arXiv:hep-ph/0407268 v3 2 Feb 2005

September 2004 (revised January 2005) PAR-LPTHE 04/21 ITEP-PH-3/2004 hep-ph/0407268

BINARY SYSTEMS OF NEUTRAL MESONS IN QUANTUM FIELD THEORY

B. Machet^{1 2} , V.A. Novikov^{3 4} and M.I. Vysotsky^{3 5}

Abstract: Quasi-degenerate binary systems of neutral mesons of the kaon type are investigated in Quantum Field Theory (QFT). General constraints cast by analyticity and discrete symmetries P , C, CP , T CP on the propagator (and on its spectral function) are deduced. Its poles are the physical masses; this unambiguously defines the propagating eigenstates. It is diagonalized and its spectrum thoroughly investigated. The role of “spurious” states, of zero norm at the poles, is emphasized, in particular for unitarity and for the realization of T CP symmetry. The K_L − K_S mass splitting triggers a tiny difference between their CP violating parameters ϵ_L and ϵ_S , without any violation of T CP . A constant mass matrix like used in Quantum Mechanics (QM) can only be introduced in a linear approximation to the inverse propagator, which respects its analyticity and positivity properties; it is however unable to faithfully describe all features of neutral mesons as we determine them in QFT, nor to provide any sensible parameterization of eventual effects of T CP violation. The suitable way to diagonalize the propagator makes use of a bi-orthogonal basis; it is inequivalent to a bi-unitary transformation (unless the propagator is normal, which cannot occur here). Problems linked with the existence of different “in” and “out” eigenstates are smoothed out. We study phenomenological consequences of the differences between the QFT and QM treatments; the non-vanishing of the semi-leptonic asymmetry δ_S − δ_L, does not signal, unlike usually claimed, T CP violation, while A_{T CP} keeps vanishing when T CP is realized. We provide expressions invariant by the rephasing of K^0 and K^0.

PACS: 11.10.Cd 11.30.Cp 11.30.Er 11.55.Bq 14.40.-n

1 Laboratoire de Physique Théorique et Hautes Energies, UMR 7589, Unité associée au CNRS et aux universités Pierre et Marie Curie (Paris 6) et Denis Diderot (Paris 7); postal address: LPTHE tour 24-25, 5^{ème} étage, Université P. et M. Curie, BP 126, 4 place Jussieu, F-75252 Paris Cedex 05 (France)

2 machet@lpthe.jussieu.fr 3 ITEP, lab. 180, B. Cheremushkinskaya Ul. 25, 117218 Moscow (Russia) 4 novikov@heron.itep.ru 5 vysotsky@heron.itep.ru

1 INTRODUCTION

Binary systems of quasi-degenerate neutral mesons are undoubtedly among the most interesting in particle physics, from both experimental and theoretical points of view. It is in particular thanks to them that the intriguing phenomenon of CP violation [17] [25] has been discovered.

Such systems are beautiful test grounds for Quantum Mechanics (QM) and, indeed, most approaches to their peculiarities do not go beyond this level^1 ; it is only recently that the need arose of a treatment in the framework on Quantum Field Theory (QFT) [12] [10] (it was actually mainly motivated for the leptonic sector after the discovery of neutrino oscillations). However, conceptual problems still remained, in particular concerning the existence of two different sets of mass eigenstates, belonging respectively to the “in” and “out” spaces (see [14] [4] and references therein). General constraints cast by analyticity properties were never explicitly written, and the ones cast by discrete symmetries often written with conventions which forbade a full generality. The formalism of a mass matrix also seemed never to be cast in doubt, though its existence, as we shall see, can only be assumed in a certain approximation.

All these open questions, and the growing need for precise criteria to test discrete symmetries, made necessary an exhaustive investigation of these systems in QFT. This is what we propose here. The plan of the paper is the following:

• In section 2 we give the general definitions and notations for the propagator of a binary system of neutral mesons, and deduce on the most general ground the constraints cast on it by analyticity, positivity, and the discrete symmetries C, P , CP and T CP . All arbitrary phases have been kept in the definition of discrete symmetries, which make our formulæ more general than the ones in [39]; this has influence on particular on the role held by Lorentz invariance in the deduction of the symmetry properties of the propagator. In subsection 2.3.2, we show how the introduction of a mass matrix can only be done in a linear approximation to the inverse propagator. This casts restrictions on it, which will be made explicit in subsection 4. This section is completed by the long appendix A which explicitly gives all demonstrations concerning the role of discrete symmetries, and provides a detailed discussion of the special role of T CP . In particular, in the case of unstable particles under concern which necessitates the introduction of a non-hermitian Lagrangian, two ways of implementing the T CP symmetry, that we call the conventions of Wightman and of Schwinger-Pauli are discussed in detail.

• Section 3 is dedicated to the diagonalization of the propagator, with a special emphasis on the property of normality.

∗ CP invariance entails that the propagator is a special type of normal matrix, and subsection 3.1 deals with normal propagators and CP eigenstates; we show that, if one wants furthermore to implement the constraints set by T CP invariance, the CP violating parameter for a general normal propagator is constrained to be purely imaginary, which is in contradiction with experiments.

∗ subsection 3.2 deals with non-normal propagators.

We first recall two different ways of diagonalizing a complex mass matrix: by a bi-unitary transformation and by using a bi-orthogonal basis. These procedures are inequivalent, as will be explicitly shown in subsection 3.2.7.

We then define, as they should be, the physical masses of the neutral kaons, as the poles of their full propagator.

Next we explicitly diagonalize the T CP invariant propagator by using a bi-orthogonal basis and determine its physical (mass) eigenstates. We determine all CP violating parameters and show T CP invariance does not entail that the CP parameter ϵ_L of K_L is identical to the one ϵ_S of K_S . We study their dependence on an arbitrary rephasing of K^0 (and K^0) and show that their real and imaginary parts depend on this phase; physically relevant quantities are of course, phase invariant. This smooths out conceptual difficulties linked

1 Ambiguities that appear in this treatment were recently outlined in [28].

to the existence of two sets of eigenstates, “in” and “out”. The study of the CP violating parameters is completed in appendix B. We then give the explicit form of all propagating mass eigenstates in terms of the CP violating parameters.

We show the non-trivial way in which T CP invariance is realized. At each of the two scales q^2 = M^2_{KL} and q^2 = M^2_{KS} , the propagator has two sets of eigenstates: one corresponds to the propagating K_L (“in” and “out”) or K_S (“in” and “out”), and the other one does not propagate (we call it spurious). At any given q^2, T CP invariance needs the two sets of eigenstates corresponding to this q^2, and, in particular, for q^2 equal to any of the two physical masses, both the propagating and the spurious states are essential. Both sets of states are also needed for the completeness relation at a given q^2.

We then show why bi-unitary transformations are not suitable to diagonalize the propagator of the neutral mesons: while they yield the correct physical masses and propagating eigenstates, their “spurious” eigenstates differ.

Last, we emphasize the role of the non-vanishing ϵ_L −ϵ_S by depicting the simplified picture that arises when the two CP violating parameters are assumed (like in T CP invariant QM) to be identical. • Section 4 deals with the eventual introduction of a mass matrix, like commonly done in QM.

∗ First we recall the role of hermitian and normal mass matrices in QM, in relation with neutral mesons. ∗ Then we show how a mass matrix in QFT cannot give consistent results for the systems of neutral mesons and cannot describe faithfully all its properties, in particular T CP symmetry with different CP violating parameters for K_L and K_S as was shown to occur. This yields restrictions on quantum mechanical treatments of such systems which, nevertheless, can provide a satisfying description of CP violation. • Section 5 is dedicated to calculating three semi-leptonic asymmetries. They are all unambiguously expressed in terms of the CP violating parameters ϵ^{in}_L and ϵ^{in}_S of the mass eigenstates | K_L >_{in} and | K_S >_{in}. We suppose that the ΔS = ΔQ rule is satisfied.

∗ We first calculate the asymmetry A_T measured in the CPLEAR experiment, and give a result which is independent of an arbitrary rephasing of K^0 (and K^0), unlike the often quoted QM result A_T ≈ 4ℜ(ϵ);

∗ We next calculate the semi-leptonic charge asymmetries δ_L and δ_S , and give, there too, a formula invariant by the rephasing of K^0, unlike a customary approximation often quoted in QM. We show that δ_S − δ_L measures the difference between the CP violating parameters of the two mass eigenstates; this does not characterize T CP violation, unlike in QM.

∗ We use the quark picture to find an estimate of ϵ_S − ϵ_L and find ϵ_S − ϵ_L ≈ ϵ^{mL −mS}_{2mK} ≈ 10^{−17}. ∗ Last, we calculate the so-called T CP asymmetry A_{T CP} . This is achieved by evaluating the Feynman diagrams obtained from a T CP invariant Lagrangian. It is shown to vanish, and, even when ϵ_L ≠ ϵ_S , to be a test of T CP invariance.

• Section 6 is a general conclusion.

The citations have been limited to a few number; it is impossible to quote all the literature devoted to so rich systems of particles, and it is fortunate that excellent textbooks are now available [8][14] [11]. We refer the reader to these and all the references contained there.

Unless in subsection 5.1.3 where estimates will be done with the help of the quark picture for mesons, we will work in the framework of a renormalizable local quantum field theory where the two neutral kaons are represented by a complex operator and its hermitian conjugate. We shall also consider that the instability of neutral mesons does not break the one-to-one relationship between fields and particles though, truly speaking, the only asymptotic fields are electrons, neutrinos and photons. Since we restrict ourselves to a binary system and, at the same time, want to account for the breaking of discrete symmetries which can only be observed through their decays, we have to allow for complex masses [22] and a non-hermitian Lagrangian. The subtle interplay with, in particular, T CP symmetry is discussed in the Appendix A.

2 THE PROPAGATOR; GENERAL CONSTRAINTS

2.1 DEFINITION AND NOTATIONS

Since we are dealing with complex (matricial) functions of a complex variable z, it is essential to clearly set the notations and conventions which will be used throughout this work.

If z = x + iy, x, y ∈ R is a complex number, its conjugate is z̄ = x − iy; its real part is noted ℜ(z) and its imaginary part ℑ(z).

If f(z) is a complex function of the complex variable z, for example f(z) = az^2 + bz + c, a, b, c ∈ C , its complex conjugate is noted f̄(z̄) or f(z), and, for the example proposed, one has f̄ (z̄) = āz̄^2 + b̄z̄ + c̄. The notation f̄(z) = āz^2 + b̄z + c̄ (for the given example) can also be useful.

If F (z) = f^1(z) f^2(z) f_3(z) f_4(z) is a complex 2×2 matrix the elements of which are complex functions of the

complex variable z, its hermitian conjugate is noted F^†(z̄) = f^1(z̄) f^3(z̄) f_2(z̄) f_4(z̄)

, and will also be noted

[F (z)]^{† 2} . In the case when f_1, f_2, f_3 and f_4 are polynomial functions of z, like in the example given above for f(z), it is also convenient to define F^†(z) which is obtained from F (z) by: - taking the transposed of F (z);

- changing all the coefficients of the z monomials into their complex conjugates; - leaving z unchanged.

The transposed of an operator O is noted O^T and its hermitian conjugate is noted O^†. Unless specified, all propagators and mass matrices are written in the (K^0, K^0) basis. Let φ_K0 (x) be the Heisenberg operator for K^0 at space time point x = (⃗x, t) and φ_K0 (⃗x) the corresponding Schrœdinger operator (see also subsection A.3.1). Since other fields will be related to it, we shall often omit the corresponding subscript, writing instead φ when it is the only one appearing in a formula. The Heisenberg field φ_{K0} (⃗x, t) associated with K^0 is defined in terms of φ_K0 (⃗x, t) in subsection A.1.1 of appendix A; this introduces two arbitrary phases α and δ. C being the charge conjugation operator (operating on Schrœdinger fields): Cφ_K0 (⃗x)C^{−1} = e^{−iα}φ_{K0} (⃗x), (1) and φ_{K0} (⃗x) = e^{−iδ} φ^†_{K0} (⃗x). (2)

lead to Cφ_K0 (⃗x)C^{−1} = e^{−i(α+δ)}φ^†_{K0} (⃗x). (3)

In x space, the Feynman propagator Δ(x) is a 2×2 matrix function which connects the K^0 and K^0 states to themselves and to each other; it is expressed in terms of vacuum expectation values of time-ordered products T {φ(x)φ(y)} of Heisenberg fields

Δ(x) = d(x) −g(x) −h(x) f(x) , (4)

with, using (118)^3

2 At any value of z, the elements of F^†(z̄), which are complex numbers, coincide with the elements of the hermitian conjugate [F (z)]^† of F (z) at the same value of z.

3 [39] uses different conventions; though we work with the same type of approach, we found necessary to reinstall all phases that were canceled there, to take out the parity operation from the definition of K^0 from K^0 and to come back to the basic definition of antiparticles [43]. This removes all ambiguities and fortuitous coincidences in our demonstrations and results.

d(x) = < K^0 | Δ(x) | K^0 >=< 0 | T {φ_K0 ( ⃗x 2 , t 2 ) φ^†_{K0} (− ⃗x 2 , − t 2 )} | 0 >, f(x) = < K^0 | Δ(x) | K^0 >=< 0 | T {φ_{K0} ( ⃗x 2 , t 2 ) φ^†_{K0} (− ⃗x 2 , − t 2 )} | 0 > = < 0 | T {φ^†_{K0} ( ⃗x 2 , t 2 ) φ_K0 (− ⃗x 2 , − t 2 )} | 0 >, −g(x) = < K^0 | Δ(x) | K^0 >=< 0 | T {φ_K0 ( ⃗x 2 , t 2 ) φ^†_{K0} (− ⃗x 2 , − t 2 )} | 0 >, = e^{iδ} < 0 | T {φ_K0 ( ⃗x 2 , t 2 ) φ_K0 (− ⃗x 2 , − t 2 )} | 0 >, −h(x) = < K^0 | Δ(x) | K^0 >=< 0 | T {φ_{K0} ( ⃗x 2 , t 2 ) φ^†_{K0} (− ⃗x 2 , − t 2 )} | 0 > = e^{−iδ} < 0 | T {φ^†_{K0} ( ⃗x 2 , t 2 ) φ^†_{K0} (− ⃗x 2 , − t 2 )} | 0 > . (5)

A theory is called “Lorentz invariant” when it is invariant by the proper orthochronous Lorentz group L^↑_+. Now, and this will be important in the following, in particular in our discussion of CP transformation, because we are here dealing with scalar fields, Δ(⃗x, t) can only be a function of (|⃗x|^2−t^2), and, in particular, though space inversion, which has determinant (−1) is not part of L^↑_+, Δ(⃗x, t) = Δ(−⃗x, t). (6) 2.2 THE PROPAGATOR IN FOURIER SPACE; RENORMALIZATION

In Fourier (p^2 = z) space, the matrix elements of Δ(z) are the Fourier transformed of the ones of Δ(x) in (5) [39], and we write

Δ(z) = d(z) −g(z) −h(z) f(z) . (7) We assume from now on-wards that we operate in the framework of a renormalizable quantum field theory for mesons. φ stands for the renormalized kaon field, and we note φ_0 the bare kaon field. All quantities occurring in (5) and (7) are the renormalized ones. φ and φ_0 are connected as usual by φ_0 = √ Z_K0 φ, (8)

where Z_K0 is the renormalization constant of the kaon field.

(8) and the definitions (5) entail that d(z), f(z), g(z) and h(z) occurring in (7) are connected to the bare d_0, f_0, g_0 and h_0 defined below

d_0(x) ≡ < 0 |T {φ_0( ⃗x 2 , t 2 ) φ^†_0(− ⃗x 2 , − t 2 )}| 0 >, f_0(x) ≡ < 0 |T {φ^†_0( ⃗x 2 , t 2 ) φ_0(− ⃗x 2 , − t 2 )}| 0 >, −g_0(x) ≡ e^{iδ} < 0 |T {φ_0( ⃗x 2 , t 2 ) φ_0(− ⃗x 2 , − t 2 )}| 0 >, −h_0(x) ≡ e^{−iδ} < 0 |T {φ^†_0( ⃗x 2 , t 2 ) φ^†_0(− ⃗x 2 , − t 2 )}| 0 >; (9)

by d(z) = 1 √ Z_K0 ( √ Z_K0 )^† d_0, f(z) = 1 ( √ Z_K0 )^† √ Z_K0 f_0, g(z) = 1 Z_K0 g_0, h(z) = 1 Z^†_{K0} h_0. (10)

(7) yields the following renormalized inverse propagator

Δ^{−1}(z) ≡ 1 d(z)f(z) − g(z)h(z) f(z) g(z) h(z) d(z) ≡ a(z) −b(z) −c(z) d(z) . (11)

In (9) we have introduced the bare φ_0 and φ^†_0 fields and supposed that

Cφ_0(⃗x)C^{−1} = e^{−i(α+δ)}φ^†_0(⃗x). (12)

indeed, in a renormalizable theory, the counterterms (unlike the finite terms) are of the same nature as the operators present in the initial Lagrangian [38], and they respect in particular the way in which the fields transform by discrete symmetries and by complex (hermitian) conjugation; so, if the bare kaons fields are related to each other by charge conjugation in a certain way, the renormalized fields should be related to each other in the same way; likewise, since the counterterms control the renormalization constants Z_K0 and Z_{K0} , the latter must satisfy (from (2), (12) and (119))

Z_{K0} = Z^†_{K0} , (13)

such that, in all formulæ, ( √ Z_K0 )^† can be replaced with √ Z_{K0} ; furthermore, both are calculated from the evaluation of Green functions in the ultraviolet regime, that is far from any cut or physical singularity, which entails that they must be real and, accordingly

Z_{K0} = Z_K0 . (14)

From (10) and (11), one gets the following relations between the renormalized and bare components of the inverse propagator a = √ Z_K0 ( √ Z_K0 )^† d_0 d_0f_0 − g_0h_0 = √ Z_K0 ( √ Z_K0 )^†â_0,

d = ( √ Z_K0 )^† √ Z_K0 a_0 d_0f_0 − g_0h_0 = √ Z_K0 ( √ Z_K0 )^†d̂_0,

b = Z_K0 −g_0 d_0f_0 − g_0h_0

= Z_K0 b_0, c = Z^†_{K0} −h_0 d_0f_0 − g_0h_0

= Z^†_{K0} c_0. (15)

2.3 ANALYTICITY AND POSITIVITY

2.3.1 Källen-Lehmann representation [43]

The propagator can be demonstrated, with very general hypothesis^4 , to satisfy a Källen-Lehmann representation, which writes, in Fourier space

Δ(z) = ∫_∞ 0 d(k^2) ρ(k^2) k^2 − z

, (16)

where, eventually, z gets close to the cut on the real axis by staying in the physical upper half-plane (z → (p^2 + iε), p^2 ∈ R).

