arXiv:hep-ph/0406185 v4 30 Sep 2005

On the scalar product of short and long living states of neutral kaons in the CPT invariant system

K. Urbanowski^∗

University of Zielona Gora, Institute of Physics, ul. Prof. Z. Szafrana 4a, 65-516 Zielona Gora, Poland. September 30, 2005

PACS numbers: 03.65.Ca., 11.30.Er., 11.10.St., 14.40.Aq. Keywords: CP violation, CPT symmetry, neutral kaons.

Abstract This paper contains a detailed analysis of the properties of the scalar product of short and long living superpositions of neutral |K_0⟩, |K_0⟩ mesons. It is shown for the exact effective Hamiltonian for neutral meson subsystem that the scalar product of its eigenvectors, which correspond with these short and long living superpositions, can not be real with the assumption of CPT conserved and CP violated. The standard conclusion obtained within the Lee-Oehme-Yang theory of neutral kaons is that in this case such a product should be real.

1 Introduction

Almost all properties of the neutral meson complex are described by solving the Schrödinger–like evolution equation [1] — [12] (we use ℏ = c = 1 units) i ∂ ∂t |ψ; t⟩_‖ = H_‖|ψ; t⟩_‖, (t ≥ t_0), (1) ∗e–mail: K.Urbanowski@if.uz.zgora.pl; K.Urbanowski@proton.if.uz.zgora.pl

(where t_0 is the initial instant) for |ψ; t⟩_‖ belonging to the subspace H_‖ ⊂ H (where H is the state space of the physical system under investigation), e.g., spanned by orthonormal neutral kaons states |K_0⟩, |K_0⟩, and so on, (then states corresponding to the decay products belong to H ⊖ H_‖^{def}= H_⊥), and nonhermitian effective Hamiltonian H_‖ obtained usually by means of the Lee–Oehme–Yang (LOY) approach [1] — [12] (within the use of the Weisskopf–Wigner approximation (WW) [13]): H_‖ ≡ M − i 2 Γ, (2)

where M = M^+, Γ = Γ^+ are (2 × 2) matrices. In a general case H_{||} can depend on time t, H_{||} ≡ H_{||}(t), [14, 15].

Usually, solutions of the evolution equation (1) are expressed in terms of the eigenvectors of H_{||}. Generally, in the case of two-dimensional subspace H_{||} the eigenvectors of H_‖ acting in this H_{||} will be denoted as |l⟩, |s⟩. In the general case solutions of the eigenvalue problem for H_{||} H_{||} |l(s)⟩ = μ_{l(s)} |l(s)⟩, (3) have the following form [16, 17] |l(s)⟩ = N_{l(s)} ( |1⟩ − α_{l(s)}|2⟩ ) , (4)

where |1⟩ stands for the vectors of the |K_0⟩, |B_0⟩ type and |2⟩ denotes antiparticles of the particle ”1”: |K_0⟩, B_0⟩, ⟨j|k⟩ = δ_{jk}, (j, k = 1, 2),

N_{l(s)} = 1 √ 1 + |α_{l(s)}|^2

= N^∗_{l(s)}, (5) and α_{l(s)} = h_z − (+)h

h_{12}

, (6)

μ_{l(s)} = h_0 + (−)h ≡ m_{l(s)} − i 2 γ_{l(s)}. (7)

Quantities m_{l(s)}, γ_{l(s)} are real, and

h_0 = 1 2 (h_{11} + h_{22}), (8) h ≡ √ h^2_z + h_{12}h_{21}, (9)

h_z = 1 2 (h_{11} − h_{22}), (10) h_{jk} = ⟨j|H_‖|k⟩, (j, k = 1, 2). (11) In the case of neutral kaons eigenvectors of H_{||} are identified with the long, |K_L⟩, (vector |l⟩) and short, |K_S ⟩, (vector |s⟩) living superpositions of K_0 and K_0. This identification of vectors |l(s)⟩ with states |K_{L(S)}⟩ corresponds to the standard phase convention for CP transformation: CP|1 >= −|2 >, CP|2 >= −|1 >. Within this phase convention for systems preserving CP symmetry one has K_{L(S)}⟩ ↔ |K_{2(1)}⟩, where vectors |K_{1(2)}⟩:

|K_{1(2)} >^{def}= 2^{−1/2}(|1 > −(+)|2 >), (12)

are the eigenvectors of the CP–operator for the eigenvalues +(−1).

