mo Mo*¥) (MM ), (BOuBOu>’
(Bi*B1Y), (2.5)
where

(MM o*)= (x"n°)+ (x®n)+ (px®)+ () ,

(MM 1) = ()~ (x*n)+ (92°)+ (a°) , 2.6)

(M ¢*M ") = (0%°)+ (0°p)+ (0% + (¢9) ,

(MM %) = (¢)+ (o) + (@) + (o) ,
(Bo"Bo*) = (2°20)+ (AZ%)+ (Z°K)+- (AR)
(By“B1") = (AR)+ (AZ9)+ (298) + (23)

each with ratios 9:3:3:1, respectively.!®

When R invariance of the octets is invoked, in place
of the third and fourth relations in (2.4), we obtain
the relation (2.3).

III. REACTIONS INITIATED IN THE CENTER OF
MOMENTUM OF THE K*K~ SYSTEM

The irreducible representations of unitary symmetry
in the v-spin space are characterized by Q—Y and the
v-spin quantum numbers.* The appropriate corre-
spondences between members of the irreducible repre-
sentations in the isospin, #-spin, and v-spin representa-
tions can easily be established, and the properties of V'

14 The canonical transformation from the isospin representation
to the #-spin representation mixes =0, I3=0 and I=1, I3=0
members of each octet. Mo and My, M¢** and M,**, and Bo*
and B* are the I=0, I3=0 and I=1, I;=0 members of the
pseudoscalar meson, vector meson, and baryon octets, respectively.

18 Under ¢w mixing ¢ should be replaced by ws (see Ref. 12).
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conjugation as the direct analog of the G and U conju-
gations can be readily worked out.!® Thus, the results of
the previous sections are directly transferable, and we
state only the results.

A. K+K~in Odd Orbital States

The relations among the differential cross sections for
the possible pairs are!:

(KKY)= (xtr),  (KOE*)=(pp),
(EE)=(@*Z), (@ E)=(mw),
EEN=(@p), EB)=(2),

(y 1*—17*+) — ( N*ON*O) , (E*—E*Jr) — ( l\"*+]\7*”) ,
(7 Z+) = (N*¥HN*= ) = 9 (FHF+0) = 9 (V #+T *-) .

(3.1)

In addition, the following pairs may be present:
(K-K%), (K*K*).

When R invariance of the octets is invoked, in place
of the third and fourth relations in (3.1), we obtain

(BOE0) = (Z+27) = (2-ZH)= (nn), (3.3)

(3.2)

and the pairs (Z°A) and (AZY) do not occur.

B. K+*K~ in Even Orbital States

The relations among the differential cross sections for
the possible pairs are!:

(KK = (rtr7),  (K*K*)=(p%),
(BE)=(t27), (@ E)=@n), EE)=(Pp),
(y1*~71*+) = (N*ON*") , (E*‘E*ﬂ = (A?*—%N*h) ,
(Z=Z+) = (N*¥HN*==) | (ERER) = (VT ). (3.4)

In addition, the following pairs may be present'’:

(K*K™),  (K*K*), (Y OF7®),  (W-N*),
(MM, (MM, (M*M o),
(MM ™), (ByBy?), (Br"By), (3.5)

16 All properties of the G operator can be appropriately trans-
ferred to those of the V operator. Only states of zero baryon
number and Q—Y =0 can be eigenstates of V=C exp(irv,).
V=C(—1) for v3=0 systems; in general ¥V = (—1)¥***, A'baryon
9-spin doublet (Ref. 4), e.g., (#,=7), and its V-conjugated anti-
baryon doublet, (£+, —7%), may be compounded (Fermi-Yang
model) to construct pseudoscalar mesons (lso orbital) and vector
mesons (35; or 3d; orbital). From V= (—1)"*** we find that the
v-spin triplet (K—, My?, —K*) and singlet (M%) pseudoscalar
mesons have V parities —1 and 41, respectively. Similarly, the
v-spin triplet (K*~, M**, —K*") and singlet (M ¢**) vector mesons
have V parities +1 and —1, respectively. The conservation of V'
parity may be used along with »-spin conservation in discussing
strong interactions under unitary symmetry.

17 The canonical transformation from the isospin representation
to the v-spin representation mixes v=0, 93=0 and »=1, v3=0
members of each octet. M¢* and M,?, M** and M **, and By? and
By? are the =0, v3=0 and =1, v3=0 members of the pseudo-
scalar meson, vector meson, and baryon octets, respectively.
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where each of the pairs from (MM ) to (B1°By?) has
the same further expansion as the corresponding pair
in (2.6).