Since the propagator is a matrix, so is the spectral function, the elements of which we shall call respectively ρ_d, ρ_f , −ρ_g, −ρ_h. One has (p_n being the momentum of the state n)

4 Lorentz and translation invariance.

ρ_d(k^2) = ∑ n < 0 |φ(⃗0, 0)| n >< n |φ^†(⃗0, 0)| 0 >, ρ_f (k^2) = ∑ n < 0 |φ^†(⃗0, 0)| n >< n |φ(⃗0, 0)| 0 >, −ρ_g(k^2) = e^{iδ} ∑ n < 0 |φ(⃗0, 0)| n >< n |φ(⃗0, 0)| 0 >, −ρ_h(k^2) = e^{−iδ} ∑ n < 0 |φ^†(⃗0, 0)| n >< n |φ^†(⃗0, 0)| 0 >, p^2_n = k^2, p^0_n > 0. (17)

Since < 0 |φ(⃗0, 0)| n >= < n |φ^†(⃗0, 0)| 0 >, one gets the constraints

ρ_d(k^2) = ρ_d(k^2) = ∑ n | |< 0 |φ(⃗0, 0)| n > | |^2 ≥ 0,

ρ_f (k^2) = ρ_f (k^2) = ∑ n | |< 0 |φ^†(⃗0, 0)| n > | |^2 ≥ 0,

ρ_g(k^2) = ρ_h(k^2). (18)

The spectral function is accordingly a positive hermitian matrix^5 .

A consequence is that the propagator Δ(z) is an holomorphic function in the complex z plane outside the cuts^6 , which satisfies [42] Δ(z) = [Δ(z̄)]^†. (19) Indeed, (19) writes, using the hermiticity of ρ^7 .

Δ(z̄) = ∫_∞ 0 d(k^2) ρ(k^2) k^2 − z̄

, [Δ(z̄)]^† = ∫_∞ 0 d(k^2) [ ρ(k^2) k^2 − z̄ ]_† = ∫_∞ 0 d(k^2) ρ^†(k^2) k^2 − z

. (20)

This general property should be distinguished from the (Schwarz) reflection principle or its refined version called the “edge of the wedge” theorem [42]; indeed, as soon as complex coupling constants can enter the game, in particular to account for CP violation, the discontinuity on the cut is no longer the sole origin for the imaginary part of the propagator; it can be non-vanishing outside the cut (as can be checked in a quark model), which is likely to invalidate the principle of reflection.

2.3.2 The linear approximation: introducing a mass matrix [43]

We show here how a mass matrix can be introduced, which can describe unstable particles and at the same time respect the positivity and analyticity properties of the propagator, and how it can only be considered as an approximation^8.

The imaginary part of Δ(z)

ℑ(Δ(z)) =

Δ(z) − (Δ(z))^† 2i = Δ(z) − Δ^†(z̄) 2i (21)

rewrites, using (16),

ℑ(Δ(z)) = ∫_∞ 0 d(k^2) ( ρ(k^2) k^2 − z − ρ^†(k^2) k^2 − z̄ ) ; (22)

5 This cannot be carelessly transposed to the propagator since, in particular, z in (16) spans the complex plane. 6 In the case under concern, two cuts on the real axis start respectively at z = (2mπ )^2 and z = (3mπ )^2. 7 Since k^2 spans the real axis, ρ(k^2) is a complex (matricial) function of a real variable, and the notation ρ^†(k^2 ) is unambiguous. 8 This section has been written thanks to the help of R. Stora.

because of the constraints (18), one has for the four matrix elements of Δ(z) ℑ(d(z)) = ∫_∞ 0 (z − z̄)|ρ_d(k^2)| |k^2 − z|^2 , ℑ(f(z)) = ∫_∞ 0 (z − z̄)|ρ_f (k^2)| |k^2 − z|^2 , ℑ(−g(z)) = ∫_∞ 0 ( −ρ_g(k^2) k^2 − z + ρ_h(k^2) k^2 − z̄ ) = ∫_∞ 0 −ρ_g(k^2)(z − z̄) |k^2 − z|^2 , ℑ(−h(z)) = ∫_∞ 0 ( −ρ_h(k^2) k^2 − z + ρ_g(k^2) k^2 − z̄ ) = ∫_∞ 0 −ρ_h(k^2)(z − z̄) |k^2 − z|^2 , (23)

such that, the imaginary part of the (matricial) Feynman propagator is (z − z̄) times a positive hermitian matrix, and its sign is thus always the sign of (z − z̄).

If this property is true for the propagator Δ(z), it is also true for its inverse Δ^{−1}(z). This is the property that we want to preserve when approximating the inverse propagator. Close to the poles, a linear approximation of Δ^{−1} should be suitable,

Δ^{−1}(z) ≈ Az + B, (24)

such that ℑ(Az + B) = A − A^† 2i z + z̄ 2 + A + A^† 2 z − z̄ 2i + B − B^† 2i . (25)

When A = A^† is a positive hermitian matrix, the sign of the first two terms is indeed the same as the sign of ℑ(z). The property of positivity is true everywhere only if B = B^†; in this case, the mass matrix is hermitian, its eigenvalues are real and cannot describe unstable particles. However, if one only wants to preserve this property in the upper (physical) half plane ℑ(z) ≥ 0, it is enough to have ℑ(B) ≥ 0. If this is so, then, writing B = B_1 + iB_2, B_2 ≥ 0, one has

Δ^{−1}(z) ≈ √ A ( z + 1 √ A (B_1 + iB_2) 1 √ A ) √ A = √ A ( z − ( m^{{2}} − i Γ^{{2}} 2 )) √ A; (26)

the mass matrix^9 is accordingly M^{{2}} ≡ m^{{2}} − i Γ^{{2}} 2 = − 1 √ A (B_1 + iB_2) 1 √ A , with Γ^{{2}} ≥ 0, A = A^†. (27)

It is no longer hermitian and can accordingly describe unstable kaons.

Since Γ^{{2}} ≥ 0, the zeroes of the approximate inverse propagator (poles of the approximate propagator) are located in the lower (unphysical) half plane. The hermitian matrix A normalizes the states.

2.4 DISCRETE SYMMETRIES AND LORENTZ INVARIANCE

The first two paragraphs of this section summarizes the results obtained and demonstrated at length in Appendix A for the propagator.

The next paragraphs demonstrate which constraints can be obtained on the spectral function, using the two possible conventions for T CP transformations, the one of Wightman and the one of Schwinger-Pauli.

9 The superscript “{2}” which appear in M^{{2}}, m^{{2}} and Γ^{{2}} are to remind that these quantities have dimension [mass]^2.

2.4.1 CP symmetry

CP symmetry constrains the two diagonal elements of the propagator to be identical, and the two antidiagonal elements to be related by (133). So, a CP invariant kaon propagator is in particular a (special type of) normal matrix; this leaves a priori for a general normal propagator the possibility to describe CP violating theories. We indeed investigate in subsection 3.1.2 the case of a general normal propagator, and show that, then, the CP violating parameter is non-vanishing but always lies on the imaginary axis^{10} .

2.4.2 T CP symmetry

T CP symmetry constrains the two diagonal elements of the kaon propagator to be identical, and yields no constraint on the antidiagonal elements.

Accordingly, a T CP invariant propagator can be normal or not.

2.4.3 Constraints on the spectral function [43]

One makes use of the notations and conventions explained in Appendix A. • Constraints from T CP symmetry, using the convention of Wightman (see subsection A.4). One uses (140) to express, in (17), φ^†(⃗0, 0) = Θφ(⃗0, 0)Θ^{−1} and, reciprocally (using Θ = Θ^{−1}) φ(⃗0, 0) = Θ^{−1}φ^†(⃗0, 0)Θ = Θφ^†(⃗0, 0)Θ^{−1}. This yields ρ_d(k^2) = ∑ n < 0 |Θφ^†(⃗0, 0)Θ^{−1}| n >< n |Θφ(⃗0, 0)Θ^{−1}| 0 > . (28)

The vacuum is invariant by T CP , | 0 >= Θ| 0 >, and one supposes furthermore that the spectrum is also T CP invariant ∑ n | n >< n | = ∑ n | Θ n >< Θ n |, which yields

ρ_d(k^2) = ∑ n < Θ 0 |Θφ^†(⃗0, 0)Θ^{−1}| Θ n >< Θ n |Θφ(⃗0, 0)Θ^{−1}| Θ 0 > . (29)

One uses next the antiunitarity (138) of the Θ operator to get

ρ_d(k^2) = ∑ n < n |φ(⃗0, 0)| 0 >< 0 |φ^†(⃗0, 0)| n >= ρ_f (k^2). (30)

The same procedure applied to the antidiagonal elements of ρ(k^2) only yields tautologies (like for the propagator) and thus no constraints.

• Constraints from T CP symmetry, using the Schwinger-Pauli convention (see subsection A.5). Reading from right to left instead of from left to right, one gets

Θρ_d(k^2) = ρ_f (k^2), Θ(−ρ_g(k^2)) = −ρ_h(k^2). (31)

10 The phase of the CP violating parameter is not an observable [37]; in particular, asymmetries are proportional to the real part of the CP violating parameter (see subsection 5.1 for QFT). A purely imaginary ϵL can nevertheless be considered to violate CP when it cannot be brought back to 0 by a (constant) rephasing of the neutral kaons, as shown in subsection 3.1.2. This is however incompatible with experiment. When direct CP violation is allowed, one gets, by quantum mechanical arguments [37] and considering that ϵL = ϵS, η+− = ϵL + ϵ^′ + iℑ(A0)/ℜ(A0), where A0 is the amplitude for the decay of K^0 into two pions in the isospin 0 channel; ℑm(ϵL) and ℑ(A0) depend on the choice of phase for the neutral kaons; only the phase of the direct CP violating parameter ϵ^′ is physically relevant. The phase of ϵ = ϵL + iℑ(A0)/ℜ(A0) is measured to be close to 43.4 degrees while the phase ϕ+− of η+− is measured to be close to 43.5 degrees [37] and these two phases theoretically coincide in superweak models which do not allow for direct CP violation (ϵ^′ = 0) [31]. Suppose now that, as predicted from a normal T CP invariant propagator in our model, ϵL is purely imaginary. Since we do not allow for direct CP violation, one expects, supposing that the relations obtained by QM arguments give results close to the one of QFT, η+− = ϵL + iℑ(A0)/ℜ(A0); then η+− should also be purely imaginary, which is in conflict with experiment.

• Constraints arising from CP symmetry.

Following the same lines as in subsections A.3.2 and A.3.1, if CP invariance holds and if one supposes that the spectrum is CP invariant ( ∑ n | n >< n | = ∑ n | CP n >< CP n | one gets CP ρ_d(k^2) = ρ_f (k^2), CP (−ρ_g(k^2)) = e^{−2iα}(−ρ_h(k^2)). (32)

The CP constraints on the spectral function are the same as the ones for the propagator.

3 NORMAL VERSUS NON-NORMAL PROPAGATOR; DIAGONALIZA- TION

We recall the definition of a normal matrix:

M normal ⇔ [M, M^†] = 0. (33)

Normality is a remarkable property of matrices: any matrix that commutes with its hermitian conjugate can be diagonalized by a single unitary transformation; its right and left eigenstates accordingly coincide; furthermore, unlike hermitian matrices, it admits complex eigenvalues [27], which makes it specially suited to describe unstable particles [22].

When CP is conserved, we have shown that the propagator of neutral kaons must be normal. This will provides us with the most general CP eigenstates in the (K^0, K^0) basis.

It is very tempting to have a normal propagator in any circumstance, since right eigenstates and left eigenstates coincide; we will show that this is impossible, since any normal matrix with equal diagonal elements (a T CP invariant propagator must have equal diagonal elements) yields eigenstates with purely imaginary indirect CP violating parameters ϵ_L and ϵ_S . So, in particular on the cut(s), the propagator is non-normal, and there exist different right and left eigenstates. We will demonstrate that the appropriate way of diagonalizing the propagator is by using a bi-orthogonal basis, and that is is not fully equivalent to a bi-unitary transformation, like the one currently used for fermions. The “propagating states” are unambiguously determined to be the states which correspond to the poles of the full renormalized propagator. The CP violating parameters of any pair of left and right propagating states can now be anywhere in the complex plane but have equal modulus, which is the physically relevant property. Conceptual problems linked with the non normality of the propagator on the cut and the subsequent existence of right and left eigenstates are thus wiped out. We will give the explicit form of all eigenstates and indirect CP violating parameters. The structure of the eigenstates of the full propagator will be investigated in details and will reveal in particular the subtle way T CP symmetry is realized. We will exhibit the important role of states which correspond to a vanishing residue of the propagator (zero norm states), that we call spurious.

3.1 NORMAL MATRICES AND CP EIGENSTATES

3.1.1 CP eigenstates

CP conserving propagators are special types of normal matrices with their two diagonal elements identical and their two antidiagonal elements related by (133). Accordingly, we consider

Δ_{CP} (z) = d(z) e^{−iα}l(z) e^{iα}l(z) d(z) . (34)

The eigenvalues λ^{CP}_± (z) are the two solutions of the characteristic equation of Δ_{CP} (z)

λ^{CP}_± (z) = d(z) ± l(z), (35) and the corresponding eigenvectors that we note u^{CP±} (z) v^{CP}_± (z) satisfy

r^{CP}_+ (z) ≡ v^{CP}_+ (z) u^{CP}_+ (z) = e^{iα}, r^{CP}_− (z) ≡ v^{CP}_− (z) u^{CP}_− (z) = −e^{iα}, (36)

which are quantities independent of z: the CP eigenstates, which are, of course, function of the arbitrary phase α introduced in (1), do not change with p^2; this is why we call them directly K^0_1 and K^0_2 , explicitly:

| K^0_1 >= 1 √ 2 (| K^0 > +e^{iα}| K^0 >), | K^0_2 >= 1 √ 2 (| K^0 > −e^{iα}| K^0 >). (37)

3.1.2 Normal propagators

Let us now consider a general normal propagator

Δ_N (z) = d(z) −g(z) −h(z) f(z) , with |g| = |h| and h̄(d − f) = g(d̄ − f̄). (38)

The condition at the right of (38) are the condition for the normality [Δ_N , Δ^†_N ] = 0 of Δ_N . We introduce the phases α_g and α_h of −g and −h and the conditions of normality become −g(z) = ρ(z)e^{iαg(z)}, −h(z) = ρ(z)e^{iαh(z)}, ρ(z) ∈ R, (d(z) − f(z)) − e^{i(αg (z)+αh(z))}(d̄(z) − f̄(z)) = 0 ⇔ d(z) − f(z) = |d(z) − f(z)|e^{i αg(z)+αh(z)2} . (39)

It is convenient to introduce the following notations σ(z) = |d(z) − f(z)| 2ρ(z) = d(z) − f(z) 2ρ(z)e^{iΣα(z)} , Σα(z) = 1 2 (α_g(z) + α_h(z)),

Δα(z) = 1 2 (α_g(z) − α_h(z)). (40)

The eigenvalues λ^N_± (z) are given by

λ^N_± = d(z) + f(z) 2 ± ρ(z)e^{iΣα(z)} √ 1 + σ^2(z). (41)

Writing the eigenvectors u^{N±} (z) v^N_± (z)

, and defining r^N_± (z) =^{vN± (z)}_{uN± (z)} one gets

r^N_± (z) = e^{iΔα(z)} ( σ(z) ± √ 1 + σ^2(z) ) . (42)

To determine the values of the indirect CP violating parameter ϵ^N (z), one goes to the basis of CP eigenstates defined in subsection 3.1.1 above. This gives^{11}

ϵ^N_+ (z) =

1 − e^{−iα}r^N_+ (z) 1 + e^{−iα}r^N_+ (z) = 1 − e^{i(−α+Δα(z))} ( σ(z) + √ 1 + σ^2(z) ) 1 + e^{i(−α+Δα(z))} ( σ(z) + √ 1 + σ^2(z) ) , 11 For the eigenstates will subscript “+”, ϵ+ is defined as the ratio of the K^0_2 component over the K^0_1 component, and for the eigenstate with subscript “−”, ϵ− is defined as the ration of the K^0_1 component over the K^0_2 component. So doing, we will match in the following the usual definitions of ϵL (for “+” states) and ϵS (for “−” states) for KL and KS mesons.

