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06 orcyrctBuM ocumuisiuuid ipu C'P-H pyLIEHUM U H JINYUU
unrepdepentun Mexay K-, K7-Me30HHBIMH COCTOSHUAMHU B cucTeme K °-Me30HOB

HOns onuc mua nepexon K-, K-mesono B K-, Kg-mesounl npu CP-
H pyLIeHUH B cl1 ObIX B3 UMOJAEHCTBHSX P CCM TpUB IOTCS B Togxox . B mepeom
MOZIXOJI€ UCTIONB3YETCsl CT HIl PTH S TEOPHS OCLIMIUIALIMMA, BO BTOPOM ITOXOJE TPen-
non r ercs, uto Kg-, K -cocTosiHusi, KOTOpble BO3HUK 0T npu C P-H pylLieHuH,
ABJIAI0TCS HOPMUPOB HHBIMH, HO HE OPTOTOH JIbHBIMU (PYHKLUSMU COCTOSHUS, TOTA
BO3HUK IOT HE OCIWUISALMH, HHTEPHEPEeHIMA MEXIy dTUMH cocTodHusAMU. OTMme-
YEHO, YTO CYIIECTBYIOIIME 3KCIIEPUMEHT JIbHbIE I HHbIE H XOIATCS B XOPOIIEM CO-
IJ1 CHM CO BTOPBIM HoAXoaoM mpu sin? f = 2,23 - 103, M3 3T0Oro MOXHO cen Th
BBIBOJI, YTO Npu H pymienun CP-yeTHocTH B cucTeMe K U-Me30HOB OCHUMILIAIMN He
BO3HUK IOT.
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About Absence of Oscillations at C'P Violation and Presence of
Interference between Kg-, K1-Meson States in the System of K° Mesons

Two approaches to the description of K-, K°-meson transitions into K mesons
at C'P violation in weak interactions are considered. The first approach uses the
standard theory of oscillations and the second approach supposes that (Kg, Kr)
states which arise at C'P violation are normalized but not orthogonal state functions,
then there arise interferences between these states but not oscillations. It is necessary
to remark that the available experimental data are in good agreement with the second
approach. So, we come to the conclusion that oscillations do not arise at C'P violation
in weak interactions in the system of K° mesons. Only interference between Kg
and K, states takes place here.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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1. INTRODUCTION

Oscillations of K° mesons (i.e., K < K9) were theoretically [1] and
experimentally [2] investigated in the 1950s and 1960s. Recently an understanding
has been achieved that these processes go as a double-stadium process [3-6]. A
detailed study of K°-meson mixing and oscillations is very important since the
theory of neutrino oscillations is built by analogy with the theory of K°-meson
oscillations.

Previously it was supposed that P parity is a well number; however, after
theoretical [7] and experimental [8] works it has become clear that in weak
interactions P parity is violated. Then in [9] there was an advanced supposition
that in weak interactions C'P parity is conserved, but not P parity. In [10] it
has been reported that in K7 decays with a probability of about 0.2% there is a
two-7 decay mode that is a detection of C'P violation.

A phenomenological analysis of K°-meson processes was done in [11] (see
also [12]). There nonunitary transformation and nonorthogonal states were used at
obtaining Kg, K, states. It was supposed that these states arise at C'P violation.
In [13] the same process was considered in the framework of the standard scheme
(theory) of K°-meson oscillations.

The present work is a continuation of the pervious one [13]. Here we will
consider elements of the theory of K°-meson oscillations at strangeness (S) and
CP violations and then the case of C'P violation in the absence of oscillations.
At the same time we will perform a comparative analysis of the obtained results
at C'P violation in the above two approaches and also compare these results with
the available experimental data.

