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It is shown that the observation of interference between K and Ks decays in the partial decay rate into
any nonleptonic mode is direct evidence of CP violation. The examples of K® = y++v and K — 747"+
are analyzed in detail; a large interference effect may be possible in either of these cases if there is a large CP
violation associated with interactions involving photon emission.

I. INTRODUCTION

HE discovery that the long-lived K° meson, K,
decays into two pions! was clear evidence of CP
violation. No other process involving CP violation has
yet been uncovered. In this paper we consider the
possibilities of observing CP violation in the decays
K°— y+v and K°— wt+7—++. These are of par-
ticular interest because they involve electromagnetic
interactions, which have been suggested as a possible
source of CP violation,>? and because the interference
phenomena in K° decay provide a unique tool for
identifying CP violation.

In looking for CP violation in K° decays other than
K°— 27 or K°— 37% we cannot look for a simple
violation of a selection rule since both K, and K¢ are
allowed to decay into such final states as =tz —4=9,
v+7, andw+ 7. In these cases, the following theorem
forms the basis of identifying CP violation: for any
possible nonleptonic decay mode of the K° meson the
observation of an interference effect between Ki and Kg
decays in the partial decay rate of this mode is clear evi-
dence of CP violation. By a decay mode, we mean a
certain set of particles, and by the partial rate we mean
the rate for decay into this set of particles summed over
the polarizations and momenta of the particles.*

The proof of this theorem is fairly trivial and un-
doubtedly implicit in many other papers. In order to
have an interference effect after the integration over
the space variables (relative momenta), the interfering
final states of K, and K¢ decay must have the same
parity. If CP were valid, this would mean that these
states have opposite values of C. Now the general non-
leptonic mode will consist of my*+na+tp(rt+n)
where p=0 or 1, and 2p+n<3; for this mode, C
= (—1)m(—1)?L where L is the relative orbital angular
momentum of 7+ and 7—. Therefore states with opposite
values of C have different values of L so that integration

*This work was supported by the U. S. Atomic Energy
Commission.
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masses included.

162

over the relative momentum of the 7+z— pair destroys
the interference effect. This argument cannot be applied
to final states involving neutrinos, since these are not
C eigenstates.

In Sec. IT we review the general formalism governing
interference experiments.® This allows us to separate
the CP-violating term into that due to the CP impurity
of the K1 and K g states and that due to the CP viola-
tion in the specific decay amplitude. The division de-
pends to some extent, of course, on the Wu-Yang phase
convention® which we employ.

II. GENERAL FORMALISM
In the most general interference experiment, if one
starts with a coherent mixture of |Kg) and |Kp)
given by
N(|KL)+R|Ks)), M

the partial decay rate into a set a of final states is
given by’

I,() =N viae "4 | R| Py 50e~ 75"
+2(vLaY50)2 Re(RV s~ )~ Critye)tiz] - (2)

where d=mgs—myz, and v; and m; are the total widths
and masses, respectively. The four real parameters v,
v¥sa, ReVg4, ImV, are related to the decay amplitudes
{@|T|KL) and {@|T|K s) by

v1a=Z| el T, (32)

vau=E (el TIK, (3b)

Vo=2{a| T|K )| T|Ks)/ (vLavsa)’?,
el TR TIKS) o

T (S el TIE ) DSl (el T Ky [

Here |a) denotes a final state which is completely

5 This formalism has been summarized in a number of places;
see, for example, J. S. Bell and J. Steinberger, in Proceedings of
the Ox’ord International Con'erence on Elementary Particles, 1965
(Rutherford High Energy Laboratory, Harwell, England, 1966).

6 T.T. Wu and C. N. Yang, Phys. Rev. Letters 13, 380 (1964).

7For a pure K°(K° beam we have R=1(—1). It has been
noted by P. K. Kabir (private communication) that CP invariance
implie: that it is impossible to distinguish in an absolute sense K°
from K°. Thus if the set of states a transforms into itself under
CP it follows that the linear term in R must vanish and so V,=0.
This is the content of the theorem discussed in Sec. I.
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specified, perhaps by the polarizations of all the par-
ticles and all the independent momenta, and the sum
is over all states in the set a. The parameters y;, and
vsq are the partial decay widths for K, and K s decay.