ϵ^N_− (z) =

1 + e^{−iα}r^N_+ (z) 1 − e^{−iα}r^N_+ (z) = 1 + e^{i(−α+Δα(z))} ( σ(z) + √ 1 + σ^2(z) ) 1 − e^{i(−α+Δα(z))} ( σ(z) + √ 1 + σ^2(z)

) , (43)

which is always purely imaginary when d(z) = f(z), i.e. when T CP is satisfied, since this entails σ(z) = 0 and ϵ^N_+ (z)^{T CP}= 1 − e^{i(−α+Δα(z))} 1 + e^{i(−α+Δα(z))} , ϵ^N_− (z)^{T CP}= 1 + e^{i(−α+Δα(z))} 1 − e^{i(−α+Δα(z))} . (44)

so, if T CP is satisfied, for any value of z = p^2 where the propagator is normal, its eigenstates have an indirect CP violating parameter which is purely imaginary; it cannot be brought back to 0 by a constant rephasing of the neutral kaons equivalent to choosing α = 0 since the difference of phases Δα(z) between the antidiagonal elements of the propagator, which depend on z = q^2, also enters (44). Normality of the propagator is consequently excluded; indeed, as will be emphasized in section 5 (see footnote 10), a purely imaginary CP violating parameter ϵ_L is incompatible with experiment. The other way to get ϵ non purely imaginary for a normal propagator would be to keep σ(z) ≠ 0, that is to abandon the criteria of T CP invariance; this is certainly not desired.

3.2 NON-NORMAL MATRICES AND PROPAGATORS

When studying kaon decays, one has to deal with a non-normal propagator.

3.2.1 Diagonalization

The diagonalization of a non-normal complex matrix is not unique, and this is why time has to be spent on this question^{12} .

• The first way to diagonalize a complex matrix is via a bi-unitary transformation, that is two different unitary transformations, respectively acting on the left and on the right; this is always how the quark mass matrices are diagonalized^{13} . Any given complex matrix C(z) can always be diagonalized by two unitary matrices U(z) and V (z) such that (U(z))^†C(z)V (z) = diag(μ_1(z), μ_2(z)); U and V respectively diagonalize C(z)(C(z))^† and (C(z))^†C(z) (now C and C^† are supposed not to commute), and each of these two products are hermitian and have real positive eigenvalues; μ_1 and μ_2 can always be also chosen real and positive. The eigenvalues of C(z) determined in this way are not the roots of its characteristic equation; instead, the square of these eigenvalues are the roots of the characteristic equation of CC^† or C^†C; this leads to a different result, though, as we shall see, the poles coincide.

• The second way to diagonalize a general complex mass matrix is by the standard procedure of determining its eigenvalues as the roots λ_±(z) of its characteristic equation^{14} , and then determining the right and left

eigenstates, respectively | R_±(z) > =^1_{nR±} u^±(z) v_±(z) ≡^1_{nR±} ( u_±(z)| K^0 > +v^R_± | K^0 > ) and < L_±(z) |

=^1_{nL±} (x_±(z), y_±(z)) ≡^1_{nL±} ( x_±(z) < K^0 | + v^R_± < K^0 |

)_{15} by the equations C(z)| R_±(z) >= λ_±(z)| R_±(z) >

12 The work [41] is instructive, which emphasizes, in the framework of QM, the importance of using a “reciprocal” basis for the diagonalization of a non-normal effective mass matrix.

13 When one chirality of fermions does not participate in non-abelian weak interactions, like right-handed fermions in the Glashow-Salam-Weinberg model, one can use a single unitary transformation [30].

14 The right and left eigenvalues always coincide.

15 There is no distinction between “in” and “out” states for the flavor eigenstates K^0 and K^0 (see for example the discussion in the third section of [28]). One has < K^0 | = (| K^0 >)^†, < K^0 | = (| K^0 >)^†, < K^0 | K^0 >= 1 =< K^0 | K^0 >, < K^0 | K^0 >= 0 =< K^0 | K^0 >.

and < L_±(z) |C(z) =< L_±(z) |λ_±(z). The normalization conditions are then written between the two spaces of “in” (left) and “out” (right) states

< L_+(z) | R_+(z) >= 1 =< L_−(z) | R_−(z) >, < L_−(z) | R_+(z) >= 0 =< L_+(z) | R_−(z) >, (45)

which determines the normalization coefficients n^R_±(z) and n^L_±(z). In general < R_±(z) | R_±(z) >≠ 1, < L_±(z) | L_±(z) >≠ 1, < R_∓(z) | R_±(z) >≠ 0, < L_∓(z) | L_±(z) >≠ 0, (46) where, for any vector, < | = | >^†: the “in” eigenvectors do not form a basis, nor the “out” eigenstates. When dealing with constant matrices, the two procedures are different and non equivalent. The second procedure allows in particular complex eigenvalues, which is necessary for a mass matrix of unstable states. However, we will see in subsection 3.2.7 that, when dealing with the full renormalized propagator (with depend on p^2, while the two procedures select the same physical masses and propagating eigenstates, they however differ as far as spurious states are concerned; the latter play an essential role in the realization of discrete symmetries, in particular T CP .

Discriminating the two procedures by the reality or not of their eigenvalues is only valid for constant mass matrices; for p^2 dependent propagators, this does not provide a criterion for rejecting biunitary transformations.

3.2.2 Physical masses

In QFT, the physical masses are the values of z = p^2 which are poles of the the full renormalized propagator; accordingly, they are determined by the equation

At z = physical mass , det( 1 Δ(z)

) = 0. (47)

We shall assume hereafter that there exist only two solutions to this equation, z_1 = M^2_L and z_2 = M^2_S ; they are both complex numbers.

For the sake of convenience, we shall work in the following with the T CP invariant inverse propagator (see (11))

Δ^{−1}(z) = a(z) −b(z) −c(z) a(z) (48)

where a(z) = f(z) f^2(z) − g(z)h(z) , b(z) = − g(z) f^2(z) − g(z)h(z) , c(z) = − h(z) f^2(z) − g(z)h(z) . (49)

Eigenstates of Δ^{−1} are of course the same of the ones of Δ, and the eigenvalues of the former are the inverse of the ones of the latter.

The physical masses are accordingly defined by

a^2(z) = b(z)c(z), (50)

and we will choose, by convention

a(z_1) = − √ b(z_1)c(z_1), a(z_2) = + √ b(z_2)c(z_2). (51)

3.2.3 T CP eigenstates

At any given z = p^2, Δ^{−1}(z) has two eigenvalues λ_+(z) and λ_−(z)

λ_+(z) = a(z) + √ b(z)c(z), λ_−(z) = a(z) − √ b(z)c(z). (52) To each of them corresponds one right eigenstate | R_±(z) >_{in} and one left eigenstate_{out} < L_±(z) |^{16} ; this occurs in particular at the two physical masses z = z_1 and z = z_2, such that we have to deal with a total of eight eigenvectors of Δ^{−1}(z), which will all be important, for various reasons. They will be called

| R_+(z_1) >_{in}= | K_L >_{in}, | R_−(z_2) >_{in}= | K_S >_{in}, out < L_+(z_1) | =_{out}< K_L |,_{out} < L_−(z_2) | =_{out}< K_S |, | R_+(z_2) >_{in}= | K̃_S >_{in}, | R_−(z_1) >_{in}= | K̃_L >_{in},

out < L_+(z_2) | =_{out}< K̃_S |,_{out} < L_−(z_1) | =_{out}< K̃_L |. (54)

As emphasized before out < K_L | ≠ (| K_L >_{in})^†,_{out} < K_S | ≠ (| K_S >_{in})^†, out < K̃_L | ≠ (| K̃_L >_{in})^†,_{out} < K̃_S | ≠ (| K̃_S >_{in})^†. (55) The first four eigenstates of (54) all have in common to correspond to a vanishing eigenvalue of Δ^{−1}(z_1) or Δ^{−1}(z_2), and the last four to a non-vanishing eigenvalue; indeed, one has, in virtue of (52) and (51)

λ_+(z_1) = 0 = λ_−(z_2), λ_+(z_2) = 2a(z_2) = 2 √ b(z_2)c(z_2), λ_−(z_1) = 2a(z_1) = −2 √ b(z_1)c(z_1). (56)

Only the first four eigenstates of (56) are propagating eigenstates, and they correspond to the physical K_L and K_S mesons; we shall study below the difference between their “in” and “out” states. The four other eigenstates are non propagating in the sense that the corresponding residues of the propagators at respectively λ_+(z_2) and λ_−(z_1) are vanishing as can be easily checked by making an expansion of the propagator for z_2 ≈ z ≈ z_1; these states are zero norm states that we call “spurious”. They are however important and should not be neglected; we shall come back at length on this point in subsection 3.2.6 and 5 dealing with kaon decays, but the theoretical argument is the following: at any z, the completeness relation writes^{17}

1 = | R_+(z) >_{in out} < L_+(z) | + | R_−(z) >_{in out} < L_−(z) |, (57)

and this should stay in particular true at the physical poles z = z_1 and z = z_2, in which case one of the two states appearing in the completeness relation becomes a spurious state: the space of eigenvectors shrinks to a one-dimensional space at the pole, and the propagator becomes a matrix of rank 1.

16 Since it will be used in subsection 5.1.1, we give here the explicit form of the eigenstates at any z = q^2 . | R+(z) >in = 1 n(z) (√ b(z)| K^0 > − √ c(z)| K^0 > ) , | R−(z) >in = 1 n(z) (√ b(z)| K^0 > + √ c(z)| K^0 > ) , out < L+ (z) | = 1 n(z) (√ c(z) < K^0 | − √ b(z) < K^0 | ) , out < L−(z) | = 1 n(z) (√ c(z) < K^0 | + √ b(z) < K^0 | ) , n^2 (z) = 2 √ b(z)c(z). (53)

17 It is important to stress that the completeness relation cannot involve both propagating states and that, in particular | KL >in out < KL | + | KS >in out < KS | ≠ 1.

Note furthermore that the propagator writes

Δ(z) = | R_+(z) >_{in} 1 λ_+(z)^{out} < L_+(z) | + | R_−(z) >_{in} 1 λ_−(z)^{out} < L_−(z) |, (58)

which selects only the propagating state at each pole, but that the inverse propagator (that is the quadratic renormalized Lagrangian) writes

Δ^{−1}(z) = | R_+(z) >_{in}λ_+(z)_{out} < L_+(z) | + | R_−(z) >_{in}λ_−(z)_{out} < L_−(z) |, (59)

which instead selects at each physical mass the spurious state.

The orthogonality relations that the eigenstates satisfy, which enable to fix their normalization, are the following: out < K_L | K_L >_{in} = 1, out < K_S | K_S >_{in} = 1, out < K̃_L | K̃_L >_{in} = 1, out < K̃_S | K̃_S >_{in} = 1, out < K̃_L | K_L >_{in} = 0 =_{out} < K_L | K̃_L >_{in}, out < K̃_S | K_S >_{in} = 0 =_{out} < K_S | K̃_S >_{in}. (60)

We now explicitly list all eigenstates of a T CP invariant propagator^{18}:

18 A remark is due here concerning the normalization of states in (64). (60) allows the multiplication of a given | >in state by a constant 1/N while the corresponding out < | state is multiplied by N. Let us show that N can only be a phase. Using the time evolution induced by the Schrœdinger equation for unstable particles (see subsection 5.1.4), one gets then, for example for the KL meson: | KL(t) >in = 1 NL e^{(imL + ΓL2 )t} i √ 2a(z1 ) (√ b(z1 )| K^0 > − √ c(z1)| K^0 > ) , out < KL(t) | = NLe^{(−imL − ΓL2 )t} i √ 2a(z1 ) (√ c(z1) < K^0 | − √ b(z1) < K^0 | ) , (61)

where the mass of KL has been written ML = mL − i^{ΓL}_2 .

(61) yields in particular in < KL(t) | KL(t) >in = 1 |NL|^2 e^{ΓLt} 1 2|a(z1 )| (|b(z1 )| + |c(z1)|) , out < KL(t) | KL(t) >out = |NL|^2e^{−ΓLt} 1 2|a(z1 )| (|b(z1 )| + |c(z1)|) . (62) However (see for example [4]), out < KL(t) | KL(t) >out is the time-reversed of in < KL(t) | KL(t) >in, such that NL must satisfy 1 |NL|^2 = T |NL|^2 ⇒ |NL|^2 = 1. (63)

| K_L >_{in} = i √ 2a(z_1) (√ b(z_1)| K^0 > − √ c(z_1)| K^0 > ) = 1 n^{in}_L ( | K^0_2 > +ϵ^{in}_L | K^0_1 > ) , | K_S >_{in} = 1 √ 2a(z_2) (√ b(z_2)| K^0 > + √ c(z_2)| K^0 > ) = 1 n^{in}_S ( ϵ^{in}_S | K^0_2 > +| K^0_1 > ) , | K̃_L >_{in} = i √ 2a(z_1) (√ b(z_1)| K^0 > + √ c(z_1)| K^0 > ) = 1 n^{in}_{L̃} ( | K^0_2 > +ϵ^{in}_{L̃} | K^0_1 > ) , | K̃_S >_{in} = 1 √ 2a(z_2) (√ b(z_2)| K^0 > − √ c(z_2)| K^0 > ) = 1 n^{in}_{S̃} ( ϵ^{in}_{S̃} | K^0_2 > +| K^0_1 > ) , out < K_L | = i √ 2a(z_1) (√ c(z_1) < K^0 | − √ b(z_1) < K^0 | ) = 1 n^{out}_L ( < K^0_2 | + ϵ^{out}_L < K^0_1 | ) , out < K_S | = 1 √ 2a(z_2) (√ c(z_2) < K^0 | + √ b(z_2) < K^0 | ) = 1 n^{out}_S ( ϵ^{out}_S < K^0_2 |+ < K^0_1 | ) , out < K̃_L | = i √ 2a(z_1) (√ c(z_1) < K^0 | + √ b(z_1) < K^0 | ) = 1 n^{out}_{L̃} ( < K^0_2 | + ϵ^{out}_{L̃} < K^0_1 | ) , out < K̃_S | = 1 √ 2a(z_2) (√ c(z_2) < K^0 | − √ b(z_2) < K^0 | ) = 1 n^{out}_{S̃} ( ϵ^{out}_{S̃} < K^0_2 |+ < K^0_1 | ) , (64)

where K^0_1 and K^0_2 can be found in (37) and where one can always take n^{in}_L = n^{out}_L = √ 1 + ϵ^{in}_L ϵ^{out}_L , n^{in}_S = n^{out}_S = √ 1 + ϵ^{in}_S ϵ^{out}_S , n^{in}_{L̃} = n^{out}_{L̃} = √ 1 + ϵ^{in}_{L̃} ϵ^{out}_{L̃} , n^{in}_{S̃} = n^{out}_{S̃} = √ 1 + ϵ^{in}_{S̃} ϵ^{out}_{S̃} . (65)

Note that we have no a priori relations between states corresponding to different values of z^{19} . One can check easily that “in” and “out” eigenstates match when the propagator is also normal, that is when |b| = |c| at z = z_1 and z = z_2: one writes the kets for the “out” eigenstates, for example | K_L >_{out} =

−^i√_{2a(z1)} (√ c(z_1)| K^0 > − √ b(z_1)| K^0 > ) , from which the results immediately follows.