The following identities are true for μ_l and μ_s,

μ_l + μ_s = h_{11} + h_{22} ≡ Tr H_{||}, (13)

μ_l − μ_s = 2h^{def}= Δμ = Δm − i 2 Δγ (14) μ_l μ_s = h_{11}h_{22} − h_{12}h_{21} ≡ det H_{||}, (15)

where

Δm = m_l − m_s = (Δm)^∗, Δγ = γ_l − γ_s = (Δγ)^∗. (16) Sometimes it is convenient to express vectors |l⟩ and |s⟩ as follows [4] – [7] |l(s)⟩ ≡ 1 √ 2(1 + |ε_{l(s)}|^2)

[(1 + ε_{l(s)})|1⟩ + (−1)(1 − ε_{l(s)})|2⟩]. (17)

This form of |l⟩ and |s⟩ is used in many papers when possible departures from CP– or CPT–symmetry in the system considered are discussed. The following parameters are used to describe the scale of CP– and possible CPT – violation effects [4] – [7]

ε^{def}= 1 2 (ε_s + ε_l), (18)

δ^{def}= 1 2 (ε_s − ε_l). (19)

According to the standard meaning, ε describes violations of CP–symmetry and δ is considered as a CPT–violating parameter [2] – [11]. Such an interpretation of these parameters follows from properties of LOY theory of time evolution in the subspace of neutral kaons [1, 2]. We have ε = h_{12} − h_{21} D (20) δ = h_{22} − h_{11} D , (21)

where D^{def}= h_{12} + h_{21} + Δμ. (22) Using identities (13) – (15) and relations expressing ε_l, ε_s by matrix elements h_{jk} and μ_l, μ_s one can find the following equations

h_{11} − h_{22} = Δμ ε_l − ε_s 1 − ε_lε_s , (23)

h_{12} + h_{21} = Δμ

1 + ε_lε_s 1 − ε_lε_s , (24)

h_{12} − h_{21} = Δμ ε_l + ε_s 1 − ε_lε_s , (25)

These equations are valid for arbitrary values of ε_{l(s)} and for the exact H_{||} as well as for any approximate H_{||}.

Experimentally measured values of parameters ε_l, ε_s are very small for neutral kaons. Assuming |ε_l| ≪ 1, |ε_s| ≪ 1, (26) from (23) one finds:

h_{11} − h_{22} ≃ (μ_l − μ_s)(ε_l − ε_s), (27)

and (24) implies h_{12} + h_{21} ≃ μ_l − μ_s, (28) and (25) gives h_{12} − h_{21} ≃ (μ_l − μ_l)(ε_l + ε_s). (29) Relation (27) means that in the considered case of small values of parameters |ε_l|, |ε_s|, the quantity D (22) appearing in formulae for δ and ε approximately equals D ≃ 2(μ_l − μ_s) ≡ 2Δμ. (30)

In the standard approach to the description of properties of the neutral kaon complex many relations connecting parameters characterizing neutral kaons follow from the properties of the scalar product of state vectors |K_S ⟩, |K_L⟩. The aim of this paper is to analyze in the general case detailed properties of the scalar product of eigenvectors |l⟩ and |s⟩ depending on CP and CPT transformations properties of the total system under considerations.

2 General properties of the product ⟨s|l⟩

Let us analyze the product ⟨s|l⟩ in the case of a general H_{||} without any assumptions about CP– or CPT–symmetries of the system under considerations. From (4) one finds

⟨s|l⟩ = N_s N_l (1 + α^∗_s α_l ). (31)

The important question is whether the product ⟨s|l⟩ is real, ⟨s|l⟩ ≡ (⟨s|l⟩)^∗, or not, ⟨s|l⟩ ≠ (⟨s|l⟩)^∗. It is obvious that the answer to this question depends on the properties of the product α^∗_s α_l. From (6) it follows that

α^∗_s α_l = 1 |h_{12}|^2 [( |h_z |^2 − |h|^2 ) + 2i ℑ (h_z h^∗) ] , (32)

where ℑ (z) denotes the imaginary part of the complex number z (ℜ (z) is the real part of z). So the trivial conclusion is that ⟨s|l⟩ = (⟨s|l⟩)^∗ ≡ ⟨l|s⟩ ⇔ ℑ (h_z h^∗) = 0. (33) Taking into account the identity (14) one has h =^1_2 ( Δm −^i_2 Δγ ) and thus it can be easy found that

ℑ (h_z h^∗) = 1 2 (ℑ h_z ) (Δm) + 1 4 (ℜ h_z ) (Δγ). (34)

From this relation it is seen that if h_z = 0, that is, if (h_{11} − h_{22}) = 0 (see (10)) then ℑ (h_z h^∗) ≡ 0. This result does not depend on the values of Δm and Δγ. So, if h_z = 0 then the scalar product ⟨s|l⟩ must be real.

Now let us suppose that h_z ≠ 0. In order to draw some conclusions about ℑ (h_z h^∗) in this case one should rewrite Δμ, Δm, Δγ and (h_{11} − h_{22}) in a more convenient form. If the superweak phase ϕ_{SW} [11, 12] is used, tan ϕ_{SW} =

2(m_l − m_s) γ_s − γ_l ≡ − 2 Δμ Δγ , (35) then one can find that Δm = −|Δμ| sin ϕ_{SW} , Δγ 2 = |Δμ| cos ϕ_{SW} . (36) Next one should find a similar expression for ℜ h_z and ℑ h_z . One has h_{jj} = ℜ (h_{jj} ) + i ℑ (h_{jj} ), (37) (j = 1, 2), where ℜ (h_{jj} ) ≡ M_{jj} , ℑ (h_{jj} ) ≡ − 1 2 Γ_{jj} . (38) Using the following definitions ΔM = M_{11} − M_{22}, ΔΓ = Γ_{11} − Γ_{22}, (39) one can write that h_{11} − h_{22} = ΔM − i 2 ΔΓ ≡ 2h_z . (40) Next, if another phase ϕ_z is introduced analogously to the superweak phase ϕ_{SW} by means of the relation tan ϕ_z = −