2. K9-, K§-MESON VACUUM OSCILLATIONS AT INDIRECT
VIOLATION OF C'P INVARIANCE WITH TAKING INTO ACCOUNT
WIDTH DECAYS

The process of K-, K§-meson vacuum oscillations at indirect violation of
CP invariance with taking into account width decays was considered in detail in
work [13]. Therefore, we are considering the main elements of these oscillations.



It is clear that we have to take into account C'P phase §. We can do it
by using the parametrization of Kobayashi-Maskawa matrix [15] proposed by
L. Maiani [16]. The expressions for U, U ! will then have the following form:

B cosf —sinfe ¥ Ul — cos 3 sin Be % 1
~\ singe? cos 3 ’ “\ —singe? cos 3 - (D

Then at C'P violation K¢, K mesons have to transform into superposition states
of Kg and K, mesons:

Kg = cos BK?Y — sin K3 e,

, (2
K = sinﬁe“sK? + cos K,
and at inverse transformation we get
Klo = cosfKg +sinfe Ky, 3)
KS = —sinﬁei‘sKs + cos BK,.
In [13] it was shown that
Mo — M1 >~ My, — Mg. 4)

If we take into account that K g, K decay and have the decay widths I'g, ',
then Kg, K mesons with masses mg and my evolve in dependence on time
according to the following formula:

st
Ks(t) = exp (—iEsﬁ - TS)KSM
(%)
I'pt
Ki(t) = exp (—iELt - TL)KLm),
where
Ef =p*+mi), k=S,L.
If these mesons are moving without interactions, then
st
K(t) = cos § exp (iESt - TS) Ks(0)+
. I'pt
+sinBe P exp (—iELt - TL) K1(0),
(6)

. st
K9(t) = —sinBe® exp (—iEst - TS) Ks(0)+

I'pt
+ cos 0 exp (—z’ELt — TL) K(0).



Then, putting expressions for Kg, K, from (2) into expression (6), we get
K)(t) = [exp (—iEst) cos® B + exp (—iELt) sin® 8] K7 (0)+
+e 9 [—exp (—iEst) + exp (—iEpt)] sin 8 cos BK(0), (6"
K3(t) = [exp (—iEst) sin? 3 + exp (—iErt) cos? B] KP(0)+
+¢% [~ exp (—iEgt) 4 exp (=i Ept)] sin # cos BKI(0).

Then, using expression (6"), we get that probability that the meson KV produced
at moment ¢ = 0 will be at moment ¢ # 0 in the state of K meson given by the
following expression:

1
P(KY — K% t) = 1 cos? Bsin® 23 [ert e Tri

—2exp (W) cos((Ep — Eg)t)|. (7)
If we suppose that cos? 3 ~ 1 and sin? 3 ~ ¢, then
P(KY — K t)~¢ [eFSt +e Tt
— 2exp <w> cos((EL — Eg)t)| (8)

and P(K9 — K{,t) = P(KY — K3.t).

Then the probability that meson K} produced at moment t = 0 will be at
moment ¢ # 0 in the state of K meson and back are given by the following
expressions:

P(KY - K)) = lcos‘lﬂe_rst +sin? Be T4

+ 2sin? B cos® Bexp ( - W) cos((Er — Es)t)|, (9)
further
P(K) — K)) ~ lersteQeFLt+
+ 2eexp (W) cos ((Er — Eg)t)|, (10)
and the probability P(KYJ — KJ) is
P(K9 — K3) = |sin® Be st 4 cos? fe Trit
+ 2sin? B cos® B exp (W) cos ((Er — Eg)t)|, (1)




further
P(Kg — Kg) ~ leQeFSt +eTrtg

(FS + FL)t

5 .

+ 2cexp ( ) cos (B — Es)t)

. r . ..
In all the above expressions we have to add factor 3 since it arises from the

primary K°, K° mesons (K° = (K + K9)/v2, K° = (K? — K9)/V/?2).

