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AT the present time the nature of CP-invariance viola-
tion, discovered in the decay K, — 27,1 is not as yet
clear. Consequently search for effects connected with
CP nonconservation in other reactions is important.

The decay K — 37 has been discussed in the papers[“]
from this point of view. Below we discuss three main
effects that arise in the decays K — 37 under CP non-
conservation.

One of the more important peculiarities of the decay
K — 37 is the comparatively small energy release. This
circumstance leads one to believe that one may expand
the decay amplitude in a series in the energy of the
pions in the neighborhood of the midpoint on a Dalitz
plot and confine oneself to a few terms only. Indeed, the
decay probability is not too badly described by formulas
of the form »*[1 + 2a/m2 (s;2 — s0)], where s12 = (p —ks)?,
p being the momentum of the K meson, ks being the mo-
mentum of the odd meson (the 7~ meson in the decay
K'— 7'5'17, the 7" meson in the decay K — 7°°" and
the 7° meson in the decay Kz — 77 7%, and s, being the
value of sz at the midpoint in the Dalitz plot. The AT
= % rule requires the total isospin of the pion system to
equal unity and the constants A in the different reactions
are related to each other: 2\°% = "% = %™ = -2,
An analogous relation holds also among the coupling
constants a: 2 =a"%=a"" a%°=0.

If the interaction between 7 mesons at low energies
is not small (if the scattering lengths of pions are of
order 0.5m-' — m;'), then an important role may be
played in the decay amplitude by terms due to rescatter-
ing of the produced particles. In that case the probabil -
ity for the decay K — 37 is describable by a function of
the type A%[1 + 2a/m?®(s;» — s0}], only in the middle of
the Dalitz plot, and may differ at the edges of the plot
since at the edges the amplitude has singularities due
to the rescattering of pions (Fig. 1).

For three-particle production reactions with small
kinetic energy release (of the type of the decay K — 37),
a rigorous phenomenological theory may be developed,
analogous to the Bethe-Peierls effective-radius theory
for the deuteron. Within the framework of this theory
the interaction of the pions produced in the decay K— 3n#
can be taken into account.®*®? Moreover, if the pion
interaction at low energies is not too large (the scatter-
ing lengths of pions are less than or approximately
equal to mf”l), the amplitude can be expanded in a series,
the first term of which is a constant, and the following
terms are of order E*? E, E¥2? etc. (where E is the
kinetic energy released in the decay). The singular
terms of order E2 have their origin in the diagrams of
the type shown in Fig. 1a, singular terms of order E
have their origin in diagrams of the type siiown in Fig.
1b. The numerical coefficients multiplying these singu-
lar terms are expressed in terms of low-energy pion
scattering amplitudes. The coefficients in front of the
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analytic terms cannot be connected with other physical
quantities —in such considerations these coefficients
must be considered as unknown constants. Along with
the singular terms one calculates in this fashion unam-
biguously all imaginary parts of the amplitude due to
rescattering of the produced pions. It turns out that for
scattering lengths of the pions of the order m;,l the
singular terms do not substantially affect the spectrum
of pions in the decay K' — #"7"7~ and the decay probabil -
ity may still be described in the entire region with suffi-
cient accuracy by a formula of the type

A%[1 + 2a/mZ (s12 — s0)]. By contrast in the spectra of

K — 7°%°%" and Kz — 7°777° the contribution of the
singular terms is more significant and at the edges of
the spectrum one may note substantial deviation from
the linear character. In'**!, data were collected on the
decays K* — 7°1°* and Kx — 7'n"7°, obtained by various
authors (altogether 6000 events). Deviation from the
linear character was observed. This, apparently, means
that the scattering lengths of pions are not small and
that in the analysis of the K — 37 decays it is necessary
to take into account singularities due to the rescattering
of the produced pions.

1. CP-PARITY NONCONSERVING INTERACTIONS IN
THE DECAYS K— 37

An experimental study of the decays K — 37 makes it
possible to determine whether CP is violated in milli-
weak interactions with conservation of space parity.

For milliweak interactions with AY =+ 1 (Y being the
hypercharge), that violate CP we shall use the notation
MWP _ . P =1 shows whether space parity is conserved
(+) or not () in the given interaction. The subscript AT
indicates nonconservation of isotopic spin. For exam-
ple, MW1,. denotes a milliweak interaction with conser-
vation of space parity and the selection rule AY =+1,
AT =x%.