3.2.4 CP violating parameters

To get the indirect CP violating parameters of all eigenstates in (64) it is enough to go to the basis of CP eigenstates (37). One defines the ϵ^{out} parameters for the kets and not for the bras, which introduces complex conjugation of the coefficients b and c (see subsection 3.2.3 above). One gets ϵ^{in}_L = √ b(z_1) − e^{−iα} √ c(z_1) √ b(z_1) + e^{−iα} √ c(z_1) , ϵ^{in}_S = √ b(z_2) − e^{−iα} √ c(z_2) √ b(z_2) + e^{−iα} √ c(z_2) , ϵ^{in}_{L̃} = √ b(z_1) + e^{−iα} √ c(z_1) √ b(z_1) − e^{−iα} √ c(z_1) , ϵ^{in}_{S̃} = √ b(z_2) + e^{−iα} √ c(z_2) √ b(z_2) − e^{−iα} √ c(z_2) ,

ϵ^{out}_L = √ c(z_1) − e^{−iα} √ b(z_1) √ c(z_1) + e^{−iα} √ b(z_1) , ϵ^{out}_S = √ c(z_2) − e^{−iα} √ b(z_2) √ c(z_2) + e^{−iα} √ b(z_2) ,

ϵ^{out}_{L̃} = √ c(z_1) + e^{−iα} √ b(z_1) √ c(z_1) − e^{−iα} √ b(z_1) , ϵ^{out}_{S̃} = √ c(z_2) + e^{−iα} √ b(z_2) √ c(z_2) − e^{−iα} √ b(z_2)

. (66)

19 In particular, out < KS | KL >in ≠ 0 and out < KL | KS >in≠ 0, unless (81) is satisfied; this differs from [4] (see in particular (13) and the end of section 4. We come back to CPLEAR in subsection 5.1).

and one has the relations ϵ^{in}_L = −ϵ^{out}_L , ϵ^{in}_S = −ϵ^{out}_S , ϵ^{in}_{L̃} = −ϵ^{out}_{L̃} , ϵ^{in}_{S̃} = −ϵ^{out}_{S̃} , ϵ^{in}_L = 1 ϵ^{in}_{L̃} , ϵ^{in}_S = 1 ϵ^{in}_{S̃} , ϵ^{out}_L = 1 ϵ^{out}_{L̃} , ϵ^{out}_S = 1 ϵ^{out}_{S̃} . (67)

from the first line of which one gets in particular

|ϵ^{in}_L |^2 = |ϵ^{out}_L |^2, |ϵ^{in}_S |^2 = |ϵ^{out}_S |^2, |ϵ^{in}_{L̃} |^2 = |ϵ^{out}_{L̃} |^2, |ϵ^{in}_{S̃} |^2 = |ϵ^{out}_{S̃} |^2. (68)

It is important to determine explicitly the real and imaginary parts of the ϵ’s, and to investigate how they change by a rephasing of the K^0 and K^0 fields

φ_K0 → e^{iω}φ_K0 , φ_{K0} → e^{−iω} φ_{K0} . (69)

We do this explicitly for ϵ^{in}_L and ϵ^{out}_L . Since the operator φ_K0 annihilates the state | K^0 > to give the vacuum, (69) entails that the states | K^0 > and | K^0 > are re-phased by | K^0 >→ e^{−iω} | K^0 >, | K^0 >→ e^{iω}| K^0 > . (70) The way ϵ^{in}_L in (66) is modified by ω is obtained by considering the first line of (64): it is equivalent to changing in the expression (66) for ϵ^{in}_L √ b(z_1) into e^{−iω} √ b(z_1) and √ c(z_1) into e^{iω} √ c(z_1); for ϵ^{out}_L , one finds that the same transformations are needed. (66) for ϵ^{in}_L and ϵ^{out}_L are accordingly replaced by

ϵ^{in}_L = √ b(z_1) − e^{−i(α−2ω)} √ c(z_1) √ b(z_1) + e^{−i(α−2ω)} √ c(z_1) , ϵ^{out}_L = √ c(z_1) − e^{−i(α−2ω)} √ b(z_1) √ c(z_1) + e^{−i(α−2ω)} √ b(z_1)

. (71)

Writing

b(z_1) = |b_1|e^{iβ1} , c(z_1) = |c_1|e^{iγ1} , Ω_1 = α − 2ω + β_1 − γ_1 2 , (72)

one obtains ϵ^{in}_L = |b_1| − |c_1| + 2i √ |b_1c_1| sin Ω_1 |b_1| + |c_1| + 2 √ |b_1c_1| cos Ω_1 , ϵ^{out}_L = |c_1| − |b_1| + 2i √ |b_1c_1| sin Ω_1 |b_1| + |c_1| + 2 √ |b_1c_1| cos Ω_1

, (73)

and, for their moduli

|ϵ^{in}_L |^2 = |ϵ^{out}_L |^2 =

|b_1| + |c_1| − 2 √ |b_1c_1| cos Ω_1 |b_1| + |c_1| + 2 √ |b_1c_1| cos Ω_1

, (74)

which satisfy, when ω varies from −π to +π | | | √ |b_1| − √ |c_1| √ |b_1| + √ |c_1| | | | ≤ |ϵ^{in}_L | = |ϵ^{out}_L | ≤ | | | √ |b_1| + √ |c_1| √ |b_1| − √ |c_1| | | | . (75)

We observe that:

- the real and imaginary parts of ϵ^{in}_L and ϵ^{out}_L and their moduli depend on the arbitrary phases ω and α; - the imaginary parts of ϵ^{in}_L and ϵ^{out}_L can always both be turned to 0 by tuning ω (or α); - their real parts can never be cast to 0 by such rephasing;

- the real parts of ϵ^{in}_L and ϵ^{out}_L are opposite; their imaginary parts are identical; - the modulus | |^{1−ϵ}_{1+ϵ} | | is invariant by rephasing;

- a variation of α can always compensate a variation of ω;

- when |b| = |c|, ϵ becomes purely imaginary, as already mentioned (see subsection 3.1.2). The relations (67) are unchanged by the rephasing (see also appendix B).

When the arbitrary phases are varied, ϵ^{in}_L and ϵ^{out}_L are located on two ellipsoids symmetric with respect to the imaginary axis, as described in Fig. 2 of Appendix B. The other CP violating parameters are also discussed there.

Accordingly, a priori, neither the real, nor the imaginary part, nor the modulus of the ϵ’s are physically relevant; the only physical quantities are the lower and upper bounds (75) for the modulus of ϵ; the upper bound being much larger than 1 can reasonably be discarded. Nevertheless, as soon as b_1 ≠ c_1, neither the real nor the modulus of ϵ is vanishing; a non-zero measurement of these is accordingly a proof of CP (or T ) violation (see subsection 5.1.1).

The identification of the physically relevant quantity smooths out the potential problems linked with the existence of two sets of physical eigenstates, “out” and “in” which only differ by the signs of the real parts of their CP violating parameters^{20} .

Complements, in particular the comparison with the other ϵ’s, can be found is Appendix B.

3.2.5 Expression of the eigenstates in terms of the CP violating parameters

In order to perform calculations of kaon decay amplitudes we will need the expressions for the propagating states K_L and K_S in terms of the states with definite strangeness, K_0 and K_0. Using (37, 64, 65, 67) we obtain^{21} |K_L >_{in} = 1 √ 2 [√ 1 + ϵ^{in}_L 1 − ϵ^{in}_L | K_0 > −e^{iα} √ 1 − ϵ^{in}_L 1 + ϵ^{in}_L | K_0 > ] = 1 √ 2 [ 1 ξ_L | K^0 > −e^{iα}ξ_L| K^0 > ] ,

|K_S >_{in} = 1 √ 2 [√ 1 + ϵ^{in}_S 1 − ϵ^{in}_S | K_0 > +e^{iα} √ 1 − ϵ^{in}_S 1 + ϵ^{in}_S | K_0 > ] = 1 √ 2 [ 1 ξ_S | K^0 > +e^{iα}ξ_S | K^0 > ] ,

out < K_L| = 1 √ 2 [√ 1 − ϵ^{in}_L 1 + ϵ^{in}_L < K_0 | − e^{−iα} √ 1 + ϵ^{in}_L 1 − ϵ^{in}_L < K_0 | ] = 1 √ 2 [ ξ_L < K^0 | − e^{−iα} 1 ξ_L < K^0 | ] ,

out < K_S | = 1 √ 2 [√ 1 − ϵ^{in}_S 1 + ϵ^{in}_S < K_0 | + e^{−iα} √ 1 + ϵ^{in}_S 1 − ϵ^{in}_S < K_0 | ] = 1 √ 2 [ ξ_S < K^0 | + e^{−iα} 1 ξ_S < K^0 | ] , (76)

where we have introduced the notations

ξ_S = √ 1 − ϵ^{in}_S 1 + ϵ^{in}_S ≡ √ c(z_2) b(z_2) e^{−iα}, ξ_L = √ 1 − ϵ^{in}_L 1 + ϵ^{in}_L ≡ √ c(z_1) b(z_1) e^{−iα}. (77)

|ξ_L|, |ξ_S | and^{ξL}_{ξS} are invariant by (70).

Inverting (76) one obtains^{22} :

20 Section 5 will also show that no ambiguity arises in the calculation of semi-leptonic asymmetries, which write in terms of ϵ^{in}_S and ϵ^{in}_L only.

21 It is instructive to compare (76) with (15) and (16) in [4].

22 | KL >in, | KL >out , | KS >in and | KS >out are not linearly independent; since [28], unlike in [4], there is no distinction between | K^0 >in and | K^0 >out, (78) determine | KS >out and | KL >out as linear combinations of | KS >in and | KL >in.

| K^0 > = 1 D √ 2 [√ 1 − ϵ^{in}_S 1 + ϵ^{in}_S | K_L >_{in} + √ 1 − ϵ^{in}_L 1 + ϵ^{in}_L | K_S >_{in} ] = 1 D √ 2 [ ξ_S | K_L >_{in} +ξ_L| K_S >_{in} ] ,

| K^0 > = e^{−iα} D √ 2 [ − √ 1 + ϵ^{in}_S 1 − ϵ^{in}_S | K_L >_{in} + √ 1 + ϵ^{in}_L 1 − ϵ^{in}_L | K_S >_{in} ] = e^{−iα} D √ 2 [ − 1 ξ_S | K_L >_{in} + 1 ξ_L | K_S >_{in} ] ,

< K^0 | = 1 D √ 2 [√ 1 + ϵ^{in}_S 1 − ϵ^{in}_S^{out} < K_L | + √ 1 + ϵ^{in}_L 1 − ϵ^{in}_L^{out} < K_S | ] = 1 D √ 2 [ 1 ξ_S^{out} < K_L | + 1 ξ_L^{out} < K_S | ] ,

< K^0 | = e^{iα} D √ 2 [ − √ 1 − ϵ^{in}_S 1 + ϵ^{in}_S^{out} < K_L | + √ 1 − ϵ^{in}_L 1 + ϵ^{in}_L^{out} < K_S | ] = e^{iα} D √ 2 [ − ξ_{S out} < K_L | + ξ_{L out} < K_S | ] , (78)

where D = 1 2 (√ (1 + ϵ^{in}_L )(1 − ϵ^{in}_S ) (1 − ϵ^{in}_L )(1 + ϵ^{in}_S ) + √ (1 + ϵ^{in}_S )(1 − ϵ^{in}_L ) (1 − ϵ^{in}_S )(1 + ϵ^{in}_L ) ) = 1 − ϵ^{in}_L ϵ^{in}_S √ (1 − (ϵ^{in}_L )^2)(1 − (ϵ^{in}_S )^2)

. (79)

3.2.6 T CP invariance is realized in a non-trivial way

From (64) and the relations (67), one concludes that T CP symmetry is realized at each given z, among the two corresponding “in” eigenstates (one physical and one “spurious”), and, likewise, among the two “out” eigenstates; | K_L >_{in} and | K̃_L >_{in} have CP -violating parameters satisfying ϵ^{in}_L = 1/ϵ^{in}_{L̃}^{23} ; the same type of relations occurs between | K_S >_{in} and | K̃_S >_{in}, and between the two similar pairs of “out” states. This means in particular that, at any of the two physical masses, T CP symmetry needs both the propagating and spurious eigenstates to be realized.

However this does not occur in general for the physical propagating K_L and K_S mesons, because they correspond to two different values of z

For z_1 ≠ z_2, ϵ^{in}_L ≠ ϵ^{in}_S , ϵ^{out}_L ≠ ϵ^{out}_S ; (80)

the equalities are satisfied only when (see (66))

b(z_1) c(z_1) = b(z_2) c(z_2) = 1 ζ . (81)

(81) transcribed for the elements of the propagator, instead of the inverse propagator writes

g(z_1) h(z_1) = g(z_2) h(z_2)

; (82)

a particular cases when it is satisfied are when the two physical masses are identical z_1 = z_2 (a trivial one if of course when CP invariance holds, as (133) tells us, since the phase α is a constant); (81)(82) are, in general, not fulfilled, such that the physical mass eigenstates do not satisfy the most commonly used criterion of T CP invariance; of course the T CP symmetry is achieved and stays a fundamental property of the theory.

We shall investigate in sections 4 and 5 what are the consequences on the mass matrix, and if effects which would mimic T CP violating can be expected in experiments and wrongly interpreted as a violation of this fundamental symmetry.

23 The fact that these two CP -violating parameters are inverse of each other instead of being identical is only due to the convention that we have chosen, and it is indeed a consequence of T CP invariance.

3.2.7 Bi-unitary transformations

We should discriminate between the two ways of diagonalizing the propagator: using a biunitary transformation or a bi-orthogonal basis (see subsection 3.2.1).

We will compare below the two procedures at the poles; this will give us a criterion to reject bi-unitary transformations.

For this, we shall suppose that Δ^{−1}(z) is not normal at the poles, too, and we shall explicitly calculate the eigenvectors obtained by a bi-unitary transformation.

If det(Δ^{−1}(z) = 0, the determinant of^1_{Δ(z)}^1_{(Δ(z))†} vanishes, too, and so does the determinant of^1_{(Δ(z))†}^1_{Δ(z)} ; so, these three sets of functions have poles at the same locations: the physical masses are the same in the two procedures.

At these poles z = z_1 and z = z_2, Δ^{−1}(z) can be written, using (51)

Δ^{−1}(z) = ± √ b(z)c(z) −b(z) −c(z) ± √ b(z)c(z) at z = z_1 or z = z_2. (83)

From (83) one gets immediately (Δ^{−1}(z))^†, and the roots of the characteristic equation of Δ^{−1}(z)(Δ^{−1}(z))^† or (Δ^{−1}(z))^†Δ^{−1}(z) are found to be

δ = 0, ζ = (|b(z)| + |c(z)|)^2, (84)

where z is to be considered to be equal to z_1 or to z_2.

The two unitary matrices U and V which are used to diagonalize Δ^{−1}, and which respectively diagonalize the hermitian matrices Δ^{−1}(z)[Δ^{−1}(z)]^† and [Δ^{−1}(z)]^†Δ^{−1}(z) are accordingly constructed from the eigenvectors of Δ^{−1}(z)[Δ^{−1}(z)]^† and [Δ^{−1}(z)]^†Δ^{−1}(z), which form two different orthonormal basis. The eigenvectors we characterize as usual by the ratio v/u of their components in the (K^0, K^0) basis. • The eigenvectors of Δ^{−1}(z)[Δ^{−1}(z)]^† are the following: ∗ at z = z_1;

- for the vanishing eigenvalue^v_u (z_1) = − √_{b(z} 1 ) c(z_1 ) ;

- for the eigenvalue (|b(z_1)| + |c(z_1)|)^2,^v_u (z_1) = + √_{c(z1)} b(z_1) ;

∗ at z = z_2;

- for the vanishing eigenvalue^v_u (z_2) = + √_{b(z} 2 ) c(z_2 ) ;

- for the eigenvalue (|b(z_2)| + |c(z_2)|)^2,^v_u (z_2) = − √_{c(z2)} b(z_2) ;

• the eigenvectors of [Δ^{−1}(z)]^†(Δ^{−1}(z)) are the following: ∗ at z = z_1;

- for the vanishing eigenvalue^v_u (z_1) = −

√_{c(z1 )}

b(z_1 ) ;

- for the eigenvalue (|b(z_1)| + |c(z_1)|)^2,^v_u (z_1) = + √_{b(z} 1) c(z_1) ;

∗ at z = z_2;

- for the vanishing eigenvalue^v_u (z_2) = +

√_{c(z2 )}

b(z_2 ) ;

- for the eigenvalue (|b(z_2)| + |c(z_2)|)^2,^v_u (z_2) = − √_{b(z} 2) c(z_1) .

Comparing the formulæ above with (64), we conclude that:

∗ the eigenvectors of (Δ^{−1}(z))^†Δ^{−1}(z) for the vanishing eigenvalues match the “in” propagating states of (64);

∗ the eigenvectors of Δ^{−1}(z)(Δ^{−1}(z))^† for the vanishing eigenvalues match the kets^{24} corresponding to the “out” propagating states of (64);

∗ the eigenvectors of (Δ^{−1}(z))^†Δ^{−1}(z) for the non-vanishing eigenvalues only match the “in” spurious states of (64) when the propagator is normal (|b| = |c|);

∗ the eigenvectors of Δ^{−1}(z)(Δ^{−1}(z))^† for the non-vanishing eigenvalues only match the “kets” corresponding to the “out” spurious states of (64) when the propagator is normal (|b| = |c|). We have thus shown that the difference between a bi-unitary diagonalization and the use of a bi-orthogonal basis lies, at z equal to the physical masses, in the spurious states; while the propagating states match correctly, the other ones differ, unless the propagator is normal; this is as expected since a biunitary transformation provides an orthogonal basis of eigenvectors in each space, “in” and “out”, while the other procedure only provides a bi-orthogonal basis spanning the two spaces^{25} .

3.3 UNITARITY

The argument that follows exists independently of the instability of the physical eigenstates and is not related to the non-hermiticity of the associated Lagrangian. It only relies on the existence of a mass splitting. We shall accordingly first consider the case of a normal Lagrangian, which can be diagonalized by a single unitary transformation; “in” and “out” eigenstates coincide, and form, at any value of q^2 independent orthonormal basis. The q^2 dependent matrix that relates flavor to q^2 dependent eigenstates is unitary, and the unitarity of the theory cannot be cast in doubt.

However, as soon as a binary system is mass split, its propagator evaluated at the two different physical masses differ, and the occurrence of spurious states is unavoidable, which are essential to complete, at any of the two physical poles z_1 and z_2, the corresponding orthonormal basis. If one evaluate flavor states K^0 and K^0 in terms of the two physical” propagating states, the corresponding “mixing” matrix can no longer be unitary, because its columns are evaluated respectively at z = z_1 and z = z_2.

A deeper investigation of this phenomenon and its consequences for the mixing matrix will be performed in [29].

3.4 THE SPECIAL CASE ϵ_L = ϵ_S

(81) and the equality between ϵ_L and ϵ_S are not forced by the T CP symmetry; in the quark model, an estimate of their difference is presented in subsection 5.1.3.

It is nevertheless instructive to describe the simplifications that occur when their equality is assumed (this is the usual situation in QM).

(81) applied to (64) shows that the spurious eigenstates “disappear” by becoming identical to the mass eigenstates K_L and K_S ; the picture that arises is the following:

- at z = z_1, the eigenstates of the propagator (and of its inverse) are K_L and K_S ; K_L propagates (at z = z_1 the inverse propagator vanishes) but K_S does not, since it does not correspond to a pole of the propagator; - at z = z_2 the reverse occurs: the eigenstates of Δ and Δ^{−1} are again K_L and K_S but, now, K_S propagates and K_L does not.

The set of K_L and K_S eigenstates satisfy_{out} < K_L(t) | K_S (t) >_{in} = 0 =_{out} < K_S (t) | K_L(t) >_{in} for all t, which is not true in the general case.

As shown in subsection 5.1.2 measuring the difference between the semi-leptonic asymmetries δ_L − δ_S amounts to a test of the non-vanishing of ϵ_L − ϵ_S .

24 Going from the “bras” of (64) to the corresponding “kets” yields the complex conjugation of coefficients, which provides the matching.

