
PHYSICAL REV IE%' 0 VOLUME 5, NUMBER 1

Comments and Addenda

The Comments and Addenda section is for short communications which are not of such urgency as to justify publication in Physical
Review Letters and are not appropriate for regular Articles. It includes only the following types of communications: (2) comments on
papers previously published in The Physical Review or Physical Review Letters; (2) addenda to papers previously published in The Physical
Review or Physical Review Letters, in which the additional information can be presented without the need for writing a complete article.

will follow the same publication schedule as articles in this journal, and galleys will be sent to authors.

CP Violation and Es & pp, Decays*

Vishnu S. Mathur
Department of Physics and Astronomy, University of Rochester, Rochester, Meso 7'orb 14627

(Received 27 September 1971)

A discussion of CP violation in Ks & pp is presented. It is argued on the basis of order-
of-magnitude estimates for the absorptive and dispersive parts that a class of CP-violating
theories is inconsistent with the present experimental information. Okubo's theory of CP vi-
olation, which lies outside this class, is also discussed.

Recently there has been a great deal of interest
in the analysis of Ks ~ - pP decays. If CP is con-
served in these decays, the experimental upper
bound' on the rate of K~ - p, P contradicts the uni-
tarity limit. ' If, however, CP conservation is
given up, Christ and Lee' have shown that the re-
sulting inequalities are consistent with the pres-
ent experimental results. More recently Gaillard~
has shown that the superweak theory of CP viola-
tion predicts a branching ratio for Ks —2y decay
which 18 much lal gex' thRQ the px'esently known ex-
perimental limit.

The purpose of the present note is to examine
the role of some othex types of CP-violating the-
ories in the context of Ks ~ —pP decays. Unfortu-
QRtely however fox' RQy speelfle Dlodel of CP
violation other than the simplest superweak theory,
the explicit calculations of the amplitudes in Ks ~- pp are in general intractable, except for what
essentlRlly Rmounts to order-of magnitude esti-
mates. It is of interest, nevertheless, to see how
even such admittedly crude estimates can provide
guidelines for the type of CP-violating theories
that could, in principle, lead to consistency with
presently available experimental information.

Following Christ and Lee, ' we define the K' and
E' decay matrix elements in terms of four com-
plex nuIDbers Qy Rnd 5p.

M(K'- (pP), ) = b, +ia„
M(K' (up)~) =+-(b$+f~.*)

where the subscript + refers to CP-even and -odd
states. Note that as in Ref. 3 a, and. b, are real
if CP is conserved. Furthermore, the matrix
elements are defined to include appropriate phase-

space factors, so that their absolute squares di-
rectly give the transition rates. Using the states

I K~,,&
=

I 2(l+
I
~ I')] "'[(I+ ~) IK'&+ (I —e) IK'&]

defined in terms of the usual CP-violating param-
eter c (=2 x 10-' e' '~), the matrix elements for
Ks ~ —pP decays can be written as

T», = M(K~ —(pP)-, )

=92[(Reb, —eima, )+i(Rea, +limb, )],

Tg~ =M(Kg (pP) )

=&2[(-Ima +a Reb )+i(imb +aRea )],

T», =-M(K~ - (pP), )

= 42 [(-Ima+ +e Reb+)+f(lmb+ +e Rea, )],

Ti„=M(Ki-(pP) )-
=&2[(Reb —eima )+f(Rea +aImb )],

where terms of order
I
e I' have been neglected.

Following Gaillard, ' we assume now that (i) only
the CP-odd two-photon state (yy) contributes to
the absorptive part of K', K'- (pp) and K', X'

(yy) has no absorptive part, (ii) only the CP-
even (yy), intermediate state contributes to the
absorptive part of K, —(pP), ancE K, —(yy)+ has no
absorptive part. For justification of these as-
sumptions, one may refer to Gaillard's paper. 4

Unitarity and CPT invariance then imply'
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1/2

T~y = — (z'Ima +aRea ),

1/2

Tzy~ —-z — Imay +ETzy +

(6)

1/2

Tzy
—— (Rea +is Ima ) .

It is well known that in the usual perturbation
theory for weak and electromagnetic interactions,
the contribution to Kz ~

—pP can come from (a)
lowest-order weak and fourth-order electromag-
netic interactions and (b) second-order weak ef-
fects alone. Now, a general class of CP-violating
weak interactions can be described by the Ham-
iltonian

1

ImT, „-=W2Rea =(P )'"T,
y

ReTzp = alma = z (Q ) Tly p

RBT2p y
= W21ma+ = z(4+ } T2y+

where 1 and 2 refer to the usual CPT-even and -odd
eigenstates K, and K',, and (Q, )z ' denote the 2y
—p,p, amplitudes in the CI' =+1 channels. Explicit
calculations give'

= 1.2x10 ',
4+=0 84-.