The complex parameter V, defines the possible inter-
ference effect in the sense that if |V,|=1 complete
interference is possible and can be obtained at {=0 by
using a beam with |R|?=7vr4/Yse Such a beam can
be obtained by regeneration from a K beam provided
the requisite |R| is much less than unity; that is,
Ysa>Y1a- As long as the requisite |R| is less than
unity, such a beam can be obtained from the decay of
a beam which is initially pure K° or K° From Eq. (1)
it is seen that the phase of V, determines the phase of
the interference effect. The theorem proved in Sec. 1
states that if CP were conserved V, would equal zero
provided the set a includes a sum over the momenta
and polarizations of the particles.* The unitarity condi-
tion states

+vs

z(msa>vzv.,=(” +ia)<KL|Ks>, @

where the sum is over all possible sets (nonintersecting)
of final states.

We now assume CPT invariance and see how V, is
related to CP violation in the mass matrix and the CP
violation in the decay amplitude. For this purpose we
use as a basis the CP eigenstates

|K)=(1K)+|E)/NZ,
|K_)=(|K)—|E)/VZ,

in terms of which?

o) o).

n= (1 |2,
The decay amplitudes may be written

(@|T|K )= (@)r=cae™r=,

. : (6
{a| TIE )= (i)r=""dae=,

where p.=0 for CP-even modes and p.=1 for CP-odd
modes. If there were no final state interactions p, and
te (the “unitarity phases”) would be zero, since it is
understood that ¢, and d, are real; in this case, the
CP-violating amplitude is the pure imaginary one. If
the state a is an eigenstate of the strong-plus-electro-
magnetic interactions, pa= pa.

8 Qur definition of e agrees with that of T. D. Lee and L.
Wolfenstein, Phys. Rev. 138, B1490 (1965). In the notation of
Ref. 6 our ¢ would be called (e/2). Note also the usual phase con-
vention in which |K_) and all other CP-odd stationary states are
odd under CPT.
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Neglecting | e|? compared to unity,
V2a= | €|*¥4atv-at2 Re(eba), (7a)
7Sa=7+a+ I 5127—0."'2 Re(E*ba) ) (7b)
Ve= (6*’Y+a+ e"l’~—a'*'bu)/ ('YLa'YSa)ll2 ) (7(:)

where

'Y+a=z Ca?,s (8a)
'Y~u=Z da?, (Sb)
ba=2 iCadaeilPa—ra) (8¢c)

Two limiting cases are of interest: (1) If the only CP
violation for this decay mode comes from the mass
matrix, b,=0 and the interference parameter V, can
be written

Vo= € ('YSa—' I GI 'YLu)+f(7La—' I GIZ'YSa) ) (9)

(7La7 Sa) 12

Since for practical purposes, interference experiments
probably require vyga>>vLa, we have for this case

Va~€* (v sa/vLa)"2. (10)

(2) If | e]==0, or if the CP-violating effect in the mass
matrix is too small to be of importance, then

Va.= ba/ (’YLu'YSa)llz
Za icadaei(l’r‘ﬂa)

n (T e Xo d M2 ’

(11)

III. DECAY K°— Y+

There are two possible states of the two-photon
system,

| Xo)=(|LL)+|RR)/VZ,

| Xo)=(ILL)— | RR))/V2,

of which | X,) is even under CP and |X,) is odd. Fol-

lowing the notation of Eq. (6), the transition amplitudes

to these states are shown in Table I. The interference
parameter V., is obtained from Egs. (7c) and (8c).?

(12)

Vv e*'y+.,+ é’)’_y+icede‘ﬂe+icod0’70
r= ’
(vsyvL)?

(13)

® The subscript v here replaces ¢ and refers to the final two-
photon states summed over polarizations. Interference effects
occur when the polarization of the photons is observed even if
CP is not violated, J. Dreitlein and H. Primakoff, Phys. Rev. 124,
268 (1961). For the CP-violating case this is discussed in Ap-
pendix A.
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where the partial decay widths are given by
Yiv= | €|V4rtv—y—2¢de T (en.) — 2¢od, Im (en,)

(14)
Ysy="++t l € l 2Y—y—2¢ed, Im (e*n.)
—2¢,d, Im(e*n,),
and
ni= et(pi—ni) ,
Vir=cltcd, (15)

Yy=d 2+

The decay rate of Ki— v+ has recently been
measured and two values have been quoted:

yiy= (2.61.2)X10%sect (Ref. 10),
Yiy=(14.84£3.2)X10% sec! (Ref. 11).