When matrix transformation is unitary the C'P phase in the expressions for
transition probabilities is absent. In expression (1) matrix U is unitary, i.e.,
UU~! = 1. In principle we can use the nonunitary matrix, i.e., use matrix U and
for back transformation use matrix U7 instead of U~! (detU = detU” = 1), then

- cosfB  —sinBe=id >7 Ut ( cos 3 sin 3e® ) 12

- < sin 3 % cos 3

Now instead of expressions (2) and (3) we get

—sinfBe ™  cosf

Kg = cos 6K10 - sinﬂKQOei‘s,

: (13)

Kt = sinﬁe_“sKl0 + cos BKY,
K? =cosBKg +sinfBe UKy, (14)

K9 =— sin Be® K g + cos BK,.

Now if mesons are moving without interactions, then
Igt
K (t) = cos B exp (iESt - TS) Ks(0)+
- I'pt
+sinBe P exp (—iELt - TL) K1(0),

(15)

. st
K9(t) = —sinBe® exp (—iEst - TS) Ks(0)+
I'rt
+ cos 0 exp (—z’ELt — TL) K(0).

Then, using expressions (15) and (13) for the probability that the meson K 10
produced at moment ¢ = 0 will be at moment ¢ # 0 in the state of KJ meson,
we get the following expression:

P(K‘f — K?) = lcos‘lﬁerst +sin* ge TLt 4

(FS + FL)t

5 . (16)

+ 2sin? B cos® B exp < > cos ((Fr — Eg)t + 26)




or sin? 3 = ¢, then

P(Kl0 — K?) ~ [e_rst +e2e Tt 4

+ 2eexp (—W) cos((Ep — Es)t+20)|, (17)
and the probability of P(K$ — KJ) transition is
P(KY — KJ) = [sin4 Betst 4 cost e Trt 4
+ 2sin? Bcos? 3 exp (—W) cos((Er — Eg)t+26)| (18)
or
P(K§ — K3) ~ léefst +e Tzt 4
+ 2eexp <w> cos((Fr — Es)t+20)|. (19)

Then the probability that the meson K produced at moment ¢t = 0 will be
at moment ¢ # 0 in the state of K3 meson is given by the following expression:

1
P(KY — KV, t) = 1 sin?23|e st 4o trt

~

I I
Cgexp (_M

5 ) cos ((Er, — Eg)t + 26)

(FS + FL)t

5 . Qo)

~¢e [erst +e et _2exp < > cos ((Fr — Eg)t + 26)

and P(KS — K9 t) = P(KY — K&,t) (the above expression has taken into
account that cos? 8 ~ 1, sin’ § ~ e).
The length of oscillations in this case is
v 2mhey

Ris =98 = 55

21

where A = mp—mg and -y is usual relativistic factor. Expressions (12)—(20) were
obtained using the standard technique of oscillations and they are analogous to
the expression obtained in [11, 12] at violation of orthogonality of Kg, K, states.

The plots of transition probabilities KY — KV (expression (10) —
P(K°, KY — K?t) ~ et + (0.00223)2e~%/580 1 2. 0.00223 (cos (0.477t—
0.752)) e~*(581/1160)y and K9 — K (expression (8) — P(K°, K9 — K9 t) ~