From Eq. (4), the matrix elements for K» - 2y
decays can be constructed as follows:

1/2

&sy+ = &1y++~ — & Ima+,

the existence of appropriate cutoffs. Vfe then ex-
pect (Reb, ), -O(Gn'), (Reb, ), -O(G') and (Imb, ),
-O(G'zz'), (Imb, ), -O(GG'), where a is the fine-
structure constant, so that as an order-of-mag-
nitude estimate,

-o(G'/G) .
Reb, Reb (9)

R(Kz, W)= I Tz, p+ I + I Tzp-I

= 2[(Rea )'+(Reb )']. (10)

In the same manner, Eqs. (6) lead to

R(K, -yy)= fT», ('+JTz-y /'= —(Rea )'.2
zy—

An accidental almost total cancellation, between
the two contributions (a) and (b) can upset this
estimate. If this happens for Reb„(9) could be
a gross underestimate. However, in view of the
different degrees of divergence in the two contri-
butions, we regard such a near cancellation to be
highly unlikely. The estimate (9) is clearly less
reliable than (8). However, it seems sate to ex-
clude the possibility that ~Imb,

~
may become com-

parable to or larger than
~
Reb,

~
. Note that in the

superweak theory, CP violation appears only
through the mixing parameter e in Eq. (2), and

Ima, =Imb, =O.
Since both e and G'/G are small parameters,

we may in the following ignore the quadratic
terms e', eG'/G, and (G'/G}' compared with
terms of order unity. From Eqs. (3), using Eqs.
(8) and (9), we obtain in this approximation

R..' R- (8)

As for the dispersive part b»b*, of the matrix
elements (1), both (a) and (b) can contribute. One

knows, however, that the explicit calculation for
the 2y intermediate state in contributions of type
(a) is logarithmically divergent, ' but for the high-
er-order weak process (b} the degree of diver-
gence is quadratic. ' As usual, we shall assume

where + refer to CP-even and -odd parts. If the
CP-conserving part is characterized by the usual
weak coupbng constant G, and the CP-violating
part by G', experiments suggest G'/G= 10 '. It is
also well known that the absorptive part a„a*, in
the matrix elements (1) can receive contributions
only from (a}and not (b). Furthermore, in the
weak-electromagnetic contributions of the type
(a), clearly H~+~ would contribute to Rea, and H~ '

to Ima, . Assuming CP is conserved in eleetromag-
netie interactions, one then expects

From Eqs. (10) and (ll), we then readily obtain
the inequality

R(Kz PP)
p 1 2 ~ 10-

R(K, -yy)

Even if Imb, -Reb„ to the extent that e is small,
one still has the approximate relation

R(Kz -yiz)= 2[(Rea )'+(Reb )'+(1mb+)'] (l3)

instead of Eq. (9). From Eqs. (13) and (11), the
inequality (12) follows again. Experimentally, us-
ing the result'

y~) = (4.7 + 0.6)&& 10-'
R(Kz —all)

and the upper bound'

R(K~ ~~) 1 8»0-.
R(Kz -all)

we get
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Flo. 1. CP-violating contribution to b~ in model (15).

II~ =iIJ, Jp 8'p +H.c. , (15)

where g is real and describes the semiweak cou-
pling constant (g'/m ' = G/v 2 ), and Z„contains
both chRrged Rnd neutral hadronic currents Rs
well as the usual leptonic currents. The detailed
structure of J& and II„ is not important for our
purposes here. It is easy to see that the lowest-
order CP-conserving interaction arises in the sec-
ond-ordex g', while the CP-violating effects man-
ifest themselves only in the third-order g'. In
terms of the earlier notation, G'/G=g. It is easy
to check that in this theory Rea, -O(g'o. ') and
Ima, -

0(
'g'c), so that the estimate (8) is again

valid. However, now Eq. (9) is incorrect. To see
this, note that as before (Reb, ),-O(g'o. '), (Reb,)~
-O(g') and (Imb, ), O(g'c. '), -but this time one
expects in general (1mb')g O(g ) and Sent O(g ).
This is the gross CP-violation effect discussed
by Marshak et al., ' and arises from the Feynman
diagram displayed in Fig. 1. If numerically g and
n are of the same order of magnitude, Imb, will .

in general dominate over Reb, . Thus in this case
results (9), (10), and (12) can be avoided.