25 We thus disagree with footnote 1 of [4]; however, the matrices which connect the eigenstates of the Hamiltonian with the K^0 and K^0 fields according to the bulk of the paper [4] are not unitary.

4 PROPERTIES AND LIMITATIONS OF MASS MATRICES

When, in textbooks of Quantum Mechanics or Quantum Field Theory a mass matrix is introduced for neutral kaons, it is a constant matrix^{26} (in the bare Lagrangian)^{27} . We have seen in subsection 2.3.2 that introducing a constant mass matrix can only be an approximation, valid when a linear expansion of the inverse propagator is suitable (most likely very close to the poles).

The link should nevertheless be made with such a matrix since, in particular, all experiments are analyzed and fitted with the corresponding parameters.

The question of its normality is rapidly settled: since the propagator cannot be normal, in particular on the cut, the mass matrix cannot either. Also, from our general discussion on normal matrices in subsection 3.1.2, it is clear that the mass matrix M^{{2}} (see (27)) cannot be normal since this would lead to purely imaginary indirect CP violating parameters.

Non-normal mass matrices have different left and right eigenstates; the corresponding question of knowing which kind of eigenstate is detected, was up to now left unsolved, often qualified of “unavoidable mathematical necessity”. We showed in subsection 3.2.4 that the CP violating parameters of the “in” and “out” states corresponding to the same pole of the propagator have equal imaginary parts and opposite real parts, but this distinction does not appear physically relevant since both quantities turn out to depend on an arbitrary rephasing of K^0 (and K^0). This question is finally wiped out in section 5 where we show that semi-leptonic asymmetries can be unambiguously calculated in terms of the sole ϵ^{in}_L and ϵ^{in}_S .

The determination of the mass matrix is the question that we address now. Can one define a unique constant mass matrix which has the correct eigenmasses and for eigenstates the correct propagating eigenstates that we have rigorously defined above?

4.1 THE MASS MATRIX IN QUANTUM MECHANICS

In QM, one introduces the complex mass matrix M^{28} with dimension [mass] M = M − i 2 Γ, with M = M^†, Γ = Γ^†, = m^{11} −^{i2} γ^{11} m^{12} −^{i2} γ^{12} m_{12} −^i_2 γ_{12} m_{22} −^i_2 γ_{22}

, with m_{11}, m_{22}, γ_{11}, γ_{22} ∈ R. (85)

M is normal if and only if M and Γ commute, [M, Γ] = 0.

The conditions of T CP invariance are M_{11} = M_{22} [31][14], and CP invariance adds to it the condition M_{12} = e^{−2iα}M_{21}, such that a CP invariant mass matrix is always of the form

M_{CP} = m −^{i2} γ e^{−iα}(ω −^{i2} χ) e^{iα}(ω −^i_2 χ) m −^i_2 γ , with m, γ, ω, χ ∈ R, (86)

which is a normal matrix.

Since the mass matrix is supposed to describe unstable kaons, it cannot be hermitian, because its eigenvalues, which are the masses of the eigenstates, would then be real.

Experiments tell us that the mass matrix of neutral K mesons cannot even be normal^{29} and thus should be diagonalized either by a bi-unitary transformation, or by using a bi-orthogonal basis. Since bi-unitary

26 We limit our discussion to constant mass matrices. Results similar to ours (the non-equality of CP violating parameters for KL and KS despite T CP is satisfied) had previously been obtained in [6], in the formalism of an energy-dependent Hamiltonian.

27 Its renormalization is still subject to many debates (see for example [35] and references therein). 28 See also footnote 12.

29 K^0 → K^0 probability is different from K^0 → K^0 probability and the corresponding CP violating parameter cannot be purely imaginary; this entails that the mass matrix cannot be normal (see also subsection 3.1.2).

transformations always yield real masses, they are excluded for the same reasons as mentioned above. As done in [4], one must use a bi-orthogonal basis^{30} .

4.2 INCONSISTENCY OF A CONSTANT MASS MATRIX IN QFT

Let M^{{2}} be a constant complex matrix

M^{{2}} = n r s t , n, r, s, t ∈ C . (87)

We request that the exact propagating eigenstates | K_L >_{in}, | K_S >_{in},_{out} < K_L | and_{out} < K_S | determined in (64) be its eigenstates, and we forget about the spurious states at z = z_1 and z = z_2 which cannot be accounted for in this restricted formalism.

For the sake of simplicity we shall adopt the following notations^{31} :

b_1 = √ b(z_1) 2a(z_1)

, b_2 = √ b(z_2) 2a(z_2)

, c_1 = √ c(z_1) 2a(z_1)

, c_2 = √ c(z_2) 2a(z_2)

. (88)

The eigenvalues of M^{{2}} are

μ_± = 1 2 ( n + t ± √ (n − t)^2 + 4rs ) ; (89)

the equations for the eigenstates and their identification with the true propagating states (64) write

M^{{2}} u^+ v_+ = μ_+ u^+ v_+ = iμ_+ b^1 −c_1 ,

M^{{2}} u_− v_− = μ_− u_− v_− = μ_− b_2

c_2 , (x_+, y_+) M^{{2}} = (x_+, y_+) μ_+ = (c_1, −b_1) iμ_+, (x_−, y_−) M^{{2}} = (x_−, y_−) μ_− = (c_2, b_2) μ_−, (90)

which, using (89), leads to

v_+ u_+ = t − n + √ (t − n)^2 + 4rs 2r = 2s n − t + √ (t − n)^2 + 4rs = − c_1 b_1 , (a) v_− u_− = t − n − √ (t − n)^2 + 4rs 2r = 2s n − t − √ (t − n)^2 + 4rs = c_2 b_2 , (b) y_+ x_+ = t − n + √ (t − n)^2 + 4rs 2s = 2r n − t + √ (t − n)^2 + 4rs = − b_1 c_1 , (c) y_− x_− = t − n − √ (t − n)^2 + 4rs 2s = 2r n − t − √ (t − n)^2 + 4rs = b_2 c_2

. (d) (91)

Equations (91) are contradictory unless (81) is satisfied; indeed:

- for (a) and (c) to be inverse of each other, as their r.h.s. demand, one needs the equality of diagonal

30 The criterion of masses real or not is only valid for a mass matrix and not for the full propagator. Indeed, when λ± (z) are the eigenvalues of the propagator, their reality does not prevent the physical masses, which are the solutions of λ±(z) = 0 to be complex. Hence, we rejected bi-unitary transformations for the propagator with more involved arguments.

31 Do not confuse the present notations b1 and c1 with the ones used in (72).

elements n = t; the same occurs for equations (b) and (d);

- they also show that the two diagonal elements n and t of M^{{2}} cannot be identical unless (81) is satisfied: indeed, if they were, one would get from (a) and (b)^{v+}_{u+} = −^{v−}_{u−} = √_s r , which, from their r.h.s. entails

c_1 b_1 = c_2 b_2 , which is condition (81); the same occurs between (c) and (d).

We conclude that one can introduce a constant mass matrix only with constant diagonal matrix elements, which then can only correspond to the case when T CP symmetry is achieved between the propagating eigenstates (the CP violating parameters for K_L and K_S are then identical).

4.3 CONSTANT MASS MATRIX AND DISCRETE SYMMETRIES

Since (81) has no reasons to be satisfied in general, we reach the following conclusion: A constant mass matrix can never describe faithfully the correct propagatingeigenstates of a quasi-degenerate system of neutral mesons; indeed:

- choosing its diagonal elements equal is equivalent to imposing ϵ_L = 1/ϵ_S , the equality of the CP violating parameters of K_L and K_L, which we have seen to be untrue; setting different diagonal elements leads to contradictions between (a) and (c), and (b) and (d), which means that either the “in”, or the “out” eigenstates of the constant mass matrix match those of the propagator, but never both;

- it cannot include the spurious states, which means in particular that any completeness relation obtained from M^{{2}} is a priori incorrect (it does not build the appropriate Hilbert spaces of “in”; and “out states). A constant mass matrix is in particular inappropriate to provide a faithful description of T CP symmetry. Can it describe faithfully CP violation?

Giving up a correct description of T CP , let us choose M^{{2}} with equal diagonal elements t = n, which is the “quantum mechanical condition” for T CP invariance. To be consistent, one must identify by brute force the indirect CP violating parameters of K_L and K_S , which can only be done by assuming (see subsection 3.2.6)^{b1}_{c1} =^{b2}_{c2} ; (91) entails furthermore that this is automatically satisfied when n = t. The number of parameters of M^{{2}} to be determined shrinks to three; to fix them we have at our disposal three equations, respectively for the two masses and for the (now unique) CP violating parameter ϵ (the one for “out” eigenstates is easily deduced from the one for “in” eigenstates, see (66) (67) (68)). We conclude that a constant mass matrix has enough parameters to provide a faithful parameterization of CP violation, or T violation, once T CP conservation is assumed and imposed. The numerical accuracy of the constant mass matrix approximation will be determined in subsection 5.1.3.

5 PHYSICAL PROCESSES AND ASYMMETRIES

The goal of this section is to complete the previous formal investigations by phenomenological considerations. In particular, we want to stress differences of interpretation between a description of neutral mesons by QM and by QFT.

Since the main difference that we outlined above concern discrete symmetries, in particular T CP , and the difference of the CP violating parameters ϵ_L ≠ ϵ_S , this will be our principal topic below. It is important to notice that all asymmetries are expressed in terms of the CP violating parameters ϵ^{in}_S and ϵ^{in}_L ; the parameters of the “out” states do not appear. The distinction between “in” and “out” states has no consequences for physical observables.

5.1 SEMI-LEPTONIC ASYMMETRIES

We shall calculate the following asymmetries [37]

A_T =

| < π^−ℓ^+ν(t_f ) | K^0(t_i) > |^2 − | < π^+ℓ^−ν(t_f ) | K^0(t_i) > |^2 | < π^−ℓ^+ν(t_f ) | K^0(t_i) > |^2 + | < π^+ℓ^−ν(t_f ) | K^0(t_i) > |^2 ΔS=ΔQ = | < K^0(t_f ) | K^0(t_i) > |^2 − | < K^0(t_f ) | K^0(t_i) > |^2 | < K^0(t_f ) | K^0(t_i) > |^2 + | < K^0(t_f ) | K^0(t_i) > |^2 ;

δ_{L,S} = |_{out} < π^−ℓ^+ν | K_{L,S} >_{in} |^2 − |_{out} < π^+ℓ^−ν | K_{L,S} >_{in} |^2 |_{out} < π^−ℓ^+ν | K_{L,S} >_{in} |^2 + |_{out} < π^+ℓ^−ν | K_{L,S} >_{in} |^2 ;

A_{T CP} = | < π^+ℓ^−ν̄(t_f )|K̄^0(t_i) > |^2 − | < π^−ℓ^+ν(t_f )|K^0 > |^2 | < π^+ℓ^−ν̄(t_f )|K^0(t_i) > |^2 + | < π^−ℓ^+ν(t_f )|K^0 > |^2 ΔS=ΔQ = | < K^0(t_f ) | K^0(t_i) > |^2 − | < K^0(t_f ) | K^0(t_i) > |^2 | < K^0(t_f ) | K^0(t_i) > |^2 + | < K^0(t_f ) | K^0(t_i) > |^2

. (92)

supposing that the rule ΔS = ΔQ holds^{32} , which in particular only allows the semi-leptonic decays

K^0 → π^−ℓ^+ν, K^0 → π^+ℓ^−ν. (93)

The first and the third are the asymmetries tested in the CPLEAR experiment [18], δ_L has been accurately measured [37] and δ_S should be measured with tagged K_S at ϕ factories.

5.1.1 The CPLEAR asymmetry A_T [34]

At low energy p̄p annihilation K^−K^0 (K^+K^0) are produced; K^0 (K^0) is tagged by K^− (K^+) decay. The particle momenta are not measured with high accuracy (in the opposite case it would be known that K_L – or K_S – was produced). As soon as an “averaging” over K^0 (K^0) momentum is accepted, the contributions of both K_L and K_S in intermediate (propagating) states should be taken into account^{33} . Let us calculate the amplitude for a produced K^0 to decay into ℓ^+νπ^− after time (t_f − t_i):

A(K^0 → ℓ^+νπ^−)_{tf −ti} =_{out} < ℓ^+νπ^− | K_L(t_f ) >_{in out} < K_L(t_f ) | K_L(t_i) >_{in out} < K_L(t_i) | K̄^0 >+ +_{out} < ℓ^+νπ^− | K_S (t_f ) >_{in out} < K_S (t_f ) | K_S (t_i) >_{in out} < K_S (t_i) | K̄_0 >. (94)

Calculating (94) we will first neglect the tiny difference between ϵ_L and ϵ_S , taking thus ϵ^{in}_L = ϵ^{in}_S = ϵ^{in}. One uses the expressions for K_L and K_S in (76) together with the orthogonality relations between K^0 and K^0; according to the ΔQ = ΔS rule, only the K^0 component of K_L and K_S can produce ℓ^+; this yields^{34}

32 It is expected from the standard model to be valid up to order 10^{−14} [4].

33 As conspicuous below, the calculation amounts to inserting twice | KL >in out < KL | + | KS >in out < KS |; this is justified in the approximation ϵL = ϵS that we use, in which this expression becomes equal to one and where the crossed scalar products out < KL | KS >in and out < KS | KL >in vanish. 34 Time evolution: having introduced decaying particles fixes the direction of evolution of time. This is most easily seen by considering the time-dependent scalar product of “in” and “out” mass eigenstates, for example out < KL(tf ) | KL(ti) >in; if one adopts, like in [4], the “usual” time evolution | KL(ti) >in= e^{−iMLti} | KL(0) >in, out < KL(tf ) | = e^{iMLtf} out < KL(0) |, where ML and MS have been defined in (106), one gets out < KL(tf ) | KL(ti) >in = e^{−iML(ti−tf )} = e^{−imL(ti−tf )− ΓL2 (ti−tf )}, which leads to an exponential growth since ti < tf .

The time evolution, which is arbitrary in ordinary QM with a hermitian Lagrangian (see for example [24] paragraphs 6 and 8), becomes here relevant: the Schrœdinger equation has to be chosen here as Hψ = −i h̸^{∂ψ}_{∂t} , and the time evolution of “in” and “out” states | KL(ti) >in= e^{+iMLti} | KL(0) >in , out < KL(tf ) | = e^{−iMLtf} out < KL(0) |, (95) and similar equations for KS .

A(K^0 → ℓ^+νπ^−)_{tf −ti} = e^{−iα} 2D^2 [ − 1 ξ^2_L e^{−imL (tf −ti )− ΓL}2^{(tf −ti)} + 1 ξ^2_S e^{−imS (tf −ti )− ΓS}2^{(tf −ti )} ]

× A(K^0 → ℓ^+νπ^−) . (96)

Analogously, the amplitude for a produced K^0 to decay into ℓ^−νπ^+ after time (t_f − t_i) is given by:

A(K^0 → ℓ^−ν̄π^+)_{tf −ti} = e^{iα} 2D^2 [ −ξ^2_L e^{−imL (tf −ti )− ΓL}2^{(tf −ti)} + ξ^2_S e^{−imS (tf −ti)− ΓS}2^{(tf −ti)} ] × A(K^0 → ℓ^−νπ^+) , (97)

and A(K^0 → ℓ^−ν̄π^+) = A(K^0 → ℓ^+νπ^−).

In the approximation ϵ^{in}_L = ϵ^{in}_S = ϵ^{in} at which we are working (77) become

ξ_S = ξ_L = √ 1 − ϵ^{in} 1 + ϵ^{in} , (98)

the modulus of which is invariant by the rephasing (70).

From (96), (97) and (98), the time dependence and the dependence on the arbitrary phase α for the T -odd asymmetry defined in (92) cancel and we obtain:

A_T = | |^{1+ϵin}_{1−ϵin} | |^2 − | |^{1−ϵin}_{1+ϵin} | |^2 | |^{1+ϵin}_{1−ϵin} | |^2 + | |^{1−ϵin}_{1+ϵin} | |^2 = 4 ℜ(ϵ^{in})(1 + |ϵ^{in}|^2) (1 + |ϵ^{in}|^2)^2 + 4(ℜ(ϵ^{in}))^2

. (99)

This result is independent of the rephasing (70), unlike its approximation by 4 ℜ(ϵ) (see subsection 3.2.4) that one finds for example in [4]; accordingly, it can now be evaluated for any value of ω (or Ω_1(72)). However, when |ϵ^{in}| ≪ 1, it is well approximated by 4 ℜ(ϵ^{in}).

The corrections that would eventually arise from ϵ_L ≠ ϵ_S where checked to vanish by calculating Feynman diagrams as we do later for A_{T CP} in subsection 5.1.4. The calculation makes use of the explicit form of the non-diagonal K_L − K_S vertex V (114), and of the close approximation to the diagonal term a(q^2) in the

inverse Lagrangian (48) a(q^2) ≈^1_2 ( q^2 −^{M 2KL +M 2KS}_2 ) . Another check that we did using the same technique is that each individual transition amplitude K^0(t_i) → K^0(t_f ) and K^0(t_i) → K^0(t_f ) vanishes when t_f = t_i even when ϵ_L ≠ ϵ_S .