The rate for K s— y-+v can be estimated by assuming
that it proceeds predominantly through the two-pion
intermediate state with the quantum numbers J=0,
I=0. (For the purpose of estimating the rate, we can
ignore CP violation.) Such an estimate was made by
Barger’? and the result expressed in terms of the ==
I=0 s-wave phase shifts. If the interaction is neglected,
one obtains the perturbation-theory value ys=3X10!
sec™l. For small positive scattering lengths such as
those indicated by recent analyses of wm scattering
there is some enhancement. It therefore seems quite
possible that v, is considerably larger than v, so that
interference experiments may be considered. We con-
sider as a possible range of values (ys,/vr,) between
10 and 1000; a lower ratio would probably make the
interference experiments impossible. With these as-
sumptions, and using |e| £2X 1073, Egs. (13) and (14)
may be approximated (to at least 109, accuracy)

Y Y-

o DD (16)
YSy Y4v

Vy’z (€*+'1:CeDe")e+'iCoDo7lo) ('YS‘Y/'YL’Y)U? (17)

where
Do=d./(c2+c2)", Do=dof (ci+c2)",
Co=co/ (c+c?)?,  Co=co/ (ci+c)M2.
The phase factors 5, and 7, are nonreal since the
“effective Hamiltonian” responsible for K®— y-+ is,

TasLE I. Definition of amplitudes for K — y-+~.

K., K_
X, Ce€iPe —id eike
X, “+-ic,etre doeito

W L. Criegee, J. D. Fox, H. Frauenfelder, A. O. Hanson, G.
Moscati, C. F. Perdrissat, and J. Todoroff, Phys. Rev. Letters
17, 150 (1966).

1], W. Cronin, P. F. Kunz, W. S. Risk, and P. C. Wheeler,
Phys. Rev. Letters 18, 25 (1967).

12V, Barger, Nuovo Cimento 32, 127 (1964).
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in general, not Hermitian because of the possibility of
real intermediate states. To say the same thing another
way, we may note that the states |X,) and | X,) are
not eigenstates of the strong plus electromagnetic inter-
action to order ¢*; there is more than one eigenstate of
which |X,) (or |X,)) is a component, and |K,) and
|K_) decay to different combinations of these eigen-
states. We now give rough estimates of p, and u,. It
seems reasonable to assume that the only real inter-
mediate state that need be considered is the 2 state;
to the extent that 3x intermediate states contribute to
K®— v+, the virtual states should be much more
important than the real states, because of the small
phase space for three pions at the kaon mass. With this
assumption, since the CP-conserving decay K_— X,
certainly does not involve a 27 intermediate state, we
have u,=0. The phase p, depends on the dynamical
calculation of the CP-conserving process K, — 2r —
2v; ignoring the r interaction, Barger' finds p,~0.4.
On the other hand, the phases p, and p, for the CP-
violating amplitudes depend on the model of CP
violation.

We now consider possible numerical values for the
CP-violating parameter V., on the basis of various
models of CP violation.

(A) There are no CP-violating contributions to the
amplitude K°— y-+v so that the only CP violation is
in the mass matrix. In this case, Eq. (17) reduces to
Eq. (10):

Ve (ysy/vin)"2.

(B) A more reasonable assumption would be that the
only CP violation was either in the mass matrix or in
the virtual process K°— 7t-7— which contributes to
K°— y+~.B® This means assuming that the only CP
violation contributing to K°— vy is that which con-
tributes directly to K°— 2, and thus we may hope to
relate the CP violation in the two cases. In the standard
analysis® of K — 2r the CP violation is given by?