2 ΔM ΔΓ , (41) then one finds that ℜ h_z = −|h_z | sin ϕ_z, ℑ h_z = −|h_z | cos ϕ_z . (42) Thus, using (36) and (42) relation (34) can be rewritten in a compact and convenient form ℑ (h_z h^∗) = 1 2 |Δμ| |h_z| sin (ϕ_{SW} − ϕ_z ). (43)

Note that, e.g.., if ΔM ≠ 0 and ΔΓ = 0 then ϕ_z =^1_2 π + nπ, (n = 0, ±1, ±2, . . .). On the other hand there is ϕ_{SW} ≈ 43, 5^0 in the case of neutral K mesons (see [10, 11, 12]).

So, for such values of Δm and Δγ (and thus ϕ_{sw}) which are characteristic of neutral mesons (neutral kaons, neutral B mesons subsystems, etc. [12]) the condition h_z ≠ 0 causes that ℑ (h_z h^∗) ≠ 0 and thus by (31) and (32) that ⟨s|l⟩ ≠ ⟨l|s⟩ ≡ (⟨s|l⟩)^∗. All the above analysis leads to the conclusion that in the case on neutral mesons the following theorem holds

Theorem

For the values of Δm and Δγ which are typical for neutral meson complexes ⟨s|l⟩ = (⟨s|l⟩)^∗ ≡ ⟨l|s⟩ ⇔ (h_{11} − h_{22}) = 0. (44)

It is interesting to confront this observation with the properties of matrix elements, h_{jk}, of the approximate as well as the exact effective Hamiltonians for neutral meson complex following from the CP– or CPT–symmetries of the total system under considerations. The standard approach to the description of properties of neutral mesons is based on the LOY effective Hamiltonian, H_{LOY} . Taking H_{||} = H_{LOY} and assuming that the CPT invariance holds in the system considered one easily finds the standard result of the LOY approach h^{LOY}_{11} = h^{LOY}_{22} , (45)

where h^{LOY}_{jk} = ⟨j|H_{LOY} |k⟩, (j, k = 1, 2). Therefore within the LOY theory the property that in a CPT invariant system ⟨K_S |K_L⟩ = (⟨K_S |K_L⟩)^∗ ≡ ⟨K_L|K_S ⟩, is considered as quite obvious and unquestionable. This is one of the standard results of the LOY theory of neutral meson complexes. The question is whether such a property of the scalar product under considerations holds in the case of the exact effective Hamiltonian for the neutral mesons complex or not.

3 CP and CPT transformations and the exact H_{||}

Solutions of the Schrödinger–like equation (1) can be written in matrix form and such a matrix defines the evolution operator (which is usually nonunitary) U_‖(t) acting in H_‖:

|ψ; t⟩_‖^{def}= U_‖(t)|ψ⟩_‖, (46)

where, |ψ⟩_‖ ≡ q_1|1⟩ + q_2|2⟩, (47) is the initial state of the system, |ψ⟩_{||} ≡ |ψ, t = t_0⟩_{||} ∈ H_{||}. CP and CPT transformation properties of the matrix elements, h_{jk}, of the exact effective Hamiltonian, H_{||}, can be extracted from the suitable properties of the exact evolution operator U_{||}(t). The exact evolution operator U_{||}(t) has the following form [18] U_{||}(t) = P U(t)P, (48) P is the projection operator onto subspace H_‖ and U(t) is the total unitary evolution operator, which solves the Schrödinger equation i ∂ ∂t U(t)|ψ⟩_{||} = HU(t)|ψ⟩_{||}, U(t = t_0) = I, (49) where I is the unit operator in H and H is the total (selfadjoint) Hamiltonian acting in H. In the considered case the projector P can be defined as follows [17, 18] P = |1⟩⟨1| + |2⟩⟨2|. (50) One has H_{||} = P H, H_⊥ = (I − P )H^{def}= QH. (51) The evolution operator U_{||}(t) has a nontrivial form only if

[P, H] ≠ 0, (52)

and only then transitions of states from H_{||} into H_⊥ and vice versa, i.e., decay and regeneration processes, are allowed.

Within the matrix representation one can write [18] U_{||}(t) ≡ ( A(t) 0 0 0 ) , (53) where 0 denotes the suitable zero submatrices and a submatrix A(t) is the (2 × 2) matrix acting in H_{||},

A(t) = ( A_{11}(t) A_{12}(t) A_{21}(t) A_{22}(t) ) , (54) and A_{jk}(t) = ⟨j|U_{||}(t)|k⟩ ≡ ⟨j|U(t)|k⟩, (j, k = 1, 2). Now if we assume that [Θ, H] = 0, (55) (where Θ = CPT is an antiunitary operator with unitary C, P and antiunitary T denoting operators realizing charge conjugation, parity and time reversal for vectors in H respectively), then one easily finds that [6], [18] — [22] A_{11}(t) = A_{22}(t). (56) The assumption (55) gives no relations between A_{12}(t) and A_{21}(t).