When R invariance of the octets is invoked, in place
of the third and fourth relations in (3.4), we have the
relation (3.3).

DISCUSSION

The results obtained in the previous sections are
based on unitary symmetry in its exact limit. Thus, they
are presumably applicable to high-energy collisions in
which mass differences among members within each
irreducible representation may not be significant.

In the derivation of the equalities between differential
cross sections in the previous sections it has been
necessary to assume that the initial state corresponds to
either even or odd orbital angular momentum, but not
to a mixture of the two. However, when the initial state
is a mixture of odd and even angular momenta, these
same equalities still hold in the total cross sections
(integrated over angles and summed over spin states),
since states of different angular momenta do not
interfere.

The isospin, #-spin, and »-spin representations are
canonically related to each other under unitary sym-
metry.*1® Thus, provided that the initial energies and
orbital states are the same, the corresponding differen-
tial cross sections (and spin distributions) of the set
(1.1), (1.2), (1.3), (1.4), (1.5), the set (2.1), (2.2), (2.3),
(2.4), (2.5), -and the set (3.1), (3.2), (3.3), (3.4), (3.5)
must be the same (for the equalities within each set the
above restrictions must be noted). In particular, if
resonances or final-state interactions are found in a
differential cross section of one set, the same effects must
exist in the corresponding differential cross sections in
the other sets.

The principal results of this work may be summarized
as follows.

Let us label the outer members of the octets and the
corresponding members of the decuplet of baryon iso-
bars by “abcdef” going around in a circle. Under the
restrictions on the orbital quantum numbers mentioned
earlier, for both even and odd orbital states, in the two-
body reaction channels initiated by a meson pair taken
across, e.g., ‘ad,” we find for the differential cross
sections the relations (@)= (dd), (bb)=(c¢), and
(e€)=(ff) for each of the octets and the decuplet.
Further, for the same initial energies and orbital states

18C. A. Levinson, H. J. Lipkin, and S. Meshkov, Nuovo
Cimento 23, 236 (1962); also paper presented at the International
Conference on Nucleon Structure, Stanford University, 1963
(unpublished).
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of the meson pairs “ad,” “be,” and “cf,” we have
[(a@) = (dd) Jaa=[(c€) = (1) 1os=[(e€) = (b]) o for each
of the octets and the decuplet (the subscripts ad, cf, eb
signify the entrance-channel meson pairs). Extending
this procedure we obtain the following three sets of
equalities among the differential cross sections:

[(ad) = (dd) Jaa=[(c0) = (fF) Jes=[ (&) = (60) J»,
[(®0) = (c) Joaa=[(dd) = (¢8) Joy=L[(ff) = (a@) s,
[(e&) = (ff) Joa=[(a@) = (80) Joy=[(ct) = (dd) Jes.

For example, the differential cross sections (K*K—)
= (K'K") from wtr~, (r~at) = (K~K*) from K°K", and
(K°K% = (z*a~) from K*K~ are equal, provided the
initial energies and the orbital quantum numbers are the
same (e.g., a pure s or a pure p orbital).®

When R invariance of the octets is introduced, we
have from (1.3), (2.3), and (3.3) the following additional
equalities in the baryon-antibaryon channels:

L(6D) = (ct) = (¢&) = (ff) Jua,
[(dd) = (e&) = (ad) = (6D) L./,
L(fF) = (aa)= (&) = (dd) Jov.

Further, for the same initial energies and orbital states
of the entrance-channel meson pairs, these combine with
the previous equalities to yield:

[(68) = (c&) = (e&) = (f) Jua
=[(dd) = (e€) = (a@) = (0b) 1/
=[(ff) = (ad) = (ct) = (dd) ]

These equalities among differential cross sections may
be used to test unitary symmetry.
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19 The experimentally observed s-wave production and the final-
state interactions of KK by #*z~ should have their analogs in 7~z
and K~K* production by K°K° and K°K? and ==~ production by
K*K-. However, at the energy of the experiment the violation of
unitary symmetry manifested in mass differences may make
comparisons with the predictions difficult. For the experimental
observations, see A. R. Erwin, G. A. Hoyer, R. A. March, W. D.
Walker, and T. P. Wangler, Phys. Rev. Letters 9, 34 (1962);
Gideon Alexander, Orin I. Dahl, Laurance Jacobs, George R.
Kalbfleisch, Donald H. Miller, Alan Rittenberg, Joseph Schwartz,
and Gerald A. Smith, Phys. Rev. Letters 9, 460 (1962).