The milliweak interaction with space parity change
and the super weak interaction of Wolfenstein'*?! do not
contribute to the 3r-decay of the K* meson, and in the
decay of neutral K mesons they contribute only via

processes Kio weak hadrons Kz — 37,
Ko ™™ hadrons V€3 K,, — 37, K,, SUPeTWeak .
— 37, Kao superweak Ko — 37. If we define the long-
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lived and the short-lived components by means of equa-
tions KL = K}_o + €Kgo and KS = Kzo + €K10, then in the
matrix elements describing the decays Ki; and Ky it is
no longer necessary to take into account the transitions
Kio — Kz and Kz — Kjo: they are completely taken into
account by the mixing parameter €. In this manner

the direct transitions K;; — 37 and Kz — 37 under the
influence of the milliweak interaction with a change in
space parity and the superweak interaction of Wolfen-
stein need not be considered.

The magnitude of the interactions MW?,; and MW3,»
relative to the weak (in the following such ratios will be
denoted by r T) should not exceed 107, Should that not
be the case t%en the interactions MW/, and MW3,z would
give rise to an excessive violation of CP in the decay

K[, — 27 via the process Ky weak 1 adrons MWz /2

Ko = 27. The interactions MW5s,; and MW7,z do not con-
tribute to such transitions. We shall see, however, that
from experiments on the measurement of the ratios of
probabilities for the decays K' — a"n's" and K — nnn"
analogous limitations follow also for the interactions
MW; ; and MW7,5: 152 S 107 rh/ S 1073

~

2. NONCONSERVATION OF CP PARITY IN THE DE-
CAYS K* — 37
The amplitudes for the decays K' — #'7'n” and K*

— 7°7°7* have the form
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ikt ko) [ S ot o g @) |+
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where k;; is the relative momentum of the 7 mesons
(the indices 1 and 2 refer to identical pions),

p = A°®/A"*", The first two terms in the curly braces

are the analytic terms in the expansion of the amplitude
(s1z — so = 4kf> — 2m_E), the following terms are singular
of order El/z, due to diagrams of the type Fig. la. The
dots refer to further terms: singular of order E, due to
diagrams of the type Fig. 1b, singular of order E*/? etc.
There is a rule for going over from the amplitude for
the decay of the K" meson to the amplitude for the de-
cay of the K" meson in the case of CP nonconservation.
As was already stated, owing to the interaction of the
produced pions the decay amplitude has singularities in
sie (for sje = 4m2). Moreover, the amplitude has also
singularities in Mf( (due to the transitions K — 77

— gnra, K— mmy — anm). The physical amplitude for the
decay is taken on the upper edge of the cuts due to these
singularities, i.e., for s;, + i€, Mg + i€ (e ~ +0) (Fig.
2). The decay amplitude has imaginary parts due to the
possible real processes, as well as imaginary parts due
to violation of CP. On going over from the amplitudes
for the decay of the K' to the amplitudes for the decay
of the K™ meson one must change the sign of only those
imaginary parts that are due to violation of CP, and the
imaginary parts due to real processes should have their
sign unchanged. Therefore on going over from the decay
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amplitude for the K" meson to the decay amplitude for
the K" meson one should go from values s;, * i, M%

+ i€ to values sjq — e, Mf< —ieg, as is shown in Fig. 2
(thus changing the sign of the imaginary parts connected
with real processes), and then take the complex conju-
gate of the amplitude*.

It is thus seen that if the 77y channel is neglected the
amplitudes for the decay of the K™ mesons are obtained
from Eqs. (1) and (2) by complex conjugation of the con-
stants A and a (and, consequently, p).

It then follows from Eqgs. (1) and (2) that the following
expressions hold for the ratios of total decay probabili-
ties:
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The quantity p is defined by the ratio of the two am-
plitudes of the 7 decay at zero energy. In that case both
the spatial and the charge parts of the wave function of
the three pions should be completely symmetric, so that
they must be in the state with T =1 or T = 3. I the de-
cay interaction belongs to the class MWY/z, 3,2, then only
the first state may be formed. In that case p = %, so
that Im p = 0. In fact a nonzero Im p may arise here due
to the virtual electromagnetic interaction, which has an
additional factor of smallness =~ 1072, In the cases of
MW3,; and MW7, the state with T = 3 is allowed and
Im p # 0. The interactions MW7z, 3,2 can also give rise
to a nonzero Im a'*~ and Im a°”. Analogous calculations
show however that the contribution of the terms propor-
tional to Im a"*" and Im a® is small: in the total proba-
bilities the coefficients in front of these imaginary parts
are of order 1072 The experimental data on the ratios
of the probabilities of the decays

%gﬁ—:”ﬁ% —1.005 -£ 0,009 13, 1,0004 4 0.0021 1
show that the interactions MW3,: and MW3,, should be of
order 107 or less of the weak interaction. An increase
in the experimental accuracy in these experiments by
an order of magnitude is of great interest.