If the system under considerations is assumed to be CP invariant,

[CP, H] = 0, (57)

then using the following, most general, phase convention CP|1⟩ = e^{−iα}|2⟩, CP|2⟩ = e^{+iα}|1⟩, (58) (instead of the standard one: CP|1 >= −|2 >, CP|2 >= −|1 >) one easily finds that for the diagonal matrix elements of the matrix A(t) the relation (56) holds in this case also, and that for the off–diagonal matrix elements

A_{12}(t) = e^{2iα}A_{21}(t). (59)

This means that if the CP symmetry is conserved in the system containing the subsystem of neutral mesons, then for every t > 0 there must be | A_{12}(t) A_{21}(t)

| = 1 ≡ const. (60)

Now let us consider the case when CP symmetry is violated, [CP, H] ≠ 0. (61)

For our considerations it is convenient to decompose the total Hamiltonian H into two parts [8, 9], H ≡ H_+ + H_−, (62) where H_± = 1 2 [H ± (CP)H(CP)^+]. (63) Under CP, H_+ is even and H_− is odd, (CP)H_±(CP)^+ = ±H_±. (64) (Note that if relation (57) holds then H_− ≡ 0). Now using relations (62) — (64) one can easy conclude that (CP)H(CP)^+ ≡ H − 2H_−. (65) This result helps one to solve the problem of how the solution, U(t), to the Schrödniger equation (49) transforms under CP. So let us define U_{CP} (t)^{def}= (CP)U(t)(CP)^+, where U(t) solves Eq.(49). Starting from Eq.(49) one obtains i ∂ ∂t U_{CP} (t) = (H − 2H_−)U_{CP} (t) (66) ≡ HU_{CP} (t) − 2H_− U_{CP} (t), (67) with the initial condition U_{CP} (0) = I. The solution, U(t), of Eq.(49) is the ”free” solution for Eq.(67) and thus the solution of this last equation can be expressed as follows [23]

U_{CP} (t) = U(t) + 2i ∫_t 0 U(t − τ ) H_− U_{CP} (τ ) dτ. (68) Of course from (66) it follows that U_{CP} (t) = exp[−it(H − 2H_−)t] but this formula is much less convenient than (68).

Assuming that the system under consideration is not CP invariant and using (58) it is easy to find that A_{12}(t) ≡ e^{2iα}⟨2|U_{CP} (t)|1⟩. (69) Next, inserting there U_{CP} (t) given by (68) yields

A_{12}(t) = e^{2iα}A_{21}(t) + 2ie^{2iα}⟨2| ∫_t 0 U(t − τ ) H_− U_{CP} (τ ) dτ |1⟩. (70)

From this last relation one infers that when CP symmetry is violated then for t > 0 there must be | A_{12}(t) A_{21}(t)

|^2 ≡ 1 + |r_{21}(t)|^2 + 2 ℜ (r_{21}(t)), (t > 0), (71)

where r_{21}(t) = 2i A_{21}(t) ∫_t 0 ⟨2|U(t − τ ) H_− U_{CP} (τ )|1⟩ dτ, (72) and r_{21}(t) ≠ 0 for t > 0.

Let us analyze the simplest case when t is very short, t ≈ 0, but still t > 0 and ⟨2|H|1⟩ ≠ 0. Then after some algebra one finds

A_{12}(t) A_{21}(t) 2

0<t≈0 ≃ 1 + 4 ⟨2|H_−|1⟩ ⟨2|H|1⟩ 2 − 4 ℜ (⟨2|H_−|1⟩ ⟨2|H|1⟩ ) ≠ 1. (73)

If ⟨2|H|1⟩ = 0 but ⟨2|H^2|1⟩ ≠ 0 then for very short t one has

A_{12}(t) A_{21}(t) 2

0<t≈0 ≃ 1 + 4

⟨2|(H_+H_− + H_−H_+)|1⟩ ⟨2|H^2|1⟩ 2

− 4 ℜ ( ⟨2|(H_+H_− + H_−H_+)|1⟩ ⟨2|H^2|1⟩ ) ≠ 1. (74)

Note that these results and (71) are the quite general and that they do not depend on any model or approximation used. Relations (71), (73) and (74) prove that if the property (61) holds in the system, that is if the CP symmetry is violated, then in a such system the modulus of the ratio^{A12 (t)}_{A21 (t)} must be different from 1 for every t > 0, [CP, H] ≠ 0 ⇒ | A_{12}(t) A_{21}(t)

| ≠ 1, (t > 0). (75)

The importance of this result consists in the fact that it is the rigorous consequence of only two assumptions. The first is that the real properties of the system follow from the solutions of the Schrödinger Equation (49). The second one is that the total selfadjoint Hamiltonian H does not commute with the CP operator. Apart from these two assumptions no additional model assumptions or approximations were used in order to prove (75). In particular, no properties of the eigenvectors |l⟩, |s⟩ for the effective Hamiltonian H_{||} and no assumptions about their form were used in the above considerations leading to the conclusion (75).