(wtz~|T|KL) L(7r"'1r*| T|K-)

T @tr|TIKs) (et |TIKL)

n+

The second term in the notation of Ref. 6 is
$V2i expi (8,—8o) ImAs/Ao. If we now make the ap-
proximation that the virtual process 7++r—— y4-v is
the same for K_ decay as for K. decay

Dan* (XJTIK.) (r*n=|T|K-)

p—

T Co (XJTIKy) (@tn|TIKL)

(19)

It should be emphasized that the approximation is not
too reasonable because the K_ decay involves an inter-

8 The model of T. Truong, Phys. Rev. Letters 13, 358a (1964),
in which CP violation occurs only for A7 >4 decays would effec-
tively be an example of this case, since virtual I>1 states other
than 2w, such as 3w, would be expected to make a very small
contribution to the CP violation in K° — y++.
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mediate dipion state that has a large /=2 component,
whereas the K, decay goes almost completely to the
I'=0 state; therefore, when the pion-pion interaction
is included the ‘“‘virtual rate” for #t+47r—— y+4+y may
be quite different for K, and K_. If we substitute Eq.
(19) into Eq. (17), note that ¢,=0 in this model, and
make use of Eq. (18)

Vo= (ne)*(vso/ v (20)

This result amusingly depends only on 74— and not on
the separate values of € and Im(42/4,); this follows
almost directly from the assumptions and approxima-
tions made. On this assumption |V,| ranges from
61073 to 6X 102 as (ysy/vLy) ranges from 10 to 1000.

(C) Continuing to consider CP violation in the weak
interactions, we assume CP violation in the parity-
conserving nonleptonic Hamiltonian which contributes
to | X,) final states. As a simple model* we consider
that the parity-conserving and parity-violating parts of
the nonleptonic Hamiltonian have a relative phase
factor e%. It then follows for the final state | X,), as for
any CP-odd final state, that

(X,|TIKy)  Co e
E——— 0=1 1Al .
XTIE.) D,

If we neglect €* and D, in Egs. (16) and (17) we then
have

V=1 tang(yL./vsy)"2. (21)

Alternatively we can assume that both this source of
CP violation and that assumed in B are operative, in
which case we find!®

v s\ 2 v
o o))
YLy Y 8y

(22)

In Appendix B, an argument is given indicating that ¢
is probably quite small; however, it should be noted
that direct experimental evidence from K°— 3 does
not put much restriction on the value of ¢. Assuming
$<0.1, Eq. (22) gives an upper limit on V', of 0.04,
0.03, and 0.07 for values of (ys,/vLy) of 10, 100, and
1000, respectively.

(D) Finally there are suggestions that CP violation
may be associated with photon emission, either as a
C-violating part of the electromagnetic interaction? or

1 An example of this model has been given by W. Alles, Phys.
Letters 14, 348 (1965) and discussed by L. Wolfenstein, Nuovo
Cimento 42, 17 (1966). See also Appendix B.

15 If the only CP violation is due to the phase factor ¢¢, then
for the process K°— 2 the only CP violation is in the mass
matrix. (Reference 14.) Recent experiments on K°— 279 have
shown that this is not the case, so that there must he some CP
violation in the effective parity-violating nonleptonic Hamiltonian
H, by itself. It is possible to assume, however, that most of 71,
giving rise to K®— (ar) in an I=0 state is CP-conserving and
that CP violation shows up both as a small part of H, and in the
relative phase ¢ between H, and the main part of H,; it is this
assumption that leads to Eq. (22).
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a CP-violating part of the effective weak-plus-electro-
magnetic interaction.? In either case oné tnight expect
large CP-violating effects in the electromagnetic process
K°— y++. The only real intermediate states that can
enter are for the case of C violation in electromagnetism
in which case there might be a contribution from K°—
(S=0 state with C=—1) — y-+~. The only possibility
is the 37 state with C=—1, which corresponds to the
very unlikely 7=0 or /=2 final states in the CP-
conserving three-pion decay of K. Thus we may
assume u,=p,=0. The phase of V, then is pure imagi-
nary if the CP violation is only in the K, decay but is
given by 7e?#« if the CP violation is only in the K_ decay.

The fact that the most obvious intermediate states,
those with one and two pions or three pions in the I=1
state all have C=-+1 may suggest that a C-violating
electromagnetic interaction is not of importance in
K — y++ decay. However, many diagrams involving
intermediate vector-meson states or the emission of one
of the photons before the weak interaction allow CP-
violating photon emission.

Given the small CP-violating rates predicted if CP
violation were only in the weak interactions (case 4 to
C above), a large magnitude for V., would be significant
evidence in favor of CP violation associated with a
photon emission process.

