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The effect of coherent interaction of K’ and K’ mesons with the medium on the properties

of KK° pairs is considered. A set of basis functions for such pairs in the medium is found,
and some specific features of interference in KK?, K?Kg, K!(KJ), and K*(K?) systems are

noted. The accuracy of the usual approximation

free is estimated.

1- The main properties of K’K’ meson pairs
were considered in detail in earlier work [1’3], and
the specific features of the Pais-Piccioni process
for such pairs were indicated. It must be noted
that all the deductions of these papers pertain,
strictly speaking, to free K"’ meson pairs which
do not interact with matter. For free neutral K
mesons, the basic quasistationary basis states
are K, and K,. CP-parity conservation allows a
K% pair with even orbital momentum to decay
only into KK, or K,K,, while a K°K" pair with
odd orbital angular momentum can decay only into
KiK,. In the case of free neutral K mesons, the
transitions K; — K, and K, — K; are impossible.

Under real conditions, the production and decay
of K'’K? pairs takes place in some specific me-
dium. If the K° and K’ mesons interact with the
atoms of the medium in different fashions, re-
generation of the type K; — K, becomes possible
besides the K® — K° transitions [4’5], i.e., CP
parity is not conserved.

The quasistationary basis states for the neutral
K meson in a medium are no longer K; and K,,
but their linear combinations, which we denote by
L; and L,. To determine the time dependence of
the wave function of the KK° pair in the medium,
it is necessary to expand the wave function of the
pair at the instant of regeneration in terms of
products of the type

Li(p)L1(q), L2(P)L2(q), In(p)L2(q), La(q)Li(p)

and take into account the exponential time devel-
opment of the states L; and L, (p and q—mo-
menta of the first and second K meson, respec-
tively ). On the other hand, the detectors at our
disposal can record a neutral K meson only in
the states K, K0 or K,, K,. This gives rise to
“beats’’ of the Pais-Piccioni type.

[1-3] in which K' mesons are regarded as

Unlike in the case of a free particle, the
Pais-Piccioni process for a KK° pair produced
in a dense medium has a much more complicated
character. The purpose of the present paper is
to investigate the influence of the medium on in-
terference phenomena in KK’ systems and to
estimate the accuracy of the usual approximation
within the framework of which the K° mesons are
regarded as free.

2. Explicit expressions for L; and L, were
actually derived by Good -5, They can be
written in the form

Li(t) = LI(O)e—W, Lg(t) = L2(0) e“th;

L1(0) = Ky + RK, = 2" ((1 — iR)K° + (1 + iR)K"),
L:(0) = RKy + Ky = i272((1 + iR)K* — (1 — iR)KY). .
(1)
In the general case the formulas for R, x;, and
xp are rather complicated. However, they sim-
plify appreciably in the approximation R « 1, or

(4nNAty [ m)N|fe| <€ 1. (2)

Here and below N—number of atoms per c¢m? of
the medium, m—mass of K’ meson, 7 (7y)—life-
time of the KJ(K?) meson, fj5 = (A (K?)

- A(K? ))/2—regeneration amplitude, equal to half
the difference of the K’ and K’ meson zero-angle
scattering amplitudes. Inequality (2) is actually
satisfied for all real media. With this,

4nuNHiTy 1— 2id
R(p)=— fiz(p)1+462.
I
x(p) = V@) ZY(p)?;'f‘z(Gi(P)—FGz(P))U(P),
mE 44 g
x2(p) = Y ) +‘2T(;')'jt;+z(01(P)+02(P))”(p)- (3)
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Here ¢y and o,—total scattering cross sections of
the K® and K’ mesons, respectively, v = pc/(p?
+ mzcz)i/z—-velocity of particle with momentum p,
¥(p) = (1= v (p)/c) 2 and 6 = (mK,

- sz)c2 Ty.

It is easy to see that the wave functions corre-
sponding at the initial instant of time to the states
K; and K, are expressed in terms of L; and L,
in the following manner:

1 R

[ —%il —
T—m (0 T—R
1

R
T O™+

Ly(0) e—xt,

Kz——>—

La(0)e—xt.  (4)

Assume now that the K%K? pair is produced
with even orbital angular momentum. Then the
initial wave function has the form

Yo = 27"{K(p) Ki(q) + Kz2(p)K2(g)}- (5)

Taking the time dependence into account, we get

Yo = 27" (1 — R%(p))~{(1 + R(p)R(9))

X [L{®(0) LD (0) exp (—x:(p) T — x1(q)8)

+ Lx?)(0) L@ (0) exp (—x2(p) T — %2(4)©)]

— (R(p) + R(q)) [Ls®(0) Lo (0)

X exp (—x1(p) T — %2(9)©)

+ LyP(0) L9(0) exp (—x2(P) T — %2(9)©)1}.  (6)
Here T—time interval elapsed from the instant of
production of the pair to the registration of the K
meson with momentum p, and ® —time interval
elapsed from the instant of pair production to the
registration of the K meson with momentum q.