et 4 (0.00223)% /580 —2.0.00223 (cos (0.477t — 0.752)) e ~1(>81/1160)) in de-
pendence on tg = t/7s (15 is Kg lifetime) are given in Fig.1 (where ¢ =
0.00223 [14]). The summary plot of expressions (8) and (10) (line) normalized
to the experimental data from [14] together with experimental data from [14]
(open circles) is given in Fig.2 (for primary K° mesons). From this figure we
see that the total transition probability to K obtained in the framework of os-
cillations theory are placed very far from experimental data from [14]. Then we
can come to the conclusion that at C'P violation in weak interactions oscillations
do not arise. In reality at drawing Figs.1 and 2 it was taken into account that
there is phase 6 = 44° (i.e., we used expressions (17) and (20)).
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Fig. 1. K9 — K9 transition probability (line /, expression (8)) and K? — K9 transition
probability (line 2, expression (10)) in the presence of oscillations at C'P violation in weak
interactions (¢ = 0.00223) in dependence on ts for tg = t/75 = 1—20
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Fig. 2. Summary transition probabilities (K{ — KY)+(KJ — K?) (line) when oscil-
lations take place (exprsessions (8)4(10)) normalized to experimental data from [14] at
ts = 1.22 (¢ = 0.00223) and experimental data (open circles) from [14] for ts = 1—20
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Fig. 3. Summary transition probabilities (K? — K?)+(K3 — KY) (line) when oscil-
lations take place (expressions (8)+(10)) normalized to experimental data from [14] at
ts =1.22 (¢ =4.97-107%) and experimental data (solid circles) from [14] for ts = 1—20

Now we can consider the case when ¢/ = 2 = 4.97- 107 then
P(K° K° KY — K t) = exp (—t) + 0.00000497 (exp (—t)+
+ exp (—t/580) £ 2(cos (0.477t — 0.752)) exp (—0.500862t)). (22)

Figure 3 presents the line obtained by using the above expression which is
normalized to the experimental data from [14] at tg = 1.22 and experimental
data from [14] for P(K° K — KVt = tg). We see that in this case the
interference term which is present in the experimental data is absent. We can
make the conclusion that oscillations in this case do not occur either.

We now come to the consideration of the case when oscillations between
K-, K9-meson states do not arise at C'P violation.

3. THE CASE WHEN OSCILLATIONS BETWEEN K-, K{-MESON
STATES DO NOT ARISE AT C'P VIOLATION

Above we considered the case when at C'P violation there can arise oscilla-
tions. Now we are considering the case when superposition states arise but there
are no oscillations. It arises when the condition for realization of K-meson os-
cillations cannot be realized. Here an analogue with Cabibbo [17] mixing matrix
takes place with one exclusion, namely, since masses of 7 and K mesons differ
very much, the interference between these states in contrast to Kg-, K-meson
states cannot arise (by the way, in full analogy with Cabibbo case we could use
below the old KV-, K9-meson states instead of using the new Kg, K, states).

We know that the parameter of C'P violation is very small. Then new states
K| = cosBKg + sin K, and K} = —sin 8Kg + cos 3K, are equivalent to



KV, K9 states (cos® 3 + sin? 3 = 1), where K, K, states are states which arise
at small violation of C'P parity. They are not orthogonal but normalized quantum
mechanic functions of state (Kg(0) = 1, K.(0) = 1, |KY(0)]* + |K2(0)]? =
|Ks(0)|? + |K1(0)|*). Then

KT = K7 [? = | cos BKs + sin BK [,

|K3J? = |[K3)* = | — sin 8K + cos BK 1|, (23)

|K1KL| ~ 0.

As we see, in this case instead of oscillations we get interferences between Kg
and K, states. It is of interest to rewrite the above expressions with taking into

account time dependence. Then taking into account that the standard expressions
for Kg(t) and K,(t) have the following form:

1 1
Ks(t) = exp <iEst - §Fst) , K (t) = exp (iEL — 5Fst> , (24)
and putting expressions (24) into (23) for a primary K° meson, we get expressions
for probabilities P(K; — K1,t) and P(Ky — Ko, t):
P(K; — Ki,t) = |K1(t)]* = cos® 8 exp (—T'st) +sin® § exp (—T'pt)+

+ 2sin G cos 3 exp

1
i(FS + FL)t> cos (Ey, — Eg)t,

2 2 2 (25)
P(Ky — Ko, t) = |K3|* = sin” 8 exp (—T'st) 4 cos” 5 exp (—T'pt)—

1
i(FS +T'1)t ] cos(EL — Eg)t,

|K1K2| ~ (.