Ne would also like to mention that if CP viola-

fl (KI PI ) ~ 0 4 x 10-5 (14)
Z(K, -yy)

which contradicts the result (12).
There exists another class of CP-violating the-

ories where this contradiction can be avoided. A

typical example is Okubo's model. ~ Okubo as-
sumes the existence of intermediate vector bo-
sons (charged and neutral) which have strong in-
teractions among themselves but are coupled weak-
ly (or electromagnetically) to all other particles.
The weak Hamiltonian is wholly odd under CP,

tion is indeed responsible for the discrepancy be-
tween the unitarity lower bound and the experimen-
tal upper bound for K~ - pP, in general one must
have3'4

Z(K, -qp, ),
A(K~ -pj)

Vfith the order-of-magnitude arguments based on
the class of theories (7), this result seems hard
to understand. For the model (15), however,
Okubo' has shown recently that the third-order
CP-violating interaction in the local limit is ef-
fectively of the current-current type formed with
neutral currents. The hadronic neutral current
has CP=-1, and the leptonic pp, current is of the
V- A form. This would then lead" to a vanishing
contribution to the dispersive part of the K,- pp,

matrix element, so that one could, in principle,
understand a large K8 - IjP rate compared with

KL -pP. Note that in the local limit, whereas
Imb, is small, Imb is still large, so that the
arguments leading to the inequality (12) break
down once again.

It is morthwhile to note that from our point of
view Nishijima's theory" of CP violation, which
has some features in common with Qkubo's the-
ory, however, falls into the category (7) and not
(15). This is because in Nishijima's theory, CI'
violation is -confined only to weak all hadronic pro-
cesses, so that there are no CP-violating contri-
butions of the type (b) ~ This theory then leads to
the estimates (8) and (9), as before.

Finally, we might mention that in models such
as (15), since the largest contribution to K~ - pP
decay comes from the Imb term, one observes
from Eqs. (2) that (T~„~»(Tz„,(, so that the
pp, pair would be predominantly in an s state. Qn
the other hand, for models such as (7), if the real
parts of a, and b, dominate over the imaginary
parts as given in Eqs. (8) and (9), K~ - pP would
be mostly a P-wave decay. Needless to say, such
a test has to first await the detection of the X~- pP decay mode itself.
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The problem of mass extrapolation in the vector-meson-dominance predictions of single-
&+ electroproduction is examined within the framework of the electric Born model.

Recent data on electroproduction of &"' were compared to predictions of vector-meson dominance
(VMD)."' The data were taken at the pion-nucleon center-of-mass energy W from 2.0 to 2.45 GeV at
DESY' and from 1.85 to 2.5 GeV at CEA, ' and the square of the virtual-photon mass K' (K' & 0 for space-
like four-vectors in our metric) was taken from 0.1 to 0.9 (GeV/c)' at DESY and from 0.18 to 1.2 (GeV/c)'
at CEA. The comparison of these data with the VMD prediction was found to be quite good,"with the

possible exception of the longitudinal-transverse interference term. In fact, it is almost surprising that
the VMD prediction should work so well for the electroproduction of &' in the range of %' and K' measured
when we know that the VMD prediction for inelastic e-P scattering fails in the same kinematic region. "
Also, when W' is not much larger than K' there are ambiguities in applying VMD to predict the cross sec-
tion for longitudinally polarized virtual photons. In view of these ambiguities, and in order to get a bet-
ter idea about the effect of going from K'& 0 to K'= -m 'in the VMD prediction of &' electroproduction,
we feel that it is worthwhile to use the electric Born model (one-pion exchange plus nucleon pole term
with a y„-type @ATE coupling) to study this mass-extrapolation problem in electroproduction of v' We.
have used the electric Born model to study the mass-extrapolation problem in the application of VMD to
&' photoproduction before, ' but there we confined ourselves to the transversely polarized photon amplitudes.
%e now extend our analysis to the longitudinally polarized amplitudes when we have virtual photons.

For convenience, we use the same notation as in Ref. 4. The electroproduction of &' cross section can
be expressed as

=1 =—1(o~+ecos2&or+ccr~+[2e(&+1)]"'costa,j.do der&

The first two terms in the bracket correspond to virtual photoproduction by transversely polarized photons;
o~ is the cross section for longitudinal photons; and 0, corresponds to transverse-longitudinal interference.

Using VMD, we can relate the r' electroproduction cross section to the p-production density-matrix
elements and cross section' as follows:

do'~ 8 2

2v = —,', (p„-ecos2y p, ,+ac'p„+2[a(~+1)]'"cosycBep,J ~, , d
(v p-p'n).

k w'-~'dt
(2)

q and k are, respectively, the pion and virtual-photon momenta in the pion-nucleo. ',. center-of-mass sys-
tem. c describes the variation of longitudinal amplitudes with K . As we mentioned before, there are
several different proposals concerning the value of c in the application of VMD. As in Ref. 4, we give


