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Selection Rules Implied by CP Invariance
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Some consequences of the rigorous invariance under the product of charge conjugation and reflection are
discussed. The restrictions on the interactions of real boson fields with one spinor field, and of complex boson
fields with charge symmetric spinor fields are derived and compared with the restrictions implied by invari-
ance under the separate operations. Two selection rules for transitions among such boson fields are given.
Some possible applications to known particles are mentioned.

I. INTRODUCTION

ECENT experiments have shown that neither
parity' nor charge conjugation' are conserved in

processes involving the emission of neutrinos. It has
been suggested that the product CP of these quantities
is conserved in these processes. ' 4 According to the
Pauli-t. uders theorem, ' the conservation of CP is
equivalent to time-reversal invariance, for interactions
invariant under proper Lorentz transformations, at
least within the framwork of the usual local field theory.
Experimental tests of the invariance under time
reversal of neutrino processes have been suggested, '
and information regarding this point may be forth-
coming SOO11.

In this paper the consequences of the proposed CP
invariance concerning the interactions of particles will

be examined. Our major concern will be with the ab-
stract consequences of this invariance and the conditions
required for its application, without regard to whether
these conditions are satisfied by the known elementary
particles.

It is well known that the conservation of P or C
places some restrictions on the interaction of fields.
For instance, if parity is conserved, than a real or com-
plex spinless boson field, @, may have either of the
interactions

ykPp+H. c., or g'PysPP+H. c., (I)

with a particular ferrnion field g, but not both simul-

taneously. Alternatively, these restrictions may be
stated in the form of transitions which are forbidden
among particles whose transformation properties under
reQection are already known from some other inter-
action. An example of this is the statement that if
parity is conserved, a pseudoscalar particle cannot
decay into 2 scalar particles.
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The restrictions in the case of invariance under
charge conjugation have been treated by, among others,
Pais and Jost, ' and Pauli. ' The results here generally
refer only to real boson fields and their interactions
with single spinor fields, although under certain cir-
cumstances they apply to charged fields as well, ' as
we shall see. An illustration of a mixing of interactions
forbidden by charge conjugation invariance is the
following': let @ be a real spinless boson field and P
a spinor field. Then f and p may interact by

~P+H.c., or g'Py„$8„$+H.c.,
but not both.

If C and P are not conserved, it is to be expected that
the restrictions mentioned above will not exist. Never-
theless, it will be shown that the invariance under the
product operation CP implies somewhat weaker re-
strictions on the interactions. In Sec. II these are
discussed for real boson fields and in Sec. III for charged
boson fields whose interactions satisfy the further con-
dition of charge symmetry. Finally, in Sec. IV some of
the implications of the selection rules will be discussed.

II. REAL BOSON FIELDS

A. Conditions on Interactions

We consider a real boson field interacting with a single
spinor 6eld 1' through a linear interaction. The signifi-
cance of the restriction to real boson fields and to a
single spinor field is that the operation of C or CP will

simply multiply the boson field and the quadratic
Dirac covariants by phase factors. The operations on
the spinor fields are defined by:

Cip(x)C '=6&r(x), pp(x) p '=yak( —x), (3)

where Cy„-6 '= —y„~.
The question of a phase factor on the right-hand

side of Eq. (3) is irrelevant if we consider quadratic
covariants formed from 1". Table I gives the trans-
formation property of these covariants under C, P,
and CP.

Let us now consider a real spinless 6eld p. If we do
not allow interactions with derivatives of the fermion
Geld, then the interaction must be constructed from the

' A. Pais and R. Jost, Phys. Rev. 87, 871 (1952).
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or by any combination of

~»~~ ) ~VA'4)A') 4"Yt V&4'~4 4ti)

but not both classes.
If the spinor field P undergoes only the kind of

interaction treated here, the vector coupling QV„$4)„p
can always be transformed away by a unitary trans-
formation, s and the restriction on interactions then
becomes the same as if P were conserved, that is,
scalar interaction does not mix with pseudoscalar or
pseudovector.

Consider next a real, spin one, field, p„. If we again
exclude derivatives of the fermion field, the interaction
must be formed from spinor covariants and Q„; F»
= 4)„&,—4),&„The latter .will transform under CP by

CPy;(x) (CP) '= —n'y, (x) -(i=1,2,3),
CPy4(x) (CP) '= n'4144( x), —

TABLE I. Transformation properties of spinor covariants.