So, we already have all the necessary CP– and CPT–transformation properties of the matrix elements of the exact evolution operator U_{||}(t) for the subspace of neutral mesons,H_{||}, and now we can extract from them the suitable properties of the matrix elements of the exact effective Hamiltonian for this subspace. One can find the necessary properties of the matrix elements of H_{||} by analyzing the following identity [14, 15, 18, 24, 25] H_{||} ≡ H_{||}(t) = i ∂U_{||}(t) ∂t [U_{||}(t)]^{−1}, (76)

where [U_{||}(t)]^{−1} is defined as follows

U_{||}(t) [U_{||}(t)]^{−1} = [U_{||}(t)]^{−1} U_{||}(t) = P. (77)

(Note that the identity (76) holds, independent of whether [P, H] ≠ 0 or [P, H] = 0). The expression (76) can be rewritten using the matrix A(t) H_{||}(t) ≡ i ∂A(t) ∂t [A(t)]^{−1}. (78)

Relations (76), (78) must be fulfilled by the exact as well as by every approximate effective Hamiltonian governing the time evolution in every two dimensional subspace H_{||} of states H [14, 16, 24, 25].

It is easy to find from (78) the general formulae for the diagonal matrix elements, h_{jj} , of H_{||}(t), in which we are interested. We have [18]

h_{11}(t) = i det A(t) (∂A_{11}(t) ∂t A_{22}(t) −

∂A_{12}(t) ∂t A_{21}(t) ) , (79)

h_{22}(t) = i det A(t) ( − ∂A_{21}(t) ∂t A_{12}(t) +

∂A_{22}(t) ∂t A_{11}(t) ) . (80)

Using (79), (79) the difference (h_{11} − h_{22}) = 2h_z , whose properties are crucial for the question whether the product ⟨s|l⟩ is real or not, can be expressed as follows [18]

h_{11}(t) − h_{22}(t) = i 1 det A(t) { A_{11}(t) A_{22}(t) ∂ ∂t ln (A_{11}(t) A_{22}(t) )

− A_{12}(t) A_{21}(t) ∂ ∂t ln (A_{12}(t) A_{21}(t) )} . (81)

At this point one should use the fact that an important relation between amplitudes A_{12}(t) and A_{21}(t) is described by the famous Khalfin’s Theorem [19] — [21], [26, 27]. This Theorem states that in the case of unstable states, if amplitudes A_{12}(t) and A_{21}(t) have the same time dependence

r(t)^{def}=

A_{12}(t) A_{21}(t)

= const ≡ r, , (82)

then there must be |r| = 1.

The proof of this theorem is rigorous and it does not use the CP– or CPT– transformation properties of the system considered.

Now one is ready to examine consequences of the assumptions that (h_{11}(t)− h_{22}(t)) = 0 is admissible for t > 0. In such a case an analysis of the expression (81), relations (56), (60), (71), (75) and the Khalfin’s Theorem (82) allows one to conclude that

Conclusion 1.

If (h_{11}(t) − h_{22}(t)) = 0 for t > 0 then there must be a) A_{11}(t) A_{22}(t)

= const., and

A_{12}(t) A_{21}(t)

= const., (for t > 0), or, b) A_{11}(t) A_{22}(t)

≠ const., and

A_{12}(t) A_{21}(t)

≠ const., (for t > 0).

The following interpretation of a) and b) follows from (56), (60), (71), (75) and from the Khalfin’s Theorem (82). Case a) means that CP–symmetry is conserved and there is no information about CPT invariance. Case b) denotes that the system under considerations is neither CP–invariant nor CPT–invariant.

In our discussion the CPT Theorem [28] — [33] can not be neglected. The CPT Theorem is a fundamental theorem of axiomatic quantum field theory. It follows from locality, Lorentz invariance and unitarity. One should also take into account another fact that there is no an experimental evidence that CPT symmetry is violated [12, 34]. Therefore, the assumption that any quantum theory of elementary particles should be CPT invariant seems to be obvious. So let us assume that CPT symmetry is the exact symmetry of the system under considerations, that is that the condition (55) holds. In such a case the relation (56) holds. The consequence of this is that the expression (81) becomes simpler and it is easy to prove that the following property must hold [18]

h_{11}(t) − h_{22}(t) = 0 ⇔

A_{12}(t) A_{21}(t)

= const., (t > 0). (83)

Now let us go on to analyze the conclusions following from the Khalfin’s Theorem. CP noninvariance requires that |r| ≠ 1 (see (60), (71), (75), and also [1] — [12], [19] — [22]). This means that in such a case there must be r = r(t) ≠ const.. So, if in the system considered the properties (55) and (61) hold then, as it follows from (83), at t > 0 there must be (h_{11}(t) − h_{22}(t)) ≠ 0 in this system [18]. Thus, keeping in mind results (43) and (44) one can state that following conclusion must be true

Conclusion 2.