IV. DECAY K-> nt+=x 4+

The states of the wtr—y system may be written
|\kp) where X is the photon helicity, k the photon mo-
mentum vector in the dipion center-of-mass frame, and
p the momentum of the #+ in this frame. From energy
conservation

P=1(Eo—k)—m* (p=|p|), (23)

where Eo= (M2+k2)12 is the energy of the K meson in
this frame. M and = are the kaon and pion masses
respectively. In place of helicity states we define the
states | Ekp) and | Mkp), which are even and odd under
CP, respectively.1® If we choose the positive z-axis along
the direction k and consider only odd order multipoles,
these states may be written explicitly as

| Ekp)= %(e“‘”lep)—e"”lLkp»
) (24)
| Mkp)= \-/—2(6‘i“’lep)+e“°lLkp>)

where ¢ is the azimuthal angle of p. The transition
amplitudes to these states are defined in Table IL. It
follows from the fact that the K meson has zero spin
that the amplitudes depend only on %2 and 6 where

16 The labels E and M are used for even and odd CP states,
respectively. For the odd-order multipoles which we consider, these
correspond to electric and magnetic radiation.
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TaBrE II. Definition of -amplitudes for K° — 7++n—+7.

K, K_
| Ekp) ce(kp)eies —idg (kp)eins
| M kp) icy (kp)eion du (kp)eren

cosf=F-p. The phase factors in Table II also depend
on & and 6 but we omit writing this explicitly.

For an interference experiment that measures the
decay rate into all w7~y states for which the photon
energy lies between Zmax and Zmin, We obtain from Egs.
(7c) and (8c)Y7

6*'Y+ 1r+ 67—r+ b‘r

(vievse)t? @)

where the partial decay widths are given by
YLx= I €|27+1r+7—7r+2 Re(ebx),

(26)
Ysx="Y4+a+ | €|2v—++2 Re(*ds),
and
kmax +1
Yir=M dk (k) | dcosO(ce®tcu?), (27a)
Kmin -1
Fkmax +1
'y_,,=M/ dk ¢(k)/ d cosf(d g?+da?), (27b)
Fomin -1
kmax -+1
b,,=M/ dk ¢ (k) | d cosbi{cgdgeiPE—rE)
Knin -1
+ CMdMei(PM—ﬂM)} . (27C)
¢ (k) is the phase-space factor
4m2 1/2
¢ (k)= — [ ——-———] . (21d)
(27)3 8M? (Eo—Fk)?

The decay K s— wt+n++v is known to occur at a
rate of the order of 107 sec™!, for 2> 50 MeV.!® It seems
likely that it can be described by the CP-conserving
inner-bremsstrahlung process. We shall assume there-
fore that ca is negligible, while ¢g is given by the in-
ternal bremsstrahlung amplitude

I:G'P+ G'P—:l
eg| — .
k * P+ k * P__

Here ¢, %, py, and p_ are four-vectors denoting photon
polarization, photon momentum, =+ momentum, and

(28)

17 The subscript = here replaces ¢ and refers to the indicated set
of states. Interference effects occur when the y-ray polarization is
observed even if CP is not violated; S. Barshay and C. Iso, Phys.
Rev. 125, 2168 (1962).

18 Some observations on K, — #n*+7~-++ have been made by
P. Franzini ef al., Phys. Rev. 140, B127 (1965). - -
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7~ momentum, respectively. The coupling constant g is

defined by
g2 (1 4m2>1/ 2
texM\  M2)

In the dipion center-of-mass frame, the amplitude (28)
becomes

Rate(Ks— nt+77)= (29)

sinf, (30)

2
CE (k) p) =eg-
cos?6

k1—a?

where x= (2p/E,—k). Clearly the amplitude ¢z con-
tains only odd electric multipoles. The phase pg, at
least for low-energy photons is approximately the phase
of the mr I=J=0 scattering amplitude at the kaon
mass: p>0d.

The decay rate K1 — w+-+7—-v has not been mea-
sured® but it is not improbable that it is of the order of
10* sec™!. In this case, it clearly cannot be described as
internal bremsstrahlung from Kz — #*t+4=~ but must
occur as a direct emission process. Thus d, and d, are
the CP-conserving and CP-violating parts of the direct
emission amplitude for K_ — a+t++7—4v. If we restrict
the decay to dipole radiation, we may write

dM(k,p)=hMM_2ﬁk sing ,
dg(k,p)=heM~?pk sind.