5.1.2 The semi-leptonic charge asymmetries for K_L and K_S

Supposing that the semi-leptonic decay rates (93) allowed by the ΔS = ΔQ rule are identical and using (76), one gets^{35}

35 For example, the transition KL → π^−ℓ^+ ν can only occur by a first transition from KL to K^0 and one writes out < π^−ℓ^+ ν | KL >in=out< π^− ℓ^+ν | K^0 >< K^0 | KL >in etc

δ_L = 1 |ξ_L|^2 − |ξ_L|^2 1 |ξ_L|^2 + |ξ_L|^2 = |b(z_1)| − |c(z_1)| |b(z_1)| + |c(z_1)| = 2ℜ(ϵ^{in}_L ) 1 + |ϵ^{in}_L |^2 ,

δ_S = 1 |ξ_S |^2 − |ξ_S |^2 1 |ξ_S |^2 + |ξ_S |^2 = |b(z_2)| − |c(z_2)| |b(z_2)| + |c(z_2)| = 2ℜ(ϵ^{in}_S ) 1 + |ϵ^{in}_S |^2

(100)

and δ_S − δ_L = 2 ( ℜ(ϵ^{in}_S ) 1 + |ϵ^{in}_S |^2 − ℜ(ϵ^{in}_L ) 1 + |ϵ^{in}_L |^2 ) . (101)

When ϵ^{in}_L = ϵ^{in}_S = ϵ^{in}, (101) becomes zero; δ_S − δ_L accordingly measures the difference between the indirect CP violating parameters of the K_L and K_S mesons.

This result is to be compared with the one in [16] and the one in [37]. In [16], T CP violation is simply parametrized by different diagonal elements in the mass matrix; since their T CP violating parameter δ is precisely defined as the ratio of the difference of the diagonal elements of the mass matrix and of the difference of the physical masses, the formula in [37], which comes from [16], is only consistent. In QFT, since ϵ_L ≠ ϵ_S , this is not a good way to parametrize T CP violation.

δ_S and δ_L are both invariant by the rephasing (70); forgetting about their denominators or approximating them by 1 is illegitimate, since then real parts of the ϵ’s is not invariant by this rephasing (see subsection 3.2.4). However, for |ϵ^{in}_L | ≪ 1, |ϵ^{in}_S | ≪ 1, one can neglect the denominators in (100)(101) and obtain δ_S − δ_L ≈ 2 ℜ(ϵ_S − ϵ_L).

While δ_L has already been measured with an average of δ_L = (3.27 ± 0.12) 10^{−3} [37], there are only preliminary results for δ_S coming from the KLOE detector [23]: δ_S = (−2 ± 9_{stat} ± 6_{syst}) 10^{−3}. One is obviously very far from the precision of order 10^{−17} (see subsection 5.1.3 below) requested to test the expected difference between δ_L and δ_S .

5.1.3 An estimate of (ϵ^{in}_S − ϵ^{in}_L )

Using the notations of subsection 4.1 and according to the first line of (66) we have: ϵ^{in}_{L,S} = 1 − e^{−iα} √_{c(z1,z2 )} b(z_1,z_2 ) 1 + e^{−iα} √_{c(z1,z2 )} b(z_1,z_2 )

(102)

(102) is expressed only in terms of the non-diagonal elements b(z) and c(z) of the inverse propagator (48). The non-diagonal elements of the QM mass matrix (85) being expected to be close to the ones of the inverse propagator, and since we only need an order of magnitude estimate of the difference ϵ_S − ϵ_L, we shall approximate (102) by ϵ^{in}_{L,S} ≈ 1 − e^{−iα} √_{m12 (z1,z2 )− i} 2 γ_{12} (z_1,z_2 ) m_{12} (z_1,z_2 )−^i_2 γ_{12} (z_1,z_2 ) 1 + e^{−iα} √_m 12 (z_1,z_2 )−^i_2 γ_{12} (z_1,z_2 ) m_{12} (z_1,z_2 )−^i_2 γ_{12} (z_1,z_2 )

, (103)

where m_{12} and γ_{12} should be taken at q^2_1 = z_1 = m^2_L and q^2 = z_2 = m^2_S for ϵ_L and ϵ_S , correspondingly^{36} . The standard choice α = 0 for the arbitrary phase α corresponds to the condition γ_{12} = γ_{12} (in the quark

36 The mass matrix (85) of QM has dimension [mass] while the inverse propagator (48) of QFT has dimension [mass]^2. Nevertheless, in (103), the ratio of the non-diagonal elements b and c of the inverse propagator has been identified with the ratio of the non-diagonal elements of the quantum mechanical mass matrix. This is a good enough approximation for the order of magnitude estimate that we want to get as soon as the mass matrix in QFT is recognized to be the square of the mass matrix in QM and its non-diagonal elements are much smaller than its diagonal elements.

model this choice is equivalent to that of real V_{us} and V_{ud} CKM matrix elements):

ϵ^{in}_{L,S} = √ m_{12} −^i_2 γ_{12} − √ m_{12} −^i_2 γ_{12} √ m_{12} −^i_2 γ_{12} + √ m_{12} −^i_2 γ_{12}

. (104)

To proceed with our estimate, we shall hereafter rely on the quark picture of neutral mesons, and the socalled “box diagrams” which generate K^0 − K^0 transitions [44][14][8][11].

m_{12} is almost real; a nonzero phase is generated by the quark box diagram with tt̄ exchange which is highly suppressed by the smallness of the CKM matrix elements V_{ts} and V_{td} [37]. One has [44] m_{12} ≈ ℜ(m_{12}) ≈ γ_{12} ≫ ℑ(m_{12}), and, expanding (104), one gets ϵ^{in}_{L,S} ≈ i ℑ(m_{12}) 2(m_{12} −^i_2 γ_{12}) ≈ i ℑ(m_{12}) m_S − m_L −^i_2 (Γ_S − Γ_L) = −i ℑ(m_{12}) Δm_{LS} +^i_2 Γ_S

, (105)

where we have defined M_L = m_L − i

Γ_L 2 , M_S = m_S − i Γ_S 2 , (106)

neglected Γ_L in comparison with Γ_S and substituted Δm_{LS} ≡ m_L − m_S^{37} .

There exists a dependence of m_{12} and γ_{12} on the momentum q^2, which leads to a tiny difference between ϵ_L and ϵ_S .

The dominant contribution to ℑ(m_{12}) is produced by the box diagram with two intermediate t-quarks (G_F is the Fermi constant):

[ℑ(m_{12})]_{tt} ∝ λ^{10}G^2_F (m^2_t + q^2) , (107) where λ is the Cabibbo angle. However, the sub-dominant diagram with two intermediate c-quarks generates a larger q^2 dependence (it contributes to ℑ(m_{12}) since ℑ(V_{cd}) ∼ λ^5):

[ℑ(m_{12})]_{cc} ∝ λ^6G^2_F (m^2_c + q^2) . (108)

As a result, since λ^4m^2_t ≫ m^2_c , one gets:

ℑ(m_{12})(q^2) ≈ ℑ(m_{12})(0) ( 1 + q^2 λ^4m^2_t ) . (109)

Since Δm_{LS} is numerically close to Γ_S /2, the contributions of c and u quarks to m_{12} should be comparable. In this way, we get m_{12}(q^2) ∼ λ^2(m^2_c + q^2) ≈ m_{12}(0) ( 1 + O( q^2 m^2_c ) ) , (110)

where the contribution of the box diagrams with intermediate c and u quarks is taken into account. Finally, the q^2 dependence of ϵ_{L,S} is determined by that of γ_{12}; the dependence of γ_{12} originates both from K → ππ matrix elements and two-pions phase space

γ_{12}(q^2) ≈ γ_{12}(0) ( 1 + O( q^2 m^2_K ) ) . (111)

Taking into account the dominant contributions (110) (111) we obtain ϵ^{in}_L − ϵ^{in}_S ∼ ϵ Δm_{LS} m_K ∼ 10^{−17}. (112)

In this way we obtain that the q^2 dependence of the kaon self-energy leads to different values of ϵ_L and ϵ_S : the statement that this difference signals T CP violation is seen to be wrong.

37 The relation between the first and the second denominators of (105) is obtained from the expression of the eigenvalues of (85) by using γ11 ≪ m11, γ22 ≪ m22, m12 quasi real, and choosing the phase convention such that γ12 = γ12 .

5.1.4 The asymmetry A_{T CP}

We have seen that finding a non vanishing difference of charge asymmetries δ_S − δ_L cannot be a priori interpreted as a signal of T CP non-invariance, because this difference is allowed to keep non-vanishing even when T CP is achieved. If it exceeds an expected 10^{−17} (see (112)), one clearly has a problem. The question arises whether some observable should identically vanish when T CP symmetry holds. We show below that it is the case of A_{T CP} asymmetry given by the third equation of (92). A_{T CP} is analogous to A_T , but, this time, the asymmetry for “allowed” semi-leptonic decays is studied. We explicitly calculate K^0 → K^0 and K^0 → K^0 transitions in QFT by calculating the corresponding Feynman diagrams, allowing ϵ_L to be different from ϵ_S and K_L ↔ K_S transitions. The diagrams that we evaluate are, for K^0 → K^0 transitions, drawn in Fig. 1. The same type of diagrams occur, of course, for K^0 → K^0 transitions. We have drawn diagrams only up to first order in the K_L − K_S coupling V , but results have been checked to stay unchanged at second order in V .

Fig. 1: Feynman diagrams for K^0 to K^0 transition up to first order in V .

• The K_L − K_S couplings.

While transitions between K_L and K̃_S , or K_S and K̃_L are forbidden, the ones between K_L and K_S are authorized, as shown by a very simple calculation.

(48) is equivalent to writing the T CP invariant Lagrangian L_{T CP} in the (K^0, K^0) basis: L_{T CP} (z) = a(z) ( | K^0 >< K^0 | + | K^0) >< K^0 | ) − b(z)| K^0 >< K^0 | − c(z)| K^0 >< K^0 |. (113)

Using then (78) to express K^0 and K^0 in terms of K_L and K_S , one obtains the K_L − K_S couplings L_{T CP} (z) ∋ 1 2D^2 ( a(z) ( ξ_L ξ_S − ξ_S ξ_L ) + b(z)e^{iα}ξ_Lξ_S − c(z)e^{−iα} 1 ξ_Lξ_S ) [ | K_S >_{in out} < K_L |−| K_L >_{in out} < K_S | ] . (114) The important point for our concern is that, at any z = q^2, the K_L to K_S coupling V (z) is the opposite of the K_S to K_L coupling. • Explicit calculation Let us calculate explicitly the diagram c of Fig. 1, evaluated from right to left.

- The first vertex is the projection of K^0 on K_L, i.e. the scalar product_{out} < K_L |K^0 >; it is, according to (76), ξ_L/ √ 2; - the K_L propagator 1/(q^2 − M^2_L) follows; - the second vertex is the K_L to K_S vertex V (q^2); - the K_S propagator 1/(q^2 − M^2_S ) follows;

- the last vertex is the projection of K_S on K^0, that is the scalar product < K^0 | K_S >_{in}; it is given by (76) and is equal to 1/( √ 2ξ_S ).

Finally, the diagram c of Fig. 1 is given by^{V (q2)}_2^{ξL}_{ξS}^1_{q2 −M 2L}^1_{q2−M 2S} .

So doing for all diagrams, one gets for the amplitudes A_K0_{→K}0 and A_{K0 →K0}

A(q^2)_K0_{→K}0 = 1 2 ( 1 q^2 − M^2_L + 1 q^2 − M^2_S + V (q^2) 2 ( ξ_L ξ_S − ξ_S ξ_L ) 1 q^2 − M^2_L 1 q^2 − M^2_S ) = A(q^2)_{K0→K0} .

(115) The Fourier transforms of these two amplitudes are identical, too. Their t dependence is just the dependence of the corresponding < K^0(t_f ) | K^0(t_i) > and < K^0(t_f ) | K^0(t_i) > on t_f − t_i. Then, according to the third equation in (92),

A_{T CP} = 0. (116)

This result is to be compared with [37], where A_{T CP} is mentioned to be equal to δ_S − δ_L. We have shown that this is not the case: despite ϵ_L ≠ ϵ_S , A_{T CP} vanishes when T CP is realized. It is easy to trace the root of this mechanism in (114) valid for a T CP invariant Lagrangian.

5.2 Testing T CP ?

Testing an eventual violation of T CP in binary systems of neutral mesons becomes a more and more important concern for both theorists [31][32] [34] and experimentalists [15] [40] [3] [18] [5] [16]. The measurement of δ_S − δ_L was proved in this work not to be a test of T CP . If it is detected to exceed the estimated value (112)^{38} , questions would arise, but the last should most probably be whether T CP symmetry is broken. It is useful to recall that our calculations have been performed supposing the ΔS = ΔQ rule exactly satisfied (see footnote 32), assumption which could of course need a revision. The non-vanishing of A_{T CP} stays, at the opposite, a clean test of a violation of T CP . Other experimental signals like the detection of a slight amount of longitudinal polarization for the emitted photons in π^0 → γγ decays [32] could provide a test of T CP , according to their description in the usual framework of a local field theory.

The subject of investigating all possible tests of T CP violation goes anyhow beyond the scope of this work [32] and we shall not comment more on this subject here.

One should also always keep in mind that the logic of introducing explicit T CP violating parameters in a local field theory can appear questionable since the latter presupposes the former.

6 CONCLUSION

This work is a succession of elementary deductions from basic properties of propagators in QFT. The results are simple and unambiguous.

The main results of the paper can be summarized as follows. Taking the example of neutral kaons, we exhibited substantial differences between the treatments of binary systems of neutral mesons in QM and in QFT. The role of the T CP symmetry has been clarified, and QM has been shown to yield an improper characterization of this symmetry. An essential role is played by the definition of the physical masses as the poles of the full propagator; this smooths out conceptual problems linked with the existence of “in” and “out” eigenstates, and predicts a difference between the CP violating parameters of K_L and K_S , which originates from their mass splitting and is not a characteristic signal of T CP violation. While the asymmetry A_{T CP} stays nevertheless a good test of the T CP symmetry, δ_S − δ_L has been shown to test the difference ϵ_S − ϵ_L; the latter can be different from zero even when T CP is realized..

38 Remember that this estimate was done with a precise phase convention.

We have shown that QM formulæ often quoted in the literature depend on the arbitrary rephasing of K^0 and K^0, and are, hence, not physically relevant; we have given the correct, phase independent, formulæ obtained in QFT.

The introduction of a (constant) unique mass matrix to describe these binary systems is inappropriate. The correct way to diagonalize a general complex propagator is by using a bi-orthogonal basis and not a biunitary transformation. Finally, local QFT, which presupposes T CP symmetry, is not an appropriate framework to parameterize T CP violation.

A similar study will be devoted to fermions [29] with a special emphasis on mixing matrices and unitarity.

Acknowledgments

A very special thank is due to R. Stora for his invaluable help. Sections 2.3 and 2.4 are strongly inspired from his letters. The authors are very indebted to D.V. Ahluwalia, L. Alvarez-Gaumé, O. Babelon, M. Bellon, L.B. Okun, and J.B. Zuber for many discussions, exchanges and suggestions; this work owes a lot to their cleverness and their patience. They also thank Ya.I. Azimov for pointing their attention to the very relevant work [6] and useful email exchanges.

B.M. wants to thank the lab. 180 of ITEP for the very warm and friendly hospitality extended to him on several occasions. A large part of this work was conceived there.

M.V. wants to thank LPTHE and University of Paris 7 for the possibility offered to him to spend April 2004 and to work there.

V.A. N. and M.I. V. are supported by RFBR grant ♯ 00-15-96562 and by NTP FYaF 40.052.1.1.1112.

A CONSTRAINTS SET BY DISCRETE SYMMETRIES AND LORENTZ INVARIANCE ON THE PROPAGATOR OF NEUTRAL KAONS

We work in the (K^0, K^0) basis.

Let φ_K0 (x) be the Heisenberg operator for K^0 at space time point x = (⃗x, t) and φ_K0 (⃗x) the corresponding Schrœdinger operator (see also subsection A.3.1). Since other fields will be related to it, we shall often omit the corresponding subscript, writing instead φ when it is the only one appearing in a formula.

A.1 DEFINITION OF C, P and CP TRANSFORMATIONS ON FIELD OPERATORS The action of these symmetry transformations is defined for the Schrœdinger fields.

A.1.1 Charge conjugation C The charge conjugation operation C transforms a multiplet of an internal symmetry into a multiplet of the complex conjugate representation; we thus define, for field operators Cφ_K0 (⃗x)C^{−1} = e^{−iα}φ_{K0} (⃗x), (117) where we have introduced an arbitrary phase α; then, φ_{K0} and φ^†_{K0} are again connected by an arbitrary phase δ φ_{K0} (⃗x) = e^{−iδ} φ^†_{K0} (⃗x). (118) such that Cφ_K0 (⃗x)C^{−1} = e^{−i(α+δ)}φ^†_{K0} (⃗x). (119) C is a unitary operator CC^† = 1 = C^†C, which entails that C^† = C^{−1}. We find accordingly Cφ^†_{K0} (⃗x)C^{−1} = Cφ^†_{K0} (⃗x)C^† = (Cφ_K0 (⃗x)C^†)^† = e^{i(α+δ)}φ_K0 (⃗x), 39 and Cφ_{K0} (⃗x)C^{−1} = Ce^{−iδ}φ^†_{K0} (⃗x)C^{−1} = e^{−iδ} Cφ^†_{K0} (⃗x)C^{−1} = e^{−iδ}e^{i(α+δ)}φ_K0 (⃗x) = e^{iα}φ_{K0} (⃗x). It can then immediately be checked that C^2 = 1. (120)

A.1.2 Parity P The parity operator P is also a unitary operator P P^† = 1 = P^†P ; allowing again for an arbitrary phase β, it acts on field operators according to P φ_K0 (⃗x)P^{−1} = e^{iβ} φ_K0 (−⃗x). (121) One has then P φ^†_{K0} (⃗x)P^{−1} = e^{−iβ} φ^†_{K0} (−⃗x); (122) indeed: P φ^†_{K0} (⃗x)P^{−1} = P φ^†_{K0} (⃗x)P^† = ( P φ_K0 (⃗x)P^† )_{† 40} . 39 In the second equality we have only replaced C^{−1} by C^†. 40 See footnote 39.