— 2sin B cos B exp

1
Since K = E(K‘f + K3), for the case of a K° meson the expressions (25) in

normalized form get the following form:

1
P(K°, K, — Ki,t) = |K (1) = 5 [COSQB exp (—T'st) + sin® B exp (—T't)+

1
+ 2sin G cos B exp (5(1’5 + FL)t) cos (Er, — Eg)t|,
- (20
1
| K| = 5 lsin2 B exp (—=T'st) + cos? 8 exp (—T'pt)—

1
— 2sin B cos B exp (5(1’5 + FL)t) cos(EL — Eg)t
|K1K2| ~ (.



For the case of a K° meson we have
|K1|? = | cos BK s — sin BK 1|2,

|K2|2 = |sin 8Kg + cosﬁKL|2, 27
|K1K2| ~ 0.

Using expressions (24) for normalized case, we then get

1
P(K° K, — Ki,t) = |K1(t)]* = 3 cos? 3 exp (—T'st) + sin? 3 exp (—I't)—

(28)
_ 1
P(K° Ky — Ko, t) = |Ks|? = 3 [sin2 3 exp (—T'st) + cos? B exp (=T'pt)+

1
— 2sin B cos § exp (5(115 + FL)t) cos (Er, — Eg)t

)

1
+ 2sin 3 cos 8 exp (5(115 + FL)t) cos (Er, — Eg)t
|K1K2| ~ 0.

So, we have obtained the above expressions without the renormalization of
states by hand and without using nonunitary matrix for transformation, in con-

trast to [11].
Of interest is the case when in expressions (23) a supplementary C'P phase

will be present. If this phase appears in the unitary form as is in [15] in the

form of [16] - cos 3 sin B e~ 29)
“\ —singe? cos 3 ’

then in the case of K meson instead of expressions (25) in the case of K° meson

we obtain )

P(K° K, — Ki,t) = |K (t)]? = 3 [cos2 Bexp (—T'st) + sin® Bexp (—T'pt)+

(30)
1
P(K°, Ky — Ko, t) = |Ko|* = = lsin2 Bexp (—Lst) + cos? Bexp (—T'pt)—

+ 25sin 3 cos Bexp <%(Fs + FL)t) cos((ErL — Es)+0)t

2

— 2sin B cos Bexp <%(FS + FL)t) cos((Fr — Eg) — 5)15] ,

1
P(K° Ky — Ko, t) = | Ky (t)]? ~ 5 [eXp(—Fst) +e%exp (T pt)+

+ 2cexp (%(Fs + FL)t> cos((Er, — Eg) — 5)t] , (3D



and in the case of K° meson instead of expressions (26) we obtain

_ 1
P(K°, K, — Ki,t) = |K 1 (t)|* = 5 lcosQBexp(FSt) +sin? Bexp (=T pt)—

— 2sin B cos f exp (%(I’s + FL)t) cos ((Er — Eg) +0)t|,

(32)
_ 1
P(K° Ky — Ko,t) = |Ky|? = = lsin2 Bexp (—Tst) + cos® Bexp (=T'pt)+

2

Y

+ 2sin B cos B exp (%(FS + FL)t) cos ((Er — Eg) —0)t

| K1 (1)) ~ % [exp (—T'st) +e*exp (—T'pt)—
— 2eexp (%(I’S + FL)t) cos((Fr — Eg) — 5)t1 , (33

where, using the existing experimental data [14], we can write that the value for
sin (3 is about sin 8 = ¢ = 2.23 - 1073,

Figure 4 gives a plot of functions (31) — P(K" — Kj,t) ~ et +
(0.00223)% e=*/580 1 2. 0.00223(cos (0.477t — 0.752)) e ~*(81/1160) normalized
to the experimental data from [14] at tg = 1.22 together with experimental data
from [14] for tg = 1-20 (ts = t/7s, Ts is Kg-meson lifetime).