If CPT symmetry is the real symmetry of the system containing neutral meson subsystem and CP symmetry is violated in this system (i.e., if (55) and (61) hold) then there must be ⟨s|l⟩ ≠ (⟨s|l⟩)^∗ ≡ ⟨l|s⟩. (84) 4 Discussion

As it was mentioned, the CPT Theorem follows from basic principles of quantum theory. Simply it is the mathematical consequence of basic assumptions of quantum theory. There is no evidence that the basic principles of quantum mechanics are violated. There is also no evidence of CPT violation. In contrast to the lack of evidence of the CPT noninvariance, the CP violation is an experimental fact [4, 12, 34]. This means (by (75)) that in the real system there must be |^{A12 (t)}_{A21 (t)} | ≠ 1 for (t > 0) and therefore, due to the Khalfin’s theorem (82) and the relation (83), there must be (h_{11}(t) − h_{22}(t)) ≠ 0 for (t > 0) in real systems. Thus the real property of the system containing neutral mesons is that it must be ⟨s|l⟩ ≠ (⟨s|l⟩)^∗ ≡ ⟨l|s⟩ (rather than ⟨s|l⟩ = (⟨s|l⟩)^∗ ≡ ⟨l|s⟩). This means that one of the standard results of the LOY theory that in a CPT invariant system ⟨K_S |K_L⟩ = (⟨K_S |K_L⟩)^∗ ≡ ⟨K_L|K_S ⟩, (where |K_S ⟩, |K_L⟩ correspond to |s⟩, |l⟩), is wrong.

On the other hand, the assumption that the inner product ⟨K_S |K_L⟩ should be real (or equivalently that there should be ℑ ⟨K_S |K_L⟩ = 0) when CPT symmetry holds was considered in the literature as the the fundamental property of CPT invariant system allowing one to derive many relations connecting parameters characterizing neutral K system and some constrains on these parameters [2] — [12], [35] — [40], etc.

The result (84) means that all relations and constrains obtained in this way need not reflect real properties of systems under consideration. Simply, they may lead to wrong conclusions obfuscating the real properties of the neutral meson systems and thus our opinion about the interactions causing decay process of theses mesons. So within the standard LOY theory of neutral meson complexes one should be very careful interpreting the results of experiments with neutral mesons and in such a case one can never be sure that this interpretation corresponds to the real properties of the system under investigations. These reservations also concern relations derived within the use of the Bell–Steinberger relation. Properties of the inner product ⟨K_S |K_L⟩ are crucial for the interpretation of such relations [35, 40]. It seems that while performing an analysis of the results of such experiments, only relations connecting the parameters characterizing neutral meson complexes which do not depend on any approximations and which follow directly from the general principles of quantum theory should be taken into account. The mentioned above Khalfin’s Theorem is an example of such relations.

Note that if we assume that real properties of the system are described by the solutions of the Schrödinger Equation (49) (with H = H^+) then there can be ⟨s|l⟩ = ⟨l|s⟩ ≡ (⟨s|l⟩)^∗ for h_z ≠ 0 only if ϕ_z = ϕ_{SW} , that is if 2 ΔM ΔΓ ≡ − ℜ (h_{11} − h_{22}) ℑ (h_{11} − h_{22}) = 2 (μ_l − μ_s) γ_l − γ_s . (85)

The result of the Fridrichs–Lee model [19] calculations performed in [17] with the assumption that values of parameters of this model correspond to the parameters of neutral K complex is the following [18]

ℜ (h^{F L}_{11} − h^{F L}_{22} ) = ΔM^{F L} ∼ 1, 7 × 10^{−13}ℑ (⟨1|H|2⟩) ≠ 0, (86) and ℑ (h^{F L}_{11} − h^{F L}_{22} ) ≡ − 1 2 ΔΓ^{F L} = 0. (87)

So, the relation (85) does not take place in the case of the Fridrichs–Lee model. The same conclusion one can draw analyzing the experimentally obtained values ΔM = m_{K0} − m¯_{K0} and Δμ = m_{KL} − m_{KS} , Δγ = Γ_{KL} − Γ_{KS} [12].

The consequence of the result (84) is that ⟨s|l⟩ |⟨s|l⟩| = e−iϑ, (88) where, ϑ ≠ 0, ±π, ±2π, ±3π, . . . , and so on. The phase ϑ can be easily found. Indeed, using (17) and parameters (18), (19) the product ⟨s|l⟩ can be expressed as follows ⟨s|l⟩ ≡ 2N[ ℜ (ε) − i ℑ (δ) ], (89) where N = N^∗ = [(1 + |ε_s|^2)(1 + |ε_l|^2)]^{−1/2}. Thus

tan ϑ = ℑ (δ) ℜ (ε) . (90)

So there is a direct connection between the phase ϑ and the parameters δ and ε.