COC ' POP 1 (CP)0(CP)

Ivy, —4 vs
—4 vA —4'v'4

4'v4
&v.v4 &v*v4

—1tV V4
—4~.A |t'o'4

—4'~'44'

Pv 4o„,f —4)t'v4o;;P-

PV4o;4P
o), =(V) V g

—Ivy
4'v4
—4'v4
4v'v4

—4'v v411

go;4f
))('V4o ';)t4V4o'4f—

($1p2 p3)

(2'= &,2,3)

(4,J=1,2,3)

(i= 1,2,3)

(i,~ = 1,2,3)
(4= 1,2,3)
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erst four covariants of Table I, and the quantities g,
4}„p.The field g will transform under CP by

CPy(x) (CP) '=-~(—x),
CP4),y(x)(CP) '= —n—4),&( x—), (i=1,2,3) (4)

CP4)44t (x) (CP) '=—
n844t) ( x)—,

where In('=1.
The interaction will then transform by:

CPA4(CP) '= nA4»

CPfvsfy(CP) '= —nPvsPy,

CPPV„PB„&(CP) '= nfV—„P4}„p,
(s)

CP&v„vga „y(CP) '= n—Pv„v—sP&„P.

Conservation of CP means that the Lagrangian can
be made invariant under CP by a unique choice of n.
Thus if CP is to be conserved, such a field may interact
either by

and
CPF;; (x) (CP)-'= n'F; (—*)
CPF;4(x) (CP) '=——n'F, 4(—x)

(i,j = 1,2,3),
(i = 1,2,3).

B. Selection Rules

For the purpose of deriving selection rules about
transitions, we consider a set of real boson fields, whose
transformation under CP is specified, as for example if
they have interactions, of the type described in A, whose
form is known. That is, we assume that the quantities
n, n' of Kqs. (4) and (6) are prescribed for all of the
fields. We further assume that CP commutes with the
total Hamiltonian for all the bosons, and all particles
with which they interact.

Let E be the number of particles occurring in a
particular transition, for which e or e is negative.

The S matrix for the transition is constructed from
P brackets, derivatives, boson field operators which
annihilate the initial state and create the final state,
and the invariant tensors b„„e„„,. If all interactions
are invariant under CP, then so is the S matrix. Upon
explicit transformation of S by CP we obtain a factor
of —1 for each field appearing in the initial or final
state which is among the E, and a factor of —1 for
each e„„,which appears in the S matrix. Therefore

S=CPS(CP) '= (—1)~+"&4&S

where n(e) is the number of times e„, , appears in the
S matrix. Thus, for neutral bosons, a transition with

E+n(e) odd is forbidden.

If e and e' are prescribed for the fields by interactions
of the kind discussed, we have

N=nps+nr v+nv+nr,

where nPB, nP~, ny, np are the number of fields con-

The interactions will then transform by

CPPv„gg„(CP) ' = n'P—v„Pp„,

CPPv„vs/)I4„(CP) . '= n'—Pv„vsf4t)„,

CPfo„.PF„.,(CP) '= n'g—o„,PF.„„
CPfo„.vsPF„, (CP) '=n'fa„„vgkF„„.

The interaction can therefore be either a mixture of
tv))l/lp))) lpO)) plpF)4))) ai'ld tv))vglpg)4) ol it Call be

4'&4) vVs&PF)) v

This divers from the case when both C and P are con-
served in that the pseudovector coupling Pv„vga)t)„
could not mix with the vector and tensor coupling when
both are conserved. For the electromagnetic fieM A„,
the additional requirement of gauge invariance elimi-
nates the possibility of a pseudovector coupling and
therefore CP invariance leads to the same restriction
as C and P invariance. The experimental indication is
that both C and P are indeed conserved. '
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cerned in the transitions which undergo pseudoscalar,
pseudovector, vector, or tensor interactions respec-
tively.