The proper times corresponding to p and q will
be denoted, as in [2’3], by 7 and 6:

1=1T/v(p), 0=0/v(q).

If the K'K? pair is produced with odd orbital
angular momentum, for example as a result of
¢-meson decay, the initial function is written in
antisymmetrical form

Va = (Ki(p)K2(q) — K1(q) K2(p)) V2. (7)

Account of the time dependence leads to the ex-
pression

Ya = 27"(1 — R*(p))~*(1 — R*(q))*{(1 + R(p)R(q))
X [Ls®(0) Ly (0) exp (—x1(p) T — %2(q)©)
— L@ (0) L» (0) exp (—x2(p) T — %1(9)0)]
+ (R(p) — R(q)) [Ls?)(0) L@ (0)
X exp (—x1(p)T — x1(g)®)
— L (0) L9 (0) exp (—x2(P) T — %2(9)©)1}.  (8)
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With the aid of (1) we can express Y5 and g in
terms of different combinations of the paired
products of the Ky, K, KO, and K® wave functions.
The squares of the moduli of the coefficients for
each possible combination yield the probability of
observation of the KK pair in the corresponding
state at the proper times 7 and 6.

We now consider experiments in which Kg3 or
K&g decays are recorded; this corresponds to a
classification of the pair in accordance with the
states K® and K°. Expressions for

w(K°(p)K°(g)70), w(K°(p)K°(g)70),

w(K°(p)K°(q)0), w(K°(p) K°(q)0)
(the notation is the same as in [2’3]) are quite
cumbersome, and will not be presented here. Each
such expression can be represented in the form
w = Wy + Wint, Where the w, terms pertain to
KK’ pairs moving in vacuum, while the wint
terms take into account the coherent interaction
of the K® and K° mesons with the medium. The
Wint terms depend on the signs of both the real
and imaginary parts of the regeneration amplitude
fy5, and their ratio to the w, terms is of the
order of | R | [see formulas (2) and (3)]. Owing
to the presence of the wj,¢ terms, the Pais-
Piccioni terms for the indicated experiments in a
medium exhibit some interesting peculiarities.

A. Regardless of whether the KK’ pair has
initially a definite orbital angular momentum or
whether it is a superposition of states with even
and odd orbital momenta, ‘‘beats’’ are produced,
depending on the sign of the difference of the
masses of the K} and K mesons. ‘‘Beats’ of
this type do not occur in vacuum for states with
definite orbital angular momentum (2,31,

B. In experiments in which the state of the
second meson is not identified, the ‘‘beats’’ do
not vanish. Then the expressions

w(K°(p) K°(g)8) + w(K°(p)K°(q)70),
w(K°(p)K°(9)70) + w(K°(p)K°(g)70)

contain terms proportional to cos (Am7T),

sin (Am7), cos (Amé ), sin (Amo), sin{Am (7
- 6)], and cos[Am (7 — 0 )]. Their order of
magnitude is | R |, and as | R | — 0 the beats
drop out. For pairs produced with a definite
orbital angular momentum in the medium, we
have

w (K" (p)K°(q)t0) # w(K°(p)K°(q)76),
w(K°(p)K°(g)t0) # w(K°(p)K°(g)78), 9)

whereas in vacuum the probabilities are equal
under the same conditions. The difference be-
tween w (K% (p)K%(q)76) and w (K% (p)K%(q) 79),
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as shown by calculations, include terms that are
linear in R (having the order of magnitude | R |).

Thus, with respect to the experiments con-
sidered here, a K'K? pair with definite orbital
angular momentum has in a medium properties
that are possessed in vacuum only by superposi-
tions of states with even and odd orbital angular
momenta.

4. We now proceed to experiments correspond-
ing to the classification of the pair with respect
to the states K; and K,. We have already noted
that KK, regeneration is impossible in vacuum.
Therefore the expressions for

w(Ki1(p) Ki(q)70), w(K2(p) K2(q)19),
w(K1(p) K2(9)19), w(K2(p) K1(q)76)

do not contain any ‘‘beats’’ at all, if we disregard
the interaction with the medium. When account is
taken of the influence of the medium, several
specific phenomena can occur:

a) ‘‘Beats’’ are produced, which either depend
or do not depend on the sign of the difference be-
tween the Kg and Kg masses, for all four exper-
iments in which the states K; or K, are fixed.

b) These ‘‘beats’’ do not contain terms linear
in R, and are of the order of | R |2,

c¢) If the K'K® has an even orbital angular mo-
mentum at the instant of production, then

w(Kyi(p) K2(q)10) ~ |R|?, (10)

The corrections to the probabilities

w (K; (p)K;(q) 70) and w (K, (p)Ky(q) 70) have

in this case also the order of magnitude | R |%.
d) If the K%K pair is produced with odd

orbital angular momentum, then

w(Ki(p)Ki(q)70) ~ |R[?

w(K2(p) K2(q)w0) ~ |RI? (11)
and the corrections to the probability
w (K{(p)K5(q) 70) are of the order of | R |%.