Some approximate estimations of ϑ can be obtained using values of ℑ (δ) and ℜ (ε) extracted from experiments with neutral kaons. So, inserting into (90) values of ℑ (δ), ℜ (ε) which can be found in [12], yields ϑ ≲ 0^o 51^′ 30^{′′}. On the other hand taking into account, e.g. some values of these parameters obtained in [41], leads to the result ϑ ≲ 1^o 33^′ 45^{′′}. The mentioned above Fridrichs–Lee model calculations give similar estimations for ϑ.

The result (84) is the consequence of the property (75) that for t > 0 modulus of the ratio^{A12 (t)}_{A21 (t)} must be different from unity if CP symmetry is violated. Within the LOY theory such a property follows from the properties of matrix elements of the approximate LOY effective Hamiltonian. On the other hand, taking into account the conclusions derived in [42], the property (75) can not considered to be the obvious.

In [42] it was found that within the LOY theory the modulus of the similar ratio can be equal to one for some models of interactions. Note that the conclusion (75) does not depend on any approximation. It also does not depend on any model of interactions. As it was mentioned it is the simple implication of two general assumptions: that the total Hamiltonian, H, does not commute with the CP operator and that the Schrödinger equation describes correctly the system we are interested in. This means that this relation reflects real properties of system with CP violated.

All evolution equations for neutral meson complex have the form of Eq. (1) (see [1] — [12], [43, 44]). Solutions of this equation are used to describe time evolution of neutral mesons and mixing processes. Solving this equation one can find amplitudes A_{jk}(t), (j, k = 1, 2). An important property of the ratio^{A12 (t)}_{A21 (t)} = r(t) follows from the Khalfin’s Theorem (82). The main result of this paper (i.e., the property (84)) and the earlier result that there must be h_{11}(t) − h_{22}(t)) ≠ 0 for t > 0 in CPT invariant system [18] is the consequence of this Theorem. (Note that the property (h_{11}(t) − h_{22}(t)) ≠ 0 means by (19) and (21) that there must be ε_l ≠ ε_s when CPT symmetry holds and CP is violated (see also [45])). One may want to confront the Khalfin’s Theorem with the experimental results, which give |1 − |r(t)| | ∼ 10^{−3} = const. with some limited accuracy (see, eg., [12, 44]). This does not mean that the Khalfin’s Theorem is wrong. Simply effects connected with the Khalfin’s Theorem are very tiny and they seem to be beyond the accuracy of recent experiments (see also [27]). In the light of the detailed model analysis given in [19] the conclusion that for t ≫ t_0, |r_{max}(t)−r_{min}(t)|^{def}= Δr < 10^{−11}, seems to be acceptable. Within the LOY approximation physical states, |l⟩, |s⟩, decays exponentially. In general there are tiny corrections to the exponential decay laws at very short and very long times [46]. The amplitudes A_{jk}(t) calculated within the LOY, that is in fact within the WW approximation give the result r(t) = r_{LOY} = const. These amplitudes calculated more accurately contains non-exponential and non-oscillatory tiny corrections (see [19, 22] leading to varying in time r(t) with the spectrum of changes limited by Δr < 10^{−11}. In other words there is r(t) = r_{LOY} + d(t), (91)

where d(t) varies in time t and | d(t)| ≤ Δr for t ≫ t_0. (Note that the Khalfin’s Theorem does not require d(t) to be large.) These corrections seems to be irrelevant for many parameters describing neutral meson complex but they, and therefore the consequences of the Khalfin’s Theorem, must be taken into account in high precision CPT symmetry tests.

The last remark. Within the standard theory of neutral meson complexes all evolution equations are derived from the Schrödinger Equation (49) using more or less accurate approximations (see [1] — [12], [35] — [40] and so on). This means that there is a consensus that the Schrödinger Equation describes correctly time evolution in such systems. So, if we adopt this opinion and assume that the Schrödinger Equation describes correctly real properties of the varying in time processes in the the systems, e.g., containing neutral meson complex as a subsystem, then we must also accept all rigorous consequences of such an assumption. The main conclusions of this paper are consequences of this type.

References

[1] T. D. Lee, R. Oehme and C. N. Yang, Phys. Rev., 106, (1957) 340.

[2] T. D. Lee and C. S. Wu, Annual Review of Nuclear Science, 16, (1966) 471.

[3] S. M. Bilenkij, Particles and nucleus, vol. 1, No 1 (Dubna 1970), p. 227 [in Russian].

[4] J. W. Cronin, Rev. Mod. Phys. 53, (1981) 373. J. W. Cronin, Acta Phys. Polon., B 15, (1984) 419.

[5] V. V. Barmin, et al., Nucl. Phys. B 247, (1984) 293. L. Lavoura, Ann.

Phys. (NY), 207, (1991) 428. C. Buchanan, et al., Phys. Rev. D 45, (1992) 4088. C. O. Dib, and R. D. Peccei, Phys. Rev., D 46, (1992) 2265.

[6] W. M. Gibson and B. R. Pollard, Symmetry Principles in Elementary Particle Physics, (Cambridge University Press, 1976).

[7] E. D. Comins and P. H. Bucksbaum, Weak interactions of Leptons and Quarks, (Cambridge University Press, 1983).