The selection rule may then be written

25ps+ 25pv+ 25v+ sT+ 25 (5) odd is forbidden. (Ia)

This may be compared with the selection rules following
from separate P invariance:

nps+25pv+25PT+25(5) odd is forbidden,

and from separate C invariance:

25v+nT+25pT odd is forbidden

The appearance of the quantity 25(5) implies that
one cannot in general determine whether a process is
forbidden by CP invariance just by looking at the
intrinsic quantum numbers of the particles involved,
but rather one must examine the space states involved
as well, a characteristic which is shared by P invariance.

There are two simple cases when one can draw
conclusions about the forbiddenness of transitions from
I, because no e„„,will appear in S.

(a) A transition involving 3 real fields, two of which
are spinless, is forbidden if

25ps+25pv+25v+NT 1s odd.

Thus a PS-field cannot decay into two PS-fields.
(b) A transition involving 4 real fields, three of

which are identical spinless fields, is forbidden if (8)
holds.

From this it follows that a real S(S) particle cannot
decay into 3x'.

In some cases, the selection rule I can be used to
determine the states involved in a reaction. Thus in
the decay of a x' into 2 p rays, the selection rule implies
that if CP is conserved, and the m' has a well-dehned
phase e under CP, the reaction proceeds as if P were
conserved, in particular, right- and left-handed polar-
ized photons must occur equally in the decay.

III. CHARGED FIELDS

In this section we examine the linear interactions of
a complex boson 6eld p with two spinor 6elds fi, f2.
The operation of C or CP will now not relate the spinor
covariants or the boson fields to themselves, but rather
to their Hermitian conjugates, and will relate a process
to another process in which the charges are changed.
Because of this, invariance under C or CP will not in
general lead to restrictions of the kind above, but
rather to relations among the phases of the coupling
constants for the several types of interactions. ' Never-
theless, Pais and Jost have pointed out that the addi-
tional requirement of charge symmetry is sufhcient to
lead to restrictions of the type derived for neutral fields.

' For the case of C invariance, see reference 5; for the case of
QI' invariance see reference 3.

To see this we write the interaction as

&;.5=gl i24+gg2&14*, (9)

where O=PO+P. This interaction is said to be charge-
symmetric if the transformation

4 1~42& 42—+$1) /~5'*) (10)

Leaves 2 invariant. "We can take &=1 without loss of
generality. Under this transformation,

~'.5~gp&44*+g*k&4 (11)

Invariance under charge symmetry then requires

g~0= gO. (12)

The operators 0 and 0 will just be related by a factor
&1 where the + sign applies for the scalar and pseudo-
tensor covariants and the —sign for the pseudoscalar,
vector, pseudovector, and tensor. If we write O, =e;0;,
where e;=&1, the condition for charge symmetry of
interaction through a particular invariant 0; is

gO )$0 gO (13)

This condition can be satisfied for any combination of
interactions by suitable choice of g;. In particular, the
following interactions in any combination are charge
symmetric:

gS(4'14'24+64'14 )
B. 2gPS(4'1'Y5$24+4'2Y5$14' )&

C. igV(giy„f28„$+fg „$18„$),
5gPV (PIYp YSP2~p4+P2 YyY5$1~p4' )g

E. ig '(P y fgb +P 'Y„f $ *),
F 2gPV (f1Yp'Y50'2$p+0'2 Yu YA'if' ))

2gT (4'10 psf2Ppv+4'2&pug'1Ppv ) t

H. gPT'(4 iV5~,.4 2P,.+4 2V5~,.4 8',.*),

where all the g's are real.
Thus charge symmetry already leads to a condition

on the phases of the coupling constants which as we
shall see will combine with the condition coming from
CP invariance to restrict the allowed combination of
interactions.

We now apply the operation of CP to the interactions
A—H, where CP acts as before on the spinor fields,
and by

CPy (x) (CP)—'=~*(—x),
CP@;(x) (CP) '= —25'y;*(—x), —(i=1,2,3) (15)

CPy5(x) (CP)—'= 55'y5*(—x),

on the boson 6elds.
This transformation has the effect of multiplying

interaction A by +55, interactions B, C, D by —55,

interactions E, F, G by —55' and interaction H by +25'.

0 It is also necessary that the free-Geld Lagrangian and the
commutation relation be invariant under the transformation (10),
in order that the transformation be useful,
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Q~ChPgh —QsOit g.
Such Gelds must transform by

(16)

under the charge-symmetry operation if this interaction
is to be invariant.