ki and kg are real form factors which we shall assume to
vary slowly enough to be treated as constants. The
phases g and uy are probably not very different from
the mr p-wave shift at the energy of the dipion; this
phase is known to be small at the energies involved in
this decay. We shall therefore take ugp=puy=0. Using
Eqgs. (28) and (29) together with ¢)=0 and our ap-
proximations for the phases, we obtain for the angular
integrals in Eq. (27)

(31)

+ N2
Fi(k)=| d(cosb)cg?= (;) (eg)?
1 1 1+«
S G L B
Fy (k)= 1 d(cos) (dg*+daP)

-1

=4(ha+he) M—p%2, (32b)

19 The upper limit for Ky — 7#*4-7"+4v is quoted as 5X10¢
sec”? by G. Trilling, in Proceedings International Conference on
Weak Interactions, Argonne National Laboratory, 1965, Argonne
National Laboratory Report No. ANL-7130 (unpublished). The
direct emission process Kz — w++7~+ is calculated as giving a
rate of the order of 10¢ sec™? by S. V. Pepper and Y. Ueda, Nuovo
Cimento 33, 1614 (1964); their calculations are not inconsistent
with observations on K+ — zt+4n0-+4+.

2 CP violation in the process Kz — nt4n~-+v may be ob-
served directly as an asymmetry between the spectra of =+ and
#~. This requires going beyond the dipole approximation which we
consider here. See T. D. Lee and C. S. Wu, Ann. Rev. Nucl. Sci.
16, 567 (1966).
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+
d(cosb)cedE

-1

4 1 N 14z
= (—)egleM—zp{ 1+—( ——) 1n~——} . (320)
X 2 x/ 1—x

The interference parameter V, given in Eq. (25) thus
becomes, in the limit in which CP violation in the mass
matrix is ignored (i.e., ex0),

Fm(k) =

Kmax
V e=1iei / dke (k) F12(k) /
k.

min

(/k kmxqub(k)Fx(k))m( /k kn_mdk¢(k)pz(k))”2 33)

=et0— X (kmax,kmin) .
(hEz_l_hM2)1/2

The parameter X clearly represents the maximum
possible interference effect, limited only by essentially
kinematical considerations. Some numerical values of X
are given in Table IIT for the case where the inter-

TasrE III. Maximum possible interference effect X as a function
of photon energy threshold. [ kmax (lab)=~168 MeV.]

kmin(lab) in MeV X

160
150
140

=

(=)
cooooooo00000000
WO L S99
SHRA2ATIBREREREESE

ference experiment detects all photons whose energy
exceeds a certain minimum value. We observe that the
interference parameter V. stays large and fairly con-
stant as long as the interference experiment excludes
the very low-frequency photons. This is a reflection of
the fact that in the low-frequency region, the amplitude
cg becomes very much larger than dp owing to the
infrared divergence and rapidly decreases the over-all
interference effect. Therefore, if the CP-violating direct
emission measured by /g is comparable to the CP-
conserving measured by %,, as might be expected on
models with electromagnetic CP violation??® a large
interference effect may be observed as long as the low-
energy photons are excluded.
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APPENDIX A

The photons resulting from the two-photon decay of
a coherent mixture of Kg and K have a net circular
polarization. The intensity of left- (right-) circularly
polarized photons is obtained from Eq. (2), with the
subscript /(r) replacing a. The parameters vyri, vsi,
Vi(yLrysr V) are obtained by the same substitution
in Egs. (7) and (8), where the sum _, is restricted to
states of left- (right-) circular polarization. Since the
intensities I;(#) and I,(¢) are not equal, there will be a
time-dependent asymmetry between the number of
left- and right-circularly polarized photons. Such an
effect is present even when there is no CP violation®
(i.e., when d,=c,=0), the effect of CP violation being
to modify the asymmetry. There is, however, one purely
CP-violating effect, viz., the net circular polarization of
photons in the decay of a pure K g or a pure K beam.
For the latter case, R=0, and we get

Li()=yLe 2,

P — (A1)

where
vu= [{LL|T|K1)|?,

Y= [(RR|T|K1)|?.

So the net circular polarization, using Eq. (12) and
Table I, is

_I,—I,_ 2Re({X|T|KL)*(X,|T|K1))
Ik, (X T|K o) |4 (X TIK )|

2¢.d, de \*/ ¢ .
P= Re[(eei"“—i—e““’) <ie-—~+e”‘°>]. (A4)
YL Ce d,

The expression in parentheses is purely CP-violating.