Replacing in (122) φ^†_{K0} (⃗x) by e^{iδ}φ_{K0} (⃗x) according to (117) yields

P φ_{K0} (⃗x)P^{−1} = e^{−iβ} φ_{K0} (−⃗x). (123)

Notice that the product of the phases occurring in (121) and (123) is +1: the relative intrinsic parity of φ_K0 and φ_{K0} (or φ^†_{K0} ) is +1.

The operation of parity transformation is a geometrical operation which, repeated twice, should give the identity; one can accordingly impose P^2 = 1. (124) This entails that e^{2iβ} = 1; since kaons are pseudoscalar, we will choose hereafter

e^{iβ} = −1. (125)

A.1.3 CP transformation

We then find the laws of transformation by the combined symmetry CP ; it is instructive that requesting that the two operators C and P commute (or anticommute), [C, P ] = 0 ({C, P } = 0) yields the same condition on the phase β of the parity transformation as the one given by P^2 = 1^{41} . We calculate in two ways CP φ_K0 (⃗x)(CP )^{−1}, using the linearity of both operators:

CP φ_K0 (⃗x)(CP )^{−1} = C(P φ_K0 (⃗x)P^{−1})C^{−1} = C(e^{iβ}φ_K0 (−⃗x))C^{−1} = e^{iβ} Cφ_K0 (−⃗x)C^{−1} = e^{i(β−α)}φ_{K0} (−⃗x) = e^{i(β−α−δ)}φ^†_{K0} (−⃗x); and CP φ_K0 (⃗x)(CP )^{−1} = P (Cφ_K0 (⃗x)C^{−1})P^{−1} = P (e^{−iα}φ_{K0} (⃗x))P^{−1} = e^{−iα}P φ_{K0} (⃗x)P^{−1} = e^{−i(α+β)}φ_{K0} (−⃗x) = e^{−i(α+β+δ)}φ^†_{K0} (−⃗x). For these two expressions to be identical, one needs e^{−iβ} = e^{iβ} , which is the condition obtained in the previous subsection. With our choice (125), we get CP φ_K0 (⃗x)(CP )^{−1} = −e^{−iα}φ_{K0} (−⃗x) = −e^{−i(α+δ)}φ^†_{K0} (−⃗x). (126) One then gets

CP φ^†_{K0} (⃗x)(CP )^{−1} = CP φ^†_{K0} (⃗x)(CP )^† = (CP φ_K0 (⃗x)(CP )^†)^† = −e^{i(α+δ)}φ_K0 (−⃗x), and CP φ_{K0} (⃗x)(CP )^{−1} = −e^{iα}φ_K0 (−⃗x). (127) One has (CP )^2 = 1.

A.2 THE NEUTRAL KAON PROPAGATOR The notations and definition of the neutral kaon propagator have been given in subsection 2.1. We do not repeat them here.

41 That C and P commute is indeed not the only possible choice. They can also anticommute, which leads in particular to the so-called Wigner bosons [1].

A.3 CONSTRAINTS SET BY CP SYMMETRY ON THE PROPAGATOR OF NEUTRAL KAONS

A.3.1 Constraint set by CP symmetry on the anti-diagonal elements

Using (126), let us investigate the consequences of CP invariance on the propagator. Since CP is unitary, the following is an identity − g(⃗x, t) = e^{iδ} < CP 0 | ϑ(t)CP φ( ⃗x 2 , t 2 )(CP )^{−1}CP φ(− ⃗x 2 , − t 2 )(CP )^{−1} +ϑ(−t)CP φ(− ⃗x 2 , − t 2 )(CP )^{−1}CP φ( ⃗x 2 , t 2 )CP^{−1} | CP 0 > . (128)

The theory is invariant by CP if and only if [CP, H] = 0, H being the Hamiltonian. The Heisenberg field φ(^{⃗x}_2 ,^t_2 ) can be expressed in term of the Schrœdinger field φ(^{⃗x}_2 ) by φ( ⃗x 2 , t 2 ) = e^{i t}2^H φ( ⃗x 2 )e^{−i t}2^H , (129)

such that CP invariance yields CP φ_K0 ( ⃗x 2 , t 2 )(CP )^{−1} = e^{i t2 H} CP φ_K0 ( ⃗x 2 )(CP )^{−1}e^{−i t2 H} , (130)

and, using (126), CP φ_K0 ( ⃗x 2 , t 2 )(CP )^{−1} = −e^{−i(α+δ)}φ^†_{K0} (− ⃗x 2 , t 2 ); (131)

the Heisenberg field transforms in the same way as the Schrœdinger field. Using the invariance of the vacuum and (131), the starting identity becomes − g(⃗x, t)^{CP}= e^{iδ} < 0 | ϑ(t)(−)e^{−i(α+δ)}φ^†(− ⃗x 2 , t 2 )(−)e^{−i(α+δ)}φ^†( ⃗x 2 , − t 2 ) + ϑ(−t)(−)e^{−i(α+δ)}φ^†( ⃗x 2 , − t 2 )(−)e^{−i(α+δ)}φ^†(− ⃗x 2 , t 2 ) | 0 >= e^{−2iα}(−h(−⃗x, t)). (132)

Lorentz invariance of the propagator (6), in the sense discussed in subsection 2.1, entails h(−⃗x, t) = h(⃗x, t), and one gets g(⃗x, t)^{CP}= e^{−2iα}h(⃗x, t). (133) A.3.2 Constraint set by CP symmetry on the diagonal elements

Going along similar lines, one gets: CP d(⃗x, t) = < 0 | ϑ(t)(−)e^{−i(α+δ)}φ^†(− ⃗x 2 , t 2 )(−)e^{i(α+δ)}φ( ⃗x 2 , − t 2 ) + ϑ(−t)(−)e^{i(α+δ)}φ( ⃗x 2 , − t 2 )(−)e^{−i(α+δ)}φ^†(− ⃗x 2 , t 2 ) | 0 >= f(−⃗x, t). (134) The phases cancel, and Lorentz invariance of the propagator (6), in the sense discussed in subsection 2.1, entails f(−⃗x, t) = f(⃗x, t); finally we obtain CP d(⃗x, t) = f(⃗x, t). (135) A CP transformations swaps the diagonal elements; they are accordingly identical if CP invariance is satisfied.

A.3.3 Final remarks on CP

The diagonal elements of a CP invariant kaon propagator are identical, and its anti-diagonal elements are identical up to a phase α.

Accordingly, a CP invariant kaon propagator is always normal; it is equivalent to saying that a non-normal propagator cannot describe a CP invariant theory; but this leaves the freedom for a normal mass matrix to also accommodate for CP violation^{42} . This is emphasized in the core of the paper. Notice that proper Lorentz invariance enabled us to transform the (−⃗x, t) dependence in the propagator into a (⃗x, t) dependence without making any hypothesis concerning the link between φ(−⃗x, t) and φ(⃗x, t).

A.4 THE WIGHTMAN CONVENTION FOR T CP TRANSFORMATION [42][26][20][13] [21][45][19] [14][39]

The T CP transformation Θ exists independently of the three individual transformations P , C and T . One defines it on Heisenberg fields because it also concerns time evolution for operators and eigenstates. While phases can appear in the individual transformations P , C (and T ), there is no arbitrary phase in Θ. [42].

Θ satisfies Θ = Θ^{−1}. (136) It is an antiunitary operator: < ΘA | ΘB >=< A | B >^∗=< B | A > . (137) One deduces in particular from (137), for any operator O(⃗x, t) < ΘA | ΘO(⃗x, t)Θ^{−1} | ΘB >=< B | O^†(⃗x, t) | A > . (138) Indeed: < ΘA | ΘO(⃗x, t)Θ^{−1} | ΘB >=< ΘA | ΘO(⃗x, t) | B >=< ΘA | Θ(O(⃗x, t)B) > (137) = < O(⃗x, t)B | A >=< B | O^†(⃗x, t) | A > . Θ is an antilinear operator: it complex conjugates all c-numbers on its right

Θ(a | A >) = a^∗Θ | A > . (139)

(139) can easily be obtained from (138) by replacing the operator O by the c-number a. By a T CP transformation, in addition to the 4-inversion (⃗x, t) → (−⃗x, −t), any operator should be changed into its hermitian conjugate. Θφ(⃗x, t)Θ^{−1} = φ^†(−⃗x, −t). (140) In this work, we consider the existence of an antiunitary operator Θ satisfying (140) as the criterion for T CP invariance.

A.4.1 Constraint linked to T CP symmetry on the diagonal elements

By definition (see (5)) d(⃗x, t) = < K^0 | Δ(⃗x, t) | K^0 >=< 0 | T {φ( ⃗x 2 , t 2 )φ^†(− ⃗x 2 , − t 2 )} | 0 > = < 0 | ϑ(t)φ( ⃗x 2 , t 2 )φ^†(− ⃗x 2 , − t 2 ) + ϑ(−t)φ^†(− ⃗x 2 , − t 2 )φ( ⃗x 2 , t 2 ) | 0 > . (141)

42 This because (A ⇒ B) entails (B̸ ⇒A̸), but does not entail B ⇒ A, which is a wrong statement: if B is true, A can be either true or false.

The vacuum is supposed to be unique and invariant by T CP : Θ |0 >= | 0 >; one replaces accordingly | 0 > by | Θ 0 >; one then uses (140) to replace φ(^{⃗x}_2 ,^t_2 ) by Θ^{−1}φ^†(−^{⃗x}_2 , −^t_2 )Θ, which is identical to Θφ^†(−^{⃗x}_2 , −^t_2 )Θ^{−1} because of (136), and one gets^{43} d(⃗x, t) = < Θ 0 |ϑ(t)Θφ^†(− ⃗x 2 , − t 2 )Θ^{−1}Θφ( ⃗x 2 , t 2 )Θ^{−1} +ϑ(−t)Θφ( ⃗x 2 , t 2 )Θ^{−1}Θφ^†(− ⃗x 2 , − t 2 )Θ^{−1} | Θ 0 >

= < Θ 0 |ϑ(t)Θφ^†(− ⃗x 2 , − t 2 )φ( ⃗x 2 , t 2 )Θ^{−1} + ϑ(−t)Θφ( ⃗x 2 , t 2 )φ^†(− ⃗x 2 , − t 2 )Θ^{−1} | Θ 0 > . (142)

One now uses the antiunitarity (138) of the Θ operator to get, using (5) d(⃗x, t) =< 0 | ϑ(t)φ^†( ⃗x 2 , t 2 )φ(− ⃗x 2 , − t 2 ) + ϑ(−t)φ(− ⃗x 2 , − t 2 )φ^†( ⃗x 2 , t 2 ) | 0 >= f(⃗x, t). Accordingly, the sole existence of a antiunitary operator Θ = Θ^{−1} such that any complex scalar field transforms according to (140), and of the unicity and invariance of the vacuum by Θ entail d(⃗x, t) = f(⃗x, t). (143) A.4.2 T CP symmetry and the anti-diagonal elements

By definition (see (5)) −h(⃗x, t) = e^{−iδ} < 0 | ϑ(t)φ^†( ⃗x 2 , t 2 )φ^†(− ⃗x 2 , − t 2 ) + ϑ(−t)φ^†(− ⃗x 2 , − t 2 )φ^†( ⃗x 2 , t 2 ) | 0 > . (144)

The vacuum is supposed to be unique and invariant by T CP : Θ | 0 >= | 0 >; using (140), one gets by definition, along the same lines as for the diagonal elements,^{44} − h(⃗x, t) = e^{−iδ} < Θ 0 |ϑ(t)Θφ(− ⃗x 2 , − t 2 )Θ^{−1}Θφ( ⃗x 2 , t 2 )Θ^{−1} +ϑ(−t)Θφ( ⃗x 2 , t 2 )Θ^{−1}Θφ(− ⃗x 2 , − t 2 )Θ^{−1} | Θ 0 > = e^{−iδ} < Θ 0 |ϑ(t)Θφ(− ⃗x 2 , − t 2 )φ( ⃗x 2 , t 2 )Θ^{−1} + ϑ(−t)Θφ( ⃗x 2 , t 2 )φ(− ⃗x 2 , − t 2 )Θ^{−1} | Θ 0 > .

(145)

One now uses the antiunitarity of the Θ operator (138) to get −h(⃗x, t) = e^{−iδ} < 0 | ϑ(t)φ^†( ⃗x 2 , t 2 )φ^†(− ⃗x 2 , − t 2 )+ϑ(−t)φ^†(− ⃗x 2 , − t 2 )φ^†( ⃗x 2 , t 2 ) | 0 >= −h(⃗x, t). (146) We only get a tautology: T CP sets no constraint on the antidiagonal elements of the propagator.

A.5 THE SCHWINGER-PAULI CONVENTION FOR T CP TRANSFORMATION [2][36][24]

In the Schwinger-Pauli convention, transforming a product of operators by T CP goes by performing the 4-inversion (⃗x, t) → (−⃗x, −t), not taking neither the hermitian nor the complex conjugate of operators, but reading all expressions from right to left instead of from left to right (this last prescription swaps in particular “in” and “out” states).

43 One does the same for the second operator 44 In the equalities below, one cannot cancel the two Θ’s in < Θ 0 |Θφ . . . since it is equal to < 0 | Θ^† Θφ . . ., and Θ is not a unitary operator, Θ^† Θ ≠ 1.

When evaluating a scalar product, with no “sandwiched” operator, this convention is identical to the condition (137) of antiunitarity of Θ; indeed, it yields < Θ A | Θ B >^{Schwinger−P auli}= < B | A >≡< A | B >^∗. However, when a string of operators is sandwiched between the two state vectors, one gets a result different from the Wightman convention; they only coincide for hermitian operators: < Θ A | O_1O_2 . . . O_n | Θ B >^{Schwinger−P auli}= < B | O_n . . . O_2O_1 | A > (147) while it would give < B | O^†_n . . . O^†_2O^†_1 | A > in the Wightman convention (see (138)). Since (138) is a direct consequence of the antiunitarity of the Θ operator, the differences between the two conventions are deep and one cannot even speak of a true antiunitary Θ for Schwinger.

The case of “sandwiched” scalars needs an investigation. If one applies the rule of simply inverting the order of all factors in the matrix element, one gets Θ ( < A | a | B > ) =< B | a | A >≡ a < B | A >. If one instead sticks to the antiunitarity of Θ, the c-number a should be complex conjugated (see (139)). Since we already saw above that Θ cannot be considered here as a antiunitary operator, we shall not conjugate the c-numbers and show that this leads to a consistent result.

A caveat also exists: Pauli [36] always works with completely symmetrized strings of operators, which is not our case here.

A.5.1 Constraint set by T CP symmetry on the diagonal elements

Since “in” and “out” states are both the vacuum, supposed invariant by T CP , the transformed by T CP of d(⃗x, t) (141) is Θd(⃗x, t) = f(⃗x, t). (148) Indeed, Θd(⃗x, t) =< 0 | ϑ(t)φ^†(^{⃗x}_2 ,^t_2 )φ(−^{⃗x}_2 , −^t_2 ) + ϑ(−t)φ(−^{⃗x}_2 , −^t_2 )φ^†(^{⃗x}_2 ,^t_2 ) | 0 >= f(⃗x, t). A T CP transformation swaps the two diagonal elements; T CP invariance requires accordingly their equality.

A.5.2 Constraint set by T CP symmetry on the anti-diagonal elements

The transformed by T CP of −h(⃗x, t) (144) is, when the phase is not transformed —see the discussion above— Θh(⃗x, t) = h(⃗x, t). (149) Indeed, Θ(−h(⃗x, t)) = e^{−iδ} < 0 | ϑ(t)φ^†(^{⃗x}_2 ,^t_2 )φ^†(−^{⃗x}_2 , −^t_2 )+ϑ(−t)φ^†(−^{⃗x}_2 , −^t_2 )φ^†(^{⃗x}_2 ,^t_2 ) | 0 >= −h(⃗x, t), and T CP does not set any constraint on the antidiagonal elements of the propagator If one does conjugate the phase, the relation becomes Θh(⃗x, t) = e^{2iδ}h(⃗x, t), which is not consistent with what we obtained using the Wightman’s convention.

A.5.3 Comments

In the Schwinger-Pauli convention for T CP -transforming a string of operators, T CP invariance constrains the two diagonal elements to be identical and gives no constraint on the antidiagonal elements. This is only achieved when c-numbers are left untouched by the transformation.

The operator Θ then does not appear as an antiunitary operator; nevertheless we get the same constraints as with the convention of Wightman.

A.6 FINAL REMARKS ON T CP

A.6.1 Constraints on the propagator

Both conventions lead us to the same constraints on the propagator: its diagonal elements must be identical, while no constraint exists on the antidiagonal elements. The propagator is not constrained to be normal: depending whether |g| = |h| or not, it can or cannot be so. In the core of the paper, we show that normality cannot be satisfied because it always leads to a purely imaginary CP violating parameter ϵ. The Schwinger-Pauli’s convention has been claimed [36] to be valid independently of the hermiticity of the Lagrangian, which is of concern to us here. It only coincides with the one of Wightman when dealing with hermitian operators, but they deeply differ for other cases: the T CP operator Θ is in particular not truly antiunitary, nor truly antilinear in the Schwinger-Pauli’s convention^{45} .

It is important to notice that the non-hermitian Lagrangian that one is led to introduce because of kaon instability can only be considered as an effective Lagrangian. A fundamental Lagrangian should include not only kaons but all its decay products, and should be hermitian; then Schwinger-Pauli and Wightman conventions coincide.