3. CHARGE ASYMMETRY IN THE DECAY Ky, — 7'n7n°

The system 7'77° may exist in states with total iso-
spin equal to 0, 1, 2 and 3. The states with total isospin
0 and 2 have positive parity with respect to CP, and the

*This rule has a general character. The only difference in the gen-
eral case has to do with the fact that in such a procedure we go over to
the amplitude containing antiparticles with all spin projections replaced
by their opposites.
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Table I. (rf.. stands for the ratio of the
““forces’’ of the interaction MWET and
the weak interaction, M stands for a
characteristic mass of the order
m;—5mg(m; is the pion mass)).

Mwi/e MW} )5 MWh)s MWT 9
A/A ~rip ~ i g ~ris
r¥ rE ry
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Bg/h ~egfe |07 T A 1072 | 1074t
rt SN o Ly
By |=t0-2isz| T o IB2 | qome T2
2 107 37 Mz I7g 107 3

states with total isospin 1 and 3 have negative CP parity.

The amplitude with T = 0 is completely antisymmetric
in the energies of the 7 mesons and therefore the first
term in the expansion contains the small factor

(K% — K3s) (K32 ~ K%) (K% — K%). The amplitude with

T = 2 is antisymmetric in the energies of the 7™ and the
7, therefore the first term in its expansion has the fac-
tor (K3 — K%) (the indices 1, 2 and 3 refer to respec-
tively the 7', 7~ and 7° meson). The expansion of the
amplitude with T = 1 and T = 3 in a series in the energy
of the pions starts with a constant term, as in the case
of the decay of the K'. This expansion for the decay

Kz — n'7°7° has the form

A(Kyy—> it n")—)ﬁ“{i 4a+0(1‘:2 Emrr)

2

- ikyy [§a0+§a2+§0(a2—{10)]+i(k13+k23)a2+ }
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here the first term (proportional to A*"%) describes
transitions with conservation of CP into states with
total isospin 1 and 3, and the second (proportional to B3)
and third (proportional to By) —transitions with a change
in CP into states with isospins 2 and 0. The constants
A% a™° B3 and B are real. The real constant
o= °°°/)\+ % equals —3 in the absence of transitions with
T=%andAT = %. In Eq. {5), as in Eqs. (1) and (2),
only singular terms arising from diagrams of type
Fig. la are taken into account, and singularities due to
diagrams of the type Fig. 1b etc. are omitted.

The amplitude for the transition Ko~ 7'777° is ob-
tained from Eq. (5) by the replacement A" — {x*° a™°
— 2" B;— —iA%, B; — —iAj where the new constants
2° g7° Ajand A} are also real. The term proportional
to A"° is due to transitions into states with total iso-
spins 1 and 3 with change in CP, the term proportional
to A: describes transitions with CP conservation into
states with isospin 2 (AT = % and AT = %), and the term
proportional to Aj—into states with isospin 0 (with
conservation of CP and AT = %).

The charge asymmetry in the decay Kj, = o
equals (K, = Kz + €Ko)

V(E. >E)—W (£, < EJ)
VIE. SE) W (E, < E)

Emy
— =5 |

E3m3
st 10,044 Re e 1 By (0.050, - 0.04az) (By - A} Ime),.