5. Let us analyze now the role of the medium
for experiments that correspond to classification
of the states of the pair in terms of K, (K;) for
momentum p, and K" (K?) for momentum q. In
this case ‘‘beats’’ do not arise at all for a K'K°
pair in vacuum with a definite orbital angular mo-
mentum. They occur only for a mixture of even
and odd orbital momenta, and it is important that
the variables 7 and 6 separate, as is well known,
in the formulas for the probabilities

w(K1(p) K1(q)0), w(K1(p)K°(g)79).

In the presence of a medium, the ‘‘beats’’

occur also for states with definite initial orbital
angular momentum. The variables 7 and 6 then
no longer separate. For the symmetrical wave
function (even orbital angular momenta), neglect-
ing the terms quadratic in R, we obtain

( Ki(p)K°(4>Te)= i exp [— 12N(m(p)+‘oz(p))x1

Ki(p)K°(q)v0) 4
N 4 r [ T + 0 SJTNTih
3 V(@) on(@)es [loxe (-2 14— T

X (Tm f@ - 28 Re f2@) ] +AF B} , (12)

where
. 8nNth T 40/ 1 1

A=~ (aty))

X (Im f12P — 206 Re f12(P)) cos [Am (v — 0) ]

+ (Re f12® — 26 Im f1o®) sin [Am (T — 0)]], (13)

_ 8aNuha ex(_r__ﬁ(i__{_l_))
T4 AT To\ly Th

X [(Im (f12?) 4 f1o(0) — 26 Re (f12® 4 f12(2) ) cos (AmB)

+ (Re (f12(® = f129) — 28 Im (f12@ + f12(P)) ) sin (AmB)].
(14)
Analogously, for the antisymmetrical wave
function (odd orbital angular momentum), the cal-
culations yield

Ki(p)K°(g)t0\ 1 1
( Ki‘(p)l?o(Q)Te) - Zexp[ '2N(51(P)+ 02(p) )1

8nlNtuh
— 3 V@0 + aata)zs [ [ F 1 gy (Am

0
— 26 Re f12@) ]exp(—%—T—z)j:CiD}, (15)
where
_ 8aNuh _t+6r1 1
= m(1 L 4% exp( 2 (T,'WZ))
X [(Im f1o(P) — 28 Re f1ot®)-cos [Am (Tt — 0)]
+ sin[Am (v — 0)] (Re f12® — 28 Im f1o®)], (16)

~rarim (ot g)

X [(Im (f2® — f1o@) — 28 Re (f12(P) — [121?) )cos (A mB)

—(Re (f12® — f12@) — 26 Im (fﬂ(p) — f12@) sin (AmG)].
(17)

Obviously, if the total momentum of the pair is
equal to zero we get D = 0.
The expressions for
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(Kz(p)K"(Q)TB)
K>(p)K°(q)70

can be readily obtained from (12)—(17) by respec-
tively replacing in all formulas the double signs
+ and ¥ by ¥ and +, replacing 7 and 6 in the
exponentials by 6 and 7, replacing Am by —Am
in the trigonometric functions of (13) and (16), and
replacing Am by —Am and 6 by 7 in the trigono-
metric functions of (14) and (17).

It is easy to see that the sum

w(Ky(p)K°(g)0) + w(Ki(p)K’(q)70)

does not contain any ‘‘beats’’ that are linear in R,
in full agreement with Sec. 4 of this paper (the
expression w (KOKOTG ) +w (KOKO 70 ) does con-
tain such ‘‘beats,’’ see Sec. 3).

Thus, for many experiments with K’K® pairs
in a medium (Secs. 3 and 5), the previously known
formulas %% are valid only accurate to terms of
order | R |, and these terms produce ‘‘beats,’’
which depend on the sign of the mass difference of
K, and K,, even for states with definite orbital
angular momenta. For other experiments, in
which the states K; and K, are fixed, the correc-
tions connected with the account of the medium are
of the order of magnitude | R |> (Sec. 4). The

parameter | R | can be represented in the form
[R| =9-10|fy|p/ A4, (18)

where p—density of the substance, A—its atomic
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weight (the quantity 6 in (3) was set equal to 1.5).
We see therefore that inasmuch as | f;, | 1071
cm and p/A ~ 107! for the majority of dense
media ¥, we have | R | ~ 10-2. The net total of
the correction terms that are linear in | R |
(Secs. 3 and 5) can amount to 10% of the funda-
mental terms pertaining to the free pair, and
generally speaking cannot be neglected.

As regards | R |2, this quantity does not ex-
ceed 10741073, Consequently, accurate to several
tenths of 1%, we can assume that when the orbital
angular momentum of the pair is even, the pair
cannot decay into K; and Kj, and for odd orbital
angular momentum decay to K{K; and K)K; is
impossible.
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