IV. DISCUSSION

It should be emphasized that if the Lagrangian is
invariant under the combination of transformations
L(3)+(4)+(6)j or under the combination L(3)+(10)
+(15)j, the selection rules I and II will apply when-
ever the phases n, n' can be determined by any con-
siderations. It is not necessary that all of the inter-
actions involved be of the type that have been discussed
in our consideration of unallowed mixtures. However,
the same transformation must be applied to all of the
interactions. For example, the covariants which can
appear in a hypothetical interaction between A. , Z,
and m' of the form

2;„t=y40Pzy. +g*fs Ofay, (i =1,2,3) (17)

are not limited by CP invariance, instead there is a
condition on the relative phases of the coupling con-
stants. However, if the phase factor in the transforma-
tion of the x is determined by the x-nucleon interaction
and the interaction (17) is made invariant with this
choice of phase, the selection rule (Ia) will still hold.
It is clear that this is indeed a property desired of a
conservation law, i.e., its application should depend
only on the properties of the initial and 6nal states and
not on the intermediate details, provided that al1 of
these intermediate states do conserve the quantity in
question.

There is evidence that the x-nucleon interaction as
well as other strong interactions involving strange

It may be seen from this that invariance under CP leads
to the same restrictions for charge-symmetric inter-
actions as it does for the interactions described in Sec.
II. That is, the requirement of a unique value for e or
n' implies that the scalar interaction does not mix with
the vector, pseudoscalar, or pseudovector interactions
for a spinless field, and the pseudotensor interaction
does not mix with the vector, pseudovector, or tensor
interactions for a spin-one field.

By applying the operations CP and charge symmetry
to the S matrix, we can derive a selection rule similar
to I for transitions involving real boson fields and com-
plex boson 6elds with charge-symmetric interactions.
The selection rule is:

Nzs+nzv+Nv+mr+e(e)+m(rs)
odd is forbidden, (II)

where mrs, &zv, Nv, nr, n(e) are de6ned as before and
refer to real or complex boson fields.

e(v s) is the number of real 6elds whose interaction is
of the form

particles are invariant under I' separately. ' However,
we shall use some of these interactions to illustrate some
of the consequences of our considerations regarding CP
invariance, even though stronger restrictions may be
derived.

The interaction between x mesons and nucleons is
charge-symmetric in the sense used here. Our con-
siderations show that the assumption of CP invariance
is suflicient to exclude mixing of scalar with pseudo-
scalar or pseudovector couphng. The vector coupling
may be transformed away to first order in its coupling
constant. It is perhaps tempting to argue that CP
invariance is the general rule for interactions, and that
in special cases, such as the x-nucleon interaction or the
electromagnetic interaction, there are extra symmetries.
charge independence and gauge invariance respectively,
which combine with this to give the eGect of separate
charge conjugation and parity conservation. It does
not appear that this argument could be extended to the
strong interactions of the strange particles. The reason
for this is that charge symmetry in the sense used here
is not implied by invariance under rotations in isotopic
space. To see this, we consider the hypothetical EXA.
interaction, which could be written as

g4fx"4x"+g*kx "0~ex",
where a denotes a spinor index in isotopic spin space
which is summed over 1 and 2. This interaction is a
scalar in isotopic spin space, and this satisfies the
condition usually known as charge independence,
whatever the reality property of g. However, it is not
charge-symmetric under exchange of A and X, and
neither is the free-field Lagrangian, Thus there is no
restriction on the allowed couplings for this interaction
and this interaction cannot be used to define a phase for
the E-meson field under C or CP. Therefore CP in-
variance and charge independence do not imply P
invariance for this interaction, which invariance must
therefore be assumed separately to account for the
experiments cited by Lee and Yang. Similar consider-
ations hold for the other strong E interactions, since
the conservation of strangeness forbids the strong inter-
action of a E meson with two fields of the same strange-
ness. This does not imply that the transformation
properties of the E mesons under CP cannot be deter-
mined by other conditions, and indeed the work of
Gell-Mann and Pais" shows that this may be done for
superpositions of the neutral E mesons. In such a case
the selection rule (I) will still be applicable to transitions
involving real neutral mesons.
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