Figure 5 gives a plot of functions (33) — P(K° — Ki,t) ~ et +
(0.00223)%e7t/980 — 2. 0.00223(cos (0.477t — 0.752)) et (*81/1160) normalized
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Fig. 4. Transition probabilities of primary K° mesons into Kg (P(KO,K? — Kg,t),
expression (31)) normalized to the experimental data from [14] at ts = 1.22 (¢ = 0.00223)
and experimental data (open circles) from [14] for ts = 1—20
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Fig. 5. Transition probabilities of primary K° mesons into Ks (P(K° K} — Kg,t),
expression (33)) normalized to the experimental data from [14] at ts = 1.22 (¢ = 0.00223)
and experimental data (solid circles) from [14] for tg = 1—20

to the experimental data from [14] at tg = 1.22 together with experimental data
from [14] for tg = 1-20 (ts = t/7s, 7s is Kg-meson lifetime).

We see that the curves from expressions (31) and (33) are in quite satisfactory
agreement with the experimental data obtained in [14] at ¢ = 2.23 - 1073.

By the way, the signs of the additional C'P phase in our approach are different
for K1 and K5 mesons, in contrast to [11] where there was used nonunitary
matrix transformation in the case of C'P violation. The question now arises:
what mechanism works at C'P violation? If it is possible to determine this sign
in experiment for a K> meson, then we can obtain the answer to this question. If
we use nonunitary matrix instead of unitary matrix (29)

U— ( .cosﬁ_‘é sin e~ ), (34)
—sinfBe™" cos 3
then for K" and K° transition probabilities we obtain the same expressions
as in [11].

So, as stressed above, the expressions for transition probabilities (31), (33)
are in good agreement with the experimental data from [14]. From expressions
(31), (33) and Figs. 3,4 we can then come to the conclusion that at C'P violation
in weak interactions the standard theory of oscillations is not realized. There
takes place only interference between Kg- and K -meson states.

At C'P violation in weak interactions the mixing states of Kg, K mesons
arise with very small angle mixing. These states are not orthogonal states. That is,
there is an analogy with Cabibbo matrix mixing [17] at -, K-meson mixings with
one distinction: there arises interference between these states since the masses of
these states are very close. Then we can in principle not introduce new Kg, K,
states and use the old K9-, KJ-meson states as was done in the case of 7, K
mesons (or for d, s quarks).

11



4. CONCLUSIONS

In this work we have considered two approaches for description of
KO-, K%-meson transitions into K{ mesons at C'P violation in weak interac-
tions. The first approach uses the standard theory of oscillations and the second
approach supposes that (Kg, K1) states which arise at C' P violation are nor-
malized but not orthogonal state functions, then between these states there arise
interferences but not oscillations.

In the presence of oscillations the probability of K°-, K%-meson transition
into K'Y mesons is proportional to sin” 3 = ¢ = 2.23- 1072 and at long distances
oscillations occur. In the second case there arises an interference term between
Ks- and Kp-meson states. This term is proportional to sin3 = 2.23 - 1073
and it disappears at big distances. And at big distances there is a term which
is proportional to sin®? 3 = £2. As stressed above, the available experimental
data [14] are in good agreement with the second approach. So, we have come
to the conclusion that at C'P violation in weak interaction in the system of K°
mesons oscillations do not arise. There takes place only interference between
K- and Kj-meson states.

Why do oscillations not arise at C'P violation? As we can see from Figs. 4
and 5, C'P violation becomes apparent at tg > 8. Then short-lived states K3
have time to decay and mainly long-lived K> states remain which transform into
Kg, K1, superposition. And further we see interference between these states.
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Ioanuc Ho B neu 16 07.10.2014.
@opm T 60 X 90/16. Bym r odcern g. Iled 16 occerH 5.
VYen. new. n1. 1,18, Yu-mzn. i 1,59. Tup x 325 ak3. 3 x 3 Ne 58350.
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