(A2)

(A3)

or

APPENDIX B

We consider an effective nonleptonic decay Hamil-
tonian of the following form!

H=H,+e*H,, (B1)

where H, is parity-conserving, H, is parity-violating,
and H is CP invariant if ¢=0. We attempt to find a
possible limit on ¢ from information on CP violation in
K°— 272 The phase ¢ affects K°— 27 only via the
mass matrix which contains intermediate states from
both H, and H,. The CP-violating parameter e in the
mass matrix may be written®

e=
(vs—vy1)+2i8

where M, is the dispersive part and y the absorptive
part of the CP-violating portion of the self-energy
matrix. Here we focus our attention on M ;. Neglecting

(B2)

2 1,. Wolfenstein, Bull. Am. Phys. Soc. 11, 397 (1966).
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terms in ¢? and letting &, equal the magnitude of the
contribution to the mass difference from intermediate
odd-parity states we have

M /5. ~tand. (B3)

In order to estimate 8, we may use the pole model. It
has been suggested?? that the entire mass difference 6
may be explained by é., but we find this argument un-
convincing. However, arguments given below indicate
that it seems very reasonable that

3,>0.15. (B4)

From (B2), (B3), and (B4), and the empirical fact that
26~ (yg—~L), we find

8. tang
S >0.035 tang.

le|> (B5)

Values of || may be deduced from experiments!''!! on
K°— 27, Actually there are two solutions® for | e[, but

2V, Riazuddin e al., Phys. Rev. Letters 17, 736 (1966).
% J.-M. Gaillard et al., Phys. Rev. Letters 18, 20 (1966).

SEHGAL AND L. WOLFENSTEIN

162

either gives |e| <3X107%, whence we reach as a con-
servative conclusion tang<<0.1.

To derive Eq. (B4) we may use the pole model to
compare 8, with the rate for K®— 2y. One finds con-
sidering only the «° pole*

I(Kp—y+7)=2T#"— v+7)
mK 3 mr? Oc
()
M (WLK_”'L'N)2 mg
I we use® T'(x®— y+7v)=1.8X10"® sec and let
T(K 12— y+7)= (6=£3) X 10° sec™! we find (§,/8)=0.4
=+0.2. If we combine the #° and 7° poles using physical
masses and SU; coupling constants we find (8,/8)=0.9
4+0.45. The errors are not statistical, but represent a
reasonable range on the value of K ;' — v+ from two
different experiments. We conclude that Eq. (B4) repre-
sents a reasonable inequality.

(B6)

%S, Oneda, Y. Kim, and D. Korff, Phys. Rev. 136, B1064
(1964). Equation (7) of this reference lacks a factor of 2.
2 A Rosenfeld, Rev. Mod. Phys. 37, 633 (1965).
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Various types of symmetry-invariance tests through the elastic scattering process pp — pp are proposed.
The tests of charge-conjugation invariance are discussed in particular. Polarized proton targets make some
of the experiments proposed for these tests easier. By these experiments, time-reversal invariance and
charge-conjugation invariance can be tested independently. One can therefore make a direct test for CPT

invariance.

I. INTRODUCTION

SINCE the discovery of the decay process Ki"—
w+47—, the problem of CP invariance has been a
controversial one.l? Recently, Cohen-Tannoudji and
Messiah? proposed a test of C invariance using the
inelastic collision process p— YV. It is known that
some transition matrix elements are zero if C conserva-

t This work was started at Laboratoire de Physique Corpuscu-
laire & Haute Energie, C.E.N. Saclay, France. Parts of the work
were revised at the Department of Physics, Memorial University
of Newfoundland, St. John’s, Newfoundland, Canada.

* Present address: Department of Physics, Memorial Uni-
versity of Newfoundland, St. John’s, Newfoundland, Canada.
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tion is not violated. According to the test,? it is possible
to find whether some matrix elements are zero. Since the
density matrix elements of the final spin states can be
derived directly from the angular-correlation measure-
ments of the decay pions from YV pairs,* the C test, as
proposed, can in principle be realized. But unfortunately
the statistics of this C test are rather poor.?

In this paper, it will be shown that the C test can in
principle be realized with the elastic scattering process
pp— pp, where the collision cross section is much
greater. Here one must replace the angular-correlation
measurements of the decay particles in the inelastic
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