We develop the comparison between the two approaches in the next subsection.

A.6.2 Lagrangian versus Green’s functions

We have chosen to study the constraints set by T CP on the two-point Green function. It is a general theorem [42] that one can reconstruct the S matrix of a theory from the (infinite) set of its Green functions, which goes beyond any perturbative approach based on a given Lagrangian.

We show below what our results mean in a Lagrangian approach. A general quadratic Lagrangian for K^0 and K^0 writes L(⃗x, t) = aφ_K0 (⃗x, t)φ_{K0} (⃗x, t) + dφ_{K0} (⃗x, t)φ_K0 (⃗x, t) + b(φ_K0 (⃗x, t))^2 + c(φ_{K0} (⃗x, t))^2 = aφ_K0 (⃗x, t)e^{−iδ}φ^†_{K0} (⃗x, t) + de^{−iδ}φ^†_{K0} (⃗x, t)φ_K0 (⃗x, t) +b(φ_K0 (⃗x, t))^2 + ce^{−2iδ}(φ^†_{K0} (⃗x, t))^2. (150)

If one uses the Wightman convention for T CP transformation (which includes complex conjugating the c-numbers) one gets ΘL(⃗x, t)Θ^{−1} = a^∗e^{iδ}φ_K0 (−⃗x, −t)φ^†_{K0} (−⃗x, −t) + d^∗e^{iδ}φ^†_{K0} (−⃗x, −t)φ_K0 (−⃗x, −t) +b^∗(φ^†_{K0} (−⃗x, −t))^2 + c^∗e^{2iδ}(φ_K0 (−⃗x, −t))^2; (151)

if one uses instead the Schwinger-Pauli convention (with no conjugation of c-numbers), one gets ΘL(⃗x, t)Θ^{−1} = ae^{−iδ}φ^†_{K0} (−⃗x, −t)φ_K0 (−⃗x, −t) + de^{−iδ}φ_K0 (−⃗x, −t)φ^†_{K0} (−⃗x, −t) +b(φ_K0 (−⃗x, −t))^2 + ce^{−2iδ}(φ^†_{K0} (−⃗x, −t))^2, (152)

such that, supposing that the integration ∫ d^4x wipes out the change of (⃗x, t) into (−⃗x, −t), the conditions that L is invariant by T CP are:

- in the Wightman’s convention: ae^{−iδ} = a^∗e^{iδ}, de^{−iδ} = d^∗e^{iδ}, b = c^∗e^{2iδ};

- in the Schwinger-Pauli convention: a = d, no condition on b and c: these are the same results as the

45 It is to be noted that the demonstration that an operator should be either unitary or antiunitary rests (see [45], vol.1, appendix A p.91) on the conservation of probabilities and on the existence of a complete orthogonal set of state-vectors for rays of the group of transformation under concern. In the case under study neutral kaons are unstable and we introduced a non-hermitian “effective” Lagrangian; hence, one may question the conservation of probabilities; furthermore, a complete set of eigenstates involves at most one true propagating state since, at each of the physical poles, a complete set of eigenstates involves the propagating (physical) state, and a spurious one; the two propagating states correspond to two different p^2 and do not form, truly speaking, a complete orthogonal set. A detailed re-examination of the demonstration in our case is left for a further study.

ones that we have obtained for the propagator (which, at the lowest order, is the inverse of the quadratic Lagrangian)^{46} .

For the Lagrangian to be hermitian, a, b, c and d must satisfy ae^{−iδ} real, de^{−iδ} real, b^∗ = ce^{−2iδ}; these coincide with the T CP constraints that we obtained above by using the conventions of Wightman^{47} . What matters then is the sum (a + d), as far as φ_K0 (x) and φ^†_{K0} (y) commute at the same space-time point x = y 48 .

We conclude that:

- the Schwinger-Pauli convention always gives constraints for the propagator and for the Lagrangian which are compatible;

- in the case when the instability of particles forces us to use a non-hermitian Lagrangian, Wightman’s convention for the propagator and for the Lagrangian conflict.

So, as reported in Pauli’s paper [36], Schwinger’s convention for T CP is likely to apply to non-hermitian Lagrangians as well, and looks more general than Wightman’s. When dealing with non-hermitian Lagrangians, it seems thus recommended:

- either to work with Green’s functions only; one can then keep a antiunitary Θ operator and Wightman’s convention;

- or to use Schwinger-Pauli convention for T CP which, in particular, brings no conflict between Lagrangian and propagator; one has then to give up the antiunitarity of the Θ operator.

B CP VIOLATING PARAMETERS AND ARBITRARY PHASES

This appendix is a complement to subsection 3.2.4.

First, on Fig. 2 are displayed the two ellipsoids of ϵ^{in}_L and ϵ^{out}_L when the arbitrary phase Ω_1 in (72) is varied.

Fig. 2: ϵ^{in}_L and ϵ^{out}_L span symmetric ellipsoids when the phase ω of K^0 is varied.

46 When the arbitrary phase δ is put to zero, these constraints become: - in the Wightman’s convention: a and d real, b = c^∗;

- in the Schwinger-Pauli convention: a = d (equality of the masses of K^0 and K^0 ≡ (K^0)^†) and no condition on b and c.

47 Since the Lagrangian involves operators at the same point and no T-product is involved, the T CP transformation amounts, in addition to 4-inversion, to simple hermitian conjugation.

48 This gives back, at the Lagrangian level, the equality between the mass of a particle and the one of the corresponding antiparticle.

The coordinates of their intersections with the real axis have the same moduli as the lower and upper bounds (75). The length of their “real” axis of the ellipsoids is | |^4 √_{|b1 c1|} |b_1|−|c_1 | | | and the length of their “imaginary” axis is

very close to 2. (Fig. 2 does not respect the scale: the lower bound of ϵ is much smaller than the length of the “imaginary” axis, itself much smaller that the length of the “real” axis). By the same inspection as done in subsection 3.2.4, one finds

ϵ^{in}_{L̃} = |b(z_1)| − |c(z_1)| − 2i √ |b(z_1)c(z_1)| sin Ω_1 |b(z_1)| + |c(z_1)| − 2 √ |b(z_1)c(z_1)| cos Ω_1

; ϵ^{out}_{L̃} = |c(z_1)| − |b(z_1)| − 2i √ |b(z_1)c(z_1)| sin Ω_1 |b(z_1)| + |c(z_1)| − 2 √ |b(z_1)c(z_1)| cos Ω_1 ; |ϵ^{in}_{L̃} |^2 = |ϵ^{out}_{L̃} |^2 =

|b_1| + |c_1| + 2 √ |b_1c_1| cos Ω_1 |b_1| + |c_1| − 2 √ |b_1c_1| cos Ω_1

. (153)

Comparing (153) with (73), one sees that the CP violating parameters for the “spurious” states can be deduced from the ones of the propagating states by the change

Ω_1 → Ω_1 ± π, (154)

that is, by ω → ω ± π 2 , (155)

which is also true for K_S and K_S .

So, the ellipsoids corresponding to the “spurious states” are globally the same as the ones of the propagating states. The value of Ω_1 corresponding to the lower bound of |ϵ| in one case, Ω_1 = 0 or Ω_1 = π, corresponds to the upper bound in the other case.

The ellipsoids corresponding to K_S are shifted with respect to the ones for K_L according to the transformations b(z_1) → b(z_2) and c(z_1) → c(z_2), shift expected to be very small; they have the same symmetry properties.

Since by (155), ϵ^{in}_L and ϵ^{out}_L are turned into ϵ^{in}_{L̃} and ϵ^{out}_{L̃} , the propagating K_L states are formally transformed by this rephasing into the “spurious” states K_{L̃}, and vice versa. The same remark applies to K_S and K_{S̃} . This is an additional argument for the importance of both types of states, and that discarding a priori the spurious states is unjustified.

List of Figures

Fig. 1: Feynman diagrams for the transition K^0 → K^0;

Fig. 2: ϵ^{in}_L and ϵ^{out}_L span symmetric ellipsoids when the phase ω of K^0 is varied.

References

[1] D.V. AHLUWALIA: “A new type of massive spin-one boson: And its relation with Maxwell equations”, Presented at Symp. to honor Jean Pierre Vigier, Toronto, Canada, Aug 27-30, 1995; In Toronto 1995, “The present status of the quantum theory of light” 443-457. hep-th/9509116 (the report of the referee, which is included, is specially instructive).

[2] A.I. AKHIEZER & V.B. BERESTETSKII: “Quantum Electrodynamics”, third russian edition (Nauka, Moscow) 1969; Interscience (New York) 1965.

[3] A. ALAVI-HARATI et al. (KTeV Collaboration); “Measurements of Direct CP Violation, CPT Symmetry, and Other Parameters in the Neutral Kaon System”, hep-ex/0208007, Phys. Rev. D 67 (2003) 012005.

[4] L. ALVAREZ-GAUMÉ, C. KOUNNAS, S. LOLA & P. PAVLOPOULOS: “Violation of Time-Reversal Invariance and CPLEAR Measurements”, hep-ph/9812326, Phys. Lett. B 458 (1999) 347-354.

[5] B. AUBERT et al. (BaBar Collaboration): “Limits on the Decay-Rate of Neutral B Mesons and on CP , T and CP T Violation in B^0B^0 Oscillations”, hep-ex/0311037.

[6] Ya.I. AZIMOV: “Pole approximation for decays of neutal K mesons”, Pis’ma Zh. Exp. Teor. Fiz., v.58 (1993) 161-164, JETP Lett., v.58 (1993) 159-162;

ibidem: “Neutral Kaons without Weisskopf-Wigner Approximation”, hep-ph/9511285, Phys. Atom. Nucl. 59 (1996) 856-863, Yad. Fiz. 59N5 (1996) 894-902.

[7] V.V. BARMIN, V.G. BARYLOV, I.V. CHUVILO, G.V. DAVIDENKO, V.S. DEMIDOV, A.G. DOLGO- LENKO, A.G. MESHKOVSKY, L.B. OKUN and V.A. SHEBANOV, M. BALDO-CEOLIN, E. CALIMANI, S. CIAMPOLILLO, F. MATTIOLI, G. MIARI and A. SCONZA: “CP T symmetry and neutral kaons”, Nucl. Phys. B247 (1984) 293-312.

[8] R. BELUŠEVIĆ: “Neutral Kaons”, Springer Tracts in Modern Physics 153 (Springer-Verlag, Berlin- Heidelberg New York, 1999).

[9] V.B. BERESTETSKII, E.M. LIFSHITZ & L.P. PITAIEVSKII: “Relativistic Quantum Theory” (Landau & Lifshitz Course of Theoretical Physics, vol.4), 1974.

[10] M. BEUTHE: “Oscillations of neutrinos and mesons in quantum field theory”, hep-ph/0109119, Phys.

Rept. 375 (2003) 105-218, and references therein.

[11] I.I. BIGI & A.I. SANDA: “ CP Violation”, Cambridge Monographs on Particle Physics, Nuclear Physics and Cosmology 9 (Cambridge University Press, 2000).

[12] M. BLASONE, A. CAPOLUPO, O. ROMEI and G. VITIELLO: “Quantum Field Theory of boson mixing”, hep-ph/0102048, Phys. Rev. D 63 (2001) 125015.

[13] N.N. BOGOLUBOV, A.A. LOGUNOV, A.I. OKSAK and I.T. TODOROV: “General principles of Quantum Field Theory”, Kluwer Academic Publishers, (Dordrecht, Boston, London) 1990.

[14] See for example:

G.C. BRANCO, L. LAVOURA & J.P. SILVA: “CP Violation” (Clarendon Press, Oxford, 1999), and references therein.

[15] R.A. BRIERE and L.H. ORR: “Possible test of CP T invariance in neutral kaon regeneration”, Phys.

Rev. D 40 (1989) 2269.

[16] C.D. BUCHANAN, R. COUSINS, C. DIB, R.D. PECCEI and J. QUACKENBUSH: “Testing CP and CP T violation in the neutral kaon system at Φ factory”, Phys. Rev. D 45 (1992) 4088.

[17] J.H. CHRISTENSEN, J.W. CRONIN. V.L. FITCH & R. TURLAY: “Evidence for the 2π decay of the K^0_2 meson”, Phys. Rev. Lett. 13 (1964) 138.

[18] CPLEAR Collaboration (D. Zavrtanik for the): “A review of the latest CPLEAR results on T violation and CPT invariance in the neutral kaon system”, Nucl. Phys. Proc. Suppl. 93 (2001) 276-282.

[19] O.W. GREENBERG: “Why is CPT fundamental”, hep-ph/0309309.

ibidem: “CPT violation implies violation of Lorentz invariance”, hep-ph/0201258, Phys. Rev. Lett. 89 (2002) 231602.

ibidem: “Covariance of time-ordered products implies local commutativity of fields”, hep-th/0405211. [20] R. HAAG: “Local Quantum Physics; Fields, Particles, Algebras”, Springer-Verlag Berlin Heidelberg New York (1992) [21] C. ITZYKSON and J.B. ZUBER: “Quantum Field Theory”, McGraw-Hill (Singapore) 1980. [22] R. JACOB & R.G. SACHS: “Mass and Lifetimes of Unstable Particles” Phys. Rev. 121 (1961) 350. [23] KLOE coll. (presented by C. Gatti) “Kaon semileptonic decays at KLOE”; Proc. of DAFNE 2004:

Physics at meson factories, 7-11 June 2004, Frascati (Aug. 2004).

KLOE coll. (presented by T. Spadaro): “Recent results from KLOE at DAFNE”; Proc. of “Les Rencontres de Physique”, La Thuile 29-2/6-3 2004 (Aug. 2004).

[24] L. LANDAU & E. LIFSHITZ: “Quantum Mechanics” (Landau & Lifshitz course of Theoretical Physics, vol.3) 1981.

[25] T.D. LEE: “Remarks on Possible Noninvariance under Time Reversal and Charge Conjugation”, Phys.

Rev. 106 (1957), 340.

[26] T.D. LEE: “Particle Physics and Introduction to Field Theory”, Contemporary Concepts in Physics, vol.1 (Harwood Academic Publishers, Chur, London, New-York, 1981).

[27] see for example:

P.-O. LÖWDIN: “Linear Algebra for Quantum Theory” (John Wiley & Sons, Inc. 1998). [28] B. MACHET: “Mass matrices and eigenstates for scalars/pseudoscalars; indirect CP violation, mass hierarchies and symmetry breaking”, hep-ph/010922, Int. J. Mod. Phys. 27 (2002) 3839-3874. ibidem: “About neutral kaons and similar systems: from quantum field theory to effective mass matrices”, hep-ph/0301274, Int. J. Mod. Phys. A, to appear.

[29] B. MACHET, V.A. NOVIKOV & M.I. VYSOTSKY: “Fermion masses in Quantum Field Theory”, in preparation.

[30] See for example:

B. MACHET & S.T. PETCOV: “Hierarchies of quark masses and the mixing matrix in the standard theory”, hep-ph/0103334, Phys. Lett. B 513 (2001) 371-380, and references therein.

[31] L.B. OKUN: “Leptons and Quarks” (North-Holland, Amsterdam, 1982).

[32] L.B. OKUN: “C, P, T are broken, why not CPT ?”, Talk given at the 14th Rencontres de Blois: Matter- Anti-matter Asymmetry, Chateau de Blois, France, 17-22 June 2002, hep-ph/0210052.

[33] L.B. OKUN: private communication.

[34] P. PAVLOPOULOS:“CPLEAR: an experiment to study CP , T and CP T symmetries in the neutralkaon system”, Nucl. Phys. B (Proc. Suppl) 99 b (2001) 16-23, and references therein.

[35] A. PILAFTSIS: “Gauge and Scheme dependence of Mixing Matrix Renormalization”, hep-ph/0203210, Phys. Rev. D65 (2002) 115013.

[36] W. PAULI: “Exclusion principle, Lorentz group and reflection of space-time and charge”, in “Niels Bohr and the development of physics”, Pergamon Press, London (1955).

[37] PARTICLE DATA GROUP: “Review of Particle Physics”, Phys. Rev. D 66 (2002). [38] See for example:

P. ROMAN: “Introduction to Quantum Field Theory” (John Wiley and Sons, Inc. 1969). [39] R.G. SACHS: “Interference Phenomena of Neutral K Mesons”, Ann. Phys. 22 (1963) 239-262. [40] B. SCHWINGENHEUER et al.:“CP T Tests in the Neutral Kaon System by FNAL E773”, hep-ex/9407001, Phys. Rev. Lett. 74 (1995) 4376.

[41] J.P. SILVA: “On the use of the reciprocal basis in neutral meson mixing”, Phys. Rev. D62 (2000) 116008, hep-ph/0007075.

[42] R.F. STREATER & A.S. WIGHTMAN: “PCT, spin and statistics, and all that”, Mathematical Physics Monograph Series, Benjamin/Cumming Publishing Company, Inc, Advanced Book Program, Reading, Massachusetts (London - Amsterdam - Don Mills, Ontario - Sydney - Tokyo) 1964.

[43] R. STORA: private communication.

[44] M.I. VYSOTSKY: “K0 anti-K0 transition in the standard SU(3) × SU(2) × U(1) model”, Yad. Fiz.

31 (1980) 1535-1550 (Sov. J. Nucl. Phys. 31 (1980) 797);

ibidem: “CKM matrix and CP violation in B mesons”, hep-ph/0307218, Surveys in High Energy Physics, 18 (2003) 19.

[45] S. WEINBERG: “The quantum theory of fields”, vol.1 (Cambridge University Press (New York) 1995. [46] L. WOLFENSTEIN: “Violation of CP invariance and the possibility of very weak interactions”, Phys.

Rev. Lett. 13 (1964) 562.