[8] T. D. Lee, Particle Physics and Introduction to Field Theory, Harwood academic publishers, London 1990.

[9] I. I. Bigi and A. I. Sanda, CP Violation, (Cambridge University Press, Cambridge 2001).

[10] G.C.Branco, L. Lavoura, J. P. Silva, CP violation, (Oxford University Press, Oxford 1999).

[11] L. Maiani, in ”The Second DaΦne Physics Handbook”, vol. 1, Eds. L.

Maiani, G. Pancheri and N. Paver, SIS — Pubblicazioni, INFN — LNF, Frascati, 1995; pp. 3 — 26.

[12] S. Eidelman et al, Review of Particle Physics, Phys. Lett. B 592, No 1–4, (2004).

[13] V. F. Weisskopf and E. T. Wigner, Z. Phys. 63 (1930) 54; 65 (1930) 18. [14] L. P. Horwitz, J. P. Marchand, Helv. Phys. Acta, 42, (1969), 801. [15] K. Urbanowski, Acta Phys. Polon. B 14 (1983) 485. [16] K. Urbanowski, Int. J. Mod. Phys. A 7, (1992) 6299. [17] K.Urbanowski, Int. J. Mod. Phys. A 8, (1993) 3721. [18] K. Urbanowski, Phys. Lett., B 540, (2002), 89; hep-ph/0201272. [19] C. B. Chiu and E. C. G. Sudarshan, Phys. Rev. D 42 (1990) 3712. [20] L. A. Khalfin, Preprints of the CPT, The University of Texas at Austin:

DOE-ER-40200-211, February 1990 and DOE-ER-40200-247, February 1991; (unpublished, cited in [19] ), and references one can find therein.

[21] L. A. Khalfin, Foundations of Physics, 27 (1997) 1549. [22] M. Nowakowski, Int. J. Mod. Phys. A 14, (1999), 589. [23] T. Kato, Perturbation theory for linear operators, (Springer, Berlin 1966).

[24] K. Urbanowski, Bull. de L’Acad. Polon. Sci.: Ser. sci. phys. astron., 27, (1979), 155.

[25] K. Urbanowski, Phys. Rev. A 50, (1994) 2847. [26] P. K. Kabir and A. Pilaftsis, Phys. Rev. A 53, (1996) 66. [27] P. K. Kabir and A. N. Mitra, Phys. Rev. D 52, (1995) 526.

[28] W. Pauli, in: ”Niels Bohr and the Development of Physics”, ed. W.

Pauli (Pergamon Press, London 1955) pp. 30 -51. G. Luders, K. Dan. Vidensk. Selsk. Mat. Fys. Medd., 28, No5, p.1 (1954); Ann. Phys. (NY) 2, (1957) 1.

[29] R. F. Streater and A. S. Wightman, CPT, Spin, Statistics and All That ( Benjamin, New York, 1964).

[30] R. Jost, Helv. Phys. Acta 30, (1957) 409 ; The General Theory of Quantized Fields, (American Mathematical Society, Providence - Rhode Islands 1965).

[31] N. N. Bogolubov, A. A. Logunov and I. T. Todorov, Introduction to Axiomatic Field Theory (Benjamin Inc., New York, 1975).

[32] R. H. Dalitz, Nucl. Phys. B (Proc. Suppl.), 24A, (1991) 3. [33] A. S. Wightman, Phys. Rev. 101, (1956) 860.

[34] J. M. Christensen, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev.

Lett. 13, (1964) 138.

[35] J.S. Bell and J. Steinberger, in: Oxford Int. Conf. on Elementary Particles 19/25 September 1965: Proceedings, Eds. T.R. Walsh, A.E.Taylor, R.G.Moorhouse and B.Southworth, (Rutheford High Energy Lab., Chilton, Didicot 1966), pp. 195 — 222.

[36] A. Apostolakis, et al, Phys. Lett. B 456, (1999), 297. [37] A. Rouge, hep–ph/9909205.

[38] M. S. Sozzi, I. Mannelli, Riv. Nuovo. Cim, 26, (2003), 1. [39] M. S. Sozzi, Eur. Phys. J. C 36, (2004), 37; hep–ph/0401176. [40] K. Kojima, et al, Progr. Theor. Phys., 97, (1997), 103. [41] Y. Takeuchi, S. Y. Tsai, Int. J. Mod. Phys. A 18, (2003), 1551. [42] M. Nowakowski, Mod. Phys. Letters A 17, (2002), 2039. [43] U. Nierste at al in ”B Physics at the Tevatron. Run II and Beyond”, Fermilab-Pub-01/197,2001, p.1.

[44] BABAR Collaboration, eds. R. F. Harrison and H. R. Quinn, ”The BABAR Physics Book. Physics at an Asymmetric B Factory”, Report SLAC-R-504, October 1998; Chap. 1.

[45] V. Novikov, hep–ph/0509126.

[46] L. A. Khalfin, Zh. Eksp. Teor. Fiz. 33, (1957), 1371.