(6)
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0.74;Ree-+ V Emg (082 — 0.1ay) (B, 4- Af Iing)]

Table HO. (ac and a, are scattering lengths of pions in the
states with isospin 0 and 2, m; is the pion mass, M is
a characteristic mass of the order mn-—Smn)
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The amplitude Aj is due to transitions with CP conser-
vation and AT = /;, therefore A/A"™° ~ M™%, where M is
some ‘‘characteristic’’ mass. No experimental esti-
mates of the quantity A (i.e. the quantity M) exist. It is
apparently reasonable to suppose that M ~ m  — dm:
the ‘“‘characteristic’’ mass which makes the coefficient
of kiz — Em_/2 in Eqgs. (1) and (2) dimensionless is of
order m_, however, it is not impossible that for other
coefficients this mass is substantially larger. The
ratio of the amplitudes A3/A™™" ~ (107'—10"%)M 2. The
factor of smallness of order 10"'—1072 is due to the fact
that the amplitude A% describes transitions with violation
of the AT = % rule. Estimates for the amplitudes B>
and Bj for violation of CP by the interactions MWz,
MW3/2, MW35,2 and MW7/, are given in Table I. The addi-
tional factor of smallness of order 1072 in the amplitude
B: in the case of the interaction MW},: is due to the fact
that this interaction leads to transitions into the state
with total isospin 2 only in the presence of a virtual
photon. An analogous reason is responsible for the ap-
pearance of additional factors of smallness in other
cases.

Estimates of the size of the charge asymmetry

WI(E,>E)—W(E.LE)
WHE, >E AW (B, <E)

for various types of interactions violating CP are given
in Table II. It is seen that for an arbitrary variant of
CP violation the charge asymmetry should be small —of
order 107*—10"".

4. THE TIME DEPENDENCE OF THE DECAY PROBA-
BILITY OF THE K° OR K° MESON INTO 7*n°n°

The time dependence of the decay of the K° or K°
meson into 7'7"7° is described by the following formula
(the sign “‘+”’ refers to the decays of the K’ mesons, the
sign ‘‘~’ to the decays of the K° meson):

W, (nfna%) ~ e~ lTL + ;’Z ((KS — atnmal)

ARSI R R et/
Ky — ntn—no)

L | § d0a* (K - nn-a0) 4 (Ks — ntano) T
- W (K — nta—x0)

@ =arg S ADA* (K — wtsn®) A (Ks — ),

~12%s cos (Amt 4 @),

(7
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where f d® is the integral over the phase space of the
pions, t is the time, m = my — mg. Oscillations in the
time dependence are due to the last term. The ampli-
tude of these oscillations may be obtained starting from
Eq. (5) and from the analogous formula for the decay
Ko — 7'n77°:

| § da* (KL > nta-ad) 4 (Ks — ntn-no) |
=2 W (Ky, — ntn—n0)

W (K +1-n0) 64 — R0 . 2000

~2(1 +W§K;2 =) Reet gz VmaE (60— a) (3555 4 5vs ) -

(8)

It is seen that in an arbitrary variant of the interaction
the oscillations to be expected are of order 107 (see
Table II).

1J. H. Christenson, J. W. Cronin, V. L. Fitch, and R.
Turlay, Phys. Rev. Letters 13, 138 (1964).

2N. Byers, S. W. Macdowell and C. N. Yang, High
Energy Physics and Elementary Particles, IAEA,
Vienna, 1965.

®Y. Ueda and S. Okubo, Phys. Rev. B139, 1591 (1965).

*T. N. Truong, Phys. Rev. Letters 17, 153 (1966).

®V. V. Anisovich and V. M. Shekhter, Yad. Fiz. 5,
855 (1967) [Sov. J. Nucl. Phys. 5, 607 (1967)].

®Ya. B. Zel’dovich, Yad. Fiz. 6, 840 (1967) [Sov. J.
Nucl. Phys. 6, 611 (1968)].

"M. K. Gaillard, Nuovo Cimento 52, 359 (1967).

8T, J. Devlin and S. Barshay, Phys. Rev. Letters 19,
881 (1967).

®V. N. Gribov, Zh. Eksp. Teor. Fiz. 41, 1221 (1961)
[Sov. Phys.-JETP 14, 871 (1962)].

1y, V. Anisovich and A. A. Ansel’m, Usp. Fiz. Nauk
88, 287 (1966) [Sov. Phys.-Usp. 9, 117 (1966)].

11y, V. Anisovich and L. G. Dakhno, ZhETF Pis. Red.
6, 907 (1967) [JETP Letters 6, 334 (1967)].

21,. Wolfenstein, Phys. Rev. Letters 13, 562 (1964).

3C. R. Fletcher, E. W. Beier, and R. T. Edwards
et al., Phys. Rev. Letters 19, 98 (1967).

W. T. Ford et al., Phys. Rev. Letters 18, 1214
(1967).

Translated by A. M